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Abstract 

 

Evaluating the direct and indirect effects of wildfires on soil biological 

activity and ecosystem regeneration 

 

Sol Cooperdock, M.S.Geo.Sci. 

The University of Texas at Austin, 2017 

 

Supervisor:  Daniel Breecker 

 
There is substantial uncertainty regarding the effects of wildfire on forest ecosystem 

regeneration. Some studies suggest that fires can prime ecosystems for regeneration 

whereas others suggest that the loss of organic matter as a result of wildfires limit 

regeneration. Which reaction occurs likely depends on the severity of the fire and, as we 

suggest here, the climate of the region. We studied a forest in central Texas, where two 

recent fires have occurred (2011 and 2015) and the hot, dry summers represent an analog 

for the future climate of many forest regions. Due to the role of the soil biological 

community in nutrient breakdown and cycling with an ecosystem, soil biological activity 

is an important indicator of recovery after wildfires. Two methods of measuring soil 

respiration were used as proxies for biological activity: field-based CO2 flux measurements 

and lab-based microcosm incubations. Soil temperature, water content, total C, N, δ13C, 

and pH were measured to determine the impact of wildfires on these variables and the 

impact of changes in these variables on biological activity. All samples for lab analysis 
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were taken from the top 5 cm of the soil. Decreases in total soil organic matter (SOM) were 

observed in burned soils, however, lab-based respiration measurements (which controlled 

for temperature and water content) suggest that decomposition rates in soils burned in the 

2011 fire are similar to unburned soils and decomposition rates in soils burned in the 2015 

fire are only slightly reduced. On the other hand, field measurements indicate respiration 

rates in burned soils were much lower than they were in unburned soils during hot and dry 

months due to differences in soil temperature and water content between burned and 

unburned soils. Increased temperatures in burned soils as a result of the removal of canopy 

cover, the removal of organic matter insulation and the deposition of black ash on the soil 

surface cause more severe water limitation in burned soils. We conclude that, although the 

composition of the soils was not impacted enough to reduced microbial activity where the 

burns occurred, the surrounding environment was disturbed enough to have severe indirect 

effects on the soil, most importantly increased heat absorption which led to lower water 

contents and ultimately lower respiration rates. Because this forest represents an analog for 

future climates, the data presented here suggest that soil ecosystem regeneration will be 

slowed after wildfires due to extreme temperature and water limitation. 
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1. Introduction 

Severe wildfires are extreme disturbances with the potential to shape ecosystems 

for years afterward (Foster et al., 1998). Similar to most disturbances, wildfires can lead to 

reinvigorated or suppressed growth depending on the disturbance dynamics. There are, 

however, some results of fires, unique among disturbances, that are caused by the extreme 

heat the forest experiences. This is especially true for the impact of wildfire on soils. For 

example, whereas any disturbance can change forest structure and redistribute biomass, 

wildfire can convert organic nutrients into inorganic forms, such as C to CO2 and N to 

NH4
+ and NO3

- (Covington & Sackett, 1992). These nutrient transformations, as well as 

redistribution of material as a result of wildfires, can drastically alter nutrient availability 

in soils which may result in abrupt changes to, and even decoupling of, biogeochemical 

cycles within the forest (Keiser et al., 2016). As the source for the majority of nutrients in 

the forest, it is essential to understand how these cycles are disrupted and recover after a 

wildfire. Further complicating, the impact of wildfire on soil properties varies substantially 

because of a series of complex, competing responses induced by fire, such as whether 

organic matter is volatilized or deposited on the forest floor (Certini, 2005). In addition to 

the direct impacts from the heat they generate, removal of vegetation by wildfires can have 

indirect impacts on the soil such as an increase in the solar radiation reaching the forest 

floor (Neary et al., 1999). 

Whereas many forest ecosystems have evolved with wildfire as a natural part of 

their succession, twentieth century fire policy was defined by suppression, which resulted 

in vegetation change and more dangerous fire-regimes due to increased fuel, decreased 
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diversity, and an increase in fire-susceptible species (Nowacki & Abrams, 2008). Adding 

to this, climate change is expected to further increase the severity and frequency of 

wildfires due to regional warming and increased time between precipitation events (de 

Groot et al., 2013). A synthesis of global wildfire dangers has shown an 18.7% increase in 

the length of fire seasons, a doubling of the area that is affected by wildfires, and an 

increase in the frequency of longer fire seasons across 53.4% of the globe since 1979 (Jolly 

et al., 2015). Furthermore, as climates change, global temperatures are expected to increase 

and precipitation events are expected to become more extreme and condensed, which will 

leave longer periods of drought Therefore, although the effect of changing climates on the 

frequency and severity of wildfires has already been well studied, of equal importance is 

how changing climates impact the response and regeneration of soil ecosystems after 

wildfires.  

