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Historically fire was an important natural disturbance shaping the structure and composition of pine-dom-
inated forests in the southern United States. Longstanding fire suppression policies have resulted in struc-
tural and compositional changes, notably accumulation of heavy fuel loads and reduction in vegetation
species diversity. Primary goals of forest management through prescribed burning include fuel load reduc-
tion and mimicking ecosystem impacts of historically natural wildfires. In addition to the influences of fire
frequency and season, the influence of fire severity on ecosystem responses is currently of interest. In this
study we sought to quantify the impacts of low, moderate, and high severity fires, and their interaction with
prior forest management practices, to several aquatic and terrestrial ecosystem components of a southern
U.S. mixed pine/hardwood forest using a before–after, control-impact (BACI) approach. The ecosystem com-
ponents we assessed were water quality, community composition of aquatic arthropods (wildfire impacts
only), forest structure characteristics, community composition of understory vegetation, and community
composition of ground-dwelling arthropods. We found that increasing fire severity increased aquatic nutri-
ent levels and productivity, but the magnitude of effects increased with severity. Low and moderate severity
fires had weak effects on forest structure characteristics, community composition of understory vegetation,
and community composition of ground-dwelling arthropods in the initial years following burns. In contrast,
high severity fires dramatically reduced fine and large fuel loads, increased diversity of understory vegeta-
tion, and influenced community composition of ground-dwelling arthropods. Further, wildfire severity was
reduced in areas with a prior moderate severity prescribed burn, but not in areas with a prior low severity
prescribed burn. Our results provide quantitative evidence for the role of fire severity as a primary factor
influencing responses of ecosystems to fire, and indicate that forest management practices influence the
impact of high severity fires on ecosystems.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Climatic trends towards warmer and drier conditions, coupled
with longstanding broad-scale fire suppression, have resulted in
an increase in frequency of high severity wildfires in the southern
and western United States (Davis, 2001; Miller et al., 2009), with
this trend projected to continue into the next century (Moritz
et al., 2012). The increase in wildfires is prevalent in pine-domi-
nated forests (Miller et al., 2009), which are naturally fire-main-
tained systems (Hartnett and Krofta, 1989; Schulte and
Mladenoff, 2005). In the absence of fire, these forests typically
progress towards a climax state dominated by hardwood trees
(Gilliam and Platt, 1999; Knebel and Wentworth, 2007; Hanberry
et al., 2012). Further, suppression-induced increase in fuel loads of-
ten creates environments conducive to abnormally high severity
wildfires (Davis, 2001; Allen et al., 2002; Collins et al., 2010). Thus,
integration and maintenance of fire management is necessary for
restoration and sustainability of healthy pine-dominated forests
(Agee, 1996). Although the use of prescribed fire for reducing fuel
loads and managing forest communities has increased dramati-
cally over the last half century, much of the U.S. remains severely
fire-suppressed (Houghton et al., 2000; Shang et al., 2007; Gebert
and Black, 2012).

In addition to reducing fuel loads, a common goal of prescribed
burning is to mimic ecosystem impacts of historically natural wild-
fires within a controlled setting (Vose, 2000). Thus, increasing our
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knowledge of similarities and differences between prescribed fire
and wildfire is of interest to both ecologists and land managers
(Schwilk et al., 2006; Glasgow and Matlack, 2007; Arkle and Pilliod,
2010). This question has resulted in much research being devoted
to effects of burn timing and burn frequency, particularly on vege-
tation (e.g., Cain et al., 1998; Sparks et al., 1998; Taylor, 2000;
Webster and Halpern, 2010). However, much less is known about
effects of burn severity, given that prescribed burns are typically
low or moderate severity fires (Knapp et al., 2009). In contrast, high
severity wildfires are unplanned and opportunities for comparative
research are more limited.

Fire impacts many terrestrial ecosystem components, ranging
from soil properties (Certini, 2005), to habitat selection of large
mammals (Long et al., 2009). Fire has also been found to impact
aquatic ecosystems in pine-dominated forests (e.g., Spencer and
Hauer, 1991; Battle and Golladay, 2003). These aquatic ecosystems
provide habitat for a variety of vertebrates (e.g., amphibians and
fish) and invertebrates, with many threatened and endangered
species dependent upon the presence and quality of aquatic envi-
ronments in forested landscapes, such as the endangered Houston
toad (Bufo [Anaxyrus] houstonensis), and threatened gila trout
(Oncorhynchus gilae). With the exception of direct effects through
increased water temperatures (Hitt, 2003) and burning when
aquatic areas are dry (Sacerdote and King, 2009), fire primarily im-
pacts aquatic components indirectly through a variety of impacts
to the surrounding and adjacent terrestrial environment (Spencer
and Hauer, 1991; Gresswell, 1999). Due to the interconnected nat-
ure of aquatic and terrestrial systems, fire research that incorpo-
rates effects on both ecosystem types is needed to improve our
understanding of fire impacts to ecosystems (Bisson et al., 2003;
Rieman et al., 2003).

Previous research suggests there are consistencies with regards
to fire impacts on nutrients in both terrestrial and aquatic environ-
ments. In the short-term, fire often increases soil nitrogen (N) and
phosphorus (P) availability through conversion of organic to inor-
ganic forms, with fire severity positively related to the magnitude
of inorganic nutrient increases (Wan et al., 2001; Certini, 2005).
Similarly, N and P in both still and flowing waters typically in-
creases after fire (Battle and Golladay, 2003; Earl and Blinn,
2003). In both terrestrial and aquatic environments, nutrient avail-
ability tends to decrease to background levels over a period of
weeks to a few years (Wan et al., 2001; Earl and Blinn, 2003; Spen-
cer et al., 2003). However, in some cases fire can impact terrestrial
and aquatic nutrient levels for decades (McEachern et al., 2000;
Duran et al., 2010).

Fire can directly impact biotic communities through both heat-
induced mortality (animals and plants) and heat-induced repro-
duction (plants; Gauthier et al., 1996; Schwilk et al., 2006; Eng-
strom, 2010). Fire can indirectly impact biotic communities
through alteration of nutrient availability (Lewis, 1974; Gilliam,
1988; Battle and Golladay, 2003), structural habitat modification
(e.g., removal or addition of debris; Sweeney and Biswell, 1961;
Tinker and Knight, 2000; Hall et al., 2006), and alteration of inter-
and intra-specific interactions. Thus, fire effects on biotic ecosys-
tem components are inherently complex and difficult to extrapo-
late from one ecosystem to another. Further, the impacts of high
severity fires are typically not short-lived, but rather a given fire
can influence an ecosystem from decades to centuries (Hall et al.,
2006; Lecomte et al., 2006; Webster and Halpern, 2010).

Fire can influence plant community composition primarily
through direct impacts on mortality and reproduction (Gauthier
et al., 1996; Simmons et al., 2007), changes in nutrient availability
(Wan et al., 2001), and alteration of ground structure (e.g., soil or-
ganic matter), which influences spacing of individual plants and
light availability (Sweeney and Biswell, 1961; Tinker and Knight,
2000; Hall et al., 2006). Because all of these factors are affected
by fire severity, we would expect higher severity fires to have a
greater impact on plant communities than low severity fires in
fire-suppressed forest ecosystems, where probability of tree sur-
vival is heavily influenced by fire intensity (Oosting, 1944; Safford
et al., 2012; Thies and Westlind, 2012), and understory plant
growth is largely limited by the density of litter and duff layers
(Hodgkins, 1958; Glasgow and Matlack, 2007; Wayman and North,
2007).

