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ABSTRACT

Western juniper (Juniperus occidentalis Hook.)

woodlands have persisted for millennia in semiarid

parts of the northern Great Basin, USA, providing

critical habitat for plant and animal species. His-

torical records suggest that the establishment of

western juniper is strongly associated with regional

climatic variability. For example, the abundance of

western juniper pollen and macrofossils measured

in lake sediment cores increased rapidly in the mid-

1500s, concurrent with a regional increase in

winter precipitation. However, little is known

about how climatic factors interact with landscape

structure to control the spatial distribution of

western juniper at fine scales and at lower tree-

lines. We used tree rings to reconstruct a spatially

distributed history of establishment for 421 western

juniper trees across 130 ha on Horse Ridge in

central Oregon. Establishment occurred between

845 and 1961 CE, but most trees established after

the mid-1550s. The pronounced sixteenth century

pulse of establishment represents a transition from

more open wooded shrublands to persistent

woodlands and coincides with an increase in cool-

season moisture and generally cool summer tem-

peratures. Ancient trees that established before this

were limited to certain microsites, suggesting that

local topoedaphic conditions influenced juniper

woodland demography and distributions, although

we could not identify consistent environmental

drivers. In the future, warmer and drier growing

season conditions and a potential increase in

wildfire activity may broadly limit western juniper

recruitment and its distribution across the region,

but at finer scales landscape features that buffer

climate change impacts or provide fire safe niches

may serve as refugia.
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HIGHLIGHTS

� Old-growth western juniper woodlands estab-

lished under cooler, wetter climates.

� Climate and landscape structure create juniper

establishment and survival niches.

� Climatic change and increased wildfire may limit

juniper to local refugia.

INTRODUCTION

Some of the oldest stands of trees in the inter-

mountain region of the western USA are semiarid

woodlands of Juniperus species, including western

juniper (Juniperus occidentalis Hook.) (Chambers

and others 1999; Miller and Rose 1999). Ancient

western juniper stands—including trees nearly

3000 years in age—are ecologically distinct from

more recently established western juniper wood-

lands that expanded during the twentieth century

into areas previously dominated by shrubs and

grasses (Miller and Wigand 1994; Chambers and

others 1999). Although western juniper woodlands

currently occupy more than three million hectares

of the northern Great Basin Province (Figure 1a),

only three to five percent of these woodlands are

considered old growth, that is, greater than

300 years old (Waichler and others 2001). In con-

trast to more recently established juniper wood-

lands, old-growth western juniper ecosystems have

received little attention (Miller and Rose 1999;

Waichler and others 2001; Jacobs and others 2008).

Anthropogenic climate changes are a leading and

widespread cause of tree species range shifts and

local extinctions, reduced biodiversity, loss of

ecosystem resilience, and altered disturbance re-

gimes of a magnitude not previously observed in

the long-term ecological record (Root and others

2003; Chen and others 2011; Stevens-Rumann and

others 2019). In western North America, much of

the research on contemporary climate change im-

pacts on arid woodlands has focused on commu-

nities of piñon pine (Pinus edulis Engelm.) and one-

seeded juniper (Juniperus monosperma (Engelm.)

Sarg.) (Breshears and others 2005, 2009, 2018). In

these ecosystems, hotter droughts and intensified

disturbances are a leading cause of increased tree

mortality and regeneration failure (Breshears and

others 2005; Abatzoglou and Williams 2016; Red-

mond and others 2018; Davis and others 2019). In

contrast to woodlands containing piñon pine,

globally the most studied species for drought-in-

duced tree mortality (Breshears and others 2018),

the relationships of climate, disturbance, and

demography (recruitment, growth, and survival)

have not been extensively characterized for west-

ern juniper woodlands, which contain a compara-

tively larger juniper component in the overstory

and a distinct herbaceous and shrub composition

(Jacobs and others 2008). Much of our under-

standing of western juniper ecology, establishment

history, environmental drivers of biogeographic

and demographic patterns, and resilience to dis-

turbance is based on recent studies that provide

limited understanding of the long-term ecological

dynamics of this species and its vulnerabilities to

changing environmental conditions.

Old-growth western juniper communities fill

unique and significant biological and ecological

roles and provide long-term climate records

(Kaufmann and others 1992; Miller and others

1999). Old trees are morphologically distinct, with

large, spreading, and irregular canopies, thick,

furrowed bark, cavities and hollows on the main

stems, and thick and twisted lower limbs that are

often covered in fruticose lichens (Waichler and

others 2001; Miller and others 2005). This struc-

tural complexity is important for wildlife, for

example, as roosting sites for western long-eared

bats (Myotis evotis Allen 1864) (Anthony and San-

chez 2018) and nesting sites for birds, which are

more abundant in old-growth than in more re-

cently established stands (Reinkensmeyer and

others 2008). Structurally complex old-growth ju-

niper woodlands support higher avian diversity and

breeding bird density than are found in sagebrush-

steppe and early and late-seral shrub–steppe com-

munities (Reinkensmeyer and others 2007). Eco-

logical interactions and food web relationships are

typically more complex in old-growth forests,

including enhanced decay processes and nitrogen

fixation in snags, downed wood, and decayed

portions of living trees, fungal-small mammal

relationships, and canopy-supported communities

of invertebrates and cryptogams (Moir 1992).

Climate and fire are the major drivers of demo-

graphic and spatial patterns of western juniper

(Wigand 1987; Miller and Wigand 1994; Chambers

and others 1999; Miller and others 2005). Recon-

structions of long-term climate, vegetation, and

disturbance histories of juniper ecosystems are de-

rived from a variety of proxies, including lake levels

and salinity (Cohen and others 2000), tree-rings

(Cook and others 2004, 2014), plant pollen and

macrofossils (Mehringer and Wigand 1990), and

charcoal (Wigand 1987). These records indicate

that mild, wet periods in the Holocene (early Ho-

locene, 11,500–8000 years before present [ybp];
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Neoglacial, 4500–2500 ybp; Little Ice Age, 550–150

ybp) may have allowed for rapid woodland

expansion and downslope movement of western

juniper into comparatively drier shrub-steppe

communities (Wigand 1987). During the warmest

parts of the Holocene (mid-Holocene, 8000–5500

ybp; Post Neoglacial Drought, 2500–1300 ybp)

woodland distributions contracted and their

northward migration slowed or stopped. Regional

declines in western juniper co-occurred with severe

drought and major fires during the late Holocene

(2500–1500 years ybp; (Mehringer and Wigand

1987; Miller and Wigand 1994).

