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In 2011, the state of Texas experienced its worst drought ever recorded, breaking

statewide temperature, and precipitation records. With climate predictions suggesting

increases in the severity and extent of future droughts in this region, forest managers

will need to plan for such events to minimize tree mortality. In east Texas, pine species

are economically and ecologically important and are often managed, providing an

opportunity to examine silvicultural strategies for mitigating exceptional drought mortality.

We used U.S. Forest Service Forest Inventory and Analysis data and Bayesian, logistic,

mixed effects regression to model individual tree mortality and the effect of stand

structure (i.e., tree size, relative density, and species dominance) on three major pine

groups, planted (PL) and naturally-regenerated (NL) loblolly pine (Pinus taeda L.) and all

shortleaf pine (SL, Pinus echinata Mill.), under pre-drought and drought periods in east

Texas. These groups represent a spectrum of management intensity with PL generally

intensively managed and NL and SL relatively unmanaged. Moreover, loblolly pine

tends to be production-oriented while shortleaf pine has perceived drought tolerance.

Surprisingly, pine mortality did not increase significantly from pre-drought to drought

periods in spite of the record drought conditions. However, mortality differed between

pine groups and in response to stand structure for loblolly pine. Planted loblolly was

least affected as mortality rate increased 9.8%. In contrast, NL and SL pine mortality

rates were significantly higher than PL and increased 26.3 and 20.0%, respectively. The

smallest and largest stems experienced elevated mortality under both periods, notably

PL under exceptional drought. As expected, higher densities of loblolly pine exacerbated

exceptional drought mortality. Surprisingly, greater overstory diversity for NL reduced

mortality under exceptional drought. Despite the unprecedented hot and dry conditions

of the 2011 drought, our results suggest that current practices in PL that manage relative

density and tree size for non-drought conditions confers mortality resistance under

exceptional drought. In NL stands, mortality resistance could be increased through active

thinning and promoting greater overstory diversity. These results offer critical knowledge

for managers tasked with providing continued forest resources in the face of future

exceptional droughts.

Keywords: Bayesian multi-level model, exceptional drought, Forest Inventory and Analysis (FIA), loblolly pine,

natural regeneration, plantation, shortleaf pine, tree mortality
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INTRODUCTION

Future climate is predicted to become hotter and increase
the extent and severity of future droughts worldwide
[Intergovernmental Panel on Climate Change (IPCC), 2013].
Forests may already be responding to climatic changes (van
Mantgem et al., 2009; Peng et al., 2011) in part through increases
in drought-related tree mortality (Allen et al., 2015). Elevated
mortality and possible tree die-offs from future exceptional
droughts could have profound ramifications on forested systems
(Anderegg et al., 2013) and represent a major challenge to
resource managers tasked with maintaining healthy, productive
forests in an uncertain future (Clark et al., 2016; Vose et al.,
2016). Manipulating stand structure and composition through
silvicultural practices could mitigate stressful conditions and
provide resistance to mortality from future disturbances
(Puettmann, 2011). However, knowledge of whether such tools
could be effective for increasing forest resistance to mortality
from future exceptional droughts remains virtually non-existent.

Forests of the southeastern U.S. are highly productive and
economically important generating more timber volume than
any other region in the country (Oswalt et al., 2014). Nearly
20% of all pine-dominated forest in the southeastern U.S. is
comprised of intensively managed plantations (Chen et al., 2017)
often receiving competition control, fertilization, and planting of
genetically improved seedlings at calculated densities (Fox et al.,
2007). In east Texas, this paradigm holds true for loblolly pine
(Pinus taeda L.) which occurs largely as both heavily managed
planted pine and unmanaged or minimally-managed, naturally-
regenerated pine (Edgar and Zehnder, 2017). This dichotomy
in loblolly pine condition has led to questions about the
functionality of plantations compared to naturally-regenerated
stands of this species under extreme drought conditions.
Evidence from a comparison of physiological characteristics
(i.e., root hydraulic conductivity, root:shoot ratios) suggested
that plantation loblolly pine should be more drought-sensitive
than naturally-regenerated pine in terms of productivity (Domec
et al., 2015) possibly driven by fertilization inputs affecting
transpiration and root production (Ward et al., 2015). However,
fertilized plantation pine at the western edge of its range
increased water use efficiency and sustained productivity under
water-limited conditions (Maggard et al., 2017; Bracho et al.,
2018) suggesting intensivelymanaged pine could better cope with
drought. Still, these studies focused on productivity response
under more moderate drought conditions. Knowledge of the
mortality response of these pine groups to exceptional drought
remains virtually non-existent and the implications could have
cascading economic impacts throughout the most productive
forests in the U.S.

Species selection for planting may play a critical role in the
mortality response of forests to future exceptional droughts.

