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ABSTRACT

This study documents tree mortality in Big Bend National Park in Texas in response
to the most acute one-year drought on record, which occurred following a five-day
winter freeze. I estimated changes in forest stand structure and species composition
due to freezing and drought in the Chisos Mountains of Big Bend National Park using
permanent monitoring plot data. The drought killed over half (63%) of the sampled
trees over the entire elevation gradient. Significant mortality occurred in trees up to
20 cm diameter (P < 0.05). Pinus cembroides Zucc. experienced the highest seedling
and tree mortality (P < 0.0001) (55% of pifion pines died), and over five times as
many standing dead pines were observed in 2012 than in 2009. Juniperus deppeana
vonSteudal and Quercus emoryi Leibmann also experienced significant declines in
tree density (P < 0.02) (30.9% and 20.7%, respectively). Subsequent droughts under
climate change will likely cause even greater damage to trees that survived this record
drought, especially if such events follow freezes. The results from this study highlight
the vulnerability of trees in the Southwest to climatic change and that future shifts in
forest structure can have large-scale community consequences.
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INTRODUCTION

Recent widespread tree mortality has been documented across the globe in response to
increasingly warmer and drier climatic conditions (Allen ¢ Breshears, 1998; Breshears et al.,
2009; van Mantgem et al., 2009; Allen et al., 2010). Global-change-type droughts, which are
severe droughts coupled with elevated summer temperatures, have resulted in landscape-
and regional-scale shifts in forest stand structure and species composition (Breshears et
al., 2005; Shaw, Steed ¢ DeBlander, 2005). While multi-year droughts have been widely
identified as agents of tree mortality (Guarin & Taylor, 2005; van Mantgem et al., 2009;
Ganey & Vojta, 2011), short-duration acute droughts of one to two years in duration
can also be responsible for extensive tree death (Breshears et al., 2005; Hogg, Brandt &
Michaellian, 2008).
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Acute drought events that follow short-duration winter freezes can be especially
damaging to plant tissue. Tree death can occur under severe drought after just a single,
short-duration freezing event (Willson & Jackson, 2006). Rapid changes in temperature
present a unique challenge to trees because cold snaps can cause air bubbles and sap
ice to form which can result in stem breakage and hinder water transport (Scholander,
Hemmingsen & Garey, 1961; Hammel, 1967; Sucoff, 1969; Zimmermann, 1983).

A five-day freeze occurred in February 2011 in Big Bend National Park, which was
followed by the most severe one-year drought on record in Texas in the spring and summer
of 2011 (Nielsen-Gammon, 2011) (Fig. 1). West Texas was particularly affected by the
drought (National Drought Mitigation Center, 2011), and the Chisos Basin of Big Bend
National Park received just 10.9 cm of precipitation in 2011 (one fifth its historical average
0f49.2 cm) (WRCC, 2013). Together, the freeze and drought events were likely responsible
for widespread tree mortality between 2011 and 2012 in this region.

As part of a permanent forest monitoring study in the Chisos Mountains (CM) of
Big Bend National Park, I monitored tree mortality in a Southwestern pifion-juniper
forest between 2009 and 2012. This interval overlapped the five-day February freezing
event and global-change-type acute drought that occurred in 2011, providing the unique
opportunity to document a coupled freezing- and drought-induced tree mortality event.
While pifion-juniper tree mortality in response to severe drought has been documented in
several sites in the southwestern United States, few studies have examined the combined
effects of short-duration freezing and acute drought events on pinon-juniper woodland
stand structure and species composition. Moreover, this research highlights tree mortality
patterns across a post-Pleistocene relictual mountain range (i.e., Sky Island) that differs
dramatically from other previously studied pifion-juniper forests in terms of species
composition and climatic setting.

In this paper, I quantify tree mortality by estimating changes in forest stand structure
and species composition across the forested area of the elevation gradient in Big Bend
National Park. I measured changes in live and standing dead tree density, basal area, and
species composition in CM as a whole and at low, middle and high elevations individually.
This information provides an assessment of the combined effects of freezing and acute
drought stress in Sky Island forests that are surrounded by lowland desert and whose
distributions are already greatly restricted by contemporary climatic conditions.

MATERIALS AND METHODS
Study area

The Chisos Mountains are a small rhyolitic mountain range located entirely within Big
Bend National Park. Current forests are Pleistocene relicts, and their distributions are
the product of species migrations from lowlands to uplands during early Holocene
warming (Vandevender & Spaulding, 1979). The CM rise to 2300 m asl. They are bound
at lower elevations by deserts dominated by shrub and succulent desert flora, where tree
establishment and growth are inhibited due to high temperatures and moisture-limited
conditions. The CM represent an ecological transition zone because of their position at the
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Figure 1 Climate. Climatic conditions from 2010 to 2012 in the Chisos Basin of Big Bend National Park,
Texas (WRCC, 2013) including (A) monthly extreme low temperatures, (B) mean monthly maximum
temperatures, and (C) mean monthly precipitation. The weather station is located within 0.25 km of the
middle elevation sample sites in this study.
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eastern edge of the Basin and Range Province and they share biological affinities with flora
of the Rocky Mountains and the Sierra Madre Ranges (Muldavin, 2002). Soils are a mixture
of mollisols and entisols. They are composed of moderately deep gravelly loam, which is
well drained and non-calcareous (Carter, 1928). Runoff is moderate to rapid. Available
water capacity is low.

