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Factors Determining Post-Wildfire Plant Community Recovery
Trajectories in Central Texas

Emily Mary Booth, Ph.D.

The University of Texas at Austin, 2017
Supervisor: Norma Fowler

Wildland fires are becoming more frequent and more severe in the United States,
due in part to climate change and in part to long-term fire suppression and the subsequent
build-up of fuels. Following wildfires of greater severity than what were historically
present in an area, plant community recovery trajectories may diverge from the pre-
disturbance plant community.

The Lost Pines region of central Texas supported the westernmost stands of loblolly
pine (Pinus taeda) in the United States. In 2011, a wildfire burned most of Bastrop State
Park (BSP), located in the Lost Pines. Pre-fire, BSP was a mostly closed-canopy forest
dominated by loblolly pine and several species of oak (Quercus spp.), with sparse
herbaceous vegetation and a dense mid-canopy of yaupon (//ex vomitoria). Most plants in
BSP were either killed or top-killed in the wildfire. We studied pre- and post-fire plant
community dynamics to understand and predict post-fire plant community recovery
trajectories.

Top-killed oak species sprouted vigorously in more severely-burned plots (Chapter
1, Chapter 2); yaupon sprouted in all burn severity classes (Chapter 3). Loblolly pine,

which can only recruit from seed, established more slowly than sprouting species, in part
vi



due to the transitory inhibitory effect of an erosion control product (Chapter 3). In the first
year after the fire, it appeared that oak sprouts might out-compete loblolly pine seedling
recruitment. However, in 2015, a large loblolly pine recruitment event occurred following
a year of unusually high precipitation (Chapter 1, Chapter 2). These results indicate
recovery trajectories towards continued survival of the loblolly pine population in BSP,
although with a potentially greater abundance of oak species than what was present pre-
fire. Furthermore, yaupon is likely to re-form dense thickets such as those present pre-fire
without measures to prevent woody plant encroachment.

Immediately post-fire, the herbaceous plant community increased in abundance,
richness and diversity, likely due to greater canopy openness (Chapter 4). Very few
invasive species were present either pre- or post-fire (Chapter 5). Alternate trajectories
towards open-canopy savanna with a diverse understory community and lower mid-story
tree abundance could be maintained by management actions such as prescribed fire or

mechanical thinning.
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Chapter 1: Potential alternate trajectories following mixed-severity
wildfire in a pine-oak woodland

ABSTRACT

Objective

Alterations to historic disturbance regimes can have lasting effects on plant
community trajectories. The Lost Pines region of central Texas supports the westernmost
stands of loblolly pine (Pinus taeda) in the United States. In 2011, a wildfire burned most
of Bastrop State Park (BSP), located in the Lost Pines region of central Texas. Pre-fire, the
Lost Pines was dominated by loblolly pine and several species of oak (primarily Quercus
margaretta and Q. marilandica), and historically was likely maintained by frequent, low-
severity fire. Post-fire recovery trajectories could move the Lost Pines back towards the
pre-fire pine-oak forest community, oak-dominated woodland, or pine-oak savanna. We
studied pre- and post-fire tree dynamics to better understand and predict post-disturbance

woody plant community recovery trajectories.

Methods

Fifty-six 20m x 50m permanent plots were established in Bastrop State Park and
surveyed between 1999-2015. Data were collected on three tree size classes in size-
dependent subplots: seedlings (loblolly pine) / basal sprouts (oaks), saplings, and mature
trees. Within each subplot, individuals were identified to species and counted. We
combined these data with information about burn severity, soil types, canopy cover,

elevation, and aspect.



Results

Most woody plants were killed or top-killed in the fire, and oaks sprouted
vigorously where top-killed. Burn severity and canopy cover are negatively correlated,
which is expected, because burn severity is partly determined by mature tree mortality.
Mature loblolly pine and sand post oak numbers were negatively related to one or the other
of these variables in each post-fire year. Unexpectedly, we did not find any relationship
between burn severity or canopy cover on loblolly pine seedling or oak basal sprout
numbers. In 2015, following heavy rainfall, there was a large recruitment event of loblolly
pine seedlings, and significantly greater numbers of loblolly pine seedlings in areas with

more loblolly pine mature trees.

Conclusions

Recovery trajectories in the Lost Pines were not apparent immediately post-fire due
to a time lag in pine recruitment. Initial oak sprouting appeared to outpace loblolly seedling
recruitment, which suggested a trajectory towards oak domination; three years after the
fire, pine recruitment made this future much less likely. Trajectories towards an oak-pine
savanna is more likely, especially with management interventions to maintain the open
canopy, such as prescribed burning. Our results illustrate the importance of understanding
the complexity of pre- and post-fire plant community dynamics to better predict future

trajectories and develop more effective restoration plans.



INTRODUCTION

Disturbances, such as wildland fire, shape plant community composition and
structure over time (Bond and Keeley 2005, Hanberry 2014, Hernandez-Serrano et al.
2013, Hessburg et al. 2005, Naiman et al. 1993, Nowacki and Abrams 2008, Ward et al.
1999). Wildland fire can play many different roles: surface fires maintain many savannas
(Bond and Keeley 2005, Fill et al. 2015, Nowacki and Abrams 2008, Peterson and Reich
2001, van Langevelde et al. 2003), crown fires often re-start succession (Turner et al. 1999,
Turner et al. 2003), and some fires, particularly those different in severity from the
historical fire regime, may lead a plant community towards a new trajectory (Kane et al.
2013, Urza and Sibold 2017). The drivers of ecosystem change following large wildfires
are poorly understood; our study examines recovery trajectories following a wildfire of
unprecedented severity to elucidate these drivers and additional complexities.

Changes to historical fire regimes can change plant community composition, which
in turn may alter fire behavior and subsequent vegetation recovery trajectories (Stevens-
Rumann et al. 2004, Turner 2010). Trajectories of community change after disturbance can
be understood in part through legacy effects (James et al. 2007, Carillo et al. 2012,
Cuddington 2011). Legacy effects are lasting impacts of a species or management action
that affect future biotic community composition (Cuddington 2011, Foster et al. 2003).
They may include instances in which early successional species affect future plant
community composition (Kepfer-Rojas et al. 2015) by altering plant-soil feedbacks
(Kardol et al. 2007, van de Voorde et al. 2011), soil microbial relationships with plants
(Grove et al. 2012), or seed availability (Brown et al. 2015, Larson and Franklin 2005).
Land-use history, such as logging, agriculture or anthropogenically altered fire regimes can

also have persistent impacts on vegetation, soil, and nutrient dynamics (Bellemare and
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Motzkin 2002, Foster et al. 2003, Kepfer-Rojas et al. 2015, McGranahan et al. 2015). Here,
we address legacy effects as biotic or abiotic conditions that persist after disturbance.
Transient dynamics can also be a helpful concept for understanding population
dynamics (Ellis and Crone 2013) in systems that experience frequent disturbance (Hastings
2004, Koons et al. 2005, Fukami and Nakajima 2011). Transient dynamics include time
lags, in which response to disturbance is delayed. Time-lagged responses to disturbance
can occur across taxa (Abrahamson and Layne 2002, Crooks 2005, du Toit et al. 2016,
Milchunas and Lauenroth 1995, Verdenschot et al., Willig et al. 2010), often with species-
specific responses. Post-disturbance establishment of plant species varies by life history
traits, timing of establishment in relation to other species, and severity of disturbance
(Zobel and Antos 2009). Transient dynamics and time-lagged responses can provide
opportunities for earlier-establishing species to out-compete later-establishing species,
potentially affecting future plant community assemblages following disturbance.
Wildland fires are disturbances which, as much of the US become warmer and drier,
are becoming more frequent (Dennison et al. 2014; Settele et al. 2014; Westerling et al.
2006) and more severe (Banner et al. 2010, Dillon et al. 2011, IPCC 2013, Miller and
Safford 2012). Wildland fire can influence community assembly by shaping the traits and
organisms found within an environment (Bond and Keeley 2005), and by altering spatial
patterns of vegetation (Menges and Hawkes 1998, Ooi et al. 2006). Fire intensity and burn
severity (the effects of fire on biotic and abiotic characteristics of the burned area) partly
determine future trajectories of biotic communities (Bernhardt et al. 2011, Collins 1992,

Duguy and Vallejo 2008, Freeman and Kobziar 2011, Hartnett 2007, Turner et al. 1997).



