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Is a Mexican Pine Species Better
Adapted to the Warming Climate of
the Southwestern USA?
Victoria A. Hess and Peter Z. Fulé*

School of Forestry, Northern Arizona University, Flagstaff, AZ, United States

Pinus leiophylla, or Chihuahua pine (PILE), and P. ponderosa, or ponderosa pine (PIPO),

are two wide-ranging North American species with distributions that overlap in Arizona,

USA. We compared the growth of 58 trees from three study sites over an elevation

gradient at the northernmost point of PILE occurrence. Because the PILE trees were

growing at the extreme edge of the species’ range, we expected that PILE sensitivity

to climate would be higher and growth performance would be reduced compared to

PIPO. From 1918 to 2017, the study area became drier and warmer with precipitation

declining by ∼9% while temperature rose by ∼5%. We found that PILE tree-ring indices

were more sensitive in terms of average year-to-year percent variation than those of PIPO

and had higher variability in tree-ring variation in the 10 wettest vs. the 10 driest years.

But PILE displayed higher absolute diameter growth rates as measured by basal area

increment (BAI) and was less negatively correlated with warm monthly temperatures.

Within species, low-elevation trees of both species tended to have greater sensitivity to

climate over all variables assessed, but the differences were not statistically significant.

The overall assessment of growth of paired trees of the two species showed the locally

rare species PILE to perform approximately equally as well as the dominant species

PIPO. Species migration is reshaping global forests but species found predominantly

in Mexico with distributions coinciding closely with national boundaries have received

insufficient research attention in the USA.We recommend cross-border, climate-focused,

comprehensive studies on PILE and other species likely to migrate northward to provide

critical information for conservation and management of forest resources.

Keywords: Pinus leiophylla, Pinus ponderosa, Arizona, tree-ring index, chronology, drought

INTRODUCTION

Interactions of anthropogenic climate change and disturbance have been shifting global vegetation
patterns for decades with much greater changes expected in the near future. Examples of recent
shifts include the upward movement of numerous species comprising plant communities on
mountain ranges in desert (Brusca et al., 2013) and Mediterranean (Kelly and Goulden, 2008)
ecosystems. Research interest has focused on differences in climate effects between leading-
edge and trailing-edge populations. In dry forests of Pinus nigra in the Iberian Peninsula
and north Africa, tree growth was most constrained by warm and dry conditions in the
driest sites (Camarero et al., 2013). Latitudinal shifts are expected as well as elevational
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ones. Analysis of potential future climate conditions in British
Columbia, for example, guided a common-garden experiment
testing Pinus albicaulis planting up to 800 km NW of its current
range (McLane and Aitken, 2012). Species’ movements are
likely to be more complex than simply uphill and poleward
due to the numerous and complex physiological, demographic,
and disturbance-related factors affecting species’ distributions
(Pecl et al., 2017). However, despite similar tendencies for
movement among community members (Breshears et al., 2017),
contemporary studies report individualistic species shifts (Brusca
et al., 2013). Local conditions can outweigh broad geographical
patterns, as in the Mediterranean where the southernmost P.
nigra site in Morocco is more mesic than Spanish sites to the
north (Camarero et al., 2013). Disturbance-mediated change
associated with interactions between climate and wildfire or
insect pathogens is also likely to affect shifting distributions in
variable ways (Waring et al., 2009; Campbell and Shinneman,
2017; Parks et al., 2019).

Southwestern North America provides a useful context to
investigate differential species characteristics that affect the
likelihood of forest migration. Interesting features include the
topographic complexity of the region with sky island forests on
steep elevational gradients, separated by deserts. The forest taxa
are complex resulting from northward migration of species from
Mexican refugia during the Holocene, resulting in a relatively
depauperate Petran (Rocky Mountain) flora meeting a much
richer Madrean flora in the US states of Arizona and New
Mexico (Brown, 1994). Tree-ring studies provide a temporally
long context of climate-growth interactions at the scale of
individual organisms (Truettner et al., 2018). Tree rings provided
long, precisely dated information about growth and climatic
sensitivity (Biondi, 1999). Comparisons among co-occurring
southwestern North American species have provided insight
about relative performance over elevational gradients (Adams
and Kolb, 2005; Bickford et al., 2011) as well as drought-related
mortality (Ogle et al., 2000).

