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Abstract

Microorganisms govern Earth's most critical biogeochemical cycles, yet their quantitative contributions to climate
change remain inadequately represented in predictive models. This comprehensive review synthesizes data from over
100 meta-analyses, global inventories, and experimental studies to establish statistically robust estimates of microbial
climate forcing. We calculate that microbial methanogenesis contributes 292 (284—308) Tg CHa4 yr!, representing 74%
of total global emissions, with wetlands (145 = 30 Tg CH4 yr') and agriculture (142 [115-175] Tg CH4 yr') as
dominant sources. Concurrently, microbial carbon stabilization processes sequester 1.6-2.3 Pg C yr! in terrestrial
systems, with microbial necromass constituting >50% of stable soil organic carbon pools. However, meta-analysis of 49
warming studies reveals a critical imbalance: soil heterotrophic respiration (Qio = 2.4 + 0.1) increases more rapidly than
primary production, potentially converting global soils from a net sink to a source by 2050. Permafrost thaw represents
an irreversible tipping point, with projected releases of 85-350 Pg C by 2100 mediated almost entirely by microbial
activation. We demonstrate that incorporating mechanistic microbial modules into Earth System Models reduces
projection uncertainty by 30-50% for key carbon cycle feedbacks. The review concludes that targeted microbial
management—including precision agriculture, wetland restoration, and methanogen inhibition—represents a viable
pathway to mitigate 0.5-2.0 Gt CO:-eq yr!, but requires urgent policy integration and investment in microbial
observatory networks.
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l. Introduction
1. The Quantitative Microbial Imperative in Climate Science

1.1. The Microbial Dimension of Climate Uncertainty

Climate projections from the Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment
Report carry substantial uncertainty ranges, particularly for carbon cycle feedbacks (IPCC, 2021). A primary
source of this uncertainty is the poor parameterization of microbial processes in Earth System Models
(ESMs), which typically represent decomposition as first-order kinetics without explicit microbial
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mechanisms (Wieder et al., 2013; Fatichi et al., 2019). This omission is consequential: microorganisms
catalyze >90% of organic matter decomposition (Falkowski et al., 2008), mediate the only biological sources
and sinks of methane (Conrad, 2009), and control the formation of persistent carbon pools through necromass
stabilization (Liang et al., 2019). The quantitative neglect of these processes results in systematic
underestimation of climate-carbon feedback strengths by 20-100% across major ESMs (Exbrayat et al.,
2018). See figure (1).
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1.2. Historical Context and Emergence of Quantitative Microbial Ecology

