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Abstract Pyrogenic carbon (PyC) is an incomplete combustion by‐product with longer soil residence
times compared with nonpyrogenic components of the soil carbon (C) pool and can be preferentially
eroded in fire‐affected landscapes. To investigate geomorphic and fire‐related controls on PyC erosion,
sediment fences were established in three combinations of slope (high 13.9–37.3%; moderate 0–6.7%) and
burn severity (high; moderate) plots within the perimeter of the Rim Fire in 2013, Yosemite National Park,
California, USA. After each major precipitation event following the fire, we determined transport rates of
total sediment, fine and coarse sediment fractions, and C and nitrogen (N). We measured stable isotope
(δ13C and δ15N) compositions and 13C‐nuclear magnetic resonance spectra of soils and eroded sediments.
The highest total and fine (<2 mm) sediment transport in high severity burned areas correlated with initial
discharge peaks from an adjacent stream, while moderate burn severity sites had considerably more of the
>2 mm fraction transported than high burn severity sites. The δ13C and δ15N values and 13C‐nuclear
magnetic resonance analyses indicated that sediment eroded from moderate severity burn areas included
fresh organic matter that was not as significantly affected by the fire, whereas sediments from high severity
burn areas were preferentially enriched in PyC. Our results indicate that along a single hillslope after the
Rim Fire, burn severity acted as a primary control on PyC transport postfire, with slope angle likely playing a
secondary role. The preferential erosion of PyC has major implications for the long‐term persistence of PyC
within the soil system.

1. Introduction

Fire and erosion can havemultiple independent and interactive effects on soil health, plant productivity, and
biogeochemical cycling of C, N, and other essential nutrients. Little is known about how the interactions of
complex topography and changes in soil properties due to fire (i.e., loss of vegetative plant and litter cover
and increased hydrophobicity in topsoil) can affect postfire soil carbon (C) and overall terrestrial organic
matter (OM) dynamics. These interactions are particularly crucial since the terrestrial biosphere is
dominated by sloping landscapes (Staub & Rosenzweig, 1992), and postfire soil erosion plays critical roles
in controlling soil chemical and physical properties, biogeochemical processes within the soil system, and
the flux of elements from terrestrial to aquatic systems (Berhe et al., 2012, 2018; Doetterl et al., 2016;
Harden et al., 1999; Stallard, 1998). Furthermore, around 450 Mha of the globe is impacted by fire annually
(Randerson et al., 2012). Hence, when fires and erosion overlap in space and time, their interactive effects on
lateral redistribution of nutrients and OM postfire (Abney et al., 2017) impose important controls on the
available nutrients for postfire regrowth (Certini, 2005; Johnson et al., 2007).

1.1. Erosion and SOM Dynamics

Erosion globally redistributes 75 Gt of soil and 1‐ to 5‐Gt soil organic carbon annually (Battin et al., 2009;
Berhe et al., 2007; Regnier et al., 2013; Stallard, 1998). Erosional redistribution of topsoil affects numerous
processes in the source catchments and moves soil, C, N, and other nutrients from terrestrial to aquatic
ecosystems (Berhe et al., 2018). About 70–90% of that eroded material is redistributed downhill or
downstream but is not exported out of the source watershed (Gregorich et al., 1998; Lal, 2003; Rumpel
et al., 2006). In upslope eroding landform positions, erosion leads to a loss of soil organic matter (SOM)
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from soil profiles through direct removal of soil mass. In contrast, in depositional landform positions,
erosion leads to input and stabilization of at least some of the SOM through processes including the
following: (1) enhanced rates of plant productivity in depositional landform positions, (2) new and
reconfigured associations of the eroded SOM with soil minerals, and (3) burial from subsequently eroded
material (Berhe et al., 2012; Sharpley, 1985). When considered at the watershed scale, and accounting
for the replacement of eroded OM by production of new photosynthate in eroding slopes and the stabili-
zation of some eroded OM in depositional settings, soil erosion and deposition act together to induce a
net terrestrial sink of 0.12–1.5 Gt C/year, (Berhe et al., 2007, 2008; Harden et al., 1999; Stallard, 1998;
Van Oost et al., 2007).

1.2. Fire and SOM Dynamics

One of the major by‐products of fire is pyrogenic carbon (PyC), which results from the incomplete combus-
tion of biomass and includes a range of products such as ash, charcoal, and charred biomass (Bird et al.,
2015; Masiello, 2004). In the soil system, PyC is persistent, with reported mean residence times ranging from
centuries to millennia (Bird et al., 2015; Hammes et al., 2007, 2008; Lehmann, 2007; Lehmann et al., 2008).
Additionally, PyC has a high surface area, which allows it to have higher reactivity compared with nonpyro-
genic C, and has been shown to serve as a sorbent for SOM (Chia et al., 2012; Cornelissen et al., 2005;
Mukherjee et al., 2011). Condensation of volatile organic compounds during moderate to low combustion
temperatures (~175–250 °C) also renders soil more hydrophobic compared to unburned soil, and at higher
combustion temperatures, the hydrophobic layer can be either pushed deeper into the soil or destroyed
(DeBano, 2000; Doerr et al., 2004; Mataix‐Solera et al., 2011; Shakesby & Doerr, 2006). The properties of
PyC depend heavily on combustion conditions, including temperature, oxygen availability, fuel type and
conditions, and duration, with higher temperatures leading to increased aromatic condensation and loss
of oxygenated functional groups (Bird et al., 2015; Masiello, 2004). Furthermore, the charring of SOM and
formation of PyC in mineral soil also depends on combustion conditions, in addition to preexisting soil prop-
erties (Araya et al., 2017, 2016; Certini, 2005).

1.3. Significance and Effects of PyC Erosion

There are numerous complex interactions between fire and erosion, and the extent of these interactions
depends on fire severity, postfire management, climate (Certini, 2005), and rate of vegetation recovery
(Baker, 1988), among other factors. Erosion, in turn, can indirectly affect vegetation and soil moisture con-
tent. Both fire and erosion are controlled by climate to various extents (Imeson & Lavee, 1998; Neary et al.,
1999; Riebe et al., 2001). The size of watershed and topography (Iniguez et al., 2008; Liu et al., 2003) and
amount, intensity, and temporal distribution of precipitation can influence the rate of bulk SOM and PyC
loss from or redistribution within an eroding watershed (Cain et al., 1999; Nearing, 1998). Many erosion pre-
dictionmodels, such as the Universal Soil Loss Equation (Wischmeier & Smith., 1965, 1978), have confirmed
the importance of slope and topographic characteristics for soil erosion, which have also been widely studied
in field settings (Assouline & Ben‐Hur, 2006; Cerdà & García‐Fayos, 1997; Chaplot & Le Bissonnais, 2000).

