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Quantifying within-species trait variation in space and time
reveals limits to trait-mediated drought response
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1 | INTRODUCTION

Climate change is projected to result in more severe and frequent
drought events for many forest ecosystems, particularly in the
southwestern United States (Dai, 2013). In recent decades, these
southwestern forests have experienced amplified drought con-
ditions (Williams et al., 2020) that resulted in widespread die-offs
of multiple tree species (Worrall et al., 2008). To persist under cli-
mate change, tree species native to drought-prone regions must
be able to acclimate quickly enough to increasing severe drought
frequency (Aitken et al., 2008). Indeed, physiological modelling
has demonstrated a crucial role for tree acclimation in response
to future climate scenarios (Sperry et al., 2019). Drought acclima-
tion is especially important for tree species with clonal propaga-
tion, such as aspen, given that rare sexual reproduction via seeds
means even more substantial dispersal/migration limitations (Dodd
& Douhovnikoff, 2016). However, the ability of a tree to acclimate to
new environmental conditions during its lifetime, defined here as its
acclimation potential, is not well known yet would greatly improve
our ability to model and predict forest responses to climate change
(Sperry et al., 2019). Due to the serious consequences of drought-
induced tree mortality for forest ecosystems (Adams et al., 2010),
it is also vital we improve our ability to forecast drought-induced
mortality events which may be possible by linking functional traits
to mortality patterns (Anderegg et al., 2019).

Intraspecific variation—which includes both phenotypic plas-
ticity and genetic differences—reflects how diverse distinct pop-
ulations are within a species (Albert et al.,, 2010). Intraspecific
variation in relevant functional traits that are outcomes of genome-
by-environment interactions may enhance tree species' acclimation
potential to drought, whereby higher intraspecific variation would
indicate that at least some populations within a species may be able
to tolerate environmental change (Anderegg, 2015). The extent of
phenotypic plasticity and intraspecific variation of functional traits
in tree species is not fully understood, but will be critical for un-
derstanding tree species' acclimation potentials (Violle et al., 2014).
Although determination of phenotypic plasticity is often conducted
using common garden experiments to better control the environ-
mental conditions each genotype experiences, this approach is gen-
erally not logistically possible with mature forest trees. In addition,
most common garden studies that investigate functional traits are
conducted using tree seedlings and saplings. Yet estimating pheno-
typic plasticity in mature forest stands can be achieved by measuring
temporal variation in functional traits, where temporal variation in
climate conditions generates different environmental conditions and
genotype is controlled by measuring the same individual trees over
time (Borghetti et al., 2017).

There are various functional traits (i.e. drought response traits)
that determine how trees cope with drought stress. These traits
encompass aspects of xylem anatomy, hydraulic conductance,
leaf morphology and biophysics. In the plant hydraulic contin-
uum, embolisms can form in xylem tissue due to increased tension

in the water column during drought, resulting in loss of hydraulic

conductance which may eventually lead to hydraulic failure and
tree death (Sperry & Tyree, 1988). In the absence of embolisms,
tree species with high hydraulic conductivity are more hydraulically
efficient and can readily move water from roots to leaves without
increasing xylem tension to damaging levels (Maherali et al., 2004).
Similarly, tree species with high native leaf area-specific conductiv-
ity can provide greater hydraulic support to leaf area while incur-
ring less xylem tension (McCulloh & Sperry, 2005). In addition, tree
species with low specific leaf area (leaf area per unit dry mass, SLA)
have less water demand per unit leaf mass and are more tolerant to
increased xylem tensions (Wright et al., 2004). Tree species with
smaller leaf area-to-sapwood area ratios also have less evaporative
demand and reduce the xylem tension required to move water to
the foliage (Martinez-Vilalta et al., 2009). Furthermore, leaf water
potential at the turgor loss point (¥ ;) dictates the point when
leaves wilt and are no longer able to sustain photosynthetic func-
tion, and tree species with more negative values of ¥, have been
shown to be more drought tolerant (Bartlett et al., 2012; McGregor
et al., 2021). Finally, tree species with high intrinsic water-use effi-
ciency (photosynthetic rate divided by stomatal conductance, often
estimated based on leaf carbon isotope discrimination) are typically
thought to be better able to maintain carbon fixation under water
stress (Ehleringer, 1993).

Here, we investigate the extent of spatial and temporal intraspe-
cific variation in drought response traits to determine the acclimation
potential and influence of intraspecific trait variation on drought-
induced tree mortality of trembling aspen and ponderosa pine in
southwestern Colorado, USA. We measured intraspecific variation
in xylem tension and drought response traits across a climate gradi-
ent that spanned the distribution limits of each species and three cli-
matically different years to answer the following questions: (a) What
is the extent of spatial intraspecific variation in drought response
traits?; (b) What is the extent of temporal intraspecific variation in
drought response traits?; and (c) Do drought response trait values
predict drought-induced tree mortality within species following a
severe drought?