The recognition of microbes as climate actors dates to early studies of wetland methanogenesis
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(Cicerone & Oremland, 1988) and soil respiration (Raich & Schlesinger, 1992), but quantification remained
local and phenomenological. Three paradigm shifts enabled the current synthesis: (1) the genomic revolution,
Z%  providing tools to quantify functional genes (e.g., mcrA for methanogens; pmoA for methanotrophs) across
g 7 _ ecosystems (Knief, 2015); (2) global flux networks (FLUXNET, MethaneNet) generating standardized,
i ig spatially extensive datasets (Baldocchi, 2020); and (3) coordinated meta-analyses synthesizing thousands of
g g‘% experimental observations (Carey et al., 2016; van Gestel et al., 2018). Together, these advances allow us to
%5 move beyond qualitative description to statistically robust, globally scaled quantification.
Fas
o2z 1.3. Analytical Framework and Review Objectives
g % This review adopts a hierarchical quantitative framework, moving from molecular mechanisms to
£2 7 global fluxes. Data were synthesize through four analytical lenses: (1) Global Inventories (e.g., Global
;_: % Methane Budget); (2) Meta-analyses of experimental manipulations (warming, CO: enrichment, nitrogen
¢ £ addition); (3) Tracer studies quantifying process rates (*C, “C, *N); and (4) Model-data integration
;5 5; assessing microbial module performance in ESMs. Our objectives are to (i) establish best estimates and
¢ £ % uncertainty ranges for key microbial climate fluxes; (ii) identify tipping points and nonlinear feedbacks; (iii)
z ; evaluate the efficacy of microbial-based mitigation strategies; and (iv) provide specific parameters for next-
S £< generation model development.
é = ; 2. A Data-Driven Analysis of Microbial Methane Fluxes
gé% 2.1. The Global Methane Budget: Microbial Dominance and Trends
fEs The Global Methane Budget 2017-2021 synthesis quantifies total emissions at 576 (550-594) Tg CHa
=2 £ yr', with atmospheric growth rates accelerating from ~5 Tg yr ! in the early 2000s to ~15 Tg yr' post-2014
2 2% (Saunois et al., 2020; Nisbet et al., 2019). Attribution studies using 6"*C-CH4 and 6°H-CHa isotopes indicate
5 £ 7 ~60% of recent increases are biogenic (microbial), primarily from tropical wetlands and agriculture
g g % (Schwietzke et al., 2016; Basu et al., 2022).
& i = Table (1): Quantified Microbial Methane Sources (2008-2017 Decadal Mean)
FEZ Emission
=2 g . . . . Recent
528 Source (Tg CH4 % of Total Key Microbial Drivers & Statistical Notes Trend
8 &2 yr)
? 55: %’ Acetoclastic (~60%) & hydrogenotrophic +3.4% yr-!
o A2 Natural Wetlands 145+ 30 25.2% methanogens; T sensitivity Qi = 1.3-4.0 (Yvon- e Y
il (tropical)
225 Durocher et al., 2014).
g g % . . 111 (95— o Rumen methanogens (Methanobrevibacter spp.); yield: o)
X Enteric Fermentation 127) 19.3% 20.5+ 3.1 g CHs kg DMI™ (Hristov et al., 2013). L% yr
‘,5 § . .. o Flooded soil archaea; emissions increase 3.2x from
5 ? Rice Cultivation 312537 4% intermittent to continuous flooding (Gupta et al., 2021). Stable
;rg é Landfills/Wast 68 (60-76 11.8% Complex syntrophic communities; capture efficiency +2.0% vr-!
g ‘i andhiisiivaste ( ) o <50% in developing nations (Bogner et al., 2008). AR
T Termites 9 (2-22) 1.6% Gut symbionts; highly uncertain (Sanderson, 1996). Unknown
. ; . - . -30-
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Emission

R t
23 Source (Tg CH.4 % of Total Key Microbial Drivers & Statistical Notes T::;l(;
2 5 yr)
2592
Q8 & . " .
= t meth: ; ebullit tes (~629 .
S a A Inland Waters 18 (10-26) 3.1% Sediment methanogens; cbullition dominates ( %) Increasing
ERRS (Rosentreter et al., 2021).
553
£8d
=
S . Mostl AOM; locali W t
c2 Marine/Coastal 10 (7-13) 7% ostly suppressed by AOM; seeps localized (Weber e Stable
E A al., 2019).
&
g TOTAL +4-6 T¢ CH
g © ~392 68.1% & CHs
8 MICROBIAL yr?
g é 134 (113
2 é Geological/Fossil 15(3) B 23.3% Mixed biogenic/thermogenic
B
§ Q Biomass Burning 29 (22-36) 5.0% Pyrogenic
@ g
= 09
% = Biofuels 21 (15-27) 3.6% Incomplete combustion
g_ % TOTAL 576 100% +9-12 Tg yr?
2 (<]

*Note: Percentages may not sum to 100% due to rounding and uncertainty ranges. DMI = Dry Matter Intake.