In this context, the goal of this study is to separately evaluate the direct and indirect 

effects of wildfires on soils in a climate representative of future forested regions. This study 

was performed in a subtropical climate that experiences hot and dry summers, which may 

be a more representative climate in the future, in order to understand how changing 

climates may impact burned forests. Three questions about the direct and indirect effects 

of wildfires on functioning of the soil biological community were addressed: 1) how does 

direct heating as a result of wildfires impact the chemical composition and biological 

activity of soils?; 2) how do the indirect effects of wildfires change the way seasonal 

variation impacts burned versus unburned soils and what kind of feedbacks will a drier and 
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hotter climate have on regeneration following fires?; and 3) what ultimately drives/limits 

soil ecosystem recovery in a subtropical climate with hot, dry summers? 
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2. Methods and study area 

2.1 SITE DESCRIPTION 
 This study was conducted in Bastrop and Buescher State Parks, which are located 

approximately 50 and 60 km southeast of Austin, TX, USA, respectively (Fig. 1). The 

climate in this region is humid-sub tropical with annual rainfall of ~94 cm, but is also 

characterized by hot, dry summers with average mean temperatures of 29° C and average 

rainfall of ~5 cm during the month of July (TexasET Network, 2017), which makes it an 

ideal location to study the effect of extremes in temperature and precipitation on wildfire 

impacted soils. Beginning on September 4, 2011, the Bastrop Complex Fire burned ~131 

km2 including ~96% of Bastrop State Park (Lee & Chow, 2015). Beginning on October 12, 

2015, a second fire (the Hidden Pines Fire ) burned ~18.5 km2, including ~69% of Buescher 

State Park and a small portion of overlap from the previous fire (Jackson, 2015). Both fires 

removed the majority of canopy cover and undergrowth vegetation, but some ground cover 

has returned since 2011 (Fig. 2). The two fire events provided a unique opportunity to study 

how wildfire impacts change over time (without a longer-term study).  

In order to test a range of wildfire effects, four “treatments” were selected for study: 

burned in 2015 only, burned in 2011 only, burned in both fires, and an unburned control. 

Five 1 m2 plots were set up in each treatment, for a total of 20 plots (Fig. 1). Pre-fire 

vegetation types in all sites were loblolly pine-post oak forests and woodlands (TPWD, 

2016). All locations have the same soil type, classified as Edge gravelly fine sandy 
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Figure 1:  Map of the footprint of both wildfires, as well as Bastrop and Buescher 
State Parks, sampling locations and the weather station that air 
temperature and precipitation data were taken from. 
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loam with 3 to 8 percent slopes. Sites with low slopes (<5%) were chosen where available, 

but due to the small corridor available for soils burned in both fires (Fig. 1), several of these 

sites had steeper slopes. These soils are generally acidic, ranging in pH from 4.5-7.3 and 

have no detectable carbonate (Soil Survey Staff, 2016). In addition, soils were tested for 

carbonate with HCl and none was found. They are characterized by low organic matter 

content (0.5-1% in the top 10 cm), with approximately 65% sand, 25-30% silt and 5-10% 

clay (Soil Survey Staff, 2016). A single soil type was targeted to limit experimental 

variability.  

2.2 EXPERIMENTAL DESIGN 
We used soil respiration as an indicator of biological activity, as higher rates 

demonstrate higher metabolic activity and lower biological stress (Ryan & Law, 2005; 

Oyonarte et al., 2012). This is an important metric after wildfires because microbes are 

responsible for the majority of nutrient breakdown, transport and accessibility to plant life 

in forests (Van Der Heijden et al., 2008), so how this community recovers will define how 

decomposition and nutrient transport processes recover. Most studies have taken either a 

lab-based approach using microcosm incubations, or a field-based approach using flux-

chambers, both of which have advantages and limitations. In contrast, this study involved 

the simultaneous measurement of soil respiration on the same soils using both lab- and 

field-based methods, which is necessary to partition the direct from indirect effects of 

wildfires and to gather a full picture of the different responses of this ecosystem. As such, 

the research presented here is separated into two components in order to determine what 

impact wildfires have on soil respiration: first, a lab-based study in a controlled setting to  
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Figure 2:  Images of each burn treatment taken in January 2016. a: unburned, b: 
burned in 2015, c: burned in both fires, d: burned in 2011. 
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remove the effect of environmental variables (indirect effects), and second, a field-based 

study to determine how soil respiration is impacted in-situ when environmental conditions 

vary. Considered together, data from these two experiments give a more complete picture 

of how wildfires impact soil communities than either would individually; two methods 

were used to measure soil respiration as a proxy for microbial activity and decomposition: 

a microcosm incubation experiment for lab control and a flux chamber for use in the field. 

Additionally, total C and N concentrations, δ13C, pH, gravimetric water content, and soil 

temperature were measured. In order to test the impact of seasonal variations in 

environmental conditions, measurements began in March 2016 and continued through 

December 2016, catching the transition from spring through the hot summer and into early 

winter (Table 1). 

 

Table 1:  Dates of sampling trips and measurements that occurred on each sampling 
date. * represents this test was performed for this sampling date. 

2.3 FIELD RESPIRATION 
Field CO2 flux measurements were made using a portable closed-loop flow-through 

system, attached to a Licor® LI-820 infrared gas CO2 analyzer and a small air pump 
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(Norman et al., 1997). This system was designed to fit over a series of ~10 cm diameter 

PVC soil collars that were installed at sample sites (Fig. 3a). Before measurement, CO2 

concentrations within the soil collar were scrubbed below ambient levels in order to 

measure the rate of CO2 increase at ambient CO2 concentrations (Fig. 3b). CO2 

concentrations, analyzer cell temperature and pressure were recorded for 1 minute after 

concentrations rose above ambient levels. This short integration time was used to avoid a 

significant reduction in the soil-atmosphere CO2 gradient, which would reduce the 

measured flux below actual rates (Pumpanen et al., 2004). The rate of CO2 increase in the 

chamber was converted into a gas flux over time in µmol m-2 sec-1 using area of the collars 

and volume of the chamber.  

