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How interactions between wildfire and seasonal soil moisture 
fluxes drive nitrogen cycling in Northern Sierra Nevada forests 
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Jonathan GreenbergA  

ABSTRACT 

As wildfires become larger and more severe across western North America, it grows increasingly 
important to understand how they will affect the biogeochemical processes influencing eco
system recovery. Soil nitrogen (N) cycling is a key process constraining recovery rates. In 
addition to its direct responses to fire, N cycling can also respond to other post-fire transfor
mations, including increases or decreases in microbial biomass, soil moisture, and pH. To 
examine the short-term effects of wildfire on belowground processes in the northern Sierra 
Nevada, we collected soil samples along a gradient from unburned to high fire severity over 10  
months following a wildfire. This included immediate pre- and post-fire sampling for many 
variables at most sites. While season and soil moisture did not substantially alter pH, microbial 
biomass, net N mineralisation, and nitrification in unburned locations, they interacted with burn 
severity in complex ways to constrain N cycling after fire. In areas that burned, pH increased (at 
least initially) after fire, and there were non-monotonic changes in microbial biomass. Net N 
mineralisation also had variable responses to wetting in burned locations. These changes suggest 
burn severity and precipitation patterns can interact to alter N cycling rates following fire.  

Keywords: fire, nitrogen cycling, post-fire soil properties, pre- and post-fire sampling, Sierra 
Nevada, soil, soil biogeochemistry, soil timeseries, Walker Fire, wildland fire. 

Introduction 

Wildfires shape coniferous forests across western North America, in part through their 
effects on soil biogeochemical processes such as nitrogen (N) cycling (Knelman et al. 
2015; Alcañiz et al. 2018). Although such belowground processes can vary substantially 
following fire, two trends stand out as particularly robust: increases in pH, and acceler
ated net N mineralisation and nitrification (Certini 2005; Neary et al. 2005; Hanan et al. 
2016b; Alcañiz et al. 2018). The magnitude of these increases generally grows with burn 
severity (DeLuca et al. 2006; Verma and Jayakumar 2012; Alcañiz et al. 2018; Kranz and 
Whitman 2019). However, we still lack a strong mechanistic understanding of how 
wildfire and other environmental factors interact to influence biogeochemical cycles as 
ecosystems recover. 

There are several interconnected processes that influence net N mineralisation and 
nitrification rates after fire. For one, fire increases soil pH by (1) depositing ash and char 
on soil surfaces, which are rich in ammonium (NH4

+), readily decomposable organic N, 
and base-forming cations, and (2) destroying organic acids in surface soils (Hanan et al. 
2016b). Increases in soil pH can in turn increase nitrification rates by increasing the ratio 
of ammonia (NH3) to NH4

+, which is the N substrate used by nitrifying bacteria and 
archaea (Prosser 1990; De Boer and Kowalchuk 2001; Hanan et al. 2016b). However, 
other factors can counteract increases in N availability. For example, readily decompos
able materials deposited on soil surfaces with ash can stimulate heterotrophic microbial 
biomass, which has been linked with N immobilisation in N-limited ecosystems (Aoyama 
and Nozawa 1993; Gallardo and Schlesinger 1995). Additionally, even though fire 
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typically increases immediate N availability, it also oxidises, 
volatilises, and transports N away from burned ecosystems, 
which over time can reduce N supply to plants and microbes. 

Fire characteristics such as energy release affect many 
tangible changes to forest systems post-fire, including the 
degree of forest floor combustion, ash and char deposition, 
and the presence and depth of hydrophobic soil layers 
(Gustine et al. 2022). These effects can influence the extent 
to which fire affects biogeochemical processes and which 
processes dominate in a given location (Neary et al. 1999;  
González-Pérez et al. 2004; Knicker 2007; Knelman et al. 
2015; Whitman et al. 2019). Because direct measurements 
of fire characteristics are challenging to obtain across large 
spatial scales, burn severity metrics are frequently used to 
indirectly categorise the extent to which fire transforms an 
ecosystem or landscape. Generally, the severity metric is a 
category: low, moderate, or high severity. The categories are 
based primarily on the amount of charring and combustion 
evident in the vegetation and surface soils (Turner et al. 
1994; Keeley 2009). 

It is extremely challenging to directly link or model 
relationships between burn severity categories and below
ground N cycling because wildfires are complex and rarely 
provide opportunities to compare homologous burned and 
unburned areas. Despite the importance of quantifying how 
fire affects N dynamics, few wildfire studies have true pre- 
fire samples, and instead rely on space-for-time substitu
tions, which increases uncertainty in a variety of ways. 
For instance, because soil properties can vary at fine spatial 
scales (e.g. less than 30 m; Campbell 1978; Ste-Marie and 
Paré 1999; Morgan et al. 2014), chronosequences (e.g. com
paring recently burned, young, and mature stands) confound 
spatial and temporal differences among sites. Ignoring spa
tial variation is problematic because site heterogeneity can 
have a strong effect on soil processes following fire, some
times even stronger than the fire itself (Kranz and Whitman 
2019; Santos et al. 2019). Other studies have relied on 
opportunistic pre-fire samples that were intended for another 
use before a study area burned (Homann et al. 2011; Pingree 
et al. 2012). However, in many cases, these samples had 
been collected weeks, months, or even years before the 
fire, which can confound the effects of fire with other envir
onmental drivers, such as weather and hydrology. 

