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A B S T R A C T

A recent severe drought caused widespread mortality of ponderosa pine (Pinus ponderosa) and pinyon pine (Pinus
edulis) in forests and woodlands in the southwestern United States. The sustainability of these tree species in the
region depends on adequate regeneration and perhaps movement to more climatologically favorable locations.
We investigated tree regeneration and species migration along elevation gradients in three community types
(pinyon-juniper woodlands, woodland-forest ecotones, and ponderosa pine forests) and three soil parent ma-
terials (sedimentary, flow basalt, and volcanic cinder) at 27 sites in northern Arizona. We measured stand
characteristics, historic cone production, and density of tree regeneration and small trees. All species produced
cones at sites with cinder soil parent material but had little regeneration. Woodlands and woodland-forest
ecotones had regeneration of pinyon pine and juniper despite earlier mortality of some mature pinyon trees.
Regeneration of ponderosa pine was nearly absent in woodland-forest ecotones, suggesting eventual loss of
ponderosa pine and transition to pinyon-juniper woodland. Forests had little regeneration and few small trees of
any tree species, indicating little upward migration of pinyon pine and juniper. Occurrence of pinyon pine and
juniper regeneration was associated with a suite of biotic and abiotic factors, including a negative relationship
with temperature and a positive relationship with precipitation. Regeneration failure of ponderosa pine at
woodland-forest ecotone and low-elevation forest sites coupled with limited upward migration of pinyon pine
and juniper portends future losses of tree cover as climate continues to warm.

1. Introduction

Forests and woodlands of the southwestern United States are ex-
pected to be significantly impacted by climate change (Williams et al.
2010; Breshears et al. 2013). This region experiences periodic severe
droughts that amplify tree mortality from disturbances such as wildfire
and bark beetle attacks (Gaylord et al., 2013; Hicke et al., 2015; Kolb
et al., 2019a; Westerling et al., 2006). As climate warms, these droughts
and episodes of high tree mortality are expected to become more severe
due to elevated atmospheric moisture demand (Williams et al. 2013;
Breshears et al. 2013; McDowell et al. 2015). A recent severe drought
resulted in high mortality of ponderosa pine and pinyon pine across the
region via intensification of wildfire and bark beetle attacks (Negrón
et al. 2009; Hicke et al. 2015; Singleton et al. 2019). In pinyon-juniper
woodlands, pinyon pines had greater mortality than co-occurring ju-
nipers (Mueller et al. 2005; Breshears et al. 2009; Floyd et al. 2009) and
in woodland-forest ecotones, ponderosa and pinyon pines had greater
mortality than junipers (Koepke et al. 2010). The recent high mortality

of ponderosa and pinyon pines has raised concern about the future of
these species in the southwestern United States as climate continues to
warm (Adams et al. 2009; McDowell et al. 2015; Allen 2016). Sus-
tainability of these species depends on successful reproduction under
changing climate conditions. Despite broad concern over drought-in-
duced mortality in forests and woodlands of the southwestern United
States, few empirical studies have investigated reproduction in drought-
impacted stands (Redmond and Barger 2013; Redmond et al. 2015) or
potential tree species migration.

To better understand the fate of forests and woodlands of the
southwestern United States under warming climate conditions, we
studied tree reproduction patterns in three community types and three
soil parent materials. For ponderosa pine, we hypothesized that re-
generation would be abundant in ponderosa-dominated forests, but
sparse in woodland-forest ecotones where earlier drought-related
mortality and dieback of mature trees occurred (Koepke et al. 2010).
For pinyon pine, we hypothesized little regeneration in both pinyon-
juniper woodlands and woodland-forest ecotones due to its high
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susceptibility to drought stress and death of many seed trees in earlier
droughts (Breshears et al. 2009; Redmond and Barger, 2013; Redmond
et al. 2015). For juniper, we hypothesized abundant regeneration in
both woodlands and woodland-forest ecotones given its high drought
resistance and low mortality in recent droughts (Mueller et al., 2005;
Koepke et al. 2010). Additionally, we hypothesized little pinyon pine
and juniper regeneration in forests because of constraints to migration
from slow seed spread and ecological differences between woodland
and forest niches (Chambers et al. 1999; Laughlin et al. 2011). Lastly,
we hypothesized that regeneration of all species would vary over soil
parent materials (sedimentary > basalt > cinder) due to the more
negative matric potentials of basalt-derived soils and lower water-
holding capacity and hotter surface of cinder-derived soils (Heidmann
et al., 1990; Heidmann and King 1992; Cobb et al. 1997; Looney et al.
2012). Our results bolster understanding of woodland and forest re-
generation and inform management efforts to sustain them.