2.4 SOIL SAMPLE PREPARATION 
Five soil cores were collected from the top 5 cm of soil at all 20 locations. All five 

cores were combined together, bagged and put on ice to limit drying and microbial activity 

while being transported back to the lab where they were frozen at -40° C. Soils were 

weighed to obtain soil + water weight and then dried in an oven at 40° C. Drying soil 

weights were measured each day until the weight of all samples decreased by less than 

0.1% in a 24 hour period. Samples were then sieved to <2 mm to remove the gravel fraction 

and to homogenize.   

2.5 MICROCOSM RESPIRATION PROCEDURE 
Microcosms consisted of 40 mL borosilicate glass vials (FisherScientific Part #03-

339-14A) to which ~10-15 g of oven-dried, sieved soil were added. Water content in the  
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Figure 3: Field sampling system. a) Design for collars installed at sites and the 
loop system built for measurement of CO2 fluxes. b) An example of a 
field respiration dataset and what is occurring during sampling at each 
point.  
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microcosms was increased to 22% by weight (the average springtime water content for 

unburned soils) by adding deionized (DI) water. Samples were covered with Parafilm M® 

laboratory film and incubated in the dark. After 4 weeks, microcosms were closed with 

septum caps (FisherScientific Part #03-340-7L) and flushed with CO2-free air. After ~75 

minutes at room temperature in the dark, 5 mL of headspace gas was removed from each 

microcosm and injected into a 12 mL UHP helium-flushed gas-tight, septum-capped 

storage vial (Labco Exetainer®). CO2 concentrations were measured using an Agilent 

7890A Gas Chromatograph (GC) in which CO2 was separated from air using a Varian 

Capillary CP-PoraPlot Q column (Agilent Part #CP7551). Possible errors in this method 

arose from two main sources: unequal pressurization of storage vials (due to leaks) and 

differences in headspace volume in microcosms (due to different soil masses). The first 

source of error was eliminated by correcting CO2 peaks for total gas peak size (air + CO2) 

using the equation: 

 [ ] =  
+

∗ +  

Where [ ] is the CO2 concentration in each sample vial,  is the peak area of CO2 

measured on the GC,  is the peak area of air measured on the GC, and m and b are 

the slope and y-intercept of a calibration curve calculated between standards of 20% and 

401 ppm CO2. The ratio of CO2 to total gas will not vary with changes in pressure, thus 

that error is eliminated. The second error was eliminated by determining the volume of the 

headspace of each microcosm separately (by measuring the height of soil in each vial, 

assuming negligible contributions from soil pores) and calculating the total accumulation 
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of CO2 in moles based on the concentration of the 5 mL sample analyzed using the 

equation: 

 (    ) =
∗([ ] [ ] )

 ∗  
∗ 1000. 

Where  is the total gas in each microcosm headspace (in moles) estimated using the 

volume of the headspace, [ ]  and [ ]  are the concentrations (in ppm) of CO2 in 

samples and blanks, respectively, calculated using the previous equation,  is the dry 

mass of soil in the microcosm (g) and  is the time between flushing and sampling the 

microcosm (min).  

2.6 CHEMICAL ANALYSIS 
C and N concentrations were quantified by combustion using a Costech ECS 4010 

Elemental Analyzer with ~15 mg of the sieved, homogenized soil. The combusted gases 

were then routed into a ThermoFisher Delta V isotope ratio mass spectrometer to measure 

δ13C values of organic C. Soil pH was measured using an Oakton pH 5 probe, with a three-

point calibration using solutions of pH 4, 7, and 10. DI water was mixed with soils in a 

ratio of 2:1 to create a slurry that could be analyzed. 

2.7 SOIL TEMPERATURE 
Soil temperature was measured at 12 of the 20 sampling sites; 3 sites from each 

treatment. Onset Hobo Pendant® temperature loggers were buried 5 cm below the surface 

of the soil at all 12 sites. Additionally, one representative site from each treatment was 

chosen to bury a logger at 15 cm depth to determine the effect of the fires on the 

temperature gradient in the soils. On each sampling date, loggers were dug up and data was 
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downloaded. Loggers were then reburied with the same soil at the same location. 

Anomalous temperature readings from immediately after uncovering and recovering 

loggers were removed from datasets. 

2.8 STATISTICAL ANALYSIS 
Differences among all variables were evaluated using single factor analysis of 

variance (ANOVA) with treatment as the only predictor. If the ANOVA test was 

significant (p<0.05), a multiple comparisons test was run to determine which treatments 

showed significant differences. Simple linear regression was used to test for collinearity 

between all variables. N and C were correlated (R2=0.9) for all data so for the purpose of 

regression models, they were collectively termed soil organic matter (SOM), and %N was 

used as a proxy. Simple linear regression models were then developed for lab-based 

respiration rates as a function of SOM, C to N ratios (C:N) and pH. For linear regression 

of field-based respiration rates, water content and soil temperature were included in 

addition to SOM, C:N, and pH. Average temperatures over the 5 days preceding sampling 

time was used for the purpose of statistical analysis. Field-based respiration rates can be 

influenced by factors other than those being addressed in this study (e.g., respiration below 

5 cm), therefore outlier respiration rates were removed from models in order to prevent 

high-leverage non-conforming observations from influencing regression models. Outliers 

were identified using bi-square robust regression with respiration rates as the response 

variable and treatment as the predictor variable. This method assumes that there are 

similarities in respiration rates within each treatment and weights observations using 

iteratively reweighted least squares in which observations are reweighted over successive 
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model iterations depending on their distance from the regression line. If the absolute value 

of an observation’s residual during any given iteration is above a certain threshold, its 

weight is set to zero. All observations that returned weights equal to zero were removed 

from the model. Each month had 20 observations before outlier removal: 3 observations 

were removed from May and August; 2 observations were removed from July, September, 

and December; and 1 observation was removed from June and October. After the removal 

of outliers, ordinary least-squares regression was run on the remaining observations. Each 

model was run for each month’s data in order to determine how factors’ influence changed 

according to seasons.  

