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Abstract

Wildfire frequency and severity are increasing as a result of climate change
compounded by forest management histories in the Rocky Mountain West. Fire and
changes to the disturbance regime alter vegetation, soil biogeochemistry and thus
carbon cycling, with the possibility of forcing positive ecosystem feedbacks that further
contribute to global climate change. To understand the impacts of pile burning as a
management technique and as a proxy for the impacts of severe wildfire, this study
analyses a 60-year chronosequence of burn pile scars and surrounding regenerating
clear cut Lodgepole pine forest to investigate biogeochemical changes to severely
burned soils over time. Soil was characterized and soil incubation experiments were
conducted to measure microbial respiration and bioavailability rates. Soils in burn pile
scars had less carbon and lower respiration rates compared to regenerating forest soils.
Nonlinear recovery of respiration and bioavailability rates, as well as the altered quality
of the SOM pool in burn pile soils, suggests that persistent changes to vegetation, soil
chemistry, and soil microbial community cause long-term shifts in nutrient cycling and
carbon fluxes following burning. Burn pile scars sequester less carbon for more than 60
years after disturbance and may show permanent shifts in ecosystem structure. Used
as a proxy for increasing wildfire severity, these results indicate that the Rocky
Mountain West is vulnerable to permanent stand structure shifts and a change to
becoming a carbon source. Alterations to carbon cycling and ecosystem structure
following pile burning and wildfire are essential for land managers to consider in

planning for the continued provisioning of ecosystem services.
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Introduction

In 2020, Colorado experienced three of the largest four wildfires in recorded state
history, in a fire season that extended far beyond any historical precedent. These fires
had drastic human consequences including loss of lives, homes, and livelihoods,
massive evacuations amidst a global pandemic, and smoke choking much of the region
(Beradelli 2020). Unfortunately, the link between a changing climate and more extreme
fires is clear, and the Rocky Mountain West is particularly at risk (Whitlock et al. 2003,
Abatzoglou & Williams 2016). Climate-driven disasters like these wildfires, and the harm
they cause, are becoming the new norm as records are broken nearly every fire season.
Understanding the drivers and consequences of changes in global climate and their

links to forest disturbance regimes is critical to mitigate impacts.

The North American continent is an estimated 500 + 250 million ton sink of
carbon per year, but human activity has the potential to alter this balance (U.S. Climate
Change Science Program 2007). Forests in the western United States are thought to
sequester between 20-40% of all carbon (C) in the contiguous United States, and fire
threatens the ability for these systems to store C (Kasischke et al. 2013). Anthropogenic
disturbances, such as climate change, land conversion, and fire exclusion, have the
potential of turning forests in the Rocky Mountain West from carbon sinks into carbon
sources by shifting feedbacks in these ecosystems. These changes can result in forests
releasing carbon that is currently stored and reducing the ability of ecosystems to
uptake more carbon (Houghton & Hackler 2000, Kurz et al. 2008). Moreover, fuel

buildup from legacies of 20th century land management and fire suppression put these
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systems at greater risk of severe wildfire and have the potential to magnify the effects of
climate change on changing disturbance regimes (Marlon et al. 2012, Higuera et al.
2015). However, the potential magnitude and rate of changes in carbon cycling by
forests remain unclear, in part because of uncertainty about the impacts changes in

disturbance regime will have on soils (Walker et al. 2019).

Soils are the largest terrestrial repository of carbon (Crowther et al. 2019) and
largely regulate the global carbon balance and ecosystem services. This sink plays a
critical role in carbon processing, and understanding how such processes will change in
the face of climate change provides valuable insight (Boisvenue & Running 2010). For
example, biogeochemical processes in soils (e.g., microbial respiration) may illuminate
how shifts due to climate change and management solutions can be mitigated and/or
managed (Anderson 1992). Because microorganisms play a critical role in both
mobilizing and stabilizing carbon inputs, a shift in the balance between these microbial
processes towards increased mineralization due to climate change would increase the
net carbon flux from soils (Rustad et al. 2001, Bond-Lamberty et al. 2018, Jansson &

Hofmockel 2020).

As managers of more than a third of the land surface in the United States,
including more than 50% of carbon stocks in Colorado, federal agencies in this region
have significant influence over biogeochemical processes and nutrient cycling through
their management practices in public lands (Failey & Dilling 2010, Dilling & Failey 2013).

Lands administered by the United States Forest Service (USFS), including the Medicine
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Bow Routt National Forest, where our study sites are located, are managed according
to multi-use mandates, whose implementation is outlined in forest management plans.
Management objectives include maintaining the integrity of soil and air resources,
ensuring forest health to provide timber and other extracted products, recreational
opportunities, and other multi-use purposes (Public Law 86-517 1960, Medicine Bow
National Forest 2003). In addition to land management objectives, such as target stand
compositions outlined in the Forest Plan, the USFS is responsible for considering how
land management impacts carbon stocks in relation to climate change, including how
fire management and logging drive current vegetation trends and alter carbon fluxes

(USFS 2013).