Forests (above 1600 m asl) in CM are composed of pinon-juniper-oak, pine-oak, and
mixed conifer woodlands. Pifion-juniper woodland is the dominant forest type which
is comprised of Mexican pifion pine (Pinus cembroides Zuccarini), alligator juniper
(Juniperus deppeana vonSteudal), gray oak (Quercus grisea Liebmann), Graves oak
(Quercus gravesii Sudworth), Emory oak (Q. emoryi Leibmann), and weeping juniper
(J. flaccida vonSchlechtendal) (Poulos & Camp, 2010). Lower elevations also contain
small populations of one seed juniper (J. monosperma Englemann) and red berry juniper
(J. pinchotii Sudworth) and oak shrublands that are dominated by Q. pungens Leibmann.
Arizona pine (P. arizonica Englemann), Douglas fir (Pseudotsuga menziesii Mirbel), and
Arizona cypress (Cupressus arizonica Greene) also have restricted populations in Boot
Canyon in CM. Taxonomy follows Powell (1998).

The modern climate is arid, characterized by cool winters and warm summers.
Precipitation is distributed bi-modally in late summer and winter with the majority of
precipitation falling during summer storms as part of the North American Monsoon
System. Mean annual precipitation for the Chisos Basin is 49.7 cm (range 10-135 cm).
Mean January precipitation is 1.5 cm (range 0-2.5 cm) and is 8.0 cm (range 0.2-20.5 cm)
in July. Mean monthly minimum temperatures are 1.8 °C in January and 17.0 °C in July.
Maximum temperatures are 14.1 °Cin January and 29.1 °Cin July.

Field sampling

Thirty-six plots were established at low, middle, and high elevations (12 at each elevation)
in the CM in June 2009 and I resampled them during the growing season in June 2012
after the drought. Low elevation plots were randomly placed in Green Gulch within 100 m
of the edge of tree cover in CM. Middle elevation plots were randomly distributed across
the Chisos Basin. High elevation plots were randomly distributed along the Southeast
Rim. Plots were located so that they did not intersect trails, power lines, or archeological
or cultural resources. The Southeast Rim was chosen for the high elevation sampling
area because it had not previously burned in prescribed fires or wildfires. Trees > 5 cm
diameter at breast height (dbh) were measured using 10 m radius (0.03 ha) fixed area
plots. Seedlings (individuals < 5 cm dbh) were tallied by species in nested 5 m radius plots.
Plot boundaries for both the tree and seedling plots were determined using a two-way
ultrasonic rangefinder (Cptcam Inc., Shenzhen, China). The center point of each plot
was marked with rebar and its location was recorded with a gps. Each tree was tagged
with a uniquely numbered brass tree tag in 2009. I recorded the species, dbh, condition
(live or standing dead), distance from the plot center and azimuth from north of each
individual. Distance and azimuth measurements greatly assisted in relocating plot center.
In 2012, plots were revisited and all trees from the 2009 inventory were resampled. Tree
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condition (live, recent snag, snag broken above dbh, snag broken below dbh, or clean
snag) was noted. Trees lacking leaves or needles, with brittle and/or missing branches were
classified as recent snags in the 2012 sampling interval. All recent snags were also checked
for evidence of bark beetle infestation including presence of pitch tubes and beetle galleries.

Statistical analysis

I quantified differences in forest stand structure in 2009 and 2012 using linear mixed effects
models to account for the repeated measures sampling design. I used the R Statistical
Language (R Development Core Team, 2013) and the lme4 (Bates, Martin & Bin, 2012)
and ImerTest (Kuznetsova, Christensen ¢ Brockhoff, 2012) packages to perform linear
mixed effects analyses of the temporal shifts in forest structure and species composition
from the freeze and drought events. Timestep was designated as a fixed effect. Random
effects were considered for the intercept, the sample plot, and the interaction of sample
plot and timestep. The residuals of each model were inspected for deviations from
homoscedasticity, and only models containing residuals without obvious deviations
from normality were kept in the analysis. The final structure of the fixed-effects for each
model was selected by sequentially dropping non-significant terms from the full model,
by measuring changes in the significance of conditional F-tests for each term (Pinheiro

¢~ Bates, 2000). The intra-class correlation was also estimated for each model in order

to assess the amount of variance in the response variable that can be attributed to the
random effects in a model. The models describing the data most adequately were then
selected using the Akaike Information Criterion (AIC) (Akaike, 1974). The significance of
individual sites and site-year combinations was assessed after final model selection via the F
statistic using the ImerTest package.

