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The effect of the frequency of
prescribed burning on annual soil
carbon balancein a
loblolly-shortleaf pine forest in
East Texas

Moeka Ono'*, Asko Noormets'* and Sarah Mitchell?

!Department of Ecology and Conservation Biology, Texas AGM University, College Station, TX,
United States, 2?Cook’s Branch Conservancy, Montgomery, TX, United States

Prescribed burning is a common forest management tool, and is expected to
affect soil carbon (C) content and dynamics, yet data on this remain limited. Here
we report the effect of prescribed burning frequency on net soil C balance in three
loblolly-shortleaf pine stands that have undergone different fire regimes over the
past 20 years: low-intensity ground fires applied (i) annually, (i) intermittently (every
2-4 years), or (iii) not at all. Prior to the initiation of differential burn frequencies in
2001, all stands underwent minimal management. Differences in soil C pools and
fluxes were attributed to burn frequency treatments. Frequent burns reduced fine
root biomass and thus soil autotrophic respiration (Ra). Indirectly, lower fine root
detritus production also resulted in reduced heterotrophic respiration (Rh). Fine
root productivity and mortality, however, were similar across burn frequencies,
resulting in faster fine root turnover with burning. Conversely, the no-burn stand
had the highest fine root biomass (BFR) and the highest Ra: BFR ratio (although
statistically non-significant), suggesting higher investment in the maintenance
of fine roots. Combined with the highest total belowground C flux, and highest
soil CO, efflux, especially from Ra, but also from Rh, the results suggest greater
metabolic activity belowground in the no-burn than burned treatments, possibly
due to greater mycorrhizal colonization. As a result of these mutually offsetting
responses, the net soil C balance did not significantly differ by burn frequency,
ranging from =71 + 123 to —167 + 104 g C m~? year™.

KEYWORDS

soil carbon balance, soil respiration, total belowground carbon flux, prescribed fire
frequency, Pinus taeda, Pinus echinata

1 Introduction

Forest soils represent a major global carbon (C) reservoir, with organic C stocks in the
top 1 meter estimated at approximately 383 petagrams (Pg; 1 Pg = 10" g), exceeding the C
stored in live biomass (363 Pg) (Pan et al., 2011). While detecting a change in this large and
spatially variable pool is challenging, it is now recognized that the soil C content varies on the
scale of years to decades (Chen et al., 2015; Liu et al., 2025), and is responsive to management
activities (Ameray et al., 2021; Jandl et al., 2007; Mayer et al., 2020). Of these, prescribed
burning that is used widely in the southern United States (Fox et al., 2007; Waldrop and
Goodrick, 2012) may also have an unaccounted impact on soil C. Prescribed burning is used
primarily for reducing wildfire risk and facilitating habitat management and ecological
restoration (Calkin et al., 2015; Kalies and Kent, 2016). Improved quantitative understanding

01 frontiersin.org


https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/ffgc.2025.1602557&domain=pdf&date_stamp=2025-06-02
https://www.frontiersin.org/articles/10.3389/ffgc.2025.1602557/full
https://www.frontiersin.org/articles/10.3389/ffgc.2025.1602557/full
https://www.frontiersin.org/articles/10.3389/ffgc.2025.1602557/full
https://www.frontiersin.org/articles/10.3389/ffgc.2025.1602557/full
https://www.frontiersin.org/articles/10.3389/ffgc.2025.1602557/full
mailto:mono@tamu.edu
mailto:noormets@tamu.edu
https://doi.org/10.3389/ffgc.2025.1602557
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://doi.org/10.3389/ffgc.2025.1602557

Ono et al.

of this management approach is critical for balancing the safety
climate mitigation, economic, and soil health benefits of managed
forest ecosystems (Kaarakka et al., 2021; Vargas et al., 2013).

Long-term applications of frequent, low-intensity prescribed
burns (typically with fire return intervals of 1-4 years) are common
and intended to maintain fuel loads at manageable levels and reduce
wildfire risk (Davis et al., 2024). The effect of such management
regimes on mineral soil C content has been mixed. While many
studies have reported insignificant effects [e.g., (Binkley et al., 1992;
Coates et al., 2018; Hatten et al., 2008; Matosziuk et al., 2019; Oliver
etal, 2015), others have noted slight increases in soil C (Godwin et al.,
2017)]. Changes in soil C storage are closely associated with alterations
in C inputs and outputs to the soil environment, with fires contributing
to both immediate and long-lasting effects (Frouz, 2024). Soil
heterotrophic respiration, the primary soil C output, can increase due
to physical soil disturbances and an increase in fire-driven dead
organic matter (e.g., aboveground litterfall and fine root mortality).
Alternatively, it may decrease by a reduction in substrate supply (e.g.,
root exudates) due to dead or damaged live aboveground biomass.
Most studies to date have shown litter decomposition is generally
unaffected by frequent burns in southern US pine communities
(Ficken and Wright, 2017; Liechty and Reinke, 2020), however, the
effect may become more pronounced when fires become more severe,
especially in conjunction with other disturbances, such as drought
after autumn fires (Hatten et al., 2008). It has also been suggested that
pyrogenic C may facilitate long-term C sequestration (Matosziuk
et al., 2019; Pellegrini et al., 2021), but evidence for it remains
controversial (Fontirbel et al., 2021).

Repeated prescribed fires that reduce litter layer, modify
understory cover and taxonomic composition, and dry the soil are
expected to affect C allocation patterns within ecosystems, such as
changes in total belowground carbon flux, invertebrates, and both root
symbiont and free-living saprotrophic microbial communities. These
phenomena can result directly from fires, but also indirectly due to
fire-driven changes in forest stand structure and competition over
time. Previous studies have reported that fire-driven changes in the
plant community and detritus inputs associated with varying fire
frequencies can induce shifts in the soil microbial community and
mycorrhizal colonization (Fox et al., 2024; Hart et al., 2005; Oliver
et al, 2015). In particular, frequent prescribed fires (e.g., 1-2 year
intervals) have been shown to significantly affect mycorrhizal
symbioses in the southern pine ecosystems (Fox et al., 2024; Hart
etal., 2005). Given the complex mechanisms involved, the net effect
of fires on soil C balance remains uncertain.

