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ABSTRACT

The frequency and severity of both drought events and unintentional wildfires are
expected to increase within the next century. In addition to having profound effects on vegetation
structure and composition, this is expected to disrupt key nutrient cycling processes within the
soil. Soil microbes play a fundamental role in degrading soil organic matter as well as
transporting nutrients to plants. Changes in microbial biomass or composition induced by fire
and drought may decrease nutrient cycling efficiency. Despite numerous studies assessing the
individual impacts of drought and fire on soils, few studies have analyzed their combined effects.
Our objective was to assess the impacts of drought, fire, and their combined impacts on the soil
microbial community, the abundance of the microbes that compose the microbial community,
and extracellular enzyme activity. At the Texas A&M AgriL.ife research station in Sonora,
Texas, a full-factorial randomized plot experiment was established to assess the effects of
drought and fire on soil microbial community composition and activity in a semi-arid savanna.
Our results show that a semi-arid savanna experiences no negative impacts on the measured
biological properties in response to drought, fire, or a combination of drought and fire. We also
observed the presence of bacteria and fungi that are associated with drought tolerance, which
may explain why there was no observed response to disturbance treatments in this study. We can
conclude that fire remains a viable management option for the maintenance of herbaceous
vegetation in a semi-arid savanna without concerns of negatively impacting soil biological

properties even in the event of a short-term, extreme drought.
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CHAPTER I INTRODUCTION AND LITERATURE REVIEW

1: Introduction

Drought and fire severity are expected to increase in the near future (Moritz et al., 2012;
Cook et al., 2015), and the impact of these disturbances will undoubtedly cause large ecosystem
and economic changes (Bodner and Robles, 2017). Drought results in roughly nine billion
dollars in annual losses (NOAA) and as of 2020, wildfires resulted in an estimated 130-150
billion dollars direct and indirect damages across the United States (Roman et al., 2020). As
drought and fire frequency and severity are expected to increase, annual losses can also be
expected to increase. With climate change causing concerns about carbon storage, it is pertinent
to understand how disturbances such as drought and fire impact its largest sink: soils. Soils hold
an estimated 1500 petagrams (Pg) of organic carbon in the top 1 m (Smith et al., 2015b) with
plants acting as the primary vehicle moving carbon into soil (Bonkowski et al., 2000). In addition
to these inputs, soil microorganisms also play a large role in key nutrient cycles such as carbon
(C) and nitrogen (N) through the regulation of organic matter turnover, which in turn influences
plant growth (Fultz et al., 2016). With 20% of Earth’s surface consisting of grassland and
savanna ecosystems (Lieth and Whittaker, 1975) storing an estimated 30% of all soil organic
carbon (Field et al., 1998), it is crucial to understand the influence of abiotic disturbances in

these environments.

Semi-arid savanna ecosystems are dependent on disturbances for the maintenance of
herbaceous vegetation (Veldman et al., 2015), but the response varies based on the type and
severity of any given disturbance (Vetter, 2009; Taylor et al., 2012). Fire has been an important

natural disturbance in semi-arid savannas that drives long-term soil carbon (C) and nitrogen (N)



stocks (Soong and Cotrufo, 2015; Pellegrini et al., 2018) and is still often used for the
maintenance of these ecosystems. Fire immediately changes aboveground vegetation, but also
maintains vegetative diversity in semi-arid savannas (Bond and Keeley, 2005). Not often thought
about as much in the event of a fire, the soil environment also experiences immediate changes,
but the response to fire in the microbial community varies (Fultz et al., 2016; Pressler et al.,
2019). Fire causes a reduction in soil microbial biomass, enzyme activity, and volatilizes C and
N upon combustion but only influences surface soils (Tilman et al., 2000; Hinojosa et al., 2016).
Fire can immediately reduce microbial community composition and biomass during combustion,
but both can rapidly restore themselves within a year of the fire (Sheik et al., 2011; Fultz et al.,
2016). Microorganisms residing in surface soils are more susceptible to the effects of fire than
microbes in subsoils (Pressler et al., 2019) Yet, fast, low-intensity fires can also have little
impact on the microbial community in surface soils (Neary et al., 1999). Like drought, soils
subjected to fire have shown a reduction in extracellular enzyme activity (Fultz et al., 2016;
Hinojosa et al., 2016) and depending on the severity of the fire, microbial biomass can either
increase or decrease (Andersson et al., 2004) or show no response (Dunn et al., 1985),
highlighting the need for more research on the mechanisms that results in such conflicting

results.

Semi-arid savanna ecosystems are also susceptible to extreme drought (Breshears et al.,
2016) and tend to exhibit negative responses in aboveground vegetation and C and N stocks over
long periods of time (Vicente-Serrano et al., 2013; de Vries et al., 2016). The slow response in
both vegetation and C and N stocks to drought in semi-arid savannas would suggest that the
impacts of drought on soil communities may not be immediately detectable, whereas fire can

elicit an immediate change to the soil environment, even if that change is often restricted to the



top five centimeters of the soil (Raison, 1979; Andersson et al., 2004). Drought can cause long-
term soil moisture limitations that negatively impacts soil microbial communities by reducing
access to nutrients (Schimel, 2018). As drought severity increases, extracellular enzyme activity
can decrease, further limiting nutrient availability to microbes (Sardans and Pefiuelas, 2005).
Extracellular enzyme activity is often a sensitive indicator of soil microbial community
responses to various environmental disturbances such as drought and fire (Aon and Colaneri,
2001; Leinweber and Schlichting, 2003; Sanaullah et al., 2011). As drought persists, there have
been observed increases (Conant et al., 2011) and decreases (Burns et al., 2013) in extracellular
enzyme activity, which suggests that there are soil specific responses to abiotic disturbances.
Whether experiencing drought or fire disturbances, exposure to water stress in these semi-arid
savannas is likely to impact both microbial and plant communities through the interruption of

key nutrient cycles, such as C and N (Sheik et al., 2011).

