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A B S T R A C T   

Both elevated temperature and reduced precipitation have been related to growth declines in Douglas-fir 
(Pseudotsuga menziesii) in the northwest U.S. However, the impact of high vapor pressure deficit (VPD) on 
Douglas-fir growth and physiological stress is not fully understood. We investigated how inter- and intra-annual 
rainfall and VPD correlated to the radial growth and carbon isotope signature (δ13C) of latewood for ~ 50-year- 
old Douglas-fir trees in the western Cascade Mountains in Oregon. Latewood δ13C reflects variation in stomatal 
restriction of photosynthetic gas exchange and, therefore, was used as a proxy for the relative degree of phys-
iological water stress. We cored three trees at each of nine sampling sites (n = 27 trees) and used a moving 
window analysis to test the period of the year in which VPD and rainfall best predicted mean latewood radial 
growth and δ13C. Latewood growth, measured as the basal area increment, was more sensitive to daytime VPD 
than the timing and amounts of rainfall, especially in early summer. In contrast, δ13C was equally sensitive to the 
average daytime VPD and total rainfall during spring and summer. We used the results of the moving window 
analysis in a linear mixed effects model to test how the effect of VPD and rainfall on yearly latewood growth and 
δ13C differed among our nine sites. We found no evidence for statistical differences in the effects of VPD and 
rainfall on growth (p = 0.93 and p = 0.91) or δ13C (p = 0.31 and p = 0.81) among our nine sites. However, the 
marginal effects of VPD on latewood growth at each site were weakly related to soil moisture deficits at 100 cm 
suggesting that site-to-site differences in soil moisture availability may be important in buffering the negative 
effects of seasonal aridity on growth. In contrast, there was no evidence that soil moisture differences among sites 
influenced the marginal effects of VPD on latewood δ13C. We conclude that increases in VPD during summer are 
likely to reduce latewood growth and increase water stress in Douglas-fir in the Pacific Northwest region. 
However, more research is needed to better understand the magnitude of this effect across sites with variable 
subsurface water storage and microclimate.   

1. Introduction 

Increased atmospheric vapor pressure deficit (VPD), accompanied by 
more severe drought, is likely to impact forest productivity in the 
coming century (Ficklin and Novick, 2017; Novick et al., 2016; Sanginés 
de Cárcer et al., 2018; Sulman et al., 2016; Yuan et al., 2019). The water 
potential gradient along the soil–plant-atmosphere continuum is 
strongly influenced by both the atmospheric demand for water and the 
availability of soil moisture. While high VPD is commonly associated 
with periods of declining soil moisture in Mediterranean climates, sus-
tained increases in atmospheric VPD can lead to considerable reductions 

in stomatal conductance and photosynthesis even in the presence of 
sufficient soil moisture (Fang et al., 2021; Fu et al., 2022; Jarecke et al., 
2023; Jiang et al., 2019; Ruehr et al., 2014). High VPD conditions can 
also increase the potential for hydraulic failure along the soil-to-leaf 
continuum (Grossiord et al., 2020), reduce tree growth rates (Restaino 
et al., 2016; Williams et al., 2013), and increase rates of tree mortality 
(Allen et al., 2015; Breshears et al., 2013). 

In the northwest U.S., conifer species are expected to be increasingly 
vulnerable to rising VPD and soil water stress, particularly during the 
warm and dry periods of the year (Beedlow et al., 2013). Extensive 
research using dendrochronology techniques has assessed the 
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vulnerability and water stress experienced by conifers. For example, 
variability in the annual tree ring width has been used to understand the 
environmental conditions that impact a given species’ growth across 
regional climates (e.g., interior vs. coastal) and altitudes (Chen et al., 
2010; Lo et al., 2010). Previous research indicates that annual growth of 
inland Douglas-fir trees was positively correlated with winter and spring 
temperatures (Case and Peterson, 2005) as well as spring and summer 
rainfall (Levesque et al., 2013; Littell et al., 2008). Conversely, Douglas- 
fir growth was negatively correlated with summer temperature (Bee-
dlow et al., 2013; Lo et al., 2010). In contrast, the growth of Douglas-fir 
trees at lower elevations or in coastal regions were most sensitive to 
conditions during summer, with increased growth observed in cooler 
and wetter summers (Griesbauer and Green, 2010; Little et al., 1995; 
Zhang and Hebda, 2004). It is important to note that the development of 
earlywood and latewood within annual growth rings may reflect envi-
ronmental conditions over different periods of the year (Levesque et al., 
2013). Furthermore, emerging evidence suggests that while tree ring 
width may be more sensitive to climate variability during the phase of 
cell enlargement, stable carbon isotope composition of cellulose may be 
more sensitive to climate variability during cell wall thickening (Bel-
mecheri et al., 2018). 

The stable carbon isotope composition of cellulose, known as δ13C, 
represents the ratio of 12C to 13C that is fixed during photosynthesis. The 
enzyme Rubisco discriminates against 13C relative to 12C during 
photosynthesis. When stomata are partially closed, faster fixation of 12C 
leads to an increase in the amount of 13C relative to 12C inside the leaf, 
and therefore, decreased discrimination against 13C (Francey and Far-
quhar, 1982; McCarroll and Loader, 2004). Thus, an increase in δ13C can 
indicate a rise in relative plant water stress with all else being equal 
(Farquhar et al., 1989; McNulty and Swank, 1995). 