In the southeastern U.S., shortleaf pine (Pinus echinata Mill.)

has a perceived potential to withstand elevated water stress

given its historical occurrence across a range of site conditions
including xeric sites and rocky outcrops (Mattoon, 1915).
Under non-drought conditions, mature shortleaf pine sustained
higher mortality and lower productivity than loblolly pine in

southeastern Oklahoma (Dipesh et al., 2015). However, no
study has compared the mortality response of mature shortleaf
pine to more commonly occurring southern pine species under
drought conditions, moderate, or exceptional. Shortleaf pine
has seen drastically reduced dominance because of logging
and subsequent fire suppression (Barrett, 1995) leading to
widespread restoration initiatives to increase its prevalence in
the southeastern U.S. (e.g., Shortleaf Pine Initiative). East Texas
is one region in which this species could be targeted for
restoration efforts. Yet, very little information exists on growth
and mortality responses of shortleaf pine to drought, and none
under exceptional drought. Ultimately, this gap in knowledge
hinders management efforts aimed at successfully restoring this
declining species in an uncertain climate future.

Stand structure (e.g., tree size, stem density, and species
composition) represents one set of conditions most easily
manipulated by managers for mitigating negative drought
effects (Clark et al., 2016). The smallest and largest trees
tend to experience higher mortality rates under non-drought
conditions, often termed “U-shaped” or “J-shaped” mortality
curves (Lines et al., 2010; Dietze and Moorcroft, 2011). Small
stems typically comprise the regenerating component of early-
successional forests and drought-related increases in mortality
in this group could alter future forest composition (Thrippleton
et al., 2018). Large trees play important ecological roles in
forested ecosystems (Lindenmayer et al., 2012) yet, recent
evidence suggests that they may be most susceptible to extreme
drought conditions and are suffering disproportionate mortality
worldwide (Lindenmayer et al., 2012; Bennett et al., 2015).
However, these patterns in large tree drought mortality have
been variable and difficult to confirm (Floyd et al., 2009; Klos
et al., 2009; Ganey and Vojta, 2011). Additionally, alleviating
competition for limited resources by reducing stand density
and basal area (cross-sectional stem area at 1.37m height)
has long been utilized by practitioners to improve growth
and productivity. Recent evidence highlights that, reducing
competition through silvicultural thinning has improved growth
response to water stress (D’Amato et al., 2013; Bottero et al.,
2017; Gleason et al., 2017). However, unprecedented exceptional
drought conditions that drive very low soil water potentials may
negate any benefits gained from reduced competition resulting in
increased tree mortality regardless of density (Floyd et al., 2009).
Finally, stand species composition can be an important factor in
affecting drought mortality (Klos et al., 2009; Cavin et al., 2013)
as interactions with water and nutrient pools may differ among
species (Forrester, 2014). Neighboring trees of different species
may show facilitation via hydraulic lift more than competition
(Pretzsch et al., 2013) or access different resource pools alleviating
stressful conditions (Kramer and Holscher, 2010) which may
be exacerbated in single-species-dominated stands. However,
despite the wealth of knowledge on controlling stand structure
to achieve desired outcomes, critical knowledge gaps exist in
understanding whether common management practices remain
effective for increasing pine resistance to future exceptional
drought mortality.

From October 2010 to September 2011, the state of Texas
experienced its worst drought on record with over 80% of
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the land area under the most severe (i.e., exceptional) drought
classification (Nielsen-Gammon, 2012). The heavily forested
region of east Texas suffered similarly exceptional hot and dry
temperature and precipitation patterns seen statewide, having
the hottest summer temperature deviation (+3.1◦C) and lowest
12-month precipitation (619mm; 47% lower than twentieth
century average of 1,162mm) ever recorded [National Oceanic
and Atmospheric Administration (NOAA), 2018] Within east
Texas, Pinus mortality was lower than other common genera
such as Quercus and Liquidambar yet still experienced elevated
levels of mortality from the harsh conditions (Moore et al.,
2016; Klockow et al., 2018). The record exceptional drought of
2011 provides a critical opportunity to examine more closely
southern pine vulnerability to exceptional drought and to identify
specific aspects of stand structure that could be manipulated to
develop adaptive management strategies for increasing resistance
to exceptional drought mortality. Using national forest inventory
plots with complete and systematic coverage of east Texas, we
addressed the following objectives: (1) examine mortality rates
of three common pine species groups (i.e., planted loblolly
pine, naturally-regenerated loblolly pine, and shortleaf pine)
under exceptional drought conditions and pre-drought (i.e.,
non-exceptional drought) conditions, (2) determine how stand
structure (i.e., tree size, stem density, and species composition)
affected individual tree mortality in the same pine species
groups under exceptional drought conditions and pre-drought
conditions, and (3) provide targeted management suggestions
based on predicted mortality trends for mitigating exceptional
drought mortality in southern pine. We address these objectives
at the individual tree scale using extensive re-measurements of
pine throughout the region.

For objective 1, we hypothesized that pre-drought group
mortality rates would be lowest in planted loblolly pine, given
the extensive competition control and management actions in
this group, and highest in the shortleaf pine group, given
past evidence from Dipesh et al. (2015) under non-drought
conditions. Regarding objective 2, we hypothesized for each
group that, under pre-drought conditions, smaller trees would
have higher mortality given their limited rooting depth and
access to deeper water. Larger trees would have higher mortality
potentially due to greater hydraulic stress, increased crown
exposure, and preference by bark beetles (Bennett et al.,
2015). Furthermore, under pre-drought conditions, the highest
stem densities would show higher mortality following expected
patterns of competition and the lowest stem densities would show
higher mortality due to possible increased individual tree risk
from maintenance of greater leaf area and root systems (Clark
et al., 2016). Finally, pure species mixtures (i.e., plantations)
would show higher mortality possibly through increased intra-
specific competition (Klos et al., 2009). We generally expected
that mortality increased from pre-drought to drought period
for each group and each stand structure factor. However, given
the dearth of knowledge regarding southern pine mortality to
exceptional drought conditions, as experienced in Texas in 2011,
it was difficult to speculate on the magnitude of the mortality
response and whether any particular groups or aspects of stand
structure fared better or worse than others.

