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Article Info Abstract o _ N
Soil temperature regulates microbial metabolism and carbon decomposition processes,

creating critical feedbacks to atmospheric CO: concentrations under climate change

Volume: 05 scenarios. This study investigated the temperature sensitivity of soil microbial
Issue: 02 communities and associated CO: fluxes through controlled warming experiments
July -December 2024 across diverse terrestrial ecosystems. A comprehensive five-year field experiment

; - 1R8.09. (2018-2023) was conducted at four sites representing different biomes: temperate
Recelved._ 16-08-2024 deciduous forest (Harvard Forest, MA), boreal coniferous forest (Fairbanks, AK),
Accepted: 20-09-2024 temperate grassland (Konza Prairie, KS), and Mediterranean shrubland (Santa
Published: 16-10-2024 Barbara, CA). Experimental warming treatments included control (ambient
Page No: 54-59 temperature), moderate warming (+2°C), and intensive warming (+4°C) using infrared

heating systems and soil heating cables. Soil CO: efflux, microbial biomass, enzyme
activities, and soil organic carbon fractions were monitored continuously throughout
the study period. Results demonstrated significant increases in soil CO2 emissions
following warming treatments, with Qo values ranging from 1.8 to 3.2 across
ecosystems. Moderate warming increased soil respiration by 23-41% initially, but
responses diminished over time due to microbial acclimation and substrate depletion.
Intensive warming (+4°C) sustained higher CO: fluxes (48-67% increase) throughout
the study period. Microbial biomass carbon decreased by 15-28% under warming
treatments, while specific enzyme activities increased 2-4 fold, indicating metabolic
acceleration. Fast-cycling carbon pools showed 35-52% depletion under intensive
warming, while slow-cycling pools remained relatively stable. Temperature sensitivity
varied significantly among ecosystems, with boreal forests showing highest Q1o values
(3.2) and grasslands lowest (1.8). Microbial community composition shifted toward
thermophilic species, with bacterial: fungal ratios increasing from 2.1 to 3.8 under
intensive warming. Carbon use efficiency decreased from 0.31 to 0.19 with
temperature increase, indicating reduced microbial carbon retention. The study reveals
complex temporal dynamics in soil carbon-climate feedbacks, with initial strong
positive responses followed by partial acclimation, highlighting the importance of
long-term experiments for understanding ecosystem responses to climate change.
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Introduction

Soil carbon represents the largest terrestrial carbon pool, containing approximately 1,500 Pg of carbon globally, which is three
times greater than atmospheric carbon content M, The temperature sensitivity of soil carbon decomposition through microbial
metabolism creates one of the most significant potential feedbacks to climate change, with warming-induced increases in soil
CO: emissions potentially accelerating atmospheric carbon accumulation . Understanding these soil carbon-climate feedbacks
is crucial for predicting future climate scenarios and developing effective mitigation strategies [,
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Microbial communities drive soil carbon decomposition
through enzymatic breakdown of organic matter, with
metabolic rates generally increasing exponentially with
temperature according to Arrhenius kinetics M. The
temperature sensitivity of soil respiration is commonly
expressed as Quo, representing the proportional increase in
respiration rate per 10°C temperature increase. Typical Qo
values for soil respiration range from 1.5 to 4.0, but these
values can vary substantially among ecosystems, soil types,
and environmental conditions ©,

The relationship between soil temperature and CO: emissions
is complicated by several factors including substrate
availability, microbial community composition, soil moisture
interactions, and temporal acclimation effects [¢, Short-term
warming experiments often show strong positive responses
in soil CO: efflux, but longer-term studies reveal complex
dynamics including microbial acclimation, substrate
depletion, and community shifts that can modify temperature
sensitivity over time [7],

Microbial acclimation to elevated temperatures represents a
critical  process affecting long-term  carbon-climate
feedbacks. Initial warming typically stimulates microbial
activity and CO: production, but sustained warming can lead
to physiological and evolutionary adaptations that reduce
temperature sensitivity . These acclimation processes
include enzyme thermal adaptation, changes in microbial
community composition toward thermophilic species, and
depletion of labile carbon substrates ],

