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Changes in tree growth rates can affect tree mortality and forest
feedbacks to the global carbon cycle. As air temperature increases,
evaporative demand also increases, increasing effective drought in
forest ecosystems. Using a spatially comprehensive network of
Douglas fir (Pseudotsuga menziesii) chronologies from 122 loca-
tions that represent distinct climate environments in the western
United States, we show that increased temperature decreases
growth via vapor pressure deficit (VPD) across all latitudes. Using
an ensemble of global circulation models, we project an increase in
both the mean VPD associated with the lowest growth extremes
and the probability of exceeding these VPD values. As tempera-
ture continues to increase in future decades, we can expect deficit-
related stress to increase and consequently Douglas fir growth to
decrease throughout its US range.
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Declines in forest growth contribute to reduced net primary
productivity and alter the global carbon cycle (1, 2). De-

creased tree vigor also can predispose or increase the sensitivity
of forests to disturbances and stress, such as bark beetle-induced
mortality (3), related fine fuel accumulation, and short-term
wildfire hazard (4), and potential mortality associated with low
soil moisture (5, 6). Collectively, these changes have concomitant
impacts on ecosystem processes and function (7). Changes in tree
growth are often attributed to climatic variability (8, 9), wherein
periods of anomalously warm and dry conditions (i.e., water stress
or drought) result in decreased annual tree growth (10).
Plant water stress is a combined function of water supply and

demand. Increased air temperature exacerbates water stress by
increasing deficits in both the soil and atmosphere. As water and
atmospheric deficits increase, trees can lose water via the soil–
plant–atmosphere continuum, resulting in increased stress (11),
or eventually close stomata, ceasing growth altogether (5). In-
creased precipitation can ameliorate water stress to some degree,
but on seasonal and longer time scales the impact of tempera-
ture-induced increases in evaporative demand can outweigh
precipitation inputs and increase water stress in forest ecosys-
tems (12, 13).
Measurements of precipitation and temperature are useful

indicators of climate at any given time but, unlike “plant-rele-
vant” variables, do not directly reflect the energy and water
balance of terrestrial systems (14). Variables that express how
plants “sense” climate are more useful in analyses that consider
climatic limitations on plant growth and distributions (13, 15).
Climatic water deficit (DEF), calculated as potential evapotrans-
piration (PET) minus actual evapotranspiration (AET), measures
climate as the interaction of water (precipitation) and energy
(temperature) (14). High DEF values indicate time periods when
the evaporative demand of plants is not met by available soil
moisture. Vapor pressure deficit (VPD), another plant-relevant
variable, is a function of relative humidity and temperature. VPD
increases with temperature, and high VPD levels indicate pe-
riods when atmospheric deficits are so high that plants either
lose water at faster rates as a reaction to steep water-potential

gradients or close stomata. DEF and VPD are variables that
integrate water and energy and are sensitive to temperature in-
creases (13).
We quantified the relationship between climate and Douglas fir

growth in forests throughout the western United States. Douglas
fir, which occupies diverse landscapes from sea level to 3,300 m
and a broad range of climate regimes (Fig. S1 and Table S1), is
one of the most ecologically and economically important co-
niferous species in western US forests. Our network of 122 tree-
ring-width chronologies represents tree growth in a breadth
of growing environments and climates (Fig. 1 and Fig. S1). This
work builds on previous efforts to assess climate–growth rela-
tionships at regional scales (9, 13, 16) but expands to the realized
climatic niche of the species rather than using data from the
International Tree-Ring Data Bank, which largely represents
extreme growing environments (13, 17). We therefore avoid any
sampling bias inherent in chronologies intended for climatic
reconstruction (18), and our results pertain to a much broader
range of environments. Here, we analyze a comprehensive net-
work of growth data sampled specifically to assess the relationship
between climate and tree growth. We use historical (1916–2006)
and model-projected future hydroclimates (climatologies centered
on the 2040s and 2080s) from the Variable Infiltration Capacity
hydrologic model (19, 20), which includes DEF, VPD, tempera-
ture, and precipitation to evaluate climate–growth relationships.

