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1. Introduction 

ABSTRACT 

There is increasing interest in actively managing forests to increase their resilience to climate-related 
changes. Although forest managers rely heavily on the use of silvicultural treatments that manipulate 
stand structure and stand dynamics to modify responses to climate change, few studies have directly 
assessed the effects of stand structure or canopy position on climate-growth relationships - or examined 
how this relationship may vary among species or across environmental gradients. In this study, we ana­
lyzed variability in tree-ring series from 15 low-elevation stands in northeastern Washington (USA) using 
time series analysis and linear mixed effects models. Our objective was to assess the relative influences of 
species (Pinus ponderosa vs. Pseudotsuga menziesii), crown class (dominant vs. intermediate), and habitat 
type (Xeric vs. Dry-Mesic) on the climate responses of mature trees in unmanaged forests. We found that 
climate-growth relationships varied significantly between canopy classes and across habitat types but 
that these effects were highly species-specific. For P. menziesii, growth responses to temperature and pre­
cipitation did not vary between canopy classes. For P. ponderosa, however, regression coefficients for the 
relationship between temperature and radial growth were nearly twice as large for dominant trees com­
pared to intermediate trees, and 84% of dominant trees were significantly influenced by precipitation, 
compared to only 62% of intermediate trees. In contrast, habitat-type did not significantly affect the cli­
mate responses of P. ponderosa, but did affect responses of P. menziesii. For example, for P. menziesii only 
51% of trees in Dry-Mesic sites, were significantly affected by drought (PDSI), compared to 93% in Xeric 
sites. A better understanding of the relationship between climate sensitivity, species-specific hydraulic 
strategies, and stand dynamics is crucial for accurately predicting tree responses to climate change 
and designing forest treatments that will effectively reduce the climatic vulnerability of key forest species 
and habitats. Results may assist managers with understanding how altering stand dynamics will differ­
entially affect climate-responses of individual species. 

Published by Elsevier B.V. 

Forest responses to climate change are likely to be highly vari­
able, reflecting both tree physiological responses and the outcomes 
of biotic interactions (fyIiana1r:is et aL. 2008). Understanding the 
sources and drivers of variability in responses to climate change 
will be crucial for developing appropriate and effective forest man­
agement practices for a changing climate. Although dendrochro­
nologists have used tree rings to study the effect of climate on 
tree growth for nearly a century ~.191!41), surprisingly lit­
tle is known about the effects of competition and stand dynamics 
on the climate-growth relationships of mature trees. This is largely 
because tree-ring-based studies of climate-growth relationships 

traditionally have assumed that endogenous factors - such as 
stand dynamics and competition - modify the direct effects of cli­
mate on tree processes, thereby reducing climate sensitivity (the 
degree of ,growth response to climate variability) and obscuring 
the true climate-growth relationship (Fritts. t976~ Cookand BriIfa.. 
1I'!ll!m). For this reason, previous research has primarily been con­
ducted on dominant canopy trees, and analyses are generally based 
on mean site chronologies - time series of detrended growth indi­
ces averaged .across all trees at a single site ~ooket i!l., 1990). This 
approach assumes a common, shared growth response to climate 
among sampled trees on a site and uses averaging to reduce ran­
dom variability among trees within years. Although this method 
effectively emphasizes the shared climate signal from a particular 
site, it also discards tree-to-tree variability in climate response. 

* Corresponding author. Tel.: +1 406 396 5827; fax: +1 406 243 6656. 
E-mail address:~\lS (G.c. Carnwath). 
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There is reason, however, to suspect that climate-growth 
relationships could vary substantially among individuals within a 
site. At a local scale, stand density and structure are known to 
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significantly influence microclimatic conditions and create sharp 
gradients in the environmental factors that regulate tree growth. 
including light. water and temperature (Aussenac. 2000; 21m 
et al.,. 2000). Environmental conditions vary vertically within the 
forest canopy and at different soil depths; thus. trees growing in 
sub-dominant canopy positions are consistently exposed to differ­
ent environmental conditions than dominant trees. This. in turn. 
may lead to significantly different morphological and physiological 
characteristics in suppressed trees relative to dominant trees, 
including a lower ratio of leaf-area to sapwood-area (McDowell 
et .d .. 2006; ~ lEIt a~ 2001) and reduced rooting depths 
(fItcMum, 1963 ). Differences in environmental conditions and mor­
phological traits are likely to cause significant differences in re­
source requirements and growth-limiting factors and. therefore. 
Significant differences in climate-growth relationships between 
dominant and sub-dominant trees within a site. 