Soil C processing remains a key uncertainty in the ecosystem C
cycle and land surface models (Friedlingstein et al., 1999; Lawrence
etal, 2019; Wieder et al., 2018). Despite major conceptual (Kuzyakov,
2010; Lehmann et al., 2020; Schmidt et al., 2011) and methodological
advances (Cotrufo et al., 2013; Soldatova et al., 2024; Sulman et al.,
2014) in recent decades, uncertainties have persisted because of the
complexity of the belowground trophic, competitive, and symbiotic
relationships. Many conceptually recognized pools and fluxes, such as
root exudates and production and turnover of mycorrhizal fungal
mycelium, are difficult to quantify experimentally (Frey, 2019). For
example, although mycorrhizal fungi play crucial roles in temperate
forest ecosystems, accounting for 27-34% of the net primary
productivity (NPP) in temperate mixed coniferous-deciduous forests
(Allen and Kitajima, 2014) and 4-35% across temperate forest stands
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dominated by coniferous and deciduous broadleaf trees (Ouimette
etal,, 2020), quantitative in-situ studies of their production, turnover,
and respiration remain few (Ekblad et al., 2013). This knowledge gap
has hindered the accurate modeling of ecosystem C dynamics (Chapin
et al., 2009).

In this study, we aim to quantify the effect of prescribed burn
frequency on soil carbon balance (ASOC = C inputs — C outputs) and
its components (i.e., aboveground litterfall production, fine root
mortality, and soil heterotrophic CO, efflux), estimate mycorrhizal
fungal production, and critically evaluate uncertainties and main
assumptions. We hypothesized that frequent prescribed burning
would decrease total belowground carbon flux (H1a) and net soil C
balance (H1b) by removing some of the aboveground detritus inputs.
We also hypothesized that frequent burning would reduce fine root
biomass (H2a) or shift them deeper in the soil (H2b), and potentially
accelerate their turnover (H2c).

2 Materials and methods

2.1 Study site

The study was conducted in three adjacent shortleaf pine-loblolly
pine stands at CooK’s Branch Conservancy (CBC) in Montgomery
County, TX, located in a humid subtropical climate. The average
annual precipitation was 1,331 mm (2001-2023), with an average air
temperature of 28.6°C in July and 11.2°C in January, as recorded at the
Conroe weather station located approximately 28 km from the study
site (30.5333 N, 95.7833 W, Elevation: 60 m) (Western Regional
Climate Center, 2024). The terrain is flat, with slope angles ranging
from 0 to 5%.

The property is divided into about 80 burn management units,
ranging in size from 100 to 300 acres, that have been managed with a
consistent fire regime since 2001, with prescribed burn intervals
occurring either annually or every 2 to 4 years. Additionally, the study
included a 290-acre stand that has been excluded from fire
management practices since 2001. Prior to 2001, the entire property
had received minimal active management (and no comprehensive
records), since natural recovery after a harvest and agricultural use
about a century earlier.

From among the management units, three stands differing solely
in their prescribed fire interval, but similar in mean stand age,
vegetation composition, and soils, were chosen for this study. They are
labeled as annual burn (AB), intermittent burn (IB; fire interval of
2-4 years for the past 20 years), and fire-excluded or no-burn (NB; no
fires since 2001) stands. The soils were classified as moderately well-
drained loamy fine sands, specifically, with Conroe loamy fine sand in
the AB and IB stands, and Conroe and Lilbert loamy fine sand in the
NB stand, respectively (Soil Survey Staff, n.d.). For the purposes of the
current study, these soil classes are identical - the texture of both soil
series is identical down to 65 cm, and their drainage characteristics are
very similar. The possible existence of a clay layer at 80-200 cm was
not verified (a characteristic of the Conroe series, but not of the
Lilbert series).

All measurements were carried out on four replicate plots per
stand. Each plot was 0.18 acres (730 m?, 15.25 m radius) in size,
selected so as to include 15-50 live trees. The prescribed burns in
the burn stands (AB and IB) were consistently low intensity,
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primarily consuming surface fuels and ground-level vegetation,
with minimal impact on mature overstory trees. These burns were
typically conducted during the fall to spring period, with ignition
timing determined by site-specific fuel loads and short-term
weather conditions, including air temperature, relative humidity,
and wind speed in the days preceding and during the burn events.
The most recent prescribed burns took place in January 2019 and
September 2020 in the AB stand, and in December 2017 in the
IB stand.

The overstory vegetation within the study site is dominated by
loblolly pine (Pinus taeda) and shortleaf pine (Pinus echinata),
with some water oak (Quercus nigra), American elm (Ulmus
americana), and yaupon (Ilex vomitoria; in the NB stand). The
understory vegetation consists of American beautyberry
(Callicarpa americana), Cherokee sedge (Carex cherokeensis),
hemlock rosettegrass (Dichanthelium portoricense), and wood oats
(Chasmanthium sessiliflorum) (Keith, 2012). The mean canopy
height was 14.5m, and the mean leaf area index was
4.0-4.6 m* m~> Additional stand characteristics are listed in
Table 1.

2.2 Soil carbon balance

Soil C balance can be calculated as:

TABLE 1 Mean (+ SE) forest characteristics among stands.

10.3389/ffgc.2025.1602557

ASOC =C inputs - C outputs = Dy + Dgg

+(Dcw +Dfung; +Dpg + Dcr + T+E-L)-Ry, -d W

where Dy, Dpr, Dcws D fungi> Dpr, and Dcg are the detritus
production rates of foliage, fine roots, snags, mycorrhizal fungi,
branches, and coarse roots. T is lateral transport, E is exudation, L is
leaching, Ry, is heterotrophic CO, production, and d is disturbance
(i.e., fire). The variables in parentheses were considered negligible and
are discussed below. In forest ecosystems on flat terrain and the
absence of disturbances, over 90% of annual C inputs occur via
litterfall and fine root mortality, and over 99% of C losses occur via
heterotrophic activity (Noormets et al., 2015). However, given that our
active study sites are managed by prescribed burning, losses through
disturbance can also be significant. Fire-driven C loss from surface
detritus was estimated to be 62% of the duff layer in the AB stand
(Clark et al., 2020), and incorporated in the ASOC calculation. IB and
NB stands did not experience fire during the study period, and their
d = 0. Coarse woody debris (Dcy), coarse root detritus (Dcg), and
branchfall (D) were assumed to be insignificant on the annual scale.
The decomposition of coarse woody materials (Dgr and Dg) is about
an order of magnitude slower than that of fine aboveground litter and
fine roots (King et al., 1997), and C from these tissues may take years
to enter into soil C processing. Furthermore, branchfall and treefall
are sporadic and exhibit high spatial variability, often occurring