Substrate availability plays a fundamental role in determining
temperature responses, with labile carbon pools showing
higher temperature sensitivity than recalcitrant materials [,
Soil organic matter consists of multiple carbon pools with
different decomposition rates and temperature sensitivities,
from rapidly cycling plant residues to slowly decomposing
humic substances. The relative abundance of these pools
influences overall ecosystem temperature sensitivity and
potential carbon losses under warming scenarios 1,
Microbial community composition significantly affects
carbon decomposition patterns and temperature responses.
Bacterial communities generally show higher temperature
sensitivity than fungal communities, with implications for
carbon cycling efficiency and long-term carbon storage 12,
The bacterial: fungal ratio can shift under warming
conditions, affecting decomposition pathways and carbon
retention in soil systems (%1,

Carbon use efficiency (CUE) represents the proportion of
carbon uptake that microorganisms allocate to growth versus
respiration, with important implications for soil carbon
storage (1. Temperature typically decreases microbial CUE
as respiratory costs increase faster than growth rates, leading
to greater carbon losses through CO: emissions rather than
biomass accumulation [*51,

Ecosystem-specific responses to warming reflect differences
in climate history, soil properties, vegetation types, and
microbial community characteristics. Arctic and boreal
ecosystems, which contain large soil carbon stocks and
experience the greatest warming rates, may show particularly
strong temperature sensitivity 6. Conversely, ecosystems
adapted to higher temperatures may demonstrate lower
temperature sensitivity due to pre-existing adaptations 71,
The temporal dynamics of warming responses require long-
term experimental approaches to capture both immediate
effects and longer-term acclimation processes. Most soil
warming studies have been conducted over short time periods
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(1-3 years), potentially missing important acclimation effects
that develop over longer timescales [8],

This study aims to comprehensively evaluate soil carbon-
climate feedbacks through long-term warming experiments
across diverse terrestrial ecosystems, examining both
immediate responses and longer-term acclimation processes.
Specific objectives include: (1) quantifying temperature
sensitivity of soil CO: efflux across different ecosystems and
warming levels, (2) assessing temporal changes in
temperature responses and acclimation processes, (3)
characterizing microbial community responses to sustained
warming, (4) evaluating carbon pool dynamics under
different warming scenarios, and (5) identifying ecosystem-
specific factors controlling temperature sensitivity.

Materials and Methods

Experimental Sites and Design

The study was conducted across four representative terrestrial
ecosystems to capture diverse climate conditions, soil types,
and vegetation characteristics. Site A was located at Harvard
Forest, Massachusetts, USA  (42°32'N, 72°11'W),
representing temperate deciduous forest on well-drained
Alfisol soils. Site B encompassed boreal coniferous forest
near Fairbanks, Alaska, USA (64°50'N, 147°43'W),
characterized by permafrost-affected Gelisol soils with high
organic matter content. Site C included temperate grassland
at Konza Prairie, Kansas, USA (39°05'N, 96°35'W), featuring
deep Mollisol soils with extensive root systems. Site D
comprised Mediterranean shrubland near Santa Barbara,
California, USA (34°25'N, 119°42'W), with shallow Alfisol
soils subject to seasonal drought.

Each site employed randomized complete block design with
three warming treatments and six replications. Experimental
plots measured 4 x 4 meters with 2-meter buffer zones to
prevent thermal interference. The warming treatments
included: (1) Control (ambient temperature), (2) Moderate
warming (+2 °C above ambient), and (3) Intensive warming
(+4°C above ambient).

Warming System Implementation

Soil warming was achieved using combination of infrared
heating lamps and buried heating cables to ensure uniform
temperature distribution throughout the soil profile. Infrared
heaters (Kalglo Electronics, Bethlehem, PA) were suspended
1.5 meters above plots and automatically controlled using
temperature feedback systems. Soil heating cables were
installed at 5, 15, and 25 cm depths in serpentine patterns with
20 cm spacing.