Previous research supports the idea that climate-growth rela­
tionships may vary significantly among trees of the same species 
within a stand, but results have been highly species-specific and 
even contradictory. For example. greater growth reductions during 
drought were found for dominant overstory trees relative to sup­
pressed understory trees in studies of Pinus nigra (M.utin-Benito 
etal..2008) and Picea sitchensis Bong. (Wichmann, 1001 ). However. 
dominant trees were found to be less drought-sensitive than 
understory trees in studies of Abies pinsapo Boiss. (linares et al~ 
2010). Pinus sylvestris (Pichler and OberllUoo. 2007). Pinus strobus 
L. (Vose and Swank, m~). and Picea Abies L. (Van Den STakel and 

VISSer, 1996). In other studies of P. Abies L..PichJer and Oberbuber 
(2007) found that the effect of canopy class differed significantly 
between north- and south-facing sites (Le. a significant site by can­
opy class interaction). butM~f;md Braker (2001) did not find 
Significant differences in climate-growth relationships of domi­
nant and suppressed trees at two sites with very different eleva­
tions. Although highly inconsistent and often based on small 
sample sizes. these studies demonstrate that stand structure can 
Significantly alter tree growth responses to climatic variability. 
suggesting that targeted management actions that alter stand 
structure could also significantly modify tree growth responses 
to climatic variability and change. 

The sensitivity of conifers to climate is also known to vary sig­
nificantly among species (IHlIrte.1U et al~ 2007) and within species 
over numerous environmental gradients such as latitude (Petef'iOn 
and Peterson., 2001; I!JitteIDI et at. 1003), elevation (Kienast et al... 
1987~ Petenon and 1Peit<eJr50n. 2001,; ])(,usni<e1cryt <100 £ttJ. 2{)()!). 
aspect (Villalba etat .. 19941; fded~ et at. 2001 ), and soil nutri­
tional status (Ogle eft a!L.llOOn; IPinm et 011..2007 ). In general. envi­
ronmental factors related to water supply. such as precipitation. 
are the most powerful controls on cambial activity in arid ecosys­
tems, while energy (e.g .. temperature and growing season dura­
tion) is most important in areas with adequate water supply. 
such as areas of high elevation and latitude (lGiOOh., Jl9S2;St.epuen­
son. 1900; Waling mrd IRiIllJlUlllJJiIDJ 1993). While some researchers 
have found that inter-specific differences in climate-growth rela­
tionships are more significant than site-to-site differences (lGr.lOID­

lkh. 1993; Pet~¥SOO ~ JPl'e'trel$01.(l., 1994). others have reached the 
opposite conclusion (\m~ba et all ... 1994). underscoring the fact 
that tree growth responses to climate are highly context-depen­
dent. This high degree of variability makes it difficult to apply re­
sults from one species to another or to draw general conclusions 
about variation in climate-growth relationships from site to site 
across heterogeneous landscapes. As such, it is becoming increas­
ingly clear that well-replicated information at sub-regional or local 
scales is needed to successfully disentangle the numerous (and 
likely interacting) environmental factors that influence climate­
growth relationships in heterogeneous landscapes ~ebfeldt 

~t al .. 1900). 

In this study, we used time series analysis and mixed-effects 
models to analyze nearly 700 tree-ring growth index series and as­
sess how canopy position and forest type affect the climate­
growth relationships of Pinus ponderosa (ponderosa pine) and 
Pseudotsuga menziesii (Douglas-fir) in northeastern Washington, 
USA. In light of strong evidence that competitive interactions can 
profoundly influence vegetation responses to climate change 
(Brook.er, 2005; Tylianakis et at.. 2008), this information will be 
critical to accurately predict ecosystem responses to climate 
change (Araujo and GiJi£an, 2006). Moreover, silvicultural treat­
ments such as thinning that change competition intensity and 
stand structure are a primary tool for forest restoration; therefore, 
a clear understanding of the relationship between competition, cli­
mate and growth is important for sustainable forest management. 

2. Methods 

2.1. Study area and site selection 

This study was conducted on the Colville National Forest (CNF) in 
northeastern Washington between 48°N and 49°N latitude and 
117°W and 119°W longitude (fiig. 11 ). With a range of 30-135 cm 
of precipitation per year, the west side of the CNF is strongly influ­
enced by a rain shadow formed by the Northern Cascades, while 
the northeastern region has a near-maritime climate due to a wes­
terly airflow forced over the Selkirk and Kettle River mountain 
ranges. These temperature and moisture gradients are reflected in 
vegetation patterns: Douglas-fir and ponderosa pine forests domi­
nate to the west, while mixed-conifer forests dominate to the east. 

