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Abstract: Forecasts of climate change for the Pacific northwestern United States predict warmer temperatures, increased
winter precipitation, and drier summers. Prediction of forest growth responses to these climate fluctuations requires identifi-
cation of climatic variables limiting tree growth, particularly at limits of tree species distributions. We addressed this prob-
lem at the pine–woodland ecotone using tree-ring data for western juniper (Juniperus occidentalis var. occidentalis Hook.)
and ponderosa pine (Pinus ponderosa Dougl. ex Loud.) from southern Oregon. Annual growth chronologies for 1950–2000
were developed for each species at 17 locations. Correlation and linear regression of climate–growth relationships revealed
that radial growth in both species is highly dependent on October–June precipitation events that recharge growing season
soil water. Mean annual radial growth for the nine driest years suggests that annual growth in both species is more sensitive
to drought at lower elevations and sites with steeper slopes and sandy or rocky soils. Future increases in winter precipita-
tion could increase productivity in both species at the pine–woodland ecotone. Growth responses, however, will also likely
vary across landscape features, and our findings suggest that heightened sensitivity to future drought periods and increased
temperatures in the two species will predominantly occur at lower elevation sites with poor water-holding capacities.

Résumé : Les changements climatiques envisagés pour la région nord-ouest du Pacifique, aux États-Unis, prédisent des
températures plus chaudes, une augmentation des précipitations en hiver et des étés plus secs. La prédiction de la réaction
en croissance des forêts à ces fluctuations climatiques exige qu’on identifie les variables climatiques qui limitent la crois-
sance des arbres, particulièrement à la limite de l’aire de répartition des espèces d’arbres. Nous abordons ce problème à la
limite de la forêt claire de pin à l’aide de données dendrochronologiques pour le genévrier occidental (Juniperus occiden-
talis var. occidentalis Hook.) et le pin ponderosa (Pinus ponderosa Dougl. ex Loud.) dans le sud de l’Oregon. Des chro-
nologies de la croissance annuelle de 1950 à 2000 ont été construites pour chaque espèce à 17 endroits. Les analyses de
corrélation et de régression linéaire des relations entre le climat et la croissance ont montré que la croissance radiale chez
les deux espèces est fortement dépendante des épisodes de précipitations d’octobre à juin parce qu’elles rechargent le sol
en eau pour la saison de croissance. La croissance radiale annuelle moyenne pour les neuf années les plus sèches indique
que la croissance annuelle des deux espèces est plus sensible à la sécheresse à basse altitude ainsi que dans les stations
avec une pente plus abrupte et un sol sableux ou rocheux. L’augmentation future des précipitations hivernales pourrait ac-
croı̂tre la productivité des deux espèces à la limite de la forêt claire de pin. Cependant, la réaction en croissance variera
probablement en fonction des caractéristiques du paysage et nos résultats indiquent qu’une augmentation de la sensibilité
aux futures périodes de sécheresse et aux températures plus élevées chez les deux espèces se fera surtout sentir à basse al-
titude dans les stations dont le sol a une faible capacité de rétention en eau.

[Traduit par la Rédaction]

Introduction

Since European settlement in the late 1800s, western juni-
per (Juniperus occidentalis var. occidentalis Hook.) popula-
tions have expanded in range and increased in density
throughout central and eastern Oregon (Miller and Wigand
1994; Miller and Rose 1995; Soulé and Knapp 1999). This
expansion has primarily occurred into lower elevation areas

dominated by sagebrush steppe (Eddleman 1987), but en-
croachment into higher elevation areas historically domi-
nated by other species such as quaking aspen (Populus
tremuloides Michx.) has also been documented (Miller and
Rose 1995). This period of vegetation change in central and
eastern Oregon is unprecedented when compared with pre-
vious population movements during the Holocene (Miller
and Wigand 1994; Tausch 1999).
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While reduction in mean fire frequency from presettle-
ment conditions has widely been considered the primary
driver of juniper range expansion (Burkhardt and Tisdale
1976; Miller and Tausch 2001), shifts in climatic patterns
and alterations in ecophysiological processes have also con-
tributed to recent woodland succession to some degree. Pre-
vious expansion of western juniper during the Holocene
typically occurred during periods of increased precipitation
and lower temperatures (Miller and Wigand 1994). The lat-
ter half of the 19th century was a period of increased precip-
itation in the southern region of the Pacific Northwest
(Graumlich 1987). Survivorship of western juniper was en-
hanced during this wet period (Miller et al. 2005), contribu-
ting to increased abundance of juniper in dry areas occupied
by sagebrush steppe. Improved water use efficiency as a re-
sult of carbon dioxide fertilization (Johnson et al. 1993; Pol-
ley 1997; Knapp et al. 2001a, 2001b) has also been
proposed as a contributing mechanism to recent semiarid
woody plant encroachment in the western United States.

In the Pacific northwestern region of the United States,
climate is projected to change in the near future, with aver-
age annual temperature increasing 2.5 8C by the year 2050
(Snover et al. 1998; Mote et al. 2003) and seasonal patterns
tending towards wetter, warmer winters and drier summers
(Snover et al. 2003). How this impending climate change
will affect semiarid forest and woodland species is not en-
tirely clear. Although previous tree-ring studies identified
winter–spring precipitation (October–June) as the primary
climatic factor associated with western juniper growth in
the region (Graumlich 1991; Knapp et al. 2001a), little re-
search has been focused at the ecotone of ponderosa pine
(Pinus ponderosa Dougl. ex Loud.) and juniper woodlands.
In periods of severe drought, potential for rapid change in
vegetation type is significant, particularly at semiarid eco-
tones (Neilson 1993). Such effects were documented at the
pinyon–juniper to ponderosa pine ecotone in the southwest-
ern United States following severe drought during the 1950s
(Allen and Breshears 1998) and led to pinyon–juniper en-
croachment in upslope areas. More recent drought has
caused large-scale mortality of pinyon pine (Pinus edulis
Engelm.) in pinyon–juniper woodlands of the southwestern
United States (Breshears et al. 2005; Mueller et al. 2005).