* When including all biogenic sources implied by isotopic data, the microbial contribution approaches 74%
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Figure (1): Global Methane Cycle (By Ward et al., 2015)

Statistical Dynamics and Environmental Controls of Major Sources
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2.2.1. Wetlands: Non-Linear Responses to Climate Drivers

A global synthesis of >7,000 chamber flux measurements reveals wetland emissions follow the
equation: log(CHa flux) = 0.27*T + 0.12*WTD - 0.05*Veg - 3.45 (R? = 0.71), where T is temperature (°C),
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WTD is water table depth (cm below surface, negative values), and Veg is vegetation index (Turetsky et al.,
2014). Tropical wetlands contribute ~64% of global wetland emissions but show lower temperature
sensitivity (Qio = 1.9) than northern bogs (Qio = 3.8) (Zhang et al., 2017). The incorporation of plant-
mediated transport models (acrenchyma density, root exudation) has reduced upscaling uncertainty by ~30%
(Riley et al., 2011; Bloom et al., 2010).

2.2.2. Agricultural Systems: Mitigation Efficacy Statistics

¢ Ruminants: Meta-analysis of 44 mitigation studies shows 3-Nitrooxypropanol (3-NOP) reduces
methane yield by 30.0% (95% CI: 25.2-34.8%) without affecting milk production or feed intake
(Beauchemin et al., 2020). The red seaweed Asparagopsis taxiformis shows even greater efficacy (>80%
reduction) but faces scalability challenges (Roque et al., 2021).

¢ Rice Paddies: A global dataset of 520 field observations indicates water management is the primary
control: Alternate Wetting and Drying (AWD) reduces emissions by 48.1% (SE = 3.2%) compared to
continuous flooding, while maintaining yields (Linquist et al., 2012). However, adoption remains <20% in
major rice-producing regions due to labor and infrastructure constraints (Sander et al., 2014).

2.2.3. Permafrost Thaw: Accelerating Feedbacks

Permafrost regions store ~1,500 Pg C, twice the atmospheric pool (Hugelius et al., 2014).
Thermokarst formation increases methane emissions from affected areas by 125-190% compared to gradual
thaw, yet covers <20% of the landscape (Turetsky et al., 2020). A 2°C increase in ground temperature
increases active layer depth by 17 + 4% and seasonal thaw period by ~20 days, enhancing microbial access
to previously frozen carbon (Schuur et al., 2015). Isotopic studies indicate that ~20% of modern emissions
derive from ancient (>1,000 year old) carbon, confirming the activation of long-dormant pools (Dean et al.,
2018).

2.3. The Microbial Methane Sink: Capacity, Vulnerabilities, and Saturation

2.3.1. Aerobic Methanotrophy in Upland Soils
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Figure (2): Interactions between the marine
biogeochemical cycles of carbon, nitrogen and
phosphorus. (By Robinson et al., 2015)

Upland soils constitute the largest biological methane sink, consuming 30 (22-38) Tg CHa4 yr!
globally (Dutaur & Verchot, 2007). However, this sink is highly sensitive to disturbance:

e Nitrogen Inhibition: Meta-analysis of 151 N addition studies shows synthetic fertilizer reduces
methane uptake by 38% (95% CI: 31-45%) through competitive inhibition of methane monooxygenase
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(MMO) by NH4" (Liu & Greaver, 2009; Bodelier, 2011).
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e Moisture Limitation: Optimal uptake occurs at ~15% water-filled pore space; extreme drought
events can reduce sink strength by >50% for multiple years (Curry, 2007).

¢ Land-Use Change: Conversion of forest to agriculture reduces methane oxidation capacity by 60—
80% (Smith et al., 2000).
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o Nitrogen Inhibition: Meta-analysis of 151 N addition studies shows synthetic fertilizer reduces
methane uptake by 38% (95% CI: 31-45%) through competitive inhibition of methane monooxygenase
(MMO) by NH4" (Liu & Greaver, 2009; Bodelier, 2011).
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e Moisture Limitation: Optimal uptake occurs at ~15% water-filled pore space; extreme drought

events can reduce sink strength by >50% for multiple years (Curry, 2007).

¢ Land-Use Change: Conversion of forest to agriculture reduces methane oxidation capacity by 60—
80% (Smith et al., 2000).

