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Abstract

Termites are major detritivores in tropical and subtropical ecosystems, yet their
contributions to the terrestrial carbon cycle remain absent from process-based soil organic
carbon (SOC) models. Here, we present a termite carbon module that explicitly represents
termite-mediated litter consumption and transfer of ingested carbon into gaseous (CO,, CHs) and
SOC pools. The module integrates biome-specific termite biomass with spatially explicit
productivity inputs to quantify termite-driven carbon fluxes within a mass-balance framework.
Model simulations show that termites act as spatially heterogeneous carbon processors,
accelerating litter turnover while modifying the pathways through which carbon is redistributed
between atmospheric and SOC pools. Global sensitivity analysis identifies termite biomass and
ingestion capacity as the dominant controls on flux magnitude, whereas carbon partitioning
governs the fate of processed carbon. Including termite-mediated pathways in SOC models
provides a mechanism for representing faunal controls on decomposition, soil carbon formation,
and trace gas emissions, particularly in tropical and seasonally dry ecosystems. Globally, we
estimate termites process 1569.4 + 800.4 Tg C yr, releasing 864.7 + 444.5 Tg C yr! as CO; and
7.9 £ 4.9 Tg C yr! as CH4, while transferring 689.3 + 367.4 Tg C yr! into labile and mineral-
associated SOC. Explicit representation of termite-driven carbon fluxes will therefore be
important for improving predictions of litter decomposition, SOC formation, and terrestrial

carbon-climate feedbacks.

Key words: termite carbon module, macrodetritivore decomposition, soil organic carbon models,

mineral-associated organic carbon, termite methane emissions
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1. Introduction

Terrestrial carbon models predominantly attribute the decomposition of plant detritus to
microbial enzymatic processes (Kyker-Snowman et al., 2020; Laub et al., 2024). However,
extensive ecological evidence demonstrates that macrofaunal detritivores, particularly termites,
play a major and highly efficient role in the turnover, redistribution, and transformation of
organic matter in tropical and subtropical ecosystems (Bourguignon et al., 2017; Jouquet et al.,
2011; Zanne et al., 2022). Termites accelerate decomposition, emit greenhouse gases (GHGSs),
and convert woody residues into chemically distinct frass that enters soil organic carbon (SOC)
stabilization pathways (Jouquet et al., 2011; Law et al., 2024; Sugimoto et al., 2000; Zanne et al.,
2022). Despite these well-documented processes, termite-mediated fluxes remain absent from
process-based SOC models. This omission introduces a structural gap in predictions of SOC
dynamics, GHG emissions, and carbon-climate feedbacks, particularly in low- and mid-latitude
regions that dominate global terrestrial productivity (Huston and Wolverton, 2009). Addressing
this gap requires a mechanistic framework capable of representing termite-driven carbon

processing within Earth system models.

Termites are globally widespread ecosystem engineers, with a realized habitat extent of
approximately 80 million km? concentrated in tropical and subtropical regions (Ito, 2023; Jouquet
et al., 2011). Multiple independent lines of evidence indicate that termites process substantial
guantities of organic carbon annually (Collins, 1981a; Seibold et al., 2021; Wijas et al., 2024;
Zanne et al., 2022). A global deadwood decomposition experiment attributed ~3.2 + 0.9 Pg Cyr~
1 of carbon loss to insects, dominated by termites in tropical systems (Seibold et al., 2021), while
exclusion experiments suggest that termites account for approximately 58-64% of deadwood
decomposition in tropical rainforest (Griffiths et al., 2019). Beyond coarse woody debris (CWD),
several termite functional groups also process fine litter—including leaves, roots, and small
twigs—through fragmentation and ingestion, producing frass and particulate material that
enhances microbial accessibility (Angst et al., 2024). These activities couple above- and
belowground organic carbon pools by increasing substrate availability, redistributing particulate
organic carbon (POC) into mineral-associated organic carbon (MAQC), and vertically translocating