In addition to the difficulties associated with pre-fire 
sampling, sampling immediately after wildfire is challenging 
because of safety and access limitations. As a result, many 
studies rely on longer post-fire time intervals. In these studies, 
the first post-fire sampling may not occur until weeks or 
months after fire, even in the case of prescribed burns 
(Stephens et al. 2004; Weber et al. 2014; Kranz and 
Whitman 2019). These time-lags in post-fire sampling may 
cause researchers to miss ephemeral changes that occur 
immediately after fire. However, such changes may still influ
ence ecosystem N budgets and post-fire recovery trajectories, 
particularly following low severity burns where compounding 

effects of multiple fires are likely to occur (Pellegrini 
et al. 2021). 

This case study uses a combination sampling approach 
with both immediate pre- and post-fire samples, in addition to 
unburned control areas, to circumvent many of the uncertain
ties associated with space-for-time substitutions and long time- 
lags between pre- and post-fire sampling (Supplementary 
Fig. S1). We studied the Walker Fire, which burned in 
Plumas National Forest, CA in 2019, by sampling within 
4 days before and after the fire burned a given location, as 
well as 1.5, 6, and 9 months after the fire. We sampled sites 
that did not burn in the Walker Fire, and sites that burned at 
low, moderate, and high severities. We measured soil char
acteristics including pH, microbial biomass, total C:N ratios, 
water content, NH4

+, nitrite (NO3
−), and net N mineralisa

tion and nitrification rates to address two questions: (1) how 
does N cycling change with burn severity in the first year 
following this fire? And (2) does this sampling design provide 
unique data to advance methodology for future research? 

Methods 

Site description 

The northern Sierra Nevada experiences a mediterranean 
climate, with more than half its annual precipitation falling 
mostly as snow in January, February, and March (van 
Wagtendonk et al. 2018). Summer precipitation, when it 
occurs, often comes as afternoon thunderstorms, and annual 
precipitation is approximately 125 cm. Average summer 
high temperatures are 25°C and winter high temperatures 
are −5°C. The portion of Plumas National Forest included in 
this study is Pinus ponderosa (Douglas ex C. Lawson) domi
nated, with some Calocedrus decurrens (Torr.) Florin and 
infrequent lower montane conifers such as Pinus lamberti
ana Douglas (van Wagtendonk et al. 2018). Understory 
vegetation is grass and forb dominated with few shrubs. 
The soils are either sandy, mixed, frigid Entic Xerumbrepts 
(for plots C1 and C2, described below), mixed, frigid Dystric 
Xeropsamments (for plots L1, L2, and M1), or clayey, smec
titic, frigid, shallow Typic Argixerolls (for plots C3 and H1;  
NRCS and UC Davis 2020). Sampling site aspect varied, and 
slope ranged from <5 to 17°. The site elevations ranged 
from 1650 to 1700 m above sea level. 

Sampling design 

The Walker Fire burned in Plumas National Forest, California 
in September 2019. It burned approximately 55 000 acres 
from September 4 to 15 (Fig. 1; Dickinson et al. 2019). 
While the fire was active, the US Forest Service Fire 
Behavior Assessment Team (FBAT) sampled six plots prior 
to fire arrival at those sites. The plot size, 30 m by 30 m, was 
established for vegetation and fuel surveys in a complemen
tary study (Greenberg, unpublished). The plots were selected 
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based on ease of access and a high likelihood of burning 
within a few days. For the sake of continuity with the FBAT 
datasets and report (Dickinson et al. 2019), Table 1 cross 
references our plot names (named for burn severity catego
ries) with their FBAT plot numbers (numbered in the order 
sampled). 

Severity categories were assessed visually using the mixed 
conifer forest classification system described in Parson et al. 
(2010): in low severity areas, fire charred the surface litter 

and partially consumed fine fuels; in moderate burn severity 
areas, fire consumed most of the fine fuels and scorched most 
tree canopies; and finally, in high burn severity areas, fire 
completely consumed surface and understory fuels and 
nearly or completely consumed canopies (i.e. no needles or 
leaves remained; Parson et al. 2010). 