2. Materials and methods

2.1. Study area

We conducted this study in the Coconino National Forest near
Flagstaff, Arizona at elevations ranging from 1716 m to 2215 m above
sea level. The climate in this region is temperate and semi-arid.
Precipitation is bimodal with a majority of precipitation occurring in
the summer and winter (Sheppard et al. 2002). We studied three
common tree-dominated communities of the southwestern United
States: pinyon-juniper woodland, ponderosa-dominated forest, and the
woodland-forest ecotone (hereafter, ecotone) where these two com-
munities mix. Pinyon-juniper woodlands in the Coconino National
Forest are dominated by pinyon pine (Pinus edulis) and two juniper
species: one-seed juniper (Juniperus monosperma) and Utah juniper
(Juniperus osteosperma). Woodlands generally occur on warmer, drier
sites at lower elevations than forests. Forests in the study area are
dominated by ponderosa pine (Pinus ponderosa) with a variety of other
tree species present in the understory and in forest openings. We fo-
cused our study on nine ecotone sites where Koepke et al. (2010) re-
ported about 15% mortality for each of pinyon pine and ponderosa pine
in 2004 following a severe drought between 1996 and 2004. These
ecotone sites were equally divided among three soil parent materials
(SPM). To provide a broader context for assessing the future composi-
tion of these ecotone communities, we matched each ecotone site with a
nearby higher-elevation site in ponderosa-dominated forest and another
nearby lower-elevation site in pinyon-juniper woodland. This resulted
in each community being sampled on each SPM three times, for a total
of 27 sites: 3 communities × 3 SPMs × 3 replicate sites = 27 sites
(Fig. 1). By matching a woodland site and a forest site to each pre-
viously established ecotone site, we formed nine triads of sites. We
matched each triad of sites based on proximity, soil parent material,
and similarity in slope and aspect. We used Google Earth satellite
imagery to find locations with the desired community types. Access
from roads or trails was another, lesser, consideration in establishing
new sites.

In each site, we established ten 50-m transects, systematically po-
sitioned in a 20 ha area. All transects were oriented south to north and
were least 100 m apart. We used the ends of each transect as sample
points to make overstory tree measurements using the point-centered
quarter method (described below). Along each transect, we established
ten 1-m × 1-m plots at five-m intervals to sample canopy cover, cone
density, regeneration density, and regeneration nurse status.

2.2. Overstory composition

We used basal area and tree density to describe the composition of
overstory trees in each site. We considered trees ≥ 140 cm tall to be
overstory, and those < 140 cm tall to be regeneration. We defined

overstory trees under 10 cm diameter at breast height (dbh) as small
trees. We sampled trees using the point-centered-quarter method
(Mitchell 2007) and calculated basal area and density on a per-hectare
basis for each site. The point-centered-quarter method is a plotless
sampling method that can be implemented quickly, measures density
and basal area, and is effective for sampling of trees with multiple stems
(see Appendix A for details). Because pinyon pine and junipers often
fork below breast height, we measured their stem base diameter and
converted these values to dbh using equations developed for the
southwestern United States by Chojnacky (1999) to facilitate compar-
ison with other tree species. Using the point-centered-quarter method
and the diameter conversion method described above, basal area and
density per hectare were calculated based on 80 observations per site.

2.3. Abiotic characteristics

We obtained historical mean annual precipitation (MAP) and mean
annual temperature (MAT) data for each site from PRISM (PRISM
Climate Group, 2019). Values of MAP and MAT were 30-year averages
at an 800-m2 spatial resolution. We obtained soil data for each site at a
250-m2 spatial resolution from SoilGrids.org v0.5.3 (Hengl et al. 2017).
We recorded values of soil pH, clay content (%), and volumetric water
content at wilting point (WWP) for a point at the center of each site. We
acquired topographic data for each site using Arc GIS 10.6.1. We cal-
culated average elevation, slope, and aspect for each site based on a 10-
m resolution digital elevation map and topographic maps.

2.4. Site characteristics

Within each triad of sites, elevation was consistently lowest in
pinyon-juniper woodlands, intermediate in ecotones, and highest in
ponderosa pine-dominated forests (Table 1). Slopes were mild, ranging
from 2.0% to 7.4% among sites. Aspect was similar within a site triad,
but varied among triads. Within each site triad, MAP was lowest in
woodlands, intermediate in ecotones, and highest in forests. MAT had
the opposite trend, with highest values in woodlands. Soil clay content
ranged from 19% to 29% over sites. Sites with cinder-derived soil
tended to have lower soil clay content than other SPMs. Soil pH ranged
from 6.4 to 7.8 among sites, with lowest values in forests and highest

Fig. 1. Shaded relief map displaying study site locations (left) and study area
within the state of Arizona (top right). Study site locations are coded by color
and shape to indicate the soil parent material.
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values in woodlands. Values of WWP ranged between 20 and 29 over
sites. Ponderosa pine basal area was usually highest in forests and
lowest in ecotones. No mature ponderosa trees were observed in
woodlands. Pinyon pine basal area was lowest in forests (often zero),
and higher in ecotones and woodlands. Juniper basal area was gen-
erally highest in woodlands and lowest in forests.