Numerous properties of PyC make it highly susceptible to erosion (Rumpel et al., 2006, 2015). The majority
of PyC is produced and deposited on the soil surface, which is the first material to erode from a hillslope.
During low‐ to moderate‐temperature combustion, hydrophobic layers can form beneath the soil surface,
leading to decreases in the infiltration rate of water (DeBano, 2000; DeBano et al., 1998; Doerr & Thomas,
2000; Robichaud, 2003). The low density of PyC and its hydrophobic properties when formed at lower tem-
peratures (Sander & Pignatello, 2005) also increase the likelihood for it to be transported by flowing water
by, for example, saturation overland or Hortonian flows (Shakesby & Doerr, 2006). These properties can
interact to make PyC susceptible to preferential erosion over nonpyrogenic material.

A handful of previous studies (Cotrufo et al., 2016; Rumpel et al., 2009, 2006; Saiz et al., 2018) have provided
direct evidence for the preferential erosion of PyC postfire in smaller plots in agricultural and natural soils.
However, as of yet, the relative rates of PyC versus bulk SOM erosion at the scales of plots, hillslopes, or
watersheds remain relatively unexplored, particularly after wildfires (Abney & Berhe, 2018; Abney et al.,
2017). Our investigation seeks to determine how and if the preferential erosion of PyC is a function of both
the properties of the PyC, as a function of burn severity, or PyC formation conditions, as well as the timing
and magnitude of erosion events at the hillslope scale.
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1.4. Research Objectives

This project aims to understand how the interaction of burn severity and slope control erosional transport of
OM (total SOM and PyC) in upland temperate forest ecosystems. Specifically, we determine (a) how slope
and fire severity interact to control transport of different soil constituents (i.e., fine and coarse sediments, soil
C, N, and PyC concentration in sediments) and (b) how fire severity controls nature of bulk C and PyCmobi-
lized by erosion.

2. Methods
2.1. Study Site

This study was conducted in the Sierra Nevada mountain range of California, in the area affected by the Rim
Fire in 2013. The Rim Fire burned over 1,000 km2 land from August to November of 2013, in an area that
covered parts of Yosemite National Park and Stanislaus National Forest. The specific study watershed used
in this study is Poopenaut West, which is located within Yosemite National Park, in a subwatershed of the
Tuolumne River basin. The watershed has a mean annual precipitation of 915 mm. For the 1‐year study per-
iod, the Tuolumne River basin was at 58% of average precipitation (California Data Exchange Center, 2016),
and the watershed was under transitive snow cover from the time of burn containment to initial sampling.

Sites were selected along a single hillslope in a watershed within the perimeter of the Rim Fire, near the
Hetch Hetchy entrance to Yosemite National Park, with elevations ranging from 1,475 to 1,740 m above

Figure 1. Soil burn severity and slope in the Poopenaut watershed within Yosemite National Park. The 21 sediment plots
are denoted by gray squares and were chosen based on combination of fire severity (a) and slope (b). The Poopenaut
watershed is near the Hetch Hetchy entrance to Yosemite National Park. BARC= Burned Area Reflectance Classification.
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sea level (Figure 1). Holocene era granitic glacial deposits underlie the
study area (N. K. Huber et al., 1989), and the soils are dominated by coarse
loamy, isotic, frigid Typic Dystroxerepts; coarse loamy, isotic, frigid
Humic Dystroxerepts; and coarse loamy, isotic, mesic Typic
Dystroxerepts (United States Department of Agriculture, 2007). The study
area is a mixed conifer forest, with Pinus jeffreyi, Pinus ponderosa,
Ceanothus spp., and Manzanita spp.

Vegetation and soil burn severity were assessed using the Burned Area
Reflectance Classification, which assesses the infrared reflectance of a
landscape in comparison to references (Hudak et al., 2014), and this burn
classification was ground truthed to these sites to create a soil burn sever-
ity map (Parsons et al., 2010). Thresholds in the relative differenced nor-
malized burn ratios in the BARC classification are: moderate < 500; and
high > 500. Burn severity and slope angle (Figure 1) were used to select
sites that varied on burn severity and slope. We set up sampling areas in
three classification groups: (a) HH: high severity burn, high slope (26–
41°); (b) HM: high severity burn, moderate slope (5–23 °); and MH: mod-
erate severity burn, high slope (21–27°). Sites were selected along the
same hillslope in forested areas with similar vegetation cover. There was
approximately 1 km between the furthest two sites. The major difference
we observed among the three classification groups was the proportion of
remaining vegetation (Figure 2). The high severity burn areas were com-
pletely devoid of vegetation cover, mainly leaving behind burned tree
trunks and exposed soil surfaces overlain by a patchy, and occasionally

several centimeters thick, cover of a mixture of charcoal and ash, as defined by Bodí et al. (2014), much of
which was mobilized after the initial erosion event. In the moderate severity burned areas, a considerable
number of trees survived the fire, leaving 65% canopy cover compared with <30% canopy cover in high

severity burn sites and hence, the groundcover constituted a mixture of
charred and fresh litter that presumably fell after the fire.

2.2. Field Sampling Methods

The sites we selected burned on 25 August 2013, and sediment fences were
established in November of 2013 by staking down a water‐permeable tarp
with rebar parallel to the hillslope, and the upslope source area was deli-
neated with trenches to prevent erosion of material from further upslope
or adjacent locations. Seven sediment fences were established within each
classification group (n = 3) for a total of 21 fences (Figure 3). After instal-
lation, sediment fences were cleared from any eroded sediment prior to 26
November 2013, which was the initiation of data collection. Prior to set-
ting up sediment fences, four precipitation events occurred in the
Poopenaut watershed. Source areas for sediment catchments were
approximately 100 m2, with dimensions of 20 m long and 5 m wide.
Sediments within these fences were sampled after every precipitation
event postfire beginning after spring snowmelt, with a total of four preci-
pitation events during the water year of 2014 and 84 sediment samples
(see Figure 4). The initial water year samples from this study were used
for detailed physicochemical analyses as presented in this study to capture
the initial, rapid, and often preferential transport of SOM postfire.
Precipitation events were monitored via a tipping bucket rain gauge
located in the Poopenaut West stream that flows below the sediment
fences (Figure 1 and Table 1). Sediment was allowed to dry for several
days within the fence and was collected by sweeping the entire fenced
area with a broom until it was cleared. Once collected, the sediment was

Figure 2. Photo of Poopenaut West watershed inside the perimeter of the
Rim Fire from 4 March 2014, 3‐month postfire. The dashed line delineates
the boundary between high (a) and moderate (b) severity burn areas (Photo
Credit: R. Abney).

Figure 3. Sediment fences were established alongside a single hillslope in
the Poopenaut West watershed. Photo (a) is from February 2014 within
the high burn severity moderate slope sampling area. During precipitation
events, upslope sediment was washed into the sediment fences (b and c).
Sediment fences were swept after every major precipitation event in the
watershed.
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weighed, and dry sediment mass was determined by gravimetrically cor-
recting for water content by drying subsamples of the sediments in the
oven for 24 hr at 105 °C.

Soils were collected during March of 2014, concurrent with the second
sediment collection, from the area directly upslope from the marked
source material for the sediment fence areas that represent putative
source soils for the material eroded into the sediment fences. Soils were
collected from three randomly selected sites to capture the variability of
the soil and within a meter of the source area perimeter and at least a
meter apart from each other. Soils were collected at each sediment fence
from each treatment group, for a total of 63 soil samples. Soils were col-
lected using a closed bucket metal auger with a 5‐cm‐diameter plastic
sleeve and capped after removal from the ground. Soils were kept on ice
until returning to the laboratory, where they were stored at 4 °C until
further analysis. Soils were separated into depths of 0–5 and 5–10 cm in
the laboratory.

