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Summary

� Rising temperatures and extended periods of drought compromise tree hydraulic and car-

bohydrate systems, threatening forest health globally. Despite winter’s biological significance

to many forests, the effects of warmer and dryer winters on tree hydraulic and carbohydrate

status have largely been overlooked.
� Here we report a sharp and previously unknown decline in stem water content of three

conifer species during California’s anomalous 2015 mid-winter drought that was followed by

dampened spring starch accumulation. Recent precipitation and seasonal vapor pressure

deficit (VPD) anomaly, not absolute VPD, best predicted the hydraulic patterns observed.
� By linking relative water content and hydraulic conductivity (Kh), we estimated that stand-

level Kh declined by 52% during California’s 2015 mid-winter drought, followed by a 50%

reduction in spring starch accumulation. Further examination of tree increment records indi-

cated a concurrent decline of growth with rising mid-winter, but not summer, VPD anomaly.
� Thus, our findings suggest a seasonality to tree hydraulic and carbohydrate declines, with

consequences for annual growth rates, raising novel physiological and ecological questions

about how rising winter temperatures will affect forest vitality as climate changes.

Introduction

Drought seasonality and its impact on forest health

Drought has a major influence on global forest distribution
and community composition. Moreover, drought can substan-
tially lower net primary productivity (Zhao & Running,
2010), intimately linking it to the global carbon cycle. Forest
die-off events are increasing due to synergistic effects of
drought, climate change, and land management practices
(Allen et al., 2015; Young et al., 2017), leading to vegetation
conversion (Allen & Breshears, 1998; Fellows & Goulden,
2012) and cascading effects at the ecosystem level (van der
Molen et al., 2011; Millar & Stephenson, 2015). In particular,
droughts are projected to increasingly coincide with rising
temperatures that can exacerbate the physiological stress expe-
rienced by trees during drought due to increasing potential
evapotranspiration with limited water availability (Allen et al.,
2010; Adams et al., 2017). However, despite the importance
of temperature to drought physiology in plants, ecological
models of vegetation change rarely incorporate seasonal varia-
tion in climate (Keeley & Syphard, 2016), typically focusing
on the vegetative part of the season.

A primary cause of tree mortality during drought is hydraulic
failure (Breshears et al., 2009; Anderegg et al., 2012), which
occurs as embolism forms within plant vascular conduits in
response to water stress. Embolism reduces a plant’s capacity to
transport water from soil to leaves, limiting photosynthetic activ-
ity, affecting its carbohydrate reserves, and increasing the likeli-
hood of mortality. The risk of hydraulic failure in plant vascular
tissue is in part determined by soil water availability and atmo-
spheric water demand, which together create the water potential
gradient between soil and atmosphere. Atmospheric water
demand is measured by vapor pressure deficit (VPD), a function
of concurrent temperature and relative humidity, which dictates
the evaporative demand imposed on plant leaves (Park Williams
et al., 2012; Jensen et al., 2016). High VPD, combined with low
precipitation, results in low water availability and increases the
risk of hydraulic failure in plants.

Nonstructural carbohydrate (NSC) depletion is another pri-
mary mechanism thought to underlie tree mortality during
drought (McDowell et al., 2008; Sevanto et al., 2014; Adams
et al., 2017). Specifically, drought is thought to induce extended
periods of stomatal closure that eventually shift a plant from
excess carbohydrate production to excess demand, which draws
upon insoluble NSC reserves (i.e. starch) (McDowell et al.,
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2008). Starch reserves are consequently expected to increase dur-
ing periods of high transpiration/photosynthesis and decrease in
response to limited photosynthetic activity (McDowell et al.,
2008). Thus, high VPD, combined with low precipitation, not
only increases the risk of hydraulic failure, but also carbohydrate
depletion and potential starvation.