organic matter within surface soil profiles (Bignell and Eggleton, 2000; Jouquet et al., 2011).
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In addition to accelerating decomposition, termite activity influences SOC stabilization
through physical and biogeochemical transformations (Jouquet et al., 2011; Sugimoto et al.,
2000). Through ingestion, casting, and mound construction, termites generate microaggregate-
rich material that promotes physical protection of organic carbon (Myer et al., 2021; Myer and
Forschler, 2019). Soils associated with mounds and galleries often exhibit elevated proportions
of MAOC relative to surrounding soils (Lima et al., 2018). These modifications alter soil structure,
hydrology, nutrient availability, and microbial community composition, thereby feeding back on
SOC persistence and turnover (Issoufou et al., 2019; Jouquet et al., 2011, 2006). Despite strong
empirical support, these biogenic pathways are not represented in conventional SOC models,
which largely treat aggregation, mineral interactions, and particulate-mineral transitions as

exclusively microbially mediated processes.

Termites also contribute directly to trace-gas exchange, with implications for terrestrial
GHG budgets. The Global Methane Budget estimates termite methane (CHs) emissions of ~10.2
+ 6.2 Tg CHa yrt, equivalent to ~1.8% of the estimated total global CH4 emissions for 2010-2019
(Saunois et al., 2025). Production is concentrated in upland regions that otherwise function as
atmospheric CHs sinks. Consequently, termite activity can offset soil methanotrophic uptake at
landscape scales (Jamali et al., 2011b). At the colony level, 20 to 80% of produced CHs may be
oxidized within mounds or galleries prior to atmospheric release, making net fluxes highly
sensitive to mound architecture, colony density, and methanotrophic activity (Nauer et al., 2018;
Yatsko et al., 2026). Although isolating termite-associated CO, fluxes from background
heterotrophic respiration remains challenging, coarse estimates suggest emissions on the order
of ~3.5 + 0.7 Pg yr! (Sanderson, 1996). Together, these contributions indicate that neglecting
termite processes may bias regional carbon and GHG budgets, particularly in termite-rich tropical

and savanna ecosystems.

Termite activity is temperature sensitive, with warming influencing foraging behavior,
feeding intensity, and metabolic rates. In biogeochemical models, temperature sensitivity is
typically represented using the Qio parameter, with microbial decomposition rates increasing by
factors of ~2.2 to 4.6 per 10 °C (Fierer et al., 2006). In contrast, empirical evidence suggests that

termite-driven consumption and foraging rates can increase several-fold over similar
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temperature ranges, corresponding to effective behavioural Q1o values close to 7 (Zanne et al.,
2022). Consequently, climate warming may disproportionately amplify termite-mediated
decomposition and trace-gas fluxes. Consistent with this, model-based reconstructions indicate
that termite CH4 emissions have increased over the 20" century and may continue to rise under
warming and land-use change (Ito, 2023), highlighting their potential role in positive carbon-

climate feedbacks.

Despite their demonstrated ecological importance and large-scale carbon fluxes, termites
remain absent from SOC models because no generalizable, scale-compatible framework exists to
represent their carbon partitioning, spatial distribution, and climate sensitivity. This omission
limits the ability of current models to accurately simulate carbon persistence, trace-gas
emissions, and carbon-climate feedbacks. Here, we develop a simple, mechanistically grounded
representation of termite-driven carbon processing that is compatible with contemporary SOC
model structures (Section 2). We incorporate this representation into a global modeling
framework to quantify the magnitude and spatial distribution of termite-mediated carbon fluxes
and identify key controlling parameters (Section 3). These results provide the first systematic
pathway for integrating termite processes into SOC models and highlight critical empirical

priorities for constraining macrofaunal contributions in the global carbon cycle.