Plots L1 and L2 burned at low severity and plot M1 
burned at moderate severity. Plot H1, added to the study 
in the spring following the fire, burned at high severity and 

Walker Fire 2019: sampling plots

Fire boundary
High severity
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Low severity
Control
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Fig. 1. Map of plot locations and Walker Fire 
perimeter in the vicinity of Murdoch Crossing 
Spring, Plumas National Forest, CA. Coordinates 
for the southwest corner of each plot are given in 
Supplementary Table S4.    

Table 1. Plots and number of replicate sampling locations per burn severity category and at each sampling event.         

Severity category Plot names (FBAT 
plot numbers) 

Number of samples 

Immediately 
pre-fire 

Immediately 
post-fire 

1.5 months 
post-fire 

6 months 
post-fire 

9 months 
post-fire   

Control C1 (2) 9 0 9 9 9 

C2 (3) 

C3 (7) 

Low severity L1 (4) 6 6 6 6 6 

L2 (5) 

Moderate severity M1 (8) 3 3 3 3 3 

High severity H1 (NA) 0 0 0 3 3 

Three sampling locations were nested within each plot. Sampling locations were treated as replicates within a burn severity category and plot was treated as a 
random effect. The sampling timeline covers immediately pre-fire through 9 months after the fire. ‘Plot names’ shows the plot names used in this study alongside 
their respective plot numbers from the FBAT report; plot H1 was not included in that report.  
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was likely a crown fire (Supplementary Fig. S2). Plots C1, 
C2, and C3 did not burn and will be referred to as control 
locations (Supplementary Fig S2; Table 1). We did not 
observe ash or char in the control sites; there were small 
amounts of char in low severity sites, thin layers of ash and 
char scattered throughout sites that burned at moderate 
severity, and more substantial ash and char in sites that 
burned at high severity. 

There were three sampling locations per plot – one in the 
northeast, one in the southeast, and one in the southwest corner, 
except for plot C1, which was always sampled in the centre of 
the plot instead of the southeast corner. Each time a location 
was re-sampled, the sample was within 1 m of the original, 
pre-fire sample, but did not overlap with previous sampling. 
Plot level data on land-use history, fuel loading, and stand 
assessments can be found in Supplementary Tables S1–S3. 

We focused on mineral soils because forest floor con
sumption was inconsistent, ranging from no combustion in 
the control locations to almost completely consumed in the 
moderate and high severity sampling locations. At each sam
pling location, fifteen 3.5 cm diameter by 5 cm depth mineral 
soil cores were collected from within a 30 cm diameter 
sampling ring. Samples were kept cool and brought back to 
the laboratory for immediate processing and analysis. 

Pre-fire and immediate post-fire samples were collected 
over the course of 1 week. All pre-fire sampling occurred 
over 4 days and, in the locations that burned, no more than 
4 days prior to fire arrival. Immediate post-fire samples were 
collected within 3 days of burning. Samples were then col
lected at 1.5, 6, and 9 months post-fire at the burned and 
unburned locations (Table 1; see Supplementary Fig. S3 for 
weather at sample collection times). Sample collection at 
6 months post-fire occurred during the spring snowmelt. 

Laboratory analysis 

In the laboratory, soils were sieved using a 4.7 mm mesh. 
Samples were then composited by sampling location, and 
homogenised such that subsamples used for each of the 
laboratory analyses would be equivalent. We determined 
water-holding capacity and fractional water content by 
weighing 10 g field moist subsamples, then saturating them 
with water. We dried them at 58°C for 48 h, at which point 
all samples had reached a constant mass. Water-holding 
capacity was calculated as saturated weight minus dry 
weight divided by dry weight. Fractional water content, 
the water fraction of the field moist sample weight, was 
determined by subtracting dry weight from field wet weight 
then dividing by field wet weight. Soil pH was measured by 
adding deionised water to 10 g field moist soil subsamples to 
create a 1:1 ratio slurry. We recorded pH using a Fisher 
Scientific AE 150 pH meter. 

Heterotrophic microbial biomass was estimated using 
substrate induced respiration (SIR) in a method adapted 
from West and Sparling (1986). We added 1.67 mL of a 

12 g L−1 glucose/deionised water solution to each soil sam
ple, and measured the CO2 concentrations immediately and 
then again after 4 h. We measured the CO2 concentration in 
the headspace of the sealed jars by using a glass syringe to 
extract air samples through septa in the jar lids then fed 
those samples through a LiCOR infrared gas analyser. The 
change in CO2 concentration was converted to μg carbon (C) 
per gram of dry soil per hour. Although it is not a direct 
measure of microbial abundance, SIR rates strongly corre
late with estimates from direct chloroform fumigation meth
ods (Fierer 2003), and therefore provide a useful index for 
relative changes in heterotrophic microbial biomass (West 
and Sparling 1986; Beare et al. 1990; Bailey et al. 2002). 