Compared to nutrient and vegetation impacts, effects of fire on
animal taxa are much more equivocal and unpredictable, likely due
to more complex trophic interactions and the ability of some taxa
to adapt to habitat changes through both movement and behav-
ioral responses (Geluso and Bragg, 1986; Jones et al., 2004; Eng-
strom, 2010). Animal-based studies often detect minimal or no
effects of prescribed fire (Ford et al., 1999; Greenberg and Waldrop,
2008; Dickson et al., 2009; Greenberg et al., 2010). However, stud-
ies assessing impacts of fire severity on animals have found that
severity is an important factor affecting population and commu-
nity dynamics. Smucker et al. (2005) reported that some bird spe-
cies (i.e., hermit thrush [Catharus guttatus] and western tanager
[Piranga ludoviciana]) responded positively to low severity fire
and negatively to high severity fire in the same study area, and
Roberts et al. (2008) found equivalent responses in small mam-
mals. Alternatively, by meta-analysis on bird and small mammal
responses to fire severity, Fontaine and Kennedy (2012) concluded
that fire severity did not consistently impact species response
direction (e.g., a negative or positive impact), but response magni-
tude of animals increased with fire severity.

The above ensemble of previous fire research suggests that fire
severity is an important, and potentially driving, factor in determin-
ing fire impacts to essentially all fire-affected ecosystem compo-
nents (Knapp et al., 2009). In this study we sought to
quantitatively assess the impacts of fire severity and forest manage-
ment practices (i.e., prescribed fire, historic fire suppression, and
their combinations) on both terrestrial and aquatic ecosystem com-
ponents of a mixed pine/hardwood forest in central Texas. Specifi-
cally, we assessed impacts of low severity winter prescribed burns,
moderate severity summer prescribed burns, moderate severity
summer wildfires, and high severity summer wildfires on water
quality, aquatic arthropods (data for wildfire impacts only), vegeta-
tion (live and dead), and terrestrial ground-dwelling arthropods.
Based on previous research, we hypothesized that impacts to terres-
trial components would increase with increasing fire severity, and
subsequent effects on aquatic components would also be more pro-
nounced as fire severity increased, and that prior forest management
practices would influence the impacts of subsequent wildfires.

In addition to our basic interest concerning fire severity effects,
we also have an applied interest specific to the impacts of fire on
our study area, the Lost Pines ecoregion of Texas. This ecoregion is
the last remaining stronghold for the federally endangered Houston
toad, and populations have been declining within the ecoregion for
decades, to the point now where the species is at high risk of extinc-
tion in the wild (Gaston et al., 2010; Duarte et al., 2011; Brown et al.,
2013a,b). Thus, we are interested in fire as a habitat restoration tool
in this ecoregion, with particular interest in potential and realized ef-
fects on this endangered species (Brown et al., 2011, 2012). To this
end, we included a discussion of results of this study with respect
to potential impacts on the Houston toad.
2. Methods

2.1. Study area

This study was conducted in the Lost Pines ecoregion in Bastrop
County, Texas, USA. The Lost Pines is a 34,400-ha remnant patch of



Fig. 1. Aerial image of the Griffith League Ranch (GLR), Bastrop County, Texas, USA,
and its location with respect to a 13,406 ha high severity wildfire that occurred in
the Lost Pines ecoregion in September 2011, with a breach of the fire break resulting
in an additional 125 ha burned in October 2011. Overlain on the image are the
locations of all fires included in this study, and the locations of the ponds, terrestrial
habitat plots, and drift fence arrays used for this study assessing the impacts of fire
severity on aquatic and terrestrial ecosystem components.
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pine-dominated forest that is thought to have been isolated from
the East Texas Piney Woods ecoregion between 10,000 and
14,000 years ago (Bryant, 1977), with the pines of the area begin-
ning to diverge up to 30,000 years ago (Al-Rabah’ah and Williams,
2004). The Lost Pines was extensively logged in the 1800s and
early 1900s (Moore, 1977). Since the early to mid-1900s broad-
scale fire suppression has been implemented throughout the eco-
region, resulting in the accumulation of heavy fuel loads.

The study area for this project was the 1948-ha Griffith League
Ranch (GLR). The GLR is primarily a forested ranch with an over-
story dominated by loblolly pine (Pinus taeda), post oak (Quercus
stellata), and eastern red cedar (Juniperus virginiana), and a pre-
burn understory dominated by yaupon holly (Ilex vomitoria), Amer-
ican beautyberry (Callicarpa Americana), and farkleberry (Vaccini-
um arboreum). The property is underlain by deep sandy soils of
the Patilo-Demona-Silstid Association (Baker, 1979). The GLR con-
tains 3 permanent ponds (i.e., ponds have not dried in at least
12 years), 10 semi-permanent ponds (i.e., ponds typically dry sev-
eral times per decade), and 10 or more ephemeral pools that hold
water for days to months annually depending on rainfall.

2.2. Fires

2.2.1. Prescribed burns
We conducted prescribed burns on the GLR on 13 November

2009, 10 January 2010, and 7 August 2010, with the prescribed
burn areas encompassing ca. 21 ha, 95 ha, and 262 ha, respectively.
The habitat management goal of the prescribed burns was fuel load
reduction; winter burn intensities were low (hereafter LOWRX)
and the summer burn intensity was moderate (hereafter MODRX)
to reduce the potential for the fires to spread beyond the desig-
nated burn units, and to reduce the probability of crowning (i.e.,
aerial fire in the forest canopy).

2.2.2. Wildfires
Two moderate severity wildfires occurred on the GLR on 21 Au-

gust 2010, which burned 36 ha and 153 ha, respectively. These
fires were started from embers in the 7 August 2010 prescribed
burn unit that were wind-thrown. Burn breaks were installed dur-
ing the fires to restrict their spread. Because these wildfires oc-
curred shortly after the MODRX prescribed burn (i.e., under
similar moisture and temperature conditions), were not extensive,
and did not affect most of our sampling units, we included these
wildfires in the MODRX category for this study. On 4 September
2011 a high severity wildfire (hereafter HIGHWILD) began from
multiple initial fire outbreaks across the Lost Pines. The fire was
unstoppable due to wind gusts in excess of 58 kph resulting from
the passage of tropical storm Lee, coupled with extreme drought
conditions in central Texas (Lost Pines Recovery Team, 2011). After
18 days the fire was 95% contained, with the total burn area
encompassing 13,406 ha. A fire break was installed on the GLR dur-
ing the burn, restricting the fire on the property to 987 ha. On 11
October 2011 the wildfire breached a fire break on the GLR, burn-
ing an additional 125 ha (Fig. 1).

2.3. Data collection

The data sets described below differed in number of control and
treatment sampling units and number of pre-fire and post-fire
sampling events. To facilitate interpretation of our sampling effort
and analyses, the number of sampling units and sampling events
for each data set is provided in Table 1.