In temperate climates, absolute VPD is highest in the sum-
mer because it is strongly dependent on temperature, and
therefore the risk of hydraulic failure is generally presumed
highest during the summer as well (Nardini et al., 2013).
Indeed, high summer VPD (i.e. high temperature and low
relative humidity) and water scarcity correspond well with
decreased productivity and elevated mortality in southwestern
US forests (Park Williams et al., 2012). However, in Mediter-
ranean-climate forests, which are defined by mild-wet winters
and warm-dry summers, the period of highest VPD (summer)
is consistently decoupled from the period of highest water
availability (winter), and many evergreen trees in these cli-
mates can photosynthesize and grow year-round (Kelly &
Goulden, 2016). This decoupling raises the possibility that
many trees may be more sensitive to increased winter temper-
atures than summer temperatures under drought conditions,
despite lower absolute winter VPD, a hypothesis that has not
been explicitly tested before.

Recent winter drought in California and other Mediter-
ranean-climate regions have been characterized not only by
very low precipitation, but also by record-setting warm winter
temperatures (Robeson, 2015; Williams et al., 2015; Young
et al., 2017). In 2015, California experienced an anomalously
warm mid-winter drought, where precipitation in our study
area from January through March – historically the three
wettest months in the region – was 75% below the prior
110-yr mean, and temperatures were 45% above the prior
110-yr mean (Menne et al., 2015). These conditions provided
a valuable opportunity to examine the effects of warming win-
ter temperatures under drought conditions on tree hydraulics
and carbohydrate status. Despite its potential ecological signif-
icance, the effect of high winter VPD coincident with reduced
winter precipitation on plant hydraulic and carbohydrate sta-
tus is not well understood.

In this study we examined how California’s extreme 2015
mid-winter drought affected the hydraulic and carbohydrate
status of three species of evergreen conifer trees by periodi-
cally monitoring relative water content (RWC) and soluble/
insoluble NSCs over eighteen months. To determine how cli-
matic conditions affected tree hydraulic status, we modeled
RWC as a function of recent precipitation and VPD
anomaly. We then used the strong relationship between
branch-level RWC and hydraulic conductivity to infer historic
changes in hydraulic conductivity at our site for both winter
and summer months from 1992 into 2015. We also com-
pared the degree of spring NSC accumulation following the
anomalous 2015 mid-winter drought to the prior year’s accu-
mulation. Finally, we investigated how the physiological
changes above might affect tree growth by measuring the rel-
ative growth rate (ring-width index) of our study trees during

the same period. Although previous studies identified the sig-
nificance of VPD and precipitation anomaly on an annual
timescale (Park Williams et al., 2012), our study uniquely
investigates the seasonality of hydraulic vulnerability and car-
bohydrate storage and their effects on growth – a phe-
nomenon with physiologically and ecologically significant
implications as climate changes.

Materials and Methods

Plant material

We periodically monitored (c. every 4–8 wk) 52 trees of three
widely distributed conifer species located in three plots of mixed
conifer species separated by a distance of c. 0.5–2 km at Chal-
lenge Experimental Forest, California, USA. We measured rela-
tive water content (RWC), soluble carbohydrates (SC) and starch
(St) in Pseudotsuga menziesii (Mirb.) Franco (n = 18), Pinus
ponderosa Douglas ex C. Lawson (n = 18), and Pinus lambertiana
Douglas (n = 16) trees at 4–8-wk intervals for c. 18 months. All
trees were 25 yr old and planted on a grid at 2.5 m spacing to
minimize the effects of age and stand density. Tree stem diame-
ters, measured at 1.3 m above ground, ranged from 12 to 28 cm,
and tree heights were between 13 and 20 m.