Temperature control systems maintained target temperatures
within 0.5 °C using proportional-integral-derivative
controllers with soil temperature sensors at multiple depths.
Heating was applied continuously throughout the growing
season (April-October) and intermittently during winter
months based on ambient conditions.

Rainfall exclusion shelters were installed over heated plots
during precipitation events to prevent equipment damage
while maintaining natural soil moisture inputs through
irrigation systems that replicated ambient precipitation
patterns.

CO: Flux Measurements

Soil CO: efflux was measured using automated soil
respiration chambers (LI-8100A, LI-COR Biosciences,
Lincoln, NE) with permanent PVC collars installed in each
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plot. Measurements were conducted continuously with 30-
minute intervals throughout the study period, providing high
temporal resolution data to capture diurnal and seasonal
patterns.

Chamber measurements employed closed-chamber technique
with CO: accumulation measured over 2-minute periods.
Quality control procedures included leak testing, calibration
with standard gases, and environmental correction factors for
temperature and pressure variations.

Additional manual measurements were conducted weekly
using portable soil respiration systems (EGM-4, PP Systems,
Amesbury, MA) to validate automated measurements and
assess spatial variability within plots.

Soil Temperature and Environmental Monitoring

Soil temperature was monitored continuously at 5, 10, 15, 20,
and 30 cm depths using thermistor probes (107-L, Campbell
Scientific, Logan, UT) with data logging at 15-minute
intervals. Air temperature, relative humidity, and soil
moisture were measured using integrated weather stations at
each site.

Soil moisture content was determined gravimetrically from
weekly soil samples and continuously monitored using time-
domain reflectometry probes (CS616, Campbell Scientific) at
multiple depths.

Microbial Community Analysis

Soil samples were collected monthly during growing seasons
and quarterly during winter for microbial community
analysis. Samples were collected from 0-10 cm depth using
sterile techniques and transported on ice to laboratories for
immediate processing.

Microbial biomass carbon (MBC) was determined using
chloroform fumigation-extraction method with K2SOa
extraction and UV-persulfate digestion analysis. Microbial
biomass nitrogen was measured using parallel fumigation-
extraction with ninhydrin colorimetric analysis.

Basal respiration was assessed through CO: evolution
measurements during 14-day laboratory incubations at
standardized temperature (25 °C) and moisture conditions
(60% water-holding capacity).

Soil enzyme activities were measured for key carbon,
nitrogen, and phosphorus cycling enzymes: B-glucosidase
(carbon), leucine aminopeptidase (nitrogen), and acid
phosphatase (phosphorus) using fluorogenic substrate assays
with 4-methylumbelliferone derivatives.

Microbial community composition was analyzed using
phospholipid fatty acid (PLFA) analysis to quantify bacterial
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and fungal biomass and community structure. Lipids were
extracted using Bligh-Dyer method, separated by silica gel
chromatography, and analyzed by gas chromatography-mass
spectrometry.

Soil Carbon Fractionation

Soil organic carbon was fractionated into different pools
based on decomposition rates and chemical properties.
Physical fractionation separated particulate organic matter
(>53 pm), mineral-associated organic matter (<53 um), and
dissolved organic carbon using density separation and sieving
techniques.

Chemical fractionation utilized sequential extraction with
water, dilute acid, and alkali solutions to isolate labile,
intermediate, and recalcitrant carbon pools. Carbon content
was analyzed using elemental analyzer (Flash EA 1112,
Thermo Fisher Scientific).

Soil organic matter turnover was assessed using 3C natural
abundance measurements to distinguish between carbon
derived from Cs and Ci vegetation sources and estimate
carbon residence times.