2 | MATERIALS AND METHODS

2.1 | Studysystem

Focal tree species were trembling aspen (Populus tremuloides Michx.)
and ponderosa pine (Pinus ponderosa Dougl. Ex Laws). Both aspen
(deciduous broad-leaf, fast-growing) and ponderosa pine (evergreen
conifer, slow-growing) are ecologically important and two of the
most widespread tree species in North America. In the southwest-
ern United States, aspen grows across a variety of habitats and re-
produces asexually from root suckering. Ponderosa pine also grows
in diverse climates from wind-dispersed seed but typically at sites
with more moisture-limited soil than aspen. Both species have expe-
rienced drought-induced mortality events in recent decades (Ganey
& Vojta, 2011; Worrall et al., 2008).
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Study plots were established in natural forest stands in the San
Juan National Forest (SJNF) of Southwest Colorado, USA. Plots
span the lower transition of arid pifon-juniper woodland to pon-
derosa pine forest (~2,320m) to the upper transition of montane
aspen forest to fir-spruce forest (~3,080m), and were established
as 18-m radius, circular plots (0.10-ha plots) in mature aspen and
ponderosa pine stands at the lower elevation range margin (low),
range center (mid) and upper elevation range margin (high) of each
species. Plots were randomly established within elevation zones
within 1 km of a road and selected to maintain relatively consis-
tent slopes and aspects to avoid microtopographic variation. In
the SINF, approximately 50% of precipitation occurs during winter
and 50% during summer monsoons that begin in mid- to late-July,
resulting in peak water stress in late June/early July (Anderegg
et al., 2013).

Plots were visited 29 June-9July in 2014, 27 June-10 July in
2018, and 24 June-29 June in 2019 for data collection. The same
focal trees were sampled every year unless the tree had died, in
which case they were replaced with nearby similar trees. Diameter
at breast height (DBH) was measured on the focal trees in 2014 and
on all trees in the plots with DBH>4 cm in 2018. In 2019, percent
canopy dieback (mortality) was visually estimated for all trees in the
plots with DBH >4 cm. Permission was not needed for fieldwork.
See Tables S1 and S5 for more information regarding numbers of
plots and sample sizes used for this study.

Geographic plot centers (Trimble Geo 7x; Trimble, Inc.) were
used to extrapolate monthly climatic variables of interest at ~4 km
spatial resolution from 1958 to 2019 (TerraClimate; Abatzoglou

et al., 2018): maximum temperature (T °C), vapour pressure

max’
deficit (VPD, kPa), precipitation accumulation (PPT, mm), climate
water deficit (mm) and Palmer Drought Severity Index (PDSI) (See
S| Methods for more information regarding climatic variables).
Monthly snow depth (cm) and snow water equivalent (SWE,
cm) from 2005 to 2019 were obtained from the nearest snow
telemetry site (SNOTEL site number 1060, Natural Resources

Conservation Service).

2.2 | Xylem tension

Xylem tension measurements were made on distal twigs from all
focal trees before sunrise (predawn, 03:00-05:30) and during mid-
day (13:00-15:00), which reflects soil moisture limitation and the
maximum tension a tree experiences, respectively, in a given 24-hr
period (Ritchie & Hinckley, 1975). Branches were collected from
sun-exposed, south-facing parts of mid-to-upper canopies with a
20-gauge shotgun. Twigs were recut from fallen branches >10 cm
distance from the branch break, and xylem tensions were imme-
diately measured on 1-3 twigs per tree with a Scholander-type
pressure chamber (PMS Instruments). Predawn xylem tensions in
high-elevation aspen plots during 2018 were not measured because

of forest fires that restricted access to these plots.

2.3 | Hydraulic measurements

One large sun-exposed, south-facing, mid-to-upper canopy branch
(diameter~5-10 cm) was collected from each focal tree using a 20-
gauge shotgun during midday. Collected branches were immediately
placed into plastic bags with the branch break wrapped in a wet
paper towel and placed into a cooler for transport back to the labo-
ratory. Most samples were processed in the laboratory ~1-2days
after collection (~4% of samples required re-measuring but were not
processed beyond 5days after collection, a timeframe that has been
used for both deciduous (Hacke & Sauter, 1996) and coniferous spe-
cies (Lachenbruch et al., 2021)).