Many of the USFS managed forests in Colorado are dominated by Lodgepole
pine (Pinus contorta), a species of coniferous trees that grow across an estimated 26
million ha of boreal, temperate, and mesothermal climates in the western United States
and Canada (Lotan & Perry 1983). Lodgepole pine grows in conjunction with other tree
species but is often found in single-aged stands which regenerate through stand-
replacing disturbances, such as wildfire or logging. Nitrogen and moisture availability
are usually the limiting conditions on Lodgepole pine growth (Fahey et al. 1985). The
distribution, stand structure, and disturbance regime of Lodgepole pine is driven largely
by climatic factors (Cwynar & MacDonald 1987, Calder et al. 2015) but is also heavily
influenced by management practices such as fire suppression and exclusion, controlled
burning, clearcutting, selective thinning, and selective replanting of tree species or

varieties following logging operations (OECD 2010). Further, because Lodgepole pine is
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shade- and competition-intolerant, vegetative succession by shade-tolerant tree species
will occur in the absence of a stand-replacing disturbance, in time frames ranging from

eighty to several hundred years (Lotan & Perry 1983).

Lodgepole pine is adapted to infrequent but severe stand-replacing fire which
allows for regeneration from the seed bank (Baker & Veblen 1990). Historical fire
intervals for Lodgepole pine forests range from 150 to 300 years, although most
regrowth and carbon sequestration occurs in the first 50 years after disturbance
(Kashian et al. 2013). Clear cutting of Lodgepole pine forest fulfils a similar ecological
role as fire by allowing for forest regeneration. While Lodgepole pine relies on
disturbance for regeneration, insufficient time between disturbances because of
management practices and climatic conditions pose a threat to the ability of forests to
sufficiently regenerate between fires (Turner et al. 2019). Although significant research
has been conducted on Lodgepole pine forest ecosystems because of their relevance
for ecosystem functioning and timber harvest, the impacts of climate change combined
with historic and current management regimes raise questions about the future of these

forests and their role in carbon cycling.

Pile burning is a longstanding and widespread technique used by land managers
such as the USFS to dispose of woody residues, such as those created during
clearcutting, and decrease wildfire risk (Zon & Cunningham 1931, Isaac & Hopkins
1937). Woody forest debris is mechanically or manually gathered into piles that land

managers burn as a cost effective means of accomplishing management goals such as
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fuel load reduction. As disturbances from logging, insect outbreaks, and wildfire
increase, pile burning is increasingly used as a management tool in national forests.
More than 140,000 burn piles with sizes up to dozens of meters in diameter existed in
Northern Colorado alone in the early 2010’s (Rhoades et al. 2021). Pile burning can
create legacies of lasting change to vegetation and biogeochemistry persisting more

than five decades after disturbance (Rhoades & Fornwalt 2015).

The increased severity of pile burning creates different impacts than the type of
wildfire to which Lodgepole pine ecosystems are adapted. By concentrating fuel load,
pile burning creates temperatures that can exceed 700 °C, volatilizing organic matter
and altering soil chemistry and mineralogy for elements such as carbon, nitrogen, and
phosphorus (Busse et al. 2013). This extreme heating can also result in changes to soill
hydrology and water retention (Seymour & Tecle 2004). Further, because burning
happens in concentrated piles throughout the landscape, pile burning creates a
patchwork mosaic of high severity disturbance (Korb et al. 2004). Pile burning also often
occurs outside of the natural fire season, altering the dynamics of the burn due to

differences in weather conditions and soil moisture (Wright et al. 2019).

Pile burning leads to both direct and indirect impacts on vegetation recovery and
soil biogeochemistry. For example, pile burning can directly affect the soil microbiome
due to heat-induced mortality (Pressler et al. 2019), as well as result in indirect effects
from changes in vegetation, soil chemistry, and SOM pools following fire (Jiménez

Esquilin et al. 2007). Fire directly impacts vegetation through burning biomass and
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destroying the seed bank when sufficient soil temperatures are reached, as they are in
burn piles (Beadle 1940, Korb et al. 2004). Altered hydrology, soil chemistry, and
microbiome functioning persisting after fire also have the potential to alter or prevent
vegetation recovery after burn. Because vegetation is the dominant C input to the SOM
pool, changes in vegetation due to disturbances such as clear cutting and pile burning
have ramifications for the SOM pool, subsequent nutrient cycling, and residence time of

carbon in the ecosystem (Litton et al. 2004).

Burn piles can be used as a proxy for increased severity wildfire, allowing for
control of confounding variables (i.e. treatment history, fuel load, elevation, aspect),
which supports the investigation of temporal patterns in C cycling expected following
climate-induced changes to fire disturbance regime (Smith et al. 2016). Changes in soil
biogeochemistry can provide insights into future ecosystem trajectories. As the climate
warms and disturbance regimes change in coniferous forests, there is an increasing
possibility of long term shifts in forest stand structure and distribution, or even state
shifts to alternate biomes (Emanuel et al. 1985, Coops & Waring 2011, Larson et al.
2013), so using pile burning as a proxy helps to predict changes to nutrient cycling and
carbon fluxes. Historical analyses of Lodgepole pine forests found that slight changes in
temperature (+0.5°C) during the Medieval Climate Anomaly shifted fire disturbance
regimes and feedback cycles, resulting in abrupt ecosystem state shifts (Calder et al.
2015, Calder & Shuman 2017). Using this as a parallel for present day warming, the
changes in climatic conditions occurring currently, combined with alterations in feedback

cycles, could cause similar drastic shifts in forest stand structure. If this type of shift
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were to occur, it would erode ecosystem resilience to continued disturbance, impact the
ability of these forests to provide ecosystem services, and shift carbon cycling at the
global scale (Thompson 2009, Johnstone et al. 2016). Stand replacing forest
regeneration after wildfire sequesters carbon released during burning and creates a net
zero carbon flux in the long term. However, if a state shift occurs because of altered
equilibrium, such as an ecosystems shift resulting in sparser forest stand structures, or
a complete shift from forest to grasslands after fire, nutrient cycling would be altered,
resulting in a net release of carbon to the atmosphere (Kashian et al. 2006). Thus,
understanding the potential for ecosystem shifts under current management practices

and climatic conditions is critical.