2.3. Laboratory Analysis

Additionally, P. ponderosa litter and duff were collected from unburned
forest near the Rim Fire affected area immediately after the fire
(November 2013). This litter was collected to assess the changes in litter
chemistry with increasing charring temperature. The litter was charred
under no oxygen, pyrolysis conditions in a furnace at two temperatures
(250 °C, 550 °C), with a sample dried at 50 °C as a control, for an hour
to determine how fire temperature controls the nature of the OM that is
typically found on the soil surface postfire. Previous research demon-
strated that wildfire and laboratory generated chars differ significantly
in various chemical properties (Santín et al., 2017); however, this charring
sequence is specific to and representative of the litter charred within
this site.

Field‐moist sediment and source soil samples were passed through a 2‐
mm sieve (defined as coarse and fine fractions). The <2‐mm fraction
was analyzed for pH in both deionized water and 0.01M CaCl2 1:2 soil
(sediment):solution mass ratio (Hendershot et al., 2008; Schofield &
Taylor, 1955). We determined particle size distribution via the hydrometer
method (Bouyoucos, 1962) and bulk density of the source area soils using
the core method (Blake & Hartge, 1986). Soils and sediments were tested
for the presence of carbonates using 1 M HCl, and no carbonates were
found in any sample.

A representative subsample of the sieved <2 mm fraction of the soil and
sediment samples was air‐dried and ground using a SPEX Mill (SPEX
Sample Prep, Metuchen, NJ, USA). Carbon and nitrogen concentrations,
as well the δ13C, and δ15N values of these samples, were determined on
a Costech ECS 4010 CHNSO Analyzer interfaced with a Conflo IV inter-
face to a Delta V Plus Isotope Ratio Mass Spectrometer at UC Merced's
Stable Isotope Laboratory. Approximately 7 mg of air‐dried sample was

weighed into 4 × 6‐mm tin capsules. The samples were measured relative to an acetanilide standard and a
laboratory soil internal standard. These internal standards were compared with international standards:
atmospheric N for the δ15N standard and to Vienna Pee Dee Belemnite for the δ13C. Standards were mea-
sured in triplicate with precision of ±1.84% C, 0.29% N, 0.77‰ δ13C, and 0.09‰ δ15N. Samples were mea-
sured in triplicate with precision of ±0.80% C, 0.02% N, 0.07‰ δ13C, and 0.02‰ δ15N. Sample error was
likely smaller than the standard error due to the considerably larger number of standard replicates that were
run. Concentrations of C and N were corrected to air‐dry weights by oven‐drying previously air‐dried,

Figure 4. Precipitation was summed per day, and sediment sampling
occurred after major precipitation events (a, dashed gray lines indicate
dates of the four sampling points). The total sediment (b) transported during
each sampling event was weighed and dried from each of the three classifi-
cation groups (HH = high burn severity, high slope; HM = high burn
severity, moderate slope; and MH = moderate burn severity, high slope).
The sediment was sieved into fine (<2 mm, c) and coarse (>2 mm, d) frac-
tions. The sampling points represent sediment transported from precipita-
tion events prior to the sampling point and are presented as mean with
standard error per classification group (n = 7).
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ground samples at 105 °C for 24 hr, and multiplying the C or N concentration by the ratio of weight of air‐
dried sample by the weight of oven‐dried sample.

For the nuclear magnetic resonance (NMR) analyses, a subset of 16 soils and sediments were randomly
selected within the different treatment groups and sampling time points, to include three timepoints for each
treatment group. This subset of samples was demineralized with a 10% HF and 10% HCl solution, followed
by rinsing five times with MilliQ deionized (DI) water to increase the C concentration in the samples as well
as to remove minerals and paramagnetic interference from iron and manganese in soil, and thereby improve
the signal to noise ratio of the NMR analysis (Gélinas et al., 2001). These demineralized samples, along with
the laboratory‐charred litter, were analyzed on a 300‐MHz Bruker Avance III NMR spectrometer using
magic angle spinning and a 4‐mm probe spun at 12 kHz. Between 50 and 150 mg of sample was packed into
a 4‐mm zirconia rotor, which had a frequency of 75 MHz to collect cross polarization spectra. Between 1,600
and 64,000 scans were taken, with a ≥2.5 s relaxation delay. Phase and baseline corrections, along with inte-
grations, were completed in Bruker TopSpin software (Version 3.0).

Spectra were integrated into seven regions: 0–45 ppm (alkyl), 45–60 ppm (N alkyl/methoxyl), 60–95 ppm (O‐
alkyl), 95–110 ppm (di‐O‐alkyl), 110–145 ppm (aromatic), 145–165 ppm (phenolic), and 165–215 ppm
(amide/carboxyl). The percentages from the integrated spectra, constrained by their C and N concentrations,
were used to run the six‐component molecular mixing model (MMM) to infer biomolecular SOM constitu-
ents, including char, or PyC (Baldock et al., 2004; Nelson & Baldock, 2005).

2.4. Statistical Analysis

All sediment, bulk C, N, and isotope data were analyzed for differences across treatment group using mixed
linear effects models. We used burn severity and slope degree as fixed effects both with and without interac-
tions. The specific plot number (e.g., HH1) was entered into the models as a random effect to account for the
repeated measurements on each sediment fence. Sampling time was utilized separately as a fixed and ran-
dom effect, depending on whether time was being significance tested. P values were obtained using analysis
of variance and Tukey honest significant difference test to compare mixed models with empty models that
had no fixed effects and were considered significant at p < 0.05. Soil data were analyzed using analysis of
variance and Tukey honest significant difference tests, since there were no random effects to account for
with these samples. No transformations were applied to the data prior to statistical analysis. Data were orga-
nized and archived in Microsoft Excel, and all statistical analyses and figures were generated in R (www.r‐
project.org). NMR data were not analyzed using statistical approaches, due to the small number of
spectra collected.

Enrichment ratios (ERs) were calculated by dividing concentrations of C, N, and PyC in eroded sediments
with those in the top source soils from 0 to 5 cm for each of the individual sediment fences. However, it is
likely that it is only the top centimeter of soil that is eroded, so this calculation may overestimate ERs. An
ER greater than one indicates that the sediment has higher concentration of PyC (or C, N) than the source
soil and that the PyC (C, N) is being preferentially transported away from its source location compared to
other soil constituents.