Statistical Analysis

Data were analyzed using mixed-effects models with
warming treatment, site, time, and their interactions as fixed
factors and plot as random factor. Temperature sensitivity
(Quo) was calculated using exponential regression models
relating respiration rates to soil temperature.

Temporal trends were analyzed using time series analysis to
identify acclimation effects and seasonal patterns. Principal
component analysis was applied to microbial community data
to identify major compositional changes associated with
warming treatments.

Statistical significance was determined at P < 0.05 using
Fisher's LSD test for multiple comparisons. All analyses were
conducted using R statistical software with appropriate
packages for mixed-effects modeling and time series
analysis.

Results

Temperature Sensitivity and CO: Flux Responses

Soil warming treatments produced significant increases in
CO: efflux across all ecosystems, with responses varying by
warming intensity and ecosystem type (Table 1). Quo values
ranged from 1.8 in grassland ecosystems to 3.2 in boreal
forests, reflecting differences in substrate quality, microbial
communities, and temperature adaptation.

Table 1: Soil CO: efflux and temperature sensitivity responses to warming treatments

Ecosystem Treatment CO: Efflux (pmol m2s™) Q10 Values % Change from Control
Year 1 Year 3 Year5 | Yearl | Year3 | Year5 Moderate Intensive

Control 3.2+0.4 | 3.1+0.4 | 2.940.3 - - - - -
Temperate Forest +2°C 41405 | 3.6£0.4 | 3.4+0.4 | 2.4+0.3 | 2.1+0.2 | 2.0£0.2 +28.1 +17.2
+4°C 5.1+0.6 | 4.840.5 | 4.6+0.5 | 2.6+0.3 | 2.3+0.3 | 2.2+0.2 - +58.6

Control 2.1+0.3 | 2.0+0.3 1.940.2 - - - - -
Boreal Forest +2°C 29404 | 25+0.3 | 2.3x0.3 | 3.2+0.4 | 2.8+0.3 | 2.6+0.3 +38.1 +21.1
+4°C 3.5+05 | 3.3x0.4 | 3.2+0.4 | 3.2+0.4 | 2.9+0.3 | 2.7+0.3 - +68.4

Control 48+0.6 | 4.6£0.5 | 4.4+0.5 - - - - -
Grassland +2°C 5.9+0.7 | 5.4+0.6 | 52+0.6 | 1.8+0.2 | 1.7+0.2 | 1.6+0.2 +22.9 +18.2
+4°C 7.1+0.8 | 6.840.7 | 6.6+0.7 | 1.9+0.2 | 1.8+0.2 | 1.7+0.2 - +50.0

Control 2.8+0.3 | 2.740.3 | 2.6+0.3 - - - - -
Shrubland +2°C 3.7+0.4 | 3.3x0.4 | 3.1+0.4 | 2.2+0.3 | 2.0+0.2 | 1.9+0.2 +32.1 +19.2
+4°C 45+05 | 4.2+05 | 4.0+0.4 | 2.3+0.3 | 2.1+0.2 | 2.0+0.2 - +53.8
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Moderate warming (+2 °C) initially increased soil respiration
by 23-41% across ecosystems, but these responses
diminished over time due to acclimation effects. Intensive
warming (+4 °C) maintained stronger responses throughout
the study period, with 48-67% increases persisting after five
years.
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Temporal Dynamics and Acclimation Effects

Long-term monitoring revealed complex temporal patterns in
warming responses, with initial strong stimulation followed
by gradual acclimation (Figure 1). The acclimation process
was most pronounced in moderate warming treatments,
where temperature sensitivity decreased significantly over
time.
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Fig 1: Temporal changes in temperature sensitivity (Qio) across ecosystems under moderate warming treatment

Boreal forests showed the strongest initial temperature
sensitivity but also the greatest acclimation, with Q1o values
declining from 3.2 to 2.6 over five years. Grassland
ecosystems maintained relatively stable but low temperature
sensitivity throughout the study period.

Microbial Community Responses
Warming treatments significantly affected microbial biomass
and community composition (Table 2).