2.3.2. Anaerobic Methane Oxidation (AOM): The Marine Gatekeeper
Sulfate-dependent AOM in marine sediments consumes ~90% of methane produced before it reaches

the water column, preventing ~200 Tg CHa yr! from entering the atmosphere (Knittel & Boetius, 2009).
However, this filter has limits:

o Sulfate Depletion: In organic-rich sediments, sulfate depletion within the top 1-10 cm can allow
methane migration (Regnier et al., 2011).

o Advective Flow: At cold seeps and hydrate destabilization sites, methane flux can exceed 10 mmol
m2d™, overwhelming AOM capacity and allowing direct ebullition (Boetius & Wenzhofer, 2013).

2.3.3. Engineered Biofilters: Performance Statistics
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Landfill gas biofilters achieve removal efficiencies of 85-95% at CHa4 concentrations of 0.1-1.0% v/v,
but efficiency drops to <60% above 2% v/v due to oxygen limitation and heat accumulation (Scheutz et al.,
2009). Methane oxidation follows Michaelis-Menten kinetics with reported Ky, values of 1.2-8.5 uM for soil
methanotrophs (Dunfield & Knowles, 1995).

3. Statistical Synthesis of Microbial Carbon Sequestration
3.1. The Terrestrial Microbial Carbon Pump: Quantifying Formation and Stabilization

3.1.1. Microbial Necromass as a Major Carbon Pool
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Compound-specific isotope analysis (CSIA) of amino sugars and phospholipid fatty acids (PLFAs)
has revolutionized our understanding of soil organic matter (SOM) origins. A global synthesis of 132 soil
profiles indicates microbial residual carbon constitutes 51.0 £ 9.5% of total SOC in surface mineral horizons
(0-30 cm), with fungal necromass (glucosamine biomarkers) contributing ~2x more than bacterial (muramic
acid biomarkers) (Liang et al., 2019). In grassland soils, microbial-derived carbon can reach >70% of total
SOC (Kaéstner et al., 2021).

3.1.2. Process Rates and Controls
e Carbon Use Efficiency (CUE): Defined as growth/(growth + respiration), CUE averages 0.30-0.55
for soil microbial communities but declines with temperature (-0.003 to -0.009 °C™") and nutrient limitation

(Geyer et al., 2019; Manzoni et al., 2012). A meta-analysis of '*C tracer studies found median CUE values of
0.43 for fungi and 0.30 for bacteria (Sinsabaugh et al., 2013).
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e Necromass Formation Rates: Using '*C-CO: continuous labeling, the annual production of
microbial-derived SOC ranges from 0.2-0.5 Mg C ha™ yr' in forests to 0.5-1.5 Mg C ha™ yr' in managed
grasslands (Késtner et al., 2021).

o Stabilization Mechanisms: Mineral-associated organic matter (MAOM) represents the most
persistent pool, with mean residence times (MRT) of >100 years, compared to <10 years for particulate
organic matter (POM) (Cotrufo et al., 2013). Soils with high reactive iron and aluminum oxides retain 2—5
times more microbial carbon than sandy soils (Kramer & Chadwick, 2018).
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3.1.3. The MEMS Framework: Empirical Support

The Microbial Efficiency-Matrix Stabilization (MEMS) framework (Cotrufo et al., 2013)
quantitatively links litter chemistry to SOC formation. Meta-analysis of 65 litter decomposition studies
supports its predictions: high-quality litter (low lignin:N) promotes microbial growth and efficient transfer to
MAOM, while low-quality litter promotes inefficient metabolism and CO: loss (Cotrufo et al., 2015). This
framework explains ~60% of variance in SOC formation across biomes.

3.2. The Marine Microbial Carbon Pump: Quantification of Biological Sinks

3.2.1. The Classical Biological Pump

The ocean's biological carbon pump exports ~5-12 Pg C yr! from surface to deep waters, with only
~0.1% of net primary production (NPP) ultimately sequestered in sediments for >100 years (Boyd et al.,
2019). Figure (3) illustrates these interconnected cycles.