Additionally, one site that was burned in 2015 showed different lab respiration 

responses from all other sites. Because of the high leverage this outlier response caused, 

this site was removed from all regression models that included lab respiration rates, as well 

as all data for lab respiration rates. A table that includes data from this site can be found in 

the supplemental material (Tables S1 and S6). After the 2015 fire, organic material was 

washed onto this site, which created a large O horizon mostly consisting of char. Because 

of this, it is likely that the majority of organic material measured was sterilized by fire and 

did not represent the top 5 cm of soil. Instead, the microbial community was likely not 

present in this fraction of the soil, so biological activity would be severely reduced even 

with very high organic matter content.
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Table 2:  Chemical and lab-based respiration data collected for each month. Superscripts refer to significant differences 
between treatments. Significant differences between each treatment (p<0.05) are represented by different letter 
superscripts.
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3. Results 

3.1 CHEMICAL ANALYSIS 
 Soil C and N concentrations were both reduced by the wildfires. Burned soil C 

concentrations were ~50-83% of those measured in unburned soils across all months (Table 

2). N concentrations followed a similar trend, with burned soils containing ~41-76% of the 

N measured in unburned soils (Table 2). C:N followed the opposite pattern across 

treatments. Unburned sites had the lowest C:N, with burned soils C:N ~117-129% of the 

unburned soils (Table 2). There were slight fluctuations in C and N concentrations on a 

month-by-month basis, with these same trends generally occurring. δ13C values of soil C 

were very consistent month to month. Unburned sites had the least negative δ13C values, 

and were always 0.8-1.1‰ heavier than burned soils (Table 2). Soil pH overall was 

significantly higher in sites burned in 2015 (6.76 ±0.15) than both unburned sites (6.27 

±0.13) and sites burned in 2011 (5.89 ±0.07), but pH differences were not significant during 

any specific month (Table 2).  

3.2 SOIL WATER AND TEMPERATURE 
Unburned soils always had the highest water contents, followed by soils burned in 

2011 and soils burned in 2015 while soils burned in both fires generally had the lowest 

water contents (Fig. 4). On a monthly basis, these differences were minimized in December 

(when temperatures were at their coolest) and maximized in July and October when 

conditions were extremely dry with < 1 cm of rain in the 30 days preceding the sampling 

date (MesoWest, 2016) (Fig. 3). During the dry months of July and October, water content 

in burned soils was ~7-21% and ~15-31%, respectively, of water contents measured in  
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Figure 4: Recorded air and soil temperatures during the study period and gravimetric water contents measured at each 

sampling date. Top panel shows the temperatures recorded in unburned soils and soils burned in both fires 
through the entire study period. For detailed views, the study period is separated into 4 sections with 
temperatures from the air (Station BTRT2) and average temperatures from each treatment at 5 cm depth (3 
measurements each) represented as lines on the left y-axis and 24 hour precipitation totals represented as bars 
on the right y-axis. Boxplots compare gravimetric water content for each sample date and are linked to the 
corresponding date on the temperature timeline. Different letters represent significantly different sample means 
between treatments.



 18 

unburned soils. Although water contents in soils that were burned twice were still ~50% of 

unburned soils even when water contents were at their highest (August), soils that were 

burned once had much higher water contents, with ~88-91% of unburned soils. During 

December, when ANOVA tests were not significant, burned soils had ~45-88% of the 

water content of unburned soils (Fig. 4). 

 Soil temperature and soil moisture were negatively correlated in all months except 

August and December (Fig. 6c). Summer soil temperatures were much higher in burned 

soils, with July maximum, minimum and mean temperatures averaging ~14º C, ~3º C, and 

~8º C, respectively, higher than unburned soils at 5 cm depth (Fig. 4). At 15 cm depth, 

maximum, minimum and mean temperatures in July were ~18º C, ~2º C and ~8º C higher 

in sites burned in both fires than unburned sites and ~3º C, ~3º C and ~4º C higher in burned 

2015 sites than unburned sites. Sites burned in 2011 had similar soil temperatures as 

unburned sites at 15 cm depth during the month of July (Table S8).  

3.3 LAB AND FIELD RESPIRATION RATES 
 Lab respiration rates changed very little over time, thus differences between 

treatments were generally consistent month-to-month. Across all months, soils burned in 

2011 respired ~88% of unburned soils, soils that were burned in 2015 respired ~64% of 

unburned soils, and soils that were burned in both fires respired ~29% of unburned soils 

(Table 2). When lab respiration rates were corrected for %C, unburned sites and sites 

burned in 2011 had essentially the same respiration rate, with sites burned in 2011 respiring 

~97% of the CO2 respired from microcosms in unburned sites. Soils burned in 2015 

respired slightly less CO2 in microcosms, ~76% of the amount measured in unburned sites. 
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Soils burned in both fires, however, showed lower lab respiration rates, with ~53% of the 

CO2 respired from unburned. The differences measured in respiration rates per gram of C 

were only significant, however, during the month of December (Table 2).  