We investigated the effects of a mixed-severity wildfire that killed or top-killed
most trees in a mostly closed-canopy pine-oak woodland in central Texas. We analyzed
data from the first four years after the wildfire to describe the changes that occurred during
that period and to help predict possible future trajectories for the developing plant
community. As disturbance regimes and ecosystem responses to disturbance change
(Turner 2010), it is increasingly important that we study plant community responses to
more frequent and more severe fires, and the complex ways in which wildland fire,
legacies, and transient dynamics alter plant community recovery trajectories.

Our hypotheses were:

1) Areas of greater burn severity, and so a more open canopy, will have more pine

seedlings where there are sources of pine seeds, and more oak basal sprouts.

2) The gravelly upland soils will favor oaks, while sandy soils downslope will

favor pines.

3) The initial post-fire colonists or survivors will maintain dominance and affect

the trajectory in future years. As a result, chance and legacy effects will play an

important role in post-fire trajectories.

METHODS

Study Area

The Lost Pines of central Texas are the westernmost stands of loblolly pine (Pinus
taeda L.) in the United States. They support a diverse plant community that includes
several native species of oak, including sand post oak (Quercus margaretta [Ashe] Small),
blackjack oak (Q. marilandica Minchh.), and post oak (Q. stellata Wangenh.), as well as

5



loblolly pine. Bastrop State Park (BSP), in the Lost Pines, was logged between 1900 and
1940 and largely fire-suppressed until 2011 (Stambaugh et al. 2017). In September 2011,
the Bastrop County Complex wildfire burned much of the Lost Pines, including almost all
of BSP, during a record drought and heat wave (Hoerling et al. 2013), and most mature
trees were killed or top-killed. Following the fire, the recovery of the pine population was
of substantial public and management concern.

It is thought that the vegetation of the Lost Pines region historically had more open
canopies, that is, savannas rather than forests, and perhaps more oak than it had pre-fire, in
2011 (Stambaugh et al. 2017). These savannas would have been maintained by frequent,

low-intensity surface fires (Stambaugh et al. 2014).

Data Collection

Forty-six 20m x 50m permanent plots were established in Bastrop State Park (Fig.
1.1, QGIS 2.18.9, QGIS Development Team 2009, Open Source Geospatial Foundation)
between 1999-2012 and surveyed following Fire Monitoring Handbook (FMH) protocols
(USDI National Park Service 2003). Each plot included three subplots, one for each size
class (Fig. 1.2). In each subplot we we recorded all individuals of the given size classes of
tree species: seedling or basal sprout (diameter at breast height [DBH]<2.5¢cm, 5m x 10m
subplot), sapling (DBH >2.5 and <15cm, 20m x 10m subplot), and mature (DBH>15cm,
20m x 50m full plot). We here refer to P. faeda individuals in the first size class as
‘seedlings’, following language found in the FMH; these ‘seedlings’ had germinated after
the fire, though developmentally they were not necessarily still seedlings at the time of our

surveys. We refer to oak stems in the first size class as ‘basal sprouts’ because all observed
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stems in this size class had sprouted after the fire from the base of a parent tree. FMH
protocols do not distinguish between stems from the same parent tree and stems from
another parent tree in the same subplot. In each subplot, individuals (or basal sprouts, in
the case of the first oak size class) of all size classes were identified to species and counted.
Mature trees were tagged and the same trees were re-measured each year. Annual samples
of each plot were irregularly made from 1999 through 2011, on dates that varied from May
through October. Each plot was sampled once a year from 2012 through 2015, in May,
June, or July.

Burn severity of plots was determined immediately post-fire in September 2011,
using the FMH assessment protocol (USDI National Park Service 2003), which is based
on degree of consumption of vegetation and substrate. Plots were assigned one of five burn
severity classes (in order from least to greatest severity: unburned, scorched, light,
moderate, and heavy). No plots surveyed post-fire were unburned. Canopy cover was
measured at multiple points per plot in some pre-fire and all post-fire surveys using a
canopy densiometer, then averaged for each plot each year.

Soil data was obtained from the Soil Survey Geographic (SSURGO) Database.
SSURGO soil types were first ground-truthed and modified where necessary to accurately
reflect local soil texture, then re-classified as either ‘sandy’ or ‘gravelly’ (Appendix A) for
increased statistical power and ease of interpretation. Elevation, slope, and aspect were

extracted from topographic maps provided by BSP (G. Creacy).



Statistical Analyses

Pre-fire data from 1999-2011 were pooled into one ‘year’ to compare with post-fire
data. We pooled these data rather than using only data from 2010, one year before the fire,
because not all plots were surveyed every year pre-fire. When necessary to obtain larger
sample sizes, data from each burn severity class were pooled into two new classes:
scorched or light burn, and moderate or heavy burn. We examined the effects of burn
severity, soil type, elevation, slope, aspect, and previous year’s abundance on the numbers
of individuals or basal sprouts of loblolly pines and oaks in each size class in each year.
Killed and top-killed trees were not included in our statistical models of mature tree
numbers. The effects of canopy cover and mature tree numbers were only used as predictor
variables in analyses of seedling and basal sprout numbers. Interaction terms were tested,
and but did not have enough effect to be included in the final models. Only the first size
class (basal sprouts <2.5cm DBH) of blackjack oak had sample sizes sufficient for these
analyses. No size class of post oak had sufficient sample sizes for these analyses.

Statistical analyses were completed using the GLIMMIX procedure of SAS 9.2
(SAS Institute, Cary, North Carolina, USA). Generalized linear models using the negative
binomial distribution with the default log link function were fit to each species - size class
- year combination separately. Preliminary analyses found that the Poisson and normal
distributions did not give good fits to the data, while the negative binomial did. For each
species - size class - year combination, the best model was determined by forward
selection, adding one variable at a time. At each step, the AICc values of all possible
models with one additional variable were compared, and the variable that most decreased

AICc was added to the model. No additional variables were added to a model if AICc did
8



not decrease by two or more. Once the best model for a given response variable had been
identified by this procedure, we examined the significance (P-value) of each included
predictor variable in this final model.

Because of the large number of models, we used a Bonferroni correction to
determine a suitable alpha. There were 3 size classes x 5 years of loblolly pine and sand
post oak, plus 1 size class x 5 years of blackjack oak, for a total of 35 models, and therefore
an adjusted alpha of p = 0.0014 was used. Predicted means and confidence limits were

back-transformed for tables and figures.

RESULTS

66.4% of the mature oak trees present in the plots before the fire were killed or top-
killed by 2013 (Table 1.1); almost all of these were only top-killed and had basal sprouts.
87.4% of the mature P. taeda trees present in the plots before the fire were killed by the
fire by 2013 (Table 1.1). We calculated these comparing pre-fire numbers to numbers in
2013, instead of numbers immediately post-fire, to account for delayed mortality due to
fire damage and drought.

Seedlings and basal sprout densities of all species increased (Table 1.1). Loblolly
pine seedling numbers increased greatly in lower burn severity classes between pre-fire
and 2015, with an almost 200-fold increase in scorched plots (Table 1.1).

After the fire, there was relatively little loblolly pine recruitment until an unusually
wet 12 month period (1173 mm July 2014 through June 2015, versus 644 mm to 792 mm
in the preceding three July-June periods, Table 1.2), when there was a significant positive

relationship between the number of loblolly pine seedlings and numbers of mature trees in

9



2015. Estimated loblolly pine seedling densities in 2015 ranged from 535.6 seedlings/ha in
the most severely burned areas to 79,400 seedlings/ha in the lightly burned areas (Table
1.1). If no further recruitment were to occur, moderate survival rates would be sufficient to
replace the pre-fire trees in all but the most heavily burned areas (Table 1.3).