Microbial biomass carbon decreased by 15-28% under
warming, while specific enzyme activities increased 2-4 fold,
indicating metabolic acceleration with reduced microbial
carbon retention.

Bacterial: fungal ratios increased significantly under
warming, from 1.8-2.5 in controls to 3.2-3.9 under intensive
warming. This shift toward bacterial-dominated communities
reflects.

Table 2: Microbial community responses to soil warming treatments (five-year averages)

Parameter | Control | Moderate Warming (+2°C) | Intensive Warming (+4°C)
Temperate Forest

MBC (mg C kg™) 485+52 412+45 349+38

B-glucosidase (nmol g' h™") 142+18 285+32 421+48

Bacterial: Fungal ratio 2.1+0.3 2.840.4 3.840.5

Boreal Forest

MBC (mg C kg™) 628+68 521+56 452+49

B-glucosidase (nmol g' h™) 186+22 348+38 512+55

Bacterial: Fungal ratio 1.840.2 2.5+0.3 3.2+0.4
Grassland

MBC (mg C kg™ 398+42 356+38 312+34

B-glucosidase (nmol g' h™) 128+16 218425 298+32

Bacterial: Fungal ratio 2.3£0.3 2.910.4 3.6£0.5
Shrubland

MBC (mg Ckg™) 312435 268+29 225425

B-glucosidase (nmol g' h™) 95+12 165+19 238+26

Bacterial: Fungal ratio 2.5+0.3 3.1+0.4 3.9+0.5

both temperature effects on community composition and
changes in substrate availability.

Carbon use efficiency (CUE) decreased substantially with
warming, from average values of 0.31 in control plots to 0.19
under intensive warming, indicating reduced microbial
carbon retention and increased respiratory carbon losses.

Carbon Pool Dynamics

Soil carbon fractionation revealed differential responses of
carbon pools to warming treatments (Table 3). Fast-cycling
carbon pools (dissolved and particulate organic matter)
showed substantial depletion under intensive warming, while
slow-cycling mineral-associated carbon remained relatively
stable.
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Table 3: Soil carbon pool responses to warming treatments (percentage change from control after five years)

Carbon Pool Moderate Warming (+2°C) Intensive Warming (+4°C)
Forest | Boreal | Grass | Shrub | Forest | Boreal | Grass | Shrub
Dissolved Organic C -28+4 | -3515 | -22+3 | -31+4 | -454+6 | -52+7 | -38+5 | -47+6
Particulate Organic C -31+4 | -38+5 | -25+3 | -33+4 | -484+6 | -55+7 | -4145 | -50+6
Mineral-Associated C -8+2 | -12+3 | -6+2 | -9+2 | -15+3 | -2244 | -12+3 | -18+3
Total Organic C -18+3 | -24+4 | -14+2 | -1943 | -28+4 | -38+5 | -23+3 | -31+4

Labile carbon pools showed 35-55% depletion under
intensive warming, reflecting accelerated decomposition of
readily available substrates. The preferential loss of fast-
cycling carbon contributes to the observed acclimation
effects as readily decomposable substrates become limited.

Ecosystem-Specific Response Patterns

Significant differences in warming responses were observed
among ecosystems, reflecting variations in climate history,
soil properties, and vegetation characteristics. Boreal forests
showed highest temperature sensitivity but also greatest
acclimation over time. Grassland ecosystems demonstrated
lowest temperature sensitivity but maintained more
consistent responses throughout the study period.
Mediterranean shrublands showed intermediate responses
with  moderate temperature sensitivity and gradual
acclimation. Temperate forests exhibited balanced responses
with moderate initial sensitivity and sustained warming
effects over time.

Discussion

The significant increases in soil CO: efflux following
experimental warming confirm the potential for positive
carbon-climate feedbacks, but the complex temporal
dynamics reveal important nuances in ecosystem responses.
The observed Qio values (1.8-3.2) fall within the range
reported in previous studies, but the ecosystem-specific
variations highlight the importance of biome-specific
considerations in global carbon cycle modeling.