Tree rings are frequently used to establish relationships
between climate and tree growth (e.g., Villalba and Veblen
1994; Peterson and Peterson 2001; Peterson et al. 2002;
Watson and Luckman 2002; Adams and Kolb 2005) and
can also provide insight about species resource limitations.
Our objective was to assess the relationships of annual tree
growth and climate between 1950 and 2000 at the western
juniper–ponderosa pine ecotone using a dendroecological
approach. We developed climate–growth models and tested
whether tree growth at the ecotone is also dependent on
winter–spring precipitation, particularly in western juniper
at its upper elevation limits. As a secondary objective, we
also assessed how localized features such as elevation, site
radiation stress, or soil property differences would modulate
the effect that climate has on tree growth with exploratory
analyses. Tree growth can often vary in relation to local fea-
tures such as topography or elevation (Villalba and Veblen
1994; Oberhuber and Kofler 2000; Fekedulegn et al. 2003).
We hypothesized that trees at the pine–woodland ecotone

would positively respond to winter–spring precipitation but
that landscape or edaphic characteristics could modify these
relationships with increased growth sensitivity to drought
and climate at locations having features that induce water
stress.

Methods

Study area
The sites chosen for this study were located in the Lake-

view and Paisley districts of the Fremont National Forest in
southern Oregon approximately 20 km west of Lakeview,
Oregon (42811’N, 120821’W). Most of the Fremont National
Forest lies within the northern portion of the Basin and
Range physiographic province of the United States (Hunt
1967). Geology is volcanic in origin, predominantly basalt
and tuff flows or pyroclastic and rhyolite deposits. Soils are
primarily derived from residual volcanic parent materials,
alluvium, and colluvium in areas of dissected topography or
ash deposits from the eruption of Mt. Mazama approxi-
mately 7700 years BP (Wenzel 1979). Western juniper
woodlands are typically dominant at lower elevations rang-
ing from 1200 to 1400 m and grade into ponderosa pine for-
est at elevations above 1500 m (Franklin and Dyrness 1988).

The Fremont National Forest is located east of the Cas-
cade mountain range; consequently, the climate is drier and
more semiarid than mountains to the west owing to a rain
shadow effect (Taylor and Bartlett 1993). Annual precipita-
tion ranges from 400 to 800 mm, occurring primarily as
snow during winter months and rain in spring. Summers are
typically warm and dry, although isolated thunderstorms fre-
quently occur. Mean monthly maximum temperatures near
the forest at Paisley, Oregon, vary from a low of 5.4 8C in
December to highs of 29.3 8C in July (means from 1971–
2000 record; Oregon Climate Service 2007).

Site selection and topographic features
Seventeen sites were selected in the Fremont National

Forest study area (Table 1). Three reconnaissance areas in
the Fremont National Forest spanning approximately 50 km
from south to north were selected to locate sites: Dent Creek
(DC) (south area), Cottonwood Meadow (CWM) (inter-
mediate area), and Chewaucan (CHE) (north area). The
study sites were located in areas where ponderosa pine and
western juniper cooccurred. Six sites were found in both
CHE and CWM and five sites were located in the DC area
(Table 1). Three sites within each of the three reconnais-
sance areas were identified in low- and high-elevation
classes (roughly 1524 and 1829 m, respectively). The DC
area, however, only had two high-elevation sites owing to
the lack of high-elevation candidate sites (Table 1). Sites
were located near forest roads, and a 500 m baseline transect
was established for sampling vegetation. At each study loca-
tion, six circular plots (0.07 ha) were systematically estab-
lished at 100 m intervals along the 500 m transect.
Elevation, stem density, dominant shrub types, and diameter
at breast height (DBH) of the two study species for each
plot were determined (Table 1). Aspect, slope, and soil
properties were also quantified for the plots at each site
(Table 2) as potential covariates affecting growth response.
Each site was located in stands that were generally northern
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or southern aspects, but within-site aspect tended to vary
considerably (Table 2) along the transect. Potential annual
direct incident radiation (McCune and Keon 2002; Table 2)
was calculated for each plot and site using latitude, aspect,
and degrees of slope. Soil characteristics were determined
using GIS overlays of plot locations onto soil resource in-
ventory (Wenzel 1979) map units. Soil descriptions and
characteristics were then confirmed in 2003 using soil pits,
texture tests, and observation of other map unit characteris-

tics at each site. Each plot was then assigned to a soil de-
scription.

Growth chronology development
In 2001 and 2002, annual stem radial growth was sampled

in 24 trees of both species at each of the 17 study sites. At
each plot, four trees of each species were sampled using a
point-quarter scheme (Cottam and Curtis 1956; Brower et
al. 1998). Individuals of each species nearest to the plot cen-

Table 1. Summary characteristics of the 17 study sites sampled including elevation, stem density, mean DBH, and shrub types for
each location.