Relative water content

During each visit, we extracted c. 25-mm long and 4-mm diame-
ter tissue samples using a tree borer. Cores were extracted from
within a 1 m span running lengthwise along the stem, from 0.5
to 1.5 m in height, always facing the same aspect, and avoiding
compression and tension wood. Once extracted, tissue samples
were immediately placed into a sealed 2-ml centrifuge tube, put
in a cooler, returned to the lab, refrigerated at 4°C, and processed
within 2 d. We excised and discarded the bark from each tissue
sample. Xylem volume was determined from mass displacement
of the specimen in a beaker of water on a balance (Borghetti &
Edwards, 1991). We then dried the samples at 75°C and
reweighed them. Stem RWC was calculated as:
RWC ¼ Mf�Md

Vf�Vcwð ÞqH2O
(qH2O, density of water (g cm�3); Mf and

Md,fresh and dry mass of xylem tissue, respectively (g); Vf, volu-
metric FW of xylem tissue (g); Vcw, volume of cell wall material
(m3), calculated as Md

qcw
where qcw is density of cell wall material,

assumed to be 1.53 g cm�3 (Domec & Gartner, 2001)).

Nonstructural carbohydrates

With the same trees cores used to measure RWC, we measured
soluble carbohydrates in the wood parenchyma cells (i.e. exclud-
ing bark and phloem) based on the methods of Leyva et al.
(2008). In short, 1 ml of deionized water was added to 50 mg of
homogenized dried tissue, vortexed, heated to 72°C for 15 min,
and spun at 21 000 g for 10 min. A 50-ll aliquot of the super-
natant was diluted (925) and mixed with 150 ll of sulfuric acid
(98%) and anthrone (0.1%, w/v) solution in a 96-well
microplate. The precipitated pellet was reserved for later starch
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analysis. The plate was cooled on ice (< 4°C) for 10 min, then
heated to 100°C for 20 min, and finally left to adjust to room
temperature for 20 min (22°C). We determined the sugar con-
centrations as glucose equivalents from the colorimetric reading
(Thermo Fisher Scientific, Waltham, MA, USA) of absorbance at
620 nm (A620) using a predetermined standard curve (0, 0.01,
0.03, 0.1 and 0.3 mg l�1 glucose), and multiplied the outcome
by a measured average wood density of 0.63 g cm�3.

We quantified starch in the remaining pellet using a starch
assay kit (STA-20, Sigma-Aldrich) according to a protocol
that we modified (JME, FS and OS). First, we washed the
pellet twice in 80% (v/v) ethanol, spun it at 21 000 rcf for
10 min, and then disposed of the supernatant. The pellet was
digested with a-amylase and a-amyloglucosidase at 100°C
and 60°C incubations for 5 and 15 min, respectively. Finally,
we determined the starch concentration by measuring the
amount of glucose released by the glucose oxidase-mediated
assay (STA-20, Sigma-Aldrich) according to a colorimetric
reading at 540 nm (A540) and multiplied the result by wood
density resulting in units of mg cm�3.

Branch hydraulic conductivity

For each species, we collected two branches from three different
trees at the study site, one from each plot, a total of 18 branches.
Branches with needles that appeared healthy were taken from
approximately 5 m in height on the south side of each tree. Each
branch was measured for relative water content and hydraulic
conductivity at three different points in time during bench-top
dehydration. To measure hydraulic conductivity we cut a seg-
ment from the branch and then recut it under water to c. 25 mm
length and allowed several minutes for tension relaxation
(Wheeler et al., 2013). Driven by a pressure head of 1.96 kPa, we
then allowed filtered and degassed water through the branch seg-
ment from a mass balance to a water bath. We measured the
change in mass over time of the water as it left the mass balance.
We calculated sapwood specific hydraulic conductivity (Kh) using
the length and diameter of the branch segment, the pressure
head, and the mass flow of water. Adjacent stem segments were
used for calculating RWC as described above. For each species,
we then fit a two parameter (i.e. a and b) nonlinear equation to
relate RWC and Kh: Kh ¼ a� RWCb.

Tree ring increment

In May, 2016, we took full cores at breast height (1.4 m) for each
of the 52 trees examined. We sanded the cores with sandpaper,
mounted them on wood plates, scanned them using a flatbed
scanner, and used the software package CDENDRO (Larsson,
2003) to semi-automatically calculate ring widths for each core
dating from 2015 back to the pith or estimate of pith. Cores were
crossdated to account for missing rings. We detrended the ring
width series using a standard negative exponential curve in the R
library ‘DPLR’ (Bunn, 2010) to account for expected differences
in growth increment due strictly to tree size (Speer, 2010),
thereby calculating a ring-width index for each year of each core,

with more positive values associated with higher relative growth
rates accounting for tree size. We modeled variation in ring width
index as a function of seasonal VPD anomaly and recent precipi-
tation in both summer and winter (see Statistical model section
below).