More loblolly pine mature trees were found pre-fire in plots at higher elevations
(Table 1.4), although the elevational range was small (62m), indicating that elevation may
be standing in for another variable, likely moisture availability. Greater numbers of pre-
fire mature sand post oak mature trees and of 2015 blackjack oak basal sprouts were found
in plots with gravelly, rather than sandy, soils (Fig. 1.3, Tables 1.5 and 1.6).

The sampling design involved re-sampling the same subplots in each plot each year
and so surviving individuals were re-sampled in subsequent years. Therefore we expected,
and found, that the number of individuals or stems in the previous year, which was a
covariate tested for inclusion in each model, was often an excellent predictor of the number
of individuals or stems the following year (Fig. 1.4, Tables 1.4-1.6). A consequence of this
is that an environmental factor may be significant only in the first year; after that its role in
the model may be taken by numbers of individuals or basal sprouts in the previous year.
This may explain why the effects of elevation on loblolly pine mature trees and soil type
on sand post oak mature trees only reached significance in the pre-fire models, for which
previous year numbers were not available.

We did not find significant effects in any year of burn severity on seedlings, basal
sprouts, or saplings. There were few saplings of any species, so detecting any effects on

them was problematic, and none were detected.
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Burn severity and canopy cover were negatively correlated in every year (Table
1.7), which is expected because burn severity is partly determined by tree mortality. Either
burn severity or the resulting low canopy cover were each closely related with the number
of post-fire mature loblolly pine and sand post oak trees (Fig. 1.5, Tables 1.4 and 1.5). The
expected negative association between burn severity and mature tree numbers reached
significance for loblolly pine in 2014 and for sand post oak in 2014 and 2015 (Tables 1.5
and 1.6).

Less expected was the lack of consistent relationship between oak basal sprouts and
numbers of mature (and not top-killed) trees in the same year. This relationship was weakly
positive for sand post oak basal sprouts in 2013 and 2015, and weakly negative for sand
post oak basal sprouts in 2012 and blackjack oak basal sprouts in 2012 and 2013 (Tables
1.5 and 1.6). We expected that a greater number of mature trees in a plot would produce
more basal sprouts. However, because so many oaks were top-killed, most basal sprouts

were growing on top-killed trees.

DISCUSSION

Post-fire sprouting of oaks from parent plant material provides evidence consistent
with legacy effects due directly to pre-fire conditions. In the first three post-fire years, it
appeared that oak sprouts might outcompete pine seedlings, which would be consistent
with our hypothesis that initial post-fire colonists or survivors would remain dominant in
the future. However, pine seedling recruitment was time-lagged: seeds were water-limited
rather than light-limited, and germinated in large numbers following an unusually rainy

year in 2015. This indicates that while legacy effects and initial post-fire plant
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establishment may play a role in determining future plant community trajectories, time lags
related to stochastic events may play a larger role in this case. Therefore, it is important to
consider limiting factors to the establishment of dominant species and the ways in which
they might be affected by weather and other disturbance events when predicting future

trajectories.

Legacy effects

We define legacy effects as those due, directly or indirectly, to pre-fire conditions.
For example, the pre-fire plant community structure can affect burn severity, which in turn
can affect post-fire plant communities (Harris and Taylor 2015, Keyser et al. 2008, Lee et
al. 2009). In our plots, burn severity was negatively related to pre-fire canopy cover (rs = -
0.47, Table 8). Canopy cover was not measured consistently pre-fire, and was measured in
only 26 out of 56 total plots pre-fire. There may have been more plots with lower pre-fire
canopy cover that burned more severely by chance. The fire was large and fast-moving
enough that even in areas with was slightly less canopy, the crown fire would have been
maintained.

The most evident legacy was the surviving oak trees. Enough survived without
being top-killed to create a significant positive relationship between the number of mature
sand post oak trees pre-fire and the number of mature sand post oak trees post-fire.
Although many oaks were top-killed, almost all of these trees sprouted vigorously. Many
other oak species sprout vigorously after high-severity fire (Cocking et al. 2014, Fulé et al.
2000, Hammett et al. 2017, Maguire and Menges 2011, Varner et al. 2016). Sprouting plant

species can produce shoots by drawing on resources from the live root starch reserves of
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the parent tree, even when top-killed (Chapin et al. 1990; Schutz et al. 2009), which can
allow them to out-compete conifers (Barton 2002, Goforth and Minnich 2008). These basal
sprouts can be considered another legacy. There was no observed regeneration of any oak
species from seeds in our plots, but the vigorous sprouting of each oak species make it
likely that their densities will be maintained in the future, even with a degree of self-
thinning.

We expected to see a relationship between numbers of pre-fire sand post oak mature
trees and numbers of post-fire basal sprouts of this species, but there was no evidence of
such a relationship. However, data were collected using a protocol that counted individual
sprouts, instead of sprouts per tree (see Methods), and variation among individual trees in
sprout numbers may have hidden such a relationship.

Permanent environmental factors, such as soil type and elevation, may create legacy
effects via their effects on the pre-fire plant community, but they can also have direct post-
fire effects; the two are not mutually exclusive. Based on verbal reports and our own casual
observations, we expected to find that gravelly upland soils would favor oak species, and
that sandy downslope soils would favor loblolly pine. However, elevation and soil type had
a very weak relationship, if any, among our plots (N = 56, F=0.37, p = 0.5). Pre-fire, there
were significantly more loblolly pine mature individuals at higher elevations, and
significantly more sand post oak mature trees in sandy soils. In another study (Booth 2017),
we found that loblolly pine seedlings were larger in gravelly soils. A study in the Lost Pines
by Brown et al. (2014) found that post-fire survivorship of planted loblolly pine seedlings
was higher in gravelly soils. After the fire, sprouts of sand post oak tended to be more

common in sandy soils, and sprouts of blackjack oak tended to be more common in gravelly
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soils, suggesting the possibility of some degree of niche separation between these two oak
species. There may also be some niche separation between loblolly pine and sand post oak,

with former favored by gravelly soils and the latter by sandy soils.

Time lags and transient dynamics

Prior to 2015, there was concern that loblolly pine seedlings might be outcompeted
by vigorously sprouting blackjack oak (Stambaugh et al. 2017). However, loblolly pine
seedling numbers increased sharply in lower burn severity plots in 2015. The time-lagged
loblolly pine seedling recruitment can be partly explained by the increase in rainfall (Table
3), allowing more seeds to germinate and survive. Timing of rainfall has been shown cause
time-lagged seedling emergence in other ecosystems (Arredondo et al. 2016, Reichmann
et al. 2013) on both seasonal (Ooi et al. 2004) and decadal (Tomback et al. 1993)
timescales. The lag may also have been partially due to temporal variation in pine seed
production, which is known to vary among years (Calama and Montero 2007; Koenig and
Knops 2000; Krannitz and Duralia 2004). In 2014 and 2015, loblolly pine trees produced
more seed than usual (G. Creacy, pers. comm.).

Loblolly pine seeds require high light availability to germinate and establish
(Mclemore 1971, Mitchell et al. 1999). We expected higher loblolly pine seedling counts
in plots with higher burn severity and therefore lower canopy cover and fewer mature
loblolly pine trees, because there would be increased light availability and less competition
from surviving plants in those plots (Dzwonko et al. 2015). However, the number of
loblolly pine seedlings was positively correlated with the number of mature loblolly pine

trees in 2015, and a trend for there to be more loblolly pine seedlings in less severely burned
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plots. The mostly likely explanation is that the greater number of surviving mature trees in
and near the less severely burned plots received more loblolly pine seeds than did the more
severely burned plots, and that the effects of seed input outweighed those of competition.
Seed limitation is a common factor influencing post-disturbance seedling recruitment
(Landis et al. 2005, Weyenberg et al. 2004), and post-fire conifer seedling densities are
often low in high burn severity areas due increased distance to seed trees (Borchert et al.
2003, Kemp et al. 2016, Pierce and Taylor 2011, Rother and Veblen 2016, Welch et al.
2016). Our results are also consistent with results from another study in BSP by Lee and
Chow (2015), which found that NDVI levels increased more quickly in areas burned at a
lower severity.