Branch segments were cut under water using a sharp razor
blade to produce sample segments with sapwood diameters of
~5mm and lengths of ~10 cm to accommodate tracheid and vessel
lengths (Maherali & Delucia, 2000; Sperry et al., 1991). Foliage
distal to the cut segment was imaged with a fixed-distance digital
camera (2014, 2018) or flatbed scanner (2019) to calculate pro-
jected leaf area using ImagelJ (Schneider et al., 2012). Hydraulic
conductance was measured using the pressure-flow method
(Sperry et al., 1988) with a 2% potassium chloride 0.2 pm filtered

solution. Native conductance (k__.) was first measured, then sam-

)
nat
ples underwent overnight vacuum infiltration to remove embo-
). k

values were standardized by the sapwood area and length of the

lisms and determine maximum conductance (k and k..

max nat

segment to determine native and maximum sapwood area-specific
s-nat aNd K

standardized by leaf area and length of the segment to determine

conductivity (K respectively). k _, values were also

s-max’
native leaf area-specific conductivity (K., .,¢)- Problematic sam-
ples were screened (S| Methods) and percent loss of conductance
(PLC), which represents the degree of embolism present in the

sample, was quantified using Equation 1:

PLC (%) = <M>x100 1)

kmax

In 2019, a second branch sample was collected from focal trees and
prepared as described above to produce stem sample segments with
equivalent diameters and lengths. These samples were perfused with
a 0.2 pM filtered 0.1% (mass/volume) safranin dye solution (Hacke &
Sauter, 1996). Basal ends of the samples were immersed in the dye
solution, and distal ends were fitted to a water-filled tubing manifold.
Dye was pulled through the samples by lowering the free end of the
manifold just below the dye surface creating a ~3 kPa pressure gradi-
ent. Samples were perfused until a sufficient ‘cloud’ of dye occurred
in the water above the distal end, then were immediately rinsed and
placed in a freezer until processing. Thin cross-sections were taken
from the distal end of each stem ~7 cm away from the initial cut
using a microtome and imaged with a microscope and camera (Nikon
Eclipse €600; Nikon, Japan). Areas (mm?) of stained (functional) and
non-stained sapwood were analysed using ImageJ to calculate percent

functional xylem in each sample.
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2.4 | Morphological traits
SLA and leaf area to sapwood area ratios (A :A;) were determined
using the leaves/needles collected from the aspen and pine hy-
draulic stem samples. Total one-sided area of leaves/needles (A,)
was quantified with images (using a fixed-distance digital camera in
2014, 2018, or flatbed scanner in 2019) and ImageJ. After imaging,
leaves/needles were dried in a 60°C oven and final dry weights were
recorded using a mass balance (Sartorius, Germany). SLA was calcu-
lated by dividing A by dry weight. A :A¢ was calculated by dividing
A by the sapwood diameter at the basal end of the branch segment.
When subtending foliage for a branch was very large, we quantified
SLA on a randomly selected subset of leaves, and estimated whole-
branch A_ by multiplying SLA by the total dry weight of all the foli-
age. SLA and A :A; were also measured during the months of June
(8-11 June) and August (13-18 August) of 2018 to investigate varia-
tion in these traits during the drought year.

A subset of dried foliage from the branches collected for hydrau-
lic measurements were also used for carbon isotope discrimination
(A). See SI Methods and Table Sé for carbon isotope discrimination

methods and results.

2.5 | Pressure-volume parameters

Pressure-volume (PV) curve parameters were determined for focal
trees in low- and high-elevation zones during 2018 and 2019. In the
laboratory, small aspen twigs (diameter ~5-10 mm) or intact pine fas-
cicle bundles with healthy, non-necrotic foliage were selected from
the branches collected for hydraulic measurements. Twigs and fas-
cicle bundles were excised from branches under water >10 cm dis-
tance from the branch break and underwent overnight rehydration.
Portions of each sample that had been under water during rehydra-
tion were removed prior to measurement to minimize impacts of
oversaturation on the shape of the P-V curve, known as the ‘plateau
effect’ (Parker & Pallardy, 1987). As samples dried on the benchtop,
water potential (¥) and weights to the nearest 0.0001 g were meas-
ured periodically, using a Scholander-type pressure chamber and
mass balance, respectively. PV curve parameters were determined
(Koide et al., 1989) including leaf turgor loss point (¥, ), the point
at which leaf cells lost turgor; leaf osmotic potential at full turgor
(Wr,40), the solute concentration in leaf cells at full hydration; and

modulus of elasticity (g), cell wall stiffness.

2.6 | Analyses

Linear mixed-effects models were constructed for each species to
relate absolute xylem tension or trait values to the fixed effects of
year, elevation and their interaction and random effects of either
tree or plot to account for repeated measures. Model assumptions

of normality for each model were checked by examining diagnostic

plots of residuals, and data were transformed with log or square root
transformations when assumptions were violated. Extreme outliers
were determined using the Cook's Distance method and removed
from the SLA and A :A datasets when necessary.