To estimate net N mineralisation and nitrification rates at 
field moisture conditions, we incubated a set of 10 -g field 
moist subsamples from each sampling location for 1 week. 
The second and third incubations, 1-week wetted and 
3-week wetted, were incubated at 40% water holding capacity 
for 1 and 3 weeks, respectively. When field moisture was 
above 40% water holding capacity, no water was added to 
the wetted incubations and the soils were incubated at their 
field moisture. This situation occurred in 7 of the 21 samples 
collected during the spring snowmelt at 6 months post-fire. 
To maintain humidity levels, we added approximately 2 cm 
of water to the jars that contained the vials of soil. Weights 
from individual tubes did not change significantly during 
the incubations. No incubations were conducted for the 
immediate pre- or post-fire samples. 

The field-moist incubations provide rates of net N miner
alisation (total inorganic N; change in µg NH4

+ and NO3
−) 

and nitrification (change in µg NO3
−) at field moisture 

conditions. The rate from 1-week long wetted incubations 
provides clues about the soil microbial community composi
tion by removing any water or diffusion limitations. The rate 
for the 3-week long wetted incubations, compared with the 
1-week wetted incubations, can provide insights into micro
bial biomass dynamics and resource availability by showing 
how a prolonged release from water limitation can affect 
NH4

+ and NO3
− cycling. 

We determined available NH4
+ and NO3

− concentrations 
for all incubated and unincubated (time = 0) samples by 
extracting the soil samples in 2 M potassium chloride (KCl; 
40 mL) for 2 h, then vacuum filtering through a glass fibre 
filter (Pall Gelmann Type A/E 1.0 µm). The extractants were 
measured using UV absorbance at 650 nm for NH4

+ and 
540 nm for NO3

− with a plate reader to determine the 
μg NH4

+ and μg NO3
− per g dry soil (Hood-Nowotny et al. 

2010). Daily net N mineralisation rates were calculated as 
the amount of inorganic N at the end of a given week divided 
by seven. For the week-long incubations, the time zero 
extraction, immediately after collection in the field, was 
the starting value. For the 3-week incubations, the value 
at the end of the second week was the starting value. This 
enabled us to isolate what occurred in the third week of the 
incubation from the N cycling that occurred in the first and 
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second weeks. Net nitrification rates were determined ana
logously but using only NO3

−. 
We were unable to assess net N mineralisation and nitri

fication rates immediately pre- and post-fire due to logistical 
constraints. A timeline of which soil properties were assessed 
at each sampling event is included in Supplementary Table S4. 

Statistical approach 

To examine the extent to which soil characteristics varied 
among locations that experienced different burn severities, 
we used linear mixed effects models. For each soil charac
teristic, we compared burn severity categories within a 
sampling event and sampling events within a burn severity 
category, and assessed interactions between burn severity 
and sampling events (time since fire). We used each soil 
characteristic as a response variable. Burn severity and sam
pling event were fixed effects and plot was a random effect, 
because (1) plots were randomly located within each sever
ity level, (2) soil characteristics can vary significantly at 
distances smaller than the distance between our sampling 
locations (i.e. 30 m; Campbell 1978; Hudak et al. 2007;  
Morgan et al. 2014), and (3) plot had no significant effect 
on any of the soil characteristics we measured before the fire 
(Table 2). Each sampling location was a replicate within a 
given burn severity category. Due to the low sample size, we 
would not extrapolate these results to other locations, but 
this approach enabled us to assess fire-induced changes 
across burn severity categories on the Walker Fire and the 
utility of immediate sampling events before and after wild
fires. High severity was not included in the third analysis due 
to the short sampling timeline at those locations, and the 
immediate post-fire sampling event was excluded because 
the control sampling locations were not sampled at that time. 

All statistics were run in R version 4.0.3 (R Core Team 
2020), using the following packages: ggplot2 (Wickham 
2016), nlme (Pinheiro et al. 2020), car (Fox and Weisberg 
2018), lme4 (Bates et al. 2015), RLRsim (Scheipl et al. 2008), 
and multcomp (Hothorn et al. 2008). Due to the relatively 

small sample sizes, normality of residuals was assessed visu
ally using histograms. We used an alpha of 0.1 to determine 
statistical significance in all analyses to offset the risk of type 
II errors due to low sample size. 

Results 

Plot effects 

Soil characteristics did not vary significantly by plot before 
the fire (Table 2). Following fire, plot affected various soil 
characteristics at times, but significant effects were not 
consistent and confounded with spatial patterns of the fire 
in the low severity category (Table 2). 

Soil moisture and pH 

Immediately post-fire, low and moderate severity sampling 
locations had high fractional water content following the 
fire-ending rain. At 6 months post-fire, during the spring 
thaw, all sampling locations had high fractional soil water 
content (Fig. 2, Supplementary Table S5). 