Pinus ponderosa (Douglas ex Lawson, 1836), hereafter PIPO,
and Pinus leiophylla (Schiede ex Schlechtendal et Chamisso,
1831), hereafter PILE, are two North American species that range
over several thousand km from British Columbia to the US-
Mexico border (PIPO) and from southernMexico to Arizona and
NewMexico, USA (PILE) (Figure 1). Substantial variability exists
within both species, as might be expected given their vast ranges.
Genetic study by Willyard et al. (2017) identified four distinct
groups that they considered to reach the level of species within
PIPO. In Mexico, Rodriguez-Banderas et al. (2009) separated
PILE into P. leiophylla var. chihuahuana and three different
groups within P. leiophylla var. leiophylla. Due to its economic
and ecological importance, PIPO has been extensively studied in
the forestry and ecology literature. The species comprises one of
the principal sources of tree-ring data worldwide (International
Tree-Ring Data Bank (ITRDB), 2019). PILE has been studied
and some tree-ring chronologies have been developed, primarily
in Mexico (Musálem and García, 2003), but the species has
received limited attention in the USA given its rare and sparse
distribution (Whittaker and Niering, 1975). Both species grow
in pure and mixed montane stands, often with other conifers

and Quercus species. There is extensive evidence of frequent
fire disturbance in forests of both species, primarily through fire
regimes of recurring low-severity fires (Swetnam and Baisan,
2003; Yocom Kent et al., 2017). Both species are characterized
by relatively thick bark and self-pruning traits, which confer a
degree of resistance to low-severity fire. PILE is also capable
of resprouting following fire and a low degree of serotiny has
been reported (Rodríguez-Trejo and Fulé, 2003; Baumgartner
and Fulé, 2007).

The high rate of vegetation movement associated with global
change (e.g., Brusca et al., 2013; Parks et al., 2019) makes it
urgent to focus on likely “incoming” species, those expected to
have a range advancement of a species along their leading edges
as compared to historical elevational and latitudinal patterns,
especially when their previously rare occurrence means that their
attributes have not been compared to the currently dominant
species.We selected the northernmost PILE populations inNorth
America, which are interspersed with the dominant species
PIPO (Figure 1), to study how both species were reacting to
local climate in order to track trends and understand patterns
for future climate predictions. Previous bioclimatic modeling
studies gave contradictory predictions for PILE shifts; Rehfeldt
et al. (2006) forecast that the species could move northward
by 800 km and up in elevation by 600m by 2090, while
Sáenz-Romero et al. (2015) predicted diminishment or loss
of USA habitat for PILE. Empirical growth data from the
northern extreme of PILE’s range would be useful to inform
future forecasts.

Since we studied PILE at the extreme geographical limit
of its range, we expected PIPO to have superior growth in
relative and absolute terms. However, we recognize that the
expected performance difference is a broad generalization due
to the absence of regionally-specific data on PILE growth and
physiology that would permit the formulation of more data-
based hypotheses. We expected to find differences in inter-
annual climate sensitivity as well as intra-annual differences
related to monthly climate factors. Arizona in general is
substantially drier than the Mexican habitats of most of PILE’s
range (Figure 1). Specifically, we hypothesized that: H1, PILE
tree-ring chronologies would have a higher sensitivity statistic
(average interannual ring-width change) due to greater growth
reductions in dry years. Because of expected severe growth
reduction in the driest years, we hypothesized H2, Wet:Dry
ratios calculated for ring-width indices (RWI) in the most wet
and dry years would be higher for PILE than PIPO. Due to
higher climatic sensitivity, H3, monthly precipitation values
would be more positively correlated with RWI, and monthly
temperature values would be more negatively correlated with
RWI, for PILE than for PIPO trees. In terms of absolute growth
as measured by basal area increment (BAI), we hypothesized
that conditions at the range limit would result in: H4, PILE
would have less growth; and H5, PILE would display greater BAI
decline in drought years and reduced recovery from drought,
as compared to PIPO. Finally, across the board, we expected
that more xeric conditions at lower elevation meant that:
H6, lower-elevation trees would perform less well than higher
elevation trees.
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FIGURE 1 | Range of Pinus leiophylla, PILE (blue) and P. ponderosa, PIPO (yellow), maps from US Geological Survey. The study area is at the northernmost point of

the PILE range. The inset map (upper right) shows the three study sites on the Mogollon Rim in Arizona, identified as High (H), Middle (M), and Low (L) elevation. The

cross symbols mark the three weather stations. The inset photo (lower right) shows a pair of sampled trees with PILE on the left and PIPO on the right. Climate

diagrams are from the study area (center), Nez Perce, Idaho, USA (Top), and Ciudad Guzmán, Jalisco, Mexico (Bottom).

