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Currentmethods for determining plant age of shrub species require destructive sampling and annual growth ring
analysis on the primary stem. Although individual plant ages can frequently be determined in this manner, the
method is time consuming and of limited value for plants that have lost stem wood from stem splitting and
rot. Nondestructive methods for estimating big sagebrush (Artemisia tridentata Nutt.) plant age would be useful
in assessing stand age structure and population dynamics at variable spatial scales. The purpose of this studywas
to test a suite of traits for potential use in estimating mountain big sagebrush (Artemisia tridentata ssp. vaseyana
[Rydb.] Beetle) age. We evaluated traits including plant height, crown area, subcanopy litter depth, percent
crown mortality, bark furrow depth, bark fiber length, circumference and diameter of plant basal stem, and cir-
cumference of secondary and tertiary branches.Wemeasured and harvested basal cross-sections from163 plants
of varying sizes from five locations in central and south-central Utah. Plant age was determined from annual
growth rings. Linear regression analyses revealed that stemdiameter (r2=0.507 P b 0.0001)was themost highly
correlated variable with plant age across all sites, followed by stem circumference (r2 = 0.474 P b 0.0001), sec-
ondary branch circumference (r2 = 0.360, P b 0.0001), tertiary branch circumference (r2 = 0.405, P b 0.0001),
and bark fiber length (r2 = 0.373, P b 0.0001). Results support previous findings that stem girth has value for es-
timating mountain big sagebrush plant age and that this trait is a better indicator of age than any other tested
traits. Although the relationship between stem diameter and plant age was significant, substantial stem size var-
iability associated with plants of the same approximate age indicates that the method is most appropriate when
precise age estimates are not required. This techniquewas developed specifically formountain big sagebrush, but
it is expected that it can be adapted for other sagebrush taxa.
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Introduction

Plant community dynamics are largely a product of the inherent life-
history attributes of component species interacting with the stressors
and disturbance patterns of the abiotic environment (Grime, 1977,
1979). Dominant species tend to monopolize resource capture and re-
tention (Whittaker, 1965). Stable plant communities perpetuate
existing patterns of dominance over time (Kitchen et al., 2015). Hence,
a knowledge of population age structure dynamics with and without
disturbance can be vital for predicting long-term stability of dominant
species in general, as well as for identifying conditions that could
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potentially be destabilizing (Perryman and Olson, 2000; Wambolt and
Hoffman, 2001; Miller et al., 2008).

Individual plant ages for woody plants are often estimated through
examination of annual growth rings in the primary stem (Ferguson,
1964). Dendrochronological aging was first used with trees (Stokes and
Smiley, 1968); however, the general approach has also been successfully
applied to a number of shrub species (Roughton, 1972; Schweingruber
and Poschod, 2005; Kitchen et al., 2015; Myers-Smith et al., 2015). Al-
though highly accurate for individual plants, scaling the method up is
generally impractical for stand level assessments ofmultiaged shrub com-
munities because adequate sampling and analysis are too time intensive
and destructive in nature. Alternativemethods that can be quickly and re-
liably employed in a nondestructive manner are needed.

Age estimates based on easily observed morphological traits have
received limited testing. A study in southern Australia used canopy
height and diameter as a surrogate for age of acacia trees (Crisp and
Lange, 1976). In colder environments, bark on somewoody tree species
increases in thickness over time and is a rough indicator of tree age
erved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.rama.2018.12.007&domain=pdf
https://doi.org/10.1016/j.rama.2018.12.007
Steven_Petersen@byu.edu
https://doi.org/10.1016/j.rama.2018.12.007
Imprint logo
http://www.sciencedirect.com/science/journal/15507424


516 M.L. Landeen et al. / Rangeland Ecology & Management 72 (2019) 515–522
(Molina et al., 2016). Similarly, certain lichen on bark in some desert
shrub communities may indicate plant or stand maturity (Rosentreter,
1990). The trait most commonly used to estimate age of woody plants
is stem girth (diameter or circumference), which, asmight be expected,
correlates strongly with plant age (Brotherson et al., 1983, 1984;
Perryman and Olson, 2000). Although many of these characteristics
have proven to be useful for estimating the age of trees,most age assess-
ment methods have not been adequately tested on shrubs or shrub
communities.