Because we were interested in analyzing climate-growth rela­
tionships in contrasting environments, sampling was stratified by 
the Forested Plant Association Group (PAG) (Williams et aI., 
1995). Similar to the Habitat Type concept (Daubenmire and Dau­
benmire, 1968). PAGs aggregate geographical areas based on 
shared floristics, environment and productivity. We used PAGs 
for sample stratification because they effectively separate distinct 
biophysical environments and because they form the basic unit 
for vegetation modeling on the CNF. Stands were selected for sam­
pling in the ponderosa pine-Douglas-fir/bluebunch wheatgrass 
plant association (P. ponderosa-Po menziesii/Agropyron spicatum 
[PIPO-PSME/AGSP]) and the Douglas-fir/ninebark plant association 
(P. menziesii/Physocarpus malcaeus [PSME/PHMA]). PIPO-PSME/ 
AGSP is the hottest and driest plant association in the CNF and gen­
erally occurs at lower elevations on well-drained and course-tex­
tured soils. The vegetation is characterized by open stands of 
ponderosa pine and Douglas-fir with a bunch-grass-dominated 
understory and few shrubs. By contrast, PSME/PHMA is cooler 
and wetter than PIPO-PSME/AGSP and is the most common· plant 
association group (hereafter, "habitat type") in this region. It is 
found across a wider range of elevations and aspects. generally in· 
gravelly to cobbly silts and loams. Douglas-fir is the most common 
tree species but stands are usually mixed with ponderosa pine. 
Ninebark and oceans pray (Holodiscus discolour) are the most preva­
lent shrubs; serviceberry (Amelanchier arboreal and Orgeon grape 
(Mahonia aquifolium) are also quite common. 

To reduce stand-level variability and thereby minimize the influ­
ence of extraneous factors on the climate-growth relationship. we 
carefully selected sites within each habitat type that were as similar 
as possible. To do so, we used a geographic information system to 
identify stands with the following criteria: (1) southwest-southeast 
aspect; (2) mid-slope position on an approximately 40% slope; and 
(3) no significant disturbance (such as logging or fire) in the last 
60 years. Prior to sampling, we visited all potential sites to see that 
these conditions were met and to verify that there was no evidence 
of pathonogenic outbreaks, substantial mistletoe or wind throw. 

.... 
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Fig. t. Location of the study sites in the Xeric (letters A-E) and the Dry-Mesic (letters F-O) habitat types on the Colville National Forest (darker shaded area) in northeastern 
Washington State (inset). The lightly shaded area shows NCDC Climate Division 9. 

Table t 
Attributes of the 15 study sites (seeFig. 1 ), including habitat type, elevation, mean 
growing season (May-july) climate (precipitation and temperature) from 1950-2007, 
and number of sampled Pseudotsuga menziesii and Pinus ponderosa trees (n) for 
dominant (DO) and intermediate (IN) canopy classes. 

Site ID Habitat Elev. Total Max Sample size (n) 
type (m) precip. temp. 

(mm) (OC) 
Pseudotsuga Pinus 
menziesii ponderosa 

DO IN DO IN 

A Xeric 945 110 26.2 12 17 10 17 
B Xeric 640 140 27.4 12 18 12 17 
C Xeric 975 153 27.2 14 10 16 11 
D Xeric 930 130 26.3 15 10 14 14 
E Xeric 1066 158 28.3 15 13 14 11 
F Dry-Mesic 1097 199 23.3 13 15 
G Dry-Mesic 1158 180 27.9 14 15 13 8 
H Dry-Mesic 1128 157 26 18 10 17 9 
[ Dry-Mesic 914 153 27.2 15 12 19 5 

J Dry-Mesic 1250 188 24.8 17 11 16 5 
K Dry-Mesic 1250 176 25.7 15 12 
L Dry-Mesic 1311 166 23.3 16 10 
M Dry-Mesic 1128 131 25.2 15 8 
N Dry-Mesic 975 162 26.1 13 12 16 15 
0 Dry-Mesic 884 162 26.7 15 14 13 15 

We identified a total of 15 suitable sites broadly distributed 
across the study area: five in the PIPO-PSME/AGSP habitat type 
(hereafter "Xeric") and lOin the PSME-PHMA type (hereafter 
"Dry-Mesic";~ 11 ). Xeric sites received, on average, 20% less total 
precipitation in the months of May, June, and July than Dry-Mesic 
sites during the period 1950-2007. Average maximum tempera­
tures during this period were 1.5 °C hotter on Xeric sites then on 
Dry-Mesic sites, in part because the Xeric sites were at lower ele­
vations ~ 1 ). 