Site code Latitude (N) Longitude (W) Elevation (m) Density (stems�ha–1) DBH juniper (cm) DBH pine (cm) Dominant shrubs

CHE1 42829’ 120834’ 1593 (14) 158 (50) 28.1 (10.5) 40.4 (15.9) ARTRV
CHE2 42833’ 120836’ 1549 (11) 147 (149) 31.0 (13.7) 35.6 (19.5) ARTRV, PUTR2
CHE3 42834’ 120837’ 1565 (12) 240 (217) 25.7 (11.3) 29.3 (15.0) ARTRV, PUTR2
CHE4 42822’ 120837’ 1824 (10) 184 (63) 17.8 (7.5) 24.0 (12.3) ARTRV
CHE5 42827’ 120833’ 1810 (9) 453 (382) 18.7 (10.5) 23.5 (13.6) ARTRV
CHE6 42827’ 120831’ 1857 (13) 611 (190) 17.4 (6.5) 23.3 (7.4) ARTRV
CWM1 42813’ 120836’ 1874 (17) 270 (171) 18.5 (11.3) 30.4 (17.6) ARPA6
CWM2 42821’ 120833’ 1909 (15) 207 (191) 17.5 (10.5) 31.4 (17.9) ARTRV, PUTR2
CWM3 42822’ 120836’ 1776 (9) 268 (86) 18.6 (12.8) 39.4 (19.8) ARTRV, PUTR2
CWM4 42817’ 120831’ 1643 (27) 129 (90) 23.1 (14.7) 34.7 (24.2) ARTRV, PUTR2
CWM5 42828’ 120832’ 1584 (7) 185 (141) 24.9 (13.8) 22.4 (18.6) ARTRV, PUTR2
CWM6 42816’ 120829’ 1583 (8) 493 (210) 20.4 (10.8) 38.6 (18.6) ARTRV, PUTR2
DC1 42813’ 120845’ 1599 (15) 135 (113) 32.3 (15.4) 28.9 (10.1) ARTRV, PUTR2
DC2 42815’ 120847’ 1916 (22) 481 (220) 31.9 (12.2) 32.1 (23.6) MARE11
DC3 42812’ 120845’ 1619 (22) 311 (183) 26.6 (12.8) 19.5 (13.1) ARTRV
DC4 42809’ 120850’ 1891 (9) 156 (119) 30.1 (18.8) 28.1 (18.1) ARTRV
DC5 42810’ 120845’ 1542 (6) 204 (295) 26.5 (19.9) 39.7 (24.9) ARTRV, PUTR2

Note: Two- and three-letter site code prefixes correspond to the following reconnaissance areas: Chewaucan (CHE), Cottonwood Meadow (CWM),
and Dent Creek (DC). Values reported for elevation, density, and DBH are the means and SD (in parentheses) of the six sampling plots at each site.
Shrub codes listed for each site are codes from the USDA Plants Database corresponding to the following species: Artemesia tridentata Nutt. ssp.
vaseyana (Rydb.) Beetle (ARTRV), Purshia tridentata (Pursh) DC. (PUTR2), Arctostaphylos patula Greene (ARPA6), and Mahonia repens (Lindl.) G.
Don (MARE11).

Table 2. Features of the 17 study locations that were of primary interest in landscape gradient analysis including soil great groups and
subsurface texture, site slope, aspect, and potential incoming incident radiation.

Site code Slope (8) Aspect(s)
Potential radiation
(MJ�cm–2�year–1) Primary soil great group(s) Subsurface textures identified

CHE1 5.5 (1.5) N, NE 0.88 (0.02) Xerorthent, Argixeroll Silty clay and loam
CHE2 7.0 (5.9) SE, NW 0.94 (0.02) Xerorthent Cobbly sandy loam to gravelly clay loam
CHE3 8.2 (3.2) N, SW 0.92 (0.06) Xerorthent Sandy loam
CHE4 5.3 (3.1) S 0.96 (0.01) Argixeroll, Haploxeralf Silty clay
CHE5 10.3 (6.3) N, SW 0.86 (0.11) Xerorthent, Haploxeralf Cobbly sandy loam to gravelly clay loam
CHE6 12.8 (4.5) NW 0.80 (0.06) Argixeroll, Haploxeroll Sandy loam with small areas of silty clay
CWM1 2.8 (2.4) S 0.95 (0.01) Haploxeralf Silty clay
CWM2 12.0 (0.9) SW 0.95 (0.02) Argixeroll Silty clay to clay
CWM3 7.7 (4.0) W, NW, SW 0.92 (0.04) Argixeroll Silty clay
CWM4 8.3 (3.3) S 0.98 (0.01) Argixeroll Cobbly silty clay loam
CWM5 3.0 (1.1) S 0.95 (0.01) Argixeroll Cobbly silty clay loam
CWM6 4.2 (2.5) S 0.96 (0.01) Haploxeralf Silty clay
DC1 5.3 (1.5) SW 0.96 (0.01) Argixeroll Clay loam to silty clay
DC2 7.0 (4.2) NE, SE 0.94 (0.07) Argixeroll, Haploxeroll Loam grading into silty clay
DC3 8.0 (3.9) SE, NE 0.94 (0.06) Haploxeroll Clay loam
DC4 2.0 (1.0) SW 0.94 (0.01) Argixeroll Loam to clay loam
DC5 9.0 (5.5) NE 0.86 (0.04) Haploxeroll Clay loam

Note: Two- and three-letter site code prefixes correspond to the following reconnaissance areas: Chewaucan (CHE), Cottonwood Meadow (CWM), and
Dent Creek (DC). Values reported for slope and potential radiation are the means and SD (in parentheses) of the six sampling plots at each site. Multiple
aspects are reported for sites that contained varying topography along the 500 m sampling transect. Soil great groups and subsurface textures are field-
confirmed matches to soil descriptions reported in Wenzel (1979) for each of the 17 locations.
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ter within each of four plot quadrants were selected. Trees
were considered for sampling only if they were codominants
or occupied an open-canopy position. Trees with major de-
fects (i.e., multiple stems, insect damage, or severe scarring)
were also not sampled and were replaced by the next nearest
tree to the center point without defects. For ponderosa pine,
two increment cores were extracted from opposite cross-
slope sides of each tree at breast height (1.4 m). Cores were
stored in paper straws for transport. For western juniper,
sample trees were felled and disks were cut at stump height
(30 cm).