Both year (2014, 2018, 2019) and elevation (low, mid, high) were
coded categorically, and appropriate random effect structure (tree
or plot) was determined based on AIC and the full fixed model struc-
ture (Zuur et al., 2009). Final fixed model structure was then selected
via Akaike information criterion (AIC) as the simplest model within 2
AIC of the lowest AIC model. The effects of year, elevation and their
interaction were then determined with likelihood ratio tests (LRT)
by comparing the full model with reduced models. When year or ele-
vation proved to be significant, pairwise comparisons were made to
test whether measurement values differed significantly across years
within each elevation zone or across the elevation zones within in-
dividual years. Pairwise comparisons were made between groups
using the estimated marginals means and the Tukey method for
p-value adjustments.

We calculated spatial and temporal coefficients of variation (CV,
standard deviation/mean) to quantify the extent of variation in the
K SLA,
and ¥, . For spatial CVs, we first determined mean values across

following drought response traits: A :A¢, P,-P,, K

s-max’ ' nat-Leaf’

years within each elevation zone (i.e. one value per elevation zone),
and then calculated CV across the three elevation zones. For tempo-
ral CVs, we first determined mean values across the three elevation
zones within each year (i.e. one value per year), and then calculated
CV across the three years.

Linear regressions were used to investigate if drought response
trait values predicted drought-induced tree mortality following the
2018 severe drought. Values for drought response traits (SLA, A :A,
P,-P, PLC, ¥ K K and K

resulting in a single data point per plot per species. Coefficients of

) were averaged by plot

nat-Leaf’ "‘s-max’ s-nat:

determination (R?) and p-values were determined through linear re-
gression of mean plot-level trait values against 2019 canopy dieback
scores. Data points for both aspen SLA and A :A; included potential
outlier plots and analyses were done both with and without these
plots.

Statistical analyses were conducted in R version 3.6.1 (R Core
Team, 2021). The ‘tme4’ (version 1.1-21), ‘.MerTesT’ (version 3.1-0) and
‘EMMEANS’ (version 1.4) packages were used to construct and analyse
mixed-effects models (Bates et al., 2015; Kuznetsova et al., 2017;
Lenth et al., 2022). Significance of fixed effects were determined
with LRTs using ‘IMERTEsT' and the Satterthwaite approximation
method. Pairwise comparisons were determined using ‘EMMEANS’ and
the Tukey method for p-value adjustments. The ‘car’ package (ver-
sion 2.1.6) was used to plot QQ normal lines with 95% confidence
intervals for assumption validation (Fox & Weisberg, 2018). For
all analyses, significance levels of a<0.05 and o = 0.05-0.1 were
considered statistically significant and marginally significant, re-
spectively. For graphical representations, we present bootstrapped
means and confidence intervals (bootstrap replicates with replace-

ment = 1,000) for relevant measurements.
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3 | RESULTS

3.1 | Climate

Climate varied substantially in this study: 2014 was an average water
year, 2018 a severe drought year and 2019 an above-average wet
year (Table S2). In 2014, precipitation (PPT), maximum temperature
(T

max)» Vapour pressure deficit (VPD), and snowpack closely matched

historic mean values of each variable. In 2018, PPT and snow-
pack were below average while T . and VPD were above average
(Figure 1). The Palmer Drought Severity Index (PDSI) was -4.27 in
June 2018, indicating that 2018 was one of driest years on record
for the SIJNF (Figure S2B). In 2019, the SINF received above average
PPT and one of the highest snowpack years on record the preceding
winter (Figure S2A).

3.2 | Xylem tension

Xylem tension generally decreased with elevation, was highest dur-
ing the severe drought of 2018 and was lowest during the wet year of
2019 for both species. Elevation significantly affected aspen xylem
tension (32 = 64.358, p<0.0001, Figure S3A) as low-elevation aspen
generally had the highest predawn and midday xylem tensions. Low-
elevation pine also had higher predawn and midday xylem tensions
than high-elevation pines (%2 = 36.326, p<0.0001, Figure S3B), but
elevation had a smaller effect for this species. Aspen predawn and
midday xylem tensions were highest during 2018 and lowest during
2019 across all elevation zones, indicating that year was significant
(X2 =368, p<0.0001, Figure S3A). Similarly, pine midday xylem ten-
sions were consistently highest during 2018, while both predawn
and midday xylem tensions were lowest during 2019 across the el-
evation zones (effect of year: x2 = 398.92, p<0.0001, Figure S3B).

A
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Vapor pressure deficit (kPa)

FIGURE 1 Atmospheric conditions varied across the study:
2014 was an average year, 2018 a severe drought year and 2019
an above-average wet year. Points reflect mean June maximum
temperature (T, . ) and vapour pressure deficit for all plots from
1958 to 2019 and coloured dots reflect study years. Data were
generated from a 4km gridded climate dataset (TerraClimate;

Abatzoglou et al., 2018).

3.3 | Hydraulic measurements

There were species-specific spatial and temporal differences in hy-
draulic conductivity and native embolism, yet no significant differ-
ences in total percent of functional xylem measured in 2019 among
the elevation zones for each species (Figure S4).