METHODS

Study Area
Our study was conducted at the northernmost forest location of
PILE in North America (Figure 1), on the Black Mesa Ranger
District of the Apache-Sitgreaves National Forests near Heber,
Arizona, USA. The elevation of the study area is between 2000
and 2,500m with an average annual precipitation of around
46.5 cm (Western Regional Climate Center, 2017). Monthly
temperatures average between −0.29 and 20.4◦C with the lowest
average temperatures in January and the highest in July. Climate
data are discussed in more detail in the following section. We
selected three study sites based on a fire ecology study by
Baumgartner and Fulé (2007) which had 11 study plots. The
three plots we chose represented the lower (L, 2,030m), middle

(M, 2,097), and high (H, 2,245) elevations of the Baumgartner
and Fulé (2007) study. Soils are Typic Eutroboralfs and Udic
Haplustalfs (for the middle elevation) which are slightly acidic
soils or leached basic soils with a clay-enriched B horizon or
subsoil. These soils are predominantly fine and mixed with
gravelly sandy loams, rich in aluminum and iron. The high
elevation soil is surrounded by Eutric Glossoboralfs which are
characteristically influenced by volcanic ash. Soils data were
taken from the Terrestrial Ecosystem Survey of the Apache-
Sitgreaves National Forests (USDA Forest Service, Apache-
Sitgreaves National Forests, 2019).

PILE is a rare and patchily distributed species in the
forest, which is dominated by PIPO. Other species included
white fir (Abies concolor Gord. & Glen.), alligator juniper
(Juniperus deppeana Steud.), Gambel oak (Quercus gambelii
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Nutt.), pointleaf manzanita (Arctostaphylos pungens Kunth), and
Fendler ceanothus (Ceanothus fendleri Gray). Past management
has included exclusion of the previously prevalent disturbance
regime of frequent, low-severity fires (Huffman et al., 2015)
and conversion of much of the forest structure to relatively
homogeneous and young stands through even-aged harvesting
systems. In 2002, the study area was burned by the 189,000-ha
Rodeo-Chediski fire, which was largely of high severity (Strom
and Fulé, 2007; Shive et al., 2013). Baumgartner and Fulé (2007)
found that about 37% of topkilled PILE trees resprouted after
the fire.

Climate Data
We compiled climate data from three weather stations because
no single station had a consistent or complete record of data.
The three weather stations utilized are the Chevelon Ranger
Station, the Heber Ranger Station, and the Pinedale Ranger
Station (Western Regional Climate Center, 2017).We chose these
stations because they were the closest to the study sites and had
similar elevation. Numerous data values were missing from each
of the three stations; in some cases, months or entire years were
missing from one station or another. We compiled the data into
a master data set for average monthly precipitation (1912–2017)
and average monthly temperature (1917–2017). This ensured us
a data set that had the least amount of missing data possible
for a more accurate set of measurements. We converted the
precipitation data set into water years (October 1 to September
30) because annual tree-ring growth is most closely related to
the previous winter and the current-year growing season (Yang
et al., 2014). We sorted water years to identify the top 10 wettest
and top 10 driest water years. We also separately identified the
top five wettest and top five driest water years for more thorough
analyses. For consistency between precipitation and temperature
data, we also converted the temperature data set into October 1
to September 30 periods.

Tree-Ring Sampling
At each of the three sites, we randomly sampled 10 mature
Chihuahua pines, Pinus leiophylla or PILE. For each Chihuahua
pine, we matched it with a comparable ponderosa pine (Pinus
ponderosa) nearby with a similar diameter and height. By pairing
similar trees, we were able to study differences in reactions from
both species to the same climatic conditions. Chihuahua pines
were chosen first as they are the less abundant of the two species
in the area. For each tree, we measured the diameter at breast
height (DBH), the total height, and the height of the live crown
base. For mapping, we also recorded the geographic position of
each tree studied with a global positioning system (GPS) receiver.
Every tree was cored at ∼40 cm above ground level, for a total of
60 cores.