2. Incorporating termite-mediated decomposition within contemporary SOC models
Contemporary mechanistic SOC models, such as MIMICS (Kyker-Snowman et al., 2020),
Millennial (Abramoff et al., 2018), and MES-C (Wang et al., 2025), represent terrestrial carbon
cycling as a network of interacting organic matter pools that differ in microbial accessibility,
chemical composition, and turnover time. In these models, litter inputs (/) are typically
partitioned into metabolic (/v) and structural (/s) pools, where Iy represents relatively labile,
readily decomposable plant material, whereas Is comprises more chemically resistant,
lignocellulose-rich plant material that decomposes more slowly. These two litter pools
subsequently feed into microbial biomass, dissolved and low-molecular-weight carbon (LMWC),
and ultimately particulate organic carbon (POC) and MAOC pools (Figure 1). Carbon transfers
among pools are governed by microbial physiology, enzyme kinetics, and soil physical protection

mechanisms, including aggregation and mineral sorption.
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Here, we adopt the MES-C framework as the basis to integrate termite-mediated carbon
processes. To represent termite interactions with lignified plant material, we introduce an explicit
CWD pool (lewp), which is not resolved in the standard MES-C formulation but represents a major
substrate for xylophagous termites (TERxp). In the extended framework, decomposition proceeds
through two interacting biological pathways (Figure 1). The first is the heterotrophic microbial
pathway, mediated by r-strategist (MIC,;) and k-strategist (MIC«) microbial functional groups,
which decompose litter-derived substrates, respire CO,, and generate microbial residues that
contribute to LMWC and MAOC formation. The second is the termite-mediated pathway, in
which organic substrates are intercepted prior to, or concurrent with, microbial processing,
transformed through ingestion and gut processing, and returned to the soil in chemically and
physically altered forms. The governing equations defining carbon flows along the termite

pathway are provided in Supplementary Text S1.

Termite activity within this pathway, is represented using three functionally distinct
feeding guilds: soil-feeding termites (TERsf), fungus-growing termites (TERrs), and xylophagous
termites (TERxp). TERxp primarily consume CWD, TERrs harvest and process plant residues via
fungal combs, and TERsr consume partially decomposed organic substrates (Donovan et al.,
2001). For simplicity, fungal mediation is not explicitly simulated; instead, litter intercepted by
TERkg is assumed to be assimilated through termite consumption, thereby aggregating fungal and
termite transformations into a single pathway. Similarly, soil-feeding termites are represented as
consuming the LMWC pool, which here approximates partially decomposed organic substrates
available within the soil matrix. This representation necessarily simplifies the diversity of feeding
pathways observed in natural systems. For example, TERrs can also collect woody material and
inoculate it with Termitomyces before incorporation into fungus combs (Otani et al., 2016).
Nevertheless, despite these simplifications, termites modify both the quantity and chemical

composition of carbon entering soil microbial pathways.

A central feature of the termite pathway is the explicit partitioning of consumed carbon
into metabolic products. Carbon ingested by termites is partitioned among respiratory CO,, CHa
production, excreted residues, and termite biomass growth. Methane production introduces an

additional layer of complexity, as a substantial fraction of termite-derived CHs is oxidized by
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methanotrophic microbes (MICy) within termite mounds and surrounding soils. Consequently,
termite activity contributes not only to atmospheric CHs emissions but also to MIC, biomass
production and associated CO: release, thereby coupling termite metabolism with microbial CHa4

cycling within the SOC system.

Termite biomass constitutes a transient carbon pool subject to continuous turnover
(Figure 1). Mortality produces termite necromass (TER,), while feeding generates frass (TERy);
both re-enter the soil as organic inputs. These residues differ in their chemical characteristics and
decomposition dynamics. Frass is typically finely processed and nutrient-enriched (Myer and
Forschler, 2019), promoting relatively rapid decomposition and potentially enhancing soil
aggregation. In contrast, necromass contains more structurally complex compounds, such as
chitin and decomposes more slowly (Beier and Bertilsson, 2013; Camenzind et al., 2023). Both
residual pools are processed by the heterotrophic microbial community and contribute to SOC
formation through partitioning into LMWC and MAOC fluxes (Egs. S12-S13). Their decomposition
rates are modulated by environmental drivers, particularly temperature and soil moisture,

consistent with standard SOC model formulations.