 Differences in field respiration rates between treatments were more seasonally 

pronounced than lab respiration rates. These differences peaked in June, July and October, 

when ANOVA tests were significant, with respiration rates in burned sites averaging ~34-

74%, ~40-61% and ~41-86% lower than unburned sites, respectively (Fig. 5). Differences 

were reduced and not significant in May and August, although unburned soils still had the 

highest field respiration rates. The differences disappeared altogether in September and 

December when one or more of the burned treatments had higher respiration rates than the 

unburned sites.  

3.4 REGRESSION MODELS 
SOM was the only consistently significant predictor for lab respiration rates. In 

monthly regression models, SOM predicted between 52 and 59% of the variation in 

respiration rates, and when all data were combined SOM predicted 53% of the variation in 

respiration rates (Table 3). When regression models were separated by treatment instead 

of month, SOM predicted ~67% and ~83% of variation in lab respiration rates for sites 

burned in 2015 and 2011 (p<0.001),  respectively, but only ~20% of the variation in lab 

respiration for unburned sites (p=0.05), whereas a significant relationship was not found 

for sites that were burned twice (Fig. 7).  

Field based respiration rates were positively correlated with water content in all 

months except August and September. Water content explained a large amount of the 
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variation in field-based respiration rates in July (46%, p=0.002) and October (50%, 

p<0.001) and less variation in May (30%, p=0.02) and December (25%, p=0.04) (Fig. 6a). 

Field respiration rates were negatively correlated with temperature during the months of 

May, June and July. June temperatures explained the most variation (87%, p<0.001), 

followed by July (63%, p=0.004) and May (60%, p=0.009) (Fig. 6b). There were also 

significant correlations between SOM and field based respiration rates during the months 

of July and September (R2=0.43, p<0.01; R2=0.36, p<0.01) (Table 3).  
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4. Discussion 

 We found that wildfires inhibit the recovery of soil respiration for at least 5 years 

after a severe burn due indirect effects on soil water contents.  Respiration rates were 

significantly lower in burned compared with unburned soils during hot, dry episodes. These 

low respiration rates resulted from water limitation as demonstrated by the elevated 

respiration rates in these same soils when incubated in the lab at elevated water contents, 

regardless of SOM concentration. This water limitation coincided with higher temperatures 

in burned soils than unburned soils. We therefore suggest that indirect effects of fire on 

soil such as removal of canopy, darkening of the surface, and removal of insulating litter 

layer result in higher temperatures and lower water contents in the shallow soil (to at least 

5 cm as studied here), possibly due to increased evaporation rates, which strongly limit 

decomposition and ultimately regeneration as well.  

4.1 COMPARISONS BETWEEN LAB AND FIELD RESPIRATION 
 Lab- and field-based measurements give different, but supplementary, information 

about how wildfires have impacted the respiration rates in burned soils. Large differences 

in field-based respiration rates were observed between treatments during certain months 

(specifically those with low precipitation) and a large amount of variation within treatments 

was observed month-to-month (Fig. 5). This suggests that seasonal variation had a large 

impact on respiration rates and that these variations impacted treatments differently. On 

the other hand, lab data suggest less change in respiration rates in burned soils (with the 

exception of soils that have been burned in both fires) and very little change within 

treatments between months, with significant differences in lab respiration rates between 
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soils burned in one fire and unburned soils only appearing during the month of December 

(Table 2). The differences that are observed (even those that are not significant in ANOVA) 

between soils burned in one fire and unburned soils are largely explained by differences in 

organic matter, as is shown when lab respiration rates are corrected for C concentration 

(Table 2). The relatively equivalent respiration rates per gram of C suggest that these soils 

have the same capacity for decomposition when water content and temperature are 

controlled. Taken together, these data imply that changes in temperature and water content 

have a much larger impact on soil respiration than changes in SOM content in these soils; 

because field-based respiration data displayed significant differences between unburned 

and burned soils, as well as a large amount of variation seasonally, while lab-based 

respiration stayed constant, we can conclude that the indirect effects of wildfires 

overshadowed the direct effects.  

4.2 INDIRECT EFFECTS OF WILDFIRES AND THEIR IMPACTS ON SOIL WATER AND 

TEMPERATURE 
 Seasonal variation in the study area is high, with very hot and dry summers and 

periods of low rainfall common (TexasET Network, 2017). In this study, hot periods during 

the summer increased the soil temperatures in burned soils much more than in unburned 

soils, which led to lower water contents in those soils (Fig. 4). Due to these extremes, 

microbial communities in burned soils were periodically severely water-limited, which 

slowed decomposition rates. Whereas lab-based respiration measurements control for these 

variations and do not show seasonal differences among treatments, field-based 

measurements provide evidence that seasonal variations in temperature and precipitation
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Figure 5:  Comparisons of respiration rates for lab (a) and field (b) respiration measurements over time. Where ANOVA 
return significant differences (p<0.05), significantly different treatment means are referred to by different letters. 
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(which can be extreme in Texas) have a larger impact on burned soils than unburned ones 

due to the effects the fire had on the surrounding environment (e.g., removal of canopy). 

The impacts of wildfires on hydrologic properties in soils is variable. 

Hydrophobicity is commonly observed in recently burned soils, which can increase runoff 

(Doerr et al., 2006). On the other hand, in another study following the 2011 Bastrop 

Complex Fire which measured soil water content 100 cm below the surface, Cardenas & 

Kanarek (2014) observed higher water contents in burned areas compared to unburned 

areas, especially with increasing depth. In this study they conclude that a decrease in 

transpiration due to the loss of trees contributed to an increase in total water content in 

soils, as well as the infiltration of water into deeper soils (Cardenas & Kanarek, 2014). 