I used plots as the repeated sampling unit and the sampling year as the treatment
representing pre- and post-drought sampling intervals. I compared tree basal area, live
seedling and tree density by species, and differences in forest size structure for the two
sampling years. I also used mixed effects models to investigate how the drought affected
tree populations across the elevation gradient by evaluating changes in tree density and
species composition in response to the drought. I evaluated the trend in tree mortality
by size by performing a regression analysis comparing the percentage mortality at 1.0 cm
size-class intervals.

RESULTS

The 2011 freeze and drought killed over half (62.9%) of the trees in the sample plots in
CM. The event triggered significant mortality of both seedlings and trees up to 20 cm dbh
(P < 0.05) (Fig. 2). Live tree densities decreased by approximately 100 trees ha™!. Seedlings
and smaller trees were preferentially affected by the drought, while larger trees generally
survived (Figs. 2C, 2D and 3) (R?> = 0.62; F = 13.1; P = 0.0016). Over half (59.9%) of
the seedlings in the monitoring plots died between 2009 (1059 & 49.8 ha™!) and 2012
(428.8 +34.7 ha™!) (P = 0.002). However, basal area also decreased significantly from
12.38 4 1.75 m? ha~! in 2009 to 8.47.6 + 1.84 m? ha™! (P = 0.001) in 2012 indicating
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Figure 2 Stand structural change. Changes in forest stand structure due to drought and freezing in 2011
in the Chisos Mountains, Big Bend National Park, Texas. Mean values (4S.E.) prior to the drought (2009)
and after the drought (2011) are shown for (A) seedlings by species, (B) live trees (>5 cm dbh) by species,
(C) live trees in 5 cm diameter classes, and (D) standing dead trees. Significant changes between sampling
intervals (P < 0.05) are indicated with an (). Species codes are as follows: arxa, Arbutus xalapensis;
cuar, Cupressus arizonica; frgr, fraxinus greggii; jufl, Juniperus flaccida; jude, Juniperus deppeana; jumo,
Juniperus monospermas pice, Pinus cembroides; prgl, Prosopis glandulosa; quar, Quercus arizonica; quem,
Quercus emoryi; qugrav, Quercus gravesii; qugri, Quercus grisea; qupu, Quercus pungens.

that some larger tree mortality also occurred. None of the adult trees that died over the
sampling interval showed evidence of bark beetle infestation.

The freeze and drought resulted in divergent tree mortality patterns among species.
Pifion pine experienced the highest seedling and tree mortality (P < 0.0001), and
over five times as many standing dead pifion pines were observed in 2012 as in 2009
(54.5% of the pinon pines died). Alligator juniper and Emory oak trees also experienced
significant declines in live tree abundance (P < 0.02) (20.7% and 30.9% change in tree
density, respectively), and alligator juniper, one seeded juniper, and Emory oak similarly
experienced significant seedling mortality (P < 0.05).

Tree mortality occurred across the entire CM elevation gradient (Table 1). Overall
tree mortality was significant across all elevations (P < 0.05), and mortality increased
with increasing elevation (Fig. 4). Piflon pine experienced significantly greater tree
mortality at low elevations (P = 0.007), but otherwise tree mortality by species did not
vary significantly over the elevation gradient in response to the freeze and drought.
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Figure 4 Elevation mortality. Changes in mean (+SE) live tree density (ha~!) at low, middle, and high
elevations of the Chisos Mountains, Texas. Significant changes between sampling intervals (P < 0.05) are
indicated with an (x).
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Table 1 Mortality by elevation. Changes in live tree density (ha™!) between 2009 and 2011 in the Chisos
Mountains of Big Bend National Park, Texas. Values are reported as means (+S.E.).

Elevation Live trees pre drought Live trees post-drought Change in live tree density

Low 236.6+41.6 146.7£29.1 127.3+£23.9

Midddle 605.1£100.0 483.34100.0 132.7460.8

High 748.4+142.0 502.0£150.0 296.21+82.3
DISCUSSION

Landscape-scale tree mortality occurred in the Chisos Mountains in response to the
five-day February freeze and subsequent global-change-type drought in 2011. The effects
of this event spanned the entire mountain range and affected multiple tree species. The
tree mortality that occurred in response to this short-duration freezing event and one-year
drought is striking because relatively few trees in CM succumbed to the longer decadal
drought of the 1990s in this region (H. Poulos, pers. obs., 2012).