MATERIALS AND METHODS

Study Area
This study was located in eastern Texas (29◦ 17′ to 33◦ 57′ N
and 93◦ 30′ to 96◦ 27′ W; Figure 1), comprising the western
extent of West Gulf Coastal Plain forests. Forests in this
region are composed of a diverse species mix yet are heavily
dominated by pine species, namely loblolly pine (Pinus taeda
L.) followed by shortleaf pine (Pinus echinata Mill.). Hardwood
species tend to comprise much of the mid- and under-story and
include a diverse mix of oaks (e.g., Quercus stellata Wangenh.,
Quercus nigra L., etc.), sweetgum (Liquidambar styraciflua L.),
and elm species (e.g., Ulmus alata Michx.). Climate is generally
humid sub-tropical with hot, humid summers and mild, wet
winters. During the study period (2003–2016), mean annual
precipitation and temperature ranged between 769–1737mm
and 18.1–20.1◦C, respectively (twentieth century averages of
1,162mm and 18.6◦C, respectively) with the lowest precipitation
(769mm) and second highest temperature (19.9◦C) during this
period occurring in 2011 [National Oceanic and Atmospheric
Administration (NOAA), 2018]. Variation in topography is
minimal with flat to rolling elevation changes ranging from sea-
level near the coast to nearly 200m above sea level. Soils are
variable, ranging from poorly-drained to well-drained conditions
predominantly comprised of loamy to clayey Alfisols and Ultisols
[US Department of Agriculture Natural Resources Conservation
Service (USDANRCS), 2006].

Dataset
Data were taken from the U.S. Forest Service Forest Inventory
and Analysis (FIA) program for the region of east Texas. The
full dataset consisted of 1,640 forested plots (>10% tree cover)
measured across the range of ownerships and conditions existing
within east Texas. A plot consists of four subplots each covering
168.1 m2 (∼672.5 m2 total plot area) with one central subplot
and the three remaining subplots oriented ∼36.6m distance
(central subplot-center to outer subplot-center) at 0, 120, and
240 degrees. Trees were classified as stems ≥2.54 cm diameter
at breast height (DBH; 1.37m stem height). Trees with DBH ≥

2.54 cm and <12.7 cm were measured on four microplots (13.5
m2 each,∼54.0 m2 total) located within subplots while trees with
DBH > 12.7 cm were measured on each full subplot. Species,
DBH, and status (live or dead) were all recorded at each plot
measurement and used in this study.

We categorized trees within the dataset as planted loblolly
pine (PL), naturally-regenerated loblolly pine (NL), and all
shortleaf pine (SL). Planted loblolly was identified by selecting
plots originating from planted seedlings of loblolly pine and NL
was identified by selecting plots of non-planted origin. The FIA
dataset does not include information on genetic source of planted
seedlings given challenges with spatial and temporal scales of
sampling and the variety of ownerships across the landscape.
However, these groups (i.e., PL and NL) provide a regional,
fundamental comparison between trees of differing origins and
management paradigms. There existed a few instances where a
plot straddled both PL and NL conditions. We excluded these
plots from our dataset to avoid the confounding effects of active
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FIGURE 1 | State of Texas map with (A) study area of east Texas as inset and (B) Forest Inventory and Analysis plot locations used for each pine group.

or non-management at the interface of PL and NL conditions.
Given the rare occurrence of shortleaf pine plantations coupled
with their relatively low numbers in the dataset, shortleaf pine
was categorized as one group (i.e., comprising both naturally-
regenerated and any planted stems). All harvested/salvaged trees
were excluded from the dataset to avoid confounding effects of
silvicultural activity on mortality.

We classified trees into two measurement periods, pre-

drought and drought. The pre-drought period consisted of
trees initially measured as being alive and subsequently re-

measured as alive or dead prior to 2011 (i.e., 2003–2010). Thus,
the mortality response of pre-drought trees was not affected
by the exceptional conditions of the 2011 drought. Drought

period trees were initially measured as alive prior to 2011 and
subsequently re-measured as alive or dead after 2011 (i.e., re-

measurements between 2012 and 2016). Thus, the mortality
response of drought period trees reflect exposure to the 2011

drought conditions assuming any individual tree did not die after
initial measurement and prior to the onset of the drought. All

plots were re-measured over approximately a 5-year period and
differences in plot re-measurement intervals were addressed in
our modeling approach described below. Preliminary analyses
for spatial autocorrelation of plot-level mortality via Mantel tests
confirmed that no significant (α = 0.05) spatial autocorrelation
existed among individual or all pine groups for both pre-drought
and drought period plots.