Variation in latewood δ13C in Douglas-fir trees in the northwest U.S. 
has been related to air temperature and relative humidity (Barnard 
et al., 2012) as well as the amount of transpiration during the growing 
season (Livingston and Spittlehouse, 1996). Atmospheric variables often 
co-vary, and their relative impacts on tree physiological water stress, 
including any delayed effects, are not well understood (Fang et al., 
2021). In addition, the use of temperature as a primary predictor of tree 
growth and water stress can be problematic because higher tempera-
tures can impose stress on trees in two distinct ways. First, high tem-
peratures can limit the rate of carbon assimilation in foliage via direct 
temperature effects on the biochemical reactions involved in photo-
synthesis (Cai et al., 2008). Second, higher temperatures often indicate 
higher VPD, which can cause higher rates of transpiration due to open 
stomata. In response, trees may partially close their stomata at high VPD 
to avoid hydraulic failure associated with increased tension in the xylem 
(Fu et al., 2019), which simultaneously decreases the rate of diffusion of 
carbon dioxide into the foliage. Thus, when using air temperature data 
alone, it is not possible to tell whether growth at high temperatures is 
limited by direct temperature effects or VPD-related effects. 

The goal of our study was to explore how the intra- and inter-annual 
variability in daytime and nighttime VPD and total rainfall affect the 
latewood growth and stable carbon isotope composition of 50-year-old 
Douglas-fir growing on the west slopes of the Cascade Mountains of 
Oregon, USA. We focused on latewood because it is formed during the 
driest and warmest portion of the year when the potential for tree hy-
draulic stress is greatest. Disentangling the effects of VPD from rainfall is 
difficult because they tend to be correlated at seasonal timescales 
(Novick et al., 2016). Thus, we used a moving window analysis to 
independently test all possible periods of the year when VPD and rainfall 
were most strongly related to annual latewood growth and carbon 
isotope composition. Additionally, we evaluated the relative strength of 
these relationships. Lastly, we explored whether differences in soil water 
deficits along a steep hillslope gradient altered the effect of VPD and 
rainfall on latewood growth and δ13C. 

We asked:  

(a) Over which period of the year are radial growth and δ13C most 
highly correlated to VPD and rainfall?  

(b) What is the relative sensitivity of radial growth and δ13C to 
interannual variability in VPD versus rainfall?  

(c) Do differences in soil moisture deficits along a steep hillslope 
gradient alter the effect of VPD and rainfall on radial growth and 
δ13C? 

2. Materials and methods 

2.1. Study site 

Our study took place on two north-facing hillslope transects in 
Watershed 1 (Fig. 1), a 96 ha catchment in the H. J. Andrews Experi-
mental Forest on the west slopes of the Cascade Mountains in central 
Oregon (44◦12′18.8″ N, 122◦15′16.2″ W). The transects were at an 
elevation of ~ 560 m. The climate in the region is characterized by cool, 
wet winters and warm, dry summers. Mean total annual precipitation 
over 30 water years (1990–2019) was 2,210 ± 435 mm (Daly et al., 
2019) with more than 90 % of annual rainfall occurring from October 
through June. Precipitation at our study site is dominated by rainfall 
with transient snowpack during winter months. Mean total annual 
rainfall during the dry season (July through September) in the 
1990–2019 water years was 75 ± 39 mm (Daly et al., 2019). 

Watershed 1 is characterized by steep (mean slope = 31◦), highly 
dissected ridges and valleys. Mineral soils are gravelly, silty clay loam. 
Average depth to bedrock in our study area was 2.3 m and the standard 
deviation was 1.2 m (Jarecke et al., 2021). Soils are underlain pre-
dominantly by altered pyroclastic flows of the Little Butte Formation 
(Swanson and James, 1975). 

The watershed was clearcut from 1962 to 1966 and burned in 1966. 
There were multiple efforts to re-establish vegetation from 1967 to 1971 
including aerial seeding and planting 2- and 3-year-old seedlings (Hal-
pern, 1988). At the time of our study, in 2019, the stand was composed 
predominantly of second growth Douglas-fir trees (Pseudotsuga menziesii, 
~40–50 years old), with some bigleaf maple (Acer macrophyllum) and 
Western hemlock (Tsuga heterophylla) present. We assessed the height of 
trees in our study area with LiDAR data (Spies, 2016). The average 
height of trees was 24 m, and the maximum height was 34 m. 

2.2. Climate variables and field data collection 

We used meteorological data recorded at the Primary Meteorological 
Station (PRIMET) at the H. J. Andrews Experimental Forest. The station 
was located in a small clearing less than a kilometer from our study site. 
Air temperature and relative humidity (HMP45C probe with Vaisala 
capacitive relative humidity sensor and a Fenwal Electronics UUT51J1 
thermistor, Campbell Scientific) were measured at 1.5 and 4.5 m 
aboveground. Rainfall (TE525 tipping bucket rain gauge, Texas Elec-
tronics) was measured at 1 m above the ground. We used 15 min rainfall, 
air temperature, and relative humidity data from 1989 to 2019 (Daly 
et al., 2019), and calculated the VPD from relative humidity and tem-
perature. We aggregated 15 min data to hourly averages and then esti-
mated total daily rainfall and mean daytime and nighttime VPD, where 
daytime was defined as the intervals of time when solar radiation (Kipp 
and Zonnen pyranometer with thermopile type sensor, model CM-6B) 
was greater than 10 W m− 2 and nighttime defined as intervals of time 
when solar radiation was less than 10 W m− 2. Missing hourly data for air 
temperature and relative humidity occurred on ~ 3 % of dates between 
1989 and 2019. When an observation was missing for a particular day, 
we used the long-term average daytime air temperature and relative 
humidity for that day. 

Annual latewood growth was estimated from tree cores extracted at 
1.3 m above the ground level. We cored 3 dominant trees at each of 9 
sites in November 2019. Dominant trees can be more sensitive to climate 
variation compared to co-dominant and intermediate canopy position 
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trees (Barnard et al., 2012). Thus, the heights of trees at each site were 
visually inspected, and dominant trees were identified by crowns 
extending above the average crown height. Additionally, we measured 
and recorded the diameter of the tree at 1.3 m above the ground level. 
The mean diameter among all trees (n = 27) was 37.5 ± 4.7 cm. 