While the individual effects of the drought and freezing event could not be distinguished
from the present study, both freezing- and drought-induced xylem cavitation likely
contributed to the CM tree mortality patterns due to air bubble formation from frozen
sap at low temperatures (Pittermann et al., 2005; Sperry, 2011) and to the entry of air
bubbles into the xylem conduits across the pit membrane under extremely negative water
potentials during the drought (Zimmermann, 1983; Sperry ¢ Tyree, 1990). Pittermann
et al. (2005) demonstrated experimentally that conifers exposed to freeze-thaw events
occurring in concert with drought stress had high cavitation vulnerability relative to
conifers experiencing drought alone. Schaberg et al. (2008) also demonstrated that
spring warming following winter freeze caused root damage that resulted in almost 100%
seedling mortality in greenhouse experiments on Alaskan yellow cedar. While some have
suggested that multiple freeze-thaw cycles are necessary to cause extensive damage to
xylem vessels in conifers (Sperry ¢ Sullivan, 1992; Sperry et al., 1994), Willson & Jackson
(2006) demonstrated that even conifers with small tracheid diameters like junipers could
experience xylem embolism from just a single freeze-thaw cycle when under drought stress.
While the drought may have been responsible for most of the tree mortality observed
between 2009 and 2012, the visible branch splitting and bark heaving on many CM trees
after the freeze (H. Poulos, pers. obs., 2012) indicated that low temperatures during the
winter of 2011 could have also contributed to tree death.

Preferential mortality of small trees

With increasing tree size, mortality rate commonly decreases (Lorimer, Dahir ¢& Nordheim,
2001; Palahi et al., 2003). The pattern of higher mortality of smaller trees in CM was
consistent with the recent die off event of Pinus edulis between 2002 and 2004 Arizona,
New Mexico, Colorado, and Utah, although Mueller et al. (2005) observed the opposite
pattern during the 1996 and 2002 acute droughts in pifilon-juniper woodlands of northern
Arizona. My results in the CM were consistent with the trend of high seedling and sapling
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mortality under drought relative to larger trees that, with their deeper root systems and
larger carbon stores, were able to survive those same drought events (Mendel et al., 1997;
Mueller et al., 2005; Lopez & Kursar, 2007; Ganey ¢ Vojta, 2011). The lack of evidence of
bark beetle infestation in trees that died over the sampling interval also suggests that the
high mortality of small-diameter trees was not related to insect attack.

Differential tree mortality by species

Although Mexican pifion pine is a site generalist in west Texas (Poulos ¢ Berlyn, 2007),
the increased mortality of pifon pine relative to other tree species was consistent with the
patterns of recent mass tree mortality in the Southwest in 1996 and 2002 where pifion pine
was more severely affected by drought than juniper (Mueller et al., 2005; Breshears et al.,
2009). Junipers are typically more drought tolerant than pines in the American Southwest
(Breshears et al., 2009; McDowell et al., 2008 but see Bowker et al., 2012). So while junipers
in CM did experience significant mortality from the 2011 drought, they were probably less
affected than the pinon pines because of their higher drought hardiness.

Emory oak was also significantly affected by the drought, and large stands of this
species were completely killed in CM. Although southwestern oaks can survive over
two months of severe moisture stress under experimental conditions (Poulos ¢» Berlyn,
2007; Ehleringer ¢ Phillips, 1996), little is known about the mechanisms of oak drought
and freezing tolerance in the American Southwest (but see Neilson ¢& Wullstein, 1985;
Davis, Sperry ¢ Hacke, 1999). Oaks in this region likely display considerable variation
in drought and freezing tolerance, but their large tracheid diameters may have led to
greater freeze-induced cavitation vulnerability relative to other tree species (Davis, Sperry
¢ Hacke, 1999). Emory oaks experienced lower mortality than pifion pines and junipers in
this study, yet, there remains a need for more information about the range of variability in
oak drought tolerance mechanisms in the Southwest as they represent a major component
of Madrean Sky Island systems.

Shifts in forest stand structure and species composition

Although the mortality event will undoubtedly provide new nesting sites for cavity-nesting
birds in CM, the higher mortality of smaller trees, the loss of over half of the pifion pines
in my monitoring plots, and the death of pifion pine and entire stands of Emory oak across
all elevations could result in major shifts in forest stand structure and species composition.
Since 2011, CM has moved out of the drought and is experiencing normal temperature and
precipitation levels. The return to normal climatic conditions could have a positive effect
on surviving trees by releasing them from competition for moisture and bolstering their
survival potential in subsequent droughts (Bowker et al., 2012) since water use efficiency
in pifon-juniper woodlands can be associated with stand density (Lajtha ¢ Getz, 1993).
Nonetheless, surviving trees in CM may have experienced permanent losses in xylem
conductivity in 2011, which could result in delayed tree mortaility (i.e., Bigler et al., 2007)
or predispose them to succumb to future acute droughts, especially if these events are
coupled with winter freezes. While many pifion pines survived the 2011 drought, future
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global-change-type droughts could shift CM species towards dominance by junipers and
more drought-tolerant oaks.