In contrast to Holocene epoch patterns, recent

expansions of western juniper woodlands during

the nineteenth century occurred during a period of

increasing aridity across the western USA (Meh-

ringer and Wigand 1990; Miller and Wigand 1994;

Chambers and others 1999). Proposed drivers of

the nineteenth century expansion are a combina-

tion of anthropogenic and ecological processes.

These include decreased fire frequency as a conse-

quence of fire suppression and grazing impacts on

the fine fuel loads that typically sustain surface fires

in arid systems, biological inertia, and improved

water use efficiency associated with fertilization

effects from anthropogenic CO2 emissions (Knapp

Figure 1. Location of the Horse Ridge study site east of the Cascade Mountains in central Oregon, USA, within the

contemporary range of western juniper (Juniperus occidentalis Hook., Miller and others 2005), shown in green; basemap

provided by Google Earth (a); the grid of sampling plots and trees sampled between plots within the complex topography

of the site (b); low tree density characteristic of the Horse Ridge western juniper woodland study site (c); old western

juniper often have large basal limbs that we sampled to avoid widespread heart rot (d); with an arrow indicating the pith;

the presence of dead wood in tree canopies suggests no or limited historical presence of spreading canopy fire at the site

(e).
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and Soulé 1998; Soulé and Knapp 2000; Romme

and others 2009). Other studies have highlighted

the role of landscape structure in modulating cli-

mate effects on recent western juniper growth and

on structuring woodland spatial patterns. For

example, Knutson and Pyke (2008) found that

topographic and edaphic factors influenced

drought sensitivity—and, potentially, tree recruit-

ment and mortality—of recently established west-

ern juniper woodlands in southern Oregon.

Landscape and environmental controls on old-

growth western juniper woodlands are not broadly

characterized. Most ancient western juniper trees

(> 1000 years) are found in areas where surface

fuels are sparse (Miller and Rose 1995, 1999).

Historically, wildfire limited conifer encroachment

into shrub-grassland communities in the Inter-

mountain West (West 1999; Davies and others

2019) because most fires kill all young western

juniper (< 50 years old) and nearly all adult

western juniper (Miller and Wigand 1994; Cham-

bers and others 1999). As a result, western juniper

woodlands were confined mainly to fuel-limited

areas or to fire safe niches, such as productive sites

where dense trees limited the growth of understory

fuels (Johnson and Miller 2008). However, fire

appears not to have played a role in juniper

demographic patterns in central Oregon, where

uneven-aged stands and presence of old standing

wood and down woody debris suggest absence of

any major stand-replacing fires within the 450-year

plus record (Waichler and others 2001). Weisberg

and others (2008) found that although old-growth

woodlands were more likely to occur on fire-safe

sites, topographic position likely facilitated wood-

land distribution. In a study of environmental fac-

tors influencing the establishment of western

juniper in east-central Oregon, rates of tree estab-

lishment increased with elevation and decreased

with southerly exposure for stands that established

in the mid-1800s (Johnson and Miller 2006),

indicating the importance of topoclimatic controls

on juniper demography.

In the northern Great Basin, much of the infer-

ence about long-term patterns of western juniper

demography was derived by proxy from two lake

sediment cores extracted from Diamond Pond and

Fish Lake in the Steens Mountains of southeastern

Oregon (Miller and Wigand 1994). These recon-

structions document two recent (ca. < 1000 ybp)

periods of western juniper expansion in the Great

Basin: a mid-1500s gradual expansion into previ-

ously xeric sites, attributed to a pattern of stronger

winter precipitation that developed about

500 years ago; and a late 1800s expansion facili-

tated by reduced fire frequency following cessation

of Native American intentional burning and re-

moval of fine fuels through grazing (Mehringer and

Wigand 1990; Miller and Wigand 1994).

This study was motivated by the lack of infor-

mation on historical wildfire regimes and demo-

graphic controls on western juniper, particularly in

old-growth stands in semiarid woodland settings.

An understanding of climate and landscape con-

trols on western juniper demographic and spatial

patterns informs conservation and management of

the species and dependent wildlife populations

throughout its range. Western juniper woodlands

in various stages of structural development domi-

nate large land areas over broad environmental

gradients, but these woodlands are often treated

generically in management plans and resources

assessments (Waichler and others 2001). For

example, tree removal via bulldozing, chaining,

prescribed fire, and herbicide application has been

implemented to improve capture and storage of

water in soils, increase late-season streamflow, and

improve rangeland and wildlife habitat (Bates and

others 2017; Davies and Bates 2017), but these

control measures are based on the premise that

western juniper is invasive to shrublands

throughout its range (Belsky 1996), rather than a

constituent old-growth woodland ecosystem.

Our study of western juniper centers on a low-

elevation western juniper woodland site in central

Oregon, near theHorse Ridge ResearchNatural Area

(hereafter, HorseRidge) in thenorthernGreatBasin.

Woodlands in this area comprise the most extensive

old-growth western juniper woodlands in the spe-

cies’ range (Waichler and others 2001). Horse Ridge

is an optimal place to investigate demographic pat-

terns and drivers because the site includes what ap-

peared visually to be spatial variation in tree ages

that was different from the pattern on less topo-

graphically diverse, nearby areas; thus, it offered the

potential for more insights into controls on recruit-

ment, growth, and survival. Horse Ridge lies 200 km

from the SteensMountains site, allowing us to assess

whether the climate variables previously identified

as drivers of juniper demography were influential at

broader, regional scales. The fine-scale topographic

variability at Horse Ridge provided a further oppor-

tunity to evaluate how local landscape physical

characteristicsmayhavemoderated regional climate

and influenced demographic patterns at these finer

scales.
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Our objectives were to:

1. Describe spatially distributed, demographic pat-

terns of old-growth western juniper trees using

tree rings;

2. Relate spatial and temporal patterns of western

juniper demography to potential drivers of cli-

mate, wildfire, and landscape structure;

3. Assess the potential vulnerability of old-growth

western juniper woodlands to future climate

changes, wildfire activity, or other stressors.

We documented a millennial demography of

western juniper from a gridded reconstruction of

crossdated tree ages; compared demographic pat-

terns to climate reconstructions, including a fine-

scale reconstruction of cool-season (Sep–Jun) total

precipitation developed for this study; and exam-

ined the potential role of wildfire, climate, and

landscape structure in influencing patterns of

demography using field-measured and derived

landscape variables.