2.5. Regeneration, cones, and microsite

We established plots by placing a 1-m × 1-m frame every five m
along each of ten 50-m transects per site. We used 1-m × 1 m-plots to
measure regeneration because they facilitated collection of several
types of data (cones, regeneration, canopy cover) in the same plot. This
sampling approach produced 100, 1-m2 plots per site (0.01 ha) and
2,700 plots across all sites. Our decision to use this approach is based on
tradeoffs among time available for sampling; sampling intensity; the
likelihood of detecting all regeneration within a plot, which is higher in
smaller plots; use of plots for multiple measurements; and statistical
considerations.

In each plot, we counted regeneration (< 140 cm height) by spe-
cies, measured the height of each individual, and determined whether
each individual was nursed. We considered regeneration to be “nursed”
if it was within a predefined distance from a potential nurse object
(rock, log, shrub, tree bole) or directly beneath a low tree canopy. We
defined nurse distances as: a) within a horizontal distance of 1.5 times
the height of the nurse object up to a maximum distance of 1.5 m, or b)

within one vertical meter of a tree or shrub canopy.
We counted cones on the ground by species in each plot as an index

of past reproductive output. This method does not assess production of
viable seed, but is a quantitative metric of historical cone production
(Flathers et al. 2016). In most cases, we counted all cones within each
plot. In some instances, subsampling of juniper cones was necessary, as
thousands sometimes occurred in a plot. In these cases, we counted
cones in four 0.1-m × 0.1-m squares (one in each corner of the plot)
and multiplied by 25 to obtain the number of cones/m2. We measured
canopy cover in each plot using a spherical densiometer. We held the
densiometer 1 m above the ground in the center of the plot facing south
to measure a consistent index of canopy-based solar protection.

2.6. Statistical analysis

We used a variety of models in the statistical program R (R Core
team 2019) to determine the influence of community and SPM on cone
counts/ha, regeneration counts/ha, and small tree density/ha at the site
level. We often observed site-level values of zero, resulting in zero-in-
flated data with non-normal distributions. Consequently, we analyzed
these data using zero-inflated models as needed. For cone and re-
generation data, we used negative binomial, zero-inflated negative bi-
nomial, or zero-inflated Poisson models to determine the influence of
SPM, community, and the SPM × community interaction, and the Wald
chi square statistic (WCS) to determine the importance of each model
factor. Our sample size in these analyses was 27 (3 SPMs × 3

Table 1
Biotic and abiotic characteristics of our 27 study sites. Each triad of sites is listed by name with their corresponding soil parent material and community
type.
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communities × 3 sites for each SPM-community combination). In some
cases, a factor level (9 sites) composed entirely of zero values resulted
in models with excessively high standard errors of model coefficients
and unrealistic predicted values. We excluded such factor levels
(thereby reducing the sample size from 27 to 18) to improve model fit.
We used the R package “pscl” (R Core team 2019) to fit zero-inflated
Poisson and zero-inflated negative binomial models to the data. The
underlying distributions of modeling procedures used in each analysis
were: ponderosa cones - negative binomial, pinyon cones - negative
binomial, juniper cones - zero-inflated negative binomial, pinyon re-
generation - zero-inflated Poisson, juniper regeneration - zero-inflated
negative binomial. We selected models based primarily on the mini-
mization of the Akaike Information Criterion (AIC). In some cases, large
standard errors of model coefficients prompted us to discard the pro-
cedure that produced the lowest AIC value. In these cases, we selected a
model with a higher AIC value that did not have inflated standard er-
rors on model coefficients. We did not conduct this analysis for pon-
derosa regeneration because the data were too scarce for statistical
analysis (see Results).

For small tree data, we used models based on Tweedie distributions
to determine the influence of SPM, community, and the
SPM × community interaction. Tweedie distributions are a class of
exponential distributions that can be used to model continuous data
with a large proportion of zero values (Dunn and Smyth, 2001). The
“tweedie” package in R allowed us to adjust the underlying distribu-
tions to match the distributions of the data for each model. As with
regeneration and cone analyses, the sample size was 27 unless a factor
level that was composed entirely of zeros was excluded from an ana-
lysis.

We used binomial logistic regression to model the probability of
regeneration occurrence of each tree species at the 1-m2 plot spatial
scale (n = 2,700). Abiotic predictor variables were: MAT, MAP, aspect,
soil clay content (%), volumetric water content at wilting point (WWP),
and soil pH. Biotic predictors were canopy cover, cone counts of pon-
derosa pine, pinyon pine, and juniper species, and basal area of each
major overstory tree species (ponderosa pine, pinyon pine, and juniper
species). We used the “best.glm” package in R to assess all possible
models containing these predictor variables. This R package selects the
10 best-fitting models for each species based on the minimization of
AIC. As an additional measure of model fit, we calculated Nagelkerke’s
pseudo R2 for each of the ten best models (Nagelkerke 1991). We used
the variance inflation factor to assess collinearity among predictor
variables. We considered a variance inflation factor > 5 to be ex-
cessively collinear, which prompted the removal of a problematic
variable (Craney and Surles 2002). Aspect and elevation were not in-
cluded in models of any species because they consistently displayed
collinearity with MAP and MAT.