Results and Discussion
For the period 1916–2006, growth was positively correlated
(Pearson’s r ≥ 0.2, P = 0.05, n > 91) with precipitation and was
negatively correlated (Pearson’s r ≤ −0.2, P = 0.05, n > 90) with
temperature, VPD, and DEF in the growing season (April–July,
hereafter “AMJJ”) (Fig. 2), and correlations were much higher
for the last two variables. Correlations with precipitation and
temperature mirror one another: Higher temperatures decrease
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growth in the same months that precipitation enhances growth,
so it is difficult to attribute the effect of one variable or the other.
Conversely, VPD and DEF have a much stronger relationship
with growth (Pearson’s r ≤ −0.5, P ≤ 0.001) than with pre-
cipitation, suggesting that these integrated climatic variables
better represent the growth-limiting mechanisms of climate.
A consistent negative relationship exists between growth and

VPD in June and July across all regions, with correlation mag-
nitude decreasing but still significant as latitude decreases (Fig. 2).
The strength of growth–climate relationships differs in timing and
by the length of the growing season. Growing season deficits de-
crease tree growth, but a lagged relationship is also evident in which
previous-year late-summer temperature and deficits decrease
growth in all regions except California (Fig. 2). These lagged re-
sponses are well known, have been established in the scientific lit-
erature (8, 9), and provide evidence that climate can affect growth
for more than one season, probably because growing conditions
alter carbon fixation and bud production. The influence of non-
growing season and previous-year climate increases with latitude,
and correlations with these variables are higher in regions where,
historically, water stress appears less limiting. It is worth noting that
tree height-driven variation in stomatal sensitivity to VPD has been
observed within Douglas fir stands (21), and therefore there is some
potential for physiological or morphological adaptation responses to
increased VPD. However, warmer temperatures will almost cer-
tainly increase the duration and magnitude of water stress in the
south and will alter the timing of limiting factors in the north as
water stress becomes a more important limiting factor.
The growing-season months (AMJJ) were aggregated into one

climate variable and correlated with watershed-scale chronolo-
gies (Methods, Chronology Development and Fig. 3) to test if the
relationships varied with spatial scale. Correlation coefficients
increased in strength for all variables, reinforcing the inference
that high deficits during growing-season months drive reductions in
tree growth at the plot and watershed scales (Fig. 3). Fine-scale
variability in climate response can likely be attributed to genetic

variability (22), morphology and physiology (21), soils, and land-
scape position, but coarse-scale patterns support the conclusion that
Douglas fir is sensitive to atmospheric and soil moisture deficits
across spatial and temporal scales.
Our results corroborate the effects of VPD on forest drought

stress documented for forests in the southwestern United States
(13). Our data suggest that a strong relationship exists between
VPD and growth throughout Douglas fir forests of the western
United States: Low growth is associated with high VPD when
analyzed at the regional scale (Fig. 4). Our work expands on
work conducted by Williams et al. (13), in that we investigated
the entire population of a species, making these results more
applicable to a broader range of conditions (13). Regressions
conducted for the direct effect of temperature on growth have
significant downward slopes only in the southern latitudes (Fig.
S2), suggesting that temperature alone decreases growth only in
some cases, whereas VPD decreases growth in all regional cases.
More generally, the mean VPD associated with the lowest 10th
percentile of growth is higher than the mean VPD (Fig. 5D),
suggesting that VPD is the dominant driver of the low growth.
Although both high temperature and VPD decrease growth, the

physiological mechanisms differ between these climate variables. The
effect of high temperature alone would cause growth to decrease as a
function of biochemical limitations to growth, because photosynthesis
decreases once leaf temperatures exceed a given threshold (23, 24).
However, when VPD reduces growth, moisture stress results in sto-
matal closure, which ultimately decreases growth because of reduced
CO2 uptake (25). VPD is one of the most important climate variables
linked to variation in stomatal closure (26), with stomatal conduc-
tance decreasing exponentially as VPD increases (27). VPD limits
growth across all latitudes, whereas temperature alone is limiting only
in the southernmost sites, suggesting a latitudinal gradient of limiting
factors. We hypothesize that higher temperatures may drive stomatal
closure (via water stress) in the northern latitudes, and a combination
of stomatal closure and biochemical limitations inhibits photosyn-
thesis in southern latitudes.

