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Abstract

:

The Caldor fire burned ~222,000 acres of the Eastern Sierra Nevada during summer–fall 2021. We evaluated the effects of this “megafire” on the physical properties of a sandy soil developed from glacial tills to document fire-induced soil modifications in this region. We measured soil water retention and hydraulic conductivity functions as well as the thermal properties of five core samples from control (unburned) areas and eight core samples from burned soil of the same soil unit. Soil water repellency was measured in terms of water drop penetration time (WDPT) in the field and apparent contact angle in the laboratory on control and burned soil as well as ash samples. Soil organic matter (SOM) and particle and aggregate size distributions were determined on control and burned soil samples. Additionally, scanning electron microscopy (SEM) was used to image microaggregates of control and burned soil samples. We found a significant difference in SOM content and sand and silt aggregate size distribution between control and burned samples, which we associated with the disintegration of microaggregates due to the fire. We found no significant difference between soil water retention and hydraulic conductivity functions of control and burned soil but observed greater variation in saturated hydraulic conductivity and systematic shifts in thermal conductivity functions of burned compared to control samples. WDPT and apparent contact angle values were significantly higher for burned soils, indicating the occurrence of fire-induced soil hydrophobicity (FISH). Interestingly, the average apparent contact angle of the control soil was >90°, indicating that even the unburned soil was hydrophobic. However, the ash on top of the burned soil was found to be hydrophilic, having apparent contact angles <10°. Our results indicate that SOM and microaggregates were readily affected by the Caldor fire, even for sandy soil with a weakly developed structure. The fire seemed to have moderated thermal properties, significantly and soil wettability but had only minimal effects on water retention and hydraulic conductivity functions. Our findings demonstrate the complex nature of fire-soil interactions in a natural environment and highlight the need for additional investigation into the causes and processes associated with FISH and structure alterations due to fire to improve our ability to rapidly determine potential problem areas in terms of hazards commonly associated with fire-affected soils.






Keywords:


soil organic matter (SOM); soil water repellency; soil structure; soil water retention; hydraulic conductivity; thermal conductivity; water drop penetration time (WDPT); apparent contact angle; Caldor fire












1. Introduction


The 2021 “megafires” in the United States burned prominently in Washington, Colorado, Oregon, California, Arizona, New Mexico, and Nevada, totaling burned areas exceeding 4.2 million acres (~17,000 km2) and devastating forested areas across the western US. Many of these fires caused severe damage to roads and other infrastructure due to post-fire flooding and instability created on steep slopes, ultimately owing to the inclement weather that followed during the fall of 2021, particularly in Eastern California. These fires are likely to increase in frequency and intensity in the future due to changing climate [1] and are, thus, expected to have strong impacts on soil properties that ultimately control infiltration, runoff, and soil erodibility in fire-prone areas [2,3,4].



Conditions that cause reduced infiltration and enhanced runoff are directly related to changes in the physical arrangements and surface chemistry of soil particles. It has been shown that soil structure deteriorates due to the rapid vaporization of pore water and the breakdown of soil organic matter (SOM) in the soil during a fire [5,6,7]. Other studies have also shown that hydrophobic conditions occur in the soil after a fire, caused by the combustion of fuel on the soil surface and/or exposure of the underlying soil to fire-induced heat and volatile organic compounds [8,9,10], ultimately reducing infiltration rates into the soil after a fire. Fire effects on soil hydrophobicity and structure have been studied extensively in laboratory-controlled environments (e.g., [7,11]), but these commonly do not replicate field conditions. Although there is a multitude of field studies from various regions that document fire effects on soil properties, similar studies have not been conducted in fire-prone areas of the Eastern Sierra Nevada. As such, our understanding of the fundamental processes that enhance hydrophobicity and surface runoff after a fire [12,13], depth and intensity of heat transport within the soil column [14], as well as generation of sediment and debris flows [15,16] from soils of this region is surprisingly limited, hampering potential for land management successes in areas of increasing fire frequency that may have the potential to cause negative and even catastrophic downstream effects.



In this study, we examined the potential impacts of a wildfire on the physical properties, specifically soil structure, water repellency, and thermal capacity, as well as thermal conductivity of a typical sandy soil of the Eastern Sierra Nevada mountains under conifer forest vegetation, using the Caldor fire as an example (Figure 1A). We followed standard methods used in soil physics and wildland fire hydrology to measure the physical properties of soils from burned and unburned (control) sites with the primary goal of investigating whether the Caldor fire might have changed the physical properties of a typical soil in this environment. This paper summarizes the results from our pilot study and presents new data from a region in the Eastern Sierra Nevada where post-fire soil studies are lacking in comparison to other regions in the southwestern USA.




2. Materials and Methods


2.1. Site Characteristics


The Caldor fire started on 14 August 2021, burned ~900 km2 (~222,000 acres) within the Sierra Nevada range of Eastern California (Figure 1A) and became the second of only two fires in recorded history to cross the Sierra Nevada. Extensive areas within the fire perimeter include steep slopes (up to 50%) with thin soil cover. Over 50% of the fire-affected areas were reported as having moderate- to high-intensity burns [17]. Primary fuels included chaparral (low to moderate elevations in the Western Sierras) and closed timber litter and timber (higher elevations). Areas with the highest soil burn severity occurred in the chaparral zones west of the Sierras [17]. The Caldor fire was reported 100% contained on 21 October 2021, in the wake of a record-breaking California bomb cyclone event that covered the region in rain and snow.



For this study, we selected a site within the perimeter of the Caldor fire where both burned and unburned areas were within the same Natural Resources Conservation Service (NRCS) soil map unit (Figure 1B). We identified areas of similar soil conditions between the burned and control sites using data from soil survey maps, geomorphological characteristics, and qualitative observations of tree canopy and soil-surface characteristics. This study targeted soils mapped as part of the Meeks series by the NRCS (Figure 1B), classified as Humic Dystroxerepts that occur on the summit and backslope positions of glacial moraines. Typical Meeks pedons are somewhat excessively well-drained, occur on gentle to moderate slopes (15–30%), and consist of gravelly loamy coarse sand from parent materials composed of granodiorite tills. Meeks soil profiles commonly exhibit 0 to 5 cm-thick O horizons above a ~20 to 30 cm-thick sandy A-horizon sequence. The mean annual precipitation at the study site is ~880 mm, with the majority of precipitation occurring in winter from December to March. The average annual temperature at the study site is ~5.7 °C, with mean annual min and max of −2 °C and 17 °C, respectively. Local vegetation primarily consists of Jeffrey pine. Based on fire records from 1874 to 2020, the selected site has not been burned since 1874 [18].