Sites were located approximately 20–40 m apart along two hillslope 
transects (Fig. 1). Soil moisture sensors (5TM, METER Environment) 
were installed horizontally into undisturbed soil at each site in October 
2018 to record hourly measurements at 50 and 100 cm. The 3 dominant 
sample trees at each site were located within 10 m of the sensors. The 
soil moisture deficit at 50 and 100 cm at each site was determined from 
daily soil water content from March 1 to September 30, 2019 (Fig. 2). 
Soil water deficit during the growing season was defined as field ca-
pacity minus the minimum soil water content. Missing data occurred at 

50 cm on several dates during March and April due to insufficient power 
to the data loggers. Thus, we chose to use the soil water content on April 
20, 2019 (Fig. 2) as our estimate for field capacity because it represents 
the start of soil moisture decline following 368 mm of rainfall between 
April 1 and 20, 2019. The minimum soil water content was observed at 
the end of the dry season and before the first major rain event in early 
September. 

2.3. Lab processing of tree cores 

We dried, mounted, and sanded tree cores for which latewood and 
earlywood boundaries for each year’s growth were easily observable. All 
cores were dated, and cross-dating accuracy was checked using COFE-
CHA software (Holmes, 1983). We measured the width of earlywood 

Fig. 1. Location of Watershed 1 at the HJ Andrews Experimental Forest near Blue River, Oregon. Tree cores were collected along two hillslopes at nine sites (red 
dots). Meteorological data were collected at PRIMET station (red triangle) approximately 1 km from tree coring sites. 
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and latewood rings along each core with a sliding stage incremental 
micrometer (Velmex, Inc., Bloomfield, NY, USA, 0.001 mm precision) 
and Measure J2X software (VoorTech Consulting, Holderness, NH, 
USA). 

Latewood was distinguished from earlywood by a step-change in 
color. Douglas-fir latewood has narrower and thicker-walled conduits 
and, as a result, appears darker than earlywood. The transition from 
large-diameter, thin-walled earlywood tracheids to narrow-diameter, 
thick-walled latewood tracheids occurs during the summer, resulting 
in a change in wood density. We calculated the annual latewood basal 
area increment (BAI), defined as the cross-sectional area of annual 
latewood growth in each tree, assuming a circular cross section of the 
stem. 

2.4. Isotope analyses 

We processed latewood for stable carbon isotope analysis for a subset 
of years, 1999–2019. We used a rotary Dremel with a 60-grit sanding 
band to grind the latewood rings into wood powder for each year’s 
growth. We pooled the wood powder from 3 replicate cores per tree for a 
total of 567 samples (27 trees × 21 years). We identified the beginning 
of latewood growth within each annual ring by observing a distinct 
change in color and texture at the boundary between earlywood and 
latewood. The ground latewood was stored in scintillation vials and 
subsequently transferred to polyester filter bags (mesh size 25 µm, 
ANKOM technology, Macedon, NY) which were heat-sealed. We placed 
the filter bags in glass beakers with an acetic acid-acidified sodium 
chlorite solution to extract lignin following methods in Rinne et al. 
(2005), which were modified after Leavitt and Danzer (1993). The 

reaction was monitored for ~ 5 days and the filter bags were removed 
from the solution when there was no longer a color change in the so-
lution from bright yellow to clear and sample material appeared white. 
The filter bags were rinsed several times with deionized water and dried 
in an oven at 70 ◦C overnight. 

Subsamples of holocellulose weighing between 0.8 and 0.9 mg were 
prepared for carbon isotope analyses at the Stable Isotope Laboratory at 
Oregon State University. The samples were subjected to flash combus-
tion using a Carlo Erba NA 1500 elemental analyzer connected in 
continuous-flow mode to a DeltaPlus isotope ratio mass spectrometer. 
Daily calibration was performed using the international standard 
USGS40 (glutamic acid) and the internal lab standard SIL Sucrose. The 
international standard IAEA-600 (caffeine) was also used as a check 
standard. The accuracy calculated from 52 check standards was 0.06 ±
0.07 ‰. The δ13C values were calculated relative to the standard using 
the equation 

δ13C =

(
Rsample

Rstandard
− 1

)

1000,

where R represents the ratio of 13C to 12C atoms of the sample or stan-
dard. The standard deviation of 51 replicated samples was ± 0.06 ‰. 

2.5. Moving window analysis 

We used a moving window analysis to determine the period of the 
year when rainfall and VPD were most strongly related to latewood 
growth and carbon isotope ratios. There was considerable variation in 
both average daytime and nighttime VPD (Fig. 3a) as well as total 

Fig. 2. Soil water content (m3 m− 3) was measured at each of the nine tree coring sites from March 1 to September 30, 2019. Field capacity was estimated as soil 
water content on April 20, 2019 (dotted line). The soil moisture deficit was defined as the field capacity minus the minimum soil water content observed during the 
dry season. 
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rainfall (Fig. 3b) during the summer months from 1990 to 2019. We used 
the average latewood BAI spanning the years 1990–2019 (Fig. 3c) and 
average latewood δ13C from 1999 to 2019 (Fig. 3d) as the response 
variables in the moving window analysis. These variables were exam-
ined in relation to the explanatory variables, which included total 
rainfall, average nighttime VPD, and average daytime VPD. 