The sampling event–severity interaction had a significant 
effect on soil pH (P < 0.01; Supplementary Table S6). Soil 
pH increased by about 0.5 pH unit immediately after the fire 
in both low and moderate severity sampling locations 
(Fig. 3, Supplementary Table S5). In moderate severity loca
tions, pH continued to increase until 1.5 months after the 
fire while low severity locations levelled off after the imme
diate post-fire sampling event. High severity had the highest 
pH of all categories at 6 and 9 months after the fire. The 
control sampling locations’ pH changed less than any of the 
burned sites (Fig. 3, Supplementary Table S5). 

Microbial biomass 

The sampling event–severity interaction also significantly 
affected estimated microbial biomass (P < 0.01; Sup- 
plementary Table S6). The control locations had minimal 

Table 2. P-values for restricted likelihood ratio tests (RLRT) for plot effects.              

Imm. pre-fire Imm. post-fire 1.5 months post-fire 6 months post-fire 9 months post-fire 

All plots Control Low 
sev. 

Low 
sev. 

Control Low sev. Control Low 
sev. 

Control Low 
sev.   

Water content 0.41 0.34 1.00 0.37 0.25 0.19 0.42 1.00 0.09 0.37 

pH 0.42 1.00 1.00 0.24 0.36 0.34 0.02 <0.01 0.10 0.37 

Microbial biomass 0.35 0.02 1.00 1.00 0.28 0.34 0.42 1.00 0.07 0.16 

NH4
+ 0.34 0.42 1.00 0.36 0.02 0.29 0.42 <0.01 0.28 0.07 

NO3
− 0.31 1.00 1.00A 1.00 1.00 0.14 0.25 0.14 1.00 0.26 

Control locations were not sampled immediately post-fire. Values less than 0.1 are bolded and indicate that plot had a significant effect on the soil characteristic. 
Value of 1 indicates that the RLRT statistic was equal to 0 – model fit with the null and alternative hypothesis were indistinguishable. NH4

+ and NO3
− refer to the 

available NH4
+ and NO3

− at the time the sample was collected. 
AThis ratio test was designated not calculated as 1.00, because the concentrations were all zero.  
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changes in microbial biomass estimates after an initial 
decrease at 1.5 months after the fire. Estimated microbial 
biomass had a non-monotonic response in the burned loca
tions: immediately following fire, microbial biomass esti
mates decreased in low severity sampling locations by 74% 
and increased by 70% in moderate severity locations (Fig. 4, 

Supplementary Table S5). Estimated microbial biomass in 
the low severity samples levelled off whereas moderate 
severity plots increased through 1.5 months post-fire before 
declining. At 6 and 9 months after fire, high severity loca
tions had the highest estimated microbial biomass of any 
severity category (Fig. 4, Supplementary Table S5). 
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Net N mineralisation 

The sampling event–severity interaction had a significant 
effect on rates of net N mineralisation in the field-moist 
incubations (P = 0.02; Supplementary Table S6). High sever
ity sampling locations were the only locations with positive 
net mineralisation rates in the field-moist incubations at 
rates 0.9 µg inorganic N g−1 dry soil day−1 for both 6 and 
9 months post-fire (Fig. 5, Supplementary Table S5). The 
field-moist incubations for the control sampling locations 
exhibited some net immobilisation but they did not substan
tially differ from zero at any sampling event (Fig. 5, 
Supplementary Table S5). The low severity locations had 
rates similar to the control sites, differing most at 1.5 months 
post-fire when low severity locations were 0.08 µg inorganic 
N g−1 dry soil day−1 lower than the control locations. The 
moderate severity locations, on the other hand, had lower net 
mineralisation rates than the control and low severity 
sampling locations at all sampling events although the 
difference decreased over time post-fire as the rates at 
moderate severity locations rates increased. Only the high 
severity locations had net N mineralisation rates (in field- 
moist incubations) that were substantially different from the 
control rates at any time, with rates 1 µg of inorganic N g−1 

dry soil day−1 higher than those in the control locations at 
both 6 and 9 months post-fire (Fig. 5). 

The addition of water caused different responses among 
the burned categories. Although the control locations 
showed little response to the water additions in the 1- and 
3-week wetted incubations, net mineralisation increased for 
the low severity samples following water addition, on aver
age by 0.37 µg inorganic N g−1 dry soil day−1 for 1-week 

and 1.30 µg inorganic N g−1 dry soil day−1 for 3-week incu
bations (Fig. 5). In contrast, the moderate severity locations 
had a non-monotonic reaction to water additions, where 
net mineralisation rates slightly increased in the 1-week incu
bations, and decreased substantially in the 3-week incuba
tions, dropping to −3.82 µg inorganic N g−1 dry soil day−1 

at 9 months post-fire (Fig. 5). The moderate severity samples 
showed stronger, although negative, responses in net miner
alisation rates in the 3-week water incubations than the low 
severity throughout the study. Net mineralisation rates were 
highly variable in the incubations for soils that burned at high 
severity with the lowest rate at −7.30 µg inorganic N g−1 dry 
soil day−1 for the 3-week incubation at 6 months post-fire 
and the highest rate at 2.98 µg inorganic N g−1 dry soil day−1 

for the 3-week incubation at 9 months post-fire (Fig. 5, 
Supplementary Table S5). The sampling event–severity inter
action had a significant effect on net N mineralisation rates in 
the 1-week wetted incubations and severity had a significant 
effect on rates in the 3-week wetted incubations (P < 0.01, 
<0.01; Supplementary Table S6). 