Surprisingly, drought and fire have been largely studied independent of each other, and to
the best of our knowledge, few studies have assessed their combined impact on soil microbes and
extracellular enzyme activity (but see Hinojosa et al., 2016; Hinojosa et al., 2019). The
segregation of environmental variables in research is not exclusive to understanding drought and
fire, and the current body of research investigating the combined impacts of drought and fire on
ecosystems is limited (Holden et al., 2012; Luyssaert et al., 2014; Schlesinger et al., 2016). As
research needs to meet the complex interactions of the natural world with complex research itself
the need to assess multiple environmental variables on ecosystem functions will only become
more important. We will only begin to properly understand how to mitigate the risks from
climate change through research studying the interactive effects of various disturbances such as

drought and fire. Disturbance ecology is already thoroughly researched for plant community



ecology, but research into soil responses to disturbances is not as intensely investigated (Coyle et
al., 2017). With the influence soil communities have on ecosystems, it is necessary to start

investigating the impact of various perturbations on soil environments.

In this review, 1 will explore the impacts that drought and fire have on the soil
environment and | aim to answer the following two questions: 1) What are the independent
impacts of drought and fire on soil microbial communities and extracellular enzyme activity? 2)
How does the combination of drought and fire impact alter soil microbial communities and
extracellular enzyme activity? After exploring the independent impacts of drought and fire, I will
compare the independent influences of drought and fire to their combined impact. Subsequently,
I will highlight common findings as well as knowledge gaps that pertain to soil microbial

communities, extracellular enzyme activity, and their responses to abiotic disturbances.

1.1: Drought’s impact on soil microbial communities and extracellular enzyme activity:

Since the definition of drought is not concrete and varies based on discipline, the
definition I will be following is that of an ecological drought as defined by (Crausbay et al.,
2017): “an episodic deficit in water availability that drives ecosystems beyond thresholds of
vulnerability, impacts ecosystem services, and triggers feedbacks in natural and/or human
systems.” Using this definition provides the framework at which we can identify the impacts of

drought on soils and soil microbial communities.

Soils are largely impacted and influenced by the vegetation present in its given
environment (Sanaullah et al., 2011), and numerous studies show that plant-microbe interactions
largely influence nutrient cycling belowground (Reynolds et al., 1999; Smith et al., 2015b).

However, with an expected increase in climate change induced droughts, microbial communities



may be impacted (Neary et al., 1999; Bonkowski et al., 2000; Smith et al., 2015b). Drought can
limit microbial resource acquisition and transport as water becomes scarce (Schimel, 2018).
Drought can also reduce the amount of carbon inputs into soil from plants (Canarini et al., 2018),

which may result in an overall decrease in microbial decomposition.

The main impact of drought on soils is the limited diffusion and supply of resources to
soil organisms. However, drought can also directly result in the selection of more resistant
microbial groups (Fuchslueger et al., 2014). Water is the primary resource that transports
nutrients through soils (Schimel, 2018). Therefore, as drought induces water stress, there is
reduced access to resources which likely will result in a reduction of microbial activity (Schimel,
2018). With a decline in microbial activity, extracellular enzyme activity is likely to be directly
impacted. Soil extracellular enzyme activity reflects microbial community functions and their
response to disturbances (Sanaullah et al., 2011). Research has shown that drought causes
sensitivities in extracellular enzyme activity (Sardans and Pefiuelas, 2005), though the effects
may differ depending on plant community composition (Sanaullah et al., 2011). If drought
results in a decline in vegetative cover (Bodner and Robles, 2017), then there may be a decrease
in nutrient transport from microbes to plants based on reduced symbiotic relationships. Sardans
et al. (2005) found enzyme activity to be highly sensitive to slight decreases in water availability
and that as drought increased, enzyme activity decreased, which may reduce nutrient availability

to plants in the long-term (Sardans and Pefiuelas, 2005).

During periods of drought, plant growth is limited due to a reduction in microbial activity
restricting the transfer of nutrients to plants. If drought conditions persist, vegetation will senesce
resulting in a temporary increase in litter production (Sardans et al., 2008). These added inputs

of litter may initially excite microbial activity, but over time as soil moisture decreases and



microbial activity declines the overall decomposition of organic material will be reduced. This
long-term impact on ecosystems may ultimately inhibit carbon storage potentials through the
combined impact of an overall decrease in vegetation and the subsequent slowing of microbial
activities that prove to be fundamental for carbon storage and organic matter turnover
(Fuchslueger et al., 2014). A simple yet effective way to portray the impact drought may have on
environments is as Schimel et al. (2018) states: “water is the ultimate resource for life”. Without

water, many environments will be significantly altered in structure and limited in function.

1.2: Fire’s impact on soil microbial communities and extracellular enzyme activity:

Despite fire being a relatively short-lived phenomenon, there are lasting impacts of fire
on soils. Fires alter many soil components such as nutrient concentrations and physical
properties, which can negatively impact soil microbes (Holden et al., 2012). While fire is a
common disturbance in many ecosystems and can alter soil C and N concentrations (Neary et al.,
1999; Holden et al., 2012; Fultz et al., 2016), it also is known that soil microbes have an
important role in ecosystem recovery (Li et al., 2019). Since soil microorganisms play a crucial
role in soil organic matter decomposition (Fultz et al., 2016), one would think that fire may
largely interfere with this process. However, Fultz et al. (2016) states that while microbial
populations are typically reduced immediately after a fire, they quickly recover, which may be
attributed to the importance of soil moisture. Previous studies have shown that soil moisture is a
major influence on soil microbial communities and microbial activity (Hart et al., 2005; Fultz et
al., 2016). Fire may vaporize water in the upper centimeters of soils, but may also only impact
microbial communities in surface soils (Andersson et al., 2004). Research has shown that soil
moisture is impacted by fire, but soil moisture recovers, even increases, within six months after

burning (Fultz et al., 2016). Even in event of a severe wildfire that evaporates much of the water
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in surface soils, soil moisture recovers a year after the fire event (Holden et al., 2012). Research
has also observed a change in the microbial community following a fire and note that both
above- and belowground responses to fire drive ecosystem structure, both vegetative and
microbial (Fultz et al., 2016). Although microbial communities have exhibited a degree of
plasticity in response to fire, their overall response to ecosystem disturbances will be indicative
of the speed at which ecosystems may or may not be able to recover (Hart et al., 2005; Fultz et

al., 2016; Li et al., 2019; Pressler et al., 2019).