METHODS

Study Area and Sampling Design

The Horse Ridge study area is a western juniper

woodland site located 30 km southeast of Bend,

Oregon on land managed by the Prineville District

of the Bureau of Land Management (latitude 43�
56¢ 16¢¢, longitude - 121� 2¢ 56¢¢; Figure 1a, c). The

study area lies at 1200 m above sea level on the

north face of Horse Ridge, north of the Horse Ridge

Research Natural Area (Hall 1972; Schuller and

Halvorson 2008). Winters are cold and summers

are warm and dry; as summarized from instru-

mental records (1914–2012) in nearby Bend (ele-

vation 1108 m) mean annual precipitation

averages 29 cm, with only 16% falling during

summer (Jun–Aug), and monthly temperatures

range from an average minimum of - 6 �C in

January to an average maximum of 28 �C in July

(Western Regional Climate Center 2013). The ridge

is composed of old (> 5 mya), primarily basaltic

volcanic rocks (MacLeod and others 1982; Geitgey

1992) overlain by nutrient-poor ash soils that

developed from tephra ejected by Mount Mazama

about 7600 ybp (Geist and Cochran 1991; Egan and

others 2015). These soils have low thermal con-

ductivity, but the radiation frosts that are common

on the surrounding pumice plateau are not com-

mon here because the site is sloped (Schuller and

Halvorson 2008). In 1886 CE, George Millican

homesteaded just east of Horse Ridge and the sur-

rounding area was densely settled by the early

twentieth century (Brogan 1964), but a lack of

water has prevented significant domestic livestock

grazing on Horse Ridge (Schuller and Halvorson

2008).

We selected our study site to avoid two small,

recent prescribed fires near the ridge, but to include

areas where some live western juniper trees were

felled in 2001 and 2003 and thus could be easily

sampled. The site is crossed by a recreational trail

but has no roads. Prior to field sampling we mapped

a 130-ha grid of 21 plots with a spacing of 250 m to

capture the variation in landscape structure arising

from a series of small north–south drainages (Fig-

ure 1b). Following a field assessment, we moved

five of these plots 10 to 50 m to avoid trails or

ridges.

Tree Demography

At each plot we used n-tree density-adapted sam-

pling to identify the 20 live or dead trees that were

closest to plot center and at least 10 cm in diameter

at 30 cm height from the ground surface (Jonsson

and others 1992; Lessard and others 2002). We

computed plot size from the distance of the farthest

tree sampled (area of plot = p 9 [distance from plot

center to farthest tree sampled]2/10,000). This dis-

tance varied from 13 to 29 m (20 ± 5 m, aver-

age ± standard deviation) resulting in plot sizes of

0.06 to 0.26 ha (0.13 ± 0.07 ha). In each plot, we

tallied the small trees we did not sample, that is,

those that were at least 30 cm in height, but less

than 10 cm in diameter.

Obtaining the recruitment dates of old western

juniper trees is challenging because the pith of their

main stems is often destroyed by heart rot (Knapp

and Soulé 1999). However, individuals of this

species often have large, basal limbs lacking heart

rot so we sampled full or partial cross sections from

the basal limbs of trees with heart rot (Figure 1d).

For most trees, we used a chain saw to remove (a)

sections from one or two limbs (48% of trees), (b)

one or two partial sections from the main stem

(26%, mostly from dead trees), or (c) sections from

limbs plus the main stem (7%) to test our

assumption that basal limbs were similar in age to

main stems. From the remaining trees, we used an

increment borer to remove a core from the main

stem (19%). We also collected wood samples from

two stumps and three snags that we encountered

between plots because they appeared to be partic-

ularly old. We recorded the presence or absence of

charred wood on each tree.

We sanded all wood samples until the cell

structure was visible with a binocular microscope

Western Juniper Demography in Great Basin USA



and assigned calendar years to tree rings by visually

crossdating ring widths, assisted by cross-correla-

tion with a measured ring-width chronology for

some trees (13%; Holmes 1983). The measured

chronology was derived from trees we sampled in

our plots, combined with an existing chronology

(Meko and others 2001). Some samples could not

be crossdated (13%) so we excluded them from

analyses requiring precise dates but included them

in analyses that did not (for example, modern tree

density).

We estimated tree recruitment dates from actual

or estimated pith dates at sampling height

(30 ± 11 cm high for main stem samples and

26 ± 17 cm for limb samples). For samples that did

not intersect pith (19% of crossdated trees), we

estimated the number of years to pith geometrically

(Applequist 1958; Duncan and Stewart 1991;

average correction 10 ± 18 years). We obtained

death dates for all dead trees for which we had

outside rings from main stem samples. Tree death

dates cannot be obtained from limbs of this species

because the cambium often dies around all or part

of the circumference of a limb before the tree itself

dies. We defined old-growth plots as those con-

taining at least one tree that established before

1500 CE, and for each plot calculated old tree

density (number of trees establishing prior to 1500

CE per plot area).

Plot Characteristics and Evidence of Fire

We recorded the location, elevation, aspect, and

percent slope of each plot in the field, measured soil

depth, and visually classified the soil type. We as-

signed each plot to a slope position (valley bottom,

lower slope, middle slope, upper slope, or ridge)

relative to the study area as a whole and assigned

each plot to a plant association (sensu Driscoll

1964). In a 5.6-m fixed-radius subplot, we recorded

the presence of all understory species and visually

estimated ground cover in six categories (rock, bare

ground, shrubs, perennial grasses, perennial forbs,

and annual forbs) by classes (< 1%, > 1–

10%, > 10–30%, > 30–50%, > 50–70%, > 70–

90%, or > 90–100%) and classified slopes as

shallow (0–10%), moderate (11–35%), or steep

(> 35%) (Sankey and Germino 2008). We looked

for evidence of past fires by examining the boles of

all live or dead sampled trees for char and fire scars.