Our approach reflects a space-for-time substitution of soil properties that allowed us to establish a control (unburned) site, a proxy for pre-fire soil conditions that we use to compare against a nearby burned site (Figure 1B). The control site is located north of an access road to the Humboldt-Toiyabe National Forest. The paved road served as a fire break and limited the northern extent of the fire in this location. We selected a burned site where the Burned Area Emergency Response (BAER) team estimated a low-to-moderate burn severity within the Caldor fire perimeter ~100 m south of the control site (Figure 1B, [19]).



The control site (Figure 1C) was unaffected by the fire, indicated by the lack of any signs of charring on vegetation or soil, as well as the relative abundance of uncharred litter (twigs, pine needles, and pinecones) found on the soil surface. The vegetation at the burned site, however, showed typical signs of low to moderate burn severity [19], indicated by the presence of ash and charred litter on the soil surface as well as charred bark of conifers (Figure 1D). Note that the uncharred pine needles found at the surface of the burned soil (Figure 1D and Figure 2) were deposited after the fire.



We observed dark organic-rich A-horizons above weakly developed sandy Bw horizons in the soils from the study site. The materials in the upper ~5 to 10 cm of soils in the study area lacked sufficient organic materials to qualify as O-horizons; however, the A horizons did appear organic-rich, exhibiting very dark to dark grayish brown (10 YR 3/2 to 4/2) dry colors. Charred needles and other organic matter were present in this zone of soils from the burned site and left soot on excavation and sampling tools. A small rain event (~5 mm during a 24-h period) partially saturated the charred soil materials in the upper 5 cm of the surface several days prior to sampling. We observed dry soil conditions below this zone at the burned site, indicating the presence of a hydrophobic zone at depth, while the same horizons at the control site were moist due to infiltration below this interface. The selected study site, therefore, demonstrated the presence of elevated hydrophobicity associated with burned areas and provided the opportunity for an evaluation of in-situ soil characteristics from a paired burned/control study site.




2.2. Field Measurements


Water Drop Penetration Time (WDPT) Tests


We conducted WDPT tests at seven control and seven burned locations within our study site according to the WDPT method described by [20,21]. We placed five to eight drops of deionized water (25 ± 4 µL drop volume) on the soil surface for each WDPT test from a height of 1 cm using 2 mL glass pipettes (VWR; Radnor, PA, USA). WDPT tests were first performed on ash after removing any freshly fallen litter, followed by additional tests on the soil surface after removing ash from the surface of the soil. The elapsed time between the placement of the drop and the moment the drop was completely absorbed by the soil was recorded as the WDPT. The shortest WDPTs recorded were ~0.5 s, and water drops were monitored for a maximum of 900 s (15 min) to minimize the impact of drop evaporation on the WDPT test.





2.3. Soil Sampling Protocols


We collected five soil cores from the control and eight soil cores from the burned soil site employing stainless steel sample rings (8 cm diameter, 5 cm height). Sample rings were pressed into the soil until the tops of the rings were flush with the surrounding soil surface (Figure 2). We then capped and excavated the sample rings such that extra bulk material was retained at the bottom of the sample ring to avoid sample disturbance. The bottoms of the cores were then trimmed with a spade and capped for transport to the laboratory. In the laboratory, we used the core samples to measure saturated hydraulic conductivity (Ks), the soil water retention function (θ(h)), thermal capacity (cv) as well as the thermal conductivity function (λ(θ)) of control and burned soils described in the laboratory analyses section. We calculated the hydraulic conductivity function (K(θ)) for each core using the van Genuchten [22] equation and the Ks and θ(h) measurements. We also collected additional samples from the mineral soil surface as well as ash samples from the same locations where we carried out WDPT tests to measure apparent contact angles of control soil, burned soil, and ash in the laboratory.




2.4. Laboratory Analyses


2.4.1. Qualitative Assessment of Soil Structure


We used scanning electron microscopy (SEM) to image the microstructure of six of the soil core samples. SEM images were used to identify potential differences in microstructure between control and burned soil that was not directly observable in the field. We sieved the very fine to fine sand fraction (50–250 μm equivalent diameter) from the oven-dried bulk soil core sample and placed them onto double-coated PELCO Tabs™ carbon tab adhesives (Ted Pella, Inc.; Redding, CA, USA). We then imaged the samples at 100× magnification using a Hitachi TM4000 scanning electron microscope, and images of control and burned soil were compared in terms of aggregate size distribution. Although the Hitachi TM4000 has the capability of producing elemental spectral data for selected points within the field of view, we did not perform elemental analysis of the aggregate composition to estimate differences in SOM via soil carbon (C) because of the expected interference from the carbon-based mounting tabs.




2.4.2. Measurement of Soil Hydraulic Properties


We measured saturated hydraulic conductivity (Ks) on the core samples collected from control and burned soils using a KSAT unit (METER Group; Pullman, WA, USA). For the Ks tests, we kept the cores within their sample rings to minimize sample disturbance. We first saturated the cores in degassed, deionized water to minimize the inclusion of air bubbles and maximize the initial saturation degree. We then used the falling head method to measure pressure head as a function of time curves. We obtained Ks for the core samples by fitting the pressure head time series data with the METER Group fitting software. We carried out a total of ten replicate measurements on each core sample to calculate an average Ks value for each core sample as well as to determine the variance of the Ks experiment. Ten replicate measurements on each soil core also ensured sufficient saturation of the soil core, critical not only for the Ks but also for the following soil water retention measurements, especially because control and burned soils showed some clear signs of hydrophobicity.