Big sagebrush (Artemisia tridentata Nutt.) has been described as “the
most common and widespread shrub of western North America”
(McArthur and Stevens, 2004). Although the full extent of sagebrush eco-
systems before Euro-American settlement (c. 1850) remains uncertain
(Kitchen and McArthur, 2007), they are now believed to occupy b 60%
of their historic ranges (Chambers et al., 2017). Many have become
fragmented and degraded due to invasive annual grasses, tree encroach-
ment, grazing, changes in fire return intervals, and other factors (Knick
et al., 2011; Miller et al., 2011). Little is known about the relationship be-
tween sagebrush population age structure and the processes that lead to
ecosystem degradation. Management decisions for sagebrush communi-
ties are frequently based on stand conditions such as plant density, per-
cent cover, or herbaceous species composition. A greater understanding
of the relationship between sagebrush population demographics and
Figure 1. Map of Utah depicting the location
community resilience could provide new opportunities for improved
management. For example, knowledge about postfire establishment and
maturation rates could be used to estimate minimum intervals needed
for full stand recovery (Nelson et al., 2014; Hourihan et al., 2018). A thor-
ough investigation of that relationship and identification of opportunities
for its application are dependent on development of efficient and reliable
methods for characterization of big sagebrush population age structures
under larger-scale spatial scenarios.

In this study,we evaluated the utility of easilymeasuredmorpholog-
ical characteristics for estimating the age of individual plants of one sub-
species of big sagebrush, mountain big sagebrush (A. tridentata ssp.
vaseyana [Rydb.] Beetle; MBS). Our objective was to develop a method
for rapid estimation of plant age using regression analysis. We hypoth-
esized that plant agewould correlate with one or more physical charac-
teristics of sagebrush and that these characteristics could be used to
efficiently and accurately estimate plant age.

Methods

Wemeasured morphological characteristics and determined age for
163MBS individuals fromfive sagebrush-steppe communities in central
and south-central Utah with similar elevation and climate (Fig. 1;
Table 1). All sites had experienced fire within 15−26 yr before
of each big sagebrush sample study site.

Image of Figure 1


Table 1
Coordinate locations, elevation, mean annual precipitation (PRISM, 2011), yr since most recent fire, and number of mountain big sagebrush samples collected (n) from each study site.

Site name Latitude (north) Longitude (west) Elevation (m) Mean annual precipitation Time since fire (yr) n

Sunrise 39.8492 −112.0968 2 108 470 17 44
Milford 38.3697 −112.8443 2 127 472 15 30
Big Twist 38.1873 −112.5089 2 312 478 24 30
Choke Cherry 38.1382 −112.4204 2 571 522 26 30
Coyote 38.3678 −112.9592 1 995 366 21 29
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sampling, and shrub populations were in various stages of recovery. For
each study site, 15 points were randomly located within each of two
subunits (Milford, Big Twist, Choke Cherry, and Coyote sites) or three
subunits (Sunrise site) defined by contrasting topographies. Proximal
to each study point, we sampled three plants of varying sizes in a con-
scious effort to capture the full range of plant sizes represented on
each site. Priority was given to plants that had a relatively intact basal
stem (minimal stem splitting) so that an accurate age estimate could
be obtained from annual growth rings. If split stems were unavoidable,
we bound the stems with wire to hold them in their original orienta-
tions before cross-sections were cut for aging.