We assessed the importance of nurse objects for regeneration of
each species using paired z-tests. We compared the observed proportion
of nursed to non-nursed regeneration of each species to a null hy-
pothesis of evenly proportioned nursed to un-nursed regeneration, re-
presenting no nurse effect.

3. Results

3.1. Regeneration counts

Ponderosa pine regeneration was scarce at most sampling locations,
with the exception of many young seedlings (< 1 year-old, still pos-
sessing cotyledons) in some forests (Fig. 2). Over a total of 2,700 m2 of
sampling (100 m2 per site), we counted 230 ponderosa seedlings, of
which 223 were < 1 year old, and only seven were > 1 year old.
Most pinyon and juniper regeneration was > 1 yr old (based on
number of whorls and height). We counted 38 pinyon individuals
(three < 1 year old), and 86 juniper individuals (one < 1 year old;
Fig. 2). Subsequent results for regeneration focus on pinyon pine and

juniper > 1 year old because regeneration < 1 year old was rare
(Fig. 2). We do not present further results for ponderosa regeneration
because individuals > 1 year old were too scarce to assess statistically
(7 total: 6 in forests, 1 in ecotones).

3.2. Ponderosa pine cones

To improve model fit, we omitted ponderosa cone data from
woodland sites, which were entirely zero values. Both community
(P = 0.033, WCS = 4.57) and SPM (P = 0.031, WCS = 6.96) had a
significant effect on ponderosa cone density, and their interaction was
not significant (Fig. 3a). Ponderosa cone density was highest in forests
and at sites with cinder SPM. Forests in cinder SPM had cone density
three times higher than other SPMs, which was significantly higher
than any other site (Bonferroni-adjusted P-value < 0.05).

3.3. Ponderosa small trees

To improve model fit, we omitted ponderosa small tree data
(< 10 cm dbh) from woodland sites, which were entirely zero values.
Community (P = 0.089, WCS = 2.90) and the SPM × community
interaction (P = 0.062, WCS = 5.55) had marginal effects on pon-
derosa small tree density. Ponderosa small tree density tended to be
lower in ecotones than forests (Fig. 3b).

3.4. Pinyon pine cones

To improve model fit, we omitted pinyon cone data from forest
sites, which were entirely zero values. The SPM × community inter-
action had a significant effect on pinyon cone density (P = 0.019,
WCS = 7.96). Pinyon cone density was significantly lower in wood-
lands with basalt SPM compared with all other SPMs in woodlands and
ecotones (Fig. 4a, Tukey adjusted P < 0.05).

3.5. Pinyon regeneration

Pinyon regeneration density was significantly affected by commu-
nity (P = 0.047), but not by SPM or the SPM × community interaction
SPM (Fig. 4b). Pinyon regeneration density was significantly lower in
forests than other communities. Pinyon regeneration density in forests
and on cinder SPM was often zero. Paired z-tests revealed a significant
proportion (0.74) of pinyon pine regeneration was nursed (P = 0.02).
Nurse objects included logs, tree canopies (pinyon pine and juniper),
and shrubs (Fallugia paradoxa and Purshia stansburiana).

The strongest model of pinyon regeneration occurrence over the
2700 plots was based on canopy cover, ponderosa pine basal area, soil
clay percentage, WWP, MAP, and MAT (Table 2). All ten top models
had similar support (ΔAICc within 2.02, Nagelkerke’s pseudo R2 0.196

Fig. 2. Counts of ponderosa pine, pinyon pine, and juniper regeneration totaled
over all 27 study sites. Dark shading indicates regeneration < 1 year old, no
shading indicates regeneration > 1 year old.
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to 0.203). Canopy cover, mature ponderosa basal area, mean annual
precipitation (MAP), and mean annual temperature (MAT) were highly
significant (P < 0.01) components in all 10 top models of pinyon re-
generation occurence. Canopy cover and MAP were positively asso-
ciated with pinyon regeneration occurence, whereas mature ponderosa
basal area and MAT were negatively associated. Most models also

include a significant (P < 0.05) positive influence of WWP on pinyon
regeneration occurrence.

3.6. Pinyon small trees

Pinyon small tree (< 10 cm dbh) density was significantly affected
by both SPM and community (P < 0.001, WCS = 21.48 and 34.78,
respectively), with a marginally significant SPM × community inter-
action (P = 0.062). Pinyon small tree density was lower in forests,
where it was often zero, than in woodlands and ecotones (Fig. 4c, Tukey
adjusted P < 0.05). Pinyon small tree density was lower in cinder SPM
than in other SPMs. Pinyon small tree density was highly variable in
ecotone communities in basalt SPM, with values ranging from zero to
160 trees/ha.

3.7. Juniper cones

Community had a significant effect on juniper cone density
(P < 0.001, WCS = 28.50), whereas SPM and the SPM × community
interaction did not (Fig. 5a). Cone density was significantly lower in
forests, where it was often zero, than in other communities (Tukey-
adjusted P < 0.05). Juniper cone density was similar in ecotones and
woodlands.