2.3.1. Water quality
We assessed water quality opportunistically at 16 ponds on the

GLR between 17 April 2009 and 4 February 2012, with sampling
frequency highest shortly before and following all fires to capture
immediate impacts. We sampled the study area a total of 32 times,
with each pond sampled between 3 and 25 times (median = 15).
Days between sampling ranged from 2 to 150 (mean = 33).
Whether or not a given pond was sampled usually depended on
whether or not the pond held water at the time of sampling. How-
ever, a subset of 5 ponds were sampled monthly in 2009 for an
independent study (Gaertner et al., 2012), and ponds located in
burned units were sampled more frequently immediately follow-
ing all fire events (i.e., 1–3 times within the first 2 weeks). We sam-
pled water within 1 m of pond edges using 1 L Nalgene� collection
bottles. Within 24 h of collection we estimated pH using a Sym-
pHony 5B70P pH meter, filtered pond water through Gelman A/E
glass–fiber filters (1-lm pore size), and preserved water samples
with sulfuric acid. We extracted chlorophyll a (Chl-a) from filters
with acetone, and analyzed Chl-a using a Turner Designs Trilogy
fluorometer. We quantified total suspended solids (TSS) in the



Table 1
Number of sampling units (control/treatment [RX]) and sampling events (pre-fire/post-fire) for ecosystem components used in this study to quantify the impacts of low severity
prescribed fire (LOWRX), moderate severity prescribed fire/wildfire (MODRX), high severity wildfire (HIGHWILD), and their interactions with prior forest management practices
(LOWRX + HIGHWILD; MODRX + HIGHWILD) on the Griffith League Ranch (GLR), Bastrop County, Texas, USA. The LOWRX fires occurred on 13 November 2009 and 10 January
2010, MODRX fires occurred on 7 August 2010 (prescribed fire) and 21 August 2010 (wildfire), and the HIGHWILD fires occurred on 4 September 2011 and 4 October 2011. The
temporal distribution of sampling effort for each ecosystem component is described in the methods.

CONTROL vs. Ecosystem component Sampling units Sampling events

CONTROL RX Pre-fire Post-fire

LOWRX Water quality 12 4 10 11
Terrestrial vegetation 26 2 2 1
Ground-dwelling arthropods 17 4 3 16
Fire severity NA 3 NA 1

MODRX Water quality 12 4 15 8
Terrestrial vegetation 9 3 3 1
Ground-dwelling arthropods 17 4 13 6
Fire severity NA 5 NA 1

HIGHWILD Water quality 9 7 14 4
Terrestrial vegetation 9 13 3 1
Ground-dwelling arthropods 10 7 19 5
Aquatic arthropods 4 4 3 4
Fire severity NA 13 NA 1

LOWRX + HIGHWILD Terrestrial vegetation 9 2 3 1
Ground-dwelling arthropods 10 4 19 5
Fire severity NA 2 NA 1

MODRX + HIGHWILD Terrestrial vegetation 9 1 3 1
Ground-dwelling arthropods 10 4 19 5
Fire severity NA 2 NA 1
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water column by filtering water through pre-combusted and pre-
weighed A/E filters and then drying filters at 60 �C for 48 to 72 h,
and re-weighing the filters. Quantification of non-volatile sus-
pended solids (NVSS) was determined by subsequently combust-
ing filters at 550 �C for 4 h and then taking weights (Heiri et al.,
2001). We obtained filter mass values using a Mettler Toledo
MX5 microbalance.

We used a Varian Cary 50 Ultraviolet–Visible light spectropho-
tometer for the remaining water quality analyses. We measured
soluble reactive phosphorus (SRP) and total phosphorus (TP) using
the molybdenum blue method (Wetzel and Likens, 2000). To esti-
mate TP we digested unfiltered samples with potassium persulfate
then quantified SRP. We measured nitrate ðNO�3 Þ and total nitrogen
(TN) using second-derivative UV spectroscopy (Crumpton et al.,
1992). To estimate TN we digested unfiltered samples with alka-
line potassium persulfate then quantified ðNO�3 Þ. We analyzed
ammonium ðNHþ4 Þ using the phenol-hypochlorite method (Wetzel
and Likens, 2000). For all water quality analyses we collected two
water samples per pond on each sampling date, and used the aver-
age of the replicates for this study.

In addition to measuring water quality variables, we also esti-
mated pond depth and percent canopy cover around each pond
for use as covariables in water quality analyses. We estimated
pond depth using permanent staff gauges located at the deepest
point of each pond. We estimated percent canopy cover around
each pond using a spherical densiometer at two to six randomly se-
lected points at the pond edge, with higher numbers of estimation
points corresponding to ponds of larger size. We averaged the esti-
mates at each pond per sampling date.
2.3.2. Aquatic arthropods
Unfortunately, sampling of aquatic arthropods in ponds was ini-

tiated after the LOWRX and MODRX fires and most of the sampled
ponds were not part of those fire treatments. Thus, we were only
able to assess impacts of the HIGHWILD fire on the composition
of pond arthropods. We sampled aquatic arthropods seasonally,
collecting 7 samples at 8 ponds between August 2010 and January
2013 using a dip net (900 lm aperture netting). For each sampling
event at each pond we sampled 3 points ca. 1 m from the perime-
ter, maintaining approximately even spacing between points, and
performed 3 successive dip net sweeps per point. We combined
the samples obtained at each pond and stored them in 95% ethanol.
We identified insects to family, with the exception of Ephemerop-
tera (mayflies) and Odonata (dragonflies and damselflies), which
we identified to order, and we identified other arthropods to class
or order. Further, we removed larval forms from the data set with
the exception of Chironomidae (non-biting midges), Culicidae
(mosquitos), Ephemeroptera, Odonata, and Trichoptera (caddis-
flies), for which all captures were larvae. The resulting data set
contained 26 aquatic arthropod groups.
2.3.3. Terrestrial vegetation
We used National Park Service (2003) fire monitoring guide-

lines to assess fire severity and impacts of the fires on forest struc-
ture characteristics and community composition of understory
vegetation. We randomly placed thirty-one 20 m � 50 m plots in
forested habitat, 29 of which were used in this study (Fig. 1). The
remaining 2 plots were abandoned after fire breaks were acciden-
tally installed within them during wildfires. Only 1 plot was
burned in the 2010 MODRX wildfires, and this plot was used only
in fire severity analyses. In addition, because no plots were burned
in the November 2009 LOWRX prescribed fire, we installed 1 tem-
porary plot adjacent to a permanent plot to assess fire severity.

We surveyed vegetation plots throughout summer and fall of
2008, 2009, 2010, and 2012, and assessed fire severity at all plots
within 66 days of a fire. In addition, we surveyed burned plots in
2011 to assess tree mortality from the LOWRX and MODRX fires.
We quantified the following variables in all plots: percent canopy
cover, overstory (DBH P 15 cm) and pole-sized (DBH P 2.5 cm
and < 15 cm) tree mortality by species, seedling tree
(DBH < 2.5 cm) abundance, understory vegetation species cover
(i.e., number of transect points intersecting vegetation), shrub
and herbaceous vegetation abundance (i.e., number of stems de-
tected in plots), litter and duff depth (mm), and fuel abundance
(1 h [0–0.62 cm diameter], 10 h [0.63–2.54 cm diameter], 100 h
[2.55–7.62 cm diameter], and 1000 h [>7.62 cm diameter]). We
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identified shrubs, vines, and forbs to genus or, typically, to species.
We identified the 2 most common grasses in the study area to
genus (i.e., Dicanthelium and Eragrostis), with the remaining grasses
grouped into the family Poaceae for analyses. To assess fire severity
to substrate (i.e., litter and duff) within each burned plot we used
four 15 m transect lines, each consisting of 4 points spaced 5 m
apart. We assigned points a burn severity ranking from 0 (un-
burned) to 4 (heavily burned), with the same researcher perform-
ing all assessments to ensure consistency in ranks. Overstory
canopy cover is not included in the National Park Service (2003)
fire monitoring guidelines, but we estimated percent canopy cover
using a spherical densiometer at the 4 corners and center of each
plot, then computed the mean of those 5 estimates for our plot
estimate each survey year.