Aspen hydraulic measurements only varied temporally. In
particular, the 2018 drought substantially reduced both native

sapwood area-specific conductivity (K and maximum sap-

s-nat)

wood area-specific conductivity (K ) in mid-elevation aspen

S-max
(Figure 2a), although sample sizes were low (i.e. N = 3) due to logis-
tical complications. The wet year of 2019 resulted in increased hy-
draulic conductivity: K__ ., was higher in 2019 compared with 2018

in mid-elevation aspen (p = 0.0428), and K was significantly

S-max

25
(a) Aspen
2.0

1.5
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pine g Ko
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FIGURE 2 Native (K .,) and maximum (K )sapwood
area-specific conductivity showed species-specific differences
in variation. (a) In aspen, mid-elevation ramets had reduced
conductivity during the 2018 drought, while the 2019 wet year
resulted in increased conductivity in all plots. Percent loss of
conductance (PLC, number in white box) was unaffected by the
2018 drought and generally increased with increasing elevation.
(b) In ponderosa pine, conductivity typically increased with
increasing elevation and during the 2019 wet year. PLC was low
(<20%) in all plots and did not vary across space or time. Bars
represent bootstrapped means from all plots per elevation band
for K. (light bars)and K____ (dark bars), and error bars represent
bootstrapped 95% confidence intervals. Statistical results have
been omitted from this figure to aid in visual interpretation (see
Tables S3 and S4). Note: y-axes scales are species-specific.
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highest during 2019 compared with 2018 in all aspen eleva-
tion zones (Figure 2a). In contrast, PLC among the aspen stands
did not vary from year-to-year and appeared unaffected by the
2018 drought. PLC generally increased with increasing elevation
(x? = 23.238, p = 0.0007) and (Figure 2a).

Pine exhibited more variation in hydraulic measurements than
aspen. High-elevation pines had significantly higher conductiv-
ity values, indicating elevation significantly affected both K__ .
(x? = 26.657, p = 0.0002) and K (%2 = 29.854, p<0.0001,
Figure 2b). Conductivity values were also highest during the 2019

S-max

wet year among low- and high-elevation pines, indicating year

significantly affected both K___ . (x? = 25.936, p = 0.0002) and
2 .

K, max (X~ = 26.998, p = 0.0001, Figure 2b). PLC was low (<20%)

in all pine plots and showed very little variation in space and time

(Figure 2b).

Native leaf area-specific conductivity (K ) varied tempo-

nat-Leaf
rally in both species. Low-elevation aspen had significantly lower
K. at-Lear during the 2018 drought compared with 2014 (p = 0.0393)
and 2019 (p = 0.0196, Figure 3a). In pine, K, .,¢ Was significantly
highest during the climatically average year of 2014 compared with
2018 and 2019, indicating a significant year effect ()g2 = 61.779,
p<0.0001, Figure 3c). Differences in K

were likely partly driven by corresponding temporal differences in

nat-Leaf TTOM year-to-year
leaf area, where increased leaf area (i.e. higher leaf area to sapwood

area ratios) resulted in decreased K, | ..

3.4 | Morphological traits

Leaf area to sapwood area ratios (A :A) were significantly lowest
during the climatically average year of 2014 for both species and
all elevation zones (Figure 3b,d). 2018-2019 year-to-year variation
in A :Ag was species-specific within the low-elevation stands: aspen
A_:A¢ was significantly higher during the 2018 drought compared
with the 2019 wet year (p = 0.0014, Figure 3b), while pine A :Ag
was significantly lower during the 2018 drought compared with the
2019 wet year (p = 0.005, Figure 3d). In aspen, A :A also varied
with elevation, where A :Ag was highest during the 2018 drought
in low-elevation aspen compared with mid- (p = 0.0075) and high-
(p = 0.004) elevation aspen, and lowest during the 2019 wet year in
low-elevation aspen compared with mid (p = 0.0106) elevation aspen
(Figure 3b). Therefore, the best model for A :A. in aspen included a
significant year x elevation interaction (x2 = 25.812, p<0.0001) in
addition to significant year (g(2 = 123.27, p<0.0001) and elevation
(x% = 29.642, p<0.0001) effects.

There was relatively low variation in SLA for either species. For
aspen, differences in SLA were driven by a large increase in SLA during
the 2019 wet year, particularly in high-elevation aspen (Figure S5A).
For pine, differences in SLA were driven by consistently lower SLA in
2014 within the low- and mid-elevation zones (Figure S5B). Over the
growing season of the 2018 drought year, SLA changed little in either
species (Figure Sé). A, :A; also showed little variation within 2018 for
pine but did significantly decrease from July to August in low- and

high-elevation aspen (Figure S7), due to either leaf shedding or con-

tinued branch xylem growth after leaf expansion.