We selected and calculated the following stand structural
variables prior to any analysis: DBH to describe tree size, plot
relative density (RD; calculated via DBH and wood specific
gravity after Ducey and Knapp (2010), see their Equation 16)
to describe competition among all trees within each plot, and
plot species group dominance (SPD; basal area of a focal species
group in a plot divided by total basal area of the plot) to
describe the contribution of each pine group to the relative
species diversity of plots. Variable selections were chosen based
on their importance in describing individual tree size/age and

local inter- and intra-specific competitive interactions. Moreover,
the variables included in our analyses represent common metrics
used by managers for manipulating forest conditions to achieve
desired management objectives, offering operational relevance
for potentially improving pine resistance to future exceptional
droughts. All data were summarized and presented in Table 1.

Analysis
We analyzed the data for each objective using Bayesian, logistic,
mixed-effects regression models. In all cases, the response
variable was binary tree status at re-measurement (live= 1, dead
= 0) modeled as a Bernoulli-distributed variable constrained by
a probability of survival.

yij ∼ Bernoulli(pSij) (1)

Where, yij is the response for tree i in plot j and pSij is the
probability of survival for tree i in plot j. To account for variability
in plot re-measurement time intervals, we used an approach first
presented by Hamilton and Edwards (1976) and incorporated a
random effect component.

pSij =





1

1+ e
−

(

XT
ij βk+µj

)





Lj

(2)

Where, pSij is the same as described in Equation (1), XT
ij is the

transposed matrix of covariates for tree i in plot j, βk is the vector
of length k of parameters to be estimated, uj is the random effect
of plot j, and Lj is the re-measurement interval for plot j. Using
this approach, the estimated βk’s describe the annual log odds of
survival for each tree as opposed to the log odds of survival for
the specific re-measurement interval Lj. We included the random
effect in each model to account for plot-level variability from
site differences. Random effects were modeled as a normally-
distributed variable with mean of zero and common variance.

µj ∼ Normal(0, σ 2) (3)
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TABLE 1 | Summary information for the pine groups analyzed in the study.

Pine group Period Plot count Tree count DBH (cm) Relative density (RD) Species dominance (SPD)

Planted loblolly (PL)
Pre 173 3,347 17.0 (4.6, 31.6) 0.37 (0.03, 0.95) 0.88 (0.16, 1.00)

Drought 282 5,855 17.3 (4.8, 32.8) 0.38 (0.03, 1.00) 0.87 (0.11, 1.00)

Naturally-regenerated loblolly (NL)
Pre 444 3,992 18.0 (3.3, 54.6) 0.53 (0.03, 1.09) 0.40 (0.03, 0.95)

Drought 612 5,489 19.8 (3.3, 58.9) 0.57 (0.07 1.10) 0.40 (0.02, 0.96)

Shortleaf (SL)
Pre 231 871 22.6 (5.1, 50.0) 0.58 (0.14, 0.98) 0.12 (0.01, 0.69)

Drought 316 1,175 24.9 (6.9, 53.2) 0.59 (0.11, 1.10) 0.12 (0.01, 0.71)

Pre-drought period (Pre) trees were measured and re-measured from 2003 to 2010 and drought period (Drought) trees were initially measured prior to 2011 and re-measured 2012–

2016. Diameter at breast height (DBH) is summarized across individual trees while relative density (RD) and species dominance (SPD) are plot-level metrics. Median values and 2.5th

and 97.5th quantiles are presented in parentheses.

Where, µj is the mean effect in log odds for plot j and σ 2 is the
variance of the distribution of plot mean effects. For objective 1, a
single model was constructed and explanatory variables included
the three pine groups (PG: PL, NL, SL), twomeasurement periods
(MP: pre-drought, drought), and their interaction.

X = PG+MP + PG ∗MP (4)

Where, X is the matrix of covariates from Equation (2). For
objective 2, separate models were constructed for each pine
group and measurement period (six total). Explanatory variables
for each model included the three stand structural variables of
DBH, RD, and SPD. All the explanatory variables were modeled
as having a quadratic effect on predicted survival response to
account for higher hypothesized mortality in the smallest and
largest stems, lowest and highest density plots, etc.

X = DBH + DBH2
+ RD+ RD2

+ SPD+ SPD2 (5)

Where, X is the matrix of covariates from Equation (2). Variables
for objective 2 were mean-centered and standardized to allow
for more meaningful comparison of the effect sizes of each
variable on predicted mortality within each model. For the
presentation of results, we converted survival probabilities to
mortality probabilities via pMij = 1− pSij.

All models were fit using Hamiltonian Monte Carlo
simulations implemented in the RStan package (Stan
Development Team, 2017) accessed via R software (R Core
Team, 2016). Vague priors were chosen for the estimated
parameters. Specifically, priors for βk followed a normal
distribution of mean zero and standard deviation of 104 and µj

followed a uniform distribution with mean zero and range 104.
Use of vague priors meant that results of these analyses should be
close to estimations from a maximum likelihood analysis. Chains
were run for 100 k iterations with a 50 k warm-up and were
thinned by 1/20 to reduce autocorrelation. Chain convergence to
the posterior distribution was assessed visually using traceplots
and by the R-hat statistic (Gelman and Rubin, 1992). To evaluate
the performance of our models, we used a mixed posterior
predictive assessment developed by Green et al. (2009) as
employed by Masuda and Stone (2015). Broadly, posterior
predictive model checking involves simulating replicated data
under its modeled distribution using each MCMC simulated
value of the estimated model parameters and comparing these