3. Results
3.1. Source Soils and Mobilized Sediment

Source soils from the Rim Fire area had neutral to basic pH values that ranged from 6.5 to 7.8, and they were
significantly dependent on slope classification group andmonth (χ2 (5) = 24.538, p= 0.0001, Table 2). Source

Table 1
Precipitation Totals and Peaks From the Nearby Poopenaut Valley for the Spring 2014 Season Were Measured Using a
Tipping Bucket Rain Gauge

Sampling time Precipitation total between sampling times (cm) Peak precipitation (cm precipitation/10 min)

20 February 21.4 0.32
3 March 8.1 0.27
15 April 9.3 0.30
1 May 3.9 0.15
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soils had C concentrations ranging from 3% to 4%, with the high burn severity sites having nonsignificantly
higher C concentration (p = 0.06) than the moderate burn severity sites. The C concentration did not vary
significantly with depth (p = 0.12). The high burn severity classification sites also had almost double the
concentration of N compared with the moderate burn severity sites, but this was statistically not
significant (p = 0.06). However, the N concentration declined significantly with depth (p = 0.04).

The mean amount of sediment transported from all sites across all sampling points was 8.2 ± 1.2 g/m2 per
precipitation event (mean ± standard error). The mean amount of sediment transported per precipitation
event for the HH, HM, and MH classification groups was 7.1 ± 1.5, 11.9 ± 3.0, and 5.3 ± 0.6 g/m2, respec-
tively. The most sediment was transported during time periods of greatest precipitation (Table 1 and
Figure 4), with February and March having significantly higher (p = 0.007, 0.001, 0.001) sediment transport
across all sites than April or May. Throughout the sampling period, there were no significant differences in
total sediment transported between different burn severity classes (p = 0.09) or slope (p = 0.08).

Table 2
Soil Physical and Chemical Characteristics

Depth %C %N δ13C δ15N
Bulk density
(0–10 cm) pH in H2O pH in CaCl2 Sand % Silt % Clay %

HH
0–5 cm 4.48 (1.36) 0.27 (0.11)a −25.38 (0.37) 2.10 (0.31) 0.92 (0.02) 6.89 (0.06) 6.68 (0.24) 79.29 (0.66) 13.49 (0.38) 7.20 (0.61)
5–10 cm 3.33 (0.59) 0.13 (0.03)b −24.60 (0.19) 3.27 (0.37) N/A 6.87 (0.06) 5.75 (0.26) 80.54 (0.42) 11.61 (0.32) 7.84 (0.37)

HM
0–5 cm 4.15 (0.36) 0.21 (0.02)a −24.90 (0.19) 3.44 (0.74) 0.95 (0.05) 6.98 (0.14) 6.61 (0.19) 79.44 (1.42) 14.93 (0.44) 5.62 (1.13)
5–10 cm 3.77 (0.37) 0.15 (0.00)b −24.65 (0.21) 3.83 (0.34) N/A 6.97 (0.13) 5.45 (0.13) 77.66 (1.06) 15.60 (0.80) 6.72 (0.57)

MH
0–5 cm 3.11 (0.80) 0.11 (0.02)a −25.15 (0.71) 1.76 (0.26) 0.88 (0.03) 7.09 (0.13) 6.98 (0.09) 80.62 (0.92) 12.37 (1.07) 7.00 (1.00)
5–10 cm 1.52 (0.23) 0.04 (0.00)b −24.80 (0.21) 2.45 (0.21) N/A 6.93 (0.11) 6.14 (0.08) 80.19 (0.59) 12.63 (0.20) 7.16 (0.74)

Note. Parentheses indicate standard error with n = 3 analytical replicates. HH = high severity burn, high slope; HM = high severity burn, moderate slope;
MH = moderate severity burn, high slope; N/A = not available.
Letters indicate significant differences based on ANOVA and Tukey HSD tests at p < 0.05.

Table 3
Sediment Chemical and Physical Characteristics by Treatment Groups: High Burn Severity, High Slope (HH); High Burn Severity, Moderate Slope (HM); andModerate
Burn Severity, High Slope (MH)

Collection
date %C %N pH in H2O pH in CaCl2 Sand % Clay % Silt %

HH
Feb 3.45 (0.48)a 0.18 (0.02)a 7.47 (0.11)a 6.79 (0.10)a 83.89 (0.84) 5.92 (0.62) 10.20 (0.68)
Mar 8.28 (1.40)b 0.42 (0.05)a 6.43 (0.52)b 6.09 (0.52)b 74.21 (2.44) 6.74 (0.99) 19.05 (1.86)
Apr 8.10 (1.19)b 0.35 (0.05)a 7.18 (0.13)a 6.88 (0.08)a 81.97 (2.09) 6.73 (2.09) 11.31 (1.02)
May 8.98 (1.91)b 0.42 (0.07)a 7.14 (0.07)a 6.75 (0.11)a 75.11 (4.53) 7.73 (1.21) 17.17 (3.33)

HM
Feb 3.42 (0.62)a 0.19 (0.03)b 7.58 (0.06)a 6.96 (0.10)a 78.80 (3.42) 5.93 (1.25) 15.27 (2.80)
Mar 5.67 (1.08)b 0.33 (0.06)b 5.76 (0.46)b 5.41 (0.50)b 72.23 (5.46) 5.44 (1.56) 22.33 (4.40)
Apr 4.55 (0.86)b 0.21 (0.04)b 7.38 (0.12)a 6.83 (0.14)a 79.17 (5.07) 6.67 (0.50) 14.15 (5.28)
May 4.27 (0.63)b 0.21 (0.03)b 7.36 (0.11)a 6.88 (0.14)a 86.07 6.00 7.93

MH
Feb 5.77 (1.97)a 0.17 (0.06)b 7.37 (0.07)a 6.53 (0.13)a 83.86 (1.40) 7.49 (1.19) 8.65 (1.30)
Mar 6.29 (2.14)b 0.18 (0.05)b 7.03 (0.28)a 6.51 (0.21)a 84.00 (1.37) 8.05 (0.46) 7.96 (1.07)
Apr 7.37 (1.36)b 0.20 (0.03) 6.60 (0.21)a 6.40 (0.12)a 87.12 (2.34) 4.46 (3.42) 8.43 (1.08)
May 5.75 (0.68)b 0.16 (0.02)b 7.12 (0.11)a 6.44 (0.11)a N/A N/A N/A

Note. Means are presented here with standard error by sediment fence included in parentheses (n = 7), and those without standard error did not collect enough
sediment to conduct replicate analyses. N/A = not available.
Letters indicate significant differences based on ANOVA and Tukey HSD tests at p < 0.05.
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The mobilized sediment from high and moderate severity classification
areas had slightly lower pH values to the source soils, ranging from 5.4
to 7.4 (Table 3). There were no significant alterations in the pH through-
out the sampling period; however, the March sampling point was signifi-
cantly (p < 0.01) lower than the rest of the sampling times. There were no
significant differences in the pH between the classification
groups (p = 0.92–0.99).

There were no significant differences in sand transport between the clas-
sification groups (p= 0.16–0.22). However, the sand fraction varied signif-
icantly by month (χ2 (5) = 24.272, p = 0.000192), with May having
significantly lower sand transport compared with April (p = 0.001) and
March (p = 0.001). May had significantly higher silt transport than any
of the other sampling times (p= 0.001, 0.001, 0.001). There were no signif-
icant differences in the clay fraction with either sampling time or classifi-
cation group (χ2 (5) = 2.8871, p = 0.7174).