Landscape Characteristics

For each plot, we derived four landscape variables

potentially related to tree demography and plant

community establishment: classified aspect, topo-

graphic position, site exposure, and solar radiation

(Wilkinson and Humphreys 2006; Davies and

others 2010). We reclassified field-measured aspect

to cardinal directions, where 316� > N < 45�;
46� > E < 135�; 136� > S < 225�; and

226� > W < 315�, to create unique, non-over-

lapping classes from the circular variable. We cal-

culated a three-position (canyon, slope, or ridge)

topographic position index (TPI) for 15-pixel

neighborhoods, using the LandFacet Corridor De-

signer Extension (Jenness and others 2013). The

TPI classification reflects the difference between the

elevation in a particular cell and the average ele-

vation of the cells around it (neighborhood) and

thus represents fine-scale, relative topographic

position. We calculated a relative mean site expo-

sure index (SEI) (possible range - 100 to 100) that

identified cool (lower values) versus warm (higher

values) pixels (Johnson and Miller 2006) using

map algebra tools, and we determined summer

season (Jun–Aug, reference year 1500) solar radi-

ation—a variable that provides a measure of the

heat load incident on the variable surface of the site

(Fu and Rich 2002). The base data layer for all

calculations was a 1/3 arc-second (� 10 m resolu-

tion) digital elevation model (DEM) acquired from

the USGS National Elevation Dataset (Gesch and

others 2002). All derived variables were calculated

using ArcGIS 10.3.1 (Environmental Systems Re-

search Institute 2015) for a 30-m radius circular

area around the center of plots, a buffer distance

that corresponds to the maximum tree distance

from plot center in our study.

Climate Reconstructions

To capture potential seasonal climate responses

related to juniper establishment, we used existing

millennial-length climate reconstructions of sum-

mer temperature and summer Palmer Drought

Severity Index (PDSI, Alley 1984) and produced a

new tree-ring based reconstruction of cool-season

total precipitation (Pederson 2022). The summer

(May–Aug) temperature reconstruction data were

provided by the last millennium Northern Hemi-

sphere dataset from Anchukaitis and others (2017)

and were derived by averaging grid points sur-

rounding our study area (latitude 43.5 to 46.5� and
longitude - 122 to - 117.5�). The summer (Jun–

Aug) PDSI data were extracted from a grid point

150 km northeast of Horse Ridge (grid point 44,

45�N- 120�W) (Cook and others 2004).

To reconstruct cool-season (Sep–Jun) total pre-

cipitation, we used the network of tree-ring

chronologies from the Columbia River streamflow

R. A. Loehman and others



reconstruction by Littell and others (2016),

extracting all records exhibiting a significant

(p £ 0.05) correlation to the gridded 4 km

Parameter-elevation Relationships on Independent

Slopes Model (PRISM) instrumental precipitation

dataset described below. Chronology quality checks

are detailed in Littell and others (2016), and stan-

dardization was performed using program ARSTAN

(version 40c) with an initial detrending based on

either a negative exponential curve or negative

linear trend fit through the measured ring-width

series (see Cook and Holmes 1984; Cook 1985). If

the initial detrending equations resulted in a poor

growth curve fit, we used a mean line or a cubic

spline two-thirds the length of the series. The mean

chronology was calculated as the weighted robust

mean of the detrended series, and variance stabi-

lization was performed following methods from

Briffa (1999) to reduce the influence of decreasing

sample size.

Instrumental precipitation calibration data were

generated from PRISM (Daly and others 2008) as

the average of the 4 9 4 km grid cells of total

monthly precipitation across Deschutes County,

Oregon. The gridded PRISM precipitation data were

checked against the observed precipitation dataset

used to drive the variable infiltration capacity (VIC)

hydrologic model (Hamlet and others 2005, 2007)

and were found to be reasonably homogeneous

(R2 = 0.703) over the period tested (1917–2006

CE) considering the different grid sizes and non-

equivalent spatial extent. A scatter plot and time

series comparing the PRISM and VIC Sep–Jun total

precipitation averaged for Deschutes County, Ore-

gon shows very close agreement among the two

datasets, with the mean of the VIC dataset slightly

higher than the mean of the PRISM dataset (Fig-

ure S1).

A total of 20 chronologies were retained after

correlation screening for the regression model

predictor pool. A subset of 12 of these chronologies

then entered into one of three nested reconstruc-

tion models (Supplemental Tables S1 and S2). The

final cool-season (Sep–Jun) total precipitation

reconstruction (Figure S2) was produced by nesting

successively longer, but statistically weaker, best-fit

multiple linear regression models through time.

Additional details on nesting and complete recon-

struction procedures are described in Woodhouse

and Pederson (2018). Regression models were

constructed using a best subsets extensive search

criterion within the ‘‘leaps’’ package (Lumley

2013), with additional standard dendrochronolog-

ical analyses and time series functions performed in

package ‘‘dplR’’ (Bunn 2008, 2010; Bunn and

others 2016) in the analytical program R (R Core

Team 2020). Selection of the final suite of ‘‘best’’

nested models was based on the Mallow’s CP

statistic, adjusted R2 values, and results from cross-

validation. Models were cross-validated using the

leave-one-out and K-folds method in the ‘‘cvTools’’

package (Alfons 2012). In the K-folds cross-vali-

dation method, a random set of 10 sequential

observations was withheld from model fitting for

use in prediction testing, with this function then

replicated 100 times. Resulting cross-validation

statistics provide a mean, median, and full distri-

bution of prediction errors that are displayed in

units of root mean squared error of the validation

data (RMSEv) (Figure S2, Data S1). Skill ranged

from R2 adj of 0.420 to 0.561, with cross-validation

statistics from the leave-one-out and leave-10-out

method equivalent producing RMSEv ranging from

72.25 mm to 80.01 mm (Figure S2, Table S2). The

successively longer (but weaker) reconstructions

were mean and variance scaled to match the mean

and variance of the observed precipitation record,

then nested forward and backward in time to

generate a single time series of the reconstruction

spanning 1000–1991 CE. This approach corrected

for artificial variance reduction from regression that

arises due to the reduced quality of the longer

nested models.

Analysis

After testing for normality and homogeneity of

variances we used Welch’s two sample t-tests

(Derrick and others 2017) to test for differences in

elevation, slope, summer solar radiation, and site

exposure (continuous landscape variables) for plots

with old versus young trees, that is, plots with trees

that recruited before versus after 1500 CE. To assess

the relationship of the density of old trees (non-

normally distributed) to categorical landscape

variables of aspect, topographic position, slope

class, and cover class of bare ground, rock, and

perennial grass we used the Kruskal–Wallis test by

ranks (Kruskal and Wallis 1952) followed by post

hoc Dunn’s tests (Dunn 1964) with a Bonferroni

correction for variables with significant p-values

(p £ 0.05) (Zar 1984). To assess the relationship of

reconstructed climate variables to juniper estab-

lishment we first binned tree establishment dates

into 25-year bins beginning with the year 800 CE.