new data with the observed data set (Hobbs and Hooten, 2015).
In particular, the mixed posterior predictive assessment provides
a more conservative assessment of model performance, being
similar to the widely-accepted cross-validation technique, than a
full posterior predictive assessment, particularly for hierarchical
models (e.g., containing a random effect) (Green et al., 2009).
This is accomplished by first drawing a new random effect
for each group from its modeled distribution, adding the new
mean effect to the estimated linear model component, and
using the resulting value to draw a new observation from its
modeled distribution. In contrast, the fixed posterior predictive
assessment uses the estimated random effect rather than drawing
a new one which consistently results in a deceptively better fit
between observed data and replicated data (Green et al., 2009).

We used common management metrics to produce mortality
curves from our resulting models and identified particular areas
of concern where management actions could be implemented
to potentially reduce exceptional drought mortality. Specifically,
we produced mortality curves for 35 and 65% relative densities,
which represent the range of fully-stocked stands, and for
merchantable breast height stem diameters of 15, 25, and 35 cm,
representing common pulpwood, small sawtimber, and large
sawtimber stem sizes, respectively, in the study area.

RESULTS

Pine Group Mortality
As expected, drought period mortality increased relative to pre-
drought mortality for all pine groups increasing 9.8, 20.0, and
26.3% for PL, SL, and NL, respectively. Surprisingly, none of
the drought period mortality responses differed significantly
from the pre-drought period (Figure 2, Supplementary Table 1).
Notably, PL had significantly lower overall group mortality for
both periods than NL and SL. Naturally-regenerated loblolly
pine had the greatest increase in mean mortality response
between periods suggesting it was the most sensitive to the
drought conditions of the three pine groups. Shortleaf pine had
the highest mean mortality for both periods and the greatest
variability in mortality response.

Stand Structure
Stand structure was most important for describing mortality
in loblolly pine with differing effects across PL, NL, and
measurement periods (Table 2). Interestingly, stand structure
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FIGURE 2 | Mortality probabilities for each pine group and measurement

period with 95% credible intervals. Pre-drought period trees were measured

and re-measured from 2003 to 2010 while drought period trees were initially

measured prior to 2011 and re-measured 2012–2016. The R2 for the mixed

predictive assessment was 0.09. Prediction accuracy of live and dead trees

was 0.999 and 0.132 for observed vs. predicted responses and 0.916 and

0.097 for replicated vs. predicted responses, respectively.

did not describe mortality in SL under either period. Diameter
at breast height followed the hypothesized “U-shaped” or “J-
shaped” pattern, reflecting higher mortality in the smallest and
largest stems, when examined in relation to mortality for both PL
and NL in both periods (Table 2). Notably, exceptional drought
accentuated this mortality effect in the smallest and largest stems
of PL but did not for NL. Plot relative density significantly
increased mortality in loblolly pine primarily causing greater
mortality with increasing density, being most pronounced in
PL under drought (Table 2). The effects of relative density on
pre-drought NL mortality leveled off at the highest densities
but under exceptional drought, increased significantly at higher
densities. In contrast to our hypothesis, lower relative densities
did not result in elevated loblolly mortality for either period
(Table 2). Interestingly, plot species dominance, describing the
relative mixture of each pine group to all other species in
a plot, significantly affected mortality among drought-period
NL which experienced higher mortality with increasing NL
dominance while pre-drought PL experienced lower mortality
under increasing PL dominance (Table 2).

Management-Based Mortality Curves
Planted loblolly mortality curves for DBH highlight the increased
vulnerability of the smallest and largest stem sizes exposed to
the exceptional drought conditions (DBH of < 20 cm and >

40 cm; Figures 3A,B). This effect was most pronounced in the

largest stems at higher stand densities (65% RD; Figure 3B).
Merchantable stems of PL had very low mortality with very
low variability regardless of period (Figures 3A,B). Interestingly,
smaller stems under pre-drought conditions did not significantly
differ in mortality at 35 or 65% RD (Figure 3C). However,
smaller stems under exceptional drought had significantly
higher mortality at 65% RD than at 35% RD (Figure 3D).
For reference, PL mortality curves for RD and SPD can be
found in Supplementary Figures 1, 2, respectively but are not
discussed here.

Naturally-regenerated loblolly pine had higher mortality in
the smallest and largest stems however, this effect did not differ
between pre-drought and drought periods (Figures 4A,B). As
with PL, merchantable stems of NL had very low mortality with
very low variability (Figures 4A,B). However, merchantable stem
mortality was significantly higher under exceptional drought
at 35% RD (Figure 4C) whereas, at 65% RD, mortality did
not differ between periods but was higher overall than at
35% RD (Figure 4D). Interestingly, SPD mortality curves for
NL indicated that drought period mortality was significantly
higher than pre-drought above ∼50% NL dominance for all
merchantable stem sizes (Figures 5A–C). However, mortality was
lower overall and did not differ significantly when NL dominance
was below ∼50% (Figures 5A–C). For reference, the NL
mortality curve for RD can be found in Supplementary Figure 3

but is not discussed here.