3.5 | Pressure-volume parameters

Leaf water potential at the turgor loss point (¥ ) was a key
drought response trait for both species. ¥, was significantly
more negative during the 2018 drought in both low- and high-
elevation aspen and in low-elevation aspen compared with high-
elevation aspen during the 2019 wet year (Figure 4a,b). Therefore,
the best model for W, in aspen included the significant effects
of year (3% = 64.598, p<0.001), elevation (32 = 24.943, p<0.001)
and yearxelevation interaction (xz = 19.225, p<0.001). ¥;,
was similarly less negative during the 2019 wet year than the
2018 drought in pine, with the largest differences between the
years in high-elevation pine plots (Figure 4d). As a result, the
best model for ¥, in pines included a significant year effect
(x? = 17.419, p = 0.0002), a marginally significant elevation effect
(x2 = 5.4685, p = 0.065) and a significant year x elevation interac-
tion (%2 = 4.7704, p = 0.029).

Relationships between W, , and leaf osmotic potential at full turgor
(Wr,4,) were generally significant (p<0.001) in both species, which sug-
gests that ¥z, (i.e. osmotic adjustment) was likely an important driver
of ¥, The strongest relationships occurred within high-elevation aspen
(R? = 0.85, p<0.001, Figure 4b) and high-elevation pine (R?> = 0.81,
p<0.001, Figure 4d) during the 2019 wet year. The weakest relationship
occurred in low-elevation aspen during the 2018 drought (R? = 0.002,
p = 0.86, Figure 4a), which suggests there may be a limit to the extent
that W, , can be adjusted via more negative ¥z, in these ramets.

Relationships between ¥, and the modulus of elasticity ()
were weak and only significant for aspen (Figure S8). The strongest
relationship between the two variables occurred in high-elevation
aspen during the 2019 wet year (R? = 0.29, p = 0.03), yet these re-
sults indicated cell wall stiffness increased with more negative ¥,
(Figure S8A). The relationship between the two variables was mar-
ginally significant in low-elevation aspen during the 2018 drought
(R? = 0.19, p = 0.067), which suggests ¢ may have also been an im-

portant driver of ¥, , for these aspens (Figure S8A).

3.6 | Carbon isotope discrimination

Larger differences in partial pressures of atmospheric and leaf in-
tercellular CO, (i.e. higher P, - P, indicate increased drawdown of
leaf intercellular CO, due to either reduced stomatal conductance
(8,) with constant photosynthesis (A), or increased A with constant
3, (or some combination thereof). Low-elevation aspen exhibited
higher P, - P, (Figure S9A) and lower foliar nitrogen (Figure S10A)
compared with high-elevation aspen (x2 = 33.089, p<0.0001) re-
gardless of year, which suggests low-elevation aspen ramets likely
have higher water use efficiency (A/g,) due to reduced g, and not
increased photosynthetic capacity. In addition, all aspen exhibited
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figure to aid in visual interpretation (Tables S3 and S4).

significantly higher P, - P, during 2018 and 2019 compared with
2014 (p<0.0001).

3.7 | Spatial versus temporal variation

Drought response traits in both species universally exhibited more
temporal than spatial variation as reflected by comparisons of spatial
and temporal coefficients of variation (CVs). Temporal variation was
particularly high for A:Acand K., .. in both species, as wellas K
in aspen (Figure 5). In addition to universally large temporal variation,
the magnitude of trait CVs was similar between aspen and pine for
AlAg, ¥ and SLA, but aspen had larger spatial and temporal CVs for

P,-P,and K .., .,¢ and larger temporal variation in K.

3.8 | Relationships with drought-induced
tree mortality

Pine suffered little to no canopy dieback during the 2018 drought,
resulting in no significant drought response trait-mortality relation-
ships (Figure S11). Aspen, however, suffered considerable canopy
dieback in 2019 and aspen with higher SLA (p = 0.002, R? =0.71
or p = 0.04, R? = 0.47 with outlier high mortality plot removed) and
P,-P; (p = 0.029, R? = 0.58) during the 2018 drought experienced
increased canopy dieback during 2019 (Figure 6). Aspen with higher
A_:A during the 2018 drought also experienced increased canopy
dieback in 2019, but this relationship was only marginally significant
(Figure 6, p = 0.0862, R? = 0.36 with removal of the high A_Ag plot
which only consisted of one focal tree).
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FIGURE 4 Regressions between leaf water potential at the turgor loss point (¥, ;) and leaf osmotic potential at full turgor (¥z,,)
suggest that osmotic adjustment was likely an important driver of W, .. In aspen, regression was (a) weakest in low-elevation ramets
during the 2018 drought and (b) strongest in high-elevation ramets during the 2019 wet year. (a, b) Margins: ¥, , was significantly more
negative during the 2018 drought in both low- and high-elevation aspen, and at low elevation during the 2019 wet year. In ponderosa
pine, regression was (c) similar across both years in low-elevation trees and (d) stronger in high-elevation trees during the 2019 wet
year. (c, d) Margins: ¥, , was significantly more negative during the 2018 drought in high-elevation pine. Points represent tree-level
observations and lines (solid = significant regression fits, dashed = non-significant regression fits) represent linear model regression fits
(R? and p-values from linear models are printed on each figure). Marginal histograms represent W, , values for 2018 and 2019 in the low
and high plots for each species. [Correction added on 12 July 2022, after first online publication: Figure 4 has been revised].

