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Abstract: The immediate effects of wildland fire on soil have been well documented. However,
we know much less about the longer-term effects and their implications for plants. Post-fire soil
temperature regimes, for example, have received relatively little research attention, despite potential
effects on plant phenology and establishment. Using portable temperature datalogger units (iButtons),
we conducted an experimental study to assess how fire severity (measured in terms of litter and
duff consumption) influences biologically relevant temperature parameters such as diel minimums,
maximums, means, and ranges. We also used these data to calculate cumulative soil growing degree
days (GDDs). The study was conducted during the early to mid-spring to capture the transition from
dormant season to growing season. Results indicate that mean and max soil temperatures increase
in the weeks after fire, with the most pronounced effects in the higher severity treatments. By the
end of the 40-day study period, soils in the high severity burn treatment had accumulated 72 GDDs,
compared to 17.9, 13.6, and 1.4 in moderate, low, and control treatments, respectively. These findings
indicate that fire severity has significant and persistent effects on post-fire soil temperature regimes,
and this likely has implications for the post-fire vegetation response.
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1. Introduction

Fire has historically been an essential component of the disturbance regime in many forest
ecosystems [1-3]. Along with reducing hazardous fuel loads, it encourages the regeneration of
tire-adapted species, constrains the spread of fire-sensitive species, and can result in increases in plant
species richness [4-9]. Fire can also influence plant phenology by inducing budding and modifying
the timing abundance of flower and fruit production [10,11]. Seed germination for some species is
stimulated by fire [12] and/or may be enhanced by a warmer post-fire environment [11,13].

Fire behavior is heavily dependent on the type and amount of fuel available, and fires that heavily
impact surface fuels can have implications for soil properties [14-17]. Potential changes to burned
soil such as reduced productivity and increased sedimentation can impact a multitude of ecosystem
services including plant production and water quality [18-20]. During severe fires, duff and litter can be
completely consumed, which exposes the mineral soil to heating during the fire itself [18]. Burned soils
can influence vegetation regeneration, species composition, and forest growth and development [20].
Prolonged soil heating due to smoldering in areas with high accumulations of duff has been implicated
in overstory mortality [17,21]. It can also have an impact on grass and forb communities due to direct
mortality of established plants or seedbank destruction [22], or by encouraging the germination of
seeds from a long-dormant seedbank [23].
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While the effects of soil heating during fires are increasingly well-understood, little is known
about how litter and duff consumption by fire can influence post-fire soil temperature regimes. The
presence of a moist litter and duff layer insulates the mineral soil from high temperatures experienced
during fire [16]. Soil structure and organic matter content changes as soil temperature rises above
300 °C, potentially decreasing the amount of water retained by the soil [24]. As soil becomes dryer,
the temperature increases and decreases more drastically, since water has a very high specific heat [25].
Additionally, changes in soil albedo, caused by fire, can also influence temperature regimes, as a layer
of blackened/charred material will absorb more incident radiation [26,27].

Soil temperature is important as it regulates many important biochemical and biogeochemical
processes. For example, soil temperature influences seed germination rates and time of germination,
with the seeds of many species not germinating or breaking dormancy until a threshold of cumulative
soil heating has been met [13,28-30]. There have been few studies on the post-fire alteration of soil
temperature regimes [13,29,31]. These studies, from Australian eucalyptus forests and Mediterranean
shrubland, suggest that soil may experience altered temperature regimes post-fire. Specifically,
they found that post-fire, mean daily maximum temperatures are higher than on unburnt sites while
mean daily minimum temperatures are similar or slightly lower [10,13]. This larger range of post fire
soil temperatures caused a greater percentage of seeds to germinate and plays a fundamental role in
breaking seed dormancy [29]. More research, however, is needed—particularly across the gradients of
fire severity that often distinguish prescribed fire from wildfires.

To improve our understanding of the belowground effects of fire, we conducted a controlled
experiment to assess the relationships between fire severity and post-fire soil temperature. The objectives
of this study were to assess the feasibility of using small portable datalogger/temperature sensor units
(iButtons; Thermochron, Baulkham Hills, NSW, Australia) for measuring soil temperatures post-fire
and determine how fire severity influences post-fire soil temperature regimes. iButttons have emerged
as cost-effective and easily deployable tools for measuring environmental temperatures [32-35], but
have not been extensively used in fire studies. Here, we focus on how fire severity, measured in terms
of litter and duff consumption, influences temperature parameters that have implications for plant
growth and phenology.