Research Questions

Burn pile scars persist more than 50 years following disturbance (Rhoades and
Fornwalt, 2015). However, it remains unclear what factors drive this failure of forest
regeneration. Given the importance of soils as a critical link between biogeochemical
cycling and ecosystem dynamics, this research seeks to understand how soil
characteristics and soil processes shift with time following pile burning and if these shifts
mirror the observed changes in vegetation. Because fire directly affects vegetation, soil
characteristics, the microbiome, and the relationships between them (Creech et al.
2012), soil biogeochemistry is examined to provide insights into these relationships.
Previous research indicates that vegetation is different in burn scars compared to
surrounding regenerating forest (Rhoades & Fornwalt 2015). We also expect to find

changes in the SOM pool, lower soil respiration rates, and changed bioavailability rates
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in burn pile soils compared to surrounding regenerating forest because of changes in
vegetation, soil chemistry, and soil microbiome, impacting the amount and residence
time of carbon in soils. Within the context of changing climate and disturbance regimes,
the future trajectory of burn pile scars and associated biogeochemical changes are
considered to understand the potential for lasting ecosystem change. Using pile burning
as a proxy for severe wildfire, this research will help evaluate the short and long-term
effects of increased wildfire frequency and intensity on soil biogeochemistry, with

implications for carbon cycling within the context of global climate change.

Methods

Study Site

Study sites were located in the Parks Ranger District of the Medicine Bow-Routt
National Forests, in north-central Colorado, USA (Figure 1). The study region has a
continental climate with an average elevation of 2900 m, mean annual temperature of
3 °C, and mean annual precipitation of 660 mm (Willow Creek Pass Snotel Site,
National Climate Data Center 2012, Natural Resources Conservation Service 2012).
Dominant soils types are Typic Cryoboralfs and Typic Cryochrepts (Rhoades & Fornwalt

2015).

Forest stand structure is dominated by Lodgepole pine (Pinus contorta). Quaking

aspen (Populus tremuloides), subalpine fir (Abies lasiocarpa) and Engelmann spruce

(Picea engelmannii) are also present in heterogeneous stands alongside Lodgepole
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pine, especially at higher elevations and on northern aspects (Hoffman & Alexander

1980).

In this study area, clear cutting was administered by the USFS in stands of
Lodgepole pine dominated forest. Following clear cutting, slash piles of dry woody forest
residues from logging were created mechanically and manually, and prescribed burns
were performed. This high intensity prescribed burning of slash piles created lasting
burn scars characterized by little forest regeneration in comparison to surrounding
unburned clear cut forest (Rhoades & Fornwalt 2015). Rhoades and Fornwalt (2015)
identified a 50 year chronosequence of prescribed burn piles from the 1960’s through
the 2000’s. Using historical data and aerial photographs, they identified all burn piles in
the study area and established sampling plots in five randomly selected burn scars per
decade across the chronosequence, controlling for factors such as slope, aspect, and
burn scar size (Rhoades & Fornwalt 2015). Because all parts of the study area were
clear cut, plots from regenerating forests adjacent to the burn scars can be used as
control plots to distinguish between the specific effects of slash pile burning and general
clear cut treatment. More detail on site location including climate, soil characteristics,
vegetation, and management histories, and chronosequence experimental design is

provided by Rhoades and Fornwalt (2015).

Sample Collection

This study used a subset of the plots established by Rhoades and Fornwalt

(2015). Mineral soil samples were collected from burn scar plots and adjacent
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regenerating forest plots for each of the five decades of the chronosequence in August
2020 by Amelia Nelson (Colorado State University), Chuck Rhoades (USFS), and
Timothy Fegel (USFS). Soil samples were collected from the 0-10cm depth using a 7.5
cm bulb core after brushing surface litter and duff away. This subset of samples was
maintained as unsieved (i.e. whole) soil samples for soil incubations at Colorado

College. Unsieved soil samples were stored at 5 °C until incubation and analyses.

Incubation Experiments

Soil incubation experiments were performed in October and November 2020 at
Colorado College. To measure soil respiration and bioavailability rates, incubations
were done in triplicate for each whole soil sample. For incubations, approximately 30
grams of unsieved soil, excluding large rocks or organic matter such as roots, was
placed in a glass jar (pre-combusted at 500 °C for 5 hours) and left open to the
atmosphere at room temperature between incubation time points. At 0, 1-, 3-, 7-, and
14-day time marks, airtight lids were placed on each jar and they were incubated for ~2
hours at room temperature (~22 °C). MilliQ water was added to samples before
incubating on days 1, 3, 7 and 14 to return to original mass (day 0) and offset moisture
losses due to evaporation. After 2-3 hours of incubation, 10 ml of gas from the jar’s
headspace was analyzed using the SRI-8610C gas chromatograph (GC). Calibration of
the GC was performed using 100 ppm, 1,000 ppm, and 10,000 ppm CO:2 standard
gases, and ambient lab air was used to determine the background CO: (i.e. the

concentration of COz in the jar before the lid was closed) for each incubation. Following

13



the completion of the 14-day incubation, approximate soil volume for each triplicate was

measured using a graduated cylinder.