3.8. Juniper regeneration

To improve model fit, we omitted juniper cone data from forest
sites, which were entirely zero values. For the other sites, community
had a significant effect on juniper regeneration density (P < 0.001,
WCS = 11.65), with less regeneration in forests than ecotones and
woodlands (Fig. 5b). The effects of SPM and the interaction between
community and SPM were not significant. Paired z-tests revealed a
significant proportion (0.76) of juniper regeneration was nursed
(P < 0.001). Nurse objects included tree canopies (ponderosa, pinyon,
and juniper), logs, rocks, and shrubs (Purshia stansburiana and Hyme-
noxys richardsonii).

The strongest model of juniper regeneration occurrence over the
2700 plots was based on canopy cover, juniper cone count, ponderosa
pine basal area, juniper basal area, pinyon pine basal area, MAP, and
MAT (Table 3). Two other models had similar support (ΔAICc within 2,
Nagelkerke’s pseudo R2 0.270 to 0.279) with a similar suite of factors,
including a weak positive influence of juniper basal area and soil clay
percentage. Canopy cover, juniper cone count, mature ponderosa basal
area, mature pinyon basal area, and MAT were highly significant
(P < 0.01) components in all of the top 10 models predicting juniper
regeneration occurrence. Canopy cover, juniper cone count, and mature
pinyon basal area were positively associated with juniper regeneration
occurrence, whereas mature ponderosa basal area and mean annual
temperature were negatively associated. Most models also included a
significant (P < 0.05) positive influence of MAP on juniper re-
generation.

Fig. 3. Box and whisker plots showing
ponderosa cone (A) and small tree (B) den-
sities in three communities (woodland,
ecotone, forest) and three soil parent mate-
rials (SPMs: basalt, cinder, and sedimen-
tary). P-values from Wald chi square tests
are: for cone density (n = 27) community
P = 0.033, SPM P = 0.031,
SPM × community P = 0.346; for small
tree density (n = 18) community
P = 0.089, SPM P = 0.675,
SPM × community P = 0.062.

Fig. 4. Box and whisker plots showing pinyon pine cone (A), regeneration (B),
and small tree (C) density in three communities (woodland, ecotone, forest) and
three soil parent materials (SPMs: basalt, cinder, sedimentary). P-values from
Wald chi square tests are: for cone density (n = 27) community P = 0.135,
SPM P = 0.126, SPM × community P = 0.019; for regeneration density
(n = 27) community P = 0.047, SPM P = 0.164, SPM × community
P = 0.857; for small tree density (n = 27) community P < 0.001, SPM
P < 0.001, SPM × community P = 0.0624.
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3.9. Juniper small trees

Both community and SPM had a significant effect on juniper small
tree density (P < 0.001, WCS = 13.49 and 38.14, respectively),
whereas the SPM × community interaction was not significant. The
density of small junipers (Fig. 4c) was significantly higher in woodlands
than in forests (Tukey-adjusted P < 0.05). Juniper small tree density
in cinder SPM sites was often zero, and significantly lower than the
other SPMs (Tukey-adjusted P < 0.05).

4. Discussion

We found evidence that ponderosa forests in northern Arizona are
contracting on their lower elevation edge. Consistent with our hy-
pothesis, ponderosa pine regeneration was low in woodland-forest
ecotones where it occurs at the lowest elevation of its local distribution.
Ponderosa regeneration was usually absent from ecotones and small
tree densities were consistently lower than those in higher elevation
forests. Contrary to our hypothesis, ponderosa reproduction was also
low in forest with abundant ponderosa overstory, and small tree density
averaged less than half of that from reconstructions of pre-settlement-
period forests in the region (Reynolds et al. 2013). We also found evi-
dence that ecotones are in transition to pinyon-juniper woodlands, and
that current reproduction patterns may support continued codominance
of pinyons and junipers. Consistent with our hypothesis, juniper re-
production was abundant in woodlands and woodland-forest ecotones.
Juniper regeneration and small tree densities were similar in these two
communities, and similar to those reported in a study of nearby
woodlands before recent severe drought (Redmond et al. 2015). Con-
trary to our hypothesis, pinyon pine reproduction was abundant in both
woodlands and ecotones. Pinyon regeneration and small tree densities
were similar to those of juniper, and to those reported by Redmond
et al. (2015) in nearby sites before drought-related overstory mortality.
If these young pinyon pine trees survive to maturity, woodlands and
ecotones will retain a component of pinyon pine. Consistent with our
hypothesis, pinyon and juniper reproduction were low in forests, in-
dicating little upward migration of these species. Also as hypothesized,
regeneration of all species was low in cinder SPMs, likely due to the hot
and dry conditions on the surface of cinder-covered soils.