Lab and Analysis Procedures
We glued cores to wooden core mounts and sanded them
with progressively finer sandpaper until wood cells were clearly
visible under magnification. We crossdated cores visually using
narrow marker years (Stokes and Smiley, 1968) with the AZ527
Muletank ponderosa pine chronology (Graybill, 1986). Cores

were measured with 0.001mm accuracy on a sliding stage
(Velmex Positioning System, 2017) with Measure J2X software.
We checked crossdating through COFECHA software (Holmes,
1983). We successfully crossdated 58 of the 60 trees: all 30 PILE
cores and 28 of the PIPO cores. We created separate data sets
for each species (PILE and PIPO) and study site (L, M, H).
Comparisons of relative and absolute growth between species was
done at the level of the two species and three sites. The data
were collected at the level of tree pairs in order to ensure that the
study had equal representation between the two species of spatial
distribution, including unmeasured attributes of microsites, as
well as trees of approximately similar size. Tree attributes were
compared with paired t-tests. All statistical analyses were done in
R version 3.5.2 (R Core Team, 2019) except where noted below.
The alpha level was 0.05 for all tests.

We used the ARSTAN program (Cook and Krusic, 2014) to
create tree-ring chronologies. Relative sensitivity of tree growth
(H1) was assessed as the mean “sensitivity” of the PILE and PIPO
chronologies. This statistic is calculated as the mean proportional
change from year to year in ring-width index (RWI) per tree
(Speer, 2010), indicating the sensitivity or complacency of a tree-
ring series. The statistic called “sensitivity” in dendrochronology,
the mean year-to-year ring-width variability, has been criticized
as being ambiguous in describing tree-ring series, especially when
comparing gymnosperm species that can have missing rings
with angiosperm species that cannot because of the inherently
different variances of such series (Bunn et al., 2013). We
acknowledge the points made by Bunn et al. (2013). However,
the literature on tree-ring growth comparisons similar to the
present study reported the sensitivity statistic. We are interested
in reporting similar statistics for comparison and we further note
that all the comparisons in the cited literature and the present
study involve conifer species of western North America, so the
primary concern regarding comparisons across dissimilar taxa is
moot. The expected relationship between the intercorrelation of
the ring-width values among the trees comprising a chronology
and sensitivity is that trees with stronger common signals are
generally more sensitive. Sensitivity statistics were compared
between species with paired t-tests for all trees together and by
site. The expressed population signal (EPS) statistic, an estimate
of the common variability in a chronology (Speer, 2010), was
calculated for each chronology in ARSTAN.

We calculated a Wet:Dry (H2) ratio by species and elevation
to assess growth sensitivity to drought (Fekedulegn et al., 2003;
Adams and Kolb, 2005). We summed monthly precipitation
values from the climate dataset and selected the five and ten
wettest and driest water years for analysis.We divided the average
RWI in wet years by the average RWI in dry years to calculate
the Wet-Dry ratio (W:D). Higher values of this ratio indicate
higher differences in relative growth between exceptionally wet
and dry years (Bickford et al., 2011). The W:D ratios for the top
five and top ten wettest and driest years were compared with 2-
factor ANOVA, with the factors of species, elevation class (low,
mid, high), and their interaction.

Monthly influence of precipitation and temperature on RWI
values (H3) was assessed with DendroClim 2002 software (Biondi
and Waikul, 2004). Correlations were assessed over a 21-month
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period from January of the previous year through September of
the current year. Statistical significance of correlation coefficients
was assessed from bootstrapped estimates of 1,000 samples.
Only statistically significant correlation coefficients, significantly
different from 0 at the 0.05 probability level, are reported (Biondi
and Waikul, 2004).