Erosion of the fine sediment fraction (<2 mm) was significantly higher
(p = 0.001, p = 0.001) in February and March than in April or May
(p = 0.001, p = 0.001). The moderate burn severity classification group
had significantly less fine fraction transport compared with the high burn
severity moderate slope classification group (p = 0.01) and was not differ-
ent from the high burn severity high slope classification group (p = 0.58).
The coarse fraction was composed of pine needles, pinecones, deciduous
leaves, twigs, bark, charcoal, burned materials, and small rocks. The
coarse fraction had significantly lower (p = 0.001, 0.025, 0.001) transport
in the month of May, and the moderate burn severity sites had signifi-
cantly higher (p = 0.018, 0.001) coarse sediment transport than either of
the high burn severity classification groups. The moderate burn severity
sites still had live and dying trees undergoing needle drop and aerial litter
deposition, which served as a major contributor to the coarse sediment
fraction (Table 3).

3.2. Carbon and Nitrogen Mobilization

In the sediment, C and N concentrations changed significantly through-
out the sampling period, with April having significantly less C than
February (p = 0.001) and March having significantly more than
February (p = 0.001, Figure 5), and they were significantly predicted by
sampling time and classification group (χ2 (5) = 24.538, p = 0.00009).

Average C concentration ranged from 3% to 10%, and the average N concentration ranged from 0.1% to
0.5%. There were no significant differences in C concentrations between the treatment groups (p = 0.14,
0.89, 0.34); however, the high severity burn high slope had almost double the concentrations of N compared
with the moderate burn severity classification group, which was statistically significant (p = 0.02). The
atomic C:N ratio for the high severity sites ranged from 18 to 40 and ranged from 19 to 48 in the moderate
burn severity sites, and there were no significant trends with classification group or sampling time (χ2

(5) = 7.6238, p = 0.1782).

A comparison of source soil and eroded sediment revealed that the moderate severity classification group
had sediment that was enriched (ER > 1) in both C and N compared to the source soil (Figure 6). The sedi-
ments from the two high severity classification groups were enriched in C and N compared to their source
soils only during the month of March. During the rest of the time points, these higher severity sites were
depleted (ER < 1) in C and N compared to source soils.

3.3. Stable Isotope Analyses

The δ13C from the sediment and soil samples collected from the Rim Fire (Figure 7) ranged from −27‰ to
−25‰, and there were no significant (p = 0.33, 0.14, 0.88, Figure 7) isotopic changes between the burn and

Figure 5. Bulk C (a) and N (b) percentages, and the atomic C:N ratio (c) for
the fine (<2 mm) sediment fraction. Error bars represent standard error
(n = 7), except for pyrogenic carbon (predicted as char by the molecular
mixing model), due to limitations in the number of samples able to be ana-
lyzed via nuclear magnetic resonance. The sites were divided into three
classification groups: high severity burn, high slope (HH); high severity
burn, moderate slope (HM); and moderate severity burn, high slope (MH).
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slope classification groups. There also was one significant difference in
δ13C values between the sampling months, in that February was slightly,
but significantly higher than April (p = 0.03). The δ13C of sediments from
the medium severity burn were more variable than those from the high
severity burn areas. The δ15N values ranged from −2‰ to 4‰, and
February and March values were significantly higher than April
(p = 0.001, p = 0.001), and May was significantly lower than February
or March (p = 0.002, p = 0.001). However, there were significant differ-
ences of about 1‰ in the δ15N values between each of the burn severities,
where the HM group was significantly higher than the HH group
(p = 0.001) and MH was significantly lower than HM and HH
(p = 0.0000, p = 0.0000).

3.4. NMR and MMM Analyses

The NMR analyses of the sediments and soils indicated that the increasing
charring temperatures of litter led to significant changes in the chemical
composition of the litter (Figure 8 and Table 4), with the lower‐
temperature char spectrum showing a higher proportion of sugars and ali-
phatic compounds compared with the high‐temperature char, which had
a more prominent aromatic peak at 128 ppm. The NMR spectrum from
the field collected char from the moderate severity burn area most closely
resembles the spectrum from the laboratory Pinus litter charred at
250 °C (Figure 8).

The high burn severity soils had higher proportions of alkyl functional
groups (16–20%) compared with high burn severity sediments (8–15%),
which had 42–50% aromatics compared with the soil range of 32–36% aro-
matic functional groups (Table 4). The moderate severity burn soils had
30–44% aromatics with 13–24% alkyl functional groups, which the moder-
ate severity burn sediments had a higher proportion of alkyl C, ranging
from 13% to 21%, and a lower proportion of aromatics, ranging from
25% to 34%.

The MMM indicated that with increasing charring temperature, the
Pinus litter lost carbohydrates going from 27% carbohydrates for fresh
litter, compared to 1% after charring at 550 °C. Other important

changes in litter chemistry with increased charring temperature included loss of lipids, carbonyl groups,
and lignin (Table 5). The increased proportion of aromatic functional groups in the charred Pinus litter
translated to 79.9% of char for the 550 °C temperature. We also observed an increase in the proportion
of proteins up to 250 °C, followed by a decline in protein concentration in 550 °C char. The high burn
severity sediments had twice as much char‐C compared with the moderate severity burn sediments,
with lower proportions of carbohydrates and lipids (Table 5). The moderate burn severity sediments
had higher proportions of carbohydrates and lower proportions of carbonyl groups and proteins than
the high burn severity sediments.

Spectra from sediments in the high severity burn areas (HH and HM) showed consistently higher propor-
tions of aromatic functional groups (i.e., charred remains) compared with their source soils (Figure 9). In
contrast, spectra for sediments from the moderate severity burn area (MH) were considerably different than
that from HH and HM. Sediments from this treatment group had spectra that contain higher concentrations
of presumably fresh, uncharred OM as indicated by the large peak in the O‐alkyl region, which represents
simple carbohydrates and proteins.

3.5. PyC ERs

Sediments eroded from the high burn severity classification groups (HH and HM) were consistently
enriched in PyC, while sediments from the moderate severity burn sediments were consistently depleted

Figure 6. Enrichment ratios for carbon (a), nitrogen (b), and pyrogenic car-
bon (c) transported sediment (<2 mm). The line at 1 indicates the enrich-
ment line, where >1 is enriched and <1 is depleted in that component. The
sites were divided into three classification groups: high severity burn, high
slope (HH); high severity burn, moderate slope (HM); andmoderate severity
burn, high slope (MH).
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in PyC (Figure 6). The ER of PyC in the high burn severity sediments declined throughout the sampling per-
iod, although not enough spectra were collected to perform statistical analyses on these data.

4. Discussion
4.1. The Interaction of Fire Intensity and Slope in Controlling Sediment Transport

Erosion‐driven transport and redistribution of OM and PyC postfire was controlled by both burn severity
and slope after the Rim Fire. The major driver of total sediment transport in our sites along a single hill-
slope was precipitation intensity, which aligns with the Universal Soil Loss Equation (Wischmeier &
Smith., 1965, 1978) and field data (Renard et al., 1997; Robichaud, 2005; Rulli & Rosso, 2005). In sites

of moderate burn severity, more coarse litter material was left uncon-
sumed by the fire, leaving more litter available for transport by erosion,
which was apparent in the greater coarse fraction transport in the mod-
erate burn severity sites. Conversely, the sites of high burn severity had
considerably more soil erosion (<2 mm), likely resulting from a loss of
physical stabilization mechanisms, such as aggregation (Albalasmeh
et al., 2013; Shakesby & Doerr, 2006), and loss of surface protection
from cover by vegetation and litter.