Mortality patterns across the elevation gradient

The pattern of increased tree mortality with increasing elevation was surprising and
contradictory to other prior landscape-scale accounts of drought-induced tree mortality
(Allen & Breshears, 1998; Gitlin et al., 20065 McDowell et al., 2008) and canopy dieback
(D Schwilk, 2013, unpublished data). The increased tree mortality at higher elevations
in CM is probably related to the southerly exposure of the high elevation plots that
were located on mesas of the southeast rim at the edge of high elevation forest cover
and the exacerbation of the drought effects by the February freeze-thaw cycle. While
high elevations of CM are cooler and more humid than low elevations, the South Rim
is exposed to high incident solar radiation due to its southerly aspect, as well as high
winds and temperature fluctuations because it forms the southern edge of forest cover
where the rim drops from 1981 m asl down to the desert floor. Higher elevations also
probably experienced the lowest temperatures during the short-duration freeze event in
2011, although cold air drainage also contributes to low temperatures at low elevations
(D Schwilk, 2013, unpublished data). This may have stimulated greater damage to high
elevation trees through freezing-induced xylem cavitation in high elevation trees which
may have let to higher mortality during the course of the drought.

CONCLUSION

The results from this study demonstrate the impact of freeze-thaw events followed by
drought on Sky Island forest stand structure and species composition. Future acute
drought events are likely to occur with greater frequency as global mean temperatures rise
in the coming decades, and the climate becomes more unpredictable (Jentsch, Kreyling ¢
Beierkuhnlein, 2007). Subsequent droughts are likely to cause even greater damage to trees
that survived this record drought in Texas, especially if future drought events are coupled
with severe freezes. Although I documented significant rapid tree mortality in CM over the
study period, lagged tree mortality is likely. Delayed mortality has been observed elsewhere
in response to severe drought (Pedersen, 1998; Bigler et al., 2007), since damage to water
transport tissue can occur over multiple years (Tyree & Sperry, 1989; Hanson & Weltzin,
2000) and because tissue damage scan also predispose trees to subsequent mortality from
beetle infestations (Allen ¢ Breshears, 1998). The dramatic tree die off in CM in response
to just one year of abnormal climatic conditions highlights the need for long-term forest
monitoring and studies that predict the effects of future climatic extremes on Sky Island
forests of the American Southwest.

ACKNOWLEDGEMENTS

The author thanks Richard Gatewood of the National Park Service for logistical assistance.
Darren Wallis, Peter Stothart, and Leslie Kuhn provided valuable field assistance for this
project.

Poulos (2014), PeerdJ, DOI 10.7717/peerj.404 10/14


https://peerj.com
http://dx.doi.org/10.7717/peerj.404

PeerJ

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

Funding for this research was provided by the National Park Service under Task Order
(J713005001K) 4 4-14-08. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the author:
National Park Service Task Order 4 4-14-08.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Helen M. Poulos conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, wrote the paper,
prepared figures and/or tables, reviewed drafts of the paper, was solely responsible
for the content of the manuscript.

REFERENCES

Allen CD, Breshears DD. 1998. Drought-induced shift of a forest-woodland ecotone: rapid
landscape response to climate variation. Proceedings of the National Academy of Sciences of the
United States of America 95:14839-14842 DOI 10.1073/pnas.95.25.14839.

Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell N, Vennetier M, Kitzberger T,
Rigling A, Breshears DD, Hogg EH, Gonzalez P, Fensham R, Zhang Z, Castro J, Demidova N,
Lim JH, Allard G, Running SW, Semerci A, Cobb N. 2010. A global overview of drought and
heat-induced tree mortality reveals emerging climate change risks for forests. Forest Ecology and
Management 259:660—-684 DOI 10.1016/j.foreco.2009.09.001.

Akaike H. 1974. A new look at the statistical model identification. IEEE Transactions on Automatic
Control 19(6):716—-723 DOI 10.1109/TAC.1974.1100705.

Bates D, Martin M, Bin D. 2012. “The Ime4 package.” Computer software manual. Available at http:
//cran.r-project.org/web/packages/Ime4/lme4.pdf.

Bigler C, Gavin DG, Gunning C, Veblen TT. 2007. Drought induces lagged tree mortality in a
subalpine forest in the Rocky Mountains. Oikos 116(12):1983-1994 DOI 10.1111/§.2007.0030-
1299.16034 x.

Bowker MA, Munoz A, Martinez T, Lau MK. 2012. Rare drought-induced mortality of juniper is
enhanced by edaphic stressors and influenced by stand density. Journal of Arid Environments
76:9—-16 DOI 10.1016/j.jaridenv.2011.08.012.