2.3.4. Ground-dwelling arthropods
We sampled ground-dwelling arthropods 24 times between 8

March 2009 and 21 April 2012 using 18 Y-shaped and 7 linear drift
fence arrays (Fig. 1). Y-shaped arrays consisted of three 15 m arms
with a 19 L center bucket and a 19 L bucket at each arm terminus.
Linear arrays consisted of a 15 m arm with a 19 L bucket at each
end. We sampled at least once in spring, summer, and fall annually
during the sampling period, with additional sampling events
occurring during the spring months and following the fires. For
each sampling event we allowed pitfall traps to collect arthropods
for 7 days prior to collection. We euthanized arthropods through
freezing, sorted arthropod captures by drift fence array, and iden-
tified insects to family and other arthropods to order. We did not
include larvae with the exception of Myrmeleontidae (antlions),
and we removed captures of primarily flying arthropods (i.e., Dip-
tera [flies], Cicadidae [cicadas], Aculeata [wasps], Lepidoptera
[moths], and Odonata [dragonflies]) because our sampling design
was likely inadequate for estimating relative abundance differ-
ences for flying taxa. We also did not include Formicidae (ant) cap-
tures due to their ability to easily crawl into and out of pitfall traps.
The resulting data set contained 49 ground-dwelling arthropod
groups.

2.4. Data analyses

We conducted similar analyses for the aquatic arthropod, ter-
restrial vegetation, and ground-dwelling arthropod data sets. We
describe those analyses here, with additional, data set-specific,
information given below. To assess community-level impacts of
the fires we used redundancy analysis (RDA), which is an extension
of principal components analysis (PCA), but includes explanatory
variables. We chose RDA over canonical correspondence analysis
(CCA) because detrended correspondence analyses (DCA) indicated
our gradient lengths were short (<4), and our predictors were cat-
egorical (Leps and Smilauer, 2003). We tested for treatment
� burn status interactions using Monte Carlo permutation tests
(p-value in the results represents a permutation test for the first
canonical axis). We included sampling unit identities (i.e., pond, ar-
ray, plot) as covariates in the analyses. By including this covariate
we subtracted the average values and assessed only value changes
within each sampling unit (Leps and Smilauer, 2003). We log10

transformed the response data so that percentage rather than
absolute changes in values were analyzed. In addition, when data
were measured on different scales (e.g., forest structure character-
istics), we centered and standardized the response data.

We conducted community composition analyses separately for
the LOWRX, MODRX, and HIGHWILD fire categories because sam-
pling units were often a member of multiple fire severity categories
(e.g., controls during LOWRX fires were later burned in HIGHWILD
fires). This allowed us to manipulate the sampling units and sam-
pling events in each comparison so that only true controls and true
treatment units were included in each comparison (see Table 1).
For the HIGHWILD fire comparisons we separated sampling units
into 3 categories, those that were controls prior to burning, those
that burned in prior LOWRX fire, and those that burned in prior
MODRX fire. This allowed us to investigate the influence of forest
management practices on HIGHWILD impacts. We performed these
analyses using the program CANOCO (version 4.5).

We conducted additional univariate analyses on the data sets to
investigate fire impacts on total captures of aquatic arthropods and
ground-dwelling arthropods, and to investigate species/variable-
specific responses when they appeared to display a strong re-
sponse in the RDA analyses. For these analyses we used general-
ized least squares. When data did not satisfy assumptions of
normality and homoscedasticity we transformed them using the
arcsinh (i.e., inverse hyperbolic sine) transformation, which was
effective (Fowler et al., 1998). We accounted for non-independence
in our repeated measures data using a continuous autoregressive
term (corCAR1) nested within each sampling unit (i.e., time series;
Zuur et al., 2009). We then tested for an interaction between treat-
ment (control or fire) and burn status (pre-burn or post-burn). We
performed these analyses using the program R (version 2.14).

2.4.1. Water quality
We assessed impacts of the fires to pond water quality using

Principal Response Curves (PRC), an extension of Redundancy
Analysis (RDA; Van den Brink and Ter Braak, 1999). This multivar-
iate analysis method is designed to assess treatment effects over
time, and allows both an overall community response and specific
response variables to be assessed through comparisons to control
sites (Leps and Smilauer, 2003). The significance of treat-
ment � time interactions is assessed using Monte Carlo permuta-
tion tests, where sites are randomized within, but not across
sampling periods (p-values in the results represent permutation
tests for the first canonical axis).

Because the fires occurred at different times over the study per-
iod, we conducted 3 separate analyses, assessing impacts of LOW-
RX, MODRX, and HIGHWILD fire. To minimize the influence of fires
not included in a given analysis, we removed ponds from the data
set (i.e., sampling events) after they were burned in another fire.
Ponds that were burned multiple times re-entered the data set
after the fire of interest. Thus, the pre-burn samples were truly
pre-burn in all analyses. In addition, for the LOWRX and MODRX
fire analyses, we did not include any sampling events after the
HIGHWILD fires, given that all but 1 of the ponds re-burned in
those fires.

For all 3 analyses we included sampling period, pond depth, and
canopy cover at the pond edge as covariates. Including sampling
event allowed us to test for a treatment � time interaction. The
data set included several missing values (i.e., 20 of 2710 observa-
tions), and we estimated those values using the mean for a given
variable in a pond across all sampling events. We centered and
standardized the response data because variables were measured
on different scales (i.e., response variables had a zero average
and unit variance). In addition, we log10 transformed the response
data so that percentage rather than absolute changes in captures
were analyzed. We performed these analyses using the program
CANOCO (version 4.5).

2.4.2. Terrestrial vegetation
We summarized differences in burn severity with respect to

substrate and tree mortality using a visual descriptive statistics ap-
proach. We calculated the mean, median, and range of fire severity
ranks in the low, moderate, and high severity fire vegetation plots.
To compare impacts on tree mortality, we separated trees into 3
genus-level groups: pine (loblolly pine), oak (post oak, blackjack
oak [Quercus marilandica], and water oak [Quercus nigra]), and
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cedar (eastern red cedar), and plotted the proportion of overstory
and pole-sized trees that died within 1 year following the fires
for each group.