We performed our analysis using the ‘climwin’ package in R (Bailey 
and van de Pol, 2016). In climwin, we used daily climate data to identify 
the most likely climate predictors of latewood BAI and δ13C, and the 
period of the year when these climate factors were most relevant. We 
calculated an average daytime and nighttime VPD and total rainfall for 
multiple periods between June 1st of the year preceding growth and 
September 30th of the current year’s latewood growth. We used this 
approach to examine a total of 118,341 time periods or ’windows,’ 
ranging from a minimum duration of 2 days to a maximum duration of 
16 months, during which we aggregated each climate variable. By 
defining our windows over a 16-month period, we were able to capture 
potential lagged effects of climate on latewood formation and carbon 
isotopic composition. For each window within the 16-month period (n 
= 118,341), we constructed linear models to examine the relationships 
between the following variables: daytime VPD and BAI, nighttime VPD 
and BAI, rainfall and BAI, daytime VPD and δ13C, nighttime VPD and 

δ13C, and rainfall and δ13C. 
To compare the models for each relationship, we used the Akaike 

information criterion corrected for small sample sizes (AICc). The ΔAICc 
for each model is the difference between the model AICc and the AICc of 
the null model. The null model for BAI was a horizontal line with the 
intercept equal to the latewood BAI averaged from 1990 to 2019. The 
null model for δ13C was a horizontal line with the intercept equal to the 
latewood δ13C averaged from 1999 to 2019. The ΔAICc values were used 
to assess the level of support for each model, indicating whether mete-
orological conditions during a specific period of the year could explain 
the variations in latewood growth and carbon isotope composition. The 
model with the highest improvement over the null model was identified 
as the most favorable model. 

The climwin package was also used to estimate model weights, which 
are posterior model probabilities indicating the likelihood of each model 
being the best-supported one. The models were ranked based on their 
weight, from largest to smallest, and the largest model weights were 
summed until reaching a cumulative value of 0.95. The models included 
in this sum formed the 95 % model confidence set, which was used to 
assess the uncertainty in selecting the single best model. A relatively 
large number of models in the 95 % model confidence set indicated a 
higher level of uncertainty in choosing the best model. Additionally, we 

Fig. 3. The average daytime vapor pressure deficit (VPD) and nighttime VPD (a) and total rainfall (b) between June and August from 1990 to 2019. The average 
latewood basal area increment (BAI) at each site (grey, n = 9) and the overall mean BAI among sites (black) over 30 years, 1990–2019 (c). The average latewood δ13C 
at each site (grey, n = 9) and the overall mean δ13C (black) over 21 years, 1999–2019 (d). The overall mean values for BAI and δ13C were used for the moving 
window analysis. 
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analyzed the range of climate windows, specifically the opening and 
closing dates, within the 95 % model confidence set. A small variation in 
opening and closing dates of the windows in the 95 % confidence set 
indicated that the linear models in that set were limited to a particular 
period of the year. 

Several climate windows may be equally likely to result in a model 
with similar ΔAICc values due to the exploratory nature of the moving 
window analysis and fine temporal resolution of the climate data (daily). 
To assess the likelihood of our best model being chosen by random 
chance, we repeated the moving window analysis after randomly shuf-
fling the dates in the original dataset to eliminate any true climate 
signal. This randomization test was repeated 100 times to generate a 
distribution of ΔAICc values. We used the randomization distribution of 
ΔAICc values to estimate the probability of obtaining the observed or 
smaller values of ΔAICc from our single best model. If this probability 
was less than 0.05, we concluded that our results were unlikely to have 
occurred purely by random chance. This method of model selection 
presented several advantages over the traditional reliance on Pearson 
correlation with monthly or biweekly climate variables. By eliminating 
dependence on arbitrarily defined time intervals, the moving window 
analysis reduced the likelihood of type I and II errors while enhancing 
explanatory power. A more comprehensive discussion of the benefits of 
the moving window analysis is available in van de Pol et al. (2016) and 
Rubio-Cuadrado et al. (2022). 

2.6. Mixed effects model 

We used a linear mixed effect model (R package ‘lmer’; Pinheiro 
et al., 2022) to assess the differences in the effects of daytime VPD and 
rainfall on the yearly latewood BAI and δ13C among the nine sampling 
sites. The average daytime VPD and total rainfall derived from the 
moving window analysis served as fixed effects, interacting with the 
site—a categorical variable. We incorporated a random effect for indi-
vidual sample trees within each site to account for within-site vari-
ability. The model residuals were examined to ensure adherence to the 
assumptions of independence, normality, and constant variance. 
Furthermore, we tested for temporal autocorrelation among the re-
siduals. To address this autocorrelation, we relaxed the assumption of 
constant variance for the ‘site’ factor and incorporated an autoregressive 
lag 1 correlation structure. Residuals were rechecked to confirm that the 
modified model structure resulted in homogeneity of the residuals. 

We estimated the variance components of the model using restricted 
maximum likelihood and calculated a pseudo-R2 to assess how well the 
interaction terms (VPD × site and rainfall × site) explained the variation 
in latewood growth and carbon isotope composition. We used the R 
package ‘emmeans’ (Lenth, 2023) to estimate and compare the marginal 
means and confidence intervals of the linear slopes associated with each 
site. The slope estimates obtained from the linear mixed effects model 
predicted the effect of VPD and rainfall on yearly latewood BAI and δ13C 
at each site (n = 9), accounting for the influence of other variables in the 
model. We examined the relationship between the slope estimates and 
the growing season soil moisture deficit at depths of 50 and 100 cm to 
investigate whether local soil moisture availability influenced the 
impact of climate on latewood growth and carbon isotope composition. 

3. Results 

3.1. Variability in summer climate, latewood growth, and latewood δ13C 

The mean daytime VPD during the summer (June–August) ranged 
from 0.36 to 1.13 kPa between 1990 and 2019 (Fig. 3a). In contrast, the 
mean nighttime VPD ranged from 0.01 to 0.33 kPa (Fig. 3a). The total 
summer rainfall ranged from 14.9 to 221.3 mm (Fig. 3b). The annual 
radial growth of latewood, measured by the latewood basal area incre-
ment (BAI), exhibited substantial variability among the nine sites 
(Fig. 3c). The average annual latewood BAI between 1990 and 2019 was 

1,126 mm2, with a standard deviation of 469 mm2. The change in 
latewood BAI from year to year, both in terms of magnitude and di-
rection, did not demonstrate a consistent trend across the sites. How-
ever, when considering the overall mean latewood BAI, there was a 
notable decrease in the annual latewood growth between 1995 and 
2000. 