While slope and burn severity can each control the transport of mate-
rial, in this study site burn severity played a greater role, which is likely
reflective of the unprotected and potentially hydrophobic nature of the
soils in the high burn severity sites. These exposed soils would have
experienced the full force of raindrop impact due to lack of vegetative
or litter cover, which can further break down soil aggregates and
enhance erodibility of topsoil (Kinnell, 2005; Moody et al., 2013) and
associated bulk SOM and PyC. If the moderate burn severity sites had
not had a thick litter cover, considerably more sediment transport
may have occurred, as has been previously demonstrated with needles,

Figure 7. Stable C and N isotopes from the different classification groups in the fine sediment fraction. The high burn
severity classification groups (HH and HM) differ from the moderate burn severity (MH) group by enrichment in the
δ15N isotope ratio. There were only small, less than one per mil, differences between the groups across the δ13C isotope
ratio.

Figure 8. 13C cross polarization magic angle spinning nuclear magnetic
resonance comparison of laboratory‐produced (a) char produced from lit-
ter and Rim Fire char (b). As the laboratory produced char (a) was exposed
to increased temperatures, the alkyl, O‐alkyl, and phenolic functional
groups were lost, and the aromatic region was enhanced. The field char from
a moderate burn severity sediment (MH, panel b) site contains higher pro-
portions of aromatic functional groups than the 250 °C char but retained the
alkyl and phenolic peaks.
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Table 4
Chemical Functional Group Integrated Regions From 13C NMR Analysis

Sample type
Classification

group
Sampling

time Alkyl C
N‐alkyl and
Methoxyl C O‐alkyl C Di‐O‐alkyl C Aromatic C Phenolic C

Amide and
carboxyl C

Ketone and
aldehyde C

Molar percentage of total organic C

Pinus duff 50 °C Nov 2013 20.9 7.7 24.7 7.8 18.6 7.5 9.1 3.6
250 °C char Nov 2013 22.7 7.7 15.5 6.9 24.8 10.4 8.8 3.1
550 °C char Nov 2013 3.4 1.5 1.2 9.5 61.6 12.9 6.6 3.3

Field char MH char Apr 2014 9.6 4.1 24.3 10.3 33.8 12.3 3.7 1.9
Sediment HH Feb 2014 8.6 2.8 6.0 7.9 50.1 12.9 9.0 2.9

HH Apr 2014 11.7 2.9 10.1 5.6 43.6 13.6 9.4 3.1
HH May 2014 15.4 3.9 7.0 4.8 42.6 14.1 9.1 3.1
HM Feb 2014 13.0 3.6 4.4 4.6 48.5 13.4 9.6 3.0
HM Mar 2014 8.3 1.4 1.9 4.3 53.9 15.1 11.7 3.4
HM Apr 2014 10.4 3.3 7.0 5.2 43.5 14.6 11.4 4.5
HM May 2014 11.2 3.2 7.1 7.8 47.0 13.8 7.4 2.6
MH Feb 2014 17.6 5.6 13.9 6.6 35.6 9.9 7.9 3.1
MH Apr 2014 32.0 5.2 15.7 5.7 25.0 8.0 6.5 1.9
MH May 2014 22.3 6.1 21.8 7.2 28.1 8.1 4.9 1.5

Soil HH 0–5 cm Spring 2014 16.5 4.6 9.0 6.0 36.7 12.5 11.5 3.1
HH 5–10 cm Spring 2014 20.0 5.9 12.4 7.0 32.5 10.5 9.1 2.7
HM 0–5 cm Spring 2014 19.4 5.1 8.6 4.9 35.6 11.4 11.2 3.8
HM 0–5 cm Spring 2014 23.1 5.3 10.2 5.0 32.2 10.0 11.4 2.9
MH 0–5 cm Spring 2014 24.0 5.2 12.9 5.4 30.5 9.8 8.9 3.2
MH 0–5 cm Spring 2014 13.4 3.3 4.7 5.4 44.8 14.5 10.1 3.9

Note. The classification group indicates the combination of slope and burn severity (HH = high burn severity, high slope, HM = high burn severity, moderate
slope, MH = moderate burn severity, high slope) or the temperature of the Pinus litter char. NMR = nuclear magnetic resonance.

Table 5
Molecular Mixing Model Results for Each of the Sediments and Chars Analyzed by 13C NMR

Sample type Classification group Sampling time C/N molar ratio Carbohydrate Protein Lignin Lipid Carbonyl Char (PyC)

percentage of total organic carbon

Pinus duff 50 °C Nov 2013 33.0 22.6 11.0 31.0 18.3 6.6 10.4
250 °C char Nov 2013 29.8 10.6 12.2 35.8 19.4 4.9 17.1
550 °C char Nov 2013 39.3 0.0 0.0 6.9 3.7 6.4 83.0

Field char MH char Apr 2014 23.1 0.0 34.1 7.9 2.3 32.5
Sediment HH Feb 2014 24.1 4.7 15.1 6.9 3.2 4.7 65.4

HH Apr 2014 34.9 7.5 10.4 14.1 8.4 6.2 53.4
HH May 2014 24.5 3.0 14.9 16.1 10.9 4.5 50.6
HM Feb 2014 18.5 1.7 19.6 4.3 7.1 3.9 63.3
HM Mar 2014 19.9 0.0 18.2 0.0 1.8 6.8 73.1
HM Apr 2014 28.0 3.5 13.0 17.9 4.9 9.1 51.7
HM May 2014 26.1 4.6 13.9 14.6 6.0 2.8 57.9
MH Feb 2014 46.8 11.0 7.8 19.5 17.0 5.3 39.4
MH Apr 2014 42.0 11.8 8.7 16.8 35.9 1.9 25.0
MH May 2014 54.0 19.8 6.7 20.8 23.5 0.9 28.2

Soil HH 0–5 cm Spring 2014 17.0 6.1 21.4 15.1 9.5 5.7 42.3
HH 5–10 cm Spring 2014 20.8 9.1 15.2 21.3 16.3 4.2 33.9
HM 0–5 cm Spring 2014 23.0 5.0 17.5 14.7 15.2 6.8 40.8
HM 0–5 cm Spring 2014 24.0 6.6 15.8 14.1 21.0 6.3 36.1
MH 0–5 cm Spring 2014 34.5 9.2 10.5 18.1 24.2 5.4 32.5
MH 0–5 cm Spring 2014 30.8 0.6 11.8 17.6 9.4 7.1 53.5

Note. The classification group indicates the combination of slope and burn severity (HH = high burn severity, high slope; HM = high burn severity, moderate
slope; MH = moderate burn severity, high slope) or the temperature of the Pinus litter char. NMR = nuclear magnetic resonance; PyC = pyrogenic carbon.
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straw, and other OM cover that has been applied to mitigate postfire
erosion (Cerdà & Doerr, 2008; Fernández & Vega, 2014; Groen &
Woods, 2008; Pannkuk & Robichaud, 2003). However, the presence of
litter cover, from both incomplete combustion and needle drop is likely
an inherent property of lower‐severity burns, and thereby burn severity
can act as an environmental trait integrator for understanding postfire
erosion. While the formation of a hydrophobic layer was not detected
at this site, considerable previous research has demonstrated the role
of soil hydrophobicity in contributing to lower infiltration and higher
runoff of precipitation, leading to elevated erosion rates in a number
of environments, including the Sierra Nevada (Carroll et al., 2007;
Doerr et al., 2004; Doerr & Thomas, 2000).