Climatic data

We obtained daily temperature, precipitation and relative humid-
ity data from a Remote Automated Weather Station (RAWS sta-
tion, Pike County Lookout) located approximately 0.5 to 1.5 km
away from the plots. We calculated vapor pressure deficit (VPD)
as the difference between saturation vapor pressure (SVP) and
actual vapor pressure (AVP), or VPD = SVP� AVP. SVP is cal-
culated as: SVP ¼ 0:61� e

17:27�T
Tþ237:3, where T is temperature (°C)

(Tetens, 1930). AVP is calculated as: AVP ¼ SVP� RH
100, where

RH is relative humidity (%).

Statistical models

Based on the climatic variables above, we tested numerous statisti-
cal models to predict RWC. We included random effects for
species, plot and tree ID to permit unique responses to VPD and
precipitation at each of these levels (see Supporting Information
Notes S1 and Methods S1). Ultimately, we selected seasonal VPD
anomaly and recent precipitation based on Akaike Information
Criteria (AIC) evaluation (see model description above and
Methods S1). The significance of fixed effects was assessed using a
t-distribution and estimating the degrees of freedom from the
mixed-effects model using the Kenward–Roger approximation in
the R package ‘PBKRTEST’ (Halekoh & Højsgaard, 2014). Linear
models relating ring-width index and VPD5d,winter, VPD5d,summer,
P60d,winter, and P60d,summer were run in R using the ‘LM’ function.
All statistical analyses and data used in this manuscript are avail-
able as a downloadable folder in Notes S1.

Results

California experienced an extreme mid-winter drought in
2015

In early 2015, nearby weather station data (RAWS station, Pike
County Lookout) indicated anomalously high mid-winter daily
VPD (Fig. 1). January, February and March 2015 had among
the highest monthly VPDs on record for those months from
1992 to 2015, at 0.75, 0.65 and 0.83 kPa, respectively – values
that approached the mean 1992 to 2014 May VPD of 0.89 kPa
(Fig. 1). Additionally, almost no rain occurred in January and
March, and February precipitation was slightly below the 1992–
2014 median (Fig. 1). This simultaneous occurrence of season-
ally high VPD and low precipitation characterized California’s
2015 mid-winter drought as highly anomalous. Despite such sea-
sonally unusual conditions, absolute winter VPD values were still
more than 50% below even the lowest July and August values
(i.e. c. 1.9 kPa)—summer months that rarely receive any precipi-
tation (Fig. 1).
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Mid-winter drought abruptly reduced stem water content
and dampened spring starch accumulation

All three species (P. menziesii, P. ponderosa and P. lambertiana)
exhibited seasonal changes in stem relative water content
(RWC) during 2014 and 2015 (Fig. 2). Across species, stem
RWCs rose by 0.05 mm�3 on average as the characteristic
summer drought ended with rainfall beginning October 2014
(Figs 2, S1–S3; Tukey’s honest significant difference (HSD),
P < 0.01). Coincident to the onset of California’s anomalous