Net nitrification 

The sampling event–severity interaction had a significant 
effect on the field-moist incubation net nitrification rates 
(P < 0.01; Supplementary Table S6). The control sampling 
locations had net nitrification rates for the field-moist incu
bations that did not differ significantly from zero over the 
course of the study (Fig. 6, Supplementary Table S5). The 
low and moderate severity sampling locations did not differ 
substantially from the control sites at any point. The sam
pling locations that burned at high severity had the highest 
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net nitrification rate for the field-moist incubations at 
6 months and the lowest rate at 9 months after fire (Fig. 6, 
Supplementary Table S5). 

Sampling event, severity, and the sampling event– 
severity interaction did not significantly affect the 1-week 
wetted incubation net nitrification rates (P = 0.91, 0.57, 
0.75 respectively; Supplementary Table S6). However, the 
sampling event–severity interaction did significantly affect 
net nitrification rates in the 3-week wetted incubation 
(P = 0.01; Supplementary Table S5). The control sampling 
locations had the lowest nitrification rates for both the 
1- and 3-week incubations with values ranging from 0.00 
to 0.41 µg NO3

− g−1 dry soil day−1 (Fig. 6, Supplementary 
Table S5). The low severity locations had slightly higher net 
nitrification rates than the control locations. Low severity 
values were mostly within 0.2 µg of the control rates but got 
as high as 1.10 µg NO3

− g−1 dry soil day−1 more than the 
control rates in the 1-week incubations at 9 months post-fire 
(Fig. 6, Supplementary Table S5). Moderate severity loca
tions, by contrast, typically had lower net nitrification rates 
than either the control or low severity locations. The 
moderate severity rates ranged from −0.02 in the 1-week 
incubation at 6 months post-fire up to 0.08 µg NO3

− g−1 dry 
soil day−1 in the 3-week incubation at 1.5 months post-fire. 
As with net mineralisation rates, net nitrification rates were 

highly variable for the high severity locations. The net 
nitrification rates were substantially higher in both the 
1- and 3-week incubations at 6 months post-fire than 
they were at 9 months post-fire when the values dropped 
2.91 µg NO3

− g−1 dry soil day−1 for the 1-week incubation 
and 2.35 µg NO3

− g−1 dry soil day−1 for the 3-week incu
bation (Fig. 6, Supplementary Table S5). The full suite of 
statistical results and additional analyses are described in 
Supplementary Section S3. 

Discussion 

Burn severity and seasonal precipitation and/or snowmelt 
can synergistically affect N cycling the our Northern Sierra 
Nevada mountains (Supplementary Table S6). Following 
fire, we found that N mineralisation rates changed com
pared to control sites but the magnitude and direction of 
those changes, and the extent to which mineral N was 
nitrified, varied non-monotonically with burn severity and 
soil moisture. In addition to water content, other seasonal 
variables – such as temperature and plant phenology – can 
influence post-fire soil processes (MacDonald et al. 1995;  
Sierra 1997; Ren et al. 2020). However, in many studies 
seasonal variables are often confounded with fire effects. In 
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this study, we disentangled fire from other seasonal vari
ables for many of the soil characteristics we investigated 
(i.e. soil moisture, pH, microbial biomass, and inorganic N) 
by comparing burned and unburned sites that had pre- and 
post-fire samples collected through different seasons. We 
found that moisture pulses had little effect on N cycling in 
unburned control locations, but had much larger effects in 
sites that burned (Fig. 5). 

Net N mineralisation and nitrification 

N oxidation, volatilisation, and the amounts of readily 
available N left on soil surfaces can vary with fire type 
(i.e. smoldering vs. crown-fire) and the movement of ash 
by wind and water post-fire (Grogan et al. 2000; Neary et al. 
2005; Goodridge et al. 2018). As a result, N status immedi
ately after fire can vary substantially among locations. Had 
we been able to measure N mineralisation and nitrification 
rates immediately post-fire, we may have seen variable 
short-term responses among sampling locations. However, 
the responses, 1.5 months after fire and beyond, showed 
consistently slow rates of net N immobilisation in the 
control, low severity, and moderate severity sampling loca
tions incubated at field-moist conditions (net mineralisation 
rates ranged from −0.02 to −0.87 µg g−1 dry soil day−1). 
These findings suggest that any mobilised N was rapidly 

taken up by plants or immobilised by soil microbial biomass 
(in other words, N cycling was tight), despite the ash residues 
we observed following the fire (Fig. 5). We also found 
elevated net nitrification rates post-fire, particularly in loca
tions that burned at low severity (Fig. 6). These findings 
suggest that, after fire, NH4

+ is simultaneously being immo
bilised in some microsites, while being nitrified in others. 
These coupled processes can co-occur in locations where 
N-cycling is relatively tight (Schimel and Bennett 2004). 