Absolute growth of PILE and PIPO (H4) was assessed with
basal area increment (BAI). We calculated the difference between
the basal area (πr2) at year T and T-1 to calculate the annual
incremental growth for year T (Johnson and Abrams, 2009).
BAI measurements are expressed in mm2 year−1. We compared
average BAI and 95%-confidence intervals for PILE vs. PIPO
trees and we calculated simple linear regressions through the
data. In addition to comparing absolute growth in terms of
BAI, we also considered comparing total aboveground biomass.
There are regionally appropriate biomass equations for PIPO
(Kaye et al., 2005). However, there are no biomass equations
for PILE from the USA; the closest biomass equations for PILE
were developed in northwestern Mexico over 500 km from the
study area (Larreta et al., 2017). We chose to compare the 2-
dimensional BAI variable, measured here with high precision,
rather than the 3-dimensional biomass variable which would
be estimated with unknown precision as well as uncertain
accuracy given that the PILE samples come from the extreme
edge of the species’ range. We compared growth responses with
a repeated-measures ANOVA on BAI by species with year as
the repeated variable. ANOVA assumptions of normality and
homoscedasticity were met. Following an overall result of a
statistically significant difference between species, BAI means in
individual years were compared between species with Tukey’s
HSD test (JMP Pro 14.0.0, SAS Institute Inc., 2018).

We evaluated changes in tree growth associated with drought
(H5) for the five most severe drought years defined as the
five lowest water years: 1928, 1955, 2000, 2002, and 2011. We
calculated indices of Drought Sensitivity (DS) and Drought
Recovery (DR) as defined by Sangüesa-Barreda et al. (2015). The
DS statistic measures changes in the drought event compared to
the average of the three previous years, while the DR statistic
assesses the degree of return following the event:

DS = [(BAID − BAID−3)/BAID−3]×100

DR = [(BAID+3 − BAID−3)/BAID−3]×100

where BAID is the BAI value for the drought year, BAID−3

is the mean BAI for the 3 years preceding the drought year,
and BAID+3 is the mean BAI for the 3 years following the
drought year. The mean BAI was calculated for 3-year intervals
because it reflects the short-termBAI variation caused by drought
(Sangüesa-Barreda et al., 2015). Index values were compared
between species with t-tests (Sangüesa-Barreda et al., 2015).

RESULTS

From 1918 to 2017, the study area became drier and warmer.
Precipitation in the study area declined by ∼4 cm (9% decrease)
while temperature rose by ∼0.5◦C (5% increase). These values
are calculated as the difference between the start point and the
end point of the central trendline for the corresponding graphs,

FIGURE 2 | Mean annual precipitation (Top) and temperature (Bottom) from

the master climate dataset assembled from three climate stations close to the

study sites. Missing values occur where no data were available from any

station. Dotted lines are central trendlines. Data are shown by water year

(October 1 to September 30), rather than calendar year.

TABLE 1 | Individual tree summary statistics.

DBH (cm) Ht (m) Crown Base Ht (m) Age

PILE

Mean 38.2* 12.4* 2.4* 149.5

S.E.M. 1.4 0.4 0.3 6.6

PIPO

Mean 34.8* 14.0* 5.9* 168.8

S.E.M. 0.9 0.5 0.4 7.4

Means indicated with an asterisk were significantly different (paired t-test, p = 0.05).

S.E.M. = standard error of the mean. DBH is diameter at breast height (1.37m). Ht is

height (m). Crown Base Ht is the height (m) above ground of the lowest live branch.

illustrated by Figure 2. The master climate dataset was nearly
complete except for 1946 and the first 6 months of 1947.

Although trees were selected in pairs to match as closely as
possible (Table 1), there were statistically significant differences
between several variables (t-test, p < 0.05). PILE trees had a
significantly higher average DBH (3.4 cm higher, about 10%) but
PIPO trees were significantly taller (1.6m, about 11%) and had
notably greater crown base heights (3.5m higher). PILE trees
averaged 19.3 years younger than PIPO trees but the difference
was not significant.

We developed standard and residual tree-ring chronologies
for each species and elevation (Table 2). Intercorrelation statistics
ranged from 0.49 to 0.72. The three PILE chronologies averaged
0.65 vs. 0.57 for PIPO. PILE chronologies also had a higher
average sensitivity, 0.34 vs. 0.31 for PIPO. Both intercorrelation
and sensitivity statistics were highest at low elevation for both
species and decreased with increasing elevation, except for the
intercorrelation statistic for PILE. The expressed population
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TABLE 2 | Tree-ring chronology statistics for each species and elevation.

Sensitivity R2 St. Dev.