4.1. Low-elevation range contraction of ponderosa pine forest

Our results indicate that woodland-forest ecotone communities are
losing ponderosa pine. We only observed ponderosa regeneration >
1 year old at one of nine ecotone sites. Ponderosa small tree density in

ecotones was also low; mean small tree density (8.4/ha) in ecotones
was about half that in forests (17.3/ha) and less than a quarter of the
value reported for reconstructions of pre-settlement conditions in
northern Arizona at elevations similar to those at our sites (approx. 37/
ha; Reynolds et al. 2013). Other study sites in the region experienced a
pulse of ponderosa seedling establishment during a wet period in
2013–2014 (Flathers et al. 2016), but there was no sign of this pulse in
our ecotone sites. The severe drought period that ended in 2004 was
associated with 15% mortality of ponderosa pine at these ecotone sites
(Koepke et al. 2010). Continued mortality of ponderosa pine and little
reproduction will eventually lead to the loss of ponderosa pine from
these woodland-forest ecotone sites.

We also found evidence of a paucity of ponderosa reproduction in
forests. Ponderosa small tree density was 47% of the density reported
for trees of this size class (< 10 cm dbh) in reconstructed pre-settle-
ment-period ponderosa forests in the study site region (Reynolds et al.
2013). Interestingly, the density of ponderosa small trees was lower in
ecotones than forests despite similar cone density. This suggests a
constraint to ponderosa reproduction at ecotones between seed pro-
duction and seedling establishment. The ponderosa pine cone density
values (mean 87 k/ha) suggest ample historical seed production
(Krannitz and Duralia 2004), although we could not assess historic seed
viability. Some sites had abundant ponderosa germinants (regenera-
tion < 1 year old, still possessing cotyledons), showing that a favor-
able environment for germination occurred in the year of our ob-
servations. Established ponderosa pine regeneration was sparse
(0–100/ha), pointing to mortality between the time of germination and
development into the small tree stage as the limitation to ponderosa
regeneration. This is the life stage when ponderosa seedlings are highly
vulnerable to a variety of biotic and abiotic mortality agents (Schubert
1974; Stein and Kimberling 2003; Shepperd et al. 2006).

Some likely causes of the low amount of ponderosa pine regenera-
tion on these sites are excessive shading, soil texture, soil moisture, and
aridity. Excessive shading and other stresses of competition resulting
from high stand density can limit regeneration survival (Schubert 1974;
Flathers et al. 2016). Shading likely restricted seedling establishment in
ponderosa forests on sedimentary and basalt SPMs where overstory

Table 2
Models predicting pinyon pine regeneration occurrence based on environmental predictors ranked by ΔAICc (corrected
Akaike’s information criterion). Colors indicate the direction of influence based on model coefficients (blue+, red-) and p-
value of coefficients in the model is indicated by size and bolding (P > 0.05, P < 0.05). Model factors are abbreviated as:
Canopy = plot canopy cover, PIPO_BA = ponderosa basal area per hectare, PIED_BA = pinyon basal area per hectare,
Juniper_BA = juniper basal area per hectare, Soil_Clay = soil clay content (%), WWP = volumetric water content at
wilting point, MAP = mean annual precipitation, MAT = mean annual temperature.
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density and canopy cover (91–635 trees/ha and 31–58%, respectively)
are considerably higher than pre-settlement reference conditions for the
region (27–159 trees/ha and 10–22%; Reynolds et al. 2013). Aridity is
another possible limitation to regeneration at our study sites. Warmer,
drier conditions can decrease soil moisture and increase atmospheric
moisture demand, leading to drought stress and seedling mortality
(Kolb and Robberecht 1996; Savage et al. 2013; Petrie et al. 2016). At
our study sites, mean annual temperature in the post-drought period
(2005–2017) was 0.85 OC warmer than during the 100-year period
before the drought and mean annual precipitation was 9.8 mm lower
(PRISM Climate Group 2019). Soil texture is another factor that may
have affected regeneration survival. Density of ponderosa regenera-
tion > 1 year old in our study averaged 67/ha on sedimentary SPM,
33/ha on basalt SPM, and 0/ha on cinder SPM. Ponderosa pine re-
generation density tends to be lower on basalt SPM than on sedimen-
tary SPM (Ffolliott and Baker 1977; Goodwin 2004) due to more frost
heaving and more negative matric potential that reduces water avail-
ability (Heidmann and King 1992; Heidmann and Thorud 1976). Cinder
SPM has a gravelly, dark-colored, hot surface, and low water holding
capacity (Sthultz et al. 2007; Looney et al. 2012), which inhibit seedling
establishment.

We found little evidence of migration of the pinyon-juniper com-
munity into forests. We detected pinyon regeneration in only two of
nine forest sites, and only at low density (100/ha). Pinyon small trees
occurred in only two forest sites, both at low density (1.2 and 23.8 per
ha). Likewise, juniper regeneration occurred in only two of nine forest
sites, both at low density (100 and 200/ha). Juniper small tree density
in forest was usually zero, or very low (1.2 to 3.4/ha), with the ex-
ception of one forest site which had 47.7 small trees/ha. The logistic
regression models indicate a negative relationship between both pinyon
and juniper seedling occurrence and mature ponderosa basal area. They
also indicate a negative relationship with mean annual temperature,
and a positive relationship with both mean annual precipitation and
canopy cover. These relationships suggest that pinyon and juniper re-
generation should grow well in the climate of forest sites, but they are
inhibited by constrained seed dispersal and other factors associated
with mature ponderosa trees.