An ‘‘establishment pulse’’ was then defined as any

25-year bin within which 15 or more trees estab-

lished into the Horse Ridge population. We defined

the peak recruitment phase as the 200-year period

1550–1750 CE, the interval during which the vast

Western Juniper Demography in Great Basin USA



majority of the living trees at the site established,

with the steepest recruitment curve remaining at or

above the 15-tree establishment threshold for each

of the 25-year bins (Figure 4d and e). Climate

variables were then assessed for significant

anomalies over the period of peak recruitment

phase (1550–1750 CE) versus the entire record

(with 1550–1750 CE removed) by comparing ker-

nel density functions and the means using Welch’s

unequal variances and sample size t-test. As a

sensitivity test, this analysis was also re-run on the

cool-season precipitation reconstruction with the

severe 1612–1660 CE 50-year drought removed

from the otherwise wet 200-year peak recruitment

phase.

RESULTS

Tree Demography

Most of the 421 western juniper trees in our plots

were alive when we sampled them in 2009 (63%)

or were felled in 2001 or 2003 (23%). The rest

were snags (13%) or logs (1%). Felled trees oc-

curred in 12 plots (8 ± 5 trees per plot). We ob-

served heart rot in at least 25% of all trees. Despite

lacking false rings, the western juniper samples we

collected were challenging to crossdate because

many rings were locally absent, but we obtained

recruitment dates or minimum recruitment dates

for most trees (87%). Of the 55 trees we were

unable to crossdate, most were limb samples

(78%). Most were also from live trees (97%). Un-

dated trees occurred in most plots (76%) with an

average of three trees per plot (range one to nine

trees).

The pith dates we obtained from limbs (45% of

trees) were generally similar to those we obtained

from main stems (55% of trees). For most of the 15

trees from which we were able to date both types of

wood samples, the difference in pith dates was no

more than 28 years, with pith dates from the main

stem being older than those from limbs for all but

one tree. Two trees differed more substantially in

pith dates from limb versus main stem samples: 50

and 93 years. At the site level, the chronology of

pith dates from main stems was similar to that from

limbs (Figure 2).

Tree recruitment was not constant through time.

Western juniper trees have been present at our site

for at least 1400 years and most of the trees we

sampled were pre-settlement; 93% established be-

fore 1886 CE, when the first Euro-American set-

tlers homesteaded near Horse Ridge (Miller and

others 2005), and only 24 trees recruited after 1870

CE (Figure 4e). A few trees recruited during most

decades, with an abrupt increase in recruitment

about 500 years before present and peak recruit-

ment (> 15 trees established in a 25-year period)

from 1550 through 1750 CE (Figure 4e). Small

trees (at least 30 cm in height, but less than 10 cm

in diameter) were widespread (4 ± 3 trees in 17

plots) but occurred at low densities (31 ± 33 tree-

sÆha-1) compared to mature trees (130 ± 48 tree-

sÆha-1). The five trees we sampled between plots

were among the oldest; they established between

864 and 1145 CE and occurred along the north and

east sides of the sampling grid (Figure 5).

Despite the remarkable preservation of dead

wood at this dry site, we obtained few tree death

dates and they all occurred during the twentieth

century (1929–1934 CE; plots 15F, 15H, 15I, 16F,

16G, 16H, and 17H). We sampled 65 snags and logs

but obtained death dates for only 11 of them be-

cause (a) the samples did not crossdate (four trees),

(b) the outside rings had eroded (24 trees), or (c)

the samples were obtained from limbs (26 trees).

Plot and Landscape Characteristics

Our 21 plots spanned 150 m in elevation, from

1140 to 1290 m; half faced north (11) and half ei-

ther west (6) or east (4) (Table 1). Most plots (86%)

had moderate slopes (11 to 38% slope) and the rest

were steep (40 to 51% slope). Slope position was

recorded as valley bottom or lower slope for 19% of

plots, middle slope for 52% of plots, and upper

slope or ridge for 29% of plots. Plots were posi-

tioned in topographic relative positions identified

as canyons (24%), slopes (52%), and ridges (24%).

Site exposure index (SEI) values ranged from -

34.98 (relatively cooler setting) to 4.91 (relatively

warmer setting), with a mean SEI of - 17.25.

Summer season solar radiation ranged from

468,404 to 529,885 WhÆm-2 (mean 503,762

WhÆm-2), with larger values indicating plots with

higher global incident radiation. We found little

variation in soil type or vegetation composition

across the site. Soils were 42 ± 19 cm deep and

classified as moderately deep, frigid, Vitrandic

Haploxerolls in all but three plots (15F, 16C, 16G)

for which soils were identified as deep to moder-

ately deep mesic Vitritorrandic Haploxerolls (Soil

Survey Staff 2019). Western juniper, the only tree

species on Horse Ridge, occurred in every plot, as

did mountain big sagebrush (Artemisia tridentata

Nutt. ssp. vaseyana (Rydb.) Beetle), Idaho fescue

(Festuca idahoensis Elmer), and bluebunch wheat-

grass (Pseudoroegneria spicata (Pursh) Á. Löve ssp.

spicata). We assigned all plots to Western Juniper/

R. A. Loehman and others



Figure 3. Tree demography by plot. Each panel is from a single plot within our sampling grid, but rotated so that north is

to the left. In each panel, horizontal lines represent individual trees, where lines between pith and bark dates indicate tree

life span and those between inner and outer dates indicate the tree-ring record that was present or datable for that tree.

Figure 2. The chronology of tree recruitment we derived from main stem samples (a) across the site was similar to the one

we derived from limb samples (b).
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Mountain Big Sagebrush plant associations, most

(67%) in the Idaho Fescue-Bluebunch Wheatgrass

association and the rest in either the Bluebunch

Wheatgrass-Idaho Fescue (19%) or Bluebunch

Wheatgrass (14%) associations. Prairie junegrass

(Koeleria macrantha (Ledeb.) Schult.), Sandberg

bluegrass (Poa secunda J. Presl), and western tan-

symustard (Descurainia pinnata (Walter) Britton)

also occurred in all or nearly all plots. Exotic

annuals were rare; cheatgrass (Bromus tectorum L.)