Burn severity was not a significant predictor of sand post oak or loblolly pine
mature tree numbers until 2014, when significantly fewer mature trees were found in higher
burn severity plots than in lower burn severity plots, as expected. The delay likely occurred
because initial mature tree counts included fire-injured trees defined as ‘live’ using the
FMH burn classification system, that later died. Delayed mortality post-fire is common and
occurs across woody plant genera (Engber and Varner 2012, Fulé et al. 2007, Ganio and

Progar 2017).

Alternate trajectories

In old-field plant community studies in the southeastern U.S., loblolly pine often
acts as an early woody dominant (De Steven 1991) within the framework of the classic
deterministic model of succession, in which plant assemblages move linearly towards a

predictable climax community (Clements 1916). However, the Lost Pines ecoregion differs
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from old-field communities in composition and structure, and instead may be more
analogous to longleaf pine (Pinus palustris Mill.)-wiregrass (Aristida stricta Michx.)
systems of the southeastern U.S. and ponderosa pine (Pinus ponderosa Lawson & C.
Lawson)-gambel oak (Quercus gambelii Nutt.) forests of the southwestern U.S. These
systems are better described by vegetation-fire feedback models, in which a persistent
biotic community is maintained by fire cycles (Fill et al. 2015). The fire return interval in
the Oak Woods and Prairies ecoregion of Texas, in which the Lost Pines region is located,
likely had relatively frequent and low severity fires, with a mean fire interval between 2.4-
10.9 years (Stambaugh et al. 2014, Stambaugh et al. 2017). This is similar to historical fire
regimes in ponderosa pine-gambel oak forests in the southwestern U.S. (Guiterman et al.
2015) and P. palustris savannas in the southeastern U.S. (Chapman 1932, Glitzenstein et
al. 1995). These low severity fires were likely more often surface fires than crown fires,
and likely killed few mature pine trees.

The Lost Pines was extensively logged and fire suppressed in the 20th century
(Stambaugh et al. 2017). Post-wildfire recovery trajectories may follow novel pathways
which diverge from pre-fire or pre-logging plant communities. Previous studies have
shown that high-severity wildland fire may promote transitions from conifer dominance to
sprouting oak dominance in pine-oak woodlands and forests (Cocking et al. 2014, Martin-
Alcon and Coll 2016). Re-establishment of loblolly pine as the dominant woody plant
species Lost Pines will depend partly on loblolly pine seedlings and trees surviving drought
(Brown et al. 2014), and partly on competitive outcomes between species and on future
management techniques. Loblolly pine seedlings were planted along roadways between

2013-2015, and their survival rate has been approximately 15%-65%, and greater in
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gravelly soils than in sandy soils (G. Creacy, pers. comm.). According to loblolly pine
seedling densities in our plots, survival of natural regeneration would need to be 0.4% in
order to replace pre-fire mature tree densities (Table 4). If the management goal was a more
open-canopy savanna, loblolly seedling survival could be lower and still attain this goal.
Because the ‘seedlings’ in the 2015 data were, for the most part, established juvenile plants
rather than developmentally seedlings, adequate survival rates may be attained if no further
fires occur. Additionally, oak basal sprouts appear to be self-thinning (Table 2). Therefore,
it appears that loblolly pines are unlikely to be outcompeted by oak species in the future.
Immediately post-fire, the Lost Pines plant community had the potential to develop
towards pine domination, towards oak domination, or towards a mixture of these species.
By 2015, the latter seemed most likely, although the ratio of pines to oaks will depend upon
pine seedling survival rates and whether or not regeneration by pines, by oaks, or by both
occurs in the future. The future trajectory of BSP and the Lost Pines region, however, will
depend primarily on management: will a closed canopy be allowed to develop? or will
prescribed fire and/or mechanical thinning allow an oak-pine savanna to develop and
persist? The latter would have the advantages of greater biodiversity (Booth 2017) and a
lower risk of crown fires and, therefore, less wildfire danger to housing developments and
other structures in the region. However, the public response to the fire has largely been to
express a strong desire to have a closed-canopy forest throughout the Lost Pines, supported
by vigorous volunteer efforts to plant pine seedlings (Harmon 2012). In our plots, natural
regeneration combined with an absence of prescribed fire and mechanical thinning would
probably produce such a forest without the need for planting pines. Future management

decisions will therefore be critical.
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CONCLUSIONS

Disturbance regimes can influence species composition (Scholtz et al. 2016), and
management actions taken prior to and following disturbance can alter recovery trajectories
(Dale et al. 1998). In developing restoration and other treatment plans, it is important to
create appropriate disturbance regimes that are specific to management goals. Due to the
difficulty in predicting responses to disturbance, some restoration efforts may be less
successful than others, often depending on how success is defined for the study (Zedler
2007). Attempts to restore a system to a goal state can be helped by understanding factors
influencing community assembly prior to disturbance. Legacy effects, time lags, and
disturbance characteristics can shape post-fire community dynamics, and understanding
potential alternative states in an ecosystem can be useful in determining restoration actions
(Suding et al. 2004). Research linking plant community ecology and ecological restoration
has only developed recently (Young et al. 2005). Our results illustrate the importance of
understanding the complexity of pre- and post-fire plant community dynamics to better
predict future trajectories and develop more effective restoration plans. More work is
needed to clarify the relationships between legacies, short-term and long-term dynamics

following novel disturbances in a changing climate.
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Table 1.1. Mean stems ha-1 per plot of each size class of each species pre-fire, in 2013, and in 2015. Pre-fire densities are taken
from the last year of data collection before the wildfire. Percent change is calculated between stem densities pre-fire and 2015.

Scorched Light burn
. Sizeclass ¢ % Pre- %
Species fire 2013 2015 change fire 2013 2015 change
P. taeda seedling 400.0 1,575.0 79,400.0 19,750.0 920.0 1,575.0 4,5512.7 390.5
P. taeda sapling 93.0 15.0 26.7 -71.3 120.0 0.0 163.6 36.3
P. taeda adult 300.0 206.5 195.7 -34.8 300.0 41.3 45.6 -84.8
Q. margaretta basal sprout 300.0 1,875.0 1,233.3  311.1 560.0 1,075.0 7818  39.6
Q. margaretta sapling 593.0 165.0 66.7 -88.8 280.0 30.0 101.8  -63.6
Q. margaretta adult 246.9 1457 121.7 -50.7 2125 978 1370 -355
Q. marilandica  basal sprout 0.0 50.0 66.7 -- 480.0 2,775.0 1,327.3 176.5
Q. marilandica sapling 60.0 15.0 13.3 -77.8 144.0 0.0 101.8 -29.3
Q. marilandica adult 375 196 17.4 -53.6 50.0 2.2 4.3 -91.4
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Table 1.1, continued. Mean stems ha-1 per plot of each size class of each species pre-fire, in 2013, and in 2015. Pre-fire densities
are taken from the last year of data collection before the wildfire. Percent change is calculated between stem densities pre-fire
and 2015.

Moderate burn Heavy burn
: Size class Pre- % Pre- %
Species fire 2013 2015 change fire 2013 2015  change
P. taeda seedling  2,700.0 1,350.0 1,036.4 -61.6 750.0 25.0 535.6 -28.6
P. taeda sapling 80.0 0.0 192.7 140.9 210.0 0.0 17.8 -91.5
P. taeda adult 484.4 0.0 0.0 -100.0 881.3 0.0 0.0 -100.0
Q. margaretta  basal sprout  200.0 600.0 236.4 18.2 350.0 125.0 6889 96.8
Q. margaretta sapling 0.0 0.0 43.6 -- 140.0 0.0 22.2 -84.1
Q. margaretta adult 43.8 10.9 8.7 -80.1 121.9 0.0 0.0 -100.0
Q. marilandica basal sprout  300.0 1,325.0 1,381.8  360.6 1,050.0 2,825.0 1,526.7 454
Q. marilandica sapling 100.0 0.0 214.6 114.6 100.0 0.0 131.1 31.1
Q. marilandica adult 34.4 4.4 6.5 -81.1 90.6 0.0 0.0 -100.0
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Table 1.1, continued. Mean stems ha-1 per plot of each size class of each species pre-fire,
in 2013, and in 2015. Pre-fire densities are taken from the last year of data collection before
the wildfire. Percent change is calculated between stem densities pre-fire and 2015.