Elemental Analysis and Isotopic Characterization

For each unsieved soil sample, ~20 grams was dried at 50-60°C for
approximately 24 hours and reweighed to obtain soil moisture content gravimetrically.
These samples were then ground using a Certiprep 800 Mixer/Mill, and elemental
analysis was performed to obtain percent carbon (C) and nitrogen (N) using a CE
Elantech at Colorado College. Sample replicates and standards of known carbon and
nitrogen concentrations were run for machine calibration (soil reference NC Material
338-400-25, CE Elantech Inc., Lakewood, NJ). Average standard deviation between
duplicates was 0.134 and 0.004 for %C and %N respectively, indicating the stability of

the instrument.

The unsieved soil samples that were ground and dried for elemental analysis
were also analyzed for §'3C and 3'°N at the Yale Analytical and Stable Isotopic Center
(Yale University, New Haven, CT, USA) in March 2021. Low soil nitrogen
concentrations limited accurate 5'°N results to a fraction (32%) of samples with higher

relative nitrogen amounts.

Another subset of the soil samples collected from the same plots using a 7.5 cm

diameter corer with the O horizon removed was processed to remove rocks, mosses,

and lichens. These soils were sieved (2 mm) and dried for 48 hours at 60°C by USFS

14



personnel at the USFS Rocky Mountain Research Station (Fort Collins, CO). These
sieved samples were then analyzed for total C and N by dry combustion on a LECO
1000 CHN analyzer (LECO Corporation, St. Joseph, MI, USA). Because more soil
samples (i.e., greater sample size per decade) were processed by the USFS, soil
nitrogen and carbon analyses from sieved soils are used for all subsequent analysis
except bioavailability and respiration rate calculations associated with the
whole/unsieved soil samples. Comparison of elemental analyses from sieved and
unsieved samples shows these measurements are correlated (average standard
deviation of 1.04 and 0.03 for %C and %N, respectively). Given the differences in

processing, unsieved samples tended to have a greater fraction of OM.

Data Analysis

Soil respiration and bioavailability rates were calculated for each triplicate, with
values (e.g., Figure 2 and 3) representing the average of triplicate incubations. Soil
respiration rates were calculated from the change in CO2 mass in the headspace over
each incubation period (starting at ambient lab air concentrations) and normalized to the
amount of dry soil in the jar (mg C g™ soil day'). To better understand the net result of
the microbial community and organic matter quality on carbon residence time in the soil
pool, respiration rates were normalized to the amount of carbon in each jar (dry weight
soil * %C of whole soil samples) to give a bioavailability rate in terms of mg C g™ soil C
day'. The percent of soil carbon oxidized over the two-week incubation period was
estimated by extrapolating average respiration rates between time points to obtain the

amount of carbon respired as a percentage of total available soil carbon.
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All statistical analyses were performed using R (version 4.3.3) with p values <
0.05 defining statistical significance. Linear regression was used to find relationships
between soil respiration and bioavailability rates and soil characteristics including
moisture, elemental composition, isotopic composition, etc. Changes in soil
characteristics between treatments over the chronosequence were examined using

ANOVA tests and Tukey paired t-tests.

Results

Soil Characteristics

Elemental analysis of sieved soils revealed differences in soil organic matter
pools between treatment types and with time since recovery (Figure 2). Burn pile soils
40 years after disturbance had the lowest average carbon content of the
chronosequence with mean 3.39 + 1.1 %C, while regenerating forest soils 20 years
after disturbance had the highest average soil carbon with mean 6.73 £ 2.18 %C.
Overall, soils from burn piles had a mean of 3.89 * 1.64 %C, which was significantly
lower than that of regenerating forests, with mean 4.81 £ 2.20 %C (p=0.03). Burn pile
soils 50 years after disturbance had the lowest nitrogen content of the chronosequence,
with mean 0.11 £ 0.05 %N. Regenerating forest 20 years after clear cutting had the
highest mean nitrogen content of 0.22 £ 0.05%. Mean %N was overall slightly higher in
regenerating forest than burn pile soils, with means of 0.17 £ 0.07% and 0.15 £ 0.06%,

respectively. Lowest C:N ratio was found in burn pile soils 20 years after disturbance
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with a mean of 23.03 + 8.02, while the highest mean C:N ratio of 45.08 + 10.58 was
found in burn pile soils 50 years after disturbance. C:N ratio was not significantly
different, overall, between burn piles and regenerating forest, with means of 32.11
10.54 and 33.62 £ 8.01, respectively. Percent soil moisture varied between treatments
and time since disturbance. Highest mean percent soil moisture was in regenerating
forests 40 years after disturbance (4.75 £ 3.0% H20) and lowest in burned soils 20
years after disturbance (0.91 £ 0.31% H20). Overall, regenerating forest soils tended to
have higher soil moisture than burn pile soils, with means of 3.22 £ 2.11 % H20 and

2.00 = 1.23 % H20, respectively.