Fig. 1. Distribution of study sites (A) and climate anomalies (B and C) in the western United States. (A) The range of Douglas fir is depicted in green; the size
of triangles depicts the density of sample plots. (B and C) Precipitation anomalies (B) and temperature anomalies (C) for study regions. A clear positive trend
in temperature is evident, whereas no trend in precipitation exists.
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Our results illustrate that forests are sensitive to changes in
VPD and DEF, which reflect the relationship between temper-
ature and precipitation in terrestrial ecosystems. Temperature,
VPD, and DEF have increased across all study regions since 1980
(Fig. 1 and Fig. S3) and are projected to increase throughout
western North America (28). Model projections are uncertain re-
garding precipitation but suggest that precipitation will not increase
substantially during the growing season compared with historical
variability. Both deficit variables are sensitive to temperature, so
if temperature increases, especially with no increase in pre-
cipitation or relative humidity, deficits will increase. Warmer
growing-season temperatures therefore can be expected to in-
crease the duration of stressful growing conditions and the fre-
quency of low-growth conditions. To evaluate these increases, we
modeled future changes (derived from Global Circulation Models
projections of climate) in mean VPD associated with the lowest
10th percentile of growth (Fig. 5D) and the probability of exceeding
those mean values (Fig. 5 A–C). By examining the lowest percentile
of growth, we are able to calculate the range of VPD that is most

strongly linked to low growth. The mean 10th percentile VPD is
projected to increase well outside the historical distribution for all
regions, and the probability of these conditions increases to 0.66–1.0
by the 2080s (Fig. 5). As conditions associated with low growth
increase, we should expect to see similar declines in growth, as
observed under adverse growth conditions in the historical record.
The combination of increased duration and frequency of anoma-
lously low growth could result in novel ecosystem responses.
As temperatures increase in forested regions throughout the

western United States, growth will decrease commensurate with
observed decreases in historical warm periods, outweighing a
potential fertilization effect that higher ambient CO2 concen-
tration may have on tree growth (29). The principle of limiting
factors suggests that tree growth can proceed only as fast as
allowed by the primary variables that limit growth (30) and that
nonstationarity in climate change can create a set of transient
most-limiting factors. Once demands for CO2 are met, the
down-regulation of photosynthesis occurs in response to other
limiting factors (i.e., water, nutrients, and light) (31). Water is
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Fig. 2. Correlations between monthly climate and annual growth at the plot scale. Colors represent Pearson’s correlations between plot-scale chronologies
and monthly climate variables, ranging from −0.7 (red) to 0.7 (blue). The x axis denotes months spanning August of the previous year to October of the
current growing season. Plots are ordered within each region from high (top) to low elevation. During the growing season (AMJJ), growth is tightly linked to
climate with a strong negative relationship among growth, VPD, and DEF. Precipitation and temperature, although significant in the growing season, are less
correlated with growth. PNW, Pacific Northwest; NR, northern Rockies; CR, central Rockies; SR, southern Rockies; CA, California; SW, Southwest. Correlation
coefficients greater than 0.2 and less than −0.2 are significant at α = 0.05.

Restaino et al. PNAS | August 23, 2016 | vol. 113 | no. 34 | 9559

EC
O
LO

G
Y

EN
V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602384113/-/DCSupplemental/pnas.201602384SI.pdf?targetid=nameddest=SF3


the principal limiting factor in most of the range of Douglas fir.
Growth and productivity therefore will decrease in these and
other potentially water-limited forests in response to a warmer
climate.