4 | DISCUSSION

Quantifying trait variation across space and time revealed substan-
tial drought response trait variation in our focal species, but many
traits showed strong limits to plasticity and few traits showed cor-
relation with mortality patterns. Both aspen and pine exhibited more
temporal trait variation than spatial variation in every trait, highlight-
ing the large potential for plasticity even on short timescales (year-
to-year). In both species, differences in leaf area production were
a major underlying factor in tree growth and physiology under the
various climatic conditions observed in this study. In addition, leaf
water potential at the turgor loss point (¥;, ;) was an important trait
for increased drought tolerance in both species, but particularly for
aspen. However, aspen at the low, dry range margin of this species
appeared to be functioning at their drought tolerance threshold dur-
ing the drought year which may indicate a limit to the extent that

¥ p can be adjusted to further improve drought tolerance. Overall,

[Correction added on 12-July-22, after first online publication, revised supplementary
file has been updated]

canopy dieback following the severe drought was highest in low-
elevation aspen stands and significantly correlated with increased
SLA.

4.1 | Spatial variation in drought response traits
Both aspen and pine trees experienced elevated levels of drought
stress at their lower, drier range margins as reflected by higher
predawn and midday xylem tensions, indicating that soil mois-
ture becomes limited at these species' low-elevation bounda-
ries. A previous 1-year study at this site found that low-elevation
aspen had denser wood and leaves and more embolism-resistant
xylem, while pine showed little variation in those traits (Anderegg
& HilleRisLambers, 2016). Here, we discovered that low-elevation
aspen ramets had more negative turgor loss points (¥, ;) and poten-
tially higher water-use efficiency compared with their high-elevation
counterparts, which reflects the higher drought tolerance of these
low-elevation aspen that frequently experience drought stress
(Bartlett et al., 2012; Ehleringer, 1993).
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correlations between the two, suggest that osmotic adjustment was
likely the mechanism underlying decreases in ¥, .. Osmotic adjust-
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turgor maintenance and plant growth during periods of low water
availability (Morgan, 1984). Another mechanism is elastic adjustment
or an increase in leaf cell wall flexibility (i.e. decreasing the modulus
of elasticity, ¢). Elastic adjustments may have also contributed to de-
creased ¥, , in low-elevation aspen as the correlation between ¥, ,
and ¢ in these trees was marginally significant (Figure S8), suggesting
low-elevation aspen ramets with more elastic leaf cell walls may also
be more drought tolerant.

PLC showed consistent spatial patterns across the aspen plots
and was higher with increasing elevation in any given year. Due to
the inherently hotter and drier conditions that occur at the lower,
drier range margin for this species, we expected to see higher PLC
in low-elevation aspen due to the increased risk of cavitation under

higher xylem tensions (Sperry & Tyree, 1988). These counter-intuitive
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results may be due to the occurrence of freeze-thaw events during
the winter in the high-elevation aspen plots. Aspen in Utah have been
shown to be vulnerable to winter embolism due to freeze-thaw cy-
cles in the xylem sap (Sperry et al., 1994). However, increased winter
embolism does not seem to necessarily result in increased mortality
the following spring, as Utah aspen maintained equivalent rates of
leaf-area specific hydraulic conductivity as other angiosperm species
during the subsequent growing season (Sperry et al., 1994). Indeed,
in our study leaf-area specific conductivity varied considerably year-
to-year but was quite similar across elevations in each year despite
the consistent elevational differences in PLC. PLC values were lower
in pine and did not show the same elevational trend as seen in aspen,
which is likely due to species-specific differences in xylem anatomy.
Ponderosa pine produce tracheid cells with smaller volumes and
thicker cell walls, resulting in xylem that is more resistant to embo-
lism (Hacke & Sperry, 2001).

4.2 | Temporal variation (phenotypic plasticity) in
drought response traits

Nearly all the drought response traits exhibited some temporal vari-
ation across the scope of this study for both species (Figure 5). In
addition, there was much more temporal trait variation than spatial
variation which could have been due to larger variation in annual
climate than elevation (Dwyer et al., 2014). Because the same focal
trees were typically used across the years, the genotype of each indi-
vidual tree/ramet was held constant which indicates both aspen and
pine have acclimation potential and were capable of considerable
phenotypic plasticity in response to environmental change. While
many of the drought response traits did respond to the different cli-
matic conditions of each individual year as we would expect, some
of the responses were counter-intuitive that seemed to be driven by
temporal differences in leaf production among years.