Variable (unit) AB 1B NB
Tree DBH (cm) 259 £2.81 014 33.0 £3.34°14 19.9 + 1.77°1%
Tree density (tree per ac) 164 + 352218 116 +29.6°I® 368 £ 12814
Aboveground biomass (kg m™) 17.6 £2.29°14 18.0 £1.91°14 122432814
Aboveground NPP (g m™ year™") 533 £205°/4 486 +134°14 701 +311°%14
Leaf area index (m?*/m?) 3.96 +0.28 1" 4.39+0.30°1* 458 £0.17°14
Litterfall (g C m™ year™) 373 +£27.6°%14 312+29.5¢4 342 +33.6°14
Duff mass (g Cm™) 76.1 £ 14.6°14 105 + 15.4°14 108 +16.0°14
Understory vegetation biomass (g m™2) 55.0 +16.8 »°1* 75.0 +16.0*1* 6.60 £2.20 1%
Fine root mass (0-10 cm; g m™) 163 £81.4°14 151 + 34,5814 212 +33.6°1*
Fine root mass (10-20 cm; g m™) 66.6 +22.6°14 53.2+27.9¢4 85.9 + 15114
Fine root mass (20-30 cm; g m™) 40.9 £ 6.07 14 22.5 #5254 442 +14.2°14
Total fine root mass (0-30 cm; g m™2) 266 +30.2 %18 226 +10.9°1® 310 £16.214
Mineral soil C content (0-30 cm; %) 0.56 +0.10 %14 0.42 +£0.07 214 0.35 +£0.05 %14
Fall fine live root C content (0-30 cm; %) 47.7 £ 1.00°1® 47.2+1.00°1® 50.4 +0.16 %14
Summer fine live root C content (0-30 cm; 51.0 +0.86 18 50.4 +1.03°18 57.4+132°14
%)

Fine dead root C content (0-30 cm; %) 472 £0.72°14 46.6 +1.23°14 50.4 + 25214
Fall deciduous leave C content (%) 61.9+0.26°1* 52.7 +4.50 **I® 49.0+1.17°I®
Fall pine needle C content (%) 65.1+0.70 14 55.5+4.10 *°/® 53.0 £ 0.84 1P
Spring deciduous C content (%) 49.2+0.22°14 50.4 +2.06 14 49.5+1.12°14
Spring pine needle C content (%) 51.6 £ 02214 542 +245°4 52.0 £0.98 4
Charcoal (0-30 cm; g m™) 122 £21.1°14 125 £16.2°14 57.6 +19.8°I®

Lowercase letters indicate significant differences among stands, while capital letters represent contrast comparisons, as determined by a one-way ANOVA test. AB, IB, and NB refer to annual

burn, intermittent burn, and no burn, respectively.
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during strong wind events, none of which occurred during the study
period. Therefore, we omitted Dcy, Der, and Dge from ASOC
calculations. While some leaching (L) of dissolved organic carbon
(DOC) is possible, most published reports suggest it is small in
comparison to other components of the ASOC. For example, Wang
etal. (2019) reported that 0.04% of the total DOC leached out from
the soil profile, and Kindler et al. (2011) reported a range from 2.8 g

1

C m™ yr.”! in a sandy pine stand in the Netherlands to 16 g C
m~? year™' in loamy sand in a beech forest in Denmark. Therefore, L
was assumed to be negligible in the ASOC calculations but will
be acknowledged as a potential source of error when discussing
treatment differences in the Discussion. Similarly, lateral transport (T)
was assumed to be negligible due to the predominantly flat terrain of
the study sites, with slopes generally < 2%. However, the order of
magnitude of these fluxes is considered when interpreting the
significance of treatment differences in the Discussion. The effect of
fire was primarily in the removal of the understory and ground
vegetation, whereas no change was detected in the soil charcoal
content, even immediately after the 2020 prescribed burn in the AB
stand (Supplementary Figure S3). Contributions by root and fungal
exudates were not measured in this study. Finally, while detritus
production of mycorrhizal fungi (e.g., extramatrical hyphal turnover)
could contribute significantly to soil C inputs, the magnitude of this
flux remains highly variable and challenging to quantify. Therefore,
Dyyng was not included in ASOC calculations. However, its potential
role in C cycling was acknowledged and discussed in Section 4.3.

2.3 Field measurements

2.3.1 Stand measurement

Diameter at breast height (DBH, 1.35 m), tree heights, and species
at each study plot were recorded for all trees greater than 7 cm in
diameter in March 2020 and 2021. The aboveground vegetation
biomass of each plot was estimated based on these records using
allometric equations developed for the southern (Cieszewski et al.,
20215 Priest et al., 2015; Tiller et al., 2017) or the contiguous US
(Jenkins et al., 2003) depending on the availability of species-specific
equations. Aboveground NPP of each stand was estimated by tracking
the aboveground biomass increments of individual surviving trees and
the ingrowth of new trees between 2020 and 2021 (Clark et al., 2001).
The Leaf Area Index (LAI) was measured in August 2020 and April
2021 using a plant canopy analyzer (LAI-2000, LI-COR Biosciences,
Lincoln, NE, USA).