These structural modifications represent a simple yet mechanistically interpretable
extension of contemporary SOC models that preserves mass balance and microbial process
representation. In the following section, we describe the spatial implementation and

parameterization of the model and assess its sensitivity to key governing parameters.
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Figure 1. Conceptual representation of soil organic carbon dynamics and transformation pathways in the
pragmatic framework. Carbon inputs from litter (/) are partitioned into three litter pools: metabolic litter (/u),
structural litter (Is), and coarse woody debris (/cwo). These substrates are decomposed by microbial functional groups
representing r-strategists and k-strategists (MIC, and MICy), producing dissolved organic carbon that contributes to
the LMWC and MAOC pools. Termites (TERsk, TERkg, TERxp) consume Is and lcwp, releasing CO; and CH4 and contribute
to soil carbon transformations through residue inputs (TER, and TER;). Methanotrophic microbes (MIC,) oxidize a
fraction of the CHs produced by termites. Arrows indicate different processes: black arrows represent biotic
transformations with CO, release, blue arrows represent abiotic transfers without CO; release, red arrows indicate
termite ingestion pathways associated with CO, and CH4 emissions, and purple arrows represent aggregation and
disaggregation processes. Boxes denote carbon pools, including POC, MAOC, and termite biomass. Carbon pools
added to the model to represent termite-driven processes are indicated by blue-bordered boxes. Numbers in

parenthesis indicate the equations in supplementary Text S1, corresponding to each depicted flux.

3. Implementation of a minimal termite module

The termite module was implemented within a spatially explicit framework driven by
climate and ecosystem productivity. Simulations were conducted across grid cells representing
major global vegetation classes in which termite activity is expected to occur. Potential termite
habitat was defined using the global natural vegetation dataset of Ramankutty and Foley (1999)

and was further constrained by a thermal suitability mask that excludes regions where monthly
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minimum air temperature falls below -8 °C, consistent with observed thermal limits for termite

persistence (Figure S1; Ito, 2023).

Substrate supply to termites was represented through vegetation-derived litter inputs.
The Iy, I, and Icwp pools were derived from net primary production and allocated according to
vegetation-specific assumptions described in Supplementary Text S1. Because the objective of
this study was to evaluate termite-mediated carbon pathways rather than to reproduce a fully
resolved SOC model, background microbial decomposition was represented using simplified first-
order kinetics modified by temperature and soil moisture. This approach provides climatically
realistic litter turnover and substrate availability while maintaining focus on termite-mediated

carbon dynamics.

Termite biomass is strongly influenced by climate and ecosystem productivity and can
vary by up to an order of magnitude across seasons (Jamali et al., 2011a). To capture this
variability, termite biomass was modelled as a function of ecosystem productivity, using gross
primary productivity (GPP) as a proxy for resource availability:

dTER;

TER;
dt g

= fp Kingi iny e’ GPP(t)) -

TB,i

where TER; (g C m™) is the biomass carbon of termite feeding guild i, GPP (g C m2d™!) is the daily
gross primary productivity; y (g termite m2) and b (g C m? d) are vegetation-specific coefficients
describing the relationship between ecosystem productivity and termite biomass; 7 is the carbon
fraction of live termite biomass; A; is the fraction of total consumed carbon attributed to feeding
guild i; king; (g C g™ termite C d™) is the carbon ingestion rate; f5 is the fraction of consumed
carbon assimilated into biomass; and 75 (d) is the biomass turnover time (Table 1). The first term
represents biomass gains through carbon assimilation, while the second term represents losses

due to turnover and mortality.

The coefficients y and b are relatively well constrained for tropical ecosystems, where
termite biomass observations are most abundant (Kirschke et al., 2013). For other vegetation
types, these coefficients were calibrated to reproduce mean annual termite biomass estimates

reported in previous syntheses and modelling studies (Kirschke et al., 2013; Sanderson, 1996). To
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reduce short-term variability, GPP was smoothed using a 7-day running mean prior to its use in
biomass estimation. Total termite biomass was partitioned among three feeding guilds using
vegetation- and location-specific fractions (4;) derived from the ecological observations. Baseline
values and plausible ranges for all parameters are summarized in Table 1, while guild allocation

assumptions are provided in Table S3.