Figure 4. Climate reconstructions and western juniper recruitment at Horse Ridge. All climate series were smoothed with

cubic splines that retain 50% of the variance at periods of 50 years. a Cool-season (Sep-Jun) total precipitation

reconstructed for this analysis, b Summer temperature (May-Aug), c Summer PDSI (Jun-Aug), d Number of live trees,

and e Recruitment of trees through time, with the dashed line showing the recruitment threshold (> 15 trees established

in a 25-year period) defined for this study. For all plots the vertical gray bar highlights the period of peak tree recruitment,

from 1550 through 1750 CE. Kernel density plots compare climate conditions during peak tree recruitment (gray density

plots) against climate conditions over the remaining period or record (colored density plots) with mean conditions plotted

in correspondingly colored dashed vertical lines. For (a) cool-season precipitation the dark gray density plot shows the

range of conditions omitting the severe drought of 1612–1650 CE, whereas these data are retained in the light gray density

plot.
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occurred in only nine plots, never covering more

than 1% of plot area. Tall perennial grasses covered

20 to 70% of every plot and many plots (13) also

included short perennial grasses covering less than

20% of plot area. Shrubs were common but not

abundant, occurring in all plots but mostly cover-

ing less than 10% of any plot. Perennial and annual

forbs occurred in some plots, but always covering

an area less than 10%. All plots included at least

30% bare ground, but rock cover was not common

(67% of plots with < 10% rock cover, the rest

with 10–30%).

Evidence of Fire

We found very little direct evidence of fire at the

study site, with evidence of charring in only four

trees in three plots (17F, 17G, and 17H) approxi-

mately 1 km northeast of the recent prescribed

fires. We could not determine when the charring

occurred, but two of the trees were alive when

sampled (minimum recruitment dates of 1441 and

1791 CE) and two were old logs (tree rings from

885 to 1044 CE and from 845 to 1120 CE). We did

not encounter charred trees between plots. We

inferred that the presence of dead wood in the ca-

nopies of trees indicated an absence of spreading

canopy fire at the site (Figure 1e).

Relationships of Tree Demography,
Landscape Characteristics, and Climate

Old trees (established before 1500 CE) were not

evenly distributed across the landscape (Figure 5),

but among landscape variables, only elevation was

statistically associated with old tree location: mean

elevation of plots containing at least one old tree

was significantly lower than for plots with no old

trees (Welch’s t test, df = 10.959, t = 3.052, p =

0.011) (Figure 6 and Table 1). Half (56%) of the

old trees we sampled occurred in a deep draw in

plots that are dominated by old trees (Figure 5;

15G, 16G, and 17G). Old and young trees were

distributed over similar slope angles (Welch’s t test,

df = 16.29, t = - 1.12, p = 0.278; Figure 6). There

was no difference in site exposure (Welch’s t test,

df = 11.02, t = 0.5005, p = 0.627) or summer solar

radiation (Welch’s t test, df = 13.28, t = 1.131, p =

0.278) among plots with old versus young trees.

The density of old trees that established within each

variable area plot was not significantly different

among classes of aspect, topographic position, slope

position, or percent cover of bare ground, rock, and

perennial grass (Kruskal–Wallis, df = 14, p ‡ 0.05,

H = 14.96, 12.0, 12.89, 16.94, 15.33, 17.09,

respectively) (Figure 7).

Tree recruitment at HSE was synchronous with

warmer than average summer conditions and high

cool-season precipitation. Climate during peak

recruitment (1550–1750 CE) had significantly

higher cool-season precipitation (mean = + 17

mm and median = + 27 mm) than the long-term

mean, omitting the severe drought of 1612–1650

CE, but was not significantly different than climate

before or after the period of peak recruitment when

the drought period was included (Figure 4a). Dur-

ing the peak recruitment period summer mean

conditions were significantly warmer (p < 0.05,

mean = + 0.01 and median = + 0.014) than

mean conditions over the 1070-year period of re-

cord due to an anomalously warm period (similar

in magnitude to the twentieth century) that oc-

curred just prior to the 1600s in the early stages of

the recruitment pulse (Figure 4b). However, mean

summer temperatures during peak recruitment

Figure 5. Spatial distribution of old trees (those that recruited before 1500 CE), regardless of whether or not they were

alive in 2009. Diameters of plot symbols are proportional to tree density and range from to 4 to 200 treesÆha-1. Old trees

sampled between plots are mapped as + ’s. Plots lacking old trees are not mapped.

Western Juniper Demography in Great Basin USA
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were generally cooler than twentieth century

temperatures, as was generally the case over the

majority of the record. No clear relationships

emerge between recruitment and summer PDSI, as

all values and decadal anomalies fell well within

the mean and distribution of the long-term average

conditions (Figure 4c).

DISCUSSION

Demographic Patterns

The primary recruitment and establishment period

at Horse Ridge began in the mid-1500s CE and

continued through the mid-1700s. This is the only

episode of recruitment evident across the site over

the past millennium and is coincident with wetter

cool-season precipitation and generally warmer

average summer temperatures relative to the mil-

lennial-length record at the beginning of the

recruitment pulse (prior to the substantial cooling

during the remainder of the recruitment/estab-

lishment event). Horse Ridge did not experience a

surge of recruitment consistent with the rapid, late

nineteenth century expansion and infilling of

western juniper trees that occurred elsewhere in

the region (Soulé and Knapp 2000).

We identified only a single episode of tree mor-

tality and infer that it resulted from drought and

insects. Most of the 15 trees with death dates (87%)

died between 1927 and 1934 CE, and these trees

were between 182 and 1069 years old when they

died. The drought of the 1920s was the most severe

of the past 1500 years (Figure 4c). During this

period juniper bark beetles (Phloeosinus serratus

LeConte, 1868) were observed to aggressively at-

tack and kill living, drought-stressed trees, whereas

during subsequent wetter periods attacks were

confined to injured or felled trees (Furniss and

Carolin 1977). An additional 54 dead trees either

died outside the 1920/1930s period or could not be

crossdated, so we may have missed other minor

episodes of mortality. However, we likely did not

miss any major episodes of tree mortality because

dead wood is well preserved at this dry site and we

found no evidence of fires that might have con-

sumed dead wood.