Microbial biomass 

Microbial biomass in the low severity locations did not differ 
substantially from the control locations either before or after 
the fire, suggesting that low severity fire may not have 
lasting effects on microbial biomass, either through direct 
mortality or by providing nutrients from ash and char that 
can sustain a population boom. On the other hand, locations 
that burned at moderate severity experienced an initial 
spike followed by a decrease in microbial biomass after 
fire. This can result from an influx of C and N with ash 
and char that is deposited during and shortly after the fire 
followed by a crash when the carbon and nutrients from ash 
are depleted, which can occur in as little as 1 year (Hanan 
et al. 2016a). Elevated microbial biomass may explain 
why soils in locations that burned at moderate severity 
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had consistently lower rates of net N cycling than those 
observed in control locations and those that burned at low 
severity. Elevated microbial biomass may have immobilised 
NH4

+, thereby preventing increases in nitrification that 
could have otherwise resulted from elevated pH (Hanan 
et al. 2016b). These results are corroborated by studies 
that have identified strong microbial controls on N availa
bility in fire-dominated coniferous forests (Vitousek and 
Melillo 1979; Turner et al. 2007). 

Soil pH 

Soil pH frequently increases following fire (Certini 2005;  
Alcañiz et al. 2018), which we observed in the low and 
moderate severity sampling locations (Fig. 3). This increase 
likely occurred because fires consume organic acids in the soil 
and deposit base-forming cations with ash residues (Certini 
2005). We found that the pH increases in soils that burned at 
low severity occurred very quickly; values increased immedi
ately after fire but levelled off by 1.5 months and remained 
elevated, approximately 0.5 pH units above pre-fire values, 
through 6 months post-fire (Fig. 3). Not all studies have found 
a pH change in mineral soil after low severity fires (Murphy 
et al. 2006; Knicker 2007; Alcañiz et al. 2018); however, in 
some cases this could have occurred because these studies 
sampled soils weeks to months after fire – because soil can act 
as a strong pH buffer, longer-term studies may sometimes 
miss immediate pH changes. 

In soils that burned at moderate severity, pH increased 
over a longer period of time (through 1.5 months post-fire) 
and rose higher than in soils that burned at low severity 
(Fig. 3), perhaps because fire deposited more ash and char. 
However, this effect was still relatively short-lived: by 
6 months post-fire, pH in moderate severity locations 
dropped below the values observed in locations that burned 
at low severity. Similarly, other studies have observed an 
increased magnitude of pH change with increasing burn 
severity (Certini 2005; Alcañiz et al. 2018). 

Post-fire changes in pH play an important role in N 
cycling because pH regulates the conversion of NH4

+ to 
ammonia (NH3

−). Over the typical range of soil pH values, 
a one-unit increase in pH leads to a ten-fold increase in the 
NH3

− to NH4
+ ratio (De Boer and Kowalchuk 2001; Hanan 

et al. 2016b). Different nitrifiers are active at different pH 
levels (Prosser and Nicol 2012), but NH3 is the preferred 
substrate for most nitrifying bacteria (Watson et al. 1989;  
Prosser 1990). Therefore, we would expect to see higher net 
nitrification rates when soil pH is elevated, even if the NH4

+ 

availability does not change. We did not observe this pat
tern: although pH varied across burn severity and time post- 
fire, net nitrification rates remained steady within each 
severity group and incubation type (Figs 3, 6). The apparent 
lack of pH control suggests that the microbial controls 
discussed above may be strong enough to outstrip any 
pH-driven increases in net nitrification. 

Soil moisture 

Soils from the control sampling locations demonstrated 
almost no N cycling response to increased water availability 
in the laboratory incubations. This was surprising because, 
short of anoxic conditions that occur under saturated condi
tions, soils with higher water content typically exhibit 
increased net nitrification rates (Stark and Firestone 
1995). These findings further suggest that N cycling is 
tight in mature stands in this system, which is consistent 
with rates observed in other conifer forests (Vitousek et al. 
1979; Turner et al. 2007). N cycling was less consistent in 
wetted incubations for the burned locations. We observed 
consistent increases in net mineralisation following water 
addition in soil samples that burned at low severity and a 
non-monotonic response to water addition in samples that 
burned at moderate severity (increases in mineralisation 
rates after 1 week, decreases after 3 weeks; Fig. 5). These 
findings illustrate how complex the interactions among burn 
severity, precipitation, and N mineralisation can be. It is not 
surprising that greater levels of disturbance led to a larger 
change in N mineralisation rates; however, the direction of 
change varied with time and severity. Thus, understanding 
the processes controlling these responses requires further 
research. 