Bacteria have been shown to be more resistant to fire than fungi, which is attributable to
fungal networks often residing in the uppermost layers of soil due to their associations with root
networks (Pressler et al., 2019). Although more resistant, bacteria experience the greatest impact
from fire in surface soils than in subsoils. This is due to microbes being more abundant in surface
soils than in subsoils that are more insulated (Hart et al., 2005), which results in decreased
bacterial biomass (Pressler et al., 2019). This claim is further supported by Tilman et al. (2000),
which states that there are no detectable effects of fire frequency on belowground C in the first
20 cm of soil (Tilman et al., 2000). While some findings state there is no impact of fire on soils
many surface soils are often rich in organic matter, which is likely to burn. If fire does not
perturb soil communities and they are found to recover within a year, it raises the question about
what may additionally drive soil communities in response to fire. Given that microbial biomass
in the rhizosphere of plants is considerably different than that of the surrounding bulk soil
environment (Bonkowski et al., 2000), studies have expressed caution to believing that responses
seen in the microbial community are due to the disturbance alone. In a study about natural

disturbances on soil communities, Coyle et al. (2017) concluded with saying that changes in the



soil community may not be directly attributable to the disturbance, but indirectly from changes in

the plant community over time during recovery from the disturbance (Coyle et al., 2017).

Although fire alters the microbial community through changes in aboveground
vegetation, understanding how fire influences soil nutrients and resources may show the indirect
impact of fire on extracellular enzyme activity. In response to fire, extracellular enzyme activity
has shown to be reduced (Hinojosa et al., 2016), which may simply be attributed to decreases in
microbial biomass (Pressler et al., 2019). In addition to finding reduced enzyme activity in
response to fire, it has been found that boreal systems have shown long-term effects on
extracellular enzyme activity, which may alter litter decay rates and soil C dynamics (Holden et
al., 2012). Other long-term changes in response to fire are vegetative shifts which subsequently
alter the soil microbial community (Coyle et al., 2017). Additionally, fire can change the
dynamics of litter decay rates based on the reduction of extracellular enzyme activity. However,
since fire does not appear to directly induce long-term reductions in microbial communities, the
impact on soil functions may not be as negative as the long-term impact of drought, despite shifts
in community structure. Although drought and fire are different disturbances, they share one
common theme that impacts soil microbial communities, and that is soil moisture (Dunn et al.,

1985).

1.3: Combined impact of drought and fire on soil microbial communities and extracellular

enzyme activity:

There are studies that state that hotter and drier environments can enable more intense
wildfire (Breshears et al., 2016). With drier environments being frequently linked with drought

events, but now appearing to coincide with increased fire risk and frequency, it is perplexing as



to why few studies have approached studying the impact of both drought and fire on soil
environments. Research has shown that small changes in soil moisture impact the efficiency of
soil microbial communities to transport and breakdown soil nutrients (Schimel, 2018), which is a
common result in a drought prone environment. Therefore drought, over fire, is the major

controlling factor on soil microbial communities.

Fire influences soil moisture and can impact microbial community structure, but it does
not induce such limiting constraints that drought does (Dunn et al., 1985; Acosta-Martinez et al.,
2014; Schimel, 2018). There have been a handful of experiments that have investigated drought
and fire, which indicate that drier environments limit the extent to which nutrients are available
in a post-fire habitat (Hinojosa et al., 2012; Potts et al., 2012). Microbial communities in
environments that have experienced fire are often resilient in their recovery (Fultz et al., 2016),
but once drought occurs in that same ecosystem, the level of microbial community recovery is
stinted and limited resulting in reduced enzyme activities (Hinojosa et al., 2016). In a study on a
Mediterranean environment under experimental drought post-fire, Hinojosa et al. (2016) found
most soil environment properties were decreased if they were both burned and under drought.
Extracellular enzyme activity and overall microbial biomass were shown to have decreased.
However, it has been shown that prescribed fires do not have lasting impacts on soil nutrients

(Fultz et al., 2016).

With soil moisture appearing to be the fundamental process dictating the efficiency of
microbial activity (Schimel, 2018), and recurrent drought significantly impacting ecosystem fire
frequencies (Clark et al., 2002) through the increased fuel flammability (Andersson et al., 2004),
it appears that as drought frequency increases, fire frequency is almost certain to follow suit.

Since fire intensity often correlates with fuel load (Brando et al., 2014), and drought can increase
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litter production as plants senesce (Sardans et al., 2008), it would be reasonable to assume that an

increase in drought will cause a spike in fire frequency.

1.4: Future needs, directions, and predictions:

The majority of studies that have investigated the combined impact of drought and fire
are either in the Mediterranean or of a Mediterranean climate since they are strongly influenced
by fire (Potts et al., 2012; Hinojosa et al., 2016). Mediterranean environments are an ideal place
to start understanding the combined impacts of drought and fire on ecosystem functioning.
However, as drought is predicted to increase mostly in higher northern latitudes (Moritz et al.,
2012), there needs to be an expansion of studying the combined impact of drought and fire on a
wider range of ecosystems. Due to the expansion of arid zones (Seager et al., 2018), it is

pertinent that future research assesses both drought and fire at a large scale.

Many studies discussed in this review also spent a lot of time looking at microbial
communities quantitatively which provides insight into how these communities react to
disturbances. However, without a qualitative look at where these communities are shifting
towards, we may not be able to understand why certain ecosystems are experiencing greater
success in recovery compared to others. Through quantifying the changes in the microbial
community and identifiying what taxa remain after disturbance we can infer why certain
ecosystems may respond better to drought and fire as previous research has done (Schimel et al.,
2007; Bachar et al., 2010; Acosta-Martinez et al., 2014). Knowing the function of the microbial
community after disturbances may help explain increases or decreases in certain extracellular
enzymes over others. Additionally, if plants have a strong influence on microbial communities

via rhizodeposition, it would be wise to understand how microbial communities respond to
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disturbances. Understanding the changes in the microbial communities post-disturbance could

help determine which taxa are no longer present that may aid in ecosystem recovery rates.

Drought and fire impact soil moisture, and since soil moisture appears to have the
greatest impact on soil microbial communities, drought and fire disturbance may have far-
reaching impacts on microbial communities aside from direct effects. If future fire frequency
appears to be a correlated with soil moisture present (Moritz et al., 2012), | would make the
following predictions: 1) As drought severity increases we will begin seeing initial spikes in fire
frequency as there is more fuel to be burned however, 2) as fires expend the given fuel load in an
environment undergoing severe drought, fires will decrease as ecosystems become increasingly
arid. 3) If areas under extreme drought become arid, soil microbial communities will become less
active, but maintain a level of diversity as some microbes are more resistant to drought over
others. With reduced microbial activity, it will take longer for environments to recover if they are

not already completely shifted into a new steady state.