Our tree demography at Horse Ridge likely suf-

fers less than more mesic sites from the ‘‘fading

record’’ problem, wherein the completeness of the

record decreases with increasing time before pre-

sent. In less arid settings, trees that die are lost to

decay or fire, but we surmise that neither of these

factors play a significant role at Horse Ridge, where

the preservation of dead trees was remarkable and

where we found little evidence of past fires, con-

sistent with a lack of surface fuels. Western juniper

trees are long-lived in such dry environments; the

oldest live trees at Horse Ridge were over

1000 years old, and individuals of this species at-

tain ages of more than 2000 years elsewhere.

Figure 6. Mean elevation, slope, summer solar radiation, and site exposure for plots with old trees (that is, those that

recruited before 1500 CE) versus plots in which all trees established after 1500 CE. Boxplots bound the interquartile range

(IQR) divided by the median, whiskers extend to a maximum of 1.5 times the IQR, and circles are data points.

Encompassing violin plots indicate kernel probability density, such that the width of the shaded area represents the

proportion of the data located there.
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Climate Drivers of Demography

The initial 1500s increase in recruitment at the

study site is a transition from more open wooded

shrublands to persistent woodlands (Romme and

others 2009), possibly associated with a pattern of

stronger winter precipitation that developed in the

northern Great Basin about 400–500 years BP

(� 1500–1600 CE) and initiated western juniper

expansion (or infill) in the region (Miller and Wi-

gand 1994). Consistent with previous research, we

found that pulses of juniper establishment were

linked to increases in cool-season precipitation, yet

climatic conditions alone did not explain patterns

throughout our time series. Our climate recon-

struction indicates a significant increase in cool

season precipitation (that is, major pluvial) during

the period of peak juniper recruitment from 1550–

1750 CE versus the long-term mean, excluding a

severe drought within that period. However, if

climate were the primary driver of western juniper

Figure 7. Density of old trees (treesÆha-1) in relation to classified aspect, topographic position index, field-measured slope

position, and percent cover of bare ground, rock, and perennial grasses. Boxplots bound the interquartile range (IQR)

divided by the median, whiskers extend to a maximum of 1.5 times the IQR, and circles are data points. Encompassing

violin plots indicate kernel probability density, such that the width of the shaded area represents the proportion of the data

located there.
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demography and spatial pattern at Horse Ridge, we

would have expected to see a nineteenth century

pulse of recruitment, as occurred elsewhere in the

region, associated with wetter, milder winters

(Miller and Wigand 1994; Miller and Rose 1995);

widespread tree mortality during the 1920s asso-

ciated with severe drought; and a more even dis-

tribution of old-growth trees across the study site.

Based on our cool season precipitation recon-

struction, we would also have expected to see a

recruitment pulse in the notably wet period from

about 1100–1300 CE, but this too is absent from

the record.

Landscape and Disturbance Drivers
of Demography

Recruitment of trees through time and the spatial

pattern of old-growth trees across Horse Ridge were

not consistent, and in contrast to the relatively re-

cent expansion of western juniper in many parts of

the Great Basin (Johnson and Miller 2008; Miller

and others 2008), Horse Ridge has a mix of old and

young trees with variable stand density. Although

we assessed the potential role of landscape factors

such as topography and soil type on spatial-demo-

graphic patterns of juniper at Horse Ridge, we de-

tected little influence. As others have noted, the

response of long-lived trees to changing climate can

be complex, as trees can exhibit sensitivity to both

temperature and precipitation signals, often medi-

ated by landscape and topographic controls (Bunn

and others 2018; Flake and Weisberg 2019).

The ability of woody plants to survive—and

sometimes thrive—as adults in a variety of cir-

cumstances is relevant for understanding demog-

raphy patterns at Horse Ridge and in other, old-

growth woodland communities across the western

USA. In stable plant communities, the recruitment

of new individuals is roughly equal to mortality, in

contrast to dynamic communities in which new

species replace existing ones (Svejcar and others

2014). At Horse Ridge, rates of recruitment de-

clined past the peak period in the 1500s, suggesting

a cover or density threshold for establishment

sensu Soulé and Knapp (2000) and Young and

Evans (1981). We observed only minor mortality

associated with the 1920s drought, possibly be-

cause previously established, mature trees were

able to survive drought stress. In contrast, sub-

stantial drought-caused tree mortality has been

documented in southwestern US woodlands

(Breshears and others 2005), where differential

morality of piñon pines as compared with junipers

(95% and 25% mortality for piñon pines and ju-

nipers, respectively, McDowell and others 2008;

Floyd and others 2009) occurs as a result of species-

specific differences in drought-stress tolerance and

susceptibility to insect attack (Breshears and others

2009; Gaylord and others 2013).

Regeneration processes (seed production, seed

dispersal mechanisms, and seedling establishment)

are key determinants of past and contemporary

patterns of woodland demography (Chambers and

others 1999). Western juniper are submonoecious

and produce seeds in most years, beginning at 50–

70 years and continuing for centuries (Miller and

Rose 1995; Chambers and others 1999). Cone crops

are highly variable across sites and years (Miller

and others 2005), but little is known about envi-

ronmental variables related to seed production and

development (Chambers and others 1999; Miller

and others 2005). Western juniper seeds are sur-

rounded by fleshy fruits, facilitating seed dispersal

by animal transport (for example, frugivorous birds

and mammals and scatter-hoarding rodents); dis-

persal also occurs via gravity and overland flow

(Miller and others 2005; Dimitri and Longland

2017). Seeds are long-lived and initially dormant,

and seed banks are highly persistent in the envi-

ronment (Chambers and others 1999; Miller and

others 2005). Germination occurs over a period of

years following seed release and is greatly en-

hanced by prolonged and cumulative, year-to-year

cool-moist stratification (Young and others 1988).

Climate and environmental controls on seedling

establishment in western juniper are largely un-

known, but overstory and understory plant cover

may provide favorable conditions for establishment

(for example, cooler temperatures, higher relative

humidity, and nutrient-rich soils), particularly

during periods of increased aridity (Miller and Rose

1995; Chambers and others 1999; Soulé and Knapp

2000).