2015 mid-winter drought, average stem RWC abruptly
declined from 0.84 mm�3 in early November 2014 to
0.73 mm�3 in late February 2015 (Fig. 2; Tukey HSD,
P < 0.01). This pattern of sudden loss in stem RWC was
strikingly apparent across all three species. For comparison,
individual trees varied substantially in their temporal patterns
of RWC during the entire study period, with minimum and
maximum values 0.30–0.99 mm�3. Moreover, certain individ-
uals of each species consistently responded more and less
strongly throughout the study period.
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Fig. 2 Stand-level average values for stem
relative water content (RWC), soluble
carbohydrates (SC), and starch (St) for
Pseudotsuga menziesii, Pinus ponderosa and
Pinus lambertiana at various points in time
after 1 January 2014 (n = 52). Blue bars,
RWC during February 2014 (F14) and 2015
(F15), highlighting the significant drop in
RWC during February 2015 that
corresponded anomalously high VPD and
low precipitation. Purple bars, SC and St
concentrations in May 2014 (M14) and 2015
(M15), when substantial bud growth and
stem lengthening occur. Following the large
drop in RWC during February 2015, May
2015 starch concentrations were significantly
lower than May 2014. The same
characteristic drops in RWC and St were also
significant at the species-level (Supporting
Information Figs S1–S3). Overlapping letters
indicate nonsignificant differences at P < 0.05
based on a Tukey’s honest significant
difference multiple comparisons test. The
black dotted line indicates 31 December
2014.
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Seasonal patterns that were consistent across all three species
also were observed for soluble sugar and starch. Soluble sugar
concentrations in the stem peaked in May 2014 and again in
2015 (Figs 2, S1–S3), which corresponded with regular stem/
branch lengthening and needle expansion. These peaks in May
were followed by a sudden drop in soluble sugar into mid-June as
the trees entered into seasonal summer drought. Beyond this, sol-
uble sugar concentrations were quite variable from tree to tree
and no significant correlation was observed with the mid-winter
drought (Fig. 2). Starch concentration peaked in a similar way
during May of both years (Figs 2, S1–S3). Across all species, the
May peak in both starch (Fig. 2) concentrations was 50% lower
in 2015 following the anomalous mid-winter drought compared
with 2014 (HSD, P < 0.01). This reduced NSC concentration in
May 2015 occurred despite VPD being lower than in May 2014,
suggesting that VPD limitation of photosynthesis during May
2015 should have been reduced.

Seasonal, not absolute, VPD anomaly and precipitation
corresponded with stem water loss

Recent cumulative precipitation and seasonal VPD anomaly, not
the absolute value of VPD, was found to best predict the
hydraulic patterns observed (Fig. 3). We tested numerous statisti-
cal models using variables derived from recent VPD and precipi-
tation (see Supporting Information Methods S1), as they
strongly predict drought-related stress and mortality (Park Wil-
liams et al., 2012). Based on AIC, the following model best pre-
dicted stem RWC at the stand-level (P < 0.05; R2 = 0.72):

RWCstem ¼ 0:82þ 0:011 P60dð Þ � 0:031 VPD5dð Þ Eqn 1

(P60, cumulative precipitation in the past 60 d (mm); VPD5d,
time-series standardization of average VPD during the 5 d before
measurement so that values during 1992–2014 have a mean of
zero and a standard deviation of one (i.e. z-score)). Fixed effects
in model Eqn 1, P60 and VPD5d were significant at P < 0.05
(Fig. S4). Mixed-effect model-explained variance (Xu, 2003), or
R2, was 0.72. Thus, using only 5-d VPD z-score anomaly and
cumulative precipitation in the previous 60 d, our model explains
much of the species- and individual-level responses in RWC –
including hydraulic recovery from summer drought into fall and
the large loss in stem water content accompanying California’s
2015 mid-winter drought (Fig. 3).

We found a significant nonlinear relationship between branch
RWC and Kh across all three species (Fig. 4; Kh ¼ a� RWCb;
P < 0.05 for parameters a and b), defined by the following equa-
tions:

Kh;PM ¼ 1:71� RWC3:39 Eqn 2

Kh;PP ¼ 2:82� RWC6:71 Eqn 3

Kh;PL ¼ 2:42� RWC4:23 Eqn 4

(subscripts PM, PP and PL stand for P. menziesii, P. ponderosa
and P. lambertiana, respectively). By March 2015, the average
tree had lost 52% hydraulic conductivity, with individual trees
rising well above 75%. Caution should be taken when assuming
that the relationship between RWC and Kh can be directly
extrapolated to the stem. However, given the difficulty in
measuring stem Kh, such an assumption can facilitate such a
comparison.