2.3.2 Soil CO, efflux measurement

Soil CO, efflux (pmol CO, m™ s7') was measured using an
infrared gas analyzer (LI 8100, LI-COR Biosciences) in conjunction
with a 20 cm diameter survey chamber (LI 8100-103, LI-COR
Biosciences). During measurements, the chamber was placed on top
of polyvinyl chloride (PVC) collars. Each plot (4 plots per stand)
contained five control collars (20 cm interior diameter and 5 cm
height) used to measure total soil CO, efflux (SR) and five root
exclusion collars (20 cm interior diameter and 30 cm height) used to
estimate heterotrophic soil CO, efflux (Rh). The five pairs of collars
were placed in a circular arrangement, spaced 75 degrees apart.
Within each pair, the collars were positioned 1-1.5 meters apart to
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prevent disturbance from the root exclusion collar. Root exclusion
collars were inserted 20-25 cm (as deep as they would go) into the
ground to isolate the Rh contribution to SR. Before the installation of
root exclusion collars, initial differences in surface CO, fluxes between
adjacent control and root exclusion collars were measured and
accounted for in subsequent monthly measurements to identify the
proportion of Rh in SR. Both control and root exclusion collars were
initially installed in October 2020 and reinstalled in April 2021 to
maintain accurate Rh measurements. All soil CO, efflux measurements
were taken between 8:00 and 17:00. To maintain bare soil in the
respiration collar, all aboveground live vegetation within collars was
clipped before measurements.

During soil respiration measurements, soil temperature ata 5 cm
depth was recorded using a digital temperature probe, and soil
moisture content (m’/m”®) at a 5 cm depth was measured using a soil
moisture probe (HydroSense II, Campbell Scientific, Logan UT, USA)
adjacent to each control PVC collar.

Monthly SR rates were estimated by scaling up the mean fluxes of
the plot-averaged measured rate (pmol CO, m™ s™') (Giardina and
Ryan, 2002). Due to an extended rainy period, no field measurements
were available for the NB stand in May 2021. Hence, the monthly SR
values for that month were estimated using linear interpolation
between the preceding and subsequent months.

Temporal changes in flux ratios between root exclusion and
control collars were used to determine when pure Rh values were
observed. Stabilized ratios of Rh and SR (hereafter referred to as
“Rh: SR ratio”) for dormant and growing seasons were established
based on the decay curves of this ratio within each study plot.
Monthly Rh was then estimated by multiplying the monthly SR by
the Rh: SR ratios. The dormant season Rh: SR ratio was used to
estimate monthly Rh between November 2020 and April 2021,
whereas the growing season Rh: SR ratio was used for the
remaining months. Monthly autotrophic soil CO, efflux (Ra),
which consists of root and mycorrhizal respiration, was derived
by subtracting Rh from SR.

2.3.3 Soil sampling and detritus input collection

For fine root productivity and mortality estimates, soil samples
were collected at monthly intervals between September 2020 and
August 2021 using a soil core (5.2 cm diameter with 33 cm length)
from five locations within each study plot. For the vertical root
profile, soil samples were also collected in 10 cm increments down
to 30 cm from one location within each study plot in the spring of
2021. All soil samples were stored in plastic bags and transported
to the Texas A&M University College Station campus, where they
were frozen at —20°C until processing. The soil samples were
washed with deionized water using a 1-mm sieve to remove soil
particles. Roots were then sorted based on diameter into fine roots
(< 2 mm diameter) and coarse roots (> 2 mm diameter), and
further categorized as dead and live roots based on color and
texture (Vogt and Persson, 1991). Charcoal particles caught in the
sieve were also extracted. After oven-drying at 68°C and reaching
a stabilized weight, the dry weight of each root category and
charcoal particles was recorded.

Fine root productivity (NPPgz) and mortality (D) were calculated
using a decision matrix (Assefa et al., 2017; Brunner et al., 2012; Gower
et al, 1992; McClaugherty et al, 1982; Yuan and Chen, 2013),
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maximum-minimum (McClaugherty et al., 1982), and compartment
flow methods (Santantonio and Grace, 1987). The decision matrix
method provided the greatest consistency of productivity and mortality
estimates in time and among plots and was therefore chosen as the
preferred method. To reduce potential outlier effects further, we report
here the average of four different variants of the decision matrix method,
which are detailed in Supplementary Table S2. These methods rely on
plot-averaged differences in live fine and dead fine root biomass (ALF
and ADE, respectively) across sampling intervals. We excluded the
maximum-minimum method due to its tendency to underestimate root
production (Brunner et al., 2012), which was also observed in our study.
Similarly, the compartment flow method was not used as it calculates
mortality based on constant decomposition rates and derives production
estimates from calculated mortality, which we found less appropriate for
our study. Turnover rates of fine roots were estimated by dividing fine
root productivity (NPPg;) by the averaged fine root biomass (Bgg) over
a sampling year (McClaugherty et al, 1982) (ie., Turnover
rates = NPPpr/Byz). Coarse root biomass was estimated allometrically as
the ratio of root compartment biomass to total aboveground biomass
(Chojnacky et al., 2014).

Aboveground fine litterfall detritus (i.e., pine needles,
deciduous leaves, small twigs, and reproductive tissue) was
collected monthly between September 2020 and August 2021 at
three locations within each study plot using litter traps with a
surface area of 0.86 m?* at a height of 0.5 m. Duff layer, consisting
of litter accumulated on the ground surface, was sampled in July-
August 2020 at the same three locations using a 0.11 m? quadrat.
Understory vegetation, composed of live plants below the canopy,
was sampled in July 2023 at three locations near litter traps at each
study plot with a 0.25 m? quadrat. All collected samples were
oven-dried at 68°C until a constant mass.

The C content of soil, live and dead fine roots, as well as fine litter
(including pine needles and deciduous leaves), were measured at each
stand twice a year. The samples were oven-dried at 68°C, ground with
a mixer mill (MM 400, Retsch, Newtown, PA, USA), and analyzed
using an elemental analyzer (FlashSmart NC Soil, Thermo Fisher
Scientific, Waltham, MA, USA) to determine tissue and soil
C content.