In conclusion, we can suggest that both drought and fire have their respective impacts on
soil microbial communities and extracellular enzyme activity. However, given they are closely
correlated in nature, it would be wise to increase investigations of the combined impacts of these
abiotic disturbances. It is time we start conducting multi-faceted experiments to answer the more
complicated questions in landscape ecology as these disturbances will likely become more

devastating in the near future.
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CHAPTER Il MICROBIAL RESPONSE TO DROUGHT AND FIRE

2: Introduction

Drought severity and fire frequency are expected to increase in the next 10 to 20 years
(Moritz et al., 2012), which is anticipated to impair soil carbon and nutrient cycling processes
(Schimel, 2018). Soils hold an estimated 1500 Pg of organic carbon in the top 1m of soil (Smith
et al., 2015b) and soil organic matter (SOM) represents a significant fraction of the organic
carbon (C) that is held in soil (Powlson et al., 2001). Soil microorganisms play a key role in soil
organic matter (SOM) turnover and nutrient cycling processes (Sardans et al., 2008; Smith et al.,
2015b), but a change in drought and fire regimes may alter microbial abundance, activity, and
their role in SOM stabilization (Fultz et al., 2016). Therefore, if microbial communities are

altered due to disturbances, there may be severe implications for the fate of C storage.

Grassland and savanna ecosystems cover 20% of Earth’s surface (Lieth and Whittaker,
1975) and store an estimated 30% of global soil carbon stocks (Field et al., 1998); therefore, it is
crucial to understand the influence of abiotic disturbances on these environments. Historically,
fire has been a natural disturbance in the United States with the majority of landscapes
experiencing an average return interval of 1-12 years (Frost, 1998), but given its suppression
during European settlement (Baker, 1992) fire has only recently been re-implemented as a
management practice to suppress woody shrub encroachment (Lohmann et al., 2014). While fire
is both historically present and recommended for management practices in semi-arid savannas,
these ecosystems are more susceptible to changes as a result of extreme drought (Breshears et al.,

2016) than they are to fire.
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Despite being more susceptible to changes from drought, drought is a disturbance with
impacts that manifest over longer periods of time (Vicente-Serrano et al., 2013). Soil moisture is
a key driver that influences microbial biomass (Fultz et al., 2016). In drought conditions
microbial biomass decreases, but reaches a stable state as more drought tolerant taxa persist in
environments with low soil mositure (Schimel, 2018). In response to drought and fire the
microbial community tends to shift towards more stress tolerant taxa (Bachar et al., 2010) and
the proprotions of Gram + to Gram — groups of microbes can further inform us about an
ecosystems tolerance to stress (Acosta-Martinez et al., 2014). Therefore, knowing which taxa are
tolerant to limited soil moisture can offer insight about the responses seen in our study site
(Mohammadipanah and Wink, 2016). Exposure to water stress in these ecosystems is likely to
disturb both microbial and plant communities by interrupting key nutrient cycles (Sheik et al.,
2011). Soil moisture is a limiting factor on soil microbial biomass and microbial extracellular
enzyme activity (Sheik et al., 2011). Extracellular enzymes serve as the primary mechanism that
soil microbes use to mineralize nutrients and degrade soil organic matter (Fultz et al., 2016).
Extracellular enzyme activity (EEA) in soils reflect microbial community function and are used
to measure the effect of various environmental stressors on carbon and nutrient cycling in soils
(Sanaullah et al., 2011). In a semi-arid system, a reduction in soil moisture can decrease organic
matter decomposition (Hinojosa et al., 2016). As a result, fuel loads may increase due to
persistent drought which increases the probability of fire (Littell et al., 2016). In the event of fire,
microbial populations tend to be reduced immediately but can quickly recover (Fultz et al.,
2016). There is also evidence that burned soils under the influence of drought have lower
extracellular enzyme activities than soils being impacted by drought or fire independently

(Hinojosa et al., 2016). However, enzymes do not show consistent responses to changes in soil
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moisture (Sardans et al., 2008; Alster et al., 2013).Due to the uncertainties of enzymatic response
to the combined impact of drought and fire, further research is necessary to understand observed

responses.

Drought and fire have been largely studied independent of each other, but to the best of
our knowledge, few studies have assessed their combined impact on soil microbial biomass,
composition, and extracellular enzyme activity. To understand how experimental drought, fire,
and the combination drought and fire affects the microbial community and EEA in a semi-arid
savanna soil, we measured total organic carbon, ran extracellular enzyme assays, and used 16S
and ITS DNA sequencing. Through these measurements we investigated the microbial
community’s response to experimental drought and prescribed fire. We hypothesized that
prescribed fire would reduce extracellular enzyme activity as a result of a decrease in microbial
biomass due to an immediate loss of soil moisture on combustion. Conversely, we hypothesized
that experimental drought would maintain levels of extracellular enzyme activity due to
sustained microbial biomass carbon. We also hypothesized that prescribed fire would increase
microbial community species richness by attracting species to the newly available burned
biomass, but that experimental drought would be associated with greater microbial community

abundance through sustained diversity over time.

2.1: Methods

2.1.1 Study site

The study site is located at the Texas A&M AgriLife Sonora Research Station roughly 56
km south of Sonora, Texas (30°16'N, 100°33'W). In accordance with the Drought-Net protocol

(www.drought-net.colstate.edu), thirty-two 5 x 5 m plots were established in a wildlife and
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livestock-exclusion fence. This site is dominated by herbaceous plants, and livestock had been
excluded from grazing for more than five years while non-native axis deer (Axis axis) and other
wildlife regularly grazed the site prior to fence construction. The soil (Valera Series) is a well-
drained, slowly permeable silty clay found primarily in rangelands, and it is classified as a fine,
smectitic, thermic Petrocalcic Calciustoll with an alkaline pH. This site is traditionally a
rangeland with grasses and forbs as the predominant vegetation and tallgrass prairie as the

climax community ((https://soilseries.sc.egov.usda.gov/OSD_Docs/V/VALERA.html) accessed

January 21, 2021). The mean annual precipitation at this location is approximately 567 mm, and
the mean annual temperature is 18.79°C (Western Regional Climate Center data from 2018-

2020).