Based on these relationships and model (Eqn 1), we estimated
Kh of this forest stand over the past 23 yr using measured RWC
values for each tree in response to recent and historic climatic
data (Figs 5, 6). It is important to note that this exercise does not
account for age-related effects on RWC or hydraulic conduc-
tance. In comparison to historic climatic events, January, Febru-
ary and March 2015 had among the highest VPD5d values and
low precipitation in the previous 23-yr period (Fig. 5a). Conse-
quently, the estimated Kh for all three species was abnormally low
during the 2015 mid-winter drought period compared to winter
months from 1992 to 2014, and approached or surpassed the
average values predicted for summer months from 1992 to 2014
(Fig. 5b).
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Fig. 3 Observed and predicted relative water content (RWC) over time for
Pseudotsuga menziesii, Pinus ponderosa and Pinus lambertiana (n = 18,
n = 18, and n = 16 for each species respectively). The gray bands highlight
the mid-winter drought period. Median observed and predicted values are
shown with the solid line and surrounded by lines indicating 5th, 25th, 75th

and 95th observation/prediction intervals in dashed/dotted lines.
Predictions were made using the model defined in Eqn 1.
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Seasonal, not absolute, VPD anomaly and precipitation
corresponded with growth decline

We detected a substantial growth decline based on ring-width
index from 2013 through 2015 (Fig. 6c). This growth decline
was predicted reasonably well in a multivariate linear model that
interacted winter VPD anomaly and winter precipitation
(R2 = 0.60; Table S1; see Fig. 7 for individual correlations). How-
ever, this growth decline was not predicted well in models based
on summer or year-round VPD anomaly or summer or year-
round precipitation (Table S1; Fig. 7). Overall, winter VPD
anomaly was the strongest individual predictor of growth declines
among all variables examined (Fig. 7; R2 = 0.45, P� 0.01; see
Table S1), with 2014 and 2015 having by far the highest winter
VPD anomalies and lowest ring-width indices of the 23-yr
period, but winter precipitation anomalies that were comparable
to six other years in the 23-yr period (2001, 2007–2009 and
2012–2013; Fig. 6).

Discussion

Ecological drought is defined as moisture limitation in plants
resulting from below-average precipitation, above-average

temperature, or especially both (Clark et al., 2016). Implicit in this
definition is the critical importance of seasonality in defining tem-
perature and precipitation anomalies, particularly in such climates
as Mediterranean and monsoonal regions where there are distinct
and predictable seasonal cycles in climate. If above average temper-
atures and below average precipitation occur at different times of
year, or at times where plants are dormant, then simple annual cli-
matic averages may fail to capture meaningful ecological drought.
Here we document a strong seasonal signal in how plant physiol-
ogy responds to drought, with implications for tree vitality. By
parameterizing species-specific relationships between recent climate
and stem relative water content (RWC), and between RWC and
hydraulic conductivity (Kh), we demonstrate that the risk of
hydraulic loss and starch accumulation in conifer trees during peri-
ods of low precipitation is dependent on the seasonal anomaly in
vapor pressure deficit (VPD) rather than the absolute VPD. In the
montane Mediterranean climate of California where conifer pho-
tosynthesis can occur year round, winter VPDs that are higher than
average but still lower than summer VPDs appear to be an impor-
tant causal factor inducing tree water stress.

A tree’s vitality and photosynthetic capacity are tightly linked
to its vascular system’s ability to transport water: its hydraulic
conductivity. A tree with high conductivity would permit greater
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Fig. 4 Relationship between relative water content (RWC) and hydraulic conductivity (Kh) for six branches per species (Pseudotsuga menziesii, Pinus

ponderosa and Pinus lambertiana) sampled at multiple time points during bench top dehydration. For each species, we then fit a two parameter (i.e. a and
b) nonlinear equation to relate RWC and Kh: Kh ¼ a� RWCb. Parameters for all three species had P < 0.05 (n = 18). Confidence intervals are shown in gray
bands surrounding the mean estimates (black lines).