In contrast, the trend in δ13C was relatively similar among the sites 
from 1999 to 2019 (Fig. 3d). The average value for δ13C between 1999 
and 2019 was − 24.6 ‰ with a standard deviation of 0.5 ‰. The average 
latewood δ13C and average latewood BAI were weakly correlated (R2 =

0.30) between 1999 and 2019. The temporal trend in latewood δ13C 
generally mirrored that of BAI during extreme dry or wet summers. For 
example, the driest summers with low rainfall and high VPD, such as 
2002 and 2003, corresponded to high δ13C values and low BAI. 
Conversely, wet summers, like 2004 and 2005, were associated with 
relatively low δ13C values and high BAI. 

3.2. Relationships between response variables and climate variables 

The optimal climate window, as determined by the best model (with 
the lowest ΔAICc value) showcasing the relationship between each 
response variable and each climate variable, occurred between May and 
September (Table 1). This time frame aligns with the latewood forma-
tion period of the current year. Other candidate models, falling within 
the 95 % confidence set, included models with window opening and/or 
closing dates prior to May (Fig. 4). Less than 10 % of all models were 
included in the 95 % confidence set for the relationship between BAI and 
average daytime VPD, δ13C and average daytime VPD, and δ13C and 
total rainfall (Table 1). However, we observed a greater number of 
models in the 95 % model confidence set for BAI vs. average nighttime 
VPD (21 %), δ13C vs. average nighttime VPD (43 %), and BAI vs. total 
rainfall (77 %). Consequently, this greater number of models in the 95 % 
confidence set resulted in increased variability in window opening and 
closing dates (Fig. 4). 

We observed a strong negative linear relationship between BAI and 
average daytime VPD from June 13 to July 15 (R2 = 0.71, Fig. 5a). 
Similarly, a strong negative relationship was identified between BAI and 
average nighttime VPD from June 19 to July 14 (R2 = 0.66, Fig. 5b). In 
contrast, we observed a positive, albeit slightly weaker, relationship 
between BAI and total rainfall within a narrower window from June 13 
to 23 (R2 = 0.43, Fig. 5c). The ΔAICc values for the single best models in 
the cases of BAI vs. daytime VPD and BAI vs. nighttime VPD were 
significantly lower than the distribution of ΔAICc values generated with 
the randomized data sets (p < 0.001, Fig. 5a, 5b). However, the ΔAICc 
value for the best model in the case of BAI vs. total rainfall overlapped 
with the distribution of ΔAICc values generated by the randomization 
test (p = 0.02, Fig. 5c), indicating more uncertainty in the model 
selection. 

We observed a strong positive relationship between δ13C and average 
daytime VPD from May 15 to September 28 (R2 = 0.80, Fig. 6a). 
Additionally, we found a positive, but slightly weaker, relationship be-
tween δ13C and average nighttime VPD within a narrower window from 
May 17 to June 13 (R2 = 0.45, Fig. 6b). In contrast, a strong negative 
linear relationship was identified between δ13C and total rainfall from 
May 16 to August 14 (R2 = 0.69, Fig. 6c). The ΔAICc for the single best 
model for δ13C vs. daytime VPD was significantly lower than the dis-
tribution of ΔAICc values generated by the randomized data sets (p <
0.001, Fig. 6a). However, the ΔAICc for the single best model for δ13C vs. 
nighttime VPD was not statistically different from the distribution of 
ΔAICc values generated by the randomized data (p = 0.34, Fig. 6b). We 
also found that the ΔAICc value for the single best model in the case of 
δ13C vs. total rainfall overlapped the tail end of the distribution of ΔAICc 
values generated by the randomized data (p = 0.02, Fig. 6c). 
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3.3. The influence of VPD and rainfall on latewood growth and δ13C 
across sites 

The fixed effects in our model, namely the mean daytime VPD × site 
and total rainfall × site, accounted for approximately 35 % of the 
variation in latewood BAI and 41 % of the variation in latewood δ13C. 
However, the overall interactive effect of daytime VPD × site in the 
mixed effect model for BAI was not statistically significant (F = 0.38, p 
= 0.93) nor was the effect of rainfall × site (F = 0.42, p = 0.91). Simi-
larly, we found no evidence of a significant interactive effect of VPD ×
site (F = 1.18, p = 0.31) or rainfall × site (F = 0.56, p = 0.81) in the 
mixed effect model for δ13C. Although the interaction terms were not 
significant in our mixed effects models for BAI and δ13C, we estimated 
the marginal slopes to examine potential practical differences in the 
effects of VPD and rainfall among sites. 

The marginal slopes of the linear trends of BAI vs. VPD were statis-
tically different from zero for all sites except two (p < 0.05, Fig. 7a). In 
the best model for predicting mean BAI, the average daytime VPD, 
estimated between June 13 to July 15, ranged from 0.50 to 1.19 kPa 
over a span of 30 years, representing a difference of 0.69 kPa. Marginal 

slope estimates from our mixed effects model indicated a decrease in 
latewood BAI by 289 to 600 mm2 for every 1 kPa increase in VPD (95 % 
CI = -932 to + 26 mm2). The slope estimates for the change in BAI with a 
1 kPa increase in VPD did not show strong correlation with the soil 
moisture deficit at 50 cm (data not shown), but they exhibited a weak 
negative trend with the soil moisture deficit at 100 cm (Fig. 7a). 
Conversely, the marginal slopes of BAI vs. total rainfall were not sta-
tistically different from zero at any of the sites (p = 0.26–0.99, Fig. 7b). 
The range in total rainfall within the climate window for the best model 
(June 13 to June 23) spanned from 0 to 66 mm. The predicted change in 
latewood growth for a 100 mm increase in rainfall varied from − 112 to 
+ 238 mm2 among sites (95 % CI = -415 to + 653 mm2). 