Model Assessment
The mixed predictive assessment for the model based on
Equation (4) (i.e., pine groups and measurement periods)
suggested that live trees were predicted accurately and mortality
responses were not predicted as well (Table 2). This is likely
attributable to the limited number of dead trees in the dataset for
PL as it had low mortality during both periods and may also be
attributable to the similarity in mortality estimates for NL and
SL making differentiation between groups difficult. The mixed
predictive assessment for the models based on Equation (5) (i.e.,
stand structure) shows that the PL and NL models performed
fairly well while the SL models performed poorly (Table 2). In
all cases, live trees were predicted well while dead trees were
predicted fairly (NL, PL) to poorly (SL). Since essentially none
of the stand structural variables for SL significantly differed from
zero and most were different from zero for PL and NL, it is
not surprising that the SL models performed poorly and the PL
and NLmodels provided better explanatory power for describing
pre-drought and drought period mortality.

DISCUSSION

Pine Group Mortality
Climate projections indicate future increases in the extent and
severity of droughts with possible substantial and widespread
increases in tree mortality (Allen et al., 2015). Given the
potential economic and ecological ramifications to the timber
industry and forest ecosystem function, adaptive management
strategies for coping with future exceptional droughts in forests
need to be developed yet are critically lacking in the scientific
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TABLE 2 | Model results for the effects of stand structure on pine group mortality for each measurement period with 95% credible intervals (DBH, diameter at breast

height; RD, plot relative density; SPD, plot species dominance; Plot RE SD, estimated standard deviation from the random effect of plots).

Estimated parameters Planted loblolly (PL) Naturally-regenerated loblolly (NL) Shortleaf (SL)

Log odds mortality Pre Drought Pre Drought Pre Drought

Intercept −5.617

(−6.183, −5.127)

−5.947

(−6.450, −5.498)

−4.924

(−5.291, −4.591)

−4.716

(−5.020, −4.417)

−4.848

(−5.789, −4.080)

−4.133

(−4.601, −3.705)

DBH −0.958

(−1.178, −0.748)

−1.082

(−1.234, −0.936)

−1.421

(−1.617, −1.239)

−1.130

(−1.272, −0.990)

−0.422

(−0.756, −0.098)

−0.040

(−0.246, 0.173)

DBH2 0.188

(0.124, 0.249)

0.330

(0.274, 0.384)

0.451

(0.384, 0.517)

0.396

(0.341, 0.452)

0.145

(−0.009, 0.286)

0.089

(−0.022, 0.192)

RD 0.350

(0.031, 0.678)

0.831

(0.521, 1.169)

0.449

(0.251, 0.650)

0.233

(0.057, 0.414)

0.257

(−0.096, 0.643)

0.098

(−0.106, 0.309)

RD2
−0.128

(−0.357, 0.103)

0.017

(−0.191, 0.221)

−0.160

(−0.312, −0.014)

−0.037

(−0.161, 0.078)

0.024

(−0.260, 0.273)

0.075

(−0.037, 0.187)

SPD −0.587

(−1.075, −0.107)

−0.071

(−0.520, 0.379)

0.130

(−0.064, 0.328)

0.266

(0.074, 0.464)

−0.094

(−0.567, 0.382)

0.061

(−0.186, 0.317)

SPD2
−0.221

(−0.439, −0.025)

−0.176

(−0.383, 0.005)

0.006

(−0.162, 0.168)

−0.066

(−0.221, 0.086)

−0.016

(−0.484, 0.410)

0.037

(−0.231, 0.302)

Plot RE SD −1.352

(−1.755, −1.016)

−1.715

(−2.087, −1.399)

−1.008

(−1.279, −0.762)

−1.458

(−1.657, −1.273)

−1.813

(−2.594, −1.205)

−1.067

(−1.417, −0.761)

R2 MPA 0.38 0.25 0.71 0.20 0.07 0.07

Observed Pred. Acc.

(live/dead)

0.999/0.014 0.997/0.330 0.996/0.144 0.991/0.315 1/0.144 0.997/0.070

Replicated Pred. Acc.

(live/dead)

0.953/0.111 0.925/0.211 0.902/0.262 0.858/0.226 0.870/0.145 0.851/0.156

Pre-drought period (Pre) trees were measured and re-measured from 2003 to 2010 while drought period (Drought) trees were initially measured prior to 2011 and re-measured 2012–

2016. Bold estimates, intercepts, and Plot RE SDs are significantly different from zero. The bottom three rows provide metrics from model assessment including, proportion of explained

variance from the mixed predictive assessment on observed vs. replicated data (R2 MPA), accuracy of observed vs. predicted live and dead trees, and accuracy of replicated vs.

predicted live and dead trees.

literature (Kemp et al., 2015; Nagel et al., 2017). In this
study, we provide an assessment of drought mortality in east
Texas by examining the dominant species, loblolly pine, under
its two primary silvicultural strategies, planted and naturally-
regenerated, which broadly represent managed plantations and
unmanaged/minimally-managed stands, respectively. These two
conditions occur extensively throughout east Texas across a
variety of ownerships (Edgar and Zehnder, 2017) and generally
reflect conditions throughout the southeastern U.S., the most
productive forested region in the country (Oswalt et al., 2014).
Moreover, we examined shortleaf pine, currently a common
species throughout the West Gulf Coastal Plain, which is
targeted for restoration throughout its extensive historic range.
Shortleaf pine is often perceived as drought-tolerant, given its
wide historical range which included occurring on xeric sites
(Mattoon, 1915), yet has received little attention in the literature
regarding its drought mortality response. Here we show these
predominant pine species groups are resistant to mortality from
the historic exceptional drought conditions experienced in 2011
throughout east Texas.