To measure the soil water retention (SWR) function of the control and burned soil core samples, we used a HYPROP unit and a WP4C dew point potentiometer unit (METER Group; Pullman, WA, USA). For the tests in the HYPROP unit, we transferred the saturated soil cores from the KSAT unit into the HYPROP unit. We then installed two tensiometers positioned at different depths within the core sample to monitor tensions within the core sample during the HYPROP test. For the HYPROP test, we allowed the cores to dry by evaporation under ambient laboratory conditions while monitoring changes in sample mass and tension. We dried the core samples until the tension in the soil reached the air entry value of the tensiometer, which occurred within a time range from several days to several weeks. The evaporation experiments with the HYPROP device enabled us to determine the “wet end” of the water retention function of the soil cores (i.e., for tensions ranging from 0 kPa to 120 kPa). Following the HYPROP tests, we used a WP4C unit to determine the “dry end” of the soil water retention functions of the soil cores (i.e., for tensions from 120 kPa to 300 MPa). For the WP4C tests, we placed small, subsampled aliquots from the top, middle, and bottom of each soil core sample in the chamber of the WP4C and allowed them to equilibrate with the air above the soil aliquots in the chamber. The WP4C device measures the water potential of the soil by determining the relative humidity (RH) of the air above the soil aliquots in the sealed, temperature-controlled chamber using a small mirror to chill until dew forms and the sample and mirror temperatures are measured at the dew point. RH values are then converted to soil water potential values using Kelvin’s equation [23]. We recombined the subsamples from WP4C measurement with the material from the original sample core, oven-dried the sample at 105 °C, and recorded the final dry soil mass to determine final soil moisture contents during the soil analysis.




2.4.3. Measurement of Soil Thermal Properties


We measured soil thermal properties simultaneously alongside the HYPROP tests using a triple probe heat pulse (TPHP) sensor (East 30 Sensors; Pullman, WA, USA) installed at the exposed soil surface of the core samples and connected to a CR3000 datalogger device (Campbell Scientific; Logan, UT, USA). The TPHP sensor consists of a central heater needle and two outer thermistor needles. For the TPHP measurement, we applied a current to the heater needle for a duration of 8 s, sending out a heat pulse through the soil surrounding the heater needle, and monitored the temperature fluctuations in the thermistor needles 6 mm from the heater caused by the incoming heat pulse from the heater needle. We recorded temperatures at each thermistor needle every 0.5 s for 80 s and repeated this process each hour during the experiment until the HYPROP tests were completed.



We processed the raw TPHP temperature data by computing the thermal diffusivity (κ) of the soil between the heater needle and the two thermistor needles to determine the heat capacity and thermal conductivity of the core sample based on the time it takes for the heat pulse to travel from the heater to the thermistor needles. This approach is based on the single-point method of [15], where the volumetric heat capacity (   c v   ) is calculated as


   c v  =   q ′   4 π κ Δ  T m    Γ  



(1)




such that q’ is the energy input (W/m), κ is the thermal diffusivity of the media (m2/s),   Δ  T m    is the maximum temperature difference (°C) measured in response to the heat pulse, and Γ is an exponential integral that is evaluated based on Equation 5.1.53 of [24]. We computed the heat capacity,    c v    (J/m3/°C), for both thermistor needles separately and then used it to compute the thermal conductivity from the relationship,


  λ =  c v  κ  



(2)




where λ has units of W/m/°C.



Following calculations for the time series of λ, we estimated thermal conductivity functions (TCFs), λ(θ), based on relationships between λ and the volumetric moisture contents of the core sample computed from HYPROP analyses. We used a curve-fitting routine to obtain the TCF for each sample following the theories outlined by [25]. This method assumes a mathematical form of λ(θ), similar to that of the SWR curve of van Genuchten [14], such that


    λ −  λ d     λ s  −  λ d    = 1 −    [  1 +    (   θ   θ f       )     m t       ]     (  1 ⁄  m t  − 1  )     



(3)




where    λ d    and    λ s    represent the thermal conductivities under dry- and water-saturated conditions, respectively, with  θ  the volumetric moisture content,    θ f    the volumetric moisture content at which funicular water occurs (see [25] for details) and    m t   , a curve-fitting parameter defined as the pore fluid network connectivity parameter for λ [25]. Following the curve-fitting procedures achieved by least squares regression, we extracted    θ f    and m for each soil core as fitting parameters, which were evaluated in this study.




2.4.4. Determination of Particle/Aggregate Size Distribution and SOM Content


We used the laser diffraction method to perform particle and aggregated size distribution analyses on two different subsamples taken from the soil cores after completing the hydraulic and thermal measurements described previously. For the first subsamples, hereafter termed “bulk dry samples”, we sieved oven-dried soil from the core samples using a 2 mm sieve. As such, the “bulk dry samples” consisted of soil aggregates and individual mineral grains with equivalent diameters <2 mm, which allowed us to determine the combined size distribution of aggregates and mineral grains. For the second subsamples, hereafter termed “dispersed samples”, we sieved oven-dried soil from the same core samples using a 2 mm sieve, mixed the sieved soil with 5% hexametaphosphate, and shook the soil-hexametaphosphate-mix for 24 h on a shaker table to disperse any aggregates in the soil samples prior to the particle size analysis. We assumed that aggregates formed primarily due to the presence of SOM as well as the cohesion between clay-sized particles. The hexametaphosphate weakens these bonds and disperses the aggregates. The “dispersed samples” were used to determine the particle size distribution of the mineral grains only. Particle size analyses with the laser diffraction method yielded the volume density as a percentage of the sample volume for 100 particle size bins from 10−2 µm to 2 mm equivalent particle diameter. The resulting density distributions (Figure 3) allowed the identification of the particle size distributions of the individual mineral grains (Figure 3D,F) as well as the size distributions of the aggregates. The size distributions of the mineral grains were used to classify the soil core samples according to the United States Department of Agriculture (USDA) textural classes. The aggregate size distribution was employed to quantify any differences in soil aggregation between control and burned soil.



We determined SOM content using the loss-on-ignition method [26] on subsamples taken from the soil cores after completing hydraulic and thermal characterization. Soil sub-samples were obtained from the soil cores after oven-drying the cores at 105 °C for 16 h and sieving the oven-dry soil with a 2 mm sieve to obtain the fine-earth fraction (particle diameter < 2 mm). We then split aliquots of 1.0 to 3.3 g from the sieved samples, placed them in ceramic crucibles, and heated them in a muffle furnace to 400 °C for 1 h to ensure complete combustion of the soil organic material. SOM was then determined as loss of soil mass due to SOM combustion divided by the total mass of the oven-dry soil sample aliquot.