4.2. The Role of Burn Severity in Controlling Soil and Sediment
OM Quality

Burn severity played an important role in controlling the amount of both
coarse and fine sediment transported after the Rim Fire. Sediment eroded
from the moderate severity burn areas was enriched in C and N concen-
trations compared to their source soils and contained more fresh,
organic‐rich material than the high severity sites (Figure 6). Greater OM
in eroded material from moderate severity burn sites was likely a result
of less combustion of fresh OM and postburn needle drop, which was, at
least partially, incorporated into the OM of the soil and eroded material
through dissolution or fragmentation and downward vertical transport
(Cotrufo et al., 2015). This needle drop likely played roles in both contri-
buting to the underlying soil OM pool as well as decreasing the overall
sediment export from the moderate severity burn sites.

The high burn severity sites had lower OM andmore highly charred mate-
rial, which is reflected in the relatively enriched 15N value in the high
burn severity sediments. This enrichment of 15Nwith higher burn severity
is characteristic of biomass exposed to higher charring intensities, which
has been widely reported to impact the δ15N value of soils (Grogan
et al., 2000; E. Huber et al., 2013; Pyle et al., 2015; Saito et al., 2007) by con-
suming the relatively fresh OM, that is depleted in 15N, on the surface of
soil, by selectively consuming 14N during combustion or pyrolysis (Pyle
et al., 2015), or by the loss of NH4

+ compared with NO3
− (Schmidt &

Stewart, 1997). The similarity in the δ13C value of sediments is expected
in soils with the same or similar vegetation, as previous research has indi-
cated that δ13C typically does not shift with increasing charring tempera-
ture (Pyle et al., 2015).

In high severity burn sites, the ERs of C and N were closer to one and more closely resembled the soil
mineral material. The high burn severity sites had no remaining live trees to drop needles; thus, mineral
material and large woody char fragments dominated the coarse fraction. However, the sediments from these
sites were enriched in PyC, whereas the sediments from the moderate burn severity sites were depleted in
PyC. This observation suggests that formation temperature of PyC may act as a control on its potential for
erosion, which is critical for understanding the fate of PyC within an ecosystem (Mimmo et al., 2014).
However, the enrichment of PyC in sediments from the higher burn severity sites may also be due to differ-
ences in overall PyC production and interrelated differences in erosion properties in sites experiencing dif-
ferent burn severities. Other research has demonstrated that temperature exhibits a significant control on
the properties of PyC, including hydrophobicity, specific surface area, C and N concentration, hydrophobi-
city, and density, among other properties (Ascough et al., 2008; Mimmo et al., 2014; Santín et al., 2017).
These properties likely led to the enhanced erosion of PyC in the high burn severity sites, and depressed ero-
sion of PyC in the moderate burn severity sites.

Figure 9. 13C cross polarization magic angle spinning nuclear magnetic
resonance spectra of soil organic matter in soil and sediment eroded from
the different burn severity and slope classifications. Top soil samples (0–
5 cm) are the top lines of the spectra, followed by the first and last sampling
points of the 2014 water year. (a) HH indicates high burn severity, high
slope. (b) HM indicates high burn severity, moderate slope, and (c) MH
indicates moderate burn severity, high slope.
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The moderate and high burn severity sediments differed in terms of OM functional group distribution.
The sites that experienced high severity burning had aromatic functional groups constituting approxi-
mately 50% more of the OM than the moderate severity burn sites (Table 5). This is consistent with pre-
vious findings, which have indicated that with moderate burning, aromatic functional groups may
account for between 20% and 30% of the total functional groups and that aromatic functional groups
may make up 40–60% of high severity burn sites (Knicker et al., 2006; Mastrolonardo et al., 2015;
Miesel et al., 2015; Nave et al., 2011).

Burn severity had a major effect on OM composition, where sediment from moderate severity sites had a
higher proportion of carbohydrates and lipids compared to the high severity sites. The composition of OM
in moderate severity sites likely reflects the effects of thermal alteration of OM during combustion (Araya
et al., 2017) and the input of fresh OM from needle drop postfire. Laboratory charring of Pinus litter from
the study area showed that the proportion of PyC increased with charring temperature while the propor-
tions of protein and carbohydrate decreased to zero at the highest charring temperature (Table 5).
However, our NMR analyses on sediments from high burn severity sites had a higher proportion of pro-
tein than the moderate burn severity sites.

The higher than expected concentration of proteins in sediment from high burn severity sites is likely due
to a combination of factors. First, it is possible that some topsoil material could have been eroded before
the sampling for this study because light ash material can easily be mobilized by wind or water erosion
postfire (Pereira et al., 2015) or through vertical mobilization of charred material (Major et al., 2010).
Early erosion could lead to the soil and sediment material from sites with high burn severity not closely
resembling the laboratory‐produced high‐temperature char. Other reasons for the soil and sediments not
resembling the high‐temperature, laboratory‐produced char are related to differences in charring condi-
tions, such as lower oxygen availability and longer charring durations in the laboratory (Santín, Doerr,
Merino, et al., 2016). However, there was no major formation of rills or gullies during this sampling per-
iod and no evidence that the source of the eroded material was from mineral soil, which might be
expected to have higher protein contents than highly charred soils and sediments. Second, it is likely that
some of the char we collected in eroded sediments came from previous fires, and therefore, its composi-
tion more closely resembles microbially processed chars instead of laboratory‐produced chars. Large pro-
portions of the land within the boundaries of the Rim Fire had been burned within the past few decades
(Van Wagtendonk & Lutz, 2007), and the proportions of PyC in the source soils, even at the deeper sam-
pling depth, are higher than even the 250 °C Pinus litter laboratory generated char, which suggests either
previous fire history or downward vertical mobilization of PyC. Finally, input of PyC and release of N
from previously living biomass (Schmidt & Stewart, 1997) could increase microbial processing in the soil
postburn, or the input of vegetative and microbial necromass could have increased concentrations of pro-
tein in the soil. Furthermore, we cannot dismiss the possibility that the amount of protein we found in
the sediments may be an artifact of the MMM, which was developed for idealized SOM mixtures
(Baldock et al., 2004). This biomolecular model may also be overestimating the proportion of char in
these samples, as our control laboratory dried litter at 50 °C contained 8% char, which was not consistent
with what would be expected for litter samples.