Total
: Size class Pre- %
Species fire 2013 2015 change
P. taeda seedling 4,770.0 4,525.0 85,484.7 1,692.1
P. taeda sapling 503.0 15.0 400.8 -20.3
P. taeda adult 1,965.7 247.8 241.3 -87.7

Q. margaretta  basal sprout 1,410.0 3,675.0 2,940.4 1085
Q. margaretta sapling 1,013.0 195.0 234.3 -76.9
Q. margaretta adult 625.1 2544  267.4 -57.2

Q. marilandica basal sprout 1,830.0 6,975.0 4,302.5 135.1
Q. marilandica sapling 404.0 15.0 460.8 14.1
Q. marilandica adult 212.5 26.2 28.2 -86.7
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Table 1.2. Total monthly precipitation, 2011-2015 (mm) (NOAA 2016).

Month 2011 2012 2013 2014 2015
January 86.1 747 76.2 20.3 81.3
February 11.4 93 29.5 18 22.6
March 7.1 105.7 14.5 51.8 153.7
April 1.3 23.6 89.2 19.1 144.3
May 45 106.2 73.2 175 284.2
June 45.2 32.8 44.7 63 119.1
July 9.7 105.2 58.7 40.4 18.3
August 8.4 36.1 36.8 22.4 34
September 29.7 120.4 147.1 98.8 51.3
October 54.4 26.7 135.6 44.7 202.7
November 40.6 10.7 50.5 113.3 73.9
December 87.6 18 17 48.5 59.9
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Table 1.3. Density of mean pre-fire P. taeda trees and post-fire (2015) P. taeda seedlings.
Required survival rate is the percentage of seedlings that would need to survive to maturity
in order to replace the pre-fire population.

Survival rate for

Stem number ha't replacement (%)
Mean pre-fire mature trees 300.0 N/A
2015 seedlings, scorched 79,400.0 0.4
2015 seedlings, light burn 4,512.7 6.6
2015 seedlings, moderate burn 1,036.4 28.9
2015 seedlings, heavy burn 535.6 56.0
2015 seedlings, all burn classes 85,484.7 0.4
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Table 1.4. Summary of generalized linear model results by functional group, with explanatory variables in columns. Results for
categorical predictor variables (burn severity, soil type, aspect), are reported as 'F, p'; results for continuous predictor variables
(numbers in same or different size class and year, canopy cover in same or different year, and elevation) are reported as 'estimate,
F, p". 'NI' indicates that the explanatory variable was not included in the final model. Significant results are in boldface.

Number in same

Size size class in
Species class Year N Burn severity  Soil type Aspect previous year
P.taeda seedling pre-fire 26 NI NI 3.3,0.03 N/A
P.taeda seedling 2012 17 0.4,0.7 NI NI NI
P.taeda seedling 2013 46 3.5,0.03 NI NI 0.2,20.9,0.0001
P.taeda seedling 2014 46 1.4,0.2 NI NI 0.2, 62.1, <0.0001
P.taeda seedling 2015 46 22,01 NI NI NI
P.taeda  saplings pre-fire 37 NI 9.6, 0.004 3.0,0.03 N/A
P.taeda saplings 2012 17 NI NI NI NI
P.taeda saplings 2013 32 NI NI NI NI
P.taeda saplings 2014 46 NI NI NI NI
P.taeda saplings 2015 46 3.2,0.03 NI NI 25,01
P. taeda adults  pre-fire 37 NI NI NI N/A
P. taeda adults 2012 11 NI NI NI 0.2,4.8,0.1
P. taeda adults 2013 17 NI NI NI 0.1, 29.6, <0.0001
P. taeda adults 2014 46 11.7, <0.0001 1.7,0.2 NI 0.1, 134.7, <0.0001
P. taeda adults 2015 46 3.9,0.01 2.3,0.1 NI 0.1, 17.2,0.0002
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Table 1.4, continued. Summary of generalized linear model results by functional group, with explanatory variables in columns.
Results for categorical predictor variables (burn severity, soil type, aspect), are reported as 'F, p'; results for continuous predictor
variables (numbers in same or different size class and year, canopy cover in same or different year, and elevation) are reported
as 'estimate, F, p'. 'NI' indicates that the explanatory variable was not included in the final model. Significant results are in

boldface.
Number of
Size Previous year Canopy cover, mature trees in ~ Number of mature
Species class Year N  canopy cover same year previous year trees in same year Elevation
P.taeda seedling pre-fire 26 N/A 0.004, 0.01, 0.9 N/A NI NI
P.taeda seedling 2012 17 NI NI 0.2,0.7 NI NI
P.taeda seedling 2013 46 NI NI NI 0.05, 9.1, 0.005 NI
P.taeda seedling 2014 46 NI NI NI NI NI
P.taeda seedling 2015 46 NI 0.04, 7.5, 0.009 NI 0.1, 13.0, 0.0009 NI
P.taeda saplings pre-fire 37 N/A NI N/A NI NI
P.taeda saplings 2012 17 NI NI NI NI NI
P.taeda saplings 2013 32 NI NI NI NI NI
P.taeda saplings 2014 46 NI NI NI NI NI
P.taeda saplings 2015 46 NI NI NI NI NI
P.taeda adults pre-fire 37 N/A N/A N/A N/A 0.03, 16.3, 0.0003
P.taeda  adults 2012 11 N/A N/A N/A N/A -0.09,2.9,0.1
P.taeda  adults 2013 17 N/A N/A N/A N/A NI
P.taeda  adults 2014 46 N/A N/A N/A N/A NI
P.taeda  adults 2015 46 N/A N/A N/A N/A NI
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Table 1.5. Summary of generalized linear model results by functional group, with explanatory variables in columns. Results for
categorical predictor variables (burn severity, soil type, aspect), are reported as 'F, p'; results for continuous predictor variables
(numbers in same or different size class and year, canopy cover in same or different year, and elevation) are reported as 'estimate,
F, p". 'NI' indicates that the explanatory variable was not included in the final model. Significant results are in boldface.

Size Burn Number in same size
Species class Year N severity Soil type Aspect  class in previous year
Q. margaretta  seedling pre-fire 40 NI 3.4,0.08 NI N/A
Q. margaretta  seedling 2012 11 0.7,0.5 NI NI 0.6,0.3,0.6
Q. margaretta  seedling 2013 32 2.6,0.08 NI NI 0.3, 20.3, 0.0001
Q. margaretta  seedling 2014 46 NI 4.7,0.04 NI 0.4, 9.6, 0.003
Q. margaretta  seedling 2015 46 NI 0.01,0.9 NI 0.3, 14.9, 0.0004
Q. margaretta  saplings pre-fire 37 NI 8.9, 0.005 NI N/A
Q. margaretta  saplings 2012 11 NI NI NI 0.08, 22.5, 0.0015
Q. margaretta  saplings 2013 17 NI NI NI 0.1, 27.9, 0.0001
Q. margaretta  saplings 2014 46 NI NI NI 0.2,3.7,0.06
Q. margaretta  saplings 2015 46 NI NI NI 0.2,5.4,0.02
Q. margaretta adults  pre-fire 37 NI 12.3,0.0013 NI N/A
Q. margaretta  adults 2012 11 0.2,0.6 NI NI 0.09, 29.9, 0.0006
Q. margaretta adults 2013 17 29,01 NI NI 0.1, 71.5, <.0001
Q. margaretta adults 2014 46 22.3, <.0001 NI NI 0.1, 18.6, <.0001
Q. margaretta  adults 2015 46 22.8, <.0001 NI NI 0.1, 24.9, <.0001
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Table 1.5, continued. Summary of generalized linear model results by functional group, with explanatory variables in columns.
Results for categorical predictor variables (burn severity, soil type, aspect), are reported as 'F, p'; results for continuous predictor
variables (numbers in same or different size class and year, canopy cover in same or different year, and elevation) are reported
as 'estimate, F, p'. 'NI' indicates that the explanatory variable was not included in the final model. Significant results are in
boldface.