The marginal slopes of δ13C vs. VPD were statistically significant for 
all sites (p < 0.02, Fig. 8a). However, we did not observe any meaningful 
correlation between the slope estimates and the soil moisture deficit at 
50 or 100 cm. The average daytime VPD within the window of the best 
model for δ13C (May 15 to September 28) ranged from 0.73 to 1.16 kPa, 
representing a difference of 0.43 kPa. The model predicted an increase 
in latewood δ13C by 1.6 to 3.4 ‰ with a 1 kPa increase in VPD (95 % CI 
= 0.3 to 4.7 ‰). In contrast, the marginal slopes of δ13C vs. total rainfall 

Table 1 
Summary of results from the moving window analysis to identify the relationship between latewood BAI and δ13C and each of the climate variables—daytime vapor 
pressure deficit (VPD), nighttime VPD, and rainfall. Mean daytime and nighttime VPD and total rainfall were estimated over all possible window opening and closing 
dates from September 30 of each growth year to June 1 of the previous year. Linear models between explanatory and response variables were evaluated with Akaike 
information criterion (AICc).  

Explanatory 
variable 

Response 
variable 

Sample Size 
(years) 

Climate Window of 
“Best” Model 

ΔAICc Linear model Percent of models in 95 % 
confidence set 

p of the 
randomization test 

R2 p 

Average daytime VPD 
(kPa) 

δ13C 21 May 15 – September 28 − 30.82 0.80 <0.001 4 <0.001 
BAI 30 June 13 – July 15 − 35.03 0.71 <0.001 7 <0.001 

Average nighttime 
VPD (kPa) 

δ13C 21 May 17 – June 13 − 9.68 0.45 <0.001 43 0.34 
BAI 30 June 19 – July 14 − 29.90 0.66 <0.001 21 <0.001 

Total rainfall (mm) δ13C 21 May 16 – August 14 − 21.56 0.69 <0.001 3 0.02 
BAI 30 June 13 – June 23 − 14.62 0.43 <0.001 77 0.19  

Fig. 4. Distribution of window opening and closing dates that make up the top 95 % of model weights (the 95 % model confidence set) after a moving window 
analysis of all possible time windows (n = 118,341). The black dots represent the window opening and closing dates for the model with the lowest ΔAICc that 
describes the “best” linear relationship between each response variable, BAI and δ13C, and each climate variable, average daytime vapor pressure deficit (VPD), 
average nighttime VPD, and total rainfall. 
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were not statistically different from zero at any of the sites (p =
0.16–0.95, Fig. 8b). The range in total rainfall within the climate win-
dow for the best model (May 16 to August 14) was 37 to 298 mm, a 
difference of 261 mm. The predicted change in latewood δ13C for a 100 
mm increase in rainfall ranged from − 0.1 to + 0.1 ‰ among sites (95 % 
CI = -0.3 to + 0.3 ‰). 

4. Discussion 

Our study tested how vapor pressure deficit (VPD) and rainfall 
influenced latewood growth and physiological water stress in Douglas- 
fir trees growing in a Mediterranean climate. We found that latewood 
growth was strongly affected by daytime VPD during the period from 
mid-June to mid-July while the amount and timing of rainfall was less 
influential. In contrast, both daytime VPD and the amount of rainfall 
between May and September were strongly related to latewood δ13C, 
indicating that the degree of physiological water stress is determined by 
climatic conditions over a longer period of the growing season. We also 
found considerable variation in latewood growth and δ13C among sites. 
However, the relationships between climate variables, latewood growth, 
and carbon isotope composition appeared to be relatively unaffected by 
the local soil water deficit on the north-facing slope in our study. 

4.1. Summer vapor pressure deficits influenced latewood growth and 
carbon isotope composition 

Increasing average daytime and nighttime VPD from mid-June to 
mid-July led to a decrease in yearly latewood growth. This result is 
consistent with previous studies that found increased temperature and 
VPD can induce a decrease in growth of Douglas-fir on the west slope of 
the Cascade Mountains (Beedlow et al., 2013; Restaino et al., 2016). 
During the period of our analysis (1990–2019), average daytime VPD 
from mid-June to mid-July ranged from ~ 0.5 to 1.2 kPa, with average 
daytime temperature ranging from ~ 16 to 23 ◦C. We would not expect 
stomatal conductance or photosynthesis to be constrained under these 
conditions as the optimal temperature for photosynthesis in Douglas-fir 
in western Oregon is around 20 ◦C, with rates declining rapidly above 
25 ◦C (Lewis et al., 2001). However, the average maximum daytime 
temperature from June 13 to July 15 during 1990–2019 was much 
warmer, ranging from ~ 29 to 40 ◦C, with maximum daytime VPD 
ranging from ~ 2.7 to 6.2 kPa. As a result, the correlation of latewood 
growth to average daytime and nighttime VPD may have served as a 
proxy for the number of days when high midday temperature and VPD 
induced significant tree water deficits. Previous research suggests that 
most tree growth occurs overnight and in the early morning after trees 
have recovered their water deficit, and turgor is optimal for cell division 
and expansion (Zweifel et al., 2021). Thus, it is plausible that the 

Fig. 5. The relationship between mean latewood basal area increment (BAI) and average daytime vapor pressure deficit (VPD, a), average nighttime VPD (b), and 
total rainfall (c) for the best model based on the moving window analysis. We tested whether the ΔAICc value for the best model (dashed line) differed from the 
distribution of ΔAICc values from the moving window analysis that removed any true climate signal by randomly rearranging the date in the original dataset. 
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reduction in latewood growth was strongly linked to periods when 
elevated VPD from mid-June to mid-July led to significant tree water 
deficits. 