2.4.5. Soil Hydrophobicity and Apparent Contact Angle


We measured apparent contact angles that sessile water drops form with the underlying solid surface using a contact angle analyzer (model FTA1000, First Ten Angstroms Inc.; Portsmouth, VA, USA), loosely following the method outlined by [27,28]. For sample preparation, air-dry soil samples were sifted using a 500 μm mesh-size sieve. Sifted soil subsamples were mounted on pre-cleaned, blank, glass microscope slides (2.54 cm × 7.62 cm size, AmScope Inc.; Irvine, CA, USA) using double-sided adhesive tape (Scotch and 3M, permanent double-sided tape “Narrow”). These subsamples are hereafter referred to as “soil slides”. Single drops of deionized water (drop volume 8 µL) were dispensed onto the soil slide via a 2.0 μL micrometer syringe (Gilmont Instruments) through a 27-gage syringe needle. Immediately after placing the drop, the liquid-solid contact angle between the sessile water drop and the soil slide surface was measured with the aid of a video microscope. Five replicate drop tests were conducted on each soil slide within 10 min of soil slide preparation. Apparent contact angle measurements were also carried out on ash samples using the same procedure as for soil collected from the burned soil locations. All apparent contact angle measurements were carried out in the laboratory at ambient air temperatures between 23 °C and 24 °C and relative humidity between 15% and 20%.






3. Results


3.1. Particle Size Distributions, Soil Structure, and SOM Content


The USDA particle size classes for the entire sample set range from sand to loamy sand in the fine earth fraction (Figure 3B). The data are also summarized in Table 1. Results from the bulk dry sample analysis (i.e., aggregate distribution measurements) indicate that the samples from the control soil were coarser than the samples from the burned soil. Mean sand- and silt-sized fractions of the bulk dry samples for control soil are 91% and 9%, respectively, while those for the burned samples are 84% and 16%. Similarly, samples from the dispersed sample treatment show a difference in mean sand content from 80% sand in the control population to 69% sand in the burned population, with an associated difference in silt from 19% to 28%. The clay contents show only marginal differences for burned soil samples relative to control soil samples (up to 2%), indicating that the most significant differences are reflected in the sand and silt fraction of the upper 5 cm of the soil profile. Note that the bulk dry samples included both mineral grains as well as aggregates with equivalent diameters <2 mm, whereas the dispersed samples only included mineral grains. In other words, the presence of microaggregates is likely the reason for the coarser “texture” of the bulk dry compared to the dispersed samples (see also SEM images in Figure 4).



Particle size distribution plots are shown in Figure 3C–F and illustrate more subtle differences between the control and burned samples for both dispersed and bulk dry treatments. Volume percentages are plotted in terms of midpoint grain sizes for 38 bins ranging from 0 to 4 mm (17.5 to −2 phi). In general, the burned samples are finer textured than the control samples for both the dispersed and dry bulk samples, as indicated by greater proportions of particles in the 5 to 10 phi (30 µm to 1 µm) sizes. In addition to relatively finer textures, the burned samples show greater variability in texture compared with the control samples, especially in the coarse range.



Figure 4 shows SEM images of the three control soil samples, MU-02, MU-03, and MU-04 (Figure 4, left column), and the three burned soil samples, MB-07, MB-08, and MB-04 (Figure 4, right column). Aggregates of varying sizes from roughly 50 to 250 µm equivalent diameter were found in the SEM images from the control soil samples that we infer to be mineral particles held together by SOM. We did not analyze the elemental compositions of the aggregates to estimate total C because of expected elemental interference by the underlying sample mounts. However, we note that the aggregates did return elevated C contents where the compositions were evaluated during image analysis. Most of the mineral particles visible in the aggregates of the control soil samples (Figure 4, left column) were finer than 50 µm (i.e., belonging to the silt and clay fraction of the mineral soil). We found comparatively fewer intact aggregates in the burned soil samples. Disaggregated fine mineral fragments were also more common in the burned compared to the control soil samples. These fine mineral soil fragments indicated as “ground mass” in Figure 4 are more prevalent in MB-07 than in MB-04 or MB-08 and are mostly smaller than 50 µm in diameter. Note that none of the images of the control soil samples (Figure 4, left column) showed similar fine mineral soil fragments as found in the burned soil sample (Figure 4, left column).



SOM contents, shown in Table 1, reflect the depth-averaged SOM from the fine earth fraction of the upper 5 cm of the land surface. We found mean SOM contents of 11.9% and 6.3% for the control and burned sample populations, respectively. These results indicate a statistically significant difference in SOM by a factor of ~2.




3.2. Soil Hydraulic Properties


Saturated hydraulic conductivity (Ks) values among all samples vary by as much as two orders of magnitude. Figure 5A shows the distributions of mean Ks values obtained from ten replicate measurements per sample. Control samples have a median value of 1108 cm/d (1.28 × 10−4 m/s) over the range of 653 to 5047 cm/d (7.56 × 10−5 to 5.84 × 10−4 m/s). The median Ks value for burned samples is 514 cm/d, although the range of measured values is greater, from 111 to 10,781 cm/d (1.28 × 10−5 to 1.25 × 103 m/s). Despite the apparent difference in saturated hydraulic conductivity between the control and burned soil samples, the Ks values of the sample set show no significant differences (p-value of 0.418; Table 1).



Van Genuchten parameters α, n,    θ r   , and    θ s    [22] for the corresponding SWR functions determined from the HYPROP and WP4C measurements are summarized in Table 1. Respective median values for control soil samples are α = 0.0624, n = 1.589,    θ r    = 0, and    θ s    = 0.481, whereas median values for burned samples are α = 0.0560, n = 1.613,    θ r    = 0.004, and    θ s    = 0.440. The Student t-test comparisons of each van Genuchten parameter for control and burned soil indicate no statistically significant difference between the respective parameters of the control and burned soil samples (Table 1).



Figure 6A shows hydraulic conductivity functions, K(θ), and Figure 6B SWR functions for individual control and burned soil specimen, respectively, using the Ks and van Genuchten parameters α, n,    θ r   , and    θ s    presented in Table 1. K(θ) and SWR functions were calculated using the K(θ) and SWR equations by van Genuchten [22]. As expected, the hydraulic conductivity functions vary considerably for the individual core samples, considering the variance of the Ks values shown in Table 1. Hydraulic conductivity functions of individual core samples varied more for burned soil than for the control soil. The median hydraulic conductivity functions for control and burned soil, however, are surprisingly similar. The SWR functions of the control and burned core samples varied considerably as well, whereas the difference between the median SWR functions of the control and burned core samples was small. The difference between the median SWR functions of the control and the burned soil was most pronounced at the “wet end” of the function between water saturation and air entry value (Figure 6B), likely because of the slightly lower median saturated water content found for the burned compared to the control soil. This difference in the “wet end” of the median SWR curves could theoretically be an indicator of soil structure alteration due to fire. Considering the large variance of the SWR functions for individual core samples, however, the difference in the “wet end” of the median SWR functions is likely the result of averaging the individual SWR curves and not actual differences in the structure of the burned compared to the control soil.