2. Materials and Methods

This study was from 29 February to 8 April 2020. This timeframe roughly corresponds
to the dormant season-growing season transition period for most plants in the southern
Appalachian/Piedmont region (South Carolina, U.S.A.) where the study was conducted (34°41'20.3”
N 82°52709.1” W). Mean atmospheric temperatures during the study period ranged from 23 °C to
6 °C [36]. Data from a nearby (~2 km) weather station indicated a total of 11.7 cm of rainfall during the
study period, from 5 rainfall events. Rainfall events were separated on average by 4.5 rain-free days.

Sixteen 23 cm X 33 cm X 6 cm stainless steel pans had four holes drilled in the bottom of them
to facilitate water drainage. Holes were drilled on the edge of the pan at the halfway point between
each corner. Each pan was then painted white, avoiding the bottom of the pans, to ensure that the
metal absorbed as little heat as possible. Each pan was filled with a 2 cm base of damp “natural”
colored play sand as a uniform mineral soil medium similar to the sandy loam topsoil of the study
region [37]. A 4.5 cm layer of litter and duff was placed on top of the mineral soil medium. Duff was
not incorporated into the mineral soil so as to simulate the “mat” of mor-humus that would naturally
occur in xeric sites in the study region. The litter and duff were collected from a mixed pine-hardwood
stand containing mostly loblolly pine (Pinus taeda L.) and several upland oak species (Quercus spp.).
The litter and duff of each tray was then burned for increasing amounts of time [15] to create a range of
fire severity classes (Figure 1) using a handheld garden torch (Figure 2a):

0:  Control—no burn.
1:  Low—litter charred to partially consumed and no changes to duff.
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2:  Moderate—litter is almost completely consumed with ash and a charred duff layer; some fine
woody fuels may remain.
3:  High—complete consumption of all litter, duff and fine woody fuels.

Figure 1. Image of the four experimental treatments. Left to right: unburned control; level 1 = low
severity; level 2 = moderate severity; level 3 = high severity. There were 4 replicates of each treatment
(n=16).

@) (b)

Figure 2. (a) A schematic of the propane torch, showing the torch head (A), neck tube (B), pilot valve
(C), handle (D), hose connection (E), hose (F), pressure regulator (G), and propane tank (H). (b) An
iButton temperature sensor. Sensors were buried in mineral soil below the litter/duff and programmed
to log temperatures (Celsius) in 10 min intervals during the 40-day study period.

There were four replicates of each of the four severity classes. After the burning treatment, each
tray had one iButton sensor, model DS1922L-F50, (Figure 2b) placed 0.5 cm into the sand layer and
re-covered with the litter and duff layer. A cover for each tray was made with white chicken wire to
prevent wind or wildlife from removing any of the litter layer from the trays or disturbing the sensor.
The trays were then placed in two rows in an open field where they would receive full sun and be
exposed to the elements. iButton sensors were programmed to record temperature in °C every 10 min.

Statistical Methods

Upon conclusion of the study period, data were downloaded and summary statistics for
ecologically relevant temperature parameters (diel mean, maximum, minimum, range) were calculated.
Additionally, soil growing degree days (GDDs) were calculated for each 24-h period using the following
formula, with negative GDD values converted to zeros:

Maximum temperature (C) + minimum temperature (C)

—~10°
> 0°C

GDD =
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An Analysis of Variance (ANOVA) was conducted on 4 temperature parameters (max, mean,
minimum, range) for each day of the study period in JMP v. 14.43 (SAS, Cary NC, USA). Data for
soil GDDs were compared on a cumulative basis, while all other temperature parameters were
compared on a diel (24 h) basis. Differences between treatments were declared statistically significant
at oc = 0.05, and pairwise tests (Tukey’s HSD) were conducted when the ANOVA indicated a significant
treatment effect.

3. Results

Soil temperature profiles from the iButton sensors illustrated diel temperature fluctuations that
reflected local weather conditions (Figure 3; Figure S1). Increases in fire severity resulted in greater mean
soil temperatures post-fire, and greater diel temperature fluctuations. Significant treatment effects for
mean, maximum, minimum, and range were observed on 27, 40, 17, and 39 out of 40-days, respectively,
with treatment effects typically being significant and most pronounced on days without rainfall.
The control treatment was significantly different from all other treatments on most days, temperature
parameters for low and moderate severity treatments were generally similar, and the high severity
treatment experienced the greatest temperature fluctuations and had the highest mean temperatures.
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Figure 3. iButton temperature readouts for each of the 4 experimental treatments (unburned control;
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level 1 = low severity; level 2 = moderate severity; level 3 = high severity) during a portion of the
study period. A significant multi-day rain event occurred between 3/23 and 3/25. See supplemental
table for the data from the entire study period, including Analysis of Variance (ANOVA) and pairwise
comparison results.