The temporal acclimation observed in this study represents a
critical finding for understanding long-term carbon-climate
feedbacks. Initial strong responses to warming gradually
diminished over time, particularly under moderate warming
scenarios, suggesting that short-term experiments may
overestimate long-term warming effects on soil carbon
emissions. This acclimation likely results from multiple
processes including microbial physiological adaptation,
community composition shifts, and substrate depletion.

The decrease in microbial biomass coupled with increased
enzyme activities indicates a shift toward more efficient but
less carbon-retentive microbial metabolism under warming
conditions. This pattern suggests that warming promotes
"fast-track™ decomposition pathways that rapidly process
available carbon with reduced incorporation into microbial
biomass, leading to greater CO: losses.

The shift toward bacterial-dominated communities under
warming has important implications for carbon cycling
dynamics. Bacterial communities typically exhibit higher
temperature sensitivity and faster metabolic rates than fungal
communities, potentially contributing to accelerated carbon
decomposition. However, bacterial-dominated systems may
also show greater acclimation capacity, which could
moderate long-term warming effects.

The preferential depletion of labile carbon pools under
warming explains much of the observed acclimation patterns.
As readily available substrates become exhausted, microbial

communities must rely on more recalcitrant carbon sources
that show lower temperature sensitivity. This substrate
limitation effect suggests that long-term carbon losses may
be smaller than predicted from short-term warming
responses.

The ecosystem-specific patterns observed reflect the complex
interactions among climate history, soil properties,
vegetation characteristics, and microbial community
composition. Boreal ecosystems, which contain large soil
carbon stocks and have evolved under cold conditions,
showed the strongest initial temperature sensitivity but also
the greatest acclimation capacity. This suggests that these
critical carbon stores may be more resilient to warming than
previously anticipated.

The consistent temperature sensitivity observed in grassland
ecosystems likely reflects the dynamic nature of these
systems, with frequent carbon inputs from root turnover and
relatively rapid carbon cycling rates. The lower but more
stable temperature response may indicate pre-existing
adaptation to variable temperature conditions.

The implications of these findings for global carbon cycle
predictions are significant. Current Earth system models
typically assume constant temperature sensitivity parameters,
but the temporal dynamics observed in this study suggest the
need for more sophisticated approaches that account for
acclimation processes and substrate limitations.

Conclusion

This comprehensive long-term study reveals complex
dynamics in soil carbon-climate feedbacks that extend well
beyond simple temperature sensitivity relationships. While
experimental warming significantly increased soil CO:
emissions across all ecosystems studied, the responses were
modulated by temporal acclimation processes, ecosystem-
specific characteristics, and carbon pool dynamics.

The observed acclimation effects, particularly under
moderate warming scenarios, suggest that long-term carbon
losses may be smaller than predicted from short-term
experiments. However, intensive warming maintained
stronger effects throughout the study period, indicating
potential for substantial carbon losses under severe climate
change scenarios.

The shifts in microbial community composition toward
bacterial dominance and reduced carbon use efficiency
highlight important mechanisms underlying warming
responses. The preferential depletion of labile carbon pools
provides a mechanistic explanation for observed acclimation
patterns and suggests the importance of substrate quality in
determining long-term carbon cycle feedbacks.
Ecosystem-specific responses emphasize the need for biome-
specific approaches in carbon cycle modeling and climate
change projections. The high initial temperature sensitivity
but strong acclimation capacity observed in boreal forests has
particularly important implications given the large carbon
stocks and rapid warming rates in these regions.
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Future research should focus on extending experimental
timescales to capture full acclimation dynamics,
investigating interactions with other global change factors,
and developing mechanistic models that incorporate
observed temporal dynamics. The integration of these
findings into Earth system models will improve predictions
of carbon-climate feedbacks and support more effective
climate change mitigation strategies.
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