2.2. Dendrochronological methods 

From each stand, we sampled 10-20 dominant/co-dominant 
trees (trees receiving full light from above and partly from the 

sides; hereafter "dominant") and 10-20 intermediate trees (trees 
in definitively subordinate positions, receiving little direct light 
from above and no light from the sides; hereafter, "intermediate") 
of each species. Trees selected for sampling met the following cri­
teria: (1) no obvious defects such as cankers, scars, rot, substantial 
lean or mistletoe infestation; (2) >50 years old at breast height 
(1.3 m); (3) >50 m from the edge of the stand and other sampled 
trees of the same canopy class; (4) >10cm diameter at breast 
height (DBH); and (5) >10 m from any dead or dying trees. For each 
sampled tree, we extracted two cores with an increment borer at 
breast height from opposite sides of the stem and perpendicular 
to the fall line of the slope. 

We transported tree cores to the lab in protective straws and 
mounted and sanded them using standard techniques (Stokes. 
11968; Fritts,. 1976). We visually crossdated all cores and recorded 
their age at breast height. When the pith was absent from incre­
ment cores, we used a pith locator to estimate age (Applequist 
119'58). We scanned increment cores using an optical scanner at 
1200 dpi resolution and measured ring-widths using the CooRe­
corder software (l.ar$'mo.. 2OIBb). We then checked for missing 
rings and other crossdating errors with the software programs 
COFECHA (Holmes et at. 1986) and CDendro 7.1 (larsson, 
;m!)]a). To minimize potential dating errors, cores that could not 
be accurately crossdated were excluded from further analysis. Fi­
nally, we averaged tree-ring measurements from the same tree 
by year to produce one mean ring-width time series for each sam­
pled tree. This resulted in a total for 693 tree-ring series for analy­
sis (If~2). 

To remove age-related growth trends from each ring-width 
time series, we fit a 3D-year cubic spline function with a 50% fre­
quency response cut off ~_ aDd PdeIs. 1981 ). We then calcu­
lated ring-width indices (RWls) by computing the ratio between 
observed ring-widths and the corresponding expected values pro­
duced by the spline function ~ :2). We chose this method be­
cause it is a simple technique that could be applied to all trees 
and resulted in high correlations between the standardized ring­
width indices and climate variables. Detrending was accomplished 
in R , ~ CCR lNIn. 2(10) using the package dplR 
~~). 
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Table 2 
Tree characteristics, including number of sampled trees (n), mean tree age (Age), 
diameter at breast height (DBH), and height for dominant (DO) and intermediate (IN) 
Pinus ponderosa and Pseudotsuga menziesii. 

Species Canopy class Tree characteristics 

n Age DBH (cm) Height (m) 

Pseudotsuga menziesii DO 220 110 (37) 48 (12) 27 (5) 
IN 187 90 (28) 23 (6) 17 (4) 

Pinus ponderosa DO 161 143 (61) 53 (14) 28 (5) 
IN 125 96 (36) 26 (7) 18 (4) 

2.3. Climate data 

To identify the most important climate variables for analysis, 
we first developed mean growth chronologies for the study area 
that represented the shared, high frequency variation of each pop­
ulation (species-habitat combination). We first calculated mean 
ring-width index series (stand-level chronologies) for each canopy 
class-species combination at each site by averaging the standard­
ized ring-width index series using a bi-weighted robust mean 
(Cook et al .. 1990). We averaged those stand-level chronologies 
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across sites and canopy classes (with equal weights) to obtain 
one mean growth chronology for each species-habitat combina­
tion (Coole et al .... 1990). We then calculated product moment corre­
lations between these mean growth chronologies and monthly 
climate variables for the study area using a 15-month climate win­
dow in which tree growth in year t was compared to monthly cli­
mate variables for a period extending from June of year t - 1 to 
September of year t. We estimated the mean climate response 
using correlation functions from the R package bootRes (Z.m~ 
2009), based on DENDROCLlM2002 (Biondi and Wn1rol, 2004 ). 

We used temperature, precipitation and estimated soil water 
availability as our climate predictors. To select the best source of 
available temperature and precipitation data, we compared corre­
lations between the mean growth chronologies for each species 
and monthly climate data from two sources: (1) the regional total 
precipitation and average daily temperature data from NCDC 
Climate Division 9 of Washington State (available from the Na­
tional Climate Data Center; bttp:Uwww..ncdc.noaa.gov); and (2) 
gridded total precipitation and average daily maximum tempera­
ture data obtained from PRISM (Parameter-elevation Regressions 
on Independent Slopes Model), a 4-km gridded model that 
accounts for topographic and elevation differences (Daly et at. 
2008). Precipitation and temperature data in the months of May, 