For the community-level analysis of forest structure character-
istics, we included 12 response variables: 1 h fuel, 10 h fuel, 100 h
fuel, 1000 h fuel, total above-ground litter depth, total above-
ground duff depth, overstory canopy cover, understory species cov-
er, vegetation species richness, cedar seedling abundance, oak
seedling abundance, and pine seedling abundance. In addition,
we included cumulative precipitation between January and May
(i.e., prior to initiation of sampling) for each sample year as a
covariate. Our understory species cover metric was the number
of points along a transect line (i.e., 166 total points, with points lo-
cated every 0.3 m along a 50 m transect) intersected by vegetation.
Our species richness metric included all vegetation groups (see
Section 2.3.2) encountered from the tree, shrub and vine, and her-
baceous vegetation sub-plots, and the understory species cover
transect. We removed 10 shrub and 41 herbaceous vegetation re-
cords because we were unable to identify the plants. In addition,
we removed dead individuals and species with less than 5 total
observations (shrubs: n = 5; forbs: n = 23), resulting in 28 vegeta-
tion groups. Additional univariate analyses including fuel (all clas-
ses), litter depth, duff depth, overstory canopy cover, understory
species cover, and vegetation species richness, and the species yau-
pon holly, flowering spurge (Euphorbia corollata), pokeweed (Phy-
tolacca americana), horseweed (Conyza canadensis), sedges
(Cyperus spp.), and panic grasses (Dicanthelium spp.).

2.4.3. Ground-dwelling arthropods
For both the community composition and univariate analyses,

we included sampling season and cumulative precipitation during
the 7-day sampling period as covariates. Univariate analyses for
species groups included Araneae (spiders), Carabidae (ground bee-
tles), Curculionidae (snout beetles), Diplopoda (millipedes), Gryll-
acrididae (raspy crickets), Scarabaeidae (scarab beetles), and
Scorpiones (scorpions). Because the same response data were used
in multiple analyses for the total capture analyses, we adjusted the
level considered significant from the standard a = 0.05 using the
Bonferroni correction (i.e., a = 0.017).
Fig. 2. Results from Principal Response Curve (PRC) analyses used to assess the
impacts of low severity winter prescribed fires (A), moderate severity summer
prescribed/wildfires (B), and high severity summer wildfires (C) on pond water
quality on the Griffith League Ranch (GLR), Bastrop County, Texas, USA. Arrows
indicate the first post-fire sampling event following significant precipitation (cm).
Number of days before and after fires are shown on the X-axes, and PRC scores are
shown on the left Y-axes. The right Y-axes allow the estimation of percentage
differences between treatments for individual variables at any point in time.
This is accomplished through the following equation: Difference ð%Þ ¼
100� eðPRC1 score at time point ½left Y�axis��variable score ½right Y�axis�Þ . The magnitude of impacts
increased with fire severity, but water quality began to return to baseline levels
within 200 days for all burn severities.
3. Results

3.1. Water quality

The PRC analyses indicated a significant treatment � time inter-
action for the LOWRX (P = 0.032) and HIGHWILD (P = 0.024), cate-
gories, but not for the MODRX category (P = 0.60), with the first
axis explaining 5%, 5%, and 4% of the variance, respectively. The
PRC diagrams indicated increased pond nutrient levels following
fire, with corresponding increases in chl-a concentrations (Fig. 2).
Impacts on pH and DOC were equivocal, with pH decreasing fol-
lowing HIGHWILD fire, but increasing slightly after LOWRX fire,
and DOC increasing following LOWRX fire, but decreasing after
HIGHWILD fire.

3.2. Aquatic arthropods

We did not detect a HIGHWILD fire impact on total number of
captured individuals of aquatic arthropods (F1,52 = 0.71,
P = 0.404). Likewise, the RDA analysis indicated the HIGHWILD fire
had no impact on community composition of aquatic arthropods
(P = 0.949), with 3.2% of the variation explained by the model. In
addition, the RDA biplot confirmed the statistical test, with all
aquatic arthropod groups located either near the origin or nearly
orthogonal to the treatment � burn status predictor.
3.3. Terrestrial vegetation

3.3.1. Fire severity
The distribution of fire severity ranks to substrate ranged from

0.5 to 1.44 for the LOWRX fires, 0.5–2.5 for the MODRX fires, and
1.68–4 for the HIGHWILD fires when plots were controls prior to
the fires (Fig. 3). Our plots indicated that burn severity for the
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HIGHWILD fires was not affected by the prior LOWRX fires, but
burn severity was dramatically reduced by the prior MODRX fires
(Fig. 4).

Both overstory and pole-sized tree mortality was substantially
greater in the HIGHWILD fire plots compared to the LOWRX and
MODRX fire plots (Fig. 5). Similar to substrate impacts, our plots
indicated that tree mortality following the HIGHWILD fires was
not reduced in the LOWRX fire zones, but was dramatically re-
duced in the MODRX fire zones, with the exception of overstory ce-
dar trees. For all of the fires, pine tree mortality was greater than
either oak or cedar tree mortality.
3.3.2. Forest structure characteristics and understory community
composition

The RDA analyses indicated the LOWRX fires had no significant
impact on forest structure characteristics (P = 0.133) or understory
community composition (P = 0.145), the MODRX fires had no sig-
nificant impact on forest structure characteristics (P = 0.102) or
understory community composition (P = 0.082), and the HIGH-
WILD fires did impact forest structure characteristics (P = 0.002)
and understory community composition (P = 0.002). The amount
of total variation explained by the HIGHWILD fire models was
18.1% and 9.6% for forest structure characteristics and community
composition of understory vegetation, respectively.
Fig. 3. Examples of vegetation plots following low severity winter prescribed fires (A
wildfires (C; left panels), and ca. 1 year following the fires (right panel), on the Griffith Le
not significantly impact forest structure characteristics or community composition of u
litter and duff depth, and the amount of fuel in all fuel classes, and increased diversity
The RDA biplot was congruent with significance tests (Fig. 6).
No response variables were strongly associated with the LOWRX
and MODRX fires, as indicated by the direction and length of re-
sponse arrows. For plots that were controls prior to the HIGH-
WILD fires, overstory canopy cover (F1,96 = 32.49, P < 0.001),
litter depth (F1,96 = 66.63, P < 0.001), duff depth (F1,96 = 62.18,
P < 0.001), and amount of fuel in all fuel classes (F1,96 = 24.55,
P < 0.001 [1 h fuel]; F1,96 = 7.00, P = 0.010 [10 h fuel];
F1,96 = 11.49, P = 0.001 [100 h fuel]; F1,96 = 14.70, P < 0.001
[1000 h fuel]) was reduced ca. 1 year after the fire, whereas spe-
cies richness (F1,96 = 4.08, P = 0.046) was higher ca. 1 year after
the fire. Understory vegetation cover was not significantly differ-
ent (F1,96 = 0.61, P = 0.44).

For the vegetation taxa with a clear response to the wildfire, all
responses were positive with the exception of yaupon holly. The
univariate analyses supported the positive responses of pokeweed
(F1,95 = 87.61, P < 0.001), panic grasses (F1,95 = 5.51, P = 0.021), and
sedges (F1,95 = 33.59, P < 0.001), and the negative response of yau-
pon holly (F1,95 = 45.31, P < 0.001), to HIGHWILD fire. The HIGH-
WILD analyses indicated that prior fires influenced the outcome
for understory community composition. Abundance of flowering
spurge (F1,95 = 3.81, P = 0.054) appeared to be positively associated
with plots previously burned with LOWRX fires, whereas abun-
dance of horseweed (F1,95 = 3.23, P = 0.075) appeared to be nega-
tively associated with these plots. Plots previously burned with
), moderate severity summer prescribed/wildfires (B), and high severity summer
ague Ranch (GLR), Bastrop County, Texas, USA. Low and moderate severity fires did
nderstory vegetation, whereas high severity fires reduced overstory canopy cover,
of understory vegetation.