Number of
mature trees Number of
Size Previous year  Canopy cover, in previous mature trees in
Species class Year N canopy cover same year year same year Elevation
Q. margaretta seedling pre-fire 40 N/A NI N/A NI 0.01,0.4,0.5
Q. margaretta seedling 2012 11 NI NI NI 0.06, 0.5,0.5 NI
Q. margaretta seedling 2013 32 NI -0.002, 3.5, 0.07 NI 0.05,1.3,0.3 NI
Q. margaretta seedling 2014 46 NI NI NI NI NI
Q. margaretta seedling 2015 46 NI NI NI 0.08, 11.3, 0.0017 NI
Q. margaretta saplings pre-fire 37 N/A NI N/A NI NI
Q. margaretta saplings 2012 11 NI NI NI 0.08, 4.0, 0.08 NI
Q. margaretta saplings 2013 17 NI NI 0.07, 6.1, 0.03 NI NI
Q. margaretta saplings 2014 46 NI NI NI NI NI
Q. margaretta saplings 2015 46 NI NI NI NI NI
Q. margaretta  adults  pre-fire 37 N/A N/A N/A N/A NI
Q. margaretta  adults 2012 11 N/A N/A N/A N/A NI
Q. margaretta  adults 2013 17 N/A N/A N/A N/A NI
Q. margaretta  adults 2014 46 N/A N/A N/A N/A NI
Q. margaretta  adults 2015 46 N/A N/A N/A N/A NI
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Table 1.6. Summary of generalized linear model results by functional group, with explanatory variables in columns. Results for
categorical predictor variables (burn severity, soil type, aspect), are reported as 'F, p'; results for continuous predictor variables
(numbers in same or different size class and year, canopy cover in same or different year, and elevation) are reported as 'estimate,
F, p". 'NI' indicates that the explanatory variable was not included in the final model. Significant results are in boldface.

Size Burn Number in same size Previous year
Species class Year N severity Soil type Aspect  class in previous year ~ canopy cover
Q. marilandica seedling pre-fire 26 NI 10.6, 0.004 3.1,0.04 N/A N/A
Q. marilandica seedling 2012 11 NI NI NI 5.3, 22.6,0.0014 NI
Q. marilandica seedling 2013 17 NI NI NI 0.3, 36.2, <.0001 NI
Q. marilandica seedling 2014 46 NI NI NI 0.3,10.3,0.002 NI
Q. marilandica seedling 2015 46 NI 12.9, 0.0008 NI 0.3,12.3,0.0011 NI
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Table 1.6, continued. Summary of generalized linear model results by functional group, with explanatory variables in columns.
Results for categorical predictor variables (burn severity, soil type, aspect), are reported as 'F, p'; results for continuous predictor
variables (numbers in same or different size class and year, canopy cover in same or different year, and elevation) are reported
as 'estimate, F, p'. 'NI' indicates that the explanatory variable was not included in the final model. Significant results are in
boldface.

Number of Number of
Size Canopy cover, mature trees in mature trees in
Species class Year N same year previous year same year Elevation
Q. marilandica seedling pre-fire 26  0.05,0.4,0.5 N/A NI NI
Q. marilandica seedling 2012 11 NI NI 0.1,2.1,0.2 NI
Q. marilandica seedling 2013 17 NI NI -1.5, 9.6, 0.004 NI
Q. marilandica seedling 2014 46 NI NI NI NI
Q. marilandica seedling 2015 46 NI NI NI NI

29



Table 1.7. Spearman correlation coefficients, p-values, and sample sizes for burn severity
and canopy cover in each year.

Mean pre-fire Canopy cover 2012 Canopy cover 2013

canopy cover

Is p n fs p n s p n
Mean pre-
fire canopy 1 -- 26
cover
Canopy
cover 2012 0.81 0.0007 13 1 -- 32
Canopy 057 0003 25 046 0008 32 1 - 46
cover 2013
Canopy 053 0007 25 056 00009 32 039 0008 46
cover 2014
Canopy 059 0002 25 068 <0.0001 32 046 0001 46
cover 2015
Burn 047 00l 26 -0.61 00002 32  -051 00003 46
severity

Table 1.7, continued. Spearman correlation coefficients, p-values, and sample sizes for
burn severity and canopy cover in each year.

Canopy cover 2014 Canopy cover 2015 Burn severity
I's p n rs p n I's p n
Mean pre-fire
canopy cover
Canopy cover
2012
Canopy cover
2013
Canopy cover
2014 . -4
Canopy cover
2015 0.91 <0.0001 46 1 -- 46
Burn severity -0.73 <0.0001 46 -0.76 <0.0001 46 1 - 46
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Figure 1.1. Map of Bastrop State Park (BSP) with burn severity classes and permanent plot
locations. Soil type is indicated for each plot by point shape.
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Figure 1.2. Data were collected from permanent plots as follows: seedlings and basal
sprouts (subplot within Q1 with dashed lines); saplings (Q1 and Q4); mature trees (Q1-
Q4); canopy cover (facing four directions at each of the black circles).
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Figure 1.3. Mean number of blackjack oak basal sprouts (top) sand post oak mature trees
(bottom) in each soil category. Each year is a separate model. Letters over 95% confidence
intervals represent significant differences between treatments within a year; there are no
letters where the model was not significant (P>0.05). Soil type was not a predictor of
loblolly pine seedling numbers.
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Figure 1.4. Year-to-year stem counts of loblolly pine seedlings (top), sand post oak basal
sprouts and (middle), blackjack oak basal sprouts (bottom).
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Figure 1.4, continued. Year-to-year stem counts of loblolly pine seedlings (top), sand post
oak basal sprouts and (middle), blackjack oak basal sprouts (bottom).
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Figure 1.5. Mean number of loblolly pine mature trees (top) and sand post oak mature trees
(bottom) in each burn severity. Each year is a separate model. Letters over 95% confidence
intervals represent significant differences between treatments within a year; there are no
letters where the model was not significant (P>0.05). Burn severity was not a predictor for
blackjack oak sprout numbers.
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Chapter 2: Wildland fire stimulates growth of overstory and mid-story
woody species in a pine-oak woodland

ABSTRACT
Objective

The Lost Pines region of central Texas supports the westernmost stands of loblolly
pine (Pinus taeda) in the United States, which co-dominates with blackjack oak (Quercus
marilandica), sand post oak (Q. margaretta), and yaupon (Ilex vomitoria). In 2011, during
a record drought, a wildfire burned most of Bastrop State Park, which is in the Lost Pines
region. The fire, predominantly a crown fire, was more severe than those that typically
maintain pine-oak savannas and woodlands, partly due to heat and drought, and partly due

to fuels buildup after decades of fire suppression. Our objective was to characterize post-

fire recovery of the dominant woody species using demographic data.

Methods

We used a stratified randomized design: points were randomly located in one of
two soil types (sandy soils or gravelly soils), combined with one of three burn severities
(unburned, low severity, or high severity), in a factorial design. The individual of each
species that was nearest to a randomly-located point, and <15cm basal diameter, was
tagged. We measured number of stems per individual, height of the tallest stem and up to
four additional stems, and basal diameter of the largest stem, which was converted to basal
area. We also measured canopy cover at each point. Each individual was measured twice,

once between November 2014 and January 2015, and once in January 2016.
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Results

Burn severity and canopy cover were negatively correlated. Canopy cover was
negatively related to basal area and average stem height of each species. Yaupon had more
stems and possibly higher survival at burned points, and blackjack oak had larger basal
area, more stems, greater height, and higher survival at burned points. The other species
did not detectably respond to the burn treatment. Yaupon was taller at unburned points,

which may reflect a morphological response to lower light levels there.

Conclusions

Our results point to potential shifts in woody plant composition, which may develop
into an open-canopy savanna instead of the closed-canopy woodland that was present pre-
fire. This is especially likely if management strategies are implemented to maintain an open
canopy and mid-story, such as prescribed burning. Maintenance of a more open canopy
and mid-story in this and other pine-oak savannas is important to prevent dense growth of
mid-story fuels and reduce the risk of crown fire in the future, as large wildfires become

more severe and more frequent.