4.2. Ecotone transition to pinyon-juniper woodland

Our results show that woodland-forest ecotone communities are
transitioning to pinyon-juniper-dominated woodlands. Mature pon-
derosa trees in these communities are not being replaced due to low
regeneration. Pinyon pine and junipers, however, have regenerated in
ecotones, and should become the dominant overstory trees as

Fig. 5. Box and whisker plots showing juniper cone (A), regeneration (B), and
small tree (C) densities in three communities (woodland, ecotone, forest) and
three soil parent materials (SPMs: basalt, cinder, sedimentary). P-values from
Wald chi square tests are: for cone density (n = 27) community P < 0.001
SPM P = 0.920, SPM × community P = 0.845; for regeneration density
(n = 18) community P = 0.026, SPM P = 0.545, SPM × community
P = 0.219; for small tree density (n = 27) community P < 0.001, SPM
P < 0.001, SPM × community P = 0.149.

Table 3
The ten strongest logistic regression models of juniper regeneration occurrence in 1 m × 1 m plots (n = 2,700) based on
climatic and biotic factors, ranked by ΔAICc (corrected Akaike’s information criterion). Colors indicate the direction of in-
fluence based on model coefficients (blue+, red-), and p-value of coefficients in the model is indicated by size and bolding
(P > 0.05, P < 0.05). Model factors are abbreviated as: Canopy = plot canopy cover, Juniper_Cones = plot juniper cone
count, PIPO_BA = ponderosa basal area per hectare, PIED_BA = pinyon basal area per hectare, Juniper_BA = juniper basal
area per hectare, Soil_Clay = soil clay content (%), WWP = volumetric water content at wilting point, MAP = mean annual
precipitation, MAT = mean annual temperature.
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ponderosa pines die and are not replaced. In woodlands on sedimentary
and basalt SPMs, pinyon regeneration density averaged 217/ha and
juniper regeneration density averaged 200/ha. In woodland-forest
ecotones on the same SPMs, pinyon regeneration density averaged 317/
ha and juniper regeneration density averaged 1000/ha. These densities
are similar to those reported by Redmond et al. (2015) in the same
region between 1998 and 2001, before widespread drought-induced
pinyon pine mortality (pinyon pine regeneration: 220/ha, juniper re-
generation: 62/ha). Redmond et al. (2015) found a decrease in pinyon
regeneration between pre-drought and post-drought samplings, and
higher survival of juniper regeneration, suggesting a future shift toward
a juniper-dominated ecosystem (Redmond et al. 2015). We found si-
milar densities of pinyons and junipers at both the regeneration stage
and the small tree stage, which suggests codominance in the near future
on our sites. This trajectory may change, however, under projected
climate for the southwestern United States because pinyon pine is more
susceptible to drought than junipers (Adams et al. 2009; Breshears et al.
2009; Williams et al. 2010; Floyd et al. 2015). Woodland and ecotone
sites with cinder SPM had much lower regeneration and small tree
density than basalt and sedimentary SPMs, despite having similar cone
densities. Under recent warm climatic conditions, and even warmer
projected climate conditions, pinyon-juniper woodlands on cinder SPM
likely will fade due to low reproduction.

4.3. Climate and future reproduction

Future climate warming is projected to result in warmer droughts,
more frequent mortality events, further restriction of regeneration, and
continued contraction of ponderosa pine’s range (Hanson and Weltzin
2000; Williams et al. 2010; Bell et al. 2014; Rother et al. 2015). Pon-
derosa pine in our study had little reproduction likely because of the
combined effects of high stand density, warming climate, and drought.
These conditions predispose ponderosa pine forests to another im-
portant driver of range contraction, severe wildfire (Fulé et al. 2003;
Miller et al. 2009; Hurteau et al., 2014). Rapid loss of overstory trees
limits seed availability and creates harsh conditions for ponderosa
seedling establishment and survival (Davis et al. 2019).

The woodlands we studied appear to have a sufficient amount of
pinyon pine and juniper regeneration to maintain both of these species
in the near future. This could change, however, if drought severity and
frequency increase in the future as temperatures warm (Seager et al.
2007; Breshears et al. 2013; Williams et al. 2013; Cook et al. 2015).
Pinyon pine regeneration depends on mature pinyon trees for sheltered
microsites and as a seed source, both of which were reduced during the
recent drought (Chambers et al. 1999; Redmond and Barger, 2013;
Redmond et al. 2012, 2015). We found that pinyon pine regeneration
was most likely to grow near a nurse object or under canopy cover than
in open interspace conditions in our study sites, consistent with earlier
reports (Chambers et al. 1999; Redmond and Barger 2013; Floyd et al.
2015; Redmond et al. 2015). Additional pinyon pine mortality events
are expected in the coming decades (Adams et al. 2009, McDowell et al.
2015), which would further reduce seed production and sheltered mi-
crosites, resulting in constrained reproduction. Our logistic regression
models indicate that mean annual temperature is negatively associated
with both pinyon and juniper regeneration occurrence, suggesting
warming climate as an additional constraint to regeneration.