Pseudotsuga menziesii 

Dominant 
- - Intermediate 

>< 
(l) 
::::!. 
o 

1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000 

Year 

Fig. 2. Time series from primary period of analysis (1950-2007) showing variation for dominant (solid traces) and intermediate (dashed traces) canopy classes of Pinus 
ponderosa (left column) and Pseudotsuga menziesii (right column) in (A) mean raw ring widths and (B) mean ring width indices (RWls) in Xeric and Dry-Mesic habitat types. 
Dotted line indicates average ring-width (RWI = 1). 
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june and july (hereafter "the growing season") from PRISM were 
the most consistent and significant predictors of growth as repre­
sented by the mean growth chronologies; we therefore used these 
data in our analyses. Specifically, we used PRISM estimates of the 
total precipitation during the growing season (hereafter "precipita­
tion") and the mean maximum daily temperature from the warm­
est month in each year (hereafter "temperature") as predictor 
variables. 

To analyze the combined effects of precipitation and tempera­
ture on radial growth, we again compared climate-growth correla­
tions from two sources: (1) the Palmer drought severity index 
(PDSI) - an estimate of overall, regional departures from average 
soil moisture conditions (Alley, 1985) - obtained from NCDC Cli­
mate Division 9; and (2) gridded estimates of actual evapotranspi­
ration, soil moisture storage and water deficit calculated using 
PRISM data along with the USGS Thornthwaite monthly water bal­
ance model (McCabe.md Markstrom. 2(07). For water balance cal­
culations, we assumed a field capacity of 100 mm (Stephenson 
1998) and a latitude of 49° north for all stands. We found that, 
overall, divisional PDSI was the best linear predictor of the stan­
dardized chronologies. Here again, climate-growth correlation val­
ues for the months of the growing season in the year of ring 
formation were similar and all highly significant. As such, we used 
the average of the divisional PDSI throughout the growing season 
(May-july) as a metric of water availability during the entire grow­
ing season. PDSI data was obtained from the National Climate Data 
Center for Climate Division 9 of Washington State (northeastern 
Washington, available at bnp:llwww-DCdc.noaa..gov). To insure 
that climate data was highly accurate and consistent across the 
study area, we limited our analysis of climate-growth relation­
ships to the time period of 1950-2007. 

2.4. Statistical analysis 

We assessed tree growth responses to climate in three steps. 
First, we equalized the variance among trees by subtracting the 
mean RWI and dividing by the standard deviation for each series. 
Next, we estimated each tree's growth response to single climate 
variables by developing linear regression models with an autore­
gressive error structure for each tree and each climate variable 
(693 trees x 3 climate variables [PDSI, precipitation, and tempera­
ture] = 2079 models). For all models, temporal autocorrelation of 
the error term was modeled using a first-order (AR1) autocorrela­
tion structure, but the coefficients were allowed to vary in the opti­
mization of each model cmTelation. Finally, we analyzed the 
variability in the estimated regression coefficients using linear 
mixed-effects (LMEs) models to assess the statistical significance 
and relative influence of the three fixed effects of interest: species 
(ponderosa pine vs. Douglas-fir), canopy class (dominant vs. inter­
mediate), and habitat type (Xeric vs. Dry-Mesic). We designated 
tree age as a covariate and site as a random effect (to account for 
the statistical effects [non-independence] of analyzing trees from 
the same stand). 

To evaluate which fixed effects were the most important for 
explaining tree growth responses to each climate variable, we fol­
lowed the mixed-model selection protocol outlined by~W"d:a1l 

(2009). To do this, we began with a "beyond optimal" model con­
taining all fixed effects and their possible interactions and then 
compared a series of reduced models that differed only by the term 
being tested (the least significant term in the model). We used 
maximum likelihood parameter estimations and compared nested 
models using likelihood-ratio tests and then refit the final model 
using restricted maximum likelihood estimation. We plotted 
residuals against fitted values to verify normality and homogeneity 
of variance. 

Climate variables were standardized by subtracting the mean and 
dividing by the standard deviation to allow for direct comparison of 
climate coefficients among different predictor variables. Model fit­
ting was done in R using the nlme package (Pinheiro et aJ~ 2010). 
To test for statistically significant differences among groups in the 
number of trees exhibiting significant (p < 0.05) climate-growth 
relationships, we used a function for analyzing LME models with 
binomial data distribution within the R-package MASS (Venables 
and. Ripley, 2002). Post hoc comparisons between groups were car­
ried out using Tukey contrasts with the package multcomp (Ho­
thorn et aI.., 2.008 ). 

3. Results 

We found that climate-growth relationships varied signifi­
cantly between canopy classes and habitat types, and that effects 
were highly species-specific. However, for both species, canopy 
class effects were consistent across habitat types (i.e. we found 
no significant interactions between habitat type and canopy class). 
Tree age did not emerge as an important variable in any of the LME 
models. 