Elevated VPD also resulted in increased physiological water stress, as 
indicated by increased δ13C values. Latewood δ13C was positivley 
correlated with the average daytime VPD between May and September, 

Fig. 6. The relationship between mean latewood δ13C and average daytime vapor pressure deficit (VPD, a), average nighttime VPD (b), and total rainfall (c) for the 
best model based on the moving window analysis. We tested whether the ΔAICc value for the best model (dashed line) differed from the distribution of ΔAICc values 
from the moving window analysis that removed any true climate signal by randomly rearranging the date in the original dataset. 

Fig. 7. The marginal slopes for individual sites represent the predicted change in latewood basal area increment (BAI) with an increase in daytime vapor pressure 
deficit (VPD) by 1 kPa (a) and with an increase in rainfall by 100 mm (b). Error bars represent 95 % confidence intervals. The marginal slopes describing the effect of 
VPD on BAI were weakly correlated to sites’ soil moisture deficit at 100 cm (R2 = 0.38). Marginal slopes for the effect of rainfall did not differ from zero. 
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as well as with average nightime VPD between May and June. However, 
there was more uncertainty in the best model for nighttime VPD versus 
latewood δ13C compared to daytime VPD versus δ13C. This was evident 
by the greater number of models included in the 95 % model confidence 
set and lack of distinction between the ΔAICc value for the best model 
and the distribution of ΔAICc values obtained from the randomization 
tests. 

The strong influence of VPD on the latewood δ13C of Douglas-fir 
agrees with other studies that have reported elevated values of late-
wood δ13C in response to increased temperatures and decreased relative 
humidity in summer dry, winter wet climates (Barnard et al., 2012; 
Livingston and Spittlehouse, 1996). Noteably, the climate window for 
daytime VPD versus δ13C (May–September) was much wider than the 
one observed for daytime VPD vs. BAI, which was limited to June and 
July. This broader window for the influence of VPD on latewood δ13C 
could be attributed to transitions between phases of latewood formation. 
The formation of latewood involves two distinct phases: cell enlarge-
ment and cell wall thickening. Cell enlargement, which we measured as 
latewood growth, has been documented to last approximately 17 days in 
Douglas-fir in the Cascade Range (Emmingham, 1974). In contrast, cell 
wall thickening is a longer process and contributes to the majority of 
cellulose accumulation in latewood biomass (Cuny et al., 2015). Thus, 
the phase of cell wall thickening, which affect the δ13C composition, 
may integrate climatic conditions over a greater portion of the growing 
season (Belmecheri et al., 2018). This could explain the broader climate 
window found for the best model that describes the relationship be-
tween latewood δ13C and VPD. 

4.2. Rainfall totals influenced the latewood carbon isotope composition 
but not latewood growth 

Douglas-fir trees can also experience significant water deficits due to 
limited soil moisture, making them sensitive to both rainfall and tem-
perature (Little et al., 1995; Zhang et al., 1999; Lo et al., 2010). How-
ever, because Douglas-fir trees grow across a wide range of regional 
climates and elevations, studies have reported mixed results concerning 
the timing and directionality of climate-growth relationships (Bower 
et al., 2005; Chen et al., 2010; Griesbauer and Green, 2010; Lo et al., 
2010). For example, Barnard et al. (2012) examined annual growth of 
Douglas-fir and found no correlation between annual growth and rain-
fall, temperature, or relative humidity. Similarly, Livingston and Spit-
tlehouse (1996) did not find a relationship between latewood growth 
and soil water deficit. Conversely, Robertson et al. (1990) showed that 
latewood growth of Douglas-fir increased with increasing spring rainfall 

and decreased with rising summer temperatures. These varying out-
comes highlight the complexity of climate-growth relationships in 
Douglas-fir growing across a diversity of local and regional conditions. 

We were unable to examine long-term soil water deficits in our study. 
The use of long-term soil moisture data, if available for our study area, 
would have allowed us to directly test the impact of soil moisture deficits 
on radial growth and δ13C. However, we did not find a specific time of 
year in which latewood BAI was sensitive to interannual variability in 
rainfall totals. Although we observed a positive correlation between 
latewood growth and rainfall, the ΔAICc of the best model overlapped 
the ΔAICc values generated from the randomizaiton test. This indicated 
that the best model for rainfall vs. BAI was just as likely to be selected by 
random chance. Furthermore, the 95 % confidence set for rainfall vs. 
BAI comprised a relatively large number of models (77 %), providing 
additional evidence that latewood growth was not strongly influenced 
by a specific period of rainfall accumulation. The considerable uncer-
tainty in the rainfall signal in our study implies that rainfall might not 
have captured the interannual variability in plant-available water. 
Interestingly, only 6 % of models in the 95 % confidence set for rainfall 
as a predictor of growth had window opening and closing dates during 
the summer of the current year’s growth. However, among the models 
with summer windows, we found that 70 % indicated a positive rela-
tionship between rainfall and latewood growth. This suggests that 
despite the lack of evidence that a particular window of time was 
consequential, increased rainfall amounts during the summer had a 
positive impact on growth. The positive effect of rainfall on latewood 
BAI was likely due to rainfall reducing VPD given that relatively small 
amounts of rainfall during the summer months are not likely to have a 
large effect on soil moisture. The stronger influence of VPD relative to 
rainfall aligns with previous research that suggests that heat-driven in-
creases in VPD during the summer can significantly reduce primary 
production in Douglas-fir, regardless of rainfall amounts (Fu et al., 2022; 
Jarecke et al., 2023; Jiang et al., 2019; Novick et al., 2016). 