Carbon consumed by termites was subsequently partitioned among respiratory CO,, CHa4
production, biomass growth, and excreted residues, consistent with the framework described in
Section 2. Despite this process-based formulation, several parameters governing termite biomass
dynamics, ingestion rates, carbon-use efficiency, and residue partitioning remain uncertain and
vary across ecosystems. To systematically assess the influence of these uncertainties on model
behavior and emergent carbon pathways, we conducted a global sensitivity analysis focusing on
key annual fluxes, including CO; production, CH4 emissions, and transfers to LMWC and MAOC
pools. Detailed descriptions of the simulation protocol and sensitivity analysis are provided in

Supplementary Texts S2 and S3.

Table 1. Parameter values and ranges for integrating termite-mediated processes into SOC model.

Parameter Description Plausible range Source
Literature (Collins, 1981a,
. . . 0.03-0.5gCg™ 1981b; Su, 1984; Vasconcellos
k_ ’ ’ ’
ne Liiierfee Tnzesifon iz termite C d™’ and Maria da Silva Moura,
2010)
Fracti f dcarb ired
feo raction of consumed carbon respire 0.40-0.70 Calibrated (Myer et al., 2021)
2 as CO,
Fracti f dcarb itted
feu, raction of consumed carbon emitte 0.008 — 0.01 Calibrated (Myer et al., 2021)
as CHy
£ Fraction of consumed carbon egested 02-0.4 Calibrated (Myer et al., 2021)
as frass
£z IS @ CoEUCR Gt e IR 0.10-0.18 Calibrated (Myer et al., 2021)
as termite biomass
Tp Termite turnover time 1-2years Plausible range
. . . . Literature (Bar-On et al., 2018;
n Carbon fraction of live termite biomass 0.15 Rosenberg et al., 2023)
Fraction of produced CH, oxidized L|tgrature (Hoetal, 2013;
fox . g 0.2-0.8 Jamali et al., 2013; Nauer et al.,
within mound before emission
2018)
€meth Methanotroph carbon use efficiency 0.4-0.6 Literature é‘(l;rllgw)mer etal,

10
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Tmeth Methanotroph turnover rate 11 -33 days Plausible range
Fraction of frass partitioned to labile .
7 LMWC pool 0.3-0.6 Plausible range
Fraction of necromass decomposition .
0.7-0.9 Plausibl
g partitioned to LMWC ausible range
k, Necromass turnover rate constant 0.85-1.15yr* Plausible range
k; Frass turnover rate constant 5.0-7.0yr! Plausible range

Note: Parameters marked as “Calibrated” were initialized from literature values (e.g., Myer et al., 2021) and
subsequently adjusted within plausible ranges to ensure consistency with large-scale carbon flux constraints.
Parameters marked as “Plausible range” were defined based on literature-informed bounds from analogous

processes and mass balance considerations

4. Emergent patterns and controls on termite carbon processing

Model simulations reveal a pronounced biogeographic structure in termite-mediated
carbon fluxes, shaped by vegetation type, climate, and the resulting distribution of termite
biomass (Figure 2., Table 2). Across vegetation classes, ecosystems supporting higher termite
biomass consistently sustain larger termite-driven carbon fluxes, indicating that biomass exerts
a dominant first-order control on flux magnitudes at the biome scale. This relationship is most
evident in tropical evergreen forests, which support the highest mean termite biomass density
(8.9 g m?) and account for the largest share of global termite-mediated carbon processing,
including consumption (733.4 £ 374.0 Tg C yr't), CO; production (404.1 + 207.7 Tg C yr?), CHa
emissions (3.7 £ 2.3 Tg Cyr?), and soil carbon fluxes (97.8 £ 52.8 Tg Cyr! to MAOC; 224.5+119.0
Tg Cyr!to LMWC). Savanna ecosystems show a similar, though less extreme, pattern, combining
relatively high biomass (4.8 g m2) with large areal extent to produce substantial regional carbon
fluxes. In contrast, temperate broadleaf ecosystems, characterized by both low termite biomass

and smallest areal extent, contribute the least to the termite-driven carbon pathway.