Fig. 5 (a) Predicted stand-level hydraulic conductivity (Kh) in response to seasonal vapor pressure deficit (VPD) anomaly, inter-annual VPD anomaly
(VPD5d), and cumulative 60-d precipitation (P60d). Median monthly VPD5d and P60d values from 1992 to 2014 are plotted for summer (black dots) and
winter (white dots). Values for winter drought 2015, January (J15), February (F15) and March (M15) are shown using turquoise dots. (b) Probability
density curves for tree-level daily estimated Kh from 1992 to 2015 for summer (gray shaded area), winter (white shaded area), and 2015 winter drought
months (turquoise shaded area, January, February and March).
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water flow for a given pressure gradient. Percentage loss of
hydraulic conductivity (PLC), relative to the maximum, is
commonly used to describe plant hydraulic status, where the like-
lihood of mortality due to drought increases with PLC (Anderegg

et al., 2013; Adams et al., 2017). Though often overlooked,
conifers show a strong relationship between hydraulic conductiv-
ity and RWC (Domec & Gartner, 2001, 2002, 2003). In this
study, we likewise find support for this relationship in three
widely distributed conifer species. Thus, by estimating Kh from
RWC values (which are more easily measurable in the field), we
are able to meaningfully assess tree hydraulic status. Based on our
model, we estimate that the 2015 mid-winter drought resulted in
among the largest stand-level losses in hydraulic conductivity
since at least 1992 (Fig. 4), on the order of 50%. In comparison
to historic summer and winter ranges, we estimate that January
to March 2015 induced extreme levels of hydraulic loss, which
may border along critical thresholds of hydraulic conductivity
loss associated with tree mortality (Adams et al., 2017).

The large drop in Kh (c. 50%) during severe mid-winter
drought was followed by reduced concentrations of starch the fol-
lowing spring (also c. 50%) relative to the previous year (Fig. 2).
This reduced accumulation of starch does not appear to be associ-
ated with springtime drought stress, as the VPD anomaly and
precipitation in the previous 60 d before the May 2015 measure-
ment was about average (Fig. 1), and stem RWC returned to pre-
drought levels (Fig. 2). We suggest instead that the reduction in
spring starch concentration may be the result of either (1) con-
sumption of starch reserves during the mid-winter drought to
maintain basic metabolic function during a period of stomatal
closure, and/or (2) a legacy of impaired hydraulic conductivity
during the mid-winter drought, where the tree must ‘catch up’
on growth and structural carbohydrate allocation during the
spring and has less reserve energy to devote to starch production.
Whatever the case, the decrease in spring starch concentrations
and the subsequent complete depletion of starch in summer 2015
(Fig. 2) suggest that that mid-winter drought may also compro-
mise NSCs and potentially contribute to reduced vitality/produc-
tivity in the following summer or increased tree morbidity via
carbon starvation in addition so hydraulic failure (McDowell
et al., 2008). It is important, however, that future studies investi-
gate a longer time series of physiological data and in more con-
trolled experimental conditions.

It is likely that the unprecedentedly high VPD in winter 2014
and 2015, coinciding with anomalously low winter precipitation,
led to a period of stomatal closure that reduced hydraulic con-
ductivity, depleted carbohydrate stores for metabolism, and
caused the signal of reduced secondary growth that we observed

JFM

JJAS

JFM

JJAS

−0.5

0.0

0.5

1.0

0

250

500

750

1000

0.6

0.8

1.0

1.2

1995 2000 2005 2010 2015

Year

V
P

D
5d

 (
z−

sc
or

e)
P

60
d 

(m
m

)
R

in
g 

w
id

th
 in

de
x

(a)

(b)

(c)