Respiration, Bioavailability, and Percent Oxidized

Changes in respiration and bioavailability rates over incubation experiments
provide insight into mechanisms impacting organic matter processing. Over the 14-day
incubation period, average respiration and bioavailability increased between days 0 to 7
before plateauing after day 7 for the second week of incubation (Figure 3). Significant
differences were found between each subsequent time point from day 0 to day 7. No
statistical difference was found between day 7 and 14 for average respiration (p=0.112)
or bioavailability (p=0.206). Because this trend indicates that day 7 and 14 represent
stabilized values for the incubation experiment, averages from these time points are

used for all subsequent analysis.
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Respiration, bioavailability, and oxidation rates are influenced by soil
characteristics and disturbance (i.e., treatment) histories. Both respiration and
bioavailability rates show large amounts of variability with time since disturbance,
although no clear relationship exists for respiration or bioavailability rates (Figure 2).
Burn sites had a mean respiration rate of 0.016 + 0.01 mg C g' soil day', while
regenerating forest had higher mean respiration rates of 0.028 + 0.02 mg C g* soil
day'. Tukey paired t-tests showed these differences to be statistically different
(p=0.032). Bioavailability rates were also generally lower in burned soils than
regenerating forest soils, with means of 0.45 + 0.25 mg C g™' soil C day! and 0.64 +/-
0.41 mg C g soil C day’, respectively. However, bioavailability was not statistically
different between burn and regenerating forest soils, even when controlling for time

since disturbance.

For all soils, respiration rates increased with higher percent soil carbon (r? =
0.289, p<0.001). When analyzed by treatment type, this relationship was significant for
regenerating forest soils (r> = 0.393, p=0.013) but not for burn pile soils (Figure 4).
Respiration was found to significantly increase with higher soil C:N ratio for regenerating
forests (r? = 0.746, p<0.001), but this relationship was not found in burn pile soils
(Figure 4). For all soils, respiration increased with increased soil moisture (r> = 0.594,
p<0.001). No significant relationships were found between bioavailability rates and

percent carbon, C:N, or soil moisture ratio for burned or regeneration forest (Figure 4).
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As expected, the estimated amount of carbon converted from soil organic matter
to CO2over the two-week experiment (i.e., percent oxidized) and bioavailability rates
were found to be positively correlated (r?= 0.204, p=0.002). Burned soils had mean
0.687 £ 0.60 %C oxidized, while regenerating forests had a higher mean of 1.041 + 0.49
%C oxidized. Percent oxidized tended to be lower in soils from burn piles, with a mean
of 0.69 + 0.60 %C oxidized, than regenerating forest soils, with a mean of 1.04 + 0.49
%C oxidized (t=-1.975, p=0.058). No significant differences in percent oxidized were

found between subsequent decades for either burned or regenerating forest soils.

Isotopic Analysis

Information about sources and processing of carbon in soils can be gained from
stable isotope analyses of 3'3C. Burned and regenerating forest plots had mean 3'3C
signatures of -25.98 + 0.68%o and -25.88 £ 0.48%o, respectively. Regenerating forests
20 years after disturbance had mean 3'3C signatures of -25.4 + 0.22%. representing the
most enriched of the sample groups. Burned soils 40 years post-disturbance were the
most depleted, with mean 5'3C of -26.37 + 0.32%.. While 3'3C was found to vary
between burn and control plots and with time since recovery, this variation was not
explained by either of these factors (Figure 3). 3'3C generally became less depleted
with higher soil %C and higher C:N ratio, although these relationships were not found to
be statistically significant. Variation in §'3C was not correlated with respiration rates,

bioavailability rates, or % oxidized.
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Discussion

Forest management alters vegetation dynamics, soil chemistry, and the soil
microbiome, which in turn can force positive feedback loops that influence both
vegetative recovery and carbon stocks (Hart et al. 2005). Logging practices, and in
particular clear cutting, can have long-term (e.g., more than 212 years in coastal forest
in British Columbia) and nonlinear effects on ecosystem services (Sutherland 2016).
While it is difficult to extrapolate between ecosystems with different vegetation and
disturbance intervals, such findings may suggest that long-term and nonlinear effects
are possible following clear-cutting (Sass et al. 2018). The variation of SOM processing
(i.e., respiration and bioavailability rates as shown in Figure 2), with no clear trend over
time, aligns with this prediction of complex and persistent impacts following disturbance.
Furthermore, the variation in %C, C:N ratio, and isotopic composition (Figure 2) which
occurs between subsequent decades in both burn pile soils and regenerating forest

soils indicates that there are legacies of the impacts of clearcutting for both treatments.