Burned areas can also become wetter because less rainfall is intercepted by canopy cover 

(Soto & Diaz-Fierros, 1997). Our research, however, returned very consistent and 

significant results in which burned soils had lower water content than unburned soils. 

Because this study focused on the top 5 cm of soil, it is unsurprising that our results do not 

mirror those of Cardenas & Kanarek (2014); higher infiltration rates observed in their study 

likely contributed to lower water content in the upper horizon, but we argue that 

additionally the wildfire made the upper 5 cm of soil more susceptible to evaporation which 

further lowered water content.  

There are two processes that could contribute to lower water content in the top 5 

cm of burned soils: (a) less water enters or is retained by this upper horizon and (b) water 

is evaporated at a higher rate. Generally, process (a) can be explained by increased runoff 

or increased infiltration into deeper soils (Moody & Martin, 2001). Although it was not 
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directly studied, hydrophobicity was observed in some soils that were burned in both fires 

and many of the barriers to runoff (e.g., leaf litter, downed branches) were removed by the 

fire, so it is likely that increased runoff did contribute to the lower water contents in burned 

soils measured here. Additionally, as mentioned above, Cardenas and Kanarek (2014) 

observed higher water contents in deeper burned soils, indicating that water was infiltrating 

deeper into these soils. However, the impact of these changes would be seen immediately 

after a precipitation event, because they effect the flow of water into or over the soil. Our 

two sampling trips that occurred immediately following significant rain events (>7 cm of 

rain in 5 days in August, >5 cm of rain in 5 days in September), show that this likely 

explains water content in soils burned in both fires (significantly different from unburned 

soils during both August and September), but only partially explains water contents in soils 

burned in 2015 (similar water contents as unburned soils in August, significantly different 

in September) and does not explain water contents at all in soils burned in 2011 (similar 

water contents with unburned soils in both August and September) (Fig. 4). Therefore, 

when explaining the dramatically lower water contents observed in all burned soils in hot 

and dry months like July and October, another explanation needs to be considered, such as 

increased evaporation rates.  

During the months of May, July, September, and October there were significant 

correlations between water content and soil temperature (Fig. 6c), which suggests 

differences in evaporation rates could have contributed to differences in water content. 

Additionally, soil temperatures during the summer months were much higher in burned 

soils than unburned soils (Fig. 4). There are three general conditions that wildfires create 
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which indirectly impact forest soils and can contribute to an increase in temperatures and 

evaporation rates: (1) the removal of canopy cover, (2) the removal of ground cover and 

organic matter, and (3) decreased albedo due to the deposition of black charred material 

(Zavala et al., 2014; Thompson et al., 2015). The removal of canopy in condition (1) 

increases the amount of solar radiation that reaches the soil, which occurred at all burned 

sites. Although loblolly pine is a quickly regenerating species, even under optimal 

conditions it can take five or more years to establish a new stand (Schultz, 1997), and at 

the time of this study only lone saplings had regenerated since the 2011 fire (Fig. 2d). The 

removal of canopy is likely why, in the driest months of July and October, all burned 

treatments had lower water contents than unburned sites, where full canopies still exist. 

The removal of ground cover and organic matter in condition (2) decreases the insulation 

the soil has and, coupled with the removal of canopy cover, can allow significantly more 

solar radiation to reach the soil. When the study began in March 2016, all recently burned 

sites were bare (Fig. 2b and 2c). Sites burned in 2011 had some ground cover, which 

insulated the soil and prevented evaporation (Fig. 2d). The effect of this is seen in the less 

extreme months of May and September, where sites burned in 2011 have soil moisture 

levels more similar to unburned sites than recently burned ones (Fig. 4). Condition (3) 

causes soils to absorb more solar radiation after charred dark material is deposited in a fire. 

In general, the soils were darker in all burned areas compared to unburned areas, which 

likely further contributed to the higher temperatures and increased evaporation in the soils 

that did not have ground cover insulation (Fig. 8). 
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Soil respiration is highly dependent on soil water content (Oyonarte et al., 2012), 

with a peak in respiration rates occurring at intermediate levels of water and a decrease as 

soils approach saturation or depletion with regards to water content (Moyano et al., 2013). 

In this study, we may have observed both phenomena. When respiration rates were similar 

across all treatments during the months of August and September, water contents were high 

everywhere, possibly causing local water saturation. On the other hand, during other 

months we observed differences in respiration rates that were correlated with water content. 

In fact, our data reflect a positive correlation between water content and field respiration 

during the months of May, July, October and December (Fig. 6a). What is most important 

about these models is that during periods of drought (July, October), burned soils have 

much less water than unburned soils, on the order of 1% versus 4-5%. This leads to 

dramatically reduced microbial activity, demonstrated by lower respiration rates in burned 

soils in both months.  