Xylem area-specific hydraulic conductivities were highest during
2019 for most aspen and pine, suggesting there was no permanent
damage from the 2018 drought due to increased xylem tension
and cavitation events that would prevent water flow, or that there
was growth of new functional xylem in 2019 to support water flow
(Tyree & Zimmermann, 2002). In nearly all study plots, ¥, was
more negative during the 2018 drought compared with the other
years, suggesting our focal trees can plastically adjust ¥, to cope
with and acclimate to more arid environmental conditions (Bartlett
et al., 2014). However, given the weak correlations between Yo
and g, and ¥, and ¥z, in low-elevation aspen during 2018, and
that W, values were comparable with the maximum water stress
these aspen experienced (i.e. midday xylem tensions), our results in-
dicate there are limitations in the extent to which osmotic or elastic
adjustment can improve drought tolerance in low-elevation aspen
during severe drought.

Ratios of leaf area to sapwood area (A :A;) and leaf area-specific

native conductivity (K showed the greatest amounts of tem-

nat-Leaf)
poral variation for both species. In addition, A :A¢ values during the

2018 drought year were equivalent to or higher than A :A¢ values
during the 2019 wet year due to the production of more leaf area.
This increase in leaf area was unexpected given the hot and dry
environmental conditions of 2018 and may have been due to au-
tumnal climatic conditions during vegetative bud set the previous
growing season or advanced phenology during 2018 due to warmer
spring temperatures (Gordo & Sanz, 2010). The production of more
leaf area in 2018 appeared to be mal-adaptive for aspen, as individ-
uals with higher leaf area (i.e. increased A :Ay) suffered marginally
significant higher rates of mortality following the drought, likely
indicating a ‘structural overshoot’ (Jump et al., 2017). In contrast,
pine with higher leaf area did not have elevated mortality following
the drought. However, ponderosa pine retain needles for 2-9years
(Ewers & Schmid, 1981) and the burden of increased leaf area from
2018 may result in future physiological consequences for these
trees. We observed a decrease in aspen A :Ag when it was remea-
sured later in 2018 (Figure S7A), which suggests sapwood growth
was not complete during the July measurement or that leaf shedding
occurred. This seasonal dynamic highlights that intra-annual vari-
ability in growth and physiology may play an important role in fully
understanding intraspecific functional trait variation.

Phenotypic plasticity has been documented for drought re-
sponse traits in both aspen (St. Clair et al., 2010) and ponderosa pine
(Mabherali et al., 2002). Populations at species' range edges have also
been shown to exhibit more trait plasticity which may help them deal
with the more extreme environmental conditions at these bound-
aries (Lopez et al., 2016; Stojnic¢ et al., 2017). Though we cannot
identify the driver of differential plasticity across elevations in this
study (i.e. genotype vs. environment), it is noteworthy that half of
all trait models included an elevation by year interaction which indi-
cates a high degree of intraspecific functional trait variation within
our study plots. Improved knowledge of intraspecific functional
trait variation is integral for improving our ability to model forest re-
sponses to climate change, and long-term monitoring studies could
provide excellent research opportunities to further assess the im-
portance of phenotypic plasticity in trait variation for tree species
as well as the severity and timing of drought as underlying factors in

plastic responses.

4.3 | Predicting drought-induced tree mortality

We did not find many significant relationships between functional
trait measurements made during the severe drought in 2018 and
canopy dieback in 2019 (Figure 6; Figure S11). We hypothesize that
this may be in part due to lags between drought and tree mortality.
In general, mortality was still relatively low in 2019 yet delayed mor-
tality of up to 4-10years following drought has been documented
for aspen in this region (Worrall et al., 2010) and in many tree species
around the globe (Trugman et al., 2018). It is likely that substantial
drought-induced mortality triggered by the 2018 drought will con-
tinue to play out in the San Juan National Forest during the next
5-10years.
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Aspen ramets with higher SLA (i.e. more leaf area per unit
dry mass) and A :A, (i.e. more leaf area per sapwood area) during
the 2018 drought year had more canopy dieback in 2019. These
data agree with other studies where leaves with higher SLA tend
to be thinner, larger, and more sensitive to drought (Greenwood
et al.,, 2017). In addition, trees with higher A :A; may be the re-
sult of a ‘structural overshoot’ where increased above-ground
biomass is not supported by available water, resulting in strong
growth reductions and the onset of drought-induced mortality
(Jump et al.,, 2017). Monitoring how functional traits influence
mortality, as well as the potential shifts in functional trait compo-
sition associated with tree mortality, is of the utmost importance
for improving our ability to forecast forest responses to climate

change.
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