Low PILE 0.369 0.716 0.036

Low PIPO 0.341 0.629 0.051

Mid PILE 0.337 0.595 0.075

Mid PIPO 0.313 0.550 0.038

High PILE 0.301* 0.624 0.029

High PIPO 0.272* 0.493 0.031

All PILE 0.336* 0.607 0.057

All PIPO 0.310* 0.540 0.049

Means indicated with an asterisk were significantly different between species (paired

t-test, p = 0.05).

TABLE 3 | Wet:Dry ratios of ring-width index values by species and elevation for

the top five and top 10 wettest and driest years.

Low

PILE

Low

PIPO

Mid

PILE

Mid

PIPO

High

PILE

High

PIPO

Top 5 1.42 (0.07) 1.55 (0.11) 1.41 (0.11) 1.28 (0.09) 1.35 (0.07) 1.27 (0.06)

Top 10 1.36 (0.05) 1.31 (0.05) 1.36 (0.06) 1.30 (0.04) 1.37 (0.05) 1.20 (0.04)

Values are mean and (standard error). The only statistically significant difference was

between species for the W:D Top 10 category (2-factor ANOVA).

signal (EPS) statistics exceeded 0.85 in PILE and PIPO
chronologies from 1875 to present. Traditionally this value
has been used to suggest that the chronologies represented a
coherent, stand-level signal (Speer, 2010), although the reliability
of this interpretation has been questioned (Buras, 2017).

Growth in the wettest years ranged from ∼20 to 40% higher
than in the driest years, indicated by the Wet:Dry growth ratios
in the most extreme 5 and 10 years in the precipitation record
(Table 3). None of the factors (species, elevation, and interaction)
was statistically significant in the W:D Top 5, but PILE was
significantly higher than PIPO in Wet:Dry ratio in the Top 10
comparison (p= 0.026). The wet:dry ratios varied with elevation
but it was not a statistically significant factor. PIPO displayed the
greatest variability in ratios with elevation, 1.55 at low elevation,
as compared to 1.27 at high elevation.

Seasonal influences of precipitation and temperature were
similar between the two species but PIPO was more consistently
significantly negatively influenced by warm temperatures
(Figure 3). Precipitation in the previous winter, especially
December, and current-year May to July was positively
correlated with ring-width index for both species. The highest
correlations for PILE were in June while the highest for PIPO
were in the previous December, especially at the low elevation
site. Temperatures were negatively correlated with ring-width
index for both species, but PIPO was negatively affected in
more months and years. Only 4 out of 63 possible months (21
months of analysis × 3 elevation zones) had significant negative
correlations lower than −0.20 (orange color in Figure 3) for all
three PILE chronologies. The high-elevation PILE chronology
had no month with a notable negative effect of temperature. In
contrast, 13 months had significant negative correlations lower
than −0.20 for all the PIPO chronologies. Negative relationships

were notable in the late winter of the previous year (Feb-Mar)
and current-year spring (March–June).

Absolute growth of PILE trees as measured by basal area
increment (BAI) was significantly higher than PIPO trees
during the century from 1918 to 2017 (Figure 4). The post-hoc
comparison of individual years showed statistically significant
higher growth of PILE in 41 out of the 100 years (Figure 4). The
consistently faster basal area growth of PILE trees explains the
fact that PILE had higher average DBH but lower age than PIPO
(Table 1).

Drought sensitivity (DS) varied from+18% to−80% for PILE
and +11% to −78% for PIPO (Figure 5). The most pronounced
declines were in the 2000 and 2002 drought years, and these two
drought years were close enough together to enter reciprocally
into the DS and DR formulas. Drought recovery (DR) statistics
ranged from +9% to −33% for PILE and +25% to −45% for
PIPO. The 2000 drought had the most negative DR value for
both species. Both species had negative DR values for all three
drought years in the twenty-first century. The two species had
statistically significant differences in only one of the five drought
years, 1928 (Figure 5).

DISCUSSION

Despite endeavoring to closely match PILE and PIPO trees in
the field, we found that the PILE trees averaged 10% larger
in diameter but PIPO trees averaged about 11% taller. These
differences may affect the comparisons made in this study.
However, our careful search in the fieldwork makes us confident
that the data set represents the best possible matches available
at the isolated northernmost patches of PILE. The fact that the
differences in diameter vs. height were split between the species,
rather than one species having overall bigger trees, suggests that
there is not a systematic size bias affecting the results.