3.1. Species-specific effects of canopy class on climate sensitivity 

Results of LME models showed a significant interaction be­
tween canopy position and species for all three climate variables 
(t = 4.15 and p = <0.001 for PDSI; t = 3.08 and p = 0.002 for precipi­
tation; and t = -5.07 and p = <0.001 for temperature; Table 3 ). For 
ponderosa pine, dominant trees were significantly more sensitive 
to PDSI than were intermediate trees (i.e. estimated PDSI-growth 
coefficients were statistically higher in the dominant class vs. the 
intermediate class; p < 0.001; fiig. 3) and a substantially greater 
percentage of the dominant trees exhibited a significant relation­
ship to PDSI compared to intermediates (70% vs. 53%, respectively; 
p = 0.003; Fig. 4). For Douglas-fir, however, dominant trees were 

Table 3 
Results of the linear mixed·effects model including effect of species (Pinus ponderosa 
vs. Pseudotsuga menziesii), canopy class (dominant vs. intermediate), and habitat type 
(Xeric vs. Dry·Mesic) on tree responses to monthly measures of average PDSl, total 
precipitation and average maximum temperature during the growing season (May­
July). Results for insignificant covariates are not shown. 

Coefficient Standard t-Value p-
value error Value 

PDSI 
Intercept 0324 0.037 8.676 <0.001 
Habitat type -0.083 0.046 -1.818 0.092 
Species 0.093 0.020 4.590 <0.001 
Canopy class -0.047 0.017 -2.741 0.006 
Species * canopy 0.091 0.022 4.154 <0.001 

class 
Species * habitat -0.102 0.023 -4.387 <0.001 

type 

Precipitation 
Intercept 0.434 0.031 14.169 <0.001 
Habitat type -0.073 0.037 -1.956 0.072 
Species 0.054 0.022 2.472 0.014 
Canopy class -0.089 0.018 -4.878 <0.001 
Species * canopy 0.073 0.024 3.076 0.002 

class 
Species * habitat -0.064 0.025 -2.577 0.010 

type 

Temperature 
Intercept -0.214 0.014 -15.826 <0.001 
Species 0.10S 0.013 S.121 <0.001 
Canopy class 0.099 0.D15 6.605 <0.001 
Species * canopy -0.098 0.019 -5.066 <0.001 

class 
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significant within-species differences. Greater deviation from 0 (either positive or negative) indicates greater sensitivity. 
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significantly less sensitive to PDSI than were intermediate trees 
(p < 0.001), and fewer dominant Douglas-fir trees than intermedi­
ate trees exhibited significant growth responses to PDSI (60% vs. 
71%, respectively; p = 0.018; Fig. 4). Dominant ponderosa pine 
trees were also significantly more sensitive to precipitation 
(p = 0.016) and temperature (p < 0.001) than were intermediate 
ponderosa pine (fig-. 3), but there were no between-canopy-c1ass 
differences in sensitivity to precipitation or temperature for Doug­
las-fir (Fig. 3 ). 

With respect to between-species differences in canopy-class ef­
fects, intermediate Douglas-fir were more sensitive to PDSI and 
precipitation relative to intermediate ponderosa pine (p < 0.001 
for both variables) and, accordingly, a greater proportion of inter­
mediate Douglas-fir were significantly sensitive to PDSI and pre­
cipitation compared to intermediate ponderosa pine (for PDSI, 
71% vs. 53% respectively, and p < 0.001; and for preCipitation 75% 
vs. 62%, respectively, and p < 0.001; fig. -4). There were no signifi­
cant between-species differences in the response of intermediate 
trees to temperature (Fig. 3). Conversely, dominant trees did not 
have significant species-related differences in sensitivity to PDSI 
or precipitation, but dominant ponderosa pine were approximately 
twice as temperature-sensitive as dominant Douglas-fir (p < 0.001, 
coefficient estimates = -0.21 [SE = 0.011 and -0.11 [SE = 0.011, 
respectively; fig. 3). Approximately 27% of dominant ponderosa 
pine exhibited a significant relationship to temperature compared 
to only 5% of dominant Douglas-fir (!Fig. -4 ). 

3.2. Species-specific effects of habitat type on sensitivity to climate 

We found a significant interaction between species and habitat 
type for both PDSI and precipitation (t = -4.39 and p < 0.001 for 
PDSI; and t = -2.56 and p = 0.01 for precipitation; Table "3), but 
the effect of temperature did not vary for either species between 
habitat types. While both species trended toward greater sensitiv­
ity to PDSI and precipitation in Xeric relative to Dry-Mesic sites, 
this difference was only significant for Douglas-fir (p < 0.001 for 
both variables; fig. 3). Approximately 93% of Douglas-fir trees in 
Xeric sites were significantly influenced by PDSI compared to 
51 % in Dry-Mesic sites (p < 0.001; Fig. 4). The relative proportion 
of trees with a significant sensitivity to precipitation followed a 
similar pattern as PDSI (Fig. 4 ). 