INTRODUCTION

Disturbances, such as wildland fire, shape plant community composition and
structure over time (Bond and Keeley 2005, Hanberry 2014, Hernandez-Serrano et al.
2013, Hessburg et al. 2005, Naiman et al. 1993, Nowacki and Abrams 2008, Ward et al.
1999). Wildland fire can play many different roles: surface fires maintain many savannas

(Bond and Keeley 2005, Fill ef al. 2015, Nowacki and Abrams 2008, Peterson and Reich
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2001, van Langevelde et al. 2003), crown fires often re-start succession (Turner et al. 1999,
Turner et al. 2003), and some fires, particularly those different in severity from the
historical fire regime, may lead a plant community towards a new trajectory (Kane et al.
2013).

As much of the US becomes warmer and drier, wildfires are becoming more
frequent (Dennison ef al. 2014; Settele et al. 2014; Westerling et al. 2006) and more severe
(Banner et al. 2010, Dillon et al. 2011, Miller and Safford 2012). Climate change can alter
the frequency, characteristics, and effects of wildfire (Parks et al. 2016), which can be
further exacerbated by years of fire suppression (Shang et al. 2007, Stephens et al. 2009).
Long-term fire suppression can also lead to shifts in plant community composition (Andruk
et al. 2014, Shang et al. 2007) and build-up of fuels, including mid-story ‘ladder’ fuels.

Ladder fuels often intensify fires and cause them to reach the canopy (Hessburg et
al. 2016, Menning and Stephens 2007, Shang et al. 2007). Models of ladder fuels (Kramer
et al. 2014, Kramer et al. 2016) are thus critical to predicting wildland fire behavior, but
these rely on an understanding mid-story plant growth patterns and their response to fire.
Whereas there are many studies on post-fire mid-story tree dynamics (Dey and Hartman
2005, Grady and Hoffmann 2012, Reemts and Hansen 2008, Taft 2003), the link between
mid-story plant response to disturbance and their role as ladder fuels is poorly understood
(Gordon et al. 2017).

Here, we took advantage of a severe wildfire in the Lost Pines region of central
Texas to examine the effects of this wildfire on the dominant woody species and their role
in ladder fuels, in part to predict possible future trajectories for this community and also to

offer management guidance. The Lost Pines region was probably mostly savanna
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dominated by oaks and loblolly pines (Pinus taeda L.) pre-settlement (Stambaugh 2017).
However, after it was logged in the 1930s and 1940s, it re-grew as a closed canopy, pine-
dominated forest. It also developed an understory of yaupon (/lex vomitoria Aiton), which
is a highly flammable species, especially when covered with dropped pine needles (‘needle
drape’) (Fig. 2.1). Yaupon has long been a plant of management concern in Texas (Bovey
et al. 1972, Duncan and Scifres 1983, Meyer and Bovey 1985).

In unusually hot, dry weather in 2011, combined with strong winds caused by
Tropical Storm Lee, a large portion of the Lost Pines burned in a wildfire. The wildfire was
likely an example of the potential long-term effects of fire suppression, and perhaps climate
change. The weather conditions, combined with continuous canopy and a dense flammable
mid-story to carry the fire to the tree crowns, resulted in an intense crown fire.

The four dominant tree species we studied were loblolly pine, blackjack oak
(Quercus marilandica Miinchh.), sand post oak (Q. margaretta [ Ashe] Small), and yaupon.
All are native, and all were abundant before the fire (Chapter 1). Yaupon remains an
understory tree; the others reach the canopy. Loblolly pine regenerates only from seed, but
both oak species and yaupon produce basal sprouts after being top-killed by fire, if live
tissue remains at the base of the trunk. Top-killed sprouting woody species, like these oaks
and yaupon, produce shoots by drawing on resources from the live root starch reserves of
the parent tree (Chapin ef al. 1990; Schutz et al. 2009), enabling them to regenerate quickly
post-fire.

Our goals were to better understand post-fire recovery of the four woody plant
species, to help predict the future trajectory of this ecosystem and to improve our

understanding of the factors that determine it. These factors, including ladder fuels,
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resprouting versus reseeding species, and the effects of fire severity and differences among
soil type, will help to illustrate the importance of studying mid-story ladder fuel

regeneration.

METHODS

Study Area

The Lost Pines of central Texas are the westernmost stands of loblolly pine in the
United States. This study was conducted in Bastrop and Buescher State Parks, within the
Lost Pines region. Before 2011, both parks had dense, continuous canopies composed of
loblolly pine trees and several oak species, with a yaupon mid-story. In September 2011,
during a record drought and heat wave (Hoerling et al. 2013), at the Bastrop County
Complex Fire (BCCF) burned much of the Lost Pines, including almost all of Bastrop State
Park. The BCCF was a crown fire in most parts of Bastrop State Park, Killing or top-killing
most vegetation and consuming litter and duff. A similar fire, the Hidden Pines wildfire,
burned parts of Buescher State Park in October 2015.

It is thought that the vegetation of the Lost Pines region historically had more open
canopies, that is, savannas rather than forests, and perhaps more oak than it had pre-fire, in
2011 (Stambaugh et al. 2017). These savannas would have been maintained by frequent,

low-intensity surface fires (Stambaugh et al. 2014).

Data Collection

We measured the size and growth of the four common woody species mentioned in

the introduction: loblolly pine, blackjack oak, sand post oak, and yaupon. We used a
41



stratified randomized sampling design, in which points were randomly located in one of
two soil types (sandy soils or gravelly soils) combined with one of three burn severities
(unburned in 2011, low severity fire in 2011, or high severity fire in 2011), a total of six
combinations in a factorial design. Twenty points were randomly located for each
combination, using ArcGIS (ESRI, Redlands, California, USA) and burn severity and soil
maps (see below) of Bastrop and Buescher State Parks (Fig. 2.2, QGIS 2.18.9, QGIS
Development Team 2009, Open Source Geospatial Foundation) . Both soil type and burn
severity were very patchy, and neither factor was randomly distributed across the
landscape. We therefore cannot rule out correlated and likely unknown spatial factors.

At each randomly-located point, the individual of each of the four species less than
15cm in basal diameter that was nearest to the point was permanently marked. For each
individual of each species, we measured number of stems, height of the tallest stem and
height of up to four additional haphazardly-selected stems, and basal diameter of the largest
stem. Stem height was averaged for each individual, and basal diameter was converted to
basal area. Initial measurements were made between November 2014 and January 2015;
marked plants were re-located and, if still alive, re-measured in January 2016.

Canopy cover was estimated with a densiometer held at a height of approximately
1.2m. Two canopy cover measurements were taken at each point, facing in opposite
directions, and then averaged.

Burn severity in Bastrop State Park was determined immediately following the
wildfire in September, 2011 using FMH assessment definitions (USDI National Park
Service 2003), which are based on degree of consumption of vegetation and substrate.

Points were initially assigned one of five burn severity classes (in order from least to
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greatest severity: unburned, scorched, light, moderate, and heavy). We grouped scorched
and lightly burn areas into a ‘low burn’ class, and moderate and heavily burn areas into a
‘high burn’ class.

Buescher State Park provided the ‘unburned’ points in our original design.
However, some of these points were burned in the Hidden Pines wildfire of 2015 and were
therefore discarded from the study (Table 2.1). Plots were also discarded when they were
unreachable or unusable (ex. in the middle of a road, on private property, in a body of
water); 319 plots were used in the final analyses.

Soil data were obtained from the Soil Survey Geographic (SSURGO) Database.
SSURGO soil types were first ground-truthed and modified where necessary to accurately
reflect local soil texture, then re-classified as either ‘sandy’ or ‘gravelly’ (Appendix A) for

increased statistical power and ease of interpretation.

Statistical Analyses

Analyses were completed using SAS 9.4 (SAS Institute, Cary, North Carolina,
USA). Basal area, mean height, stem count in both years, and survival (presence of a
marked plant in the second year) were used as response variables, with the exceptions that
stem count was not analyzed for loblolly pine seedlings because they grow one stem only.