When considering the correlation between soil temperature and water content, there 

are also confounding interactions between how these two variables influence microbial 

activity (Davidson et al., 1998). Microbial metabolism is highly temperature dependent, 

with increasing activity as temperatures increase  (Price & Sowers, 2004). Because of this, 

positive correlations between respiration rates and soil temperature have been observed 

(Lloyd & Taylor, 1994; Davidson et al., 1998). Our data, however, show negative 

correlations between temperature and respiration rates (Fig. 6b), which occur almost 

certainly because during hot, dry episodes the influence of temperature on water content 

(and subsequently of water content on respiration rates) is more important than the direct 
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Figure 6:  Regression models testing the interaction between field respiration, soil 
water content and soil temperature. Significant models were those that 
returned p-values <0.05. Temperatures used are the average temperature 
over the five days preceding the sampling time at 5 cm depth. Note: only 12 
sites had temperature loggers, so figures 6b and 6c only include 12 data 
points per month while figure 6a includes 20. 

influence of temperature on respiration rates. The interactive effect of temperature and 

moisture can be seen in Figure 6a, where higher temperature months (July) have steeper 

regression slopes than lower temperature months (December). This shows that, at higher 

temperatures, moisture has a larger impact on respiration rates. This is important because 
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those higher temperature months are coincident with water limitation in burned soils; in 

addition to the limitation in microbial activity caused by low water contents, this trend 

means that hot summer months are creating the largest difference in decomposition rates 

because higher water contents have a larger impact on microbial activity when 

temperatures are high. Therefore, the ability to retain water during hot months is more 

important for overall decomposition than the ability to retain water during cold months 

because water and temperature interact to increase decomposition rates more than either 

do individually. However, because only unburned soils have the ability to retain water 

when temperatures are very high (Fig. 4), under current environmental conditions, this only 

applies to the unburned soils because the burned soils lose the vast majority of their water 

during hot periods and are severely water limited, further increasing differences in 

decomposition between soils. 

4.3 SOIL CHEMISTRY 
 Under controlled conditions (in lab microcosms), there is evidence that wildfire-

induced transformations to soil chemistry had very little impact on soil respiration (as 

discussed above) and, in fact, may have released previously inaccessible nutrients into soils 

that help the microbial community maintain levels of activity in spite of reductions in total 

SOM. In contrast, chemical analysis of soils burned in 2011 indicate that they have 

undergone significantly reduced decomposition compared to unburned soils since the 2011 

fire. This is additional evidence for the importance of the indirect effects on regeneration 

after fire.  
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We used C:N and δ13C data as indicators of the level of decomposition that soils 

have undergone, which agree with field-based respiration measurements. Soils that were 

burned in the 2011 fire are especially important for this section because the time since the 

2011 fire is likely long enough for significant decomposition of the SOM to have occurred. 

C volatilizes at a lower temperature than N, and previous studies have often observed a 

decrease in C:N with burning (Fernández et al., 1997; González-Pérez et al., 2004) because 

of the fractionation associated with differences in volatilization temperatures. Plant debris 

has a much higher C:N than soils (Cleveland & Liptzin, 2007), so any inputs of 

undecomposed plant material will raise the C:N of soils, but as microbes decompose this 

material, CO2 is lost due to respiration and C:N decreases. The fact that our data show 

significantly higher C:N in soils burned in 2011 compared to unburned soils suggests that 

those high C:N plant inputs are still dominating the SOM and discernible decomposition 

has not occurred since the 2011 fire. δ13C data provides further evidence that sites burned 

in 2011 have had severely reduced decomposition rates since the 2011 fire. δ13C values 

have been shown to decrease by up to 1.3‰ while burning wood C (Turney et al., 2006), 

which is very similar to the differences in δ13C values observed between recently burned 

and unburned soils (~0.8-1.1‰) (Table 2). However, more highly decomposed SOM 

generally displays higher δ13C than less decomposed SOM  (Wynn, 2007). On the contrary, 

soils burned in the 2011 fire have the most negative δ13C values of all soils (Table 2) which 

again indicates that very little decomposition has occurred since the 2011 fire. These C:N 

and δ13C data are further evidence that indirect effects overwhelm the direct effects of 
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wildfires on soil respiration in a climate such as central Texas, where hot and dry periods 

are common.   

This all being said, lab-based respiration measurements do give indications of how 

biological activity is impacted by direct changes to the soil composition, when 

environmental variables are controlled for. In regression models, SOM was the only 

consistently significant predictor of lab-based respiration. This is important in the context 

of the observed reduction in C and N concentrations in burned soils (Table 2) and (when 

excluding soils that have burned twice) the decrease in regression slopes in models between 

SOM and lab respiration as time since fire increases (Fig. 7). C and N concentrations have 

been reported to both increase (Harden et al., 2004) and decrease (Simard et al., 2001) as 

a result of wildfire. These varied observations can often be explained by fire severity, with 

lower severity fires releasing material from aboveground biomass into soils and high 

severity fires removing belowground and aboveground material (González-Pérez et al., 

2004). Fire severity is a rating system that refers to the fraction of organic matter that is 

consumed from the forest floor, with “severe” indicating complete removal of organic 

matter (Ryan, 2002). Burned soils targeted in this study were all considered “severely” 

burned, so the reduction in both C and N observed here is unsurprising because much of 

the organic material containing these two elements was removed. However, any residual 

SOM leftover from the fires was likely more accessible to microbial communities because 

complex organic compounds are broken down into simpler compounds as a result of 

heating (Certini, 2005). Thus, regression slopes in models between SOM and lab 

respiration decrease as time since fire increases (Fig. 7) because of the increased  
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Figure 7:  Regression models testing the interaction between SOM (with %N as proxy) 
and lab respiration rates. Note: one site burned in 2015 consistently 
displayed a different response to changes in SOM and was removed from 
these models 

accessibility of SOM nutrients caused by heating. The SOM measured in soils that were 

burned in 2015 is more representative of SOM that is available for microbes to consume, 

since it is no longer locked up in complex organic compounds. Soils that were burned in 

2011 have a shallower slope (Fig. 7d) than soils burned in 2015 (Fig. 7b) because some of 
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the material released in the 2011 fire has been locked up in complex compounds. Unburned 

soils have a very shallow slope and weak correlation (Fig. 7a) because most of the SOM 

measured remains in those complex compounds. 