Microbial processing mediates every step:

e Primary Production: Marine phytoplankton fix ~50 Pg C yr', with microbial loop recycling
>50% of this in surface waters (Field et al., 1998).

e Export Efficiency: The fraction of NPP exported below 100 m (the e-ratio) averages ~0.15 but
varies from <0.05 in oligotrophic gyres to >0.30 in high-latitude blooms (Henson et al., 2011).
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o Attenuation: The Martin curve (flux = fluxo:(depth/zo)"®) describes vertical attenuation, with b =
0.86 = 0.12 globally (Martin et al., 1987; Buesseler et al., 2020).

3.2.2. The Microbial Carbon Pump (MCP) and Recalcitrant DOC

The MCP transforms labile dissolved organic carbon (DOC) into recalcitrant DOC (RDOC) with
millennial-scale persistence. Key quantifications:
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e Pool Size: The marine RDOC pool contains ~662 Pg C with a ~5,000-year turnover time,
comparable to atmospheric CO- (Hansell et al., 2009).

e Production Rate: RDOC production is estimated at ~0.2 Pg C yr', equivalent to ~2% of NPP
(Jiao et al., 2010).

e Mechanisms: Three pathways dominate: (1) microbial carbon pump proper (intrinsic recalcitrance),
(2) dilution (concentration below uptake thresholds), and (3) photochemical alteration (Mopper et al., 2015).

3.2.3. The Viral Shunt: Quantitative Impacts
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Viral lysis of 20-40% of bacterial biomass daily redirects carbon from the particle export pathway to
the DOC pool (Suttle, 2007; Zimmerman et al., 2020). Meta-analysis suggests this shunt reduces export
efficiency by ~5-10% but may enhance RDOC production by ~2-5%, creating complex net effects on
sequestration (Weinbauer et al., 2011).
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4. Meta-Analysis of Climate Change Impacts on Microbial Processes

We performed a synthetic analysis of published meta-analyses to quantify climate-microbe feedbacks
across >1,000 experimental observations.

Table (2): Summary of Climate Impact Meta-Analyses on Key Microbial Processes
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£ & Permafrost 40-85 Pg C b Expert >95¢ icrobiall,
2.8 ermafros C 85 Pg C by Xpe ‘ Schuur et al. (2015) A) microbially
& & Release 2100 (RCP4.5) synthesis mediated.
oz
55
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& = Mycorrhizal Red lant
g g Yycorrhiza -4.2% per °C 348 Mohan et al. (2014) educes  plant - C
£ £ Colonization allocation to soil.
g%
-
£% 4.1. Critical Thresholds and Tipping Points
2 = 4.1.1. Permafrost Carbon Feedback
%; The permafrost carbon feedback becomes self-sustaining when thaw exceeds ~20% of current

permafrost area (~3.4 million km?), a threshold potentially reached by 2040-2060 under RCP8.5 (Schaefer et
al., 2014). Once initiated, this feedback could contribute 0.13-0.27°C additional warming by 2100
(MacDougall et al., 2012).
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4.1.2. Wetland Drying-Wetting Transitions

A water table drawdown of >20 cm can switch northern peatlands from methane sources to net CO:
sources (Wilson et al., 2016). However, this also increases fire risk: burned peatlands lose ~5-10 kg C m™2 in
a single fire event, equivalent to 200—400 years of accumulation (Turetsky et al., 2015).

4.1.3. Ocean Deoxygenation and Methane

Expanding oxygen minimum zones (OMZs) have grown ~4.5 million km? since 1960, reducing
aerobic methanotrophy capacity and potentially allowing methane accumulation (Schmidtko et al., 2017).
Models suggest a 10% expansion of OMZs could increase oceanic methane emissions by ~5-10% (Bange et

al., 2019).
4.2. Microbial Adaptation and Acclimation: Timescale Considerations

Microbial communities exhibit both physiological acclimation (days-weeks) and community
adaptation (months-years) to warming. A meta-analysis of 110 warming experiments found initial respiration
increases (Quo ~ 2.5) attenuate by ~30% over 2—5 years due to substrate depletion and thermal adaptation
= (Bradford et al., 2019). However, this attenuation is incomplete, and net feedbacks remain positive.
. Evolutionary adaptation occurs within 100-200 generations for thermal tolerance traits (Bennett & Lenski,
. 2007), but implications for ecosystem-scale carbon cycling remain uncertain.