Breshears DD, Cobb NS, Rich PM, Price KP, Allen CD, Balice RG, Romme WH, Kastens JH,
Floyd ML, Belnap J, Anderson JJ, Myers OB, Meyer CW. 2005. Regional vegetation die-off in
response to global-change-type drought. Proceedings of the National Academy of Sciences of the
United States of America 102:15144-15148 DOI 10.1073/pnas.0505734102.

Poulos (2014), PeerdJ, DOI 10.7717/peerj.404 11/14


https://peerj.com
http://dx.doi.org/10.1073/pnas.95.25.14839
http://dx.doi.org/10.1016/j.foreco.2009.09.001
http://dx.doi.org/10.1109/TAC.1974.1100705
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://cran.r-project.org/web/packages/lme4/lme4.pdf
http://dx.doi.org/10.1111/j.2007.0030-1299.16034.x
http://dx.doi.org/10.1111/j.2007.0030-1299.16034.x
http://dx.doi.org/10.1016/j.jaridenv.2011.08.012
http://dx.doi.org/10.1073/pnas.0505734102
http://dx.doi.org/10.7717/peerj.404

PeerJ

Breshears DD, Myers OB, Meyer CW, Barnes FJ, Zou CB, Allen CD, McDowell NG,
Pockman WT. 2009. Tree die-off in response to global change-type drought: mortality insights
from a decade of plant water potential measurements. Frontiers in Ecology and the Environment
7:185-189 DOI 10.1890/080016.

Carter WT. 1928. Soil survey (reconnaissance) of the Trans-Pecos area, Texas. Bulletin of the
University of Texas Soil Service 35:1-66.

Davis SD, Sperry JS, Hacke UG. 1999. The relationship between xylem conduit diameter and
cavitation caused by freezing. American Journal of Botany 86:1367—1372 DOI 10.2307/2656919.

Ehleringer JR, Phillips SL. 1996. Ecophysiological factors contributing to the distributions
of several Quercus species in the intermountain west. Annales des sciences forestiéres
53(2-3):291-302 DOI 10.1051/forest:19960212.

Ganey JL, Vojta SC. 2011. Tree mortality in drought-stressed mixed-conifer and ponderosa pine
forests, Arizona, USA. Forest Ecology and Management 261:162—168
DOI 10.1016/j.foreco.2010.09.048.

Gitlin AR, Sthultz CM, Bowker MA, Stumpf S, Paxton KL, Kennedy K, Munoz A, Bailey JK,
Whitham TG. 2006. Mortality gradients within and among dominant plant populations as
barometers of ecosystem change during extreme drought. Conservation Biology 20:1477—-1486
DOI 10.1111/j.1523-1739.2006.00424 .x.

Guarin A, Taylor AH. 2005. Drought triggered tree mortality in mixed conifer forests in
Yosemite National Park, California, USA. Forest Ecology and Management 218:229-244
DOI 10.1016/j.foreco.2005.07.014.

Hammel HT. 1967. Freezing of xylem sap without cavitation. Plant Physiology 42:55-66
DOI 10.1104/pp.42.1.55.

Hanson PJ, Weltzin JF. 2000. Drought disturbance from climate change: response of United States
forests. Science of the Total Environment 262(3):205-220 DOI 10.1016/50048-9697(00)00523-4.

Hogg EH, Brandt JP, Michaellian M. 2008. Impacts of a regional drought on the productivity,
dieback, and biomass of western Canadian aspen forests. Canadian Journal of Forest Research
38:1373-1384 DOI 10.1139/X08-001.

Jentsch A, Kreyling J, Beierkuhnlein C. 2007. A new generation of climate-change
experiments: events, not trends. Frontiers in Ecology and the Environment 5(7):365-374
DOI 10.1890/1540-9295(2007)5[365:ANGOCE]2.0.CO;2.

Kuznetsova A, Christensen RHB, Brockhoff PB. 2012. ImerTest: tests for random and fixed effects
for linear mixed effect models (Imer objects of Ime4 package), R package version, 1-0.

Lajtha K, Getz J. 1993. Photosynthesis and water-use efficiency in pinyon-juniper communities
along an elevation gradient in northern new-Mexico. Oecologia 94:95-101
DOI 10.1007/BF00317308.

Lopez OR, Kursar TA. 2007. Interannual variation in rainfall, drought stress and seedling
mortality may mediate monodominance in tropical flooded forests. Oecologia 154:35—43
DOI 10.1007/s00442-007-0821-0.

Lorimer CG, Dahir SE, Nordheim EV. 2001. Tree mortality rates and longevity in mature and
old-growth hemlock-hardwood forests. Journal of Ecology 89:960-971
DOI 10.1111/j.1365-2745.2001.00619.x.