For each study plant we measured a suite of morphological charac-
teristics based on our expectation that metrics would vary proportional
to plant age and on probable ease and repeatability of data collection
(Fig. 2; Table 2). Measured traits included maximum plant height (ex-
cluding inflorescences), crown diameter (maximum and perpendicular
to maximum), litter depth beneath the crown (averaged from three
locations from a randomly selected plant quarter), litter depth at the
base of the stem, and percent crown mortality (ocular estimation). We
estimated crown area as the area of a circle with a radius equal to
one-half of the mean of the two crown diameter measurements. After
measurements were taken, plants were harvested (cut below the root
collar), labeled, and placed in large bags in an attempt to minimize
excessive breakage during transport. Additional characteristics mea-
sured post harvest included depth of most prominent bark furrow on
Figure 2. For each plant the following characteristics were measured: a) maximum plant he
maximum), c) litter depth beneath the crown, d) litter depth at the base of the stem, e) d
secondary branches, and g) average circumference of three tertiary branches.
the primary stem(side of stem selected randomly), length of a detached
representative bark fiber (side selected randomly), diameter of the pri-
mary stem between root collar and first branch (maximum and mini-
mum using calipers), and maximum primary stem circumference
(using string). We also determined an average circumference for three
secondary and three tertiary branches proximal to their point of
attachment.

A 3- to 5-cm-long cross-section of the primary stem was prepared
from each plant for growth ring analysis. Limbs and rootswere removed
using hand clippers, and cuts were made perpendicular to the growth
axis immediately above and below the root collar using a band saw.
Top and bottom cutswere surfacedwith a belt sander and progressively
finer sand paper (60−220 grit) until annual growth rings were clearly
visible using a stereo-microscope. Plant age was determined by
counting annual growth rings on top and bottom cut surfaces and inde-
pendently verified by at least two individuals (Stokes and Smiley, 1968).
Samples that could not be aged due to center rot (n=2)were excluded
from further analysis. We calculated an estimate of plant growth rate by
dividing the mean primary stem diameter by plant age (cm yr−1) for
each study plant.

Statistical Analysis

We tested the data for normality and then transformed it using
square root transformations. Due to multicollinearity, we were unable
ight excluding inflorescences, b) crown area (maximum diameter and perpendicular to
iameter and circumference of primary basal stem, f) average circumference of three

Image of Figure 2
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to performmultiple regression analysis. We tested for significant differ-
ences among all populations for vegetative traits using Systat 13.1, one-
way analysis of variance, and Tukey pairwise comparisons, where data
were normally distributed. For data thatwere non-normally distributed,
we implemented a nonparametric Kruskal-Wallis test with Dwass-
Steel-Critchlow-Fligner pairwise comparisons (Systat Software Inc.,
2009).

We ran linear regressions between all vegetative characteristics and
plant age for each site individually and all sites combined using the least
squares method. Significance of correlative relationships was also
assessed between growth rate (cm/yr) and mean annual precipitation
(obtained from PRISM [2011] climate data), as well as between growth
rate and time since fire (yr) using least squares linear regression. We
performed all regressions using Systat 13.1.

Results

Across all sites, plant ages ranged from 2 to 32 yr, with a mean of
13.2 yr (Table 2). Mean values for plant age did not vary significantly
among the sites at P ≤ 0.05. Ages for 7% (n=12) of the plants indicated
establishment occurred during the same years that sites burned. This is
highly unlikely because sagebrush seedlings typically emerge in early
spring from the prior yr’s seed. Instead, results suggest the possibility
ofminor aging errorsmost likely associatedwith improper classification
of innermost growth rings and pith or failure to identify false rings.
Establishment for an additional 14% (n = 23) of the study plants oc-
curred 1−15 yr before the sites burned. Because big sagebrush plants
of all sizes are easily killed by fire, the presence of plants that predate
fire events suggests that fire effects at our sites were not uniform on
the landscape and likely included unburned islands.

Mean values for primary stem diameter, stem circumference (pri-
mary, secondary, tertiary), proportion crown mortality, bark fiber
length, and growth rate did not vary significantly among the five
study sites (P N 0.05; Table 2). Plant height, crown area, and bark furrow
depth were significantly higher for plants at the Sunrise site relative to
the other sites (P ≤ 0.05). We hypothesized that plant characteristics
which express a wide range of variability (relative to the means)
would be more sensitive to detection for age-related variability. Across
all sites, the range-to-mean ratio varied from 5.13 for crown area to
2.41 litter depth below crown. Other variables with high range-to-
mean ratios were bark furrow depth, growth rate, litter depth, tertiary
stem circumference, primary stem diameter, and bark fiber length
(see Table 2).