4.4. Management implications

Our results provide guidance for efforts to maintain low-elevation
ponderosa pine forests. We documented little ponderosa regeneration in
low-elevation forests that currently have an ample number of seed
trees. This likely results from several interacting factors, including lack
of disturbances that create a favorable regeneration niche, abiotic
stresses caused by drought and warm temperatures, and maladaptation
of current seed sources to warming climate. To enhance seed

production and seedling establishment, we recommend the considera-
tion of silvicultural treatments such as shelterwood cuts, group selec-
tion, or thinning from below to emulate pre-settlement forest structure
(Covington et al. 1997; Shepperd et al. 2006; Francis et al. 2018). By
increasing the sunlight available to regeneration on the forest floor,
reducing accumulated litter, and reducing competition for water, these
treatments should promote regeneration (Schubert 1974; Puhlick et al.
2012). Recent studies in northern Arizona in higher elevation pon-
derosa forests show that cutting treatments producing intermediate
stand basal areas (e.g., 7 to 28 m2/ha) enhance cone production and
seedling establishment (Flathers et al. 2016). Low-intensity burning
should be applied cautiously after seedling establishment until saplings
develop thick heat-resistant bark. While controlled burning could be
used to weed dense thickets of regeneration to reduce future fire se-
verity, we consider the future development of such thickets in low-
elevation forests to be unlikely given current constraints on regenera-
tion. Additional benefits of forest thinning and prescribed fire include
bringing ponderosa stand structure and fire regimes closer to reference
conditions that are less vulnerable to severe wildfire (Roccaforte et al.
2008; Fulé et al. 2012; Roccaforte et al. 2015). More proactive man-
agement to promote ponderosa regeneration in areas that do not re-
generate could include planting of seedlings with high tolerance to
drought and heat. Research leading to identification of appropriate
stress-tolerant seed sources is underway (Kolb et al., 2019b; Rehfeldt
et al., 2014).

Maintenance of ponderosa pine in woodland-forest ecotones is
problematic due to sparse current regeneration, recent and projected
future mortality of seed trees (Koepke et al. 2010; McDowell et al.
2015), and an increasingly stressful abiotic environment (Williams
et al. 2013; Petrie et al. 2017; Davis et al. 2019). Given limited re-
sources for forest management, we recommend that forest managers
focus on maintaining more drought tolerant woodland trees, such as
pinyon pine and junipers, and shrubs on these sites rather than pon-
derosa pine.

Our research and others (Kane et al. 2015; Redmond et al. 2018)
support management actions that maintain pinyon pine seed trees and
nurse objects in order to promote pinyon pine regeneration in ecotones
and woodlands. While there is little forest managers can do to prevent
pinyon pine mortality on the landscape scale during drought and as-
sociated bark beetle attacks, managers can limit practices that kill
pinyon pine seed trees, such as clearing to promote livestock forage and
wood-cutting. Limiting fire in pinyon-juniper woodlands also should to
help retain mature pinyon pines (Romme et al. 2009). It is important to
preserve pinyon pine trees that survived the last severe drought. These
trees provide the seeds and sheltered microsites required for pinyon
regeneration and possible woodland recovery (Redmond et al. 2018).
Stand treatments may be useful for stimulating the development of
pinyon pine mature trees. A recent study of woodland fire-reduction
treatments reported that thinning accelerated recruitment of pinyon
pine regeneration to overstory trees, whereas prescribed burning with
and without thinning decreased recruitment due to fire-induced mor-
tality (Huffman et al. 2019).

Assisted migration (Ste-Marie et al. 2011) may be an appropriate
management action to sustain woodlands and forests of the south-
western United States. Distributions of both ponderosa pine and pinyon
pine are projected to shrink during future warming as some of their
current range becomes unsuitable for regeneration (Rehfeldt et al.
2006; Bell et al. 2014). The limited seed dispersal distance of these
species constrains rapid migration to keep pace with a changing climate
(Chambers et al. 1999; Pearson and Theimer 2004; Lentile et al. 2005;
Vander Wall and Beck 2011). Assisted migration could involve planting
these species beyond their current distributions (e.g. upward in eleva-
tion), or planting highly drought-adapted genotypes from low elevation
provenances at higher elevation sites within current distributions. Ge-
netic differences in drought adaptation have been reported among
southwestern United States. populations of ponderosa pine (Kolb et al.
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2016) and pinyon pine (Gehring et al. 2017; Whipple et al. 2019). More
information is needed about the effectiveness of such management
actions in maintaining woodlands and forests in the southwestern
United States.
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