In contrast with the latewood growth results, we found that total 
rainfall from May to August was a strong predictor of latewood δ13C, 
with δ13C decreasing with increased rainfall. The ΔAICc value for the 
best model using total rainfal vs. δ13C overlapped with the tail of the 
distribution of ΔAICc values from the randomization tests. Despite this 
overlap, the low percentage of models in the 95 % confidence set (~3%) 
provided evidence that the rainfall accumulation between May and 
August was a meaningful predictor of latewood δ13C. While our results 
indicated that latewood δ13C is influenced by both rainfall and VPD over 
the growing season, it’s important to note that mean daytime VPD be-
tween May and September and total rainfall between May and August 

Fig. 8. The marginal slopes for individual sites represent the predicted change in latewood δ13C for an increase in daytime vapor pressure deficit (VPD) by 1 kPa (a) 
and for an increase in rainfall by 100 mm (b). Error bars represent 95 % confidence intervals. The marginal slopes describing the effect of VPD and rainfall on δ13C 
were not correlated to sites’ soil moisture deficit at 100 cm. Marginal slopes for the effect of rainfall did not differ from zero. 
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were strongly correlated between 1999 and 2019 (Fig. 9). 
Disentangling the two drivers of moisture limitation—reduced 

rainfall and increased atmospheric VPD—is difficult because they co- 
vary at coarse timescales in Mediterranean climates. The trees selected 
for this study were located on steep, north-facing slopes and growing in 
relatively deep (>2 m) soils (Jarecke et al., 2021). Previous research by 
Brooks et al. (2002) demonstrated that hydraulic redistribution of water 
from depths below 60 cm supplied approximately 40 % of the daily 
transpiration in a Douglas-fir stand during the summer dry season. 
Consequently, higher amounts of rainfall during the summer would 
contribute to shallow soil moisture and benefit tree growth. However, 
the timing of rainfall may not be as critical in areas where trees have 
deep roots and reliable access to subsurface water. Instead, the timing of 
rainfall might be more important for growth in systems with relatively 
limited subsurface water storage capacities, such as shallow soils or 
shallow rooting zone, which are quickly depleted during the growing 
season (Hahm et al., 2019). 

4.3. Interactive effect of climate variables and local soil water deficits on 
latewood growth and δ13C 

The declines in latewood BAI that we observed with increasing VPD 
are meaningful considering how a reduction in latewood radial growth 
affects overall wood density (Martinez-Meier et al., 2008) and efficiency 
of water transport (Domec and Gartner, 2002). For example, in our study 
area, a 5 ◦C increase in average daytime air temperature corresponds to 
a rise in VPD by 1 kPa. We observed that an increase in VPD by 1 kPa 
resulted in a reduction in latewood BAI ranging from 289 to 600 mm2 

among our sites. A difference in ~ 300 mm2 among sites is 50 % of the 
observed range in mean latewood growth across all sites (~600 mm2) 
between 1990 and 2019. Similarly, we saw a meaningful range in the 
marginal slopes describing the change in δ13C (1.6 to 3.4 ‰) with an 
increase in VPD by 1 kPa. The marginal slopes differed from zero for all 
sites, suggesting that trees across all sites were susceptible to increased 
physiological water stress with increased daytime VPD. However, the 
results of our linear mixed effects models suggested that the effect of 
VPD on latewood BAI and δ13C did not differ significantly among sites. 

It’s important to note that our ability to delve deeper into the in-
fluence of soil moisture was limited due to the availability of only one 
year of data. As a result, we were unable to investigate how intra- and 

inter-annual variation in soil moisture influenced tree growth and water 
stress. Instead, we explored how site-to-site differences in the soil 
moisture deficit over a single growing season modified the climate- 
growth and climate-water stress relationships that were determined 
from the moving window analysis. Soil water deficit, ranging from 0.09 
m3 m− 3 to 0.2 m3 m− 3, did not significantly modify the impact of VPD on 
latewood BAI or δ13C. This suggested that differences in soil moisture 
availability did not play a substantial role in mitigating the adverse ef-
fects of seasonal aridity in our study area. 

5. Conclusions 

The Pacific Northwest has experienced unprecedented warming and 
extreme heat events in the 21st century (Heeter et al., 2023). Increased 
air temperatures during summer have increased baseline aridity, which 
is expected to exacerbate the effects of extreme heat and drought events 
on tree growth and recovery in seasonally dry climates (Huang et al., 
2018; Williams et al., 2010). Our study tested how inter- and intra- 
annual vapor pressure deficit (VPD) and rainfall correlated to late-
wood growth (measured as latewood BAI) and physiological water stress 
(measured as latewood δ13C) of 50-year-old Douglas-fir trees. Latewood 
δ13C was most strongly correlated to mean daytime VPD and total 
rainfall over the spring to summer growing season. In contrast, latewood 
growth was sensitive to daytime VPD in early summer but not to the 
timing and amounts of rainfall. We conclude that increases in VPD 
during summer are likely to reduce latewood growth and increase water 
stress in a Mediterranean climate with a distinct dry season. 

The growing season soil moisture availability did not exert a strong 
control on climate-growth or climate-water stress relationships in our 
study. However, the role of soil moisture in mitigating tree water stress 
requires further investigation and will be critical for informing forest 
management decisions. For example, forest managers in the Pacific 
Northwest have implemented forest thinning strategies to enhance 
drought resilience. However, if tree water stress stems primarily from 
atmospheric aridity, then thinning could prove ineffective for mitigating 
drought and may even worsen physiological water stress by intensifying 
atmospheric aridity below the canopy. Additional studies using mech-
anistic modelling and field manipulation are critical to disentangling the 
relative effects of VPD and soil moisture on tree water stress to develop a 
more comprehensive understanding of the factors governing forest 

Fig. 9. From 1999 to 2019, there was a strong relationship between the total rainfall from May 16 to August 14 and the mean daytime VPD from May 15 to 
September 28. 
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vulnerability to increased aridity. 
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