Tree-ring samples were dried at room temperature, pine
cores were mounted to grooved poplar mounts, and both
sample types were sanded using a belt sander to reveal the
tree rings (Stokes and Smiley 1968). Ring widths were
measured to the nearest 0.01 mm using a sliding stage
Velmex measuring system and Measure J2X computer soft-
ware (Voortech Consulting, Holderness, New Hampshire).

Sample cores and cross sections were cross-dated using
skeleton plots and marker years (Stokes and Smiley 1968),
and cross-dating was validated using COFECHA software
(Holmes 1983). Only trees in which two ring width meas-
urement series could be cross-dated were included. Using
this standard, growth chronologies were developed for each
site, with the number of trees used in each chronology rang-
ing from 12 to 22 trees per site for western juniper and from
5 to 22 trees per site for ponderosa pine (Table 3).

High-frequency annual growth chronologies (referred to
hereafter as ‘‘site chronologies’’) from 1950 to 2000 were
developed using program ARSTAN (Cook and Holmes
1996). Age-related, low-frequency variations were removed
by fitting a negative exponential curve or a linear regression
of negative slope to each growth series. Site chronologies
used in analyses were then determined by averaging autore-
gressive modeling residuals for all individual growth series
by species and site. Tree rings often exhibit serial correla-

Table 3. Summary of western juniper and ponderosa pine site chronology growth statistics including the
number of trees used, mean age of trees at height of analysis, number of autoregressive model terms used
in chronology development, and mean sensitivity of the site chronology over the period 1950–2000.

Site code Species
No. of
trees

Mean age
(years)

Age range
(years)

No. of autoregressive
model terms

Mean
sensitivity

CHE1 Western juniper 21 81.7 45–152 5 0.22
Ponderosa pine 19 82.9 48–125 2 0.27

CHE2 Western juniper 19 80.8 38–116 2 0.20
Ponderosa pine 18 74.7 37–111 2 0.22

CHE3 Western juniper 18 74.3 44–109 2 0.27
Ponderosa pine 22 73.8 40–202 3 0.31

CHE4 Western juniper 13 71.8 52–100 2 0.17
Ponderosa pine 16 80.4 35–190 2 0.19

CHE5 Western juniper 19 86.3 38–270 3 0.24
Ponderosa pine 15 86.4 49–217 3 0.29

CHE6 Western juniper 22 83.1 66–113 3 0.30
Ponderosa pine 21 83.8 55–130 3 0.32

CWM1 Western juniper 17 69.4 49–102 2 0.19
Ponderosa pine 17 73.1 40–158 2 0.18

CWM2 Western juniper 18 68.3 45–135 5 0.18
Ponderosa pine 19 73.5 47–143 3 0.19

CWM3 Western juniper 20 57.6 35–93 3 0.19
Ponderosa pine 21 75.6 36–122 2 0.22

CWM4 Western juniper 18 66.1 40–89 2 0.24
Ponderosa pine 10 109.2 70–170 2 0.23

CWM5 Western juniper 20 94.7 36–154 2 0.21
Ponderosa pine 5 107.7 43–160 2 0.23

CWM6 Western juniper 18 84.7 52–140 5 0.23
Ponderosa pine 22 88.2 42–152 2 0.21

DC1 Western juniper 18 101.3 39–202 3 0.18
Ponderosa pine 17 71.1 55–126 4 0.21

DC2 Western juniper 12 81.5 35–152 2 0.14
Ponderosa pine 17 85.4 48–203 2 0.19

DC3 Western juniper 19 105.4 33–153 3 0.22
Ponderosa pine 13 65.0 35–120 2 0.27

DC4 Western juniper 13 67.9 52–95 2 0.13
Ponderosa pine 14 74.0 53–122 1 0.19

DC5 Western juniper 12 72.3 53–128 1 0.21
Ponderosa pine 9 97.1 41–298 2 0.18

Note: Two- and three-letter site code prefixes correspond to the following reconnaissance areas: Chewaucan (CHE),
Cottonwood Meadow (CWM), and Dent Creek (DC).
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tion resulting from stored polysaccharides of previous
growth or other low-frequency processes such as disturbance
that alter tree allocation patterns (Fritts 1976). Autoregres-
sive modeling provides stationary and independent growth
indices and also can improve estimates of climatic signals
in tree-ring chronologies (Fritts 1976; Villalba and Veblen
1994). Seventeen site chronologies for each species were de-
veloped using this technique, with autoregressive model
terms ranging from one to five (Table 3). Mean sensitivity,
the absolute difference between current-year growth and
prior-year growth divided by the average of current- and
prior-year growth, was also calculated for all site chrono-
logies (Table 3). We were primarily interested in patterns of
high-frequency growth response in the two species; how-
ever, we also preserved the standard growth chronologies
(prior to autoregressive modeling) for observation of poten-
tial lag effects resulting from serial correlation and compar-
ison with growth patterns in residual site chronologies.