2.4 Total belowground carbon flux and
fungal production

Annual mycorrhizal fungal production was estimated similarly
to Ouimette et al. (2020) (Equation 2), combining two established
mass balance models of total belowground carbon flux (TBCF).
The first model calculates TBCF as the sum of the production of
fine roots (NPPy), coarse roots (NPPc), mycorrhizal fungi
(NPPy,g), autotrophic respiration (Ra), and exudation (E)
[Equation 2a; Chapin et al., 2009]. Even though both NPP,,; and
E are unknown, E has been reported to be about an order of
magnitude smaller than NPPy,, [E generally less than 25g C
m~ year™" (Phillips et al,, 2011; Yin et al., 2014) versus NPPg,q; up
t0 200 g Cm 2 year™" (Allen and Kitajima, 2014; Deng et al., 2023)].
The second model considers TBCF as comprising four primary
components: soil respiration (SR), aboveground litterfall (D;), and
the production of coarse roots (NPP;) and the changes in soil C
(ASOC) [Equation 2b; Davidson et al., 2002; Nadelhoffer et al.,
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1998]. As mentioned before, leaching (L) is considered negligible.
This equation was used to calculate TBCF for all stands. Thus,
we estimate the latter as the mass balance residual:

NPPfy g =TBCF —NPPgg — NPPcg —Ra )

rearranged from Chapin et al. (2009):

TBCF = Ra+NPPpg + NPPcg + NPPj 5 +(E) (2a)

and TBCF estimated independently as per Davidson et al. (2002)
and Nadelhoffer et al. (1998):

TBCF =SR—Dy +NPPcg +ASOC +(L) (2b)

2.5 Data analysis

The annual soil C balance and TBCF were calculated from plot
average pools and fluxes, and standard errors of stands in the following
sections were derived from variabilities between study plots (n = 4).

The temperature response of SR and its components in each stand
was assessed by an exponential Q,, function [Equation 3: Van't Hoff
(1898)] using monthly measurements of soil temperature (T) and SR.

T-T,

SR(T ) = SRyef xQy™° ©)

where SR(T) is an SR at a given soil temperature T at a depth of
5 cm, and SRyef is reference respiration at a reference temperature Tref
and Qg is temperature sensitivity. SR, and Q1o were derived by
minimizing the residual sum of squares through nonlinear least
squares analysis using the “nls_table” function in the “forestmangr”
package in R (Braga et al.,, 2023). The reference temperature was
selected close to the annual mean soil temperature at all stands, which
was 20.3°C in AB, 21.4°C in IB, and 19.3°C in NB stands.

The annual flux of each component was calculated by
summing the monthly means for each plot, except for NPPqy
which was derived from sequential annual stand measurements.
Stand differences in monthly soil temperature and moisture were
determined with a linear mixed-effects model for repeated
measures using the R package “lme4” (Bates et al., 2015). Prior to
analysis, variables were subjected to transformation using the
Box-Cox method to meet the criteria of normality, as necessary.
In the nested-mixed model, months of the year were treated as
fixed effects, while study plots were treated as random effects.
Where significant differences were found, the Tukey test was used
for post-hoc analysis. The comparisons between (i) burned (AB
+ IB) versus unburned (NB) stands and (ii) AB versus (IB + NB)
stands were also investigated using the contrast function in the
“emmeans” package in R (Lenth, 2024).

One-way ANOVA analysis (the aov function in the “stats” package
in R) was used to assess significant differences in annual values among
stands, as well as to conduct contrast comparisons. The level of
significance was determined at p-value < 0.05. All the analyses were
conducted in R (version 4.3.3) (R Core Team, 2024) and implemented
in RStudio (version 2023.12.1) (Posit team, 2024).
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3 Results
3.1 Stand characteristics

The three study stands differed in standing biomass quantity
and distribution. The NB stand had the greatest overstory tree
density, but the lowest tree diameter, tree biomass, and ground
cover biomass (Table 1). The summer LAI and duff mass were
slightly lower in the AB stand than in the IB and NB stands
(Table 1). Fine root biomass was significantly lower in the burned
stands compared to the NB stand (p = 0.04, Table 1). Most of the
fine root biomass (62.7%) was concentrated in the top 10 cm of
soil, with 24.5% in the 10-20 cm layer and 12.8% in the 20-30 cm
layer. No significant differences in fine root biomass distribution
were observed across stands at any depth, contrary to the
expectation of a downward shift of roots in the soil profile in
response to frequent burning (H2b). The monthly average charcoal
particle mass was significantly higher in the burned stands than in
the NB stand (p = 0.01), but no differences were detected between
AB and IB stands (Table 1) or before and after the fire
(Supplementary Figure S3). The understory vegetation biomass
was significantly greater in burned stands (AB and IB) than in the
NB stand (p < 0.01, Table 1), attributable to the dense yaupon
mid-story in the NB stand. The slightly lower LAI in the AB stand
leads to earlier cooling of the soil in the fall and earlier warming in
the spring than in the other stands, accompanied by higher soil
moisture in the AB stand in the late fall and slower water use in the
spring. The NB stand had lower soil temperatures than the burned
stands (p = 0.002, Figure 1).

10.3389/ffgc.2025.1602557

3.2 Soil carbon inputs

The mean standing fine root biomass over the sampling year was
greater in the NB stand (310 + 16.2 g m™?) than in the burned stands
(266 +30.2 in AB and 226 + 10.9 gm™ in IB, p = 0.04; Table 1). Live
fine roots constituted approximately 52-57% of the total fine root
biomass across stands, while dead fine roots comprised 43-48%. Live
fine root biomass showed a weak seasonal pattern, with the highest
values in early summer 2021, while no seasonality was detected in
dead fine root biomass. Across all stands, the majority of fine root
biomass was concentrated in the top 10 cm of soil (62.7%), and the
differences in root biomass between the topsoil and depths of 10-20,
and 20-30 cm were significant in the IB and NB stands (both p < 0.01;
Table 1).

The annual fine root mortality rates were 211 + 40.2, 184 + 38.4, and
238 +32.4g C m™ year™' (mean + SE) in AB, IB, and NB stands,
respectively. The annual fine root productivity was 205 + 18.3,212 + 15.6,
and 234 £ 31.4 gCm*year ' in AB, IB, and NB stands, respectively. No
significant differences were observed in either productivity or mortality
between the stands. Turnover rates of fine roots were 1.57 +0.11,
1.87 £0.12,and 1.50 + 0.14 in AB, IB, and NB stands, respectively.