Changes in vegetation structures from forest to patchy herbaceous understory
vegetation after pile burning (Rhoades & Fornwalt 2015) alter soil characteristics and
the processing of SOM, and thus have the potential to change soil carbon stocks (Zinke
1962, Guo & Gifford 2002). The volatilization of organic matter during combustion of the
soil under burn piles explains the initial loss of the soil carbon, a difference that persists
for the entire chronosequence (Figure 2). Because lower soil moisture associated with

loss of organic matter reduces respiration in some (Buchmann 2000, Schwendenmann
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et al. 2003) but not all ecosystems (Scott-Denton 2003, Cleveland & Townsend 2006,
Monson et al. 2006, Cleveland et al. 2007), the drier soils from the burn piles may
contribute to the lower respiration rates observed in burn pile soils. In regenerating
forest plots, tree seedling density increases and %C decreases with time since
disturbance until the 1980’s, when tree seedling density peaks (Rhoades & Fornwalt
2015) and %C reaches a minimum in the 1980’s, 40 years after disturbance (Figure 2).
These trends indicate that decreases in organic matter over time are associated with
forest regeneration. Additionally, such changes may be due to an initial increase in
SOM from the incorporation of woody logging debris into the soil of regenerating forests
during and following clear cutting operations, which declines over the subsequent
decades as these inputs decompose and are not replaced by young seedlings and trees

(Cromach et al. 1979, Durgin 1980, Jurgensen et al. 1997).

While soil carbon in regenerating forest does decrease initially, the simultaneous
increase in vegetation biomass demonstrates that carbon sequestration still occurs in
these forests (Rhoades & Fornwalt 2015). Soil organic matter in burn pile soils remains
lower than regenerating forest soils for all decades and does not vary significantly with
time since disturbance, which suggests that inputs from the minimal and patchy
revegetation of grasses and understory plants in the decades after disturbance are not
replacing SOM lost during clear cutting and pile burning (Rhoades & Fornwalt 2015,
Figure 2). The lack of accumulation of soil organic matter over time in burn scars implies
that these soils function as a reduced carbon sink compared to that of soils in

regenerating forests, a difference which remains more than 60 years after disturbance.
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Because litter quality is a primary driver of decomposition rates, the litter from small
perennial understory forbs and grasses in burn scars would be expected to have shorter
residence times as it accumulates and is more easily processed (Zhang et al. 2008).
However, bioavailability is generally higher in regenerating forests, indicating the greater
variability in burn pile vegetation regeneration affects soil biogeochemistry.

Furthermore, litter quality and quantity are not the only driving factors of bioavailability
as it is also driven by factors such as microbial community assemblage (Luan et al.

2020).

Observed patterns in 3'3C-SOM further show the connection between altered
vegetation pools and SOM processing. Due to isotope discrimination during
photosynthesis, plant tissue is commonly depleted in '3C (Farquhar et al. 1989) and
these differences appear in soil because vegetation is the primary input of '3C to soils
(Dzurec et al. 1985, Tieszen & Boutton 1989). Therefore, the differences in soil '3C
between treatments (Figure 2) are likely driven by vegetation differences. In addition to
varying with environmental conditions, '3C signatures are highly species specific (Park
& Epstein 1961, Yang et al. 2015). Burn pile scars have relatively depleted '3C, which
may be because SOM is primarily from understory plants, which are generally also
depleted in 3C in forest ecosystems, compared to more enriched SOM in regenerating
forest soils where vegetation input is more so from trees with comparatively enriched

13C signatures (van der Merwe & Medina 1991, Bonafini et al. 2013).
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The 3'3C-SOM may also reflect impacts of microbial activity due to preferential
degradation and isotopic fractionation during processing, which varies between
microbial communities. Still, results from studies are mixed as to whether organic matter
decomposition results in fractionation (Blair et al. 1985, Cheng 1996, Schweizer et al.
1999, Ekblad & Hogberg 2000, Fernandez et al. 2003, Bostrom et al. 2007). The
enriched signal in forest soils (Figure 2) could be driven in part by a difference in the
processing of SOM due to altered microbial function following fire (Hart et al. 2005,
Pressler et al. 2019). Microorganisms are enriched in '*C compared to plant material, so
given that respiration rates are greater in the regenerating forest soils, one would expect
the SOM to be more enriched in regenerating forests, as observed, due to greater
microbial respiration (Figure 2, Tieszen & Boutton 1989, Balesdent & Mariotti 1996,

Bostrom et al. 2007).

Vegetation changes may also drive the differences in nitrogen availability
between treatment types because Lodgepole pine forests are nitrogen limited. For all
decades except 50 years after disturbance, regenerating forest soils have a higher
mean C:N ratio than burn pile soils (indicating relatively less nitrogen in organic matter),
likely due to inputs high in lignin from woody plants versus the more nitrogen-rich OM
contributed by the herbaceous cover in burn scars (Figure 2, Boring et al. 1988). DIN
content is also higher in regenerating forest soils (Rhoades et al. 2021) both because
there is more nitrogen-rich OM added to the soil but also because higher respiration
rates and microbial biomass result in greater rates of nitrogen fixation and

mineralization (Fahey et al. 1985, Smith et al. 2008). Additionally, carbon stored in
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plants has a shorter residence time compared to soils, which may create feedback
delays in the relationships between vegetation, SOM, and soil chemistry (Yavitt & Fahey

1986).