This biogeographic structure is expressed consistently across both gaseous and SOC-
forming pathways. In our model estimates, termites consume 1569.4 + 800.4 Tg C yr! globally,
releasing 864.7 + 444.5 Tg C yr! as CO,, and emitting 7.9 £ 4.9 Tg C yr! as CHa, with tropical
biomes contributing the majority of these fluxes. In addition to gaseous losses, the model
indicates that termite activity generates substantial input to SOC formation, contributing 209.1

+113.0 Tg C yr'! to MAOC and 480.2 + 254.5 Tg C yr! to LMWC globally. It is important to note

11



255  that the modeled MAOC flux represents carbon derived from frass and necromass and does not
include additional SOC stabilization associated with soil ingestion, regurgitation, or aggregate
formation during mound construction. These SOC input fluxes are likewise dominated by tropical
evergreen forests and savannas, with dense shrublands contributing disproportionately relative
to their areal extent (Table 2). It is important to note that most of the uncertainty in model

260  outputs arises from the large range of k;,, values reported in the literature. Nonetheless, the
emergent spatial patterns and biome contrasts demonstrate that termites represent a globally

important and spatially heterogeneous carbon-processing pathway.
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Figure 2. Spatial distribution of termite driven carbon pools. a, Termite biomass. b, Carbon consumed. ¢, CO,
265 emissions. d, Net CH, emissions. e, LMWC flux. f, MAOC flux. The inset in each plot (blue line) shows the latitudinal

mean of the corresponding variable, using the same units as the associated colorbar.

Table 2. Termites-driven soil carbon cycle.

Area Termite Litter carbon Net
. I , consumed Cco; MAOC LMwWC
Vegetation type (mkllllzon b|omfss (Te Cyr) (Te Cyr) ] CCI-I4 | (TgCyry | (TgCyr)
m?) (g m?) LMWC I, Iewp (TgCyr?)
Tropical evergreen 17.3 8.9 226.0 47.0 | 460.4  404.1 3.67 97.8 224.5

12
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Tropical deciduous 5.9 4.2 37.0 16.2 66.6 66.0 0.60 16.0 36.8
E’f:;‘;fgg;e 1.2 23 00 00 133 73 0.07 1.7 4.0
Iiemdﬁi{fﬁf 2.3 2.5 00 00 282 155 0.14 3.7 8.5
;Z’c?gj;itse 3.9 26 00 00 491 271 0.25 6.5 15.0
Mixed forest 2.7 3.0 00 00 412 227 0.21 5.4 12.3
Savanna 16.7 48 89 1735 2042 2130 193 51.7 118.6
Grassland 7.4 1.3 460 00 00 254 0.23 6.2 14.2
Dense shrubland 5.4 4.9 5.8 30.3 92.2 70.7 0.64 17.1 39.2
Open shrubland 9.2 0.5 0.9 6.7 15.7 12.9 0.12 3.1 7.1
Total 723 - 3247 273.8 9709 8647  7.85  209.1  480.2

Sensitivity analysis identified carbon throughput as the dominant control on termite-
mediated carbon cycling (Figure 3). Morris screening showed that the king has the largest
absolute elementary effect (u*) and standard deviation (o) across annual outputs, indicating
strong effects and some nonlinear responses. Secondary controls are associated with the
productivity-biomass scaling relationship (Eg. 1) and carbon partitioning during ingestion,
particularly fco, and fr, whereas parameters related to CHa4 partitioning, transient-pool turnover,
and biomass retention have comparatively weak effects. Annual CHs emissions are weakly
sensitive to parameter perturbations within the tested ranges and are therefore not retained for
Sobol analysis. Sobol variance decomposition confirmed that ks explained the largest share of
variance, followed by fo, and the productivity-biomass scaling parameters. The influence of f¢
is most evident for MAOC flux, reflecting its role in transferring termite-processed carbon into
stabilizable residue pools, while fz contributed little to output variance. Total-order indices only
modestly exceeded first-order indices, indicating that direct parameter effects are more
important than interactions. Overall, uncertainty in annual termite-mediated CO,, LMWC, and
MAOC fluxes is governed mainly by the amount of carbon entering the termite pathway and its
subsequent partitioning between respiration and residue formation. The implications of these