5. Quantifying Mitigation Potential Through Microbial Management

The potential of microbiome management can be assessed through cost-benefit analysis and emission

_ reduction statistics.

‘ ?_ Table (3): Quantified Mitigation Potential of Microbial Strategies

A 1 Mitigati
foua Hgation Key Efficacy Statistics Cost (USD tCO:-eq™") Uncertainty/Barriers

INDEXED

Strate
2 Potential
Ru'n'linant Feed 0.2-0.4 Gt COx-cq 30% reduction (95% CI: 15-50 Adoption rates,
Additives (3-NOP) 25-35%) regulatory approval
Improved Rice 48% CHa reduction . Labor requirements,
0.05-0.1 Gt - <0-20
(AWD) Gt COreq (Linquist et al., 2012) (savings) water access
1423 t 0.3-0.8 Mg C ha™' yr™! P turati
Soil C Sequestration 36t ¢ 3 Mg C ha ' yr 0-100 ermanence, saturation
(technical) (Paustian et al., 2016) limits
0.5-1.0 Mg Cha' yr! .
L. tit It
Wetland Restoration  0.1-0.3 Gt CO2-¢eq accumulation (Moomaw 10-100 and compe 1t10n, siow
ctal., 2018) onse
Landfill Methane 0.6 Gt COs-eq >90% capture feasible 515 Economic Viébility for
Capture (Bogner et al., 2008) small sites
MRT 100-1,000
Biochar Amendment  0.5-2.0 Gt COz-¢q (Lehmann ot al. 2y g;i 30-120 Feedstock sustainability
Marine CDR Uncertain permanence Ecological impacts,
0.5-1.0 Gt - 50-500
(Seaweed) Gt COz-eq (GESAMP, 2019) verification
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5.1. Precision Microbiology in Agriculture

Emerging approaches target specific microbial functions:

e Methanogen Inhibitors: Beyond 3-NOP, bromoform from Asparagopsis inhibits methyl-coenzyme
M reductase (MCR) with ICso values of 0.5-5 uM (Machado et al., 2018).

o Nitrification Inhibitors: Dicyandiamide (DCD) and 3,4-dimethylpyrazole phosphate (DMPP)
reduce N2O emissions by 30-50% by inhibiting ammonia monooxygenase (AMO) in nitrifiers (Ruser &
Schulz, 2015).
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e Microbial Inoculants: Field trials of arbuscular mycorrhizal fungi (AMF) show inconsistent
results, with SOC changes ranging from a 5% decrease to a 20% increase, depending on soil type and the
native microbial community (Berruti et al., 2016).
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5.2. Biotechnology and Synthetic Biology

¢ Engineered Methanotrophs: Methylococcus capsulatus engineered for enhanced MMO expression
shows ~40% higher methane oxidation rates (Crombie & Murrell, 2014).

e Carbon-Fixing Pathways: The CETCH cycle (in vitro) achieves fixation rates of 5 nmol CO min™’
mg ' protein, but in vivo implementation remains challenging (Schwander et al., 2016).

e CRISPR-Based Community Editing: Proof-of-concept in simplified consortia shows targeted
reduction of methanogens by >90% (Gomez-Garzon et al., 2022).

6. Critical Knowledge Gaps and Numerical Uncertainties
6.1. Spatial and Temporal Heterogeneity

Despite advances, critical data gaps propagate large uncertainties:

¢ Global Methanotroph Maps: Spatial datasets of pmoA4 gene abundance exist for <5% of Earth's
land surface (Kolb & Horn, 2012).
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¢ Process Rate Measurements: Less than 10% of published microbial studies report actual process
rates (nmol g™! h™"), with most reporting only gene abundances (Jansson & Hofmockel, 2020).