Regression analysis revealed that all morphologic characteristics
were to some degree significantly correlated with MBS plant age (P b

0.0001), although the strength of the relationships varied. Across all
sites, the strength of r2 values between vegetative characteristics and
age ranged from r2 = 0.116 (P b 0.0001) for litter depth beneath the
crown to r2 = 0.507 (P b 0.0001) for mean diameter of the primary
stem (Table 3). Age-trait relationships were consistently strongest for
mean diameter of primary stems (r2 = 0.507; Fig. 3a); circumference
of primary, secondary (r2 = 0.360; Fig. 3b), and tertiary (r2 = 0.405;
Fig. 3c) stems; and bark fiber length (R2 =0.373; Fig. 3d). Intermediate
predictive values were associated with calculated crown area (r2 =
0.374), plant height (r2 = 0.326; Fig. 3f), bark furrow depth (r2 =
0.297), and proportion crown mortality (r2 = 0.224). Site-to-site vari-
ability in r2 values was greatest for these traits of intermediate predic-
tive capability (see Table 3). Among sites, age-trait relationships were
consistently strongest for Sunrise and Coyote and weakest for Choke-
cherry sites (see Table 3). Contrary to our expectations, characteristics
with wide range-to-mean ratios were no better for predicting plant
age than those with narrower ratios.

Individual plant growth rates (primary stem diameter/age) ranged
from 0.06 to 0.85 cm/yr (excluding one outlier of 1.67 cm/yr from the
Chokecherry site). Mean growth rate did not vary significantly among
sites (P N 0.05)—a result not surprising in light of the lack of among-



Table 3
Regression statistics (r2 and P values) and standardized regression coefficients (β) between 11 vegetative characteristics and shrub age generated from 5 study locations (sites) of moun-
tain big sagebrush, Artemisia tridentata ssp. vaseyana, in Utah. Significant linear relationships were assessed using least squares regression lines. These P values are given next to each r2

value. All statistical analyses were generated in Systat 13.1.

Trait vs. age Plant height (cm) Crown area (cm2) Mean stem diam. (cm) Mean stem circum.
(cm)

Mean 2° stem circum.
(cm)

Mean 3° stem circum.
(cm)

Site r2 P β r2 P β r2 P β r2 P β r2 P β r2 P β

Sunrise 0.570 0.000 0.755 0.614 0.000 0.784 0.674 0.000 0.821 0.631 0.000 0.794 0.587 0.000 0.766 0.641 0.000 0.801
Big Twist 0.253 0.005 0.503 0.213 0.010 0.462 0.536 0.000 0.732 0.464 0.000 0.681 0.457 0.000 0.761 0.413 0.000 0.643
Milford 0.367 0.000 0.606 0.429 0.000 0.655 0.535 0.000 0.731 0.474 0.000 0.689 0.631 0.000 0.794 0.417 0.000 0.646
Choke Cherry 0.078 0.136 0.279 0.084 0.120 0.290 0.236 0.005 0.485 0.046 0.253 0.468 0.349 0.059 0.215 0.148 0.036 0.385
Coyote 0.445 0.004 0.667 0.488 0.000 0.699 0.642 0.000 0.801 0.619 0.000 0.787 0.665 0.000 0.816 0.698 0.000 0.836
All sites 0.326 0.000 0.571 0.374 0.000 0.611 0.507 0.000 0.712 0.474 0.000 0.689 0.360 0.000 0.434 0.405 0.000 0.636

Trait vs. age Prop. crown mortality Litter depth (cm) Litter depth below crown
(cm)

Bark furrow depth (mm) Bark fiber length (mm)