Notably, we found that intensively managed stands (i.e., PL)
appear to be most resistant to drought mortality. This finding
was especially notable given that this region represents the
westernmost extent of loblolly pine. Planted loblolly mortality
was lowest of the three pine groups for both pre-drought and
drought conditions, providing support for our hypothesis that
pre-drought PL had the lowest mortality of the pine groups

examined. Interestingly, exceptional drought exposure did not
result in disproportionate mortality vulnerability in PL as has
been hypothesized (Domec et al., 2015). Klos et al. (2009)
observed higher drought sensitivity (growth and mortality) in
pine species of Alabama, Georgia, and Virginia; however, they
did not separate out PL from NL. Also, pines in the Klos et al.
(2009) study occur in the central reaches of their geographical
distribution, whereas east Texas represents the western range
margin of loblolly pine. As mentioned in the methods, we were
unable to explicitly account for PL seedling source. Yet in general,
it is possible that loblolly pine genotypes in Texas are better
adapted to drier, more variable climate than those genotypes
found further east (Eckert et al., 2010; McNulty et al., 2014; Rehm
et al., 2015). Recent examination of PL growth in the West Gulf
Coastal Plain suggests that, even under water-limited conditions
(albeit not as extreme as the 2011 drought), trees remained
productive particularly when given fertilizer inputs (Maggard
et al., 2017), suggesting positive response of water-stressed PL
under management. However, that study addressed growth and
not mortality response of PL to increased water stress. Critically,
it appears the broad management actions associated with PL
likely allowed these stands to resist mortality from the harsh, hot
and dry conditions of the exceptional 2011 drought.

Of the groups examined, NL appeared the most vulnerable
to exceptional drought having the highest increase in mean
mortality response (26.3% increase). However, NL was still quite
resistant given the lack of a significant increase in mortality
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FIGURE 3 | Mortality curves (solid lines) for planted loblolly pine (PL) and diameter at breast height (DBH) with 95% credible intervals (dashed lines). Relative density

(RD) is held constant at the lower (35%) and upper (65%) limits of fully-stocked conditions while species dominance (SPD) is held constant at its median values

(∼90%, see Table 1). Pre-drought period trees were measured and re-measured from 2003 to 2010 while drought period trees were initially measured prior to 2011

and re-measured 2012–2016. Dotted vertical lines highlight merchantable size classes of 15, 25, and 35 cm DBH. (A,B) show mortality curves across the full range of

DBH values while (C,D) display notable differences which occur at smaller DBH values.

between periods. A challenge with examining this group as
a whole across the region of east Texas is disentangling
the multiple factors driving this increased drought mortality
response. Some NL stands remain unmanaged until harvest,
however, many stands of NL have active competition control
to improve productivity (Nelson and Bragg, 2016) providing
an advantage when exposed to water stress. The existence of
some management activity in a portion of NL stands may have
muted the drought mortality response of unmanaged stands.
Regardless, our data highlight that NL stands, as a whole,
typically have higher densities across east Texas than PL (Table 1)
suggesting that density-dependent competition may be the key

factor driving the higher exceptional drought mortality response
in this group.

Shortleaf pine maintained the highest mean group mortality
rates under both pre-drought and drought periods. This result
provides some support for the hypothesis that this species
experienced the highest pre-drought mortality of the pine groups
examined. This agrees with a recent study conducted in forests
of southeastern Oklahoma, which reported higher mortality in
SL compared to PL (Dipesh et al., 2015). The high variability in
mortality estimates for SL can be attributed to the relatively small
sample size in our dataset. Ultimately, SL is a relatively minor
component of east Texas forests (∼3% of all species measured
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FIGURE 4 | Mortality curves (solid lines) for naturally-regenerated loblolly pine (NL) and diameter at breast height (DBH) with 95% credible intervals (dashed lines).

Relative density (RD) is held constant at the lower (35%) and upper (65%) limits of fully-stocked conditions while species dominance (SPD) is held constant at its

median values (∼60%, see Table 1). Pre-drought period trees were measured and re-measured from 2003 to 2010 while drought period trees were initially measured

prior to 2011 and re-measured 2012–2016. Dotted lines highlight merchantable size classes of 15, 25, and 35 cm DBH. (A,B) show mortality curves across the full

range of DBH values in the dataset while (C,D) display notable differences which occur at small and mid-range DBH values.

by FIA) possibly occurring on sites less suitable for loblolly
production. Thus, these higher mean group mortality rates may
be more reflective of inherent site conditions than any particular
physiological adaptations suited for drought.