2.1.2 Experimental Design

Four treatments were set up across thirty-two 5 x 5 m plots to assess the impacts of
drought, fire, drought + fire, and control conditions. Experimental drought conditions were
induced using rainout shelters. Rainout shelters covered a 3 x 3 m area and were constructed
with a clear polycarbonate roof attached to PVC framing; they were installed on March 3, 2018
and later reconstructed in 2019 with a wood frame. The rainout shelters diverted precipitation
away from the plots to simulate a 1% percentile drought extreme (175.65 mm/year) based on the

Drought-Net protocol (www.drought-net.colstate.edu). Ring fires were prescribed and

administered on March 1 and 2, 2018, and again on August 15, 2019. A propane vapor torch was
used to compensate for areas low in fuel. The experimental drought + prescribed fire conditions
were established with a combination of ring fires and rainout shelters. Control plots maintained
ambient conditions. Preliminary vegetation responses to these treatments can be seen in

Hannusch et al. (2020).
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2.1.3 Soil Sampling

Two types of sampling were conducted in each plot: composite cores to assess spatial
variability in each plot and bulk density cores. The composite cores consisted of 8 cores per plot
taken at a depth of 0-5 cm which were then composited into 1 sample per plot, for a total of 32
samples. These samples were used to measure soil pH, soil moisture, extracellular enzyme
activity, and microbial biomass as well as extract DNA to sequence the microbial community.
Bulk density cores consisted of 1 sample per plot at a depth of 0-5 cm for a total of 32 samples
and were used to measure bulk density. Enzyme subsamples were passed through a 4.75 mm
sieve and subsampled to 3 g and subsequently freeze dried and stored in a -80°C freezer. DNA
subsamples were also passed through a 4.75 mm sieve but were subsampled to 5 g and stored in

a -20°C freezer.

2.1.4 Physical and Chemical Properties

Soil from the bulk density core was passed through a 2 mm sieve and oven dried at 50°C.
Bulk density was determined by dividing the dry mass of the soil sieved by the volume of the
soil expressed as g/cm®. Soil moisture samples were passed through a 4.75 mm sieve and were
oven dried at 50°C. Gravimetric water content of the soil samples was determined by calculating
the difference between wet and oven dried soil, which reflects the moisture of our samples on
August 15, 2019. Soil pH was measured using a Fisher Scientific accumet electrode (Waltham,

MA).

To quantify organic C in our samples we calculated the difference between total C and
inorganic C. Total C was measured via combustion using an elemental analyzer (Elementar vario
EL cube CHNS Langenselbold, Germany), and inorganic carbon was determined by pressure
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calcimetery (Sherrod et al., 2002). Stocks of soil organic C were calculated using percent C and

bulk density measurements (Lee et al., 2009).

2.1.5 Microbial Properties

2.1.5.1 Microbial Biomass Carbon Measurements

Microbial biomass carbon (MBC) values were determined via chloroform (CHCI3)
fumigation and extraction (Beck et al., 1997), and each sample was run in duplicate (non-
fumigated and fumigated). Non-fumigated samples were prepared using 10 g (oven dry soil
equivalent, ODE) in 50 mL of 0.5 M K>SOs, shaken for 1 h, filtered through Whatman No. 1
filter paper, and stored frozen until measured for total dissolved organic carbon (DOC) analyses.
Fumigated samples, 10 g ODE, were fumigated with ethanol-free CHCI3 for three days in the
dark, prior to DOC extractions with K2SO4.DOC and total dissolved nitrogen (TDN) were
quantified using high temperature platinum-catalyzed combustion with a TOC-VCSH and TNM-
1 (Shimadzu Corp., Houston, TX, USA) (Potter and Wimsatt, 2012). MBC was calculated as C
= EC/KEC where EC is the chloroform-labile pool, which is proportional to microbial biomass C

(C) and KEC is soil specific, but is often estimated as 0.45 (Beck et al., 1997).

2.1.5.2 Extracellular Enzyme Assay

Extracellular enzyme activity was quantified using 4-methylumbelliferone (MUB
fluorescent linked substrates. I tested five enzymes associated with the microbial acquisition of
C, N, and P using a modified method (Sinsabaugh et al., 2008; Smith et al., 2015a): -
glucosidase, Cellobiohydrolase, Xylosidase, N-acetylglucosaminidase (NAG), and Acid
Phosphatase. One gram of each sample was mixed in a blender with 100 ml of 50 mM Tris
Hydroxymethyl Aminomethane Hydrochloride (1M Tris) buffer and 200 pl was dispensed into
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each column of the 96-well plates for both the one-hour and three-hour incubations. After the
respective incubation periods, 10 pl of 1M NaOH was added to end the reaction for two to three
minutes prior to taking a reading. Extracellular enzyme activity was measured using a
fluorometric plate reader and values reported were used to calculate extracellular enzyme activity
in umolgth™ using the following equation modified from (German et al., 2011; Smith et al.,

2015a) (Equation 1).

Equation 1.

Activity (umol g7th™1)

Net Fluorescence X Buf fer Volume (mL)

~ Emission coefficient Xx Homogenate Volume (mL) X Time (h) X Soil mass (g)
2.1.5.3 Microbial Community Composition

DNA was extracted from 250 mg of each soil sample using a Qiagen DNeasy Powersoil
kit (MoBio Laboratories, Carlsbad, CA, USA) according to the manufacturer’s instructions.
DNA concentration was determined using a Qubit fluorometer and later quantified using a
KAPA Library Quantification Kit (Illumina® platforms). PCR amplification of regions V1-V9
of the bacterial 16S rRNA gene and the fungal ITS1 and ITS2 genes was performed using the

protocol developed by Swift Biosciences (https://swiftbiosci.com/) and used gene-specific

primers to cover the designated regions of both the 16S gene (Table 1) and ITS gene (Table 2).
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Amplicons were sequenced on an lllumina MiSeq using the 500 cycle MiSeq Reagent Kit

v2 and the 600 cycle MiSeq Reagent kit v3 (http://www.illumina.com/) according to

manufacturer’s instructions. Amplicon data was analyzed using the giime2 pipeline version
2020.2. Primers were removed using Cutadapt and read pairs merged using Vsearch; merged and
unmerged reads were imported into giime2 and denoised using DADAZ2; taxonomy was assigned
using the giime2 consensus BLAST classifier with the SILVA database version 138. Features
were filtered to remove low-confidence data — features not present in at least three samples were
removed as well as features with fewer than 50 counts. In addition, mitochondrial and
chloroplast features were removed. Finally, features without at least a class-level taxonomic
identification were removed. After collapsing the amplicon sequence variants (ASVs) to the

species level, 507 bacterial species-level features and 71 fungal were identified.