3.3 Soil CO, emission

The annual SR was 1,138 + 66.3, 1,047 £ 65.6, and 1,455+ 64.9 g
Cm™year™' (mean + SE) in the AB, IB, and NB stands, respectively.
The annual SR values in the burned stands were significantly lower
than the NB stand (by 21.9% in AB and by 28.0% in IB; p < 0.05).
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FIGURE 1
Temporal changes in (a) soil temperature and (b) soil moisture at a depth of 5 cm in AB (red), IB (green), and NB (blue) stands. The error bars indicate
the standard deviation of four study plots. A nested mixed effect model, with stand, month of the year, and their interaction as fixed effects and study
plot as a random effect, was used for analysis. Post-hoc analysis was conducted to investigate statistical differences among stands, with results
displayed as letters (monthly) and in tables (overall). Soil moisture measurements were not taken at the NB stand in May 2021 due to extended rainy
periods and in August 2021 due to instrument issues; thus, these months were excluded from the analysis.
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FIGURE 2

Temperature responses of (a) soil CO, efflux (SR), (b) heterotrophic soil CO, efflux (Rh), and (c) autotrophic soil CO, efflux (Ra) in the AB (red), IB
(green), and NB (blue) stands, respectively. The regression curves indicate the exponential relationships (Equation 3) for each stand. The obtained Q10
values and reference respirations (mean + SE) were presented in the tables along with post-hoc one-way ANOVA results. Note that the data points in
Rh and Ra were collected during periods when Rh: SR ratios had stabilized.

The Q,, values of SR and Ra were significantly greater in the NB
stand compared to the burned stands (p <0.01 and p = 0.03,
respectively; Figure 2), whereas the Q,, values of Rh were similar
among stands. Reference respirations of SR and Ra were also greater
in the NB than in the burned stands (p =0.02 and p = 0.08,
respectively).

Soil CO, efflux from root exclusion collars stabilized in month 4
during the dormant season and in month 5 during the growing
season based on the flux decay curves (Supplementary Figure 52).
The heterotrophic fraction increased with annual fire frequency, with
AB being higher than IB and NB stands (Supplementary Figure S2),
but this change was due to lower Ra rather than higher Rh. The Rh:
SR ratio was also higher in the dormant season than in the growing
season (0.62 +0.03 vs. 0.51 £ 0.03, p = 0.02). The annual Rh was
663 +54.0, 567 + 68.1, and 747 + 61.4 g C m~* year ' in AB, IB, and
NB, respectively. The annual Ra was 474 + 80.0, 480 + 28.8, and
708 + 108 g C m™2year' in AB, IB, and NB, respectively, with the NB
stand having greater annual Ra than burned sites (p = 0.03).

3.4 Soil carbon balance and total
belowground carbon flux

The annual soil C balance (ASOC), calculated with Equation 1,
was —126 + 31.4, =71.0 £ 122, and —167 + 104 g C m~* year™" in the
AB, IB, and NB stands, respectively (Figure 3). There were no
significant differences in ASOC among stands. The C loss of duff
during the prescribed burn in the AB stand was estimated as
47.2+£9.03gCmyear™

The C content in live fine roots was significantly greater during
peak biomass in June 2021 than during the low biomass in September
2020 (p = 0.001). Live fine roots in the NB stand had higher C content
than those in the burned stands for both collections (p = 0.01 and
P <0.001, Table 1). The primary components in fine litterfall were pine
needles (AB: 41.5 + 0.40%, IB: 66.7 + 4.34%, NB: 39.5 + 6.5%) and
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FIGURE 3

Net annual soil C balance (ASOC) and its component fluxes - D,:
aboveground litterfall; Dq: fine root mortality; Rh: heterotrophic
respiration; d: disturbance (g C m=? year). The error bars show the
standard error for the four study plots. Soil C inputs were displayed
as positive, while C losses as negative. "n.s.” denotes non-significant
differences based on one-way ANOVA.

broadleafleaves (AB:33.9 + 0.72%, IB: 8.49 + 4.33%, NB: 41.4 + 4.03%)
across stands. The weighted C contents for these percentages were
estimated to be 63.6 + 0.43%, 54.9 + 4.06%, and 51.0 + 0.93% for the
dormant season, while 50.5 + 0.09%, 53.4 + 2.35%, and 50.7 + 1.05%
for the growing season in the AB, IB, and NB stands, respectively.
The TBCE, calculated using Equation 2b, was significantly higher
in the NB stand at 1018 + 88.2 g C m~? year™’, in contrast to the AB
(698 £ 64.1 g C m™2 year™!, p = 0.02) and IB stands (713 +36.2g C
m~year™', p = 0.02), respectively (Figure 4). Across stands, TBCF was
predominantly allocated to Ra, accounting for 68 to 69%, followed by
NPP;g (30% in burned stands vs. 23% in NB; p = 0.02), and NPPq
(7%). NPPy was estimated as 54.0 + 20.4,49.2 + 13.5,and 71.8 £ 32.0 g
C m™ vyear”', while NPP,,; was estimated at —41.6+25.1,
—27.9+24.3,and 3.98 £ 51.7 g C m~? year™' for the AB, IB, and NB
stands, respectively. No significant differences were found in either
NPPcg or NPPy,,; among stands. The negative value of NPPy,,,; may
be used as an estimate of the cumulative error in the ASOC components.
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FIGURE 4

Total belowground carbon flux (TBCF; g C m= year™) and its
component fluxes (Ra: autotrophic respiration; NPPg: fine root
productivity; NPPcg: coarse root productivity; NPPg,.: mycorrhizal
fungal productivity) (g C m=2 year™). The error bars represent the
standard error for the four study plots. Lowercase letters indicate
significant differences among stands, while capital letters denote
differences between burned (AB + IB) and unburned stands, as
determined by a one-way ANOVA. "n.s.” indicates non-significant
differences.

4 Discussion
4.1 Limits of inference

The current study is an unreplicated comparison of three
individual burn units on similar soil, identical climates, and similar
site histories. Prior to the initiation of the different burn frequencies
in 2001, the stands were in similar condition, following decades of fire
exclusion. The findings are interpreted as direct or indirect
consequences of different burn frequencies implemented for 20 years.
Extrapolation of current findings to other sites should be done with
caution and with consideration to specific vegetation, climate, edaphic,
and biotic interactions in mind.