Growth of PILE and PIPO at the northernmost location of
PILE in North America was relatively similar, with the study
hypotheses of reduced PILE performance being supported in
some aspects and rejected in others. We found greater tree-ring
sensitivity in PILE than PIPO, as expected inH1, and significantly
higher variability inW:D ratio of PILE in one of two comparisons
(H2), with no difference in the other. Other hypotheses of
reduced PILE performance relative to PIPO were rejected. PILE
was less negatively correlated with warm monthly temperatures
(H3) and had greater sustained absolute growth as measured by
BAI (H4). The species were nearly indistinguishable in drought
sensitivity and recovery in terms of BAI (H5); the only statistically
significant result was in one drought year (1928) out of the five
studied, in which PIPO performed better than PILE. The final
hypothesis H6, that low-elevation trees of both species would
have greater sensitivity to climate over all variables assessed, was
not supported, although non-significant trends were consistent
with better growth at higher elevation. In sum, assessment of
growth of paired trees of the two species showed PILE to perform
approximately equally to the dominant species PIPO. Each of
the different comparisons offers specific insights into the two
species, suggesting potential mechanisms and hypotheses for
future research.
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FIGURE 3 | Statistically significant correlations between ring width index values and monthly precipitation (Left) and temperature (Right). Correlations were

calculated for the previous year (JAN, FEB, etc.) and current year (Jan, Feb, etc.). Months with a correlation coefficient > |0.20| are shown in color. Darker shades of

blue indicate increasingly positive correlations (max. value 0.42) and darker shades of red indicate increasingly negative correlations (min. value −0.33).

In contrast to our initial expectation that PILE trees at
the extreme northern limit of the species’ range would be
more sensitive to climate and grow less than PIPO, many
measures of sensitivity and growth actually showed superior
PILE performance. One logical explanation for the reduced
temperature sensitivity of PILE as compared to PIPO is the
generally higher temperature over the Mexican range of the
southern species. As indicated by the representative climate
diagrams in Figure 1, the peak in average annual temperatures
was only slightly higher in Ciudad Guzmán, Jalisco, than our
study area, but the cooler months had much higher temperatures
than the Arizona site. The climate of Nez Perce, Idaho, where
only PIPO is found, had much cooler winter, spring, and fall
temperatures and a lower summer peak than Arizona or Jalisco.
Given the likely adaptation of PILE to warmth across its range,
this may explain its reduced temperature sensitivity in Arizona
and may indicate superior resilience to warming temperatures
forecast for the southwestern US (Seager et al., 2007). The genetic
basis for differential temperature responses within species has
not been studied for PILE but Shinneman et al. (2016) reported
that different evolutionary lineages of PIPO had distinct climate
niches. Seasonal differences in water availability may also play
a greater role in the future. PIPO in Arizona is known to
rely heavily on winter precipitation for annual wood increment
(Kerhoulas et al., 2017), while PILE occupies variable climates
but with a tendency toward domination by summer precipitation
(Musálem and García, 2003). Southwestern USA climates are
predicted to have much drier winters as climate shifts over

FIGURE 4 | Basal area increment (BAI) in time series from 1918 to 2017 of

Pinus leiophylla (PILE) and P. ponderosa (PIPO). Stars indicate significant

differences between the species. Error bars are 95% confidence intervals.

the twenty-first century (Seager et al., 2007; Klos et al., 2014).
Summer rainfall in the Southwest is less well-understood and
the interaction of the monsoon with climate change is an area
of active research. While uncertainty about future seasonal water
availability remains high, these factors suggest that PILE may
have an advantage relative to PIPO.

Another possible factor influencing PILE performance is the
observation that the scattered PILE stands on the Apache-
Sitgreaves National Forests tend to occur on light-colored, rocky
soils with little organic matter or herbaceous growth, referred to
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FIGURE 5 | Indices of drought sensitivity, DS (Top), and drought recovery, DR

(Bottom). Indices reflect the proportional anomaly in BAI calculated in 3-year

windows before drought (DS) or 3 years pre- and 3 years post-drought (DR).