Patterns of tree density, age structure, and his-

tory of establishment in western juniper and other

western woodland species have been related to

topographic variables such as elevation, insolation,

slope, aspect, and landform (Swanson and others

1988; Davis and Goetz 1990; Soulé and Knapp

2000; Lyford and others 2003; Johnson and Miller

2006; Méndez-Toribio and others 2016), including

complex spatial patterns in tree demography at

local scales produced by interactions of climate and

topography (Weisberg and others 2008). However,

we found no difference in slope, site exposure, or

summer solar radiation among plots with old (pre-

1500) versus young trees. Further, the density of

old trees within plots did not appear to be influ-

enced by aspect, topographic position, slope posi-

Western Juniper Demography in Great Basin USA



tion, or ground cover. Plots with old trees were

located at lower elevations than plots with post-

settlement recruitment, suggesting gravity or

overland flow as possible seed dispersal mecha-

nisms to lower slopes; however, in other studies

downslope seed dispersal has been documented

only for very short (< 2 m) distances from parent

trees (Soulé and Knapp 1999).

A decline or change in the characteristics of fire

activity about 1500 CE could have initiated a dra-

matic and continuous increase in the recruitment

and establishment of juniper trees. Such a shift in

fire activity may have occurred as the result of

changes in the spatial arrangement, type, or con-

tinuity of fuels caused by plant successional

dynamics, herbivory, or changes in the frequency

and timing of human-caused or natural ignitions.

For example, increased herbivory could have frag-

mented fine fuels at the relatively arid Horse Ridge

site, preventing the spread of fire even if the fre-

quency and timing of ignitions remained constant.

However, we found little direct evidence of fire in

the preceding period to support this idea. Surface

fires, if they had occurred, could have consumed

dead and down woody fuel, eliminating evidence

of fire, but if fire were an important driver of past

tree demography at Horse Ridge, we would have

expected to find charring on surface wood and old

tree boles, and some fire scars, as western juniper

can occasionally scar (Miller and Heyerdahl 2008).

Although our lack of evidence of fire limits the

support for this explanation, changes in fire activity

may provide the most direct and simple causal

mechanism linked to the patterns we see in the

juniper establishment record. Soil charcoal and

phytolith analysis have been used to establish a

record of historical fire elsewhere in Great Basin

juniper woodlands (Morris and others 2010) and

could be used at Horse Ridge to further investigate

fire as a potential driver of spatiotemporal demo-

graphic patterns.

CONCLUSIONS

We suggest that within the arid ecosystems of the

Great Basin, western juniper woodlands have per-

sisted under varying climatic conditions and dis-

turbance regimes via a combination of: (1) diverse

and complicated evolutionary strategies that buffer

periods of unfavorable climate, and (2) recruitment

of seedlings into shelter sites, or microrefugia. For

long-lived species, once trees are established they

become highly resistant to climate extremes and

can survive periods of unfavorable climate that

would be intolerable for seedlings (Bansal and

Germino 2010). In contrast, the regeneration niche

for seedlings is typically narrower than the niche

for adult survival and reproduction (Grubb 1977).

Microrefugia (locally favorable areas for plant

establishment and persistence) can serve as

important buffers for seedlings against periods of

unfavorable climate, as loci for dispersal, and can

enhance species persistence (Dobrowski 2011;

Serra-Diaz and others 2015). Characteristics of

recruitment microrefugia noted for arid environ-

ments include low solar exposure during summer

(day and night) and leeward wind exposure during

winter that generates protective snow cover,

topographic shading, lower solar loads, and rela-

tively cool summer temperatures and wetter soils

as compared with surrounding locations (Do-

browski 2011; Millar and others 2018; Brodersen

and others 2019).

Our Horse Ridge study site is a remarkable and

well-preserved example of an old-growth wood-

land, in part because it has sustained little change

in land use since the late 1800s and has experi-

enced minimal disturbance (for example, grazing,

wildfires, or silviculture). The site retains much of

its historical character, with few invasive exotic

plants, no recent changes in fire regime, and

without the twentieth century increase in tree

density common to other areas within the Great

Basin (Svejcar and others 2017). The exception is

the eastern edge of the study area where purport-

edly invasive trees were felled in the early 2000s.

However, most of these trees (90%) were over

200 years old when killed, ranging in age from 56

to 730 years. An important measure to preserve

and maintain the old-growth woodland at Horse

Ridge includes preventing establishment of inva-

sive annual plants that have altered fire regimes in

other arid and semiarid ecosystems via changes in

the amount, seasonality, and continuity of fine

fuels—this may be achieved via restricting grazing

and road access, activities that help spread invasive

plants (Chambers and Wisdom 2009; Pilliod and

others 2017; Bradley and others 2018).

Changing climate may contribute to future loss

of old-growth trees and recruitment failure of new

cohorts. A recent study in central Oregon identified

drought sensitivity of western junipers at lower

elevations, particularly for sites with steep slopes

and sandy or rocky soils (Knutson and Pyke 2008).

In the past century, the northwest region of the

USA, including eastern Oregon, has warmed by

about 0.7 �C and is projected to warm by 2–5 �C
over the coming century, with the greatest warm-

ing occurring during summer months (Mote and

others 2013). Seasonal precipitation projections are
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for wetter, warmer winters and drier summers

(Snover and others 2003). Episodes of drought-

caused mortality that have occurred in western

woodlands over the past few decades are indicative

of regional-scale response to contemporary climate

change (Breshears and others 2005; Allen and

others 2010). Understanding species-specific re-

sponses to changing climate allows for more robust

projections of future ecosystem patterns and vul-

nerabilities (Remy and others 2019), especially in

cases where individual species may exhibit a

diversity of adaptations for coping with climate

stress (Breshears and others 2009).

Our study of the old-growth western juniper

woodland at Horse Ridge provided an opportunity

to investigate important unresolved questions fo-

cused on the ecology and vulnerabilities of a key

semiarid species. Although our study revealed no

simple set of climate or landscape drivers of spa-

tiotemporal demographic patterns, we verified the

presence of a unique, persistent, old-growth

woodland that is largely unimpacted by anthro-

pogenic stressors. A recent assessment identified

anthropogenic climate change impacts, long-term

management effects, and incorporation of paleoe-

cological data as context for assessing future range

shifts as key knowledge gaps and research needs in

piñon and juniper woodlands throughout the

western USA (Hartsell and others 2020). We sug-

gest that future conservation and management of

western juniper and other old-growth woodland

ecosystems will benefit from more explicit exami-

nation of (1) fire’s role in shaping juniper estab-

lishment and persistence, (2) environmental

controls on seed production and seedling estab-

lishment as important determinants of demo-

graphic patterns and persistence, and (3) the

importance of microrefugia as ecological buffers

against predicted warmer, drier future regional

climate regimes.
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