3.3. Soil Thermal Properties


The results from parameter estimation techniques used to estimate TCFs are shown in Table 1 and in Figure 5B. Median values for parameters    m t    and    θ f    are 2.15 and 0.14, respectively, for control samples and 1.92 and 0.07 for burned samples. While    m t    is not significantly different for control and burned soil samples (p = 0.423), our results indicate that differences in    θ f    are significant (Table 1). In addition, evaluation of the saturated thermal conductivity for these sample sets indicates significantly different values of    λ s    (p = 0.031), with median values of 0.912 and 0.935 W/m2/K for control soil samples compared with burned soil samples.




3.4. Soil Hydrophobicity


Figure 7A shows WDPT values for control and burned soils. The arithmetic mean and standard deviation of the WDPT are 166 ± 93 s for control soil (N = 7) and 750 ± 241s (N = 7) for the burned soil. In other words, the mean WDPT of the burned soil was approximately 4.5 times higher than the arithmetic mean of the control soil with a p-value < 0.0001, indicating a significant difference between the mean WDPT of control and burned soil. Note that four samples from the burned soil site exceeded the maximum WDPT measurement time of 900 s, and we used this maximum value in our mean and standard deviation calculations. Thus, if we ran the WDPT test longer than 900 s for these cases, the difference in WDPT between control and burned soils would likely have been even more pronounced. Notably, WDPT measurements on ash materials at the burned site yielded WDPT values of <1 s for all seven tests carried out in this study, as expected and observed in previous studies [29,30].



Figure 7B shows apparent contact angle values for control and burned soil samples. The average apparent contact angle of the burned soil (arithmetic mean and standard deviation of 118.5 ± 5.8°, N = 15) is significantly higher (p-value < 0.0001) than the average contact angle of the control soil (arithmetic mean and standard deviation of 104.6 ± 7.4°, N = 15). It is worth noting that the mean apparent contact angles of the control soil samples are greater than 90°, indicating that the soil was also hydrophobic under background (i.e., unburned) conditions. All ash samples (N = 5), however, yielded apparent contact angles below the detection limit of the contact angle analyzer (apparent contact angle <10°), indicating that the ash found at the burned sites was hydrophilic.





4. Discussion


4.1. Apparent Modifications Soil Physical Properties


The results from field and laboratory tests demonstrate variable degrees of apparent modifications to soil properties, presumably resulting from the fire. Although our sampling protocols only allow an analysis of space-for-time differences between background (i.e., unburned or control) soil conditions and nearby burned conditions, we nevertheless examined our results in terms of apparent fire-induced modifications.



The SEM images in Figure 4 provided clear evidence for the deterioration of soil microaggregates. These observations are consistent with observed differences in overall SOM content between controlled and burned samples. We hypothesize that, in addition to fining from the potential incorporation of ash (which we did not readily observe), the destabilization of soil aggregates, initially formed by the presence of SOM, likely plays a role in the fire-induced modification of soil structure. As the fire temperature increases to the point of SOM alteration, and eventually, SOM combustion (i.e., at soil temperatures >200 °C; [2,3,6,31]), the combustion of SOM that binds particles into coarser aggregates principally causes a change in soil structure [7] in the upper few cm of the mineral soil. Albalasmeh et al. [5] and Jian et al. [7] showed that microaggregates might deteriorate at temperatures as low as 100 °C due to water vapor formation within the aggregates. Several studies have shown differences in soil texture after a fire, although their interpretations are less straightforward. Two contrasting examples include Woods and Balfour [32], who observed post-fire fining of soil textures, and Ketterings et al. [33], who reported overall coarser textures of burned soil. The findings by Ketterings et al. [33] were determined from fine-textured, clay-rich soils (>50% clay and <5% sand). While they did not elaborate on these findings in detail, their data suggest that an overall increase in the sand-sized fraction is likely related to observed chemical transformations of clay minerals during intense heating. Conversely, Woods and Balfour [32] indicated the addition of ash as a mechanism for reducing overall grain size in sandy loam and gravelly silt loam soils that they studied. The results from our dataset demonstrate modest differences in the relative amounts of silt and clay-sized particles when comparing burned and control samples and are similar to the fining trend observed by Woods and Balfour [32]. While we acknowledge that the overall fining of mineral soil textures may occur due to the physical breakdown of mineral grains during intense heating, we document the combustion of SOM and subsequent aggregate deterioration as a principal driver for the apparent reduction in soil texture in burned soils.



Despite the relatively pronounced differences in soil texture and aggregate size distributions, we find only minimal differences in the median soil water retention and hydraulic conductivity functions for burned compared to control (unburned) soils. It is commonly shown that the field-saturated hydraulic conductivity (Kfs) of soil can be greatly reduced after a fire, with a high potential for recovery within a span of 5 years [34]. Numerous studies have attempted to constrain the hydraulic properties of fire-affected soils, including controlled laboratory measurements [35,36] and field measurements [37,38,39] of saturated or field-saturated hydraulic conductivity. Much of the findings in these studies indicate either a reduction in saturated conductivity despite the complex infiltration dynamics associated with fire-affected soils [40] or the minimal change associated with thresholds in burn severity. Although our pilot study demonstrates slightly lower median Ks values for burned compared to control soils, the stronger trend we observe is towards an apparently increased variability in Ks (Figure 5A and Figure 7A). When we examine the differences in hydraulic conductivity curves between control and burned samples (Figure 6), we observe a slight difference in hydraulic conductivity over the range of soil moisture contents from median parameter values. However, the sample-to-sample variations that we observe are not systematic and may instead arise from the natural variability of pre-burned soil conditions as well as variability in burn patterns of the fire itself. Similarly, the SWR functions of fire-affected soils appear to indicate differences in available pore space (Figure 7B), possibly related to a reduction in SOM. However, there is no significant difference between the soil moisture contents in burned and control samples at tensions greater than 10 cm. These relationships are intriguing to us and demonstrate the need for continued exploration of the impacts of fire on soil hydraulic properties, especially in light of spatial variation of soil properties, which may be of similar magnitude as expected due to changes after a fire.