4.3. Implications of OM and PyC Enrichment in Eroded Sediments

The erosional transport and deposition of PyC can lead to significant changes to its environmental persis-
tence (Santín, Doerr, Kane, et al., 2016), particularly due to its potential for preferential erosion, as found
after the Rim Fire in this study. The redistribution of PyC throughout a landscape can play a significant role
in controlling its long‐term persistence in soil. For example, if PyC were to be eroded from the slopes postfire
and become stabilized within downslope depositional landform positions, it would likely have greater envir-
onmental persistence, particularly if the sediment becomes buried (Chaopricha & Marín‐Spiotta, 2014;
Marin‐Spiotta et al., 2014). Alternatively, PyC may have a shorter residence time, if it becomes exposed to
breakdown processes during transport or is transported to a location that has higher decomposition poten-
tial than its formation location (Bird et al., 2015). Nevertheless, the enrichment of PyC or C in eroding sedi-
ment, such as from high burn severity sites after the Rim Fire, can significantly impact the nutrient budgets
of that landscape (Stacy et al., 2015). This preferential erosion can enhance the spatial variability in nutrient
distribution throughout a landscape and enhance the difference in nutrient concentration between upslope
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eroding landform positions and depositional positions. Additionally, erosional enhancements of PyC con-
centrations in depositional landform positions can serve to increase soil cation exchange capacity and avail-
able nutrients, in addition to sorbing nutrients to enhance nutrient retention (Araya et al., 2016; Johnson
et al., 2007). By not accounting for variability in the rates of PyC erosion, considerable error is likely added
to field‐based estimates of the residence time and fate of PyC in situ (Santín, Doerr, Kane, et al., 2016).

These results suggest that erosive transport of PyC also depends on the burn severity of the landscape
wherein the PyC was formed. The combination of combustion intensity as a force for controlling both burn
severity and the erosive properties of PyC likely controls the postfire redistribution and fate of PyC over lar-
ger scales. Additionally, this relationship suggests that under low and moderate burn severities, the burned
area may need less management to retain the PyC, which higher burn severity sites may require more inten-
sive management strategies. Additionally, the soils in this study site were weakly developed Entisols on rela-
tively steep slopes; more developed soils with higher OM input may have more surface roughness that could
slow erosion forces, along with enhanced stabilization or breakdown of PyC in situ.

4.4. The Role of Geomorphology in Controlling the Long‐Term Fate of PyC

Erosion can dictate the long‐term fate of PyC, because eroding and depositional landform positions can exhi-
bit distinct hydrologic and environmental properties that affect decomposition rates for PyC and OM (Abney
& Berhe, 2018; Berhe, 2012; Berhe et al., 2008). This effect is potentially enhanced, however, due to the pre-
ferential transport of PyC, as we found after the Rim Fire and others have found in experimental burns in
agricultural plots (Rumpel et al., 2006). The impact of the landform position on the persistence of C or
PyC also depends on whether that material is burned in depositional landform positions, decomposed in
situ, or eroded farther down a watershed (Abney & Berhe, 2018). The C storage potential of depositional
landform positions can be over 1.6 to 6.2 times that of eroding landform positions (Doetterl et al., 2012).
However, because PyC typically has a longer environmental residence time (Boot et al., 2015; Hammes
et al., 2008; Lehmann et al., 2008) than nonpyrogenic SOM, this burial‐enhanced extended residence time
of PyC may be an even more critical factor for controlling its overall environmental persistence.

Over 50,000 ha of the Rim Fire was classified as high burn severity, and over 30,000 ha was classified as mod-
erate burn severity (Potter, 2014). By combining an approximate sediment load of 20 g/m2/year from the first
water year postfire (2013) with the areas impacted by differing burn severities and the mean PyC fraction
from moderate and high burn severity treatment groups, erosion could be responsible for the redistribution
of over 3,000 and 5,000 Mg of PyC in the first year after the Rim Fire from the moderate burn and high burn
severity areas, respectively. This may be a conservative estimate based on higher postfire erosion rates
reported in other studies (Carroll et al., 2007; Kirchner et al., 2001; Spigel & Robichaud, 2007). These other
studies also likely have different geomorphologic conditions, including slope length, aspect, and angle, along
with soil and vegetation types than the landscape impacted by the Rim Fire. However, it is still clear that by
not incorporating considerations of gemorphology and how it dictated hillslope level redistribution of PyC
into the current understanding of PyC and C cycling, considerable error is being introduced into models
of both C and PyC budgets.

4.5. Future Directions and Limitations

The persistence of PyC in soil strongly depends on whether the PyC decomposes in situ or is eroded and sub-
sequently deposited in a site with different decomposition or stabilization potential. The role of landform
position on controlling decomposition of SOM has been well described (Berhe, 2012; Doetterl et al., 2012),
but this control needs to be assessed for PyC. This study did not address the role of decomposition of PyC
during erosional transport, which is a significant process in the breakdown of nonpyrogenic C (Jacinthe &
Lal, 2001) or from the soil as a result of leaching (Santos et al., 2016). This study also did not address the fate
of PyC after it is deposited. The specific landform position and environmental conditions where PyC is
deposited likely play a significant role in its loss from or long‐term stability in soil (Abney et al., 2017;
Abney & Berhe, 2018). A major limitation of our study is the lack of a moderate burn severity, moderate
slope classification group. Without this group, it is impossible to statistically assess interactions between
burn severity and slope, though doubtless they exist. This research demonstrates that PyC from high burn
severity areas is preferentially erosive; however, the role of slope is unclear in how it controls PyC erosion
from soil. Future research should consider the interactions between landscape factors and burn severity,
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along with depositional environments and how these environmental factors can control the long‐term,
landscape‐scale persistence of PyC. Understanding the magnitude and controls of PyC fluxes is crucial to
understanding the persistence of PyC in soil.

5. Conclusions

Sediment transport during the first year (2014) following the Rim Fire was greatest in the first two postfire
study months (February and March), across all combinations of slope and burn severity studied. This higher
transport corresponded to higher intensity and total precipitation in these two months compared with the
latter two sampling months (April and May). The eroded material from moderate severity burn sites more
closely resembled the source soil than the erodedmaterial from the high severity burn sites, andmuch of this
difference was likely due to chemical changes that occurred during combustion or through environmental
differences postburning. The sediment from moderate severity burn sites had more inputs of fresh OM than
the high burn severity sites, which were depleted in both C and N. However, in the high severity burn sites,
the sediment was enriched in PyC and was less similar to its source soil. This enrichment of PyC in only the
high burn severity sites suggests that burn severity plays an important role in controlling the quality of OM
eroded postfire based on functional group distribution. This preferential erodibility of PyC from these high
burn severity sites also indicates that burn severity may play a critical role in determining management stra-
tegies for mitigating against postfire erosion and loss of PyC from soil.

Overall, these results illustrate that both the amount and quality of OM and PyC that is eroded postfire is
primarily controlled by burn severity and secondarily by geomorphology of the landscape. However, the
influence of burn severity, slope, and landform position on the transport of PyC within soil needs further
investigation, as these likely interact to control the long‐term fate of PyC.
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