Stand Structure
Despite the exceptional conditions of the 2011 drought, loblolly
pine still followed hypothesized trends of mortality with tree size.
Specifically, both PL and NL had low mortality in moderately-
sized (e.g., merchantable) stems and higher mortality in the
smallest and largest stems. Higher mortality in smaller stems
is most likely driven by inter- and intra-specific competitive

effects before reaching maturity. Increased mortality in larger
stems could be driven by multiple effects including senescence,
preference by pests (Pfeifer et al., 2011), windthrow (Harcombe
et al., 2009), and increased susceptibility to hydraulic failure
(Zhang et al., 2009). Interestingly, the exceptional drought
conditions significantly elevated mortality in the smallest and
largest PL stems compared to pre-drought conditions yet, did
not have the same effect in NL. D’Amato et al. (2013) found
that pine plantations thinned at a young age and maintained at
a low density exhibited lower growth resistance and resilience
to drought at later ages likely due to difficulty maintaining
high leaf area-to-sapwood ratios developed over time in the
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FIGURE 5 | Mortality curves (solid lines) for naturally-regenerated loblolly pine (NL) and species dominance (SPD) with 95% credible intervals (dashed lines). Diameter

at breast height (DBH) is held constant at merchantable size classes, (A) 15, (B) 25, and (C) 35 cm, while relative density (RD) is held constant at the lower limit of

fully-stocked conditions (35%). Pre-drought period trees were measured and re-measured from 2003 to 2010 while drought period trees were initially measured prior

to 2011 and re-measured 2012–2016. Dotted vertical lines highlight 50% dominance by naturally-regenerated loblolly pine (NL).

low-density conditions. It is possible this effect is occurring in
intensively managed loblolly pine plantations in east Texas which
were thinned and maintained at low densities and slated for
harvest beyond a typical rotation age (e.g., >25 years) but were
later abandoned.

Density-dependent mortality in PL and NL still followed
expected linear trends of increasing mortality with increasing
density despite the historic drought conditions. A growing
body of literature has found density-dependent mortality occurs
in prevalent North American pine species under increasingly
water-limited conditions across temperature and precipitation
gradients (D’Amato et al., 2013; Bottero et al., 2017; Gleason
et al., 2017). Resources inherently become limited as the number
of trees occupying the potential growing space in a stand
increases and this appeared to be exacerbated under exceptional
drought conditions for PL. Interestingly, exceptional drought
caused elevated mortality in lower densities of NL compared
to the pre-drought period. Naturally-regenerated loblolly trees
growing at low densities over time may have greater canopy area
and root architecture than denser stands, given the increased
growing space and access to resources (D’Amato et al., 2013),
and may be more prone to hydraulic failure possibly causing the
elevated drought mortality in low density NL stands compared
to pre-drought.

Under exceptional drought, species dominance (i.e., relative
species mixtures in a plot) became a significant factor in
describing NLmortality. Interestingly, intra-specific competition
significantly increased mortality in NL-dominated stands under
exceptional drought compared to pre-drought. This suggests that
more overstory diversity in NL stands (i.e., lower NL basal area)
allows for resource partitioning or facilitative effects between
mature NL and other species, an effect also noted by Klos
et al. (2009). Species dominance affected PL differently, being
important pre-drought but having no significant effect under
exceptional drought. Planted loblolly pine predominantly occurs
in monocultures and ∼85% of all PL plots in this study had

>50% of basal area as PL. In fact, mortality decreased as PL
dominance increased under pre-drought conditions. This likely
reflects that, as PL dominance reaches 100%, these plots occur
in the most intensively managed plantations on the landscape
where competition control was most prevalent. Thus, pure stands
of PLmay bemore buffered against mortality if they are primarily
occurring in actively managed plantations.

Management Implications
The exceptional 2011 drought that occurred in Texas was the
worst ever recorded for the state and represents the type of
event that could become commonplace in the next few decades
(Klepzig et al., 2014). Given that over half of the land area in
east Texas is economically productive timberland (Edgar and
Zehnder, 2017), it is imperative to develop adaptive management
strategies for coping with the stressful conditions of exceptional
drought. A critical finding of this study was that, broadly, under
current management practices PL stands were more resistant
to mortality from exceptional drought stress than NL stands,
a finding that, to our knowledge, has not been shown before.
In general, PL stands were maintained at lower densities (i.e.,
within the range of fully-stocked conditions) and at smaller
stem sizes compared to NL. These typical management-related
effects may have provided the important buffer needed to
keep exceptional drought mortality low in PL. Management
suggestions for reducing exceptional drought mortality in NL
stands are comparable to those for PL with relative density
of NL stems being a key driver of mortality risk. Maintaining
stands in fully-stocked conditions and even understocked
conditions could reduce overall mortality, particularly from
exceptional drought. Importantly, promoting other species (i.e.,
maintaining≤50% NL basal area), where possible, could provide
a crucial advantage for reducing exceptional drought mortality
in NL stands, particularly at lower densities. Finally, it remains
unclear from this study as to what management strategies
could benefit SL under exceptional drought. Further research
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into the response of SL to exceptional drought conditions is
warranted as initiatives continue to seek strategies to restore
this species throughout the southeastern U.S. Overall, the
suggestions presented here are based on broad-scale modeling
results from West Gulf Coastal Plain forests. Reduction of
mortality risk depends on local conditions and, critically,
overarching management objectives. However, these suggestions
provide straightforward management strategies that could be
implemented relatively easily by resource managers concerned
with exceptional drought mortality.
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