Climate–growth relationships
Monthly mean temperature (degrees Celsius) and monthly

total precipitation (millimetres) records for the region that
encompassed the study area (Oregon climate division 7,
Oregon Climate Service, Oregon State University, Corvallis,
Oregon) were obtained for analysis of climate–growth rela-
tionships. Correlation functions between precipitation, tem-
perature, and tree growth were determined for site
chronologies using the program Dendroclim (Biondi and
Waikul 2004). A bootstrapped Pearson correlation coeffi-
cient (r) was calculated between each site chronology and
monthly climate variables spanning from August before the
growth year to September of the current year’s growth. Sig-
nificant correlations were determined at a significance level
of |r| ‡ 0.28 (p < 0.05, n = 51). Patterns of correlation were
assessed to determine whether tree growth responded to spe-
cific seasonal climate variables (e.g., October–June precipi-
tation).

Tree growth often responds more closely to seasonal
climate variations (Fritts 1976). Therefore, nine composite
climate variables were determined based on patterns in cli-
mate–growth correlations. Five composite precipitation vari-
ables (Oct-Junppt, Sept-Octppt, Dec-Febppt, Apr-Junppt,
and Jun-Augppt) were developed by summing total precipi-
tation for months having large correlations with site chronol-
ogies. Four composite temperature variables (Sept-Novtemp,
Dec-Febtemp, Mar-Maytemp, and Jun-Augtemp) were cre-
ated by averaging monthly mean temperatures where corre-
lations suggested that a seasonal relationship may occur.
Stepwise regression with S-Plus 6.1 (Insightful Corporation,
Seattle, Washington) was applied to determine which sea-
sonal climate variable was the single best predictor of radial
stem growth. The seasonal climate variable most strongly
associated with growth (model of best fit) was decided
based on the largest extra sum of squares F test statistic and
the minimum Bayesian information criterion value of the
nine models developed for each site chronology.

Relationships between landscape variation, growth, and
drought response

Principal components analysis and biplot ordinations of
juniper and ponderosa pine site chronologies indicated that

elevation, site slope, potential radiation, and soil textural
features are potentially key landscape variables modulating
growth, drought stress, or climatic sensitivity (Knutson
2006). An index of growth for years of low precipitation
(DRHT) between 1950 and 2000 during October–June was
calculated for all site chronologies. DRHT was determined
by averaging each growth index for the nine driest years
(1955, 1959, 1966, 1968, 1973, 1977, 1990, 1992, and
1994). A ratio of growth in wet and dry years (W/D) was
also calculated from site chronologies for both species. The
average of the nine wettest years (1956, 1958, 1963, 1965,
1969, 1982, 1983, 1993, and 1998), also based on October–
June precipitation, was divided by DRHT to determine
values of W/D. Nine years were used to assure adequate
replication and temporal dispersion of wet and dry years be-
tween 1950 and 2000. Both W/D and DRHT have previ-
ously been used to assess growth sensitivities to climate
(Fekedulegn et al. 2003; Adams and Kolb 2005). W/D can
provide a useful measure of relative sensitivity of tree-ring
growth indices to precipitation in semiarid areas.

Bivariate relationships were explored with linear regres-
sion between each of the growth indicators (DRHT and W/
D) and environmental factors (slope and potential annual di-
rect incident radiation) that can affect forest productivity or
site stress. Significance was established at a = 0.05 for esti-
mates of the linear regression coefficients. Means of DRHT
and W/D for each species were also determined for low-
(1584 m) and high-elevation (1829 m) sites. Patterns in
DRHT were also explored in relation to soil texture proper-
ties found at the sites.

Results

Site chronology growth patterns
Site chronologies exhibited considerable interannual vari-

ability and common growth patterns (Fig. 1) across the
study area. The within-species mean correlation coefficients
between all site chronologies were 0.67 and 0.72 for western
juniper and ponderosa pine, respectively. Low growth index
values were commonly found for the years 1955, 1968,
1973, and 1977 as well as the early 1990s; periods of
above-average growth included 1963–1965, 1978, the early
1980s, and the mid- to late 1990s. Patterns of growth in
both species were similar across most sites (r > 0.60 for 12
of 17 sites) (Fig. 1). CHE site chronologies of both species
had significantly greater mean sensitivity than chronologies
from other sites (t32 = –3.26, p = 0.001). Mean sensitivity
averaged 0.23 and 0.27 for western juniper and ponderosa
pine, respectively, at the CHE sites versus 0.19 and 0.21 for
all other sites (Table 3). Standard chronologies prior to
autoregressive modeling also featured regular, annual
variations in growth that were similar to October–June pre-
cipitation (Fig. 2). Standard chronologies also featured low-
frequency lag effects possibly related to decadal patterns in
climate variability that were not present in residual site
chronologies (Figs. 1 and 2).

Climate–growth relationships of chronologies
Western juniper and ponderosa pine growth displayed

similar patterns of correlation with precipitation and temper-
ature (Fig. 3) across study sites. Monthly precipitation totals
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were often positively correlated with growth of both species.
Most significant precipitation correlations occurred from
October prior to the growing season to June or July of the
growing season (Fig. 3a). Mean temperature typically exhib-
ited negative correlations with growth in the growing season
summer months. Although few monthly mean temperatures
were significantly correlated with growth, June of the grow-
ing season was consistently a significant, negative correla-
tion in both species (Fig. 3b).

While the general pattern of correlation was similar across
sites and species, magnitudes of correlation coefficients dis-
played evidence of climate–growth modulation across spe-
cific site features. Sites with predominantly coarse-textured
and rocky soils (e.g., CHE2, CHE3, CHE5 and CHE6 in
Fig. 3) typically had larger absolute correlation coefficients
than comparative sites with fine-textured soils (e.g., CHE4,

CWM1, CWM2, and CWM3 in Fig. 3). Within each recon-
naissance area, low-elevation site chronologies (e.g., CHE1,
CHE2, and CHE3 in the Chewaucan area or DC1, DC3, and
DC5 in the Dent Creek area) had greater magnitudes of cor-
relation with precipitation compared with high-elevation
sites (Fig. 3a).