Fig. 4. Visual descriptive statistics displaying fire severity to substrate on the
Griffith League Ranch (GLR), Bastrop County, Texas, USA for low severity winter
prescribed fires (LOWRX), moderate severity summer prescribed/wildfires (MOD-
RX), and high severity summer wildfires (HIGHWILD). We assessed fire severity
using four 15 m transect lines, each consisting of 4 points spaced 5 m apart, and
assigned points a burn severity ranking from 0 (unburned) to 4 (heavily burned).
We used the mean severity ranking of the 4 transects in this analysis. The
HIGHWILD fires included 3 categories: (1) plots that were controls prior to the fires
[HIGHWILD (CONTROL)], (2) plots that were part of the prior LOWRX fires [LOWRX-
HIGHWILD], and (3) plots that were part of the prior MODRX fires [MODRX-
HIGHWILD]. Boxes enclose the range, diamonds show the mean, and horizontal
bars delineate the median fire severity rank for each category. Stars in the LOWRX
and MODRX severity categories denote the mean severity rank when unburned
points were removed. Fire severity rank increased with fire severity, and prior
MODRX fires reduced substrate burn severity from the HIGHWILD fires.

Fig. 5. Overstory (A) and pole-sized (B) tree mortality on the Griffith League Ranch
(GLR), Bastrop County, Texas, USA following low severity winter prescribed fires
(LOWRX), moderate severity summer prescribed/wildfires (MODRX), and high
severity summer wildfires (HIGHWILD). The HIGHWILD fires included 3 categories:
(1) plots that were controls prior to the fires [HIGHWILD (CONTROL)], (2) plots that
were part of the prior LOWRX fires [LOWRX-HIGHWILD], and (3) plots that were
part of the prior MODRX fires [MODRX-HIGHWILD]. We separated trees into 3
genus-level groups: pine (loblolly pine), oak (post oak, blackjack oak [Quercus
marilandica], and water oak [Quercus nigra]), and cedar (eastern red cedar), and
plotted the proportion of overstory and pole-sized trees that died within 1 year
following the fires for each group. Tree mortality increased with fire severity, and
prior MODRX fires reduced tree mortality caused by the HIGHWILD fires. Note there
were no overstory cedar trees in the LOWRX winter plots.
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MODRX fires indicated the opposite associations (F1,95 = 3.42,
P = 0.068 and F1,95 = 27.97, P < 0.001, respectively).

3.4. Ground-dwelling arthropods

We found no significant effect of fire on total captures of
ground-dwelling arthropods in any of the fire severity analyses,
as indicated by no significant treatment � burn status interaction
effects (Table 2). The RDA analyses indicated LOWRX fire had no
impact on community composition (P = 0.110); whereas, MODRX
fire (P = 0.024) and HIGHWILD fire (P = 0.002) did affect commu-
nity composition. However, the amount of total variation ex-
plained by the LOWRX, MODRX, and HIGHWILD models was low;
0.8%, 1.0%, and 2.9%, respectively. The RDA biplot indicated little
or no response to fires for most arthropod groups (Fig. 7). However,
the univariate analyses indicated several groups responded to fire.
For areas that were controls prior to HIGHWILD fire, Curculionidae
(F1,594 = 44.29, P < 0.001) and Gryllacrididae (F1,594 = 6.10,
P = 0.014) responded positively, and Araneae responded negatively
(F1,594 = 6.56, P = 0.011). The positive response of Scarabaeidae to
areas burned in both MODRX fire and HIGHWILD fire was trending
towards significance (F1,594 = 3.17, P = 0.076). Although the RDA bi-
plot indicated that Diplopoda responded negatively to fire in gen-
eral, that response was not strongly associated with a particular
category and was not found to be significant for areas that were
controls prior to the HIGHWILD fire (F1,594 = 0.54, P = 0.464), or
areas that were part of prior MODRX fire (F1,594 = 1.32, P = 0.252).
Although Carabidae and Scorpiones appeared to show a moderate
positive and negative response in areas that were controls prior to
HIGHWILD fire, respectively, neither relationship was supported
from univariate analyses (F1,594 = 0.01, P = 0.943 and F1,594 = 1.42,
P = 0.233, respectively).
4. Discussion

The results of our study indicated fire severity influenced eco-
system response across scales and directly supports severity as a
critical determinant of fire effects on ecosystems (Schwilk et al.,
2006; Wayman and North, 2007; Knapp et al., 2009). Further,
based on the data used in this study and our qualitative observa-
tions in the study area, MODRX fire was effective for reducing
wildfire severity, and consequently tree mortality was much lower,
litter and duff was reduced but not eliminated, and understory tax-
onomic diversity increased slightly. In contrast, LOWRX fire did lit-
tle to mitigate tree mortality or substrate burn severity. Thus,
managers seeking to use LOWRX fire for fuel reduction should ex-
pect that multiple burns will be necessary to achieve management
goals. In contrast, higher severity fires are more effective for
achieving immediate results, albeit with greater potential for unin-
tended impacts. Overall, our study supports conclusions of the
majority of studies, which concluded fuel reduction helps reduce
fire severity in pine-dominated forests (Schoennagel et al., 2004;
Mitchell et al., 2009; Safford et al., 2012).



Fig. 6. Results from Redundancy Analyses (RDA) used to assess the impacts of low severity winter prescribed fires (A), moderate severity summer prescribed/wildfires (B),
and high severity summer wildfires (C) on forest structure characteristics (left biplot) and community composition of understory vegetation (right biplot) on the Griffith
League Ranch (GLR), Bastrop County, Texas, USA. The high severity summer wildfires included 3 categories: (1) plots that were controls prior to the wildfire, (2) plots that
were part of the prior low severity fires, and (3) plots that were part of the prior moderate severity fires. Dashed lines represent treatment � burn status interactions and solid
lines represent response variable associations with those interactions. Of the 28 vegetation groups included in the analyses, only the 8–11 showing the greatest interaction
response were included for ease of interpretation. The analyses indicated that low and moderate severity fires had weak effects on forest structure characteristics and
community composition of understory vegetation. In contrast, high severity fires dramatically reduced fine and large fuel loads, and increased diversity of understory
vegetation.
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Interestingly, we found pine mortality was greater than oak or
cedar at all fire severities. This result would appear to contradict
the general consensus that pines in the southern United States
are not only fire-adapted (Oosting, 1944; Moore et al., 1999;
Stambaugh et al., 2011), but fire is necessary for long-term persis-
tence of pine forests (Hartnett and Krofta, 1989; Waldrop et al.,
1992; Schulte and Mladenoff, 2005). We believe there are likely
several interacting factors across scales responsible for this finding,
the first factor being the timing of the fires. The 2009 and 2010
LOWRX and MODRX fires occurred following exceptional drought
conditions (based on the Palmer Drought Severity Index)
throughout most of 2009. This drought killed 5.7% of the overstory
loblolly pine trees, and 12.0% of the post oak trees, in our vegeta-
tion plots. In contrast, eastern red cedar appeared to be drought
resistant, with 0% overstory tree mortality. Thus, the remaining
loblolly pines were likely stressed, and thus more vulnerable to fire
mortality, than if the burns occurred following several average
rainfall or wetter than average years. Secondly, the Lost Pines lob-
lolly pine population currently has a pine engraver beetle (Ips spp.)
infestation (KES Consulting and Forstner, 2007). Pine engraver and
bark beetles are known to select drought-stressed trees, and fur-
ther increase vulnerability to mortality (Grosman and Upton,