4.2 Assumptions and uncertainties

In this study, we assumed that the contributions of D¢y, Dgp Deg,
T, E, and L to the ASOC calculations were negligible. Kindler et al.
(2011) reported annual DOC leaching losses (L) in European forests

1

averaging 8.3 £ 4.9 g C m™* year™!, with a range from 2.8 +0.9g C
m~? year™' in a sandy pine forest to 16.2+0.4g C m™ year™' in a
beech forest on loamy sand. Others have estimated that in the US
Midwest root and fungal exudation (E) may be up to 24g C
m~?year™! (Phillips et al, 2011; Yin et al, 2014). While omitting these
fluxes in Equation | may potentially underestimate ASOC and TBCF

! this would not alter the

by as much as 40g C m™ year”
results significantly.

Second, the AB stand was the only stand affected by fire during
the study period, while the disturbance loss (d) was zero in the IB
and NB stands. If the loss of duff and ground cover during a
prescribed fire was proportionally identical to the estimated loss at
the AB stand, the average annualized d in the IB stand would have
been 21.8+3.17g C m™ year™', and ASOC -92.8+126g C
m~?year™'. This would not change the relative ranking of ASOC or

the statistical significance difference among the stands. It is also
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possible that the fuel consumption rate may have differed from
this estimate.

Third, the NPPc; is estimated with allometric equations, whereby
coarse root biomass is scaled proportionally to tree diameter
(Chojnacky et al., 2014). While these relationships are species- and
region-specific, they are constant for all three treatments in the current
study. As explained later, we concluded that belowground C allocation
was affected by the different burn frequencies. Yet, we were unable to
assess the extent to which this could have affected the allometric
relationships. Errors in NPP¢ could affect the mass balance closure
(Equation 2) and the value of NPPy,.

Given that Rh is the primary contributor to ASOC and Ra of
TBCE respectively (Figures 3, 4), the annual SR estimation holds the
greatest potential for introducing errors or biases in these balances, as
well as NPPy,,,;.. One possible source of error in SR estimation could
arise from the upscaling from point measurements to the annual scale.
To address this, we compared SR estimates derived from monthly
observations with those derived from daily SR accumulation, utilizing
the Q,o equation based on half-hourly soil temperature measurements
in the IB stand. These two estimates came to within 1% of one another
(1,047 and 1,053 g C m~? year™"). Moreover, the SR and its components
observed in this study are consistent with previous studies in southern
pine communities with repeated prescribed burns (Godwin et al.,
2017). Hence, we conclude that the estimates of SR, Rh, and Ra
are reasonable.

Uncertainties associated with the estimation of fine root
production and mortality, coupled with potentially high
mycorrhizal fungal turnover rates, could affect the estimation of
NPPy,. Often, Rh significantly exceeds total detritus production
(D + D;) (Noormets et al., 2015), with the difference usually
attributed to fungal production or root and fungal exudates
(Ouimette et al., 2020). It has been estimated that about 25% of fine
root production may be in fungal sheaths (Ouimette et al., 2013),
which, if omitted, could result in an error of up to 59 g C m~* year™'
in the current study. Moreover, the turnover of mycorrhizal
necromass also contributes to detritus inputs. However, the carbon
use efficiency of the mycorrhizal, free-living saprotrophic fungi and
bacteria may vary significantly (Soares and Rousk, 2019; Wang and
Kuzyakov, 2023). Extramatrical hyphal turnover for ectomycorrhizal
fungi has been estimated at 13 times per year (95% CI: 10.5-19.5)
in a loblolly pine stand in North Carolina (Ekblad et al., 2016) and
10 + 3 times per year in a longleaf pine stand in Georgia (Hendricks
etal, 2016). Although these turnover rates may not directly reflect
the dynamics of bulk mycorrhizal structures, it is possible that
NPPiyng
underestimated. This

derived from monthly sequential soil cores is
relatively rapid turnover may also
be underestimated in Rh measurements obtained using root
exclusion collars, as these collars may suppress Rh if high levels of
root exudates were used to sustain microbial activity.

Finally, we should note that earlier studies may also have relied on
incorrect assumptions, which may have affected the NPPy,,; estimates.
For example, the assumption of no net change in soil C by Ouimette
et al. (2020) may or may not have been the reason for their mass
balance and isotopic estimates of NPPy,,,; along a 10-site gradient. In
the current study, neglecting changes in mineral soil C would have
resulted in NPPy,,,; of 84-171 g C m™ year™ instead of the —27.9 -
4.0 g Cm year™". That said, the stand differences in NPPy,,,; looked
similar in both calculations (not shown).
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4.3 Detritus production and soil CO, efflux

The main soil C input was the aboveground litterfall (59-65%),
whereas fine root mortality contributed 35-41%. The duff layer
biomass (as well as depth) was 35% lower in AB than in IB and NB
(Table 1). There was no significant difference between the IB and NB
stands, suggesting that the duff layer recovered within the 2-4-year
burn interval at the IB stand. Earlier reports have found that similar
low-intensity fires did not alter Dy (Espinosa et al., 2018), but that over
time, fire exclusion manifested in greater duff layer biomass compared
to frequently burned stands (Godwin et al., 2017).

As hypothesized in H2a, fine root biomass was significantly
greater in the NB stand than in the burned stands (p = 0.04, Table 1),
however, fine root productivity and mortality were similar among the
stands. This resulted in higher fine root turnover in the burned stands
(1.57 in AB and 1.87 in IB) than in the NB stand (1.50), though these
differences were not statistically significant, consistent with H2c. Both
fine root productivity (NPPg = 205-234 g C m~? year™") and mortality
(Dyg = 184-238 g C m™2 year™') were similar to the range commonly
reported for pine forests using the sequential coring method (NPPgg:
242-862 g m™* year™"; Dgp: 199-862 g m™2 year™) (Han et al., 2016;
Makkonen and Helmisaari, 1999; Persson, 1980; Santantonio and
Grace, 1987; Yuan and Chen, 2013).