2.1.6 Data Analysis:

All analyses, aside from initial sequence filtering, were completed in RStudio (RStudio
Team, 2020). All data were checked for normality via histograms and qgplots prior to any
needed transformations or further assessment. To calculate the relative abundance of 16S and
ITS amplicon sequences, ASV counts were measured in each sample and then divided by the
total ASV counts within their respective sample. Alpha diversity was measured as Shannon
diversity, and Beta diversity was calculated using a Bray-Curtis dissimilarity measure. To test for
treatment effects on beta diversity, | performed an analysis of similarity (ANOSIM) using the
Vegan package in R (Oksanen et al., 2019). An ANOSIM is similar to and ANOVA but uses the
dissimilarity matrix as its input rather than the raw data to determine if the differences between
two or more groups is significant, which makes an ANOSIM test a nice compliment to an

NMDS plot. To determine unique taxa within each treatment, we further filtered ASVs by
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discarding taxa that were not present in five of eight plots in each treatment since they may not
accurately represent the microbial community present in these plots. ASV counts were
transformed to binary to determine taxa on a presence absence basis and then used the
VennDiagram package in R. After quantifying the number of unique microbial taxa within each
treatment, we were able to locate those specific taxa among all identified taxa based on their
individually assigned taxonomic unit. This allowed us to further determine the role these unique
microbes may play in this environment in response to the induced disturbances. All other
microbial, physical, and chemical property measurements were statistically analyzed using a
two-way analysis of variance (ANOVA). We used an ANOVA test to evaluate the effect of our
four treatement groups: control, fire, drought, and fire + drought. Correlation analyses were run
between MBC and pH, soil moisture, and bulk density. All analyses were done in R (4.0.3) and

significance was set at 0.05.

2.2. Results

2.2.1 Soil physical and chemical responses to experimental drought and prescribed fire.

Soil moisture was not significantly different among the treatments with an average of
3.48 £ 0.85 percent soil moisture across all samples (Table 3). We also found that pH was not
significantly different among the plots in response to the different treatments with an average pH
of 8.1 £ 0.09 (Table 3). Bulk density also showed no significant change in response to treatments
across all plots with a mean of 0.79 g/cm? + 0.10 g/cm? (Table 3). Percent organic C showed no
significant differences among treatments (Figure 3). However, organic C had a significantly
positive correlation with soil moisture (Figure 4), and a significantly negative correlation with

pH and bulk density (Figure 5 & 6).
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2.2.2 Soil biologic responses to experimental drought and prescribed fire.

There was no effect of drought or fire on C cycling related enzymes (B-glucosidase,
Cellobiohydrolase, and Xylosidase) (Table 4). Similarly, the extracellular enzyme activity
measured in relation to phosphorus acquisition (Phosphatase) and N cycling (N-acetyl
glucosaminidase) showed no response to drought or fire (Table 4). Across all our treatments we
observed no significant response in MBC (Figure 1). When comparing MBC to each
extracellular enzyme to determine if there were any correlations, MBC was significantly

correlated with xylosidase (R? = 0.25, p < 0.05) (Figure 2).

2.2.3 Microbial community composition in response to experimental drought and prescribed fire
Drought, fire, and the interaction of drought and fire had no effect on bacterial
community composition at the phyla level (Figure 7). Of the 507 identified bacterial ASVs, the
dominant bacteria phyla included Proteobacteria (34.7%), Actinobacteria (27.2%), Chloroflexi
(8.6%), and Bacteroidetes (5.5%). Despite Proteobacteria having a greater number of identified
ASVs, Actinobacteria had a greater relative abundance across all treatment plots (Figure 7).
Actinobacteria composed 56 percent of the relative abundance of bacterial taxa across all
treatments compared to Proteobacteria composing 19 percent of the relative abundance of

identified bacterial taxa (Figure 7).

There was also no effect of drought or fire as an interaction or main effects on Shannon
diversity (H’) (Figure 8). For our beta-diversity measurement, a nonmetric multi-dimensional
scaling (NMDS) using Bray-Curtis dissimilarity of ASVs measured by 16S rRNA gene amplicon
sequencing showed that there was no separation of the bacterial communities in response to

treatment plots (Figure 9). Using an ANOSIM test to determine the similarity of the bacterial
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communities across treatments we found that there was no significant difference in the bacterial

community in response to treatments (p > 0.05) (Figure 9).

Of the 367 identified bacterial ASVs present in at least five of eight plots of at least one
treatment, 4 were observed unique to the control treatment, 7 were observed unique to the
drought + fire treatment, 9 were observed unique to the fire treatment, and 24 were observed
unique to the drought treatment (Figure 10). Since the drought treatment and the fire treatment
had the most unique taxa, the subsequent analyses of the microbial community will be focusing
only on these two treatments. The drought treatment not only had more overall unique taxa
compared to the fire treatment (Table 5), but the composition of those unique taxa was different
(Figure 11). When looking at the distribution of Gram + and Gram - bacteria in the drought

treatment we observed 16 of the 24 taxa to be Gram - and the remaining eight of 24 as Gram +.

There was no effect of drought or fire in interaction or as main effects on fungal
diversity. Of the 71 identified fungal ASVs, the dominant fungal phyla included Ascomycota
(63.3%), Basidiomycota (18.3%), and Glomeromycota (11.2%). When analyzing for unique
taxa, three were observed unique to the control treatment and four were observed unique to the
drought treatment of the 13 identified fungal ASV (Table 6) (Figure 12). Based on the overall
low abundance of unique fungal taxa, we chose to compare the control and drought treatments
since they had the only unique taxa. The fungi in the drought and control treatment plots were

identical (Figure 13) and nearly identical at the class level (Table 6).