In contrast to the inferred minimal effects on SWR, Ks, and K(θ), we observed significant differences in the thermal conductivity functions (i.e., the relationship between thermal conductivity, λ, and volumetric water content, θ) between burned and control samples (Figure 8). Previous attempts have been made to examine fire effects on thermal properties in prescribed burns and laboratory settings (e.g., [41,42]); however, we believe the findings from this study to be some of the first indicating potential fire-induced modifications to soil thermal properties resulting from a natural fire. Our findings, therefore, have potentially important implications for soil temperature evolution during fires and for considering the impacts of fires on regions, such as polar areas, that are highly sensitive to climate change (e.g., [43]). Our results suggest that burning the near-surface soil environment results in an increase in thermal conductivity by >40% at volumetric water contents below 0.20 cm3/cm3. This condition that is likely satisfied during the majority of the year for these sandy soils in the high desert environment.



Given the discussion thus far, it is important to consider several facts about our results for understanding the effects of burning on the soil environment in more general terms. First and most importantly, soil variability likely accounts for a considerable proportion of the variations in our datasets. However, this topic has not been studied in detail for the present project. As mentioned previously, we do see systematic differences among each of the soil physical properties investigated here that are consistent with expected fire-induced changes. Not surprisingly, the most significant of these changes correlate with an apparent reduction in SOM due to burning. Indeed, our particle and aggregate size analyses and SEM images provide strong evidence for differences in soil texture as well as meso- and micro-structure (Figure 3 and Figure 4). These observations are consistent with findings from other studies that cite soil structure alterations as playing a major role in fire-induced soil modification [7]. Surprisingly, we noted these differences in sandy soil with only weakly developed soil structure. We expect to find even greater differences in terms of soil aggregation and, hence, aggregate stability for soils with better-developed structures or in soils of finer texture. As such, and in addition to studying pre- and post-fire soil conditions from the same soils, future studies should focus on fire effects using soils that span a variety of parent material textures, mineral compositions (i.e., lithosequences), and soil structures to explore the effects of fire on grain size, mineralogy, and soil structure. One interesting observation is the fact that our particle size analysis showed differences that are suggestive of fire-induced aggregate destabilization, while other studies show coarsening of overall soil texture, likely related to the clay-rich textures of the soils they studied [33]. This observation presents a potential complex response to combustion that likely impacts the hydraulic and thermal properties of soils in very different ways, so it is important to evaluate the nature of these potential changes on a variety of soil types in different geomorphic and climatic environments.




4.2. Fire, Soil Water Repellency, and Their Effects on Infiltration and Runoff


Our WDPT and contact angle analyses clearly show a significant difference in soil water repellency for burned compared to control soils, despite high background levels of water repellency for the control (unburned) soil. Our results suggest fire effects, especially when considering the presence of a strongly hydrophobic soil layer at about 4 cm depth at the burned site (Figure 9B) that was not present at the control site. The hydrophobic soil conditions also present at the control site are not surprising given that surface soils under conifer forests typically have higher degrees of inherent soil water repellency, especially during dry conditions, likely caused by the presence of hydrophobic organic compounds washed out of the conifer litter [21,44,45].



Our WDPT results (~4.5 times higher WDPT for burned compared to control soil) agree well with previous laboratory- and field-based studies where water repellency of the burned soil was more pronounced after a fire compared to the unburned soil [11,46,47,48,49]. For example, Carrà et al. [46] observed changes to soil water repellency for soils in pine and oak forests of Southern Italy from slightly water repellent (5 < WDPT (s) < 60) to severely water repellent (600 < WDPT (s) < 3600) after exposure to prescribed burning while also observing no change in soils in a chestnut forest. Granged et al. [50] also reported an increase in WDPT, as well as in runoff rates, for post-fire soils under pines of southwest Spain, despite the initially high pre-fire water repellent conditions there. Despite its widespread occurrence, surprisingly, little is known about the geochemistry of fire-induced soil hydrophobicity (FISH) or the processes that lead to FISH. Debano and Krammes [31] reported that FISH largely depends on the heat level and the presence of organic substances that coat mineral soil particles. They found extreme water repellency of soils containing hydrophobic organics when the fire temperature is between 175 °C and 205 °C. They also showed that water repellency is destroyed when the temperature exceeds 280–290 °C [8,9]. Therefore, we assume that the top layer of the soil with the highest water repellency values did not experience temperatures above 280–290 °C, consistent with low-to-moderate burn severity in the study area. Additionally, the combustion products of conifer tissues (i.e., resins and wax) and the presence of other hydrophobic compounds in the combustion smoke likely contribute to the water repellency we observed in our study, even though the soils already had high background levels of water repellency noted at the control sites.




4.3. Implications and Directions for Future Research


Our study highlights several key aspects of anticipated fire-induced modifications to soil properties that have implications for a variety of research topics related to wildland fires and the associated management of those lands.



First, our observations of only limited effects of fire on soil structure [quantified as SWR, Ks, and K(θ)] but significant effects of fire on soil water repellency (quantified as WDPT and apparent contact angle) reject the notion that all soils undergo the same physical changes in response to wildfire activity. This is somewhat expected given the relative lack of macrostructure in the predominantly sandy soils studied here, as well as the well-known sensitivity of SWR, Ks, and K(θ) to spatial variability of soil properties and soil burn severity, even over relatively small spatial scales. The significant increase in fire-induced soil water repellency motivates further work on the causes and mechanisms leading to FISH and how FISH changes soil hydraulic properties that lead to decreasing infiltration and increasing runoff [51]. After all, the presence of FISH will affect the infiltration of rainfall into and percolation through the soil profile (e.g., see Figure 9B) and is, therefore, a factor that should be investigated further to enable fundamental research into the study of landscape responses to wildfire (i.e., debris flow and overall sediment redistribution).



Second, the profound differences that we observed in relation to soil thermal properties may be important for future ecological studies. The upper 10 cm of soil acts as a seed bank in many forested environments globally [52,53,54]. The upper few cm of this zone is also the most likely region to be affected by intense heating during a fire (e.g., [55,56]). As such, the knowledge gained by understanding the extent to which fires may disturb this zone due to heat transfer is critical for understanding the recovery times and expected ecological diversity associated with fire-affected areas, including prescribed burns [57,58]. Therefore, a more thorough understanding of the relationships between fire severity, the efficiency of heat transport before and after a fire for a given soil type, and the seed bank compositions may further inform the extent to which specific landscapes may recover after a fire.