Methods
Acquisition of Tree Cores.We used a sampling approach that focused on both
the climate space and geographic extent of Douglas fir (Fig. S1). The species
range was divided into regions that served as “climate domains,” based on
an analysis of historical climatic data derived from the Variable Infiltration
Capacity (VIC) hydrologic model (19, 20). After summarizing the data in
terms of magnitude and seasonal timing of precipitation, Douglas fir dis-
tribution was divided into six regions: Pacific Northwest, California, northern
Rockies, central Rockies, southern Rockies, and Southwest. The climate do-
main delineation corresponds closely to Bailey’s ecoprovince divisions used
nationwide (32), so we are confident that these regions are representative
of reasonable climatic zones across the Douglas fir range. In each region, we
selected watersheds and placed plots (within each watershed) on opposing
aspects at different elevations to account for topographic complexity.

In each plot, we sampled 15 trees in either dominant or codominant
canopy positionswith no signs of pathogens, insects, or injuries. All trees were
aminimum of 125 y old at breast height; this age threshold was used to avoid
the inclusion of the juvenile portion of growth in the time series. One core
was extracted from the side-slope of each tree, diameter was measured at
breast height, and each plot was georeferenced with a handheld Global
Positioning System device.

The tree-core data were combined with data from Littell et al. (9) to create
a robust dataset that covers the entire geographic range of Douglas fir
in the United States. To match the sampling density of the new plots in
geographic space, we subsampled watersheds in each of the study sites,
retaining two watersheds from each sample site and all plots in the chosen
watersheds. Instead of a random sample of watersheds, we chose an in-
formed sampling approach because our sampling strategy was designed to
control for nonclimatic factors (i.e., elevation and aspect) that may mediate
the tree response to regional climate. We calculated the growing season
(April–September) water deficit (PET − AET) for each watershed and then

graphically compared these values with those of other watersheds in the site.
This approach allowed us to choose watersheds based on a range of water
availability, from deficit (PET > AET) to surplus (PET − AET = 0, often because
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Fig. 3. Watershed-scale relationships between cli-
mate and tree growth. Colors represent Pearson’s
correlations between watershed-scale chronologies
and growing season (AMJJ) climate variables, rang-
ing from −0.7 (red) to 0.7 (blue). Panels depict total
precipitation (A), mean maximum temperature (B),
total VPD (C), and total DEF (D). Correlation coeffi-
cients greater than 0.2 and less than −0.2 are sig-
nificant at α = 0.05. Correlations between growth
and AMJJ climate are stronger than monthly corre-
lations. C and D show the stronger relationships
produced when using plant-relevant variables.
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Fig. 4. Ring width decreases with increasing VPD. VPD values are annual totals.
Solid lines represent linear regression models with 95% confidence intervals
(shaded colors). All slopes are significant: Southwest (SW), β = −2.985, P < 0.001;
California (CA), β = −1.084, P < 0.001; southern Rockies (SR), β = −2.295, P <
0.001; central Rockies (CR), β = −0.8704, P = 0.023; northern Rockies (NR), β =
−2.068, P < 0.001; Pacific Northwest (PNW), β = −0.994, P = 0.002.
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precipitation > PET) in growing-seasonmonths, resulting in paired watersheds of
wet vs. dry and/or warm vs. cool. Watersheds whose deficit values differed only
slightly were evaluated based on tree age and temporal resolution.

The distribution of sampled sites in climate spacewas visualized by plotting
the geographic locations of plots based on their respective climatologies (Fig.
S1). We used the climate parameters described by Thompson et al. (33) be-
cause they have been used previously to define the climatic limits of Douglas
fir distribution. Climate variables are January temperature (expressed in
degrees Centigrade), July temperature (expressed in degrees Centigrade),
and annual precipitation (expressed in millimeters), all derived from VIC
model output. Climate space was also visualized using the plant-relevant
variables growing-season evapotranspiration (expressed in millimeters) and
growing-season deficit (expressed in millimeters).