Stepwise regression models of site chronologies with
composite climate variables also implicated precipitation in
winter to spring months as the primary climatic predictor of
tree growth (31 of 34 cases) (Table 4). Winter–spring pre-
cipitation (October–June) was the best-fit composite climate
predictor for 68% of all site chronologies (23 of 34 cases)
(Table 4). Eight other site chronologies were best predicted
by smaller components of winter–spring precipitation (De-
cember–February precipitation and April–June precipitation)
(Table 4). Summer mean temperature (June–August) was the

Fig. 1. Time series plots of residual ponderosa pine and western juniper site chronologies for the period 1950–2000. Site codes and correla-
tion coefficients between each pair of site chronologies are presented in the upper left-hand corner.
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best-fit climate predictor for the DC4 juniper site chronol-
ogy. The variance described by climate–growth models (R2)
varied considerably, ranging from 0.08 to 0.60 (Table 4).

Spatial variations in drought growth rates and wet to dry
growth ratio

Mean DRHT at low elevations was 0.81 ± 0.06 (mean ±
95% confidence interval, n = 9) and 0.77 ± 0.06 for juniper
and pine, respectively. At the higher elevation sites, mean
DRHT increased to 0.88 ± 0.08 (n = 8) for juniper and
0.82 ± 0.08 for pine site chronologies. Conversely, mean
W/D of western juniper and ponderosa pine site chronolo-
gies decreased with elevation. W/D for western juniper was
1.44 ± 0.12 and 1.33 ± 0.19 at the low and high elevations,
respectively. W/D of pine site chronologies was decreased

from 1.52 ± 0.16 at low-elevation sites to 1.43 ± 0.22 at
high-elevation sites.

Potential annual direct incident radiation was positively
associated with DRHT for pine site chronologies (estimated
slope 1.09, p = 0.01, R2 = 0.39, df = 15). DRHT of juniper
site chronologies was not significantly associated with
potential radiation (p = 0.15). W/D was negatively associ-
ated with potential radiation in both juniper (estimated
slope –2.00, p = 0.01, R2 = 0.24, df = 15) and pine site chro-
nologies (estimated slope –2.90, p = 0.05, R2 = 0.36, df =
15). W/D of western juniper site chronologies increased
3.2% for each degree increase in slope (p = 0.04, R2 = 0.25,
df = 15), and W/D of ponderosa pine also increased at a rate
of 3.5% with increasing slope, but this linear relationship
was weak (p = 0.06). Drought-year growth decreased with

Fig. 2. Time series plots of standard site growth chronologies (prior to autoregressive modeling) and normalized October–June precipitation
for the period 1950–2000. Standard growth chronologies are plotted by species and elevation, and October–June precipitation was deter-
mined by dividing each annual value (mm) by the overall mean from 1950 to 2000.
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increasing slope in each species, but this relationship was
weak (p = 0.06 for ponderosa pine and p = 0.11 for western
juniper site chronologies). Patterns of DRHT for site chro-
nologies also suggest that site soil properties may influence
climate–growth relationships at the ecotone (Fig. 4). Sites
with sandy loam subsurface textures and more rock frag-
ments had lower DRHT compared with sites with silty clay
to clay subsurface textures, and a trend was evident in
DRHT across all subsurface texture types (Fig. 4). DC2,
DC4, and DC5, however, did not conform to this pattern
(Fig. 4).

Discussion

Climate–growth relationships
Dominant correlation patterns between growth and cli-

mate (positive winter–spring precipitation and negative
spring–summer temperature correlations) (Fig. 3) suggest
that stem cambial growth in the two species is highly de-

pendent on soil water recharge events during winter and
spring. In the semiarid climate of central Oregon, high evap-
orative demand and large soil water deficits during summer
months constrain carbon dioxide uptake and assimilation as
stomatal conductance is reduced in western juniper (Miller
and Schultz 1987; Miller et al. 1992). Photosynthetic output
and stomatal conductance in ponderosa pine within the re-
gion have also been found to be limited owing to the effects
of summer drought (Law et al. 2000; Panek and Goldstein
2001). Correlation patterns were similar across variations in
elevation, soils, and aspects, providing evidence that interan-
nual variability in soil moisture is a primary limiting feature
of radial growth at the pine–woodland ecotone.

The consistent patterns found in tree growth and the
climate–growth models reported also provide evidence that
radial growth of central Oregon western juniper and ponder-
osa pine is strongly influenced by regional climate patterns.
Precipitation in the winter–spring months accounted for
approximately one third to as much as 60% of the total

Fig. 3. Pearson correlations (r) between western juniper and ponderosa pine site chronologies and monthly climate variables for the period
1950–2000. Climate variables are (a) total monthly precipitation (mm) and (b) mean monthly temperature (8C) from the prior August
(pAUG) to September (Sep) of the year of ring formation. Bars indicate correlation coefficients and horizontal broken lines at r = ±0.28
represent 95% confidence intervals.
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variance in juniper site growth indices. A majority (82%) of
pine site chronologies were also linked to winter–spring pre-
cipitation. Our results support previous research (Graumlich
1991; Knapp et al. 2001a) indicating that precipitation varia-
tion during the winter–spring months is the primary climatic
variable associated with radial growth of western juniper in
central Oregon.