With respect to between-species differences in the effect of 
habitat type on climate sensitivity, we found that for Xeric sites, 
Douglas-fir was significantly more sensitive to PDSI and precipita­
tion relative to ponderosa pine (p < 0.001 for both variables; Fig. 3), 
but for Dry-Mesic sites, there were no significant between-species 
differences in response to these variables. In both Xeric and Dry­
Mesic habitat types, ponderosa pine was significantly more sensi­
tive to temperature than was Douglas-fir (p < 0.001 for both vari­
ables; F"lg. "3). Only approximately 5% of Douglas-fir exhibited a 
significant relationship to temperature in each habitat type, com­
pared to approximately 16% of ponderosa pine in the Xeric habitat 
type and 21% in the Dry-Mesic habitat~.4). 

4. DisctDssion 

4.1. Species-specific effects of canopy class on climate sensitivity 

We found strong evidence that canopy position affects climate­
growth relationships of ponderosa pine but not Douglas-fir: 
dominant ponderosa pines are Significantly more responsive to 
precipitation and substantially more sensitive to high tempera­
tures than are intermediate ponderosa pines. Perhaps the most 
striking example of this key finding can be seen in the dramatically 
different responses to temperature. Whereas the temperature 

sensitivity of Douglas-fir did not vary across canopy classes, 
temperature had a substantially impact greater (approximately 
double) on dominant ponderosa pine relative to intermediate pon­
derosa pine. The contrasting effects of canopy position on temper­
ature responses of these two species likely reflect fundamental 
differences in their physiology, morphology and hydraulic strate­
gies. For example, relative to Douglas-fir, ponderosa pine is able 
to substantially modify stomatal conductance in response to 
changing environmental conditions tsamnn:.and ~ 2003; Domec 
et aI., 2004) - better stomatal control greatly reduces the chance 
of hydraulic failure (Udlowcli tel:.al., !Im8). Because the leaves of 
dominant trees are exposed to full sunlight and significantly higher 
temperatures than those of intermediate trees, growth of domi­
nant ponderosa pine is much more tightly coupled to temperature 
compared to intermediate ponderosa pines that are buffered from 
the direct effects of temperature by shading. This idea is consistent 
with numerous studies showing that shading is a primary mecha­
nism by which neighboring plants modify external environmental 
conditions, in this case ameliorating the negative impact of high 
temperatures and low water-availability on growth tCalLtw.Iy. 
2007; Brooker et at. 2008). Relative to ponderosa pine, however, 
there are important differences in basic life history traits of Doug­
las-fir, including significantly greater shade tolerance (Niinemeis 
and VaiLulares. 2006). As such, it is not surprising that canopy 
positioning is not an important factor influencing climate sensitiv­
ity for this species. 

Based on previous observations showing greater climate sensi­
tivity - Le. a tighter coupling of stemwood production to climate -
in trees that die from abiotic stress compared to those that survive 
(Pedersen, 1998; Ogle et al~ 20001; S1marez tEl at" 2004; ~ 
et al., 20111), our results suggest that dominant ponderosa pine 
may be more vulnerable to climate change than intermediate pon­
derosa pine. This conclusion seems consistent with several recent 
investigations showing a positive relationship between tree size 
and drought sensitivity among Pinus species. For example, G.mey 
d.I1rl Vojta (201 ]) found that mortality in P. ponderosa forests was 
significantly lower than expected in smaller-diameter size classes 
but larger than expected in the largest size classes. Also, in a 
tree-ring study of P. sylvestris, Martmez-Vlll.alta eiI: at (lOU) ana­
lyzed 1433 trees from 393 plots and concluded that large trees 
were significantly more drought sensitive than smaller ones. If 
these observed differences in tree sizes and mortality rates are re­
lated to stand dynamics, such as competition and social status, 
thinning treatments in dry ponderosa pine forests may not effec­
tively create stands that are more resilient to climate change (USFS. 
2008 ). Although reducing stand density and leaf area could reduce 
water stress for residual trees (51mIme teIt aJL. 19!B; Wallin d: <IiL. 
2t1(4), thinning small-diameter trees growing beneath the domi­
nant canopy actually may remove the individuals that are the least 
vulnerable to the negative effects of increasing temperatures and 
extreme drought events associated with climate change. 