McDowell N, Pockman WT, Allen CD, Breshears DD, Cobb N, Kolb T, Plaut ], Sperry J, West A,
Williams DG, Yepez EA. 2008. Mechanisms of plant survival and mortality during drought:
why do some plants survive while others succumb to drought? New Phytologist 178:719-739
DOI 10.1111/j.1469-8137.2008.02436.x.

Poulos (2014), PeerdJ, DOI 10.7717/peerj.404 12/14


https://peerj.com
http://dx.doi.org/10.1890/080016
http://dx.doi.org/10.2307/2656919
http://dx.doi.org/10.1051/forest:19960212
http://dx.doi.org/10.1016/j.foreco.2010.09.048
http://dx.doi.org/10.1111/j.1523-1739.2006.00424.x
http://dx.doi.org/10.1016/j.foreco.2005.07.014
http://dx.doi.org/10.1104/pp.42.1.55
http://dx.doi.org/10.1016/S0048-9697(00)00523-4
http://dx.doi.org/10.1139/X08-001
http://dx.doi.org/10.1890/1540-9295(2007)5[365:ANGOCE]2.0.CO;2
http://dx.doi.org/10.1007/BF00317308
http://dx.doi.org/10.1007/s00442-007-0821-0
http://dx.doi.org/10.1111/j.1365-2745.2001.00619.x
http://dx.doi.org/10.1111/j.1469-8137.2008.02436.x
http://dx.doi.org/10.7717/peerj.404

PeerJ

Mendel Z, Assael F, Saphir N, Zehavi A, Nestel D, Schiller G. 1997. Seedling mortality in
regeneration of Aleppo pine following fire and attack by the scale insect Matsucoccus josephi.
International Journal of Wildland Fire 7:327-333 DOI 10.1071/WF9970327.

Mueller RC, Scudder CM, Porter ME, Trotter RT, Gehring CA, Whitham TG. 2005. Differential
tree mortality in response to severe drought: evidence for long-term vegetation shifts. Journal of
Ecology 93:1085-1093 DOI 10.1111/j.1365-2745.2005.01042.x.

Muldavin EH. 2002. Some floristic characteristics of the northern Chihuahuan Desert: a search
for its northern boundary. Taxon 51:453—462 DOI 10.2307/1554858.

National Drought Mitigation Center. 2011. U.S. Drought Monitor. Available at http://
droughtmonitor.unl.edu/MapsAndData/GISData.aspx.

Nielsen-Gammon JW. 2012. The 2011 Texas drought. Texas Water ] 3(1):59-95.

Neilson RP, Wullstein LH. 1985. Comparative drought physiology and biogeography of
quercus-gambelii and quercus-turbinella. American Midland Naturalist 114:259-271
DOI 10.2307/2425601.

Palahi M, Pukkala T, Miina J, Montero G. 2003. Individual-tree growth and mortality models
for Scots pine (Pinus sylvestris L.) in north-east Spain. Annals of Forest Science 60:1-10
DOI 10.1051/forest:2003002.

Pedersen BS. 1998. The role of stress in the mortality of Midwestern oaks as indicated by growth
prior to death. Ecology 79:79-93 DOI 10.1890/0012-9658(1998)079[0079:TROSIT]2.0.CO;2.

Pinheiro JC, Bates DM. 2000. Mixed-effects models in S and S-PLUS. New York: Springer, xvi, 528.

Pittermann J, Sperry JS, Hacke UG, Wheeler JK, Sikkema EH. 2005. Torus-margo pits help
conifers compete with angiosperms. Science 310:1924-1924 DOI 10.1126/science.1120479.

Poulos HM, Berlyn GP. 2007. Variability in needle morphology and water status of Pinus
cembroides across an elevational gradient in the Davis Mountains of west Texas, USA. The
Journal of the Torrey Botanical Society 134:281-288
DOI 10.3159/1095-5674(2007)134[281:VINMAW]2.0.CO;2.

Poulos HM, Camp AE. 2010. Topographic influences on vegetation mosaics and tree diversity in
the Chihuahuan Desert Borderlands. Ecology 91:1140-1151 DOI 10.1890/08-1808.1.

Powell AM. 1998. Trees and Shrubs of the Trans Pecos. Big Bend Natural History Association, Big
Bend National Park.

R Development Core Team. 2013. A language and environment for statistical computing. Vienna: R
Foundation for Statistical Computing.

Schaberg PG, Hennon PE, D’amore DV, Hawley GJ. 2008. Influence of simulated snow cover
on the cold tolerance and freezing injury of yellow-cedar seedlings. Global Change Biology
14(6):1282-1293 DOIT 10.1111/}.1365-2486.2008.01577 .x.

Scholander P, Hemmingsen E, Garey W. 1961. Cohesive lift of sap in rattan vine-problem of
how sap rises lies stranded for lack of means to measure negative pressure in liquids. Science
134:1835-1838 DOI 10.1126/science.134.3493.1835.