2.3 Discussion
Our findings show that the prescribed fire and experimental drought did not alter most

soil physical, chemical, and biological properties measured immediately after a burn, suggesting
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that land managers of semi-arid savannas can continue using prescribed fires without concerns of
impairing soil microbial biomass or enzymatic activity immediately post-fire. We hypothesized
that organic carbon would be lower in the fire treatment because of the combustion of soil
organic matter, whereas drought would show an increase in organic matter due to reduced
extracellular enzyme activity. Neither prediction was supported, given that amounts of organic
carbon did not differ significantly among any of the treatments (Figure 3). Since organic carbon
is largely influenced by the degradation of organic matter via extracellular enzymatic activity,
our results demonstrating no change in extracellular enzyme activity agree with our soil organic
carbon results. We also hypothesized that fire would reduce extracellular enzyme activity by
reducing microbial biomass carbon via combustion. However, our findings show neither a loss in
microbial biomass carbon nor a reduction in extracellular enzyme activity (Figure 1, Table 4).
This response may be due to a combination of factors. One factor may be that our study took
place in a semi-arid savanna. Although fire directly heats and dries soil, and thus increases
microbial mortality (Sherrod et al., 2002; Cairney and Bastias, 2007), previous studies have
shown that grassland and semi-arid savanna ecosystems are less susceptible than temperate
environments are to loss of microbial biomass in response to fire (Andersson et al., 2004; Novara
et al., 2013; Fultz et al., 2016; Pressler et al., 2019). Previous studies have concluded that
prescribed fires may change aboveground vegetation (Collins, 1992; Brockway and Lewis, 1997;
Govender et al., 2006), but they do not have any major impact on soil enzyme activity (Boerner
et al., 2000). Also, previous studies have found that wildfires cause greater losses of microbial
biomass than prescribed fires (Dooley and Treseder, 2011) and a prescribed fire may not achieve
the same amount of intense heat that a wildfire might. From these observations we can suggest

that because our study took place in a semi-arid savanna and the prescribed fire was likely short
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lived and of a low intensity, microbial biomass and enzymatic activity remain stable even in the

event of a disturbance.

Microbial biomass and extracellular enzyme activity can be resistant to periods of
drought (Schimel, 2018). There was no observed change in extracellular enzyme activity or
microbial biomass carbon across all treatments, which suggests that the microbial community in
this environment may already be drought-tolerant (Figure 1, Table 4). The observed lack of
response in microbial biomass carbon and extracellular enzyme activity upholds our hypothesis
that drought would maintain levels of extracellular enzyme activity. Drought is often defined as a
period of insufficient moisture compared with the environment’s normal annual precipitation
level (McKee et al., 1993). Microbial biomass has been shown to correlate with soil moisture
(Dunn et al., 1985; Fultz et al., 2016), and enzyme activity is directly influenced by microbial
biomass (Sanaullah et al., 2011; Hinojosa et al., 2016). We observed no significant correlation
between soil moisture and microbial biomass, which may explain why we only found one
significant correlation between microbial biomass and our five measured enzymes (xylosidase)
(Figure 2). We found that soil moisture did not significantly differ in the drought treatment from
that in other treatments. While our results are only a snapshot in time reflecting the
environmental conditions at the specific moment of sampling, observing no response in soil
moisture to drought and fire further suggests the microbial community is drought tolerant.
Similar environments have shown soil microbes exhibit a high sensitivity to changes in soil
moisture levels (Sardans and Pefiuelas, 2005), but our results suggest that the microbial
communities at our study site are more resistant (Castro et al., 2010). Like drought and fire
individually, a combination of drought and prescribed fire had no effect on soil microbial

biomass or extracellular enzyme activity (Figure 1, Table 4). However, to further affirm that

24



what is being reflected in the microbial biomass and extracellular enzyme activity is indicative of
the microbial community present in these plots, we further examined the community

composition.

Disturbance from drought and prescribed fire alone does not influence soil microbial
abundance and diversity in a semi-arid savanna. We hypothesized that microbial communities in
the fire treatment would have lower abundance, but greater beta-diversity while microbial
communities in the drought treatment would have lower beta-diversity. However, we found no
differences in relative abundance of identified taxa (Figure 7) or in beta-diversity, which is a
measure of overall species richness (Figure 9). Studies have shown that fire increases microbial
diversity, which would typically result in an increase in beta-diversity (Fontarbel et al., 2012).
However, this phenomenon was not seen in our study environment. Despite not seeing a distinct
difference in microbial diversity between the treatments, there are some copiotrophs identified in
our treatment plots. We observed one unique Bacilli (Firmicutes) taxa found only in the fire
treatment, but all treatments shared two Bacilli taxa. What this suggests is that this environment
has copiotroph taxa that are indicative of biocrust communities present at this site that are known
to be drought tolerant and are occasionally present in recently burned sites (Aanderud et al.,
2019). Finding these taxa in our drought and fire treatment plots provides initial signs that the
microbial community exhibits tolerance to these disturbances. While Firmicutes can play an
important role in the microbial community in response to disturbance (Bachar et al., 2010), they
only constituted 0.7% of the relative abundance whereas 56% of the relative abundance of

bacterial taxa across all treatments was in the phyla Actinobacteria.

Semi-arid savanna tolerance to disturbances, such as drought and fire, are reflected in the

microbial community. While eight of the 24 unique bacteria in the drought treatment were
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Actinobacteria, observing a majority relative abundance of this taxa indicates that regardless of
treatment, these plots already contain microbes that exhibit drought tolerance. Actinobacteria are
notably used for the production of many antibiotics but also exhibit a high degree of adaptability
to different environmental stressors and often form symbiotic relationships with plants to provide
protection from pathogens (van Bergeijk et al., 2020). Actinobacteria are also known to be
tolerant of desiccation (Mohammadipanah and Wink, 2016). We observed Actinobacteria to
have greatest relative abundance in the bacterial community, which suggests that the microbial
community is already tolerant to disturbances such as drought and fire. Notable Actinobacteria
found across all treatment plots are the genera Blastococcus and Modestobacter, which have
been found to thrive in arid regions that experience low water availability (Mohammadipanah
and Wink, 2016). Additional Actinobacteria that were observed in our treatment plots were the
genera Micromonospora and Actinomadura, which are known thermotolerant bacteria often
found in desert soils (Mohammadipanah and Wink, 2016). Seeing a widespread presence of
Actinobacteria across all treatments further suggests that semi-arid savannas can withstand
drought and fire without negatively impacting microbes in the soil. Previous research has shown
Acidobacteria to be more abundant and Chloroflexi to be less abundant in semi-arid sites (Bachar
et al., 2010). Our data shows no Acidobacteria, but Chloroflexi in the drought treatment (Table
5). This may likely be due to processes of rewetting and the uncharacteristically high amount of
rainfall in the summer of 2019 at this site and microbial communities are resilient and any added
moisture to the system can result in rapid community recovery (Schimel et al., 2007; Fuchslueger

etal., 2014).