4.2. Species-specific effects of habitat type on sensitivity to climate 

We found that Douglas-fir, but not ponderosa pine, was signif­
icantly more sensitive to water availability in Xeric sites relative to 
Dry-Mesic ones. This observation is consistent with previous work 
showing that relatively small differences in elevation can signifi­
cantly influence climate-growth relationships of Douglas-fir but 
are generally less important to ponderosa pine ~ tell: .. 
1987; Kusnieraylt and lEtttl. :mw: ICarge <iIIDllI ~:DYS ). Here 
again, species-specific differences in climate responses most likely 
reflect the contrasting hydraulic strategies and life history traits of 
ponderosa pine and Douglas-fir. Despite the fact that ponderosa 
pine is a more drought-tolerant species ~.-~ 
20(6), Douglas-fir is actually more resistant to cavitation under 
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high pressure gradients (Pill()1 .md Sala, 2000; Dome!: and GclJtoeJ", 
2002; Stout and SaL!. 2003). This ability to withstand (but not 
avoid) significant water stress allows Douglas-fir to persist in dry 
habitats, but it also means that fluctuations in soil water and phys­
iological processes become more tightly coupled in increasingly 
xeric sites. Ponderosa pine, on the other hand, has developed struc­
tural adaptations that allow it to avoid dangerously low water 
potentials. For example, Barnard et at pO 11 ) found that ponderosa 
pine had almost twice the sapwood area supplying water to a given 
leaf area as Douglas-fir, leading to a 50% decrease in the pressure 
gradient required to conduct a given amount of water. Moreover, 
ponderosa pine, but not Douglas-fir, is able to significantly modify 
the ratio of biomass in leaf area relative to sapwood area (AL:As) 
across environmental gradients in response to increasing aridity 
(MeW etdl~ 200() ). Thus, through a combination of better stoma­
tal control, lower AL:As, and better regulation of AL:As across con­
trasting sites, ponderosa pine is less affected by an overall 
decrease in mean water availability in increasingly xeric sites. Con­
sequently, greater sensitivity to water availability of Douglas-fir, 
but not ponderosa pine, in xeric sites most likely reflects known 
differences in hydraulic architecture and life history strategies of 
these two species and is consistent with the idea of an adaptive 
tradeoff between xylem efficiency and hydraulic safety (e.g. PiDllli 
.and SaId. 2000; &m1.Jrd et al, 2011 ). 

We also found that ponderosa pine was significantly more sen­
sitive to temperature than Douglas-fir, regardless of habitat type. 
Unlike soil water deficits, the effects of air temperature on tree 
growth processes are significantly more direct and immediate. As 
such, sensitivity to maximum temperatures reflects a tree's capac­
ity to respond quickly to discrete events (e.g. heat waves during 
the growing season), and a short-term tradeoff between carbon 
assimilation and loss of water to transpiration. The consistent high 
temperature-sensitivity of ponderosa pine (i.e. greater reductions 
in radial growth in response to high temperatures) is again consis­
tent with this species' "stress-avoidance" strategy and higher sto­
matal sensitivity. These results suggest that differences in climate 
sensitivity among species reflect fundamental differences in phys­
iology and life history traits and, as such, are not necessarily corre­
lated to vulnerability to drought-induced mortality. 

5. Condl.Rsnons 

We found that climate sensitivity of tree growth is significantly 
modulated by tree social status (canopy class) and habitat condi­
tions, but these effects are highly species-specific. Most notably, 
we found that canopy position substantially modified tree growth 
responses to high temperatures and precipitation for ponderosa 
pine, but not Douglas-fir. These findings may have important 
implications for understanding the effects of stand structure on cli­
mate sensitivity and the differential effects of altering stand struc­
ture on climate-growth relationships of common forest trees, both 
of which may help managers promote forests that are resilient to 
future climatic conditions. We also found that differences in cli­
mate sensitivity were closely related to species-specific strategies 
for coping with water stress. This means that for certain species, 
high climate sensitivity may indicate a close coupling between 
environmental conditions and physiological stress, while for others 
a high degree of climate sensitivity may reflect an adaptive trait for 
avoiding dangerously low water potentials. Therefore, in contrast 
to numerous tree-ring studies demonstrating a positive correlation 
between climate sensitivity and drought-induced mortality with­
in-species (e.g. ~ 1~; ~ rt ~ lOOVJ; ~ rtit ;ai" 
~; MIl~ 'It ?Ill ... 41010), differences in climate sensitivity 
among-species does not necessarily reflect differences in vulnera­
bility to climate change. Future research should investigate the is-

sue of climate sensitivity within a framework of species-specific 
life history traits and adaptive hydraulic strategies to more clearly 
establish the relationship between climate sensitivity and vulner­
ability to climate change. 
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