Table 2
Results of generalized least squares analyses used to assess if a low severity winter prescribed burn (LOWRX), a moderate severity summer prescribed burn (MODRX), and high
severity summer wildfires (HIGHWILD) impacted total captures of ground-dwelling arthropods on the Griffith League Ranch (GLR), Bastrop County, Texas, USA, with sampling
season and cumulative precipitation during the sampling period included as covariates. We sampled arthropods using 24 drift fence arrays with pitfall traps 24 times between 8
March 2009 and 21 April 2012. The LOWRX fire, MODRX fire, and HIGHWILD fires occurred on 13 November 2009, 7 August 2010, and 4 September 2011 and 4 October 2011,
respectively. The HIGHWILD fires included 3 categories: (1) plots that were controls prior to the wildfire (CONTROL), (2) plots that were part of the prior LOWRX fire (LOWRX-
HIGHWILD), and (3) plots that were part of the prior MODRX fire (MODRX-HIGHWILD). The lack of significant treatment � burn status interaction effects indicated the fires did
not significantly impact total abundance of ground-dwelling arthropods.

Fire Coefficient (±SE) F-value df P

LOWRX
Season 0.192 (0.07) 6.26 1,393 0.013
Precipitation 0.003 (0.002) 1.85 1,393 0.175
Treatment 0.426 (0.44) 2.28 1,393 0.132
Status �0.081 (0.21) 1.60 1,393 0.207
Treatment � status �0.807 (0.46) 3.06 1,393 0.081

MODRX
Season 0.114 (0.07) 3.07 1,393 0.080
Precipitation 0.004 (0.00) 5.52 1,393 0.019
Treatment 0.447 (0.28) 2.44 1,393 0.119
Status 0.228 (0.19) 1.14 1,393 0.286
Treatment � status �0.206 (0.41) 0.26 1,393 0.613

HIGHWILD
Season 0.101 (0.05) 2.87 1,590 0.091
Precipitation 0.007 (0.00) 16.15 1,590 <0.001
Treatment (LOWRX-HIGHWILD) �0.154 (0.23) 2.45 1,590 0.118
Treatment (MODRX-HIGHWILD) 0.529 (0.23) 2.01 1,590 0.156
Treatment (CONTROL) 0.368 (0.19) 2.55 1,590 0.111
Status �0.109 (0.23) 7.65 1,590 0.006
Treatment � status (LOWRX-HIGHWILD) �0.148 (0.42) 0.00 1,590 0.944
Treatment � status (MODRX-HIGHWILD) �0.914 (0.42) 3.66 1,590 0.056
Treatment � status (CONTROL) �0.427 (0.35) 1.48 1,590 0.224
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2006; Schwilk et al., 2006). Third, fire intensities were potentially
higher at the base of loblolly pines compared to the hardwoods
due to higher pine needle fuel load densities, which are typically
more flammable than hardwood leaves due to lower moisture
and higher resin content (Hély et al., 2000; Nowacki and Abrams,
2008). Based on opportunistic sampling (3 independent samples
per tree species) conducted in December 2008 to gauge differences
in litter moisture content, it appeared that loblolly pine had the
lowest litter moisture content (mean = 8.7%, SD = 1.6%), followed
by post oak (mean = 8.9%, SD = 0.6%) and eastern red cedar
(mean = 14.2%, SD = 4.9%). The final possible explanation is geo-
graphical; the Lost Pines loblolly pine community represents the
westernmost edge of the loblolly pine distribution in the U.S.
(Al-Rabah’ah and Williams, 2004). The climate in this region is
drier than in the expansive East Texas Pineywoods ecoregion
(Owen, 1989), and this disjunct population has managed to persist
under what are likely suboptimal environmental conditions. As a
result, the Lost Pines population may be more vulnerable to cli-
mate change and related disturbance (e.g., increased prevalence
of wildfires) impacts. Higher vulnerability to climate change and
related disturbance impacts at distribution edges, particularly dry
edges, appears to be common for conifers (Galiano et al., 2010;
Littell et al., 2010; Coops and Waring, 2011; Benavides et al., 2013).

We found that fire severity impacted pond nutrient level in-
creases, with the magnitude of those increases greatest following
HIGHWILD fire, which agreed with our hypothesis that aquatic im-
pacts would increase as terrestrial impacts increased. However, for
all the fire severity analyses, the magnitude of effects was not sub-
stantially greater than the highest natural variability observed
prior to burning, and further our results indicated that nutrient lev-
els began returning to baseline levels within 200 days following
the fires. The observed increases were clearly influenced by precip-
itation-induced runoff following the fires, which is both intuitive
and congruent with other studies (Gresswell, 1999; Battle and
Golladay, 2003). Thus, if fire were to be used as a tool to stimulate
aquatic productivity in oligotrophic ponds in similar ecosystems,
both fire severity and timing are important considerations. Con-
versely, ponds and associated drainage zones should be excluded
from prescribed burns when temporary nutrient increases are
viewed as harmful to aquatic ecosystem integrity.

Despite the impacts of HIGHWILD fire on water quality, our
analyses indicated those effects did not translate to changes in to-
tal captures or community composition of aquatic arthropods. Po-
tential direct mortality of aquatic arthropods would likely have
been caused primarily by significant increases in water tempera-
ture, which has been documented during high severity fires (Gres-
swell, 1999; Hitt, 2003; Pilliod et al., 2003). Unfortunately those
data were not collected for our study, or as far as we are aware,
any water bodies within the HIGHWILD fire zone, and thus we
do not know if the wildfires impacted water temperature. Malison
and Baxter (2010) reported a fire severity effect for benthic stream
insects 5–10 years post-burn, with greater captures of emergent
insects and greater larval biomass in higher severity stream
reaches, and several other studies have reported impacts years
after fire events (reviewed in Gresswell, 1999). Thus, it is possible
the wildfires may affect the aquatic arthropod communities in our
study area at a longer time-scale (i.e., lagged responses in popula-
tion growth rates). However, given that water quality appeared to
be returning to background levels by the end of the study, and all
but 3 ponds on our study area dry periodically, we believe long-
term impacts are unlikely for aquatic arthropods.