The SR in the NB stand was consistently greater than that in the
burned stands, in line with earlier studies on shortleaf-loblolly
plantations (Godwin et al.,, 2017), and primarily due to the difference
in Ra. While the absolute magnitude of Rh was greater than Ra (with
annual averaged heterotrophic fraction of 0.61, 0.55, and 0.54 in AB,
IB, and NB, respectively), the treatment differences were more
pronounced in Ra. Additionally, the Q,, value of Ra was significantly
greater in the NB stand compared to the burned stands (p < 0.05),
with the Q,, of Ra exceeding that of Rh in the NB stand (3.50 vs. 2.15;
p =0.04). Ra was also higher in NB than the burned stands in
proportion to By (3.83,4.27, and 4.51 in AB, IB, and NB, respectively),
even though the differences were not statistically significant. The
combination of greater standing B, lower turnover, and higher
respiratory cost of fine roots in NB than the burned stands suggests
that the roots may carry some additional value, perhaps through
higher mycorrhizal colonization, even though visual inspection
during root sorting did not reveal differences among treatments.
Given that Ra is tightly coupled to C availability from photosynthesis
(Fenn et al,, 2010; Kuzyakov and Gavrichkova, 2010), the stands also
likely differ in the C allocation patterns. The higher Q,, of Ra at NB
than the burned stands, as well as a positive correlation between TBCF
and Q,, of Ra (r=0.69, p=0.01; data not shown), support this
interpretation, as higher temperatures correlate with radiative input
that also drives photosynthesis. Even though the difference between
the temperature responses of AB and IB is small (Figure 2¢), it is still
apparent that the gradient of Qy, and thus potentially belowground
allocation, decreases progressively with burn frequency. Interestingly,
the consistent Q,, values of Rh contrast with the findings of Butler
etal. (2019), who reported an increase in Q, in frequent fire stands
due to an increased level of law-quality recalcitrant organic matter.
Our study did not observe a detectable charcoal pulse even after the
fire in the AB stand (Supplementary Figure S3), aligning with findings
from ponderosa pine forests in Oregon subjected to repeated spring-
prescribed burns (Matosziuk et al., 2019). The absence of pyrogenic C
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changes in the mineral soil post-fire suggests that dormant season-
prescribed burns in our sites may be too low in intensity to promote
its accumulation.

The omission of fungal detritus from the soil C balance estimate
is due to uncertainty associated with its magnitude. While some

studies report mycorrhizal mycelial turnover of 7-10 yr.™!

(Hagenbo
etal, 2021), others have noted that turnover declines drastically with
age, down to 1 yr.”! (Hagenbo et al., 2017). Given that the trees in this
study are estimated to be 70-100 years old, the turnover is expected at
the lower end of this range. On the other hand, the regular prescribed
burning at AB and IB stands may increase the turnover. It is also
unclear whether the fungal communities in these stands had the same
species composition. While some earlier studies have reported
minimal effects of low-intensity prescribed burns on decomposition
(i.e., Rh) in pine communities in the southern US (Ficken and Wright,
2017; Liechty and Reinke, 2020), there are also reports suggesting that
repeated low-intensity burns can alter fungal community composition
(Fox et al,, 2024; Oliver et al., 2015). In the current study, we did not
measure fungal taxonomic composition, and even the NPPj
estimates are mass balance residuals, making functional interpretation
challenging. Nevertheless, variations in fungal composition among
stands in our study site are suggested by the differing relationships
between NPPy,,,; and the SR components.

4.4 Annual soil carbon balance and total
belowground carbon flux

Our initial hypothesis of greater annual soil C loss in the burned
stands than in the unburned stand was proven false (H1b; Figure 3).
All sites had a similar and negative ASOC, losing 126 + 31.4,
71.0 £ 123, and 167 + 104 g C m™? year™' (AB, IB, and NB stands,
respectively). However, even though ASOC did not differ significantly
among the three stands, C processing clearly responded to the
frequency of prescribed burning. The NB stand had greater NPP; and
TBCEF than the AB and IB stands (H1a). NPPy,,,; was also numerically
higher, although the large variances of this flux kept the stand
differences from manifesting as statistically significant (Figure 4).
Obviously, NPPy,,; cannot be negative, but given the large magnitude
of other fluxes, and the small sample size (n = 4) for resolving the
differences, we postulate that it is still notable (and significant) that
several independent lines of evidence consistently point to the likely
greater presence of mycorrhizal fungi in the NB than burned
treatments. More direct measurements in the future will be used to
test this hypothesis.

At the same time, both Ra and Rh were also higher in NB than the
burned stands (Figures 3, 4), while the difference between the AB and
IB stands was minimal. Although fine root mortality did not
significantly differ between stands, the Ra was lower at AB and IB than
NB (Figure 4), correlating with By (Table 1) and NPPg,,,;. Similar to
earlier reports (Giardina et al., 2014; Kuzyakov et al., 2019), higher
TBCEF correlated with higher Ra (r = 0.79, p < 0.001). The Ra estimates
in the burned stands (474 and 480 g C m ™ year™' in AB and IB stands,
respectively) were consistent with prior studies in southern pine
ecosystems (Kim et al, 2025; Maier et al, 2004). Somewhat
unexpectedly, our results showed that the change in belowground
activity came from both greater autotrophic as well as heterotrophic
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processes in the NB stand than the burned stands, with the between-
stand differences on the annual scale being about 2-fold greater in Ra
than Rh. While it is only logical that TBCF also supports the
decomposer community, the correlations of Ra and Rh with NPPg,
NPPy,g D1, and Dy were weak throughout (not shown).

In conclusion, prescribed burning appears to trigger a suite of
related changes in belowground C dynamics, collectively reducing
both belowground autotrophic and heterotrophic activity. Whether
this cascade of changes starts with lower belowground C allocation
by plants or with the mortality of fungi resulting in lower
belowground C sink, and more disposable fine roots, is yet to
be elucidated. Most of the C allocated belowground was immediately
used to support the entire complexity of the belowground ecosystem,
of which the current study only quantified root biomass. We did not
find the hypothesized differential soil C balance, but we did observe
that 20 years of fire exclusion had manifested in greater fine root
biomass, lower fine root turnover, slightly greater respiratory
investment per unit of fine roots, and, seemingly, greater fungal
colonization. The latter, in particular, should be further investigated
using techniques such as DNA metabarcoding or stable isotope
labeling to better characterize shifts in symbiotic associations. The
current study indicates that fire management decisions influence not
only surface conditions, but also fundamental processes of
belowground C allocation and dynamics, and have thus implications
for climate mitigation and soil health.
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