Cumulative soil GDDs generally increased with increasing fire severity. At the end of the study
period, cumulative soil GDDs were 1.4, 13.6, 17.9, and 72.0 in control, low severity, moderate severity,
and high severity treatments, respectively (Figure 4). These differences were statistically significant
(P =0.001), with high severity being significantly greater than all other treatments, moderate and low
severity being similar, and control being lowest.
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Figure 4. Cumulative soil growing degree days (GDDs) for each of the 4 experimental treatments
(unburned control; level 1 = low severity; level 2 = moderate severity; level 3 = high severity) during
the study period. Treatments with different uppercase letters had significant differences (x = 0.05) for
cumulative soil GDDs at the end of the study period.

4. Discussion

The partial or complete removal of the duff and litter layer during a fire coupled with the
deposition of low-albedo charcoal will lead to increased soil temperatures post-fire [29,38]. Increased
soil temperatures post-fire can have an ecologically significant impact on soil due to an increase of
evaporation rates and increased mineralization of soil organic matter [31]. Additionally, long duration
mineral soil heating causes a loss in coarse root carbohydrates which leads to overstory tree stress [21].
These combined factors can cause post-fire tree decline by decreasing radial growth [21]. The apparent
relationship between rainfall and soil heating underscores the importance of water in moderating soil
temperatures [39]. In the absence of a water-retaining litter and duff layer, soils in the high severity
treatment experienced dramatic post-fire temperature fluctuations and accumulated significantly more
heat (soil GDDs) over time. Growing degree days (GDD) are a measure of heat accumulation that
has implications for the timing of dormancy breaking for many plant species [40]. This pattern was
strongest towards the end of the study period (late March/early April), which corresponds to the time
period when many plants would be beginning to break dormancy.

Plant phenology is influenced by several factors: most notably temperature variations during
the winter-spring and fall-winter transitions [41]. Spring blooming is occurring earlier and has been
largely attributed to increases in air temperature [42]. Increased air temperatures cause increased
soil temperatures after a fire [28]. Earlier spring brought on by warmer temperatures enhances
evapotranspiration rates which removes soil water earlier in the growing season [42]. Post-fire,
the amount of solar radiation reaching the forest floor, is increased, which in turn increases evaporation
rates and alters thermal properties of the soil [29,31]. As soil water reserves are depleted, photosynthesis
is inhibited, and net carbon uptake is reduced [42].

Higher temperatures near the soil surface can also aid in breaking dormancy of hard-coated seeds,
stimulating seedling emergence [29]. Thus, post-fire soil heating has the potential to significantly
influence plant phenology, with plants likely breaking dormancy earlier following fires that result in
substantial litter and duff removal [43,44]. Further, it stands to reason that seeds in a relict seedbank
that do not germinate following a typical low-severity fire would perhaps break dormancy following a
more severe fire [45,46], provided that those seeds were not damaged or consumed during the fire.
Indeed, studies have shown that low severity prescribed fires that leave duff intact often do not generate
a strong response from understory graminoids and forbs [47,48]. While there are many possible
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explanations for this, our study suggests that such fires may not influence post-fire soil temperatures
in a manner that would stimulate germination. If higher severity prescribed fires are not feasible,
repeated lower severity burns that incrementally reduce litter and duff thickness could be effective.

5. Conclusions

While we acknowledge that the experimental conditions in this study may not precisely reflect
actual conditions that would occur in a forested environment, the findings nonetheless illustrate
a strong relationship between litter and duff consumption and post-fire soil temperature regimes.
With increasing degrees of litter and duff consumption, we observed significant and persistent increases
in soil temperatures post-fire. These effects are likely biologically significant, considering the importance
of temperature—particularly soil temperature—in regulating plant phenology. Understanding the
longer-term impacts of fire on soil temperature, along with the associated implications for plants,
will aid in our ability to predict how forests will respond to wildfire and prescribed fire. Additionally,
this study highlights the potential utility of iButton temperature loggers for deriving ecologically
useful temperature parameters for soil and fire research.

Supplementary Materials: The following is available online at http://www.mdpi.com/2571-6255/3/4/64/s1,
Figure S1: Summary temperature statistics (mean, max, min, range), collected with iButton temperature
loggers in 4 experimental burn severity treatments (control, level 1 (low), level 2 (moderate), level 3 (high)) over a
40-day period. There were 4 replicates for each treatment (n = 16). Rainfall events are marked in blue, with total
daily rainfall (cm) listed. Results with different uppercase letters, for a given parameter on a given day, were
statistically different at o = 0.05.
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