We found that in contrast to HIGHWILD fire, LOWRX and MOD-
RX fire in this severely fire-suppressed ecosystem were largely
ineffective for enhancing vegetation diversity in the initial years
following burns. This is probably directly related to less fine fuel
consumption, and thus less open ground following the fires, as well
as higher percent canopy cover due to the majority of trees surviv-
ing the fires. We found that even LOWRX fire was sufficient to top-
kill yaupon holly, the pre-burn dominant shrub in our study area.
However, this was followed by significant basal sprouting after



Fig. 7. Results from Redundancy Analyses (RDA) used to assess the impacts of a low
severity winter prescribed fire (A), moderate severity summer prescribed/wildfires
(B), and high severity summer wildfires (C) on ground-dwelling arthropods in the Lost
Pines ecoregion of Texas, USA. We sampled arthropods using drift fence arrays with
pitfall traps. The high severity wildfires included 3 categories: (1) traps that were
controls prior to the wildfire, (2) traps that were part of the prior low severity fire, and
(3) traps that were part of the prior moderate severity fires. Dashed lines represent
treatment � burn status interactions and solid lines represent arthropod group
associations with those interactions. Of the 49 arthropod groups included in the
analyses, only the 9–15 showing the greatest interaction response were included for
ease of interpretation. The analyses indicated low and moderate severity fires had no
detectable effects on community composition of ground-dwelling arthropods,
whereas several arthropod groups responded to the high severity fires.
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the LOWRX and MODRX fires (D.J. Brown, personal observation),
which agrees with other findings in central Texas (Mitchell et al.,
2005). In contrast, the HIGHWILD fires not only top-killed, but con-
sumed entirely the majority of yaupon holly individuals, and this
species did not reestablish within the hottest areas of the wildfire
zones within the time-frame of our study. Rather, pokeweed, a spe-
cies rarely observed on the property prior to the HIGHWILD fires,
replaced yaupon holly as the dominant shrub in the HIGHWILD fire
zones. This positive fire severity response for pokeweed has been
noted elsewhere (Glasgow and Matlack, 2007). In addition, the
dominant herbaceous vegetation shifted from panic grasses
(Dicanthelium spp.) and flowering spurge (Euphorbia corollata), to
panic grasses, sedges (Cyperus spp.), and horseweed (Conyza canad-
ensis), another species rarely observed prior to the HIGHWILD fires,
but one that is known to respond positively to high severity fire
(Barclay et al., 2004).

Given the MODRX fires affected subsequent fire severity,
whereas the LOWRX fires did not, we expected that impacts to for-
est structure characteristics and understory vegetation composi-
tion would be different in the MODRX plots re-burned during the
HIGHWILD fires vs. the prior control plots that burned during the
HIGHWILD fires, and our analyses indicated that this was the case.
However, we expected the opposite result for LOWRX plots, and
our analyses indicated the LOWRX plots also differed from the
prior control plots. The reasons for this are unclear, but could be
a low sample size (n = 2) effect for twice-burned LOWRX plots.

As with the vegetation results, we found that in contrast to HIGH-
WILD fire, LOWRX and MODRX fire had no detectable effect on com-
munity composition of ground-dwelling arthropods. Further, the
arthropod HIGHWILD analysis agreed with our expectation for re-
burned areas, traps in MODRX zones would differ from those in
HIGHWILD zones that were controls prior to the HIGHWILD fires;
whereas, traps in LOWRX zones would be similar. However, there
were few arthropod groups that seemed to have a strong response
to fire within the time-frame of our study, and there were no clear
correlations related to feeding guilds. Qualitatively, the predators
Scorpiones (scorpions [Centruroides vittatus]; Taber and Fleenor,
2003), Opiliones (harvestmen) and Araneae (spiders) were nega-
tively impacted, whereas the predatory beetle family Carabidae
showed a positive response. Similarly, the herbivorous Gryllidae
(crickets) showed a negative response, whereas the herbivorous
Gryllacrididae (camel crickets) and Curculionidae (snout beetles)
showed a positive response. However, our univariate analyses indi-
cated most of these responses were not strong. Taber et al. (2008)
found that LOWRX fire at another site in the Lost Pines positively im-
pacted Diplopoda (millipedes), whereas we did not detect a strong
response for diplopods, and the response direction was negative.
Thus, as is typical with studies assessing fire impacts to terrestrial
arthropods, our results were ambivalent and patterns were unclear.

This study has several implications with respect to manage-
ment of the Houston toad using prescribed fire and in the Lost
Pines post-wildfire landscape. First, one of the questions in relation
to prescribed burning is whether winter or summer burns should
be conducted (KES Consulting and Forstner, 2007). We believe
there are benefits to conducting burns in both seasons. Summer
burns were more effective for reducing fuel loads, and appeared
to negatively impact some of the arthropod groups that are known
predators of juvenile amphibians (Toledo, 2005), which are active
during the summer in our study area (Brown et al., 2011). In con-
trast, winter burns may positively impact tadpole growth and sur-
vivorship through increased aquatic productivity during the spring
when the Houston toad breeds (Hillis et al., 1984; Brown et al.,
2013a,b). However, we note the relationships between pond pro-
ductivity and tadpole growth and time-to-metamorphosis have
not been examined for the Houston toad, and we recommend fu-
ture research on this topic.
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The HIGHWILD fire dramatically impacted the terrestrial land-
scape. In our opinion, the most concerning of the impacts was com-
plete overstory tree loss and elimination of fine fuel throughout
much of the HIGHWILD zone. The Houston toad exhibits strong
preference for heavily canopied environments (U.S. Fish and Wild-
life Service, 1984), and the suitability of the post-2011 HIGHWILD
landscape for this species is currently unclear. However, we note
that although overstory canopy cover has been dramatically re-
duced, understory cover has increased since the completion of this
study (D.J. Brown, personal observation). Further, although the
majority of large fuel was consumed, which is the preferred refugia
for adult Houston toads (Swannack, 2007), it is currently being rap-
idly replaced by fallen trees and large limbs. Thus, although in gen-
eral the soil is likely warmer and drier within the wildfire zone (i.e.,
increased probability of desiccation), Houston toads could poten-
tially mitigate this problem in the short-term by seeking out suit-
able refugia. However, we note that natural pine regeneration
following the 2011 HIGHWILD fire was low and patchy across most
of the burn zone. Thus, assisted pine restoration through seedling
tree planting is currently a major recovery initiative in the ecore-
gion (Lost Pines Recovery Team, 2012).

A concern with respect to arthropod responses is a potential in-
crease in distribution and density of the invasive red imported fire
ant (Solenopsis invicta), a known predator of juvenile Houston toads
(Freed and Neitman, 1988), and possible predator of adult Houston
toads (M.C. Jones, personal observation), given that abundance of
this species appears to be strongly inversely correlated with over-
story canopy cover in our study area (Brown et al., 2012, 2013a).
However, with the increase in understory vegetation diversity an
increase in overall arthropod abundance and diversity could occur
in the coming years, which would be a positive impact on terres-
trial food resources for the Houston toad (Neumann, 1991; Swen-
gel, 2001; Moretti et al., 2004; Buddle et al., 2006). Thus, although
the HIGHWILD fire could certainly have both short-term and long-
term negative impacts on the Houston toad, it could also have po-
sitive impacts, and we believe it is inappropriate for managers to
consider the HIGHWILD fire zone as unsuitable habitat without
the population trend data to support that assumption.

In conclusion, this study represented a unique opportunity to
compare the influence of fire severity on several ecosystem compo-
nents within a BACI framework. Our results indicated this factor af-
fected the ecosystem components we assessed, and prior forest
management practices influenced the response of several ecosys-
tem components to HIGHWILD fire. Given our results, future work
should seek to address if multiple LOWRX to MODRX fires produce
the desirable outcomes of HIGHWILD fires (e.g., increased diversity
of understory vegetation), while minimizing the unwanted out-
comes (e.g., significant loblolly pine mortality). We intend to con-
tinue monitoring the response of this ecoregion to the HIGHWILD
fires to assess the longer-term impacts to biotic and abiotic ecosys-
tem components, and to provide data that can assist with recovery
and management initiatives.
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