High severity 

The challenges in interpreting the data from the high sever
ity locations reinforce the utility of sampling designs that 
incorporate immediate pre-fire sampling. The high severity 
samples had the most extreme values for post-fire pH and 
estimated microbial biomass in our study (e.g. pH of 7.4 and 
microbial respiration of 9.3 µg C g−1 dry soil h−1 at 
6 months post-fire; Figs 3, 4, Supplementary Table S5). 
Further, N cycling rates were much more variable in sites 
that burned at high severity than in those that burned at 
lower severity (Figs 5, 6). Had we been able to sample these 
locations pre-fire, we would have baseline conditions to 
compare the post-fire values against. Without those samples, 
the extreme values and variability are intriguing but robust 
interpretation of changes and trends is impossible. Although 
we do have a set of control locations (plot C3) approxi
mately 1.5 km away from H1, there is risk in assuming 
that because the locations are close together, they had 
similar pre-fire soil characteristics – this is a problematic 
assumption inherent in space-for-time studies. Without loca
tion specific pre-fire data, we cannot quantify the extent to 
which observed values were due to fire. Our results suggest 
that high severity fire may have far more dramatic effects on 
soil characteristics than low or moderate severity fires, 
which is important for understanding the effects of large 
fires with heterogeneous burn severity. We hope that future 
studies will be able to increase sampling in high severity 
areas and incorporate pre-fire samples to gain additional 
insight and clarity. 
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Even within high severity burns there can be a lot of 
heterogeneity due to fine-scale differences in fuel distribu
tion, soil moisture, and fire residence time (Neary et al. 
2005; Alcañiz et al. 2018). Estimates of severity are based 
primarily on visible changes to an area post-fire, a method 
not well suited to distinguishing differences in mineral soil 
heating, given that mineral soils themselves do not combust 
(Brady et al. 2022). The chance of grouping together soils 
that experienced different heating regimes increases with 
increasing burn severity – once the forest floor has com
busted, there is little remaining organic matter to visually 
identify whether soils experienced more or less heat. 
Accordingly, the sampling locations in H1 may not have 
experienced the fire in the same manner, leading to the 
highly variable soil characteristics we observed. One way 
to circumvent the limitations associated with burn severity 
metrics would be to measure soil temperatures during fires 
and use those temperatures to create more meaningful cate
gories. Recent research has developed methods to make soil 
temperature data easier to collect and model (Robichaud 
and Brown 2019; Brady et al. 2022). 

Conclusion 

Climate change is increasing the size and severity of fires 
across western North America (Westerling et al. 2006; van 
Mantgem et al. 2013; Hanan et al. 2021; Ren et al. 2022) 
and altering winter snowpack and precipitation (Howat and 
Tulaczyk 2005; Gergel et al. 2017; Hatchett et al. 2017). 
Thus, examining how fire and water availability influence 
post-fire N cycling is critical for understanding forest health 
and resilience in these systems. Although importance of rain 
in driving post-fire N cycling has long been established in 
the literature (Neary et al. 1999; Grogan et al. 2000; Certini 
2005), in our study system, N cycling appears to be tight. In 
other words, we did not observe net N mineralisation or 
nitrification without recent fire. This does not necessarily 
mean that N is not cycling, but any N that is made available 
is rapidly taken up by plants and soil microbes. Because fire 
may have a stronger effect on N cycling than atmospheric 
deposition and leaching in semiarid systems (Johnson et al. 
1998, 2009), it likely plays an important role in ecosystem N 
budgets. 

While studies that look years-to-decades after fire offer 
valuable information about long-term recovery, this study 
provides a method for examining short-term responses, 
which are particularly important for low severity burns 
that can shape biogeochemical cycling of forest systems 
(Pellegrini et al. 2021). We found that fire and soil moisture 
interacted to generate pulses of N mineralisation that varied 
non-monotonically with increasing burn severity. These 
changes were particularly noteworthy juxtaposed against 
the control sampling locations, which exhibited minimal 
changes through time for any soil characteristic other than 

soil moisture, which changed with the weather and seasons. 
Although not all soil characteristics could be assessed before 
the fire, the consistency through time in the control sites and 
minimal pre-fire differences among sampling locations 
together support the finding that fire and soil moisture 
play a key role in N cycling in the early stages of ecosystem 
recovery. 

Supplementary material 

Supplementary material is available online. 
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