The direct impact of fire—both organic matter combustion and extreme soil
heating—on soil chemistry is another likely mechanism responsible for the persistent
changes to carbon stocks and SOM processing. Past research revealed that slash pile
burning causes elevated phosphorus and nitrogen concentrations, C:N ratios, and soil
pH (Creech et al. 2012). Some of these trends were also found in this study area:
burned soils had higher P concentrations and C:N ratios, as well as elevated pH
(Rhoades et al. 2021). As the amount of inorganic nitrogen in the soils increased
(extractable DIN as reported in Rhoades et al. 2021), the fraction of soil carbon oxidized
over the course of the two-week aerobic incubation decreased (this study, Figure 5),
suggesting that as more nitrogen is available to microbes in the soil, there is less of a
need for them to decompose the SOM for nutrients (Murphy et al. 2017). These results
suggest that changes in nitrogen availability following fire within a nitrogen limited
ecosystem drive lower respiration in these soils. However, as concluded by Rhoades et
al. (2021) and shown by the extensive heterogeneity in soil characteristics found in this
study (Figure 2), alterations to soil chemistry alone do not explain the lack of vegetative

recovery after fire.

Higher soil pH may be driving (or driven by) changes to SOM processing in burn

pile scars. Because soil pH reflects differences in SOM and the interacting relationships
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between the microbiome and vegetation with this pool (Fierer 2017), the higher pH
found in burn pile soils relative to regenerating forest soils (p=0.008, Rhoades et al.
2021) likely reflects multiple ecosystem processes. Lodgepole pine has been found to
make soils mildly acidic (Williams et al. 1978), likely driving the lower soil pH found in
regenerating forest as compared to burn pile soils (Rhoades et al. 2021). Soil pH was
also elevated following pile burning in a different ecosystem (longleaf pine forest in
Georgia) and at a shorter time scale (7 years vs. 50 years), which may have captured
the initial pulse of phosphorus-driven elevations in pH that is not captured in the decade
scale interval of this study (Creech et al. 2012). Therefore, changes to soil pH may also
be driven by soil chemistry and nutrient changes directly from the fire as well as longer

term changes driven by subsequent vegetation dynamics.

Changes in microbial community function, which occur following fire because of
direct heat-induced mortality and altered plant community composition (Hart et al.
2005), may change SOM processing and carbon stocks. Not only are respiration rates
lower in burn pile scars across the 60-year chronosequence, but the drivers of
respiration rates appear to be different in burn pile scars than regenerating forests
(Figure 4). Soil respiration rates in regenerating forest soils were found to depend on
both soil carbon content and C:N ratio, as expected (Schimel et al. 1994). However,
these relationships were not found in the soils in burn pile scars, meaning that while
increased respiration may occur when greater amounts of organic matter is available in

regenerating forests, this is not seen in burn scars (Figure 4).
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Therefore, differences in the size and composition of the SOM pool alone do not
explain the lower respiration rates in pile burn scars. This points to differences in the
microbial biomass or functioning of the microbiome. Burn pile soils may have lower
overall microbial biomass and different microbial assemblages because of the impacts
of fire (Palese et al. 2004, Hart et al. 2005, Busse et al. 2013) and changing vegetation
within the Lodgepole pine ecosystem (Baldrian 2016). Although the direct effects of fire
are expected to be short lived (Hart et al. 2005), controlled burns have been found to
have impacts on microbial communities that extend into the subsoil persisting for more
than a decade after disturbance, indicating soil microbial communities are not resilient
to fire (Pressler et al. 2019). The functional resilience of the microbial community in
Lodgepole pine forests is likely different for pile burning that has a much higher severity
but smaller spatial extent than the stand replacing wildfires this ecosystem is adapted to
(Botton et al. 2006, Shade et al. 2012). Ongoing research is looking specifically at the
microbiome in this study area to understand if changes in microbiome assemblage are
responsible for changes in vegetation regeneration, soil respiration, and processing of

SOM.

Differences in soils and the processing of the SOM pool persist over the length of
the 60-year chronosequence, with even the oldest burned soils dissimilar to the
surrounding regenerating forest. Along with altered vegetation patterns and stand
structure (Rhoades & Fornwalt 2015), these persisting differences indicate that pile
burning creates a legacy of lasting impacts beyond those associated with clear cutting

in Lodgepole pine forest. As compared to wildfire, pile burning is known to have more
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severe but localized impacts (Busse et al. 2013), and the results of this study are
consistent with the severe impacts of pile burning found elsewhere (e.g., Creech et al.
2012, Switzer et al. 2012). The persistence of nonlinear recovery trends in the
biogeochemistry and vegetation of the study sites following pile burning is driven by a
combination of shifts in vegetation assemblage, microbiome community, and soil
chemistry. However, none of these drivers fully explain the persistence of disturbance

impacts.

Chronosequence study design, while a valuable tool for evaluating long term
changes, has limitations that may obscure mechanisms and thus restrict conclusions.
Following disturbance of Lodgepole pine forests, variations in stand structure can
persist that take up to 200 years to converge to a homogeneous state (Kashian et al.
2005), so the 60 year chronosequence used in this study may be insufficient to see the
expected stand recovery. While chronosequence study design assumes convergent
successional trajectories and repeating temporal patterns (Walker et al. 2010), we
observed nonlinear recovery and know that changes in climate and forest ecology have
occurred over the 60 year chronosequence (Chhin et al. 2008, Pelz & Smith 2012). The
impacts of this variation in regeneration temporally are unclear, and more time may be

needed to see vegetation and soil biogeochemistry return to pre-fire conditions.