 These regression models from microcosm incubations suggest that the increased 

accessibility of SOM in burned soils mitigates the detrimental effect of the loss of total 

SOM under “ideal” conditions (in which water content and temperature were controlled), 

for soils that have been burned only once. In soils that were burned twice, however, 

something else is affecting respiration rates, as shown by non-significant fits in regression 

models (Fig. 7c). There are several possible factors that could be limiting activity, perhaps 

the most likely of which is microbial biomass itself. Although not directly measured here, 

microbial biomass can be severely reduced by wildfire (Dooley & Treseder, 2012) and it 

is possible that a much more severe reduction in microbial biomass occurred in sites that 

had been burned before because the community had not completely recovered from the 

previous fire. This assertion seems likely because the negative effects of wildfire on 

microbial biomass can last ~15 years (Dooley & Treseder, 2012). On the other hand, 

perhaps a reduction in respiration rates is not observed in sites that were burned once 

because, although biomass is reduced, soil communities are often resilient or resistant to a 

single disturbance in terms of their function (Wertz et al., 2007), in this case decomposition 

of organic matter.   
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5. Conclusions and implications 

 Whereas lab-based respiration measurements varied very little with month and 

indicated encouraging decomposition rates in soils that were burned in a single fire, field-

based measurements showed much larger variations due to large seasonal changes in 

temperature and water content. This was most pronounced when precipitation rates were 

low and soil temperatures were high, which resulted in very low water contents in soils. 

These low precipitation and high temperature periods impacted burned soils much more 

severely than unburned soils because of changes to the environment discussed above, and 

likely have contributed to slowing decomposition rates. In addition, temperature and water 

content interact to compound the differences in activity in the soils during hot periods, so 

that when temperatures are hot and (if water content were constant) decomposition rates 

could be at their highest, instead burned soils are severely water limited while unburned 

soils are able to retain water. This means that when temperatures are highest (and 

decomposition rates could be highest) only organisms in unburned soils are able to 

metabolize at a high rate because those are the only soils that are not severely water limited. 

This is why soils burned in the 2011 Bastrop Complex Fire do not appear to have undergone 

significant decomposition since being burned; instead of organisms metabolizing and 

breaking down material at a high rate as suggested in lab experiments, these soils have 

been periodically water limited because of the indirect effects of wildfires discussed earlier, 

which has slowed down decomposition compared to unburned soils.  

The implications of this decrease in decomposition is most important in the context 

of wildfire-prone forests in climates that experience hot and dry seasons and especially 
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relevant as regional climates change, with seasonal extremes expected to become 

increasingly hot and dry in the United States (Liu et al., 2013) and globally (Kharin et al., 

2007) and longer and more severe fire seasons expected (Jolly et al., 2015). These extremes 

will decrease biological activity much more than the direct chemical or biological impacts 

of fires, as high temperatures unevenly affect burned soils. Because lower severity and 

prescribed fires generally leave the forest canopy untouched (Ryan, 2002; Schwilk et al., 

2009) and actually contribute to regeneration because of the release of nutrients into soils 

(Certini, 2005), prescribed fire is a possible method for moderating the negative effects of 

severe wildfires on soils, as shown in this study, and has been added to the forest 

management strategy of this and many other forests (Sparks, 2004). 

 In addition, this study has implications for climate change and carbon cycle 

modeling. Whereas boreal forests are expected to cool in the long-term as a result of 

wildfires because the negative forcing of increased albedo is thought to exceed the positive 

radiative forcing of the emission of greenhouse gases (Bonan, 2008), in temperate forests 

fire-induced tree removal is expected to increase temperatures in those areas because 

physiological and aerodynamic changes can be a positive forcing that exceeds the negative 

forcing of changes to albedo (Juang et al., 2007). Therefore wildfires that occur in these 

temperate regions may have a positive feedback on regional and global climate changes 

and must be considered in models. This is especially important because immediately after 

a disturbance forests will briefly become a carbon source, as dead trees emit carbon without 

taking any in  (Thornton et al., 2002). This period of carbon source is followed by a strong 

carbon sink as trees regenerate with the length of time that passes before the ecosystem 
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becomes a carbon sink being largely dependent on climate and vegetation type (Thornton 

et al., 2002). As this study has shown, climate can be a strong factor impacting the rate of 

regeneration as it can severely limit soil microbial activity which can slow plant 

regeneration. Therefore carbon cycle models that include wildfire must take into account 

this slowed ecosystem regeneration because forests that experience hot and dry periods like 

Central Texas will likely have a prolonged period as a carbon source after a wildfire. 
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Appendix A: Tables 

 

Table 3:  Results of regression models with (a) lab and (b) field respiration as 
response variables. Predictor variables are W-water content, OM-organic 
matter concentration (with %N as proxy), C:N-carbon to nitrogen ratio, pH, 
and T- average soil temperature at 5 cm depth for 5 days preceding 
sampling. Numbers indicate R2 values. * p<0.05, **p<0.01, ***p<0.001. 
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Supplemental table descriptions (in attached file):  

Table S1: Data used for all regression models 

Table S2: Total nitrogen concentrations 

Table S3: Total carbon concentrations 

Table S4: C:N ratios 

Table S5: δ13C values 

Table S6: Lab respiration data 

Table S7: Field respiration data 

Table S8: Soil temperatures 
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Appendix B: Figures 

 

 
 

Figure 8:  Images of wetted soils collected in March 2016.  
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