Site r2 P β r2 P β r2 P β r2 P β r2 P β

Sunrise 0.565 0.000 0.752 0.238 0.001 0.488 0.270 0.006 0.520 0.539 0.000 0.734 0.606 0.000 0.778
Big Twist 0.072 0.153 0.268 0.069 0.179 0.252 0.188 0.000 0.433 0.168 0.025 0.410 0.152 0.033 0.389
Milford 0.063 0.182 0.251 0.126 0.055 0.355 0.147 0.036 0.384 0.315 0.001 0.561 0.396 0.000 0.630
Chokecherry 0.154 0.032 0.393 0.266 0.004 0.515 0.215 0.010 0.464 0.082 0.125 0.287 0.362 0.002 0.601
Coyote 0.394 0.000 0.628 0.309 0.002 0.556 0.167 0.028 0.409 0.475 0.000 0.689 0.268 0.004 0.518
All sites 0.224 0.000 0.474 0.152 0.000 0.390 0.116 0.000 0.532 0.297 0.000 0.545 0.373 0.000 0.611
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site differences in primary stem diameter and plant age (see Table 2)—
and suggesting considerable within-site variation. Growth rate also did
not vary withmean annual precipitation (r2 =0.02; P=0.791). Across
sites, growth rate did not vary significantly with plant age (P = 0.330)
but did vary substantially (~threefold to fourfold) among plants of the
same or similar age (Fig. 4).

Discussion

With appropriate calibration, mean stem diameter can be used as a
metric for estimating the age of woody plants. Studied example species
include salt cedar (Tamarisk ramosissima Ledeb.), box elder (Acer
negundo L.), Utah juniper (Juniperus osteosperma ssp. utahensis [Torr.]
Little), pinyon pine (Pinus edulis Englem.), Fremont cottonwood
(Populus fremontii S. Wats.), quaking aspen (Populus tremuloides
Michx.), Douglas fir (Pseudotsuga menziesii [Mirbel] Franco), and Gam-
ble oak (Quercus gambeliiNutt.; Brotherson et al., 1983, 1984). Similarly,
Perryman and Olson (2000) found a strong correlation between plant
age and stem diameter for Wyoming (A. tridentata spp. wyomingensis),
basin (A. tridentata spp. tridentata), and MBS subspecies. Our results
are in general agreement.

Although the relationship between stem diameter and agewas rela-
tively strong, the utility of this variable in estimating plant age is limited.
A primary cause for this limitation is the considerable plasticity in
growth rate we observed manifest as relatively high variability in
plant age for plants with similar stem diameter (see Fig. 4) and in
stem diameter for similar-aged plants (Fig. 3a). This growth rate plastic-
ity also limits the utility of other variables related to plant size (i.e., stem
circumference, plant height, crown area) as proxies for plant age.

Growth rate for big sagebrush varies by subspecies and is impacted by
environmental factors, such as weather, disease, and competition
(McArthur and Welch, 1982; Meyer, 1994). Variability in precipitation is
typically responsible for variation in annual ring growth in semiarid envi-
ronments (Ferguson and Humphrey, 1959), with recent work identifying
hydrologic year precipitation and growing season temperatures as being
themost influential factors for big sagebrush (Apodaca et al., 2017). Plants
that have greater access to soil moisture in the spring generally grow
faster than thosewithmore limited soilmoisture recharge. Heavy herbiv-
ory also causes stunted vegetative growth and reduced seed production,
especially in areas of heavy winter use by wildlife (Wagstaff and Welch,
1991). In addition, interspecific and intraspecific competition for limited
resources affects seedling establishment and growth in natural sagebrush
communities (Brabec et al., 2015; Ott et al., 2017).
Although measures of stem diameter (primary, secondary, and ter-
tiary) correlatedmost stronglywith plant age, othermeasured variables
are more easily assessed and were sufficiently strong to suggest poten-
tial utility. For example, plant height and crown area are among the eas-
iest and quickest variables to estimate at the stand scale. Plant densities
for distinct height or crown-area groupings could be easily converted to
densities for age-class groupings, which could then be used to provide
useful characterizations of stand age structure with little investment
of time and resources. Unfortunately, the relationship between these
traits and plant age was less consistent across sites (see Table 3), sug-
gesting that investment in site-situational pretrials and calibration
could reduce efficiencies associated with these alternative metrics.