Although we found a consistent linkage between precipi-
tation and tree growth, our use of residual growth indices fo-
cuses on high-frequency, interannual variability and may not
adequately account for lag effects in juniper and pine
growth or in regional precipitation patterns. Patterns in
standard site growth chronologies prior to autoregressive
modeling and normalized October–June precipitation
(Fig. 2) as well as the high number of autoregressive terms
necessary for some series (up to a maximum of 5) (Table 3)
indicate that effects resulting from serial correlation were
present. The year 1992, which was a year of reduced growth

at most sites (Figs. 1 and 2), was not necessarily a strong
drought year but was rather preceded by 2–3 years of below
average precipitation (Fig. 2). While these types of lag ef-
fects were not accounted for through the use of residual
growth chronologies in our analyses, we are confident that
the robustness of our sample provided an adequate measure
of tree growth in relation to climate in the study area.

Landscape variations in drought and climate sensitivity
Our investigation of site chronology data from southern

Oregon suggest that western juniper and ponderosa pine
populations in the area are more sensitive to climate at
lower elevations, locations with increased slope, and on soils
with coarse texture or large amounts of rock fragments.
High values of W/D typically indicate increased sensitivity
of radial growth to moisture conditions (Fekedulegn et al.
2003). W/D increased and DRHT decreased with a relatively
small increase in elevation, and this indicates that tree

Table 4. Best-fit climate–growth regression models from stepwise regression analysis of re-
sidual site chronologies using nine composite climate variables as growth predictors.

Site code Species Climate–growth regression model F[1,49] R2

CHE1 Western juniper Index = 0.438 + 0.051 (Oct-Junppt) 51.48 0.51
Ponderosa pine Index = 0.340 + 0.060 (Oct-Junppt) 48.56 0.50

CHE2 Western juniper Index = 0.492 + 0.045 (Oct-Junppt) 45.23 0.48
Ponderosa pine Index = 0.678 + 0.076 (Dec-Febppt) 42.77 0.47

CHE3 Western juniper Index = 0.277 + 0.065 (Oct-Junppt) 60.76 0.55
Ponderosa pine Index = 0.203 + 0.073 (Oct-Junppt) 64.11 0.57

CHE4 Western juniper Index = 0.726 + 0.080 (Apr-Junppt) 24.98 0.34
Ponderosa pine Index = 0.793 + 0.016 (Oct-Junppt) 4.30 0.08

CHE5 Western juniper Index = 0.365 + 0.058 (Oct-Junppt) 67.12 0.58
Ponderosa pine Index = 0.311 + 0.063 (Oct-Junppt) 51.45 0.51

CHE6 Western juniper Index = 0.259 + 0.067 (Oct-Junppt) 42.61 0.47
Ponderosa pine Index = 0.224 + 0.071 (Oct-Junppt) 65.59 0.57

CWM1 Western juniper Index = 0.664 + 0.104 (Apr-Junppt) 28.49 0.37
Ponderosa pine Index = 0.658 + 0.031 (Oct-Junppt) 23.59 0.33

CWM2 Western juniper Index = 0.838 + 0.083 (Jun-Augppt) 18.12 0.27
Ponderosa pine Index = 0.800 + 0.045 (Dec-Febppt) 14.01 0.22

CWM3 Western juniper Index = 0.659 + 0.031 (Oct-Junppt) 21.62 0.31
Ponderosa pine Index = 0.488 + 0.046 (Oct-Junppt) 51.36 0.51

CWM4 Western juniper Index = 0.534 + 0.043 (Oct-Junppt) 23.34 0.32
Ponderosa pine Index = 0.600 + 0.036 (Oct-Junppt) 19.55 0.29

CWM5 Western juniper Index = 0.605 + 0.126 (Apr-Junppt) 41.02 0.46
Ponderosa pine Index = 0.598 + 0.036 (Oct-Junppt) 20.54 0.30

CWM6 Western juniper Index = 0.533 + 0.042 (Oct-Junppt) 22.13 0.31
Ponderosa pine Index = 0.517 + 0.044 (Oct-Junppt) 37.14 0.43

DC1 Western juniper Index = 0.589 + 0.036 (Oct-Junppt) 29.37 0.37
Ponderosa pine Index = 0.539 + 0.041 (Oct-Junppt) 22.58 0.32

DC2 Western juniper Index = 0.779 + 0.067 (Apr-Junppt) 21.98 0.31
Ponderosa pine Index = 0.636 + 0.032 (Oct-Junppt) 23.70 0.33

DC3 Western juniper Index = 0.570 + 0.134 (Apr-Junppt) 38.29 0.44
Ponderosa pine Index = 0.314 + 0.063 (Oct-Junppt) 74.73 0.60

DC4 Western juniper Index = 2.479 – 0.024 (Jun-Augtemp) 6.00 0.11
Ponderosa pine Index = 0.6685 + 0.030 (Oct-Junppt) 13.17 0.21

DC5 Western juniper Index = 0.8448 + 0.078 (Jun-Augppt) 16.11 0.25
Ponderosa pine Index = 0.795 + 0.048 (Dec-Febppt) 20.28 0.29

Note: Oct-Junppt, summed monthly precipitation (mm) from October to June; Dec-Febppt, summed
monthly precipitation (mm) from December to February; Apr-Junppt, summed monthly precipitation
(mm) from April to June; Jun-Augppt, summed monthly precipitation (mm) from June to August; Jun-
Augtemp, mean monthly temperature (8C) from June to August. All climate variable regression coeffi-
cients were statistically significant (F[1,49] ‡ 4.04, p < 0.05; F[1,49] ‡ 7.19, p < 0.01).
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growth in both species at higher elevations was less sensi-
tive to precipitation variation than growth at low elevations.
This finding is consistent with previous observations in tree-
ring studies (Watson and Luckman 2002; Adams and Kolb
2005). Trees growing at lower elevations are generally sub-
ject to higher temperatures and decreased precipitation and
tend to be more precipitation limited in semiarid environ-
ments (Fritts 1976). Linear relationships between W/D and
slope also suggest that stands with greater slopes also are
more sensitive to regional precipitation fluctuations.