Climate Data and Projections. We used VIC model output, which uses daily cli-
matic data extracted from the Historical Climate Network and Cooperative Ob-
server Networks (available online at cdiac.ornl.gov/epubs/ndp/ushcn/ushcn.html)
to calculate, among other variables, PET, AET, and relative humidity (needed
for DEF and VPD). Monthly precipitation and temperature time series are in-
dependently derived but bias corrected (34) against PRISM and therefore are
consistent with values used in other ecological studies (13, 35). Monthly climatic
data include total precipitation, maximum temperature, VPD, and DEF. Tem-
perature and precipitation deltas (changes from historical climate) were de-
rived from an ensemble of 10 climate models from the World Climate Research
Program (WCRP) Coupled Model Intercomparison Project phase 3 (CMIP3) run
under Special Report on Emission Scenarios A1B emissions. These future deltas
were applied to gridded historical temperature and precipitation time series
(1916–2006) to create future climate input for the VIC model. Results were
summarized for mid and late 21st century (2040s: 2030–2059; 2080s: 2070–2099)

(https://www.sciencebase.gov/catalog/item/55e4c25ce4b05561fa208552). CMIP3
models can be considered realizations of the same probability distribution as
CMIP5 (36), although the A1B scenario would represent less warming than the
Representative Concentration Pathways 8.5 scenario by the end of the 21st cen-
tury, in which case our estimates of future VPD would likely be conservative (low)
unless humidity increased to match the rate of temperature change. CMIP5-de-
rived hydroclimate simulations were not available to us at the time of analysis.

Chronology Development.We used standard dendrochronological techniques
to measure, detrend, standardize, and “prewhiten” each tree-ring time se-
ries (37). All cores were measured using a sliding stage (precision = 0.001
mm) and were crosschecked for errors using Cofecha statistical software. To
account for the geometric bias of ring width imposed by age/size (e.g.,
larger trees put on narrower rings), we detrended the time series with a
cubic smoothing spline for which the frequency response was 0.50 (retained
50% of the variance) at a wavelength equal to two-thirds of the length of
the series. The cubic smoothing spline is appropriate for a dataset with such
a large geographic extent because the curve fit to each series is unique,
taking into consideration different ages, competition, and stand disturbance
histories. Detrended time series then were subtracted from the fitted spline
to create a ring-width index (RWI), a unit-less metric used as a proxy for
annual ring width. Finally, prewhitened (or residual) chronologies were
calculated to remove the temporal autocorrelation in each time series by
performing autoregressive modeling, with the autoregressive order based
on the persistence identified in each time series. The residual chronologies
are preferred over raw chronologies for analysis because, after detrending,
standardization, and prewhitening, the remaining interannual variance can
be attributed to climate. For both the standardized and residual chronolo-
gies, years were retained only if sampling depth was at least five cores.

Fig. 5. Douglas fir growth in a future climate. Historical and future mean growing season (AMJJ) VPD associated with 10th percentile Douglas fir growth and
exceedance probability under future climate scenarios. (A) Historical probability. (B) 2040s. (C) 2080s. (D) Box-and-whisker plots represent the site-scale VPD.
Black lines indicate the median; white lines indicate the mean; blue squares indicate mean values associated with 10th percentile growth. Each box-and-
whisker plot represents an individual study site. Sites are ordered by elevation, from high to low. As shown in A, the historical probability of exceeding the
10th percentile mean is relatively low and variable (0.12–0.53). Future climate scenarios project increases in the mean that greatly exceed the historical range
of variability (D), and by the 2080s the exceedance probability increases to 0.66–1.0 (C).
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Wedeveloped chronologies at the plot, watershed, and region scales using
Dendrochronology Program Library in R (dplR) (38). Plot-scale chronologies
were calculated by aggregating individual tree chronologies with a Tukey’s
biweight robust mean. For the watershed scale, the chronologies were
recalculated starting from the individual tree and followed the same
methods used for the plot-scale chronologies for detrending, standardiza-
tion, and prewhitening. Regional-scale chronologies were calculated as a
mean of the watershed-scale chronologies in a given region. To aid in visual
interpretations, regional-scale chronologies were also calculated as z-scores
which scale all data to a mean of 0 and SD of 1.
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