Pinus leiophylla open symbols, P. ponderosa shaded symbols. Stars indicate

significant differences between the species.

by local foresters as the “Gobi Desert” (G. Richardson, personal
communication, A-S National Forests). These patches of light-
colored soil occur at scales of 100-101 hectares, smaller than
the minimum map units, around 102 ha, of the Terrestrial
Ecosystem Survey (TES). Therefore, we could not characterize
the unique soils associated with PILE stands. However, if the
soils are in fact less productive than those of the surrounding
PIPO-dominated forest, we speculate that the poor soils may be
related to the superior performance of PILE trees by reducing the
competitive capability of PIPO. This would be a useful question
for future research comparing the physiological performance of
both species. Furthermore, as climate conditions warm in future
decades, more of the soils in this elevational band are likely to
decline in productivity due to reduced growth, declining litter
inputs, and fire and erosional processes. Climate-induced soil
degradation could contribute to PIPO decline and PILE advance
during the twenty-first century.

Southwestern USA wildfires have been increasing in size
(Yocom et al., 2019) and severity (Singleton et al., 2019), and
severe burning is linked to climate warming (Mueller, 2019). As is
the case with many other dry forest types worldwide, these trends
are expected to continue (Parks et al., 2019). Studies suggest

that the “trailing edge” of dry coniferous forest distributions,
such as PIPO close to its southern limit in this case, may be at
risk of deforestation (Parks et al., 2019). After severe wildfires,
PILE has a distinct advantage over PIPO due to its resprouting
habit (Baumgartner and Fulé, 2007). However, PILE is a relatively
weak resprouter as compared to another sprouting pine, Pinus
canariensis (Molina-Terrén et al., 2016). Less than half of the
PILE trees measured by Baumgartner and Fulé (2007) resprouted
after being top-killed by fire and those that were successful tended
to be smaller in size—implying reduced belowground reserves to
support growth—and less severely burned. Increasing recurrence
of severe fires can degrade the capability of trees to resprout,
challenging the concept of resprouters as “resilient” to fire
(Fairman et al., 2019). In addition, although PIPO regeneration
is notoriously variable following wildfire in the Southwest (Ouzts
et al., 2015), PIPO has been shown to regenerate vigorously in the
study region following the 2002 Rodeo-Chediski fire (Owen et al.,
2017). Therefore, it would be premature to assume that severe
wildfires will necessarily favor PILE at the expense of PIPO on
the Mogollon Rim of Arizona in the near future.

The broader question that merits further investigation,
however, is the potential role of PILE as a dominant coniferous
forest species in the southwestern USA at a time when climate
trends appear unfavorable to PIPO (Azpeleta Tarancón et al.,
2014). We found that PILE trees at the northern limit of
its range grew faster in diameter and were less sensitive to
warm temperatures than co-occurring PIPO trees. Coupled
with their resprouting habit, these attributes suggest that PILE
could be relatively well-adapted to future conditions of warmer
temperatures, reduced soil productivity, and more frequent and
severe wildfires. We suggest that greater attention should be
paid to this species and other species that reach their northern
limits at or near the USA-Mexico border, such as P. lumholtzii,
P. durangensis, P. strobiformis, and P. engelmannii. Some of
these species have been well-studied in Mexico. For example, P.
durangensis is a widespread species which forms a substantial
timber stock in northern Mexico (Návar et al., 2013). However,
PILE, P. lumholtzii, and P. engelmannii are of limited commercial
importance and thus their silvics and ecology have received little
study. Even in the situation where PILE has been evaluated
at a national Mexican scale in terms of genetics (Rodriguez-
Banderas et al., 2009) or silvics (Musálem and García, 2003),
the research stopped at the border. We recommend cross-
border, climate-focused, comprehensive studies such as recent
work by Shirk et al. (2018) on P. strobiformis. Our present
interest is focused on pines but Madrean oaks and other wide-
ranging tree species such as Juniperus deppeana also merit
attention as species likely to expand in the USA. Research should
include within-species genetic variation that may be related to
climate sensitivity.

Species migration, both unassisted and assisted, is reshaping
global forests. Research on natural experiments, such as the
observational tree-ring study described here, and controlled
experiments such as common-garden plantings (Patterson
et al., 2018) provide critical information for conservation
and management of forest resources. The ecosystem services
provided by forests are especially critical and most at risk in
semi-arid settings (Yazzie et al., 2019); it may be in these regions
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where knowledge about the performance of incoming migratory
species will prove the most useful.
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