Finally, the thermal evolution during fires for soil in sensitive environments is likely a critical area of needed research. For example, in high-latitude regions where freeze-thaw cycles are important for ecosystem health and where organic-rich soils are common, combustion of SOM not only contributes to carbon emissions and reduces the inventory of long-term organic carbon [59] but may also alter the thermal conditions of the soil environment as to reduce the insulating effects of the SOM from strong seasonal atmospheric fluctuations. As a result, we hypothesize that positive feedback may occur wherein the burning of these soils will increase the soil’s thermal conductivity, thereby increasing the effective rate of thawing frozen soils and exposing greater land surface areas to future burns. Although we have not explored this possibility in detail, further examination of the thermal evolution of fire-affected soils is prudent to investigate the extent to which the trends observed here are present in other environmental settings.





5. Conclusions


We conclude in this study that measured differences in soil physical properties between a site burned by the 2021 Caldor Fire, and a nearby control site are consistent with expected changes due to burning. Specifically, we found significant differences between SOM, water repellency, and thermal properties of the control (unburned) and burned soil but little to no differences between soil water retention and hydraulic conductivity of control (unburned) and burned soil. Furthermore, soil particle and aggregate size distribution of control (unburned) and burned soil were found to be different. Our findings prompt the need for more systematic studies involving a wider range of soil properties and landscape settings to gain a more holistic understanding of how fire-induced soil modifications may relate to soil burn severity. The results from our study further document the complex nature of the soil environment, especially in response to dynamic perturbations such as fire, and highlight the need for additional investigation into the causes and processes associated with fire-induced soil hydrophobicity to improve our ability to rapidly determine potential problem areas in terms of hazards commonly associated with fire-affected soils.
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Figure 1. (A) Map of the Caldor Fire perimeter (red line) in Northern California south of Lake Tahoe (see inset map). Also shown in gray polygons are historic fire perimeters from 1878 to 2020 (Conservation Biology Institute, 2022). (B) Close-up aerial image showing the locations of control and burned sample sites with fire perimeter (red line) and soil map units (white line) also shown. The paved road separating the two sites provided a fire line north of which the fire did not cross. (C) Typical vegetation and soil surface conditions at the control site at the time of soil sampling. Trees have undamaged bark and live needles. Shrubs in the vicinity have green leaves. Pinecones and needles at the surface do not show evidence of recent burning. (D) Typical vegetation and soil surface conditions at the burned site at the time of soil sampling and field testing. Tree bark is charred on most trees. Needles present on a few trees are dead, but most trees have shed their needles since being burned. A mix of uncharred (pre-fire) and charred (post-fire) needles was present at the surface. 






Figure 1. (A) Map of the Caldor Fire perimeter (red line) in Northern California south of Lake Tahoe (see inset map). Also shown in gray polygons are historic fire perimeters from 1878 to 2020 (Conservation Biology Institute, 2022). (B) Close-up aerial image showing the locations of control and burned sample sites with fire perimeter (red line) and soil map units (white line) also shown. The paved road separating the two sites provided a fire line north of which the fire did not cross. (C) Typical vegetation and soil surface conditions at the control site at the time of soil sampling. Trees have undamaged bark and live needles. Shrubs in the vicinity have green leaves. Pinecones and needles at the surface do not show evidence of recent burning. (D) Typical vegetation and soil surface conditions at the burned site at the time of soil sampling and field testing. Tree bark is charred on most trees. Needles present on a few trees are dead, but most trees have shed their needles since being burned. A mix of uncharred (pre-fire) and charred (post-fire) needles was present at the surface.



[image: Fire 06 00066 g001a][image: Fire 06 00066 g001b]







[image: Fire 06 00066 g002 550] 





Figure 2. (Left) Collection of core samples for measuring soil hydraulic and thermal properties. Samples were carefully excavated to minimize sample disturbance. (Right) Close-up view of core sample in place prior to excavation. 
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Figure 3. (A,B) Ternary diagrams show particle size classes for dry (untreated) samples and dispersed (treated) samples. Burned samples show overall increase in silt and decrease in sand-sized particles, while control samples appear tightly clustered. (C–F) Particle size distribution curves for control (C,D) and burned (E,F) samples plotted in terms of phi-based grain size. Top panels (C,E) represent dry (untreated) distributions, and bottom panels (D,F) represent dispersed (treated) samples. Mean values for all samples are shown by solid black lines, and individual samples are plotted as lighter, gray lines. In both dry and dispersed samples, we observe an increase in the variability of grain size distributions and an increase in finer grain sizes. 
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Figure 4. Scanning electron microscope (SEM) images of control (A,C,E) and burned (B,D,F) soil sifted to a particle range of 50–250 µm equivalent diameter. Aggregates (aggr.) held together by OM are present in all control samples. Degradation of aggregates is indicated by the presence of ground mass (grm) in the images where finer textures are observed, consistent with results from particle size analysis. Aggregate degradation was likely fostered by the decrease in soil organic matter (SOM) due to burning. The highest degree of degradation is shown in panel B and the least is shown in panel F. Variability likely reflects variability in sustained fire temperature throughout the burn. 