Generalized linear models (SAS GLIMMIX procedure) were used to accommodate
non-normal distributions. The binomial distribution with logit link function was used to
construct models of survival, and the negative binomial with log link function to construct
all other models except sand post oak stem count in the first year, for which the Poisson

distribution gave a better fit. We used forward selection to build these models, adding
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variables one by one. At each step, the AICc values of all possible models with one
additional variable were compared, and the variable that most decreased AICc was added
to the model. No additional variables were added to a model if AICc did not decrease by
two or more. Once the best model for a given reponse variable had been identified by this
procedure, we examined the significance (P-value) of each included predictor variable in
this final model.

We used a Bonferroni correction to determine a suitable alpha value. There were a
total of 24 final models: 4 species x (2 years basal area + 2 years mean height + 2 years
stem number + 1 survival interval), minus the three exceptions noted above. We therefore
used an adjusted alpha of p < 0.002. Predicted means and confidence limits were back-

transformed for tables and figures.

RESULTS

Mean basal area and stem height increased or stayed the same from year 1 to year
2 for all species except for blackjack oak, which decreased in size (Fig. 2.3). Yaupon,
blackjack oak, and sand post oak all had fewer stems in year 2 than in year 1 (Fig. 2.3).

As expected, canopy cover was negatively related to burn severity (Table 2.2)
because burn severity was determined partly by overstory tree mortality (USDI National
Park Service 2003). Also as expected, the size of an individual in the first year was
positively related to its size in the second year (Table 2.3).

Canopy cover was negatively related to at least two measures of size, basal area

and average height, of each species (Tables 2.4 and 2.5). It did not have a detectable
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relationship with stem count (Table 2.6), and it had a weak positive relationship with
yaupon survival (Table 2.7).

Yaupon had more stems and possible higher survival at burned points (Table 2.7),
and blackjack oak had larger basal area (Fig. 2.4, Table 2.4), more stems (Fig. 2.5, Table
2.6), greater height (Fig. 2.6, Table 2.5), and higher survival at burned points (Fig. 2.6,
Table 2.7); the other species did not detectably respond to the burn treatment. Yaupon was
taller at unburned points (Fig. 2.6, Table 2.5), which may reflect a morphological response
to lower light levels there.

The only relationship detected with soil type was that loblolly pines has greater
basal area in gravelly soils than in sandy soils (Fig. 2.7, Table 2.4). None of the interaction

terms had sufficient effect on AICc to be included in the final models

DISCUSSION

Our results suggest that recovery from the 2011 fire is proceeding rapidly. The four
measured species were abundant before the fire (Chapter 1) and appear to be on trajectories
that will ensure their continued abundances in the future. Several years following the
BCCEF, there was concern that the oak species might outcompete the returning loblolly
pines, due to their vigorous sprouting and rapid recruitment relative to pine seedlings
(Stambaugh et al. 2017). However, decreasing oak stem counts and blackjack oak basal
area (Fig. 2.3) combined with abundant loblolly recruitment in 2015 has diminished that
concern (Chapter 1).

All four of the measured species were favored directly by fire or indirectly by the

lower canopy cover that resulted from fire, in size and/or survival. Because fire history and
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canopy cover were correlated, it is difficult to assign causality. It is likely that reduced
competition for light, water, and nutrients was the underlying causal mechanism. We did
not detect effects on growth rate, which would have appeared in our analyses of the three
size variables as differences among burn severity classes in the slope of size year 2 versus
size year 1. The observed differences among burn severity classes and the relationships
with canopy cover therefore must have been due to differential effects on size before our
data were collected, via difference in growth rates (faster growth in burned areas) and/or
differences in plant age (older plants in burned areas).

Sprouting in blackjack oak and post oak (Q. stellata, which is also found in the Lost
Pines) has been shown to be stimulated by fire (Backoulou et al. 1999, DeSantis and
Hallgren 2011). Our results are also consistent with findings that immature oaks and pines
have higher survival rates in higher light conditions (Karki and Hallgren 2015, Mclemore
1971, Mitchell et al. 1999, Royse et al. 2010), and that immature oak growth rates can be
positively correlated with light availability (Dobrowolska 2008). While longleaf pine
(Pinus palustris) seedlings can become moisture-stressed under high light conditions and
be facilitated by mid-story oak canopy (Loudermilk ef al. 2016), loblolly seedling growth
can be stimulated by disturbance through reduction of competition (Glencross et al. 2016,
Graham et al. 2012, Linkevicius et al. 2014, Sanchez-Salguero et al. 2015). The ecological
role of loblolly pine in North Carolina, where it invades fields as soon as they are
abandoned (De Steven 1991), is also consistent with its behavior in this study.

Loblolly pine was the only species in this study that was affected by soil type;
seedlings had greater mean basal area in gravelly soils than in sandy soils (Fig. 2.7).

Another post-fire study in the Lost Pines (Brown et al. 2014) found that short-term post-
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fire survival of planted loblolly seedlings was primarily dictated by soil type, and that post-
fire survival of seedlings was higher in gravelly soils. We found no detectable effect of soil
type on survival of loblolly pines; it may be that gravelly soils encourage survival of
planted seedlings but that the effect is not great enough to be detected in natural
regeneration, which typically has higher survival rates than planted seedlings. Size is
typically correlated with age in plants (Niklas ez al. 2003), so larger loblolly stems in
gravelly soils in this study may indicate earlier establishment and longer survival in
gravelly soils.

Long-term fire suppression may lead to altered fuel structures, but historical plant
communities and disturbance regimes can, in some cases, be restored within 50-75 years
by re-introducing the historical fire regime, or by an unusually large fire (Baker 1994). The
BCCF was an unusually large fire for the Lost Pines. If prescribed burning or mechanical
thinning is not used in the future, our results suggest that yaupon will once again form
thickets, providing ladder fuels and the conditions for another crown fire. With appropriate
management strategies, especially prescribed surface fires that check yaupon growth, the
future plant community structure could be more similar to the more open pre-logging

conditions than the conditions in 2011 that favored a severe crown fire.

MANAGEMENT IMPLICATIONS

Re-establishment of appropriate disturbance regimes is important to maintain plant
communities which are resistant and resilient to disturbance. For the Lost Pines, resistance
and resilience to fire are closely related to the control of mid-story fuel, especially yaupon.

Ladder fuels can be reduced by thinning and burning (Agee and Skinner 2005, Fulé and
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Laughlin 2006), but there are many financial and logistic constraints on treating buildup of
fuels (Collins ef al. 2010). However, because the Lost Pines region is rapidly developing,
the financial incentives to prevent crown fires and associated losses of houses are great and
increasing. Future warming of the climate combined with a dense mid-story will increase
the probability of intense fires and therefore the economic value of preventing crown fires
in this region.

Ideally, mid-story fuel reduction would be coupled with prescribed surface fires
frequent enough to create savannas rather than closed forests, and therefore increase the
likelihood that future wildfires would be surface fires instead of crown fires. This
management would also probably increase biodiversity, because the vegetation would be
closer to what it was pre-settlement (Stambaugh et al. 2014), and would at least increase
the diversity of the herbaceous layer (Chapter 4). Varying the fire regime both spatially
and temporally would also probably increase diversity by creating spatial mosaics in which

plant species with different life-history strategies may coexist (Menges 2007).
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Table 2.1. Number of observations of each species in each combination of burn severity and soil type. Observations in the first
two columns are from unburned points in year one to show how many unburned points were discarded per species in year 2.

Year 1 Year 2

Gravelly Sandy Gravelly Sandy Gravelly Sandy Gravelly Sandy Total

soil, no soil, no soil, no soil, no soil, low  soil, low  soil, high  soil, high (year 2

burn burn burn burn burn burn burn burn only)
I. vomitoria 20 21 12 10 19 19 20 17 97
P. taeda 3 3 0 2 19 19 22 19 81
Q. marilandica 9 10 1 7 20 16 20 19 83
Q. margaretta 1 1 0 0 11 9 19 19 58
Total 33 35 13 19 69 