Another distinct possibility is that pile burning has permanently shifted forest

stand structure and soil characteristics, and vegetative regeneration will not occur given

current climate trends. Non-linear recovery after pile burning suggests the possibility
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that sufficient disturbance altered the stability of the system, resulting in permanent
stand structure shifts (Graham 2021, Pingree & Kobziar 2019). The majority of seedling
establishment for regenerating Lodgepole pine forests is expected to occur within the
first 10 years after fire (Stevens-Rumann et al. 2018), so the lack of seedling
establishment 60 years after fire (Rhoades et al. 2021), along with the competition from
established understory native plant communities in burn scars, suggests that Lodgepole

regeneration is unlikely.

Conclusions

The effects of pile burning on soil biogeochemistry provide insights into the
potential for disturbances to compound the results of climate-induced changes, making
Lodgepole pine forests more vulnerable to disturbance and permanent shifts in forest
structure (Figure 6, Stevens-Rumann et al. 2018). Climatic variation has been found to
drive dominant vegetation and disturbance patterns, with small increases in temperature
historically causing significant shifts in fire regime on this landscape (Calder et al. 2015).
These changes in disturbance regime because of climate change can result in rapid
state shifts of the ecosystem structure (Calder & Shuman 2017). As the climate warms,
the regeneration of Lodgepole pine may be threatened by disturbances becoming too
frequent for sufficient recruitment of trees to occur between disturbances (Turner et al.
2019). The impacts of Lodgepole pine regeneration failure can be predicted by using
pile burning as an extreme example of the potential effects of more frequent and severe
fires in a warmer and drier climate. While the abrupt change of ecosystem structure

resulting from pile burning is most visible in vegetation patterns, biogeochemical state
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changes accompany it, resulting in long term changes to carbon and nutrient processi

(McLauchlan et al. 2014).

Perhaps most significantly, both the soils and vegetation in burn pile scars are
sequestering less carbon. If similar patterns occur in these ecosystems on a larger
spatial scale following wildfires (which are becoming more frequent and severe), such
loss of carbon sequestration would contribute significantly to positive feedback loops
that exacerbate climate change (Figure 6, Rocca et al. 2014, IPCC 2018). As land
managers seek to promote ecosystem resilience to ensure the continuation of
ecosystem services, the impacts of pile burning on long-term forest stand structure,
carbon sequestration, and likelihood of catastrophic wildfire must be considered as an

indicator in the context of already shifting climatic conditions.
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Figure 1: Map of study plot locations represented by yellow triangles, in the Medicine
Bow-Routt National Forest, Colorado, USA (extent indicated by blue rectangle, upper
left insert). Site locations from Rhoades and Fornwalt (2015).
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Figure 2: Soil %C, C:N ratio, 8'3C, average respiration rate, and average bioavailability
rate by years since disturbance for burn piles and regenerating forests. Soil C and C:N
ratio tends to be higher in burned soils. Regenerating forest generally had more
enriched '3C signatures, except 50 years after disturbance; although no significant
difference was found between burn and control plots in any decade. Respiration rates
generally peak 30 years after disturbance then decreases with time in regenerating
forest, while not varying in burn piles over time. Bioavailability rates vary with time since
disturbance and between treatments with no clear trend present.
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Figure 3: Average respiration rate (A) and bioavailability rate (B) across the 14 day
incubation time series for burn and control plots by decade, with treatment represented
by line type and years since disturbance represented by shape. While variation exists,
the general trend is of initially increasing respiration and bioavailability rates before
plateauing for the second week of the incubation period.
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Figure 4: Average respiration rate against percent soil carbon (A) and soil C:N ratio (B)
by burn plots and regenerating forest, with years since disturbance represented by
shape.

In regenerating forests, respiration rate is correlated with percent soil carbon (r?=0.393,
p=0.013) and C:N ratio (r> =0.746, p<0.001), represented by lines of best fit with 95%
confidence intervals. No significant relationships were found between respiration rate
and %C or C:N ratio in burned soils. No clear trends exist with years since disturbance
for either treatment.
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Figure 5: Percent oxidized against average DIN with line of best fit and 95% confidence
interval (A) and against soil pH (B) (Rhoades et al. 2021), with recovery time
represented by shape and treatment type by color. Increased DIN is correlated with
decreased fraction oxidized (r’=0.339 p=0.045). Regenerating forest soils have higher
soil pH than burn piles (p=0.008) but is not correlated with percent oxidized.
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Figure 6: Conceptual diagram of the relationship between management practices and
ecosystem processes within the context of climate change, with implications for
ecosystem shifts all informing management decisions. Clear cutting and subsequent
pile burning creates lasting changes to vegetation, soil properties, and microbial
functioning. These changes affect the relationships between vegetation and microbiome
(i.e., Beck et al. 2020), vegetation and soil characteristics (i.e., Stohlgren & Bachand
1997, Griffin et al. 2011), and soil characteristics and microbiome (i.e., Fierer 2017).
Alterations in these relationships create feedback cycles shifting carbon cycling with
implications for global climate change (IPCC 2018). By using pile burning as a proxy for
the impacts of increased wildfire severity, these changes provide insights into future
changes possible with climate change in the Rocky Mountain West, and the potential for
permanent ecosystem shift (Kurz et al. 2008, Stevens-Rumann et al. 2018). Land
managers such as the USFS can use these findings to better achieve goals of carbon
sequestration, ecosystem resilience, and the continued provision of ecosystem services
(Buma & Wessman 2013). Ecosystem shift sub-diagram adapted from Biggs et al.
(2012).
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