findings for prioritizing future empirical work are discussed in Section 6.

13
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Figure 3. Sensitivity analysis. Top row: Morris sensitivity analysis; bottom row: Sobol results.

5. Implications for terrestrial carbon cycle

Our simulations suggest that termites represent a substantial, yet still underrepresented,
pathway in terrestrial carbon cycling, with their influence concentrated in tropical and seasonally
dry ecosystems. Globally, the modeled termite pathway processed ~3% of annual litter inputs
(Table 2 and S1). This aggregate fraction, however, masks strong spatial heterogeneity: when
expressed relative to litter supply, termite contributions are highest in warm, water-limited
regions such as African savannas and grasslands (Figure S2a), indicating that termites play a
proportionally greater role where microbial decomposition is constrained by climatic conditions.
These findings are consistent with previous studies showing that termite ecosystem engineering
can enhance ecosystem resilience under water limitation, both in drylands and during droughts
in tropical forests (Ashton et al., 2019; Bonachela et al., 2015). The spatial distribution of termite

activity also highlight its potential sensitivity to future climate change: projected expansion of

14
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warm and seasonally dry ecosystems could increase the global extent of termite-suitable habitats
and amplify the overall termite footprint in terrestrial carbon cycling (Anadén et al., 2014; Ito,

2023).

Termites’ role is particularly pronounced for CWD decomposition, of which termites
process ~12% globally. Given that CWD typically decomposes slowly due to physical protection
and chemical recalcitrance (Kueppers et al.,, 2004; Magnusson et al., 2016), termite-driven
fragmentation and translocation may alter its accessibility to microbial decomposition. While
fragmentation can increase surface area and exposure, translocation often occurs into termite
nests, where material may be protected or stabilized; as a result, overall accessibility may either
increase or decrease depending on nest conditions and subsequent processing. Models that omit
this pathway may therefore misrepresent CWD residence times and woody carbon persistence

in low-latitude systems.

A substantial fraction of termite-processed carbon is rapidly returned to the atmosphere.
The modeled termite-associated CO; flux (3170.6 + 1629.8 Tg CO yrt) corresponds to ~3.2-4.7%
of global soil respiration (Bond-Lamberty and Thomson, 2010; Raich and Schlesinger, 2022),
placing termites among the larger faunal contributors to terrestrial CO; efflux. When normalized
by the litter input, this flux peaks across African savannas and grasslands reaching up to 8% of
input carbon. Importantly, termite-associated CO; flux should not be interpreted as an additional
source independent of microbial respiration. Instead, termites redirect a portion of litter
decomposition through a faunal pathway, implying that their omission primarily affects process
representation rather than overall carbon balance. Because termite activity responds differently
to temperature, moisture, and substrate characteristics than microbial decomposition, excluding
this pathway may bias modeled sensitivities of soil respiration to climate variability, particularly
in tropical regions where current models show persistent disagreement with top-down

atmospheric constraints (Bastos et al., 2020; Chandra et al., 2022).

Termite-mediated CH4 emissions (10.5 + 6.5 Tg CH4 yr?) further highlight their role in
trace-gas cycling. This estimate is consistent with Global Methane Budget estimates (Saunois et

al., 2025) and represents a non-negligible component of natural non-wetland CHs sources. In

15
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contrast to wetland methanogenesis, termite-associated CHs4 production depends on feeding
guild, diet composition, gut symbionts, and mound-scale oxidation, all of which may respond
nonlinearly to environmental conditions (Law et al., 2024; Yatsko et al., 2026). Consequently,
excluding termites from CHs inventories omits not only a source term but also a pathway with
distinct environmental sensitivities, potentially limiting the ability of models to capture spatial

variability in non-wetland methane emissions.