Defensible extrapolation of our results may be limited because they
were derived from relatively young plants sampled at sites where re-
cent disturbance had reset succession. In contrast, it is probable that re-
sultswill differ for plants sampled from sagebrush communities in areas
long undisturbed. Subsequently, we predict that growth rates would
differ in a largely closed plant community compared with that of an
early seral postfire environment.

It is interesting to note that percent crown mortality was not highly
correlated with plant age. Although it is possible that our method of
measuring crown mortality by ocular estimation led to excessive sam-
pling error, it is more likely that some crown mortality was induced
by factors unrelated to plant age. For example, crown mortality is
often associated with mule deer (Odocoileus hemionus Rafinesque)
browsing, especially inwinter (McArthur et al., 1988). Insect defoliation
and vole infestations have also been responsible for sagebrush defolia-
tion and mortality (Gates, 1964; Frischknecht and Baker, 1972).

Although we sampled a variety of plant sizes, extremely small (and
presumed young individuals) and plants older than 32 yr old were not
included. Only two plants had a stem diameter b 1 cm,with the smallest
having a stem diameter of 0.6 cm and being aged to 2 yr. While results
showed that stem diameter and other variables were correlated with
age for moderately and large-sized plants of modest age, further re-
search is required to determine the utility of this method when applied
to small plants and plants older than 35 yr.
Management Implications

Rapid and accurate assessment of sagebrush plant age could have
many useful applications in rangeland ecology and management.
These techniques can be employed to more accurately assess variability



Figure 3. Scatter plots that show plant age as a function for (a) primary stem diameter, (b) secondary stem circumference, (c) tertiary stem circumference, (d) bark fiber length, (e) litter
depth below the crown, and (f) plant height for mountain big sagebrush (Artemisia tridentata spp. vaseyana) plants on five Utah sites combined. Slope, intercept, r2, and standard error of
estimate were derived from regression analysis.
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in stand age structure for MBS and other sagebrush taxa. In addition,
this knowledge will lead to a better understanding of the relationship
between stand age structure and the ecological resilience of sagebrush
ecosystems. For example, predicting age can be used to assess regional
shifts in sagebrush structure, determine impacts related to fragmenta-
tion, and quantify the influence of annual grass invasion and anthropo-
genic development (Brown et al., 2005; Davies et al., 2011). This
knowledge will also further our understanding of postdisturbance re-
covery (i.e., wildfire, rangeland improvements), emphasizing fecundity
and stand development and maturation rates (Baker, 2010; Bates et al.,
2011). These topics are becoming increasingly important due to the
threats posed by land use conversion, development, invasive grasses,
and encroaching woodlands (Miller et al., 2008, 2011).

Characterizing sagebrush structure and age class can provide a more
reliable assessment of landscape patchiness and the influence of habitat
suitability for sagebrush obligate (i.e., greater sage-grouse, pygmy rabbits,
sage sparrow, sage thrasher) and facultative (i.e., Rocky Mountain elk,
mule deer, pronghorn) wildlife species (Pierce et al., 2011; Baruch-
Mordo et al., 2013). The loss of suitable sagebrush habitat was considered
the primary factor in the extirpation of greater sage-grouse populations
(Aldridge et al., 2008). Predicting age structure can provide a valuable
management tool for determining sagebrush condition or recovery for

Image of Figure 3


Figure 4. Scatter plot showing relationship between plant age and annual stem diameter growth rate of mountain big sagebrush.
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sage-grouse and other sagebrush dependent wildlife (Austin and Urness,
1983). A more robust understanding of the range of applications and as-
sociated limitations of our approachwill emerge as themethods explored
in this study are broadly applied and subjected to further refinement.
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