The fungal community observed in our study included drought-tolerant taxa. The primary

taxa that were present in the treatment plots were Ascomycota, and the unique Ascomycota
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present in both the drought and control treatment plots reflect drought tolerance.
Dothideomycetes and Sordariomycetes are two Ascomycete fungal classes that have both been
found to colonize plant roots to aid the plant in growing in stressed environments (Porras-Alfaro
et al., 2008). For plants to persist in drought-prone environments they frequently form
associations with microorganisms to aid in nutrient uptake in addition to stress tolerance (Porras-
Alfaro et al., 2008; Acosta-Martinez et al., 2014).
2.4 Conclusions

The microbial community in a West Texas semi-arid savanna exhibits drought resistance,
which allowed for sustained enzymatic activity and microbial biomass under drought conditions.
Additionally, seeing no response in any of our measurements to prescribed fire suggests that fire
may remain a viable management option in semi-arid savannas without concerns of negatively
impacting soil microbial communities even during periods of drought. Our snapshot of how a
semi-arid savanna in West Texas responds to prescribed fire suggests that fire may not impair
soil microbes and the described taxa in our drought treatment further suggests the microbes in
this environment may be resistant to drought. Therefore, we can suggest that a combination of
drought and fire in semi-arid savannas has minimal impact on chemical, physical, and biological
properties in the first 5 cm of soil. Future studies should investigate plant-associated microbes
following drought and fire to gather a greater understanding of how vegetation changes may

affect belowground communities in response to these disturbances.
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APPENDIX A: TABLES

Table 1. Swift Amplicon 16S Primers

Gene

Vregions Primer Name Primer Name
lto4 S-D-Bact-0009-b-S-19 S-D-Bact-0785-a-A-21
3to4 S-D-Bact-0341-b-S-17 S-D-Bact-0785-a-A-21

16S
4t05 S-D-Bact-0517-a-S-17 S-D-Bact-0907-a-A-20
rRNA
7108 S-D-Bact-1099-a-S-16 S-*-Univ-1390-a-A-18
6to9 S-D-Bact-1055-a-S-16 S-D-Bact-1492-a-A-16

Table 2. Swift Amplicon ITS Primers

Gene Vregions Primer Name Primer Name
Reverse

ITS1 ITS1 Forward

ITS2 ITS2 5.8S-FUN ITS4-FUN

Table 3. Mean percent soil moisture, pH and bulk density (g/cm?)

Mean
Soil Moisture (%) 3.48 £0.85
pH 8.12+0.09
Bulk Density (g/cm?®) 0.79+0.10




Table 4. Mean extracellular enzyme activity of all five measured enzymes show no significant
difference based on treatment (umol g™ hY).

Enzyme Mean (umol gt h't)
B-glucosidase 2526.95 £ 1229.00
N-acetylglucosaminidase 137.82 £ 70.12
Phosphatase 816.39 + 457.03
Cellobiohydrolase 76.23 + 40.08
Xylosidase 222.96 £ 107.76
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Table 5. Unique bacterial taxa in the drought treatment and fire treatments

Treatment |Domain Phylum Class Order
Frankiales
Micrococcales
Actinobacteria Actinobacteria
Micromonosporales
Propionibacteriales
Pseudonocardiales
Chitinophagales
Bacteroidetes Bacteroidia
Drought |Bacteria Cytophagales
. Anaerolineae .
Chloroflexi i Caldilineales
Gitt-GS-136
Rhizobiales
Alphaproteobacteria
Sphingomonadales
Proteobacteria Deltaprotecbacteria Myxococcales
Gammaproteobacteria | Betaproteobacteriales
, . Acidimicrobiia Microtrichales
Actinobacteria - . — :
Actinobacteria Propionibacteriales
Cyanobacteria Oxyphotobacteria Nostocales
Fire Bacteria| Entotheonellaeota Entotheonellia Entotheonellales
Firmicutes Bacilli Bacillales
] . Caulobacterales
Proteobacteria Alphaproteobacteria S—
Rhizobiales
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Table 6. Unique fungal taxa in the drought and control treatments

Treatment | Kingdom Phylum Class Order

Capnodiales
Dothideomycetes P

. Pleosporales
Drought Fungi Ascomycota
Sordariomycetes -
Sordariales
Dothideomycetes Capnodiales
Control Fungi | Ascomycota | Sordariomycetes Hypocreales

Xylonomycetes Symbiotaphrinales
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APPENDIX B: FIGURES

Anova, p=0.96
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Control Dirosght Crrought_Fire Fire

Treatment

Figure 1. Microbial biomass carbon does not differ based on treatment. Box and whisker plots
represent the interquartile range and the standard error within each treatment (p > 0.05)
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AdjR2 = 025724
Intercept = 47728
Slope = 0.58024
P=0.0021142
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Figure 2. Microbial biomass carbon is positively correlated with xylosidase (p < 0.05)
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Figure 3. Organic carbon shows no change in response to treatment (p > 0.05)
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Figure 4. Percent organic carbon is positively correlated with soil moisture (p < 0.05)
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P =0.010098

Figure 5. Percent organic carbon is negatively correlated with pH (p < 0.05)
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Figure 6. Percent organic carbon is negatively correlated with bulk density (p < 0.05)
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Figure 7. The relative abundance of bacterial ASVs is similar across all treatments
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Figure 8. Alpha diversity shows no change in response to treatment (p > 0.05)
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Figure 9. Beta diversity shows no change in response to treatment (p > 0.05)
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Figure 10. 4-way Venn Diagram showing the distribution of bacterial taxa among treatments
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Figure 11. Unique fungal taxa in the (A) fire treatment and the (B) drought treatment. Node size
is determined by the abundance of the unique taxa
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Figure 12. 4-way Venn Diagram showing the distribution of fungal taxa among treatments
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Figure 13. Unique fungal taxa in the (A) drought treatment and the (B) control treatment. Node

size is determined by the abundance of the unique taxa
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