Figure 4. Scanning electron microscope (SEM) images of control (A,C,E) and burned (B,D,F) soil sifted to a particle range of 50–250 µm equivalent diameter. Aggregates (aggr.) held together by OM are present in all control samples. Degradation of aggregates is indicated by the presence of ground mass (grm) in the images where finer textures are observed, consistent with results from particle size analysis. Aggregate degradation was likely fostered by the decrease in soil organic matter (SOM) due to burning. The highest degree of degradation is shown in panel B and the least is shown in panel F. Variability likely reflects variability in sustained fire temperature throughout the burn.
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Figure 5. Boxplots (A) show the distributions of saturated hydraulic conductivity for core samples from control and burned soils. Black lines represent median values, the upper and lower limits of boxes represent 75th and 25th quartiles, respectively, whiskers show maximum/minimum values, and open circles are outliers. Control samples have a narrower distribution and higher median value than burned samples, which exhibit Ks values spanning three orders of magnitude. Boxplots (B) show distributions of input parameters for thermal conductivity functions. Both m and θf are statistically lower for burned samples relative to control samples. 
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Figure 6. (A) hydraulic conductivity functions of control and burned soil samples from measured data (faint lines) and median values (bold lines). Hydraulic conductivity curves are highly variable for burned core samples and more clustered for control core samples. (B) soil water retention functions of control and burned soil samples from measured data (faint lines) and median values (bold lines). Only minor differences in SWC are found between burned and control samples, and only at the “wet end” of the median SWC curves. 
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Figure 7. Water drop penetration time (WDPT) measurements taken in the field on 21 October 2021. Panel (A) shows mean values, IQR ranges, and standard deviations for 7 control and 7 burned soil samples, with outliers represented as pink stars. WDPT ranges for control samples are up to a factor of four less than WDPT ranges for burned samples. Note that the upper limit of WDPT values for burned samples reflects the maximum duration of field tests (900 s). Panel (B) shows similar statistical distributions of apparent contact angles measured in the lab for 15 control and 15 burned soil samples. Mean apparent contact angle values are ~10–20% higher for burned relative to control soil samples. 
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Figure 8. Thermal conductivity functions for control (blue) and burned (red) samples. The bold lines represent thermal conductivity functions that use median values for input parameters derived from the sample set shown by faint lines. Vertical dashed lines indicate median values of θf, indicating an overall decrease in burned samples. Thermal conductivity values at saturation levels of 5–25% indicate higher values of thermal conductivity in burned samples relative to the control. 
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Figure 9. Images showing examples of control (A) and burned (B) sample locations taken on the same day during sampling. The soil at the control site was moist in the sampling interval from a small rain event that occurred after fire containment. Note the thin layer of charred and dead pine needles at the soil surface that indicates very low but detectable fire impacts in the area. The burned soil contains a very thin layer of uncharred needles that fell after trees in the vicinity were burned. Moreover, note the ~4 cm thick zone of charred A-horizon that has been moistened from the rain event. Below this zone, the mineral soil layer is dry and hydrophobic, with an observable plane of water seepage occurring at the interface. Small roots and apparent granular soil structure are present below this interface, likely indicating minimal fire effects at this depth. 
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Table 1. Results from physical and hydraulic analysis of control and burned soil samples. Mean and median population values are shown for both populations, and p-values from Student t-tests compare the two populations.
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Sample ID

	
Sand

	
Silt

	
Clay

	
SOM Content

	
Ks

	
α

	
n

	
θr

	
θs

	
λs

	
mt

	
θf




	

	

	
[%]

	
[%]

	
[%]

	
[%]

	
[cm/d]

	
[-]

	
[-]

	
[-]

	
[-]

	
[W/m2/K]

	
[-]

	
[-]






	
Control

	
MU-01

	
79.7

	
19.3

	
1.0

	
16.2

	
900

	
0.0381

	
1.907

	
0.000

	
0.478

	
0.913

	
2.15

	
0.12




	

	
MU-02

	
79.2

	
19.6

	
1.2

	
13.5

	
1108

	
0.0624

	
1.533

	
0.026

	
0.605

	
0.945

	
2.69

	
0.18




	

	
MU-03

	
78.7

	
20.5

	
0.7

	
11.2

	
5047

	
0.2211

	
1.386

	
0.000

	
0.536

	
0.850

	
1.96

	
0.14




	

	
MU-04

	
81.0

	
18.0

	
1.0

	
14.3

	
2365

	
0.0811

	
1.589

	
0.009

	
0.481

	
0.912

	
2.46

	
0.19




	

	
MU-05

	
79.8

	
19.2

	
1.1

	
4.5

	
653

	
0.0342

	
1.923

	
0.000

	
0.329

	
0.842

	
1.40

	
0.01




	

	
mean

	
79.7

	
19.3

	
1.0

	
11.9

	
2015

	
0.0874

	
1.668

	
0.007

	
0.486

	
0.892

	
2.13

	
0.13




	

	
median

	
79.7

	
19.3

	
1.0

	
13.5

	
1108

	
0.0624

	
1.589

	
0.000

	
0.481

	
0.912

	
2.15

	
0.14




	
Burned

	
MB-01

	
67.7

	
28.5

	
3.9

	
8.1

	
111

	
0.0833

	
4.733

	
0.009

	
0.133

	
0.981

	
1.86

	
0.01




	

	
MB-02

	
58.8

	
36.2

	
5.0

	
4.2

	
6241

	
0.0236

	
1.582

	
0.000

	
0.476

	
0.900

	
1.91

	
0.08




	

	
MB-03

	
52.0

	
41.6

	
6.4

	
5.8

	
883

	
0.0224

	
1.677

	
0.004

	
0.418

	
0.914

	
1.92

	
0.07




	

	
MB-04

	
81.1

	
17.3

	
1.7

	
5.5

	
135

	
0.0729

	
1.550

	
0.004

	
0.388

	
0.945

	
1.90

	
0.04




	

	
MB-05

	
79.7

	
18.9

	
1.5

	
6.8

	
201

	
0.2352

	
1.231

	
0.000

	
0.517

	
0.982

	
3.19

	
0.16




	

	
MB-06

	
74.4

	
23.3

	
2.4

	
3.8

	
185

	
0.0204

	
1.623

	
0.000

	
0.350

	
0.898

	
1.65

	
0.03




	

	
MB-07

	
62.2

	
34.5

	
3.4

	
12.9

	
827

	
0.0391

	
1.662

	
0.014

	
0.462

	
0.924

	
1.97

	
0.07




	

	
MB-08

	
41.3

	
50.1

	
8.6

	
3.1

	
10781

	
0.1392

	
1.603

	
0.021

	
0.489

	
0.961

	
2.22

	
0.07




	

	
mean

	
64.6

	
31.3

	
4.1

	
6.3

	
2421

	
0.0795

	
1.958

	
0.007

	
0.404

	
0.938

	
2.08

	
0.07




	

	
median

	
64.9

	
31.5

	
3.6

	
5.6

	
514

	
0.0560

	
1.613

	
0.004

	
0.440

	
0.935

	
1.92

	
0.07




	

	
p-values

	
0.018

	
0.021

	
0.009

	
0.011

	
0.418

	
0.429

	
0.294

	
0.463

	
0.120

	
0.031

	
0.423

	
0.040
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