Shaw JD, Steed BE, DeBlander LT. 2005. Forest Inventory and Analysis (FIA) annual inventory
answers the question: what is happening to pinyon-juniper woodlands? Journal of Forestry
103:280-285.

Sperry JL. 2011. Is mortality all it’s cracked up to be after injury? Archives of Surgery 146:200—200
DOI 10.1001/archsurg.2010.331.

Poulos (2014), PeerdJ, DOI 10.7717/peerj.404 13/14


https://peerj.com
http://dx.doi.org/10.1071/WF9970327
http://dx.doi.org/10.1111/j.1365-2745.2005.01042.x
http://dx.doi.org/10.2307/1554858
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://droughtmonitor.unl.edu/MapsAndData/GISData.aspx
http://dx.doi.org/10.2307/2425601
http://dx.doi.org/10.1051/forest:2003002
http://dx.doi.org/10.1890/0012-9658(1998)079[0079:TROSIT]2.0.CO;2
http://dx.doi.org/10.1126/science.1120479
http://dx.doi.org/10.3159/1095-5674(2007)134[281:VINMAW]2.0.CO;2
http://dx.doi.org/10.1890/08-1808.1
http://dx.doi.org/10.1111/j.1365-2486.2008.01577.x
http://dx.doi.org/10.1126/science.134.3493.1835
http://dx.doi.org/10.1001/archsurg.2010.331
http://dx.doi.org/10.7717/peerj.404

PeerJ

Sperry JS, Nichols KL, Sullivan JEM, Eastlack SE. 1994. Xylem embolism in ring-porous,
diffuse-porous, and coniferous trees of northern utah and interior alaska. Ecology 75:1736—1752
DOI 10.2307/1939633.

SperryJS, Sullivan JEM. 1992. Xylem embolism in response to freeze-thaw cycles and
water-stress in ring-porous, diffuse-porous, and conifer species. Plant Physiology 100:605-613
DOI 10.1104/pp.100.2.605.

SperryJS, Tyree MT. 1990. Water-stress-induced xylem embolism in 3 species of conifers. Plant
Cell and Environment 13:427-436 DOI 10.1111/j.1365-3040.1990.tb01319.x.

Sucoff E. 1969. Freezing of conifer xylem and cohesion-tension theory. Physiologia Plantarum
22:424-431 DOI 10.1111/j.1399-3054.1969.tb07394 x.

Tyree MT, Sperry JS. 1989. Vulnerability of xylem to cavitation and embolism. Annual Review of
Plant Biology 40:19-36 DOI 10.1146/annurev.pp.40.060189.000315.

van Mantgem PJ, Stephenson NL, Byrne JC, Daniels LD, Franklin JF, Fule PZ, Harmon ME,
Larson AJ, Smith JM, Taylor AH, Veblen TT. 2009. Widespread increase of tree mortality rates
in the western United States. Science 323:521-524 DOI 10.1126/science.1165000.

Vandevender TR, Spaulding WG. 1979. Development of vegetation and climate in the
southwestern United-States. Science 204:701-710 DOI 10.1126/science.204.4394.701.

Willson CJ, Jackson RB. 2006. Xylem cavitation caused by drought and freezing stress in four
co-occurring Juniperus species. Physiologia Plantarum 127:374-382
DOI 10.1111/j.1399-3054.2006.00644 x.

Western Regional Climate Center. 2013. Cooperative Climatological Data Summaries. Available
at http://www.wrcc.dri.edu/climatedata/climsum)/.

Zimmermann MH. 1983. Xylem structure and the ascent of sap. Berlin: Springer.

Poulos (2014), PeerdJ, DOI 10.7717/peerj.404 14/14


https://peerj.com
http://dx.doi.org/10.2307/1939633
http://dx.doi.org/10.1104/pp.100.2.605
http://dx.doi.org/10.1111/j.1365-3040.1990.tb01319.x
http://dx.doi.org/10.1111/j.1399-3054.1969.tb07394.x
http://dx.doi.org/10.1146/annurev.pp.40.060189.000315
http://dx.doi.org/10.1126/science.1165000
http://dx.doi.org/10.1126/science.204.4394.701
http://dx.doi.org/10.1111/j.1399-3054.2006.00644.x
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://www.wrcc.dri.edu/climatedata/climsum/
http://dx.doi.org/10.7717/peerj.404

	Tree mortality from a short-duration freezing event and global-change-type drought in a Southwestern piñon-juniper woodland, USA
	Introduction
	Materials and methods
	Study area
	Field sampling
	Statistical analysis

	Results
	Discussion
	Preferential mortality of small trees
	Differential tree mortality by species
	Shifts in forest stand structure and species composition
	Mortality patterns across the elevation gradient

	Conclusion
	Acknowledgements
	References