Increased drought sensitivity of tree growth on soils with
increased sand or rock fragment composition also supports
the primary implication of the climate–growth relationships
that we identified: summer soil moisture stress is a limiting
constraint on growth of central Oregon pine forests and juni-
per woodlands. Sandy soil textures do not store water effi-
ciently owing to a greater percentage of macropores and
increased infiltration rates, thereby limiting tree growth and
productivity compared with other soil textures. Increases in
clay composition can, however, also limit access to water,
as matric potential effects increase as compared with
coarse-textured soils or through the development of restric-
tive layers that impede root growth. While our results indi-
cate that soil texture may be influential during drought
periods, we did not account for tree rooting depths. Both
western juniper and ponderosa pine roots can also access
cracks in bedrock. Although we did not characterize the
bedrock features or rooting depth at our research sites, dif-
ferences in these features could provide a reasonable explan-
ation for sites with more loam-type subsurface soils (e.g.,
DC2, DC4, and DC5 in Fig. 4) that had increased DRHT
means relative to other sites.

Positive relationships found between DRHT of western
juniper and potential radiation as well as negative relation-
ships between potential radiation and W/D for both species
did not agree with our prediction that stands with increased

radiation stress would be more climate sensitive. Potential
radiation, as applied in this study, is a measure of annual
radiation differences in cloudless conditions and does not
account for local topography, cloud cover (McCune and
Keon 2002), or canopy structural differences that will influ-
ence solar radiation fluxes. This limitation and the narrow
range of latitudes may have contributed to unexpected rela-
tionships found between growth and potential radiation. We
suspect that a small gradient of 0.18 MJ�cm–2�year–1 and
only four sites in the study below 0.90 MJ�cm–2�year–1 may
have limited our application of potential radiation as an
indicator of stress. A number of others factors that affect
radiation processes such as percent understory cover, litter
and duff quantity, or soil color could also be operating to
affect site heat loads.

Potential implications
The consistent climate signal within ponderosa pine and

western juniper indicates limitation of soil moisture within
central Oregon forests, particularly at the pine–woodland
ecotone, and supports use of winter–spring precipitation for
the area when modeling growth response to future climate
perturbations. The findings reported here also support use of
precipitation in conjunction with topographic and edaphic
factors. Predictions of increased winter precipitation for the
Pacific northwestern United States (Snover et al. 2003)
could enhance productivity of these two tree species. In a
future climate with higher temperatures, however, it will
also be necessary to consider the specific drought tolerances
of both western juniper and ponderosa pine, particularly at
the ecotone of the two species. At these locations, mortality
increases in both species could occur rapidly during ex-
tended periods of drought.

Drought sensitivity of western juniper and ponderosa pine
varied as a function of landscape features that included ele-
vation, slope, and soil texture. Variations found in climatic
sensitivity of pine and juniper support patch-based dynamics
of potential climate-induced vegetation change (Neilson
1993) in central and southern Oregon dependent on local
environmental features at the ecotone. Drought-induced
mortality of pinyon pine in the southwestern United States
has previously been associated with increased tree-ring
variation (Ogle et al. 2000). Based on our findings, juniper
and pine populations at lower elevations with either steep
slopes or coarse-textured soils will be more prone to
drought-induced mortality and the possibility of consequent
vegetation change. The predicted shift to warmer future tem-
peratures and a generally more variable climate in the region
(Snover et al. 1998, 2003) will likely increase the frequency
or intensity of drought effects at these extreme sites, poten-
tially enhancing shifts in vegetation type or structure.

Previous large-scale droughts from 1733 to 1980 in cen-
tral Oregon during Pacific Decadal Oscillation warm phases
led to severely reduced growth rates regionally in western
juniper (Knapp et al. 2004). While it is not clear whether
these previous drought events caused region-wide mortality
in western juniper or ponderosa pine, recent droughts in the
southwestern United States have led to increased drought-
induced mortality of both pinyon (Breshears et al. 2005)
and ponderosa pine (Allen and Breshears 1998). Drought-
induced stress allowed bark beetle infestations that killed

Fig. 4. Mean growth of the nine driest years from 1950 to 2000
(DRHT) for western juniper and ponderosa pine residual site
chronologies as a function of soil subsurface texture types found at
the study locations.
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as much as 90% of the dominant tree species (pinyon pine)
at some locations (Breshears et al. 2005). Several bark bee-
tle species, particularly of the Dendroctonus genus, can in-
duce tree death in ponderosa pine during periods of stress
such as drought (Curtis and Lynch 1965). Insect outbreaks
in western juniper typically do not result in tree death ex-
cept in the most extreme periods of stress (Miller et al.
2005). While growth of both juniper and pine at our study
sites displayed similar patterns in response to drought
(Figs. 1, 2, and 4), calculated drought means were greater
for juniper at 13 of 17 sites (Fig. 4). Both species are con-
sidered drought tolerant, but morphological adaptations of
juniper, such as protected stomata and thick cuticles
(Miller and Schultz 1987), should permit western juniper
to survive and adapt to future drought and concomitant in-
sect attacks better than ponderosa pine. While predicting
effects of a future climate on central and southern Oregon
forests is often difficult, land managers who seek to safe-
guard even-aged pine–juniper stands against drought die-
back or increased fuel accumulation might consider
focusing silvicultural prescriptions on harsh, climate-
sensitive sites at lower elevations.
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