Fig. 6 (a) Temporal trends in inter-annual vapor pressure deficit (VPD)
anomaly for January, February and March (VPD5d,winter; solid blue line)
and June, July, August and September (VPD5d,summer; solid red line) from
1993 to 2015. (b) Temporal trends in cumulative 60-d precipitation for
January, February and March (P60d,winter; solid blue line) and June, July,
August and September (P60d,summer; solid red line) from 1993 to 2015. (c)
Temporal trends in stand-level average annual ring-width index from 1993
to 2015. Confidence intervals are shown in gray bands surrounding the
mean estimates (black solid line).
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in the ring-width data (Fig. 6). At these lower elevations, conifers
may be photosynthesizing year-round (Kelly & Goulden, 2016),
and thus may be acclimatized to ample precipitation and mild
VPD to support that growth. We appear to have observed an
interruption in that growth that is directly associated with both
decreased hydraulic conductivity and decreased carbohydrate
accumulation during winter photosynthesis (Fig. 2). This
decreased growth, while not directly associated with mortality in
our study, could partially explain decreases in forest productivity
under hotter drought (Zhao & Running, 2010), and may explain
the physiological mechanisms underlying mortality patterns in
regions where average climate is hotter and drier than at our
study site and trees may be closer to their physiological limits
(Young et al., 2017).

Given anticipated changes in climate this century, more intense
winter drought could amplify hydraulic loss in forests. Global tem-
peratures are rising in association with increased concentrations of
atmospheric CO2. California experienced a 1.0°C increase in aver-
age temperature from 1970 to 2006 (Cordero et al., 2011), which
is predicted to rise 1.5–4.5°C by the end of the 21st Century
(Cayan et al., 2008). For a given relative humidity, greater temper-
ature increases transpirational demand and ultimately embolism
formation by increasing VPD. Thus, in upcoming decades the co-
occurrence of a dry winter with warmer days would result in higher
VPD. Our findings suggest that if climate change elevates winter
VPD, conifers may be increasingly vulnerable to winter stem
hydraulic loss. Much uncertainty exists about future precipitation
patterns in California (Cayan et al., 2008), which limits our ability
to predict winter drought frequency and severity. Increased future
precipitation could buffer winter hydraulic loss due to anoma-
lously high VPD, or decreased future precipitation could exacer-
bate hydraulic loss. Although our dataset is limited in temporal
coverage, historic weather patterns at our field site from 1992 to
2015 align with the trend of increasing winter VPD and decreasing
winter precipitation (Fig. 5).

Loss in hydraulic conductivity due to xylem embolism forma-
tion is driven by the water potential to which a plant is exposed –
high atmospheric VPD and low soil water potential induces
embolism formation and decreases hydraulic conductivity (Tyree
& Sperry, 1989). As a result, summer drought has been the focus
of past studies on hydraulic failure. Winter is notable for
embolism formation due to freezing (Sperry & Sullivan, 1992),
but has not been previously considered as a source of drought-
related embolism formation. Here, we show that a substantial
loss of hydraulic conductivity can occur even during winter
months, in the absence of freezing temperatures (Fig. S5) and
despite relatively low VPD in comparison to summer values
(Fig. 1). This seasonal hydraulic vulnerability links to seasonal
phenology and should be taken into account in investigations of
plant physiology. Differences in hydraulic properties between
earlywood and latewood offer one possible explanation for such a
phenomenon. Earlywood embolizes at lower tension than late-
wood (Domec & Gartner, 2002) and, thus, the timing of early-
wood and latewood growth could lead to greater winter
vulnerability. Alternatively, seasonal changes in stomatal sensitiv-
ity of evergreen species could affect the rate of stem water loss.

Such a phenomenon would require that stomata are less sensitive
to water potential during winter, which would align with obser-
vations that conifer stomata are more responsive to VPD (or local
epidermal water potential) than to xylem water potential (Zwie-
niecki et al., 2007). Other explanations such as less suberized
roots or less cutinized leaves (i.e. higher epidermal conductance)
due to winter or spring growth could also explain increased win-
ter susceptibility to loss in conductivity. At this point, however,
these explanations are speculative. Manipulative studies will be
required to determine the physiology underlying winter drought-
induced loss in hydraulic conductivity and to determine its eco-
logical impact on forest vitality as climate changes.
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