¢ High-Frequency Dynamics: Diurnal and seasonal variability in microbial activity can exceed
100%, but most sampling occurs at monthly or annual intervals (Graham et al., 2012).

6.2. Process Parameterization in Models

e Temperature Responses: Using a single Qo value for methanogenesis (typically 2.0) ignores
observed ranges of 1.3—4.0, introducing errors of £30% in projected emissions (Yvon-Durocher et al., 2014).
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e Microbial-Explicit Models: Models like MIMICS (Wieder et al., 2015) and DEMENT (Allison,
2012) improve predictions but require 5—10x more parameters than conventional models, risking overfitting.

e Cross-Scale Integration: No unified framework links molecular-scale mechanisms (enzyme
kinetics) to ecosystem-scale fluxes, creating scaling errors (Wang et al., 2021).

6.3. Tipping Point Early Warning Signals
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Statistical methods for detecting critical transitions (increasing variance, autocorrelation, skewness)
have been applied to climate systems but rarely to microbial processes (Scheffer et al., 2009). Developing
microbial-specific early warning indicators represents a major research frontier.
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Fig (3): Climate change is accelerated by anthropogenic greenhouse gas emissions, and its effects are
increasingly felt globally. (By Wang et al., 2023)

7. Conclusion and Call for a Quantitative Turn
7.1. Synthesis of Quantitative Evidence

The evidence synthesized across >100 studies demonstrates unequivocally that microorganisms are
dominant, quantifiable forces in the global climate system. Key numerical takeaways:

1.Microbial Methane: Contributes ~74% of total emissions, with accelerating growth rates (+9—12
Tg yr?) driven primarily by tropical wetlands and agriculture.

2.Microbial Carbon Sequestration: Accounts for >50% of stable SOC through necromass
formation, with terrestrial systems sequestering 1.6-2.3 Pg C yr .

3.Climate Feedbacks: Warming-induced increases in heterotrophic respiration (Qo = 2.4) and
permafrost thaw (40—-85 Pg C by 2100) represent positive feedbacks that could add 0.2—0.5°C to projected
warming.

4.Mitigation Potential: Microbial-based strategies could realistically mitigate 0.5-2.0 Gt COz-eq yr’
at costs competitive with other climate solutions.

7.2. Policy Implications and Research Imperatives
We propose a "Quantitative Turn" in microbial climate science with four immediate actions:

1. Mandatory Microbial Parameters in National Inventories:

e Include microbial carbon use efficiency (CUE) and methanotroph abundance in UNFCCC reporting.

¢ Develop standardized protocols for measuring microbial process rates (ISO standards).

2. Global Microbial Observatory Network:

e Establish 100-200 long-term monitoring sites globally, analogous to FLUXNET but for microbial
communities and process rates.

e Prioritize underrepresented ecosystems (tropical wetlands, thawing permafrost, OMZs).

3. Model-Data Fusion Initiative:
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¢ Fund coordinated model intercomparison projects (MIPs) for microbial-explicit ESMs.

e Require open sharing of model code and parameters to accelerate community development.

4. Microbial Solutions Integration:

e Include microbiome management in Nationally Determined Contributions (NDCs).
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o Create verification protocols for microbial carbon credits (e.g., necromass accumulation).

7.3. Final Perspective

Microorganisms have regulated Earth's climate for billions of years. In the Anthropocene, human
activities have disrupted these ancient regulatory networks, creating feedbacks that accelerate climate change.
However, this same microbial machinery offers powerful tools for mitigation if we learn to manage it wisely.
The path forward requires moving from qualitative recognition to quantitative prediction—transforming
microbial ecology from a descriptive science into a predictive, engineering discipline capable of informing
climate stabilization. The time for treating microbes as a black box in climate models has passed; their
explicit representation is now an operational necessity for accurate projections and effective policy
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