Beyond gaseous fluxes, termites influence the carbon flows within soils. By transforming
litter into frass and necromass and redistributing organic material across soil horizons, termites
modify both substrate accessibility and the physicochemical context for SOC stabilization. Our
simulations indicate that termite activity contributes to both LMWC and MAOC pools, thereby
altering the balance between short-term turnover and longer-term soil carbon retention. These
effects challenge the prevailing assumption in many SOC models that microbial decomposition
alone governs litter fate (Abramoff et al., 2018; Kyker-Snowman et al., 2020; Wang et al., 2025),
highlighting the importance of consumer-mediated pathways in regulating the rate, location, and

form of carbon inputs to microbial and mineral-associated processes.

6. Caveats and priorities for empirical work

Several structural assumptions in the current framework highlight key priorities for
advancing representation of termite-driven carbon cycling. A central challenge concerns the
treatment of termite biomass. As in many large-scale soil models, biomass is represented as
spatially homogeneous within grid cells, whereas termite populations are inherently
heterogeneous, organized into colonies, nests and mounds, and foraging networks (Eggleton and
Tayassus, 2001). While this simplification is common, it is particularly consequential for termites
because their activity generates localized hotspots of carbon consumption, residue deposition,
and gas exchange (Davies et al., 2024; Muvengwi and Witkowski, 2020). In addition, model
evaluation relies on a single global synthesis (Sanderson, 1996), based on sparse observations
and large-scale extrapolation. Together, these limitations imply that while broad spatial patterns
may be captured, uncertainty in both the magnitude and spatial organization of termite biomass

remains a primary constraint on flux estimates.
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Another important area of model development is resolving interactions between termites
and the broader decomposer community. The current model isolates termite-mediated carbon
processing and does not explicitly represent interactions with free-living microbes competing for
or facilitated by shared substrates. Empirical evidence indicates that these interactions can shift
between competitive and complementary modes depending on substrate quality and
environmental conditions (Wijas et al., 2024; Zanne et al., 2022). While omission of these
dynamics may still permit reasonable large-scale estimates of carbon stocks and fluxes, it limits
process-level accuracy and the representation of feedbacks between faunal and microbial

pathways.

Uncertainty in functional traits is a further key limitation. Although the model
distinguishes major feeding guilds, it ignores biogeographic variation and assumes fixed values
for ingestion rates and carbon partitioning within each guild. In reality, these traits vary across
species, diets, and environmental conditions (Collins, 1981a, 1981b; Su and LaFage, 1984; Zhou
et al., 2023). Sensitivity analyses indicate that model outputs are particularly responsive to the
ingestion rate, carbon partitioning to respiration, and residue allocation, as well as to the
productivity-biomass scaling parameters. Improved empirical constraints on these parameters
are therefore essential for reducing uncertainty in modeled fluxes. In addition, CHs4 emissions are
strongly modulated by within-mound oxidation processes, which depend on mound structure,
moisture, temperature, and methanotrophic activity (Nauer et al., 2018; Yatsko et al., 2026).

Explicit representation of this variability remains an important gap in current model formulation.

A further challenge lies in representing SOC stabilization processes. While the model
estimates potential termite-mediated inputs to MAOC, it does not account for physicochemical
constraints such as mineral surface area, Fe/Al oxide content, or saturation state (Fang et al.,
2019; Georgiou et al., 2022; Haddix et al., 2020). As a result, modeled MAOC fluxes should be
interpreted as potential inputs rather than realized long-term storage. Resolving where termite
activity contributes to persistent carbon sequestration versus rapid cycling will require coupling
biological processing with mineral constraints. Finally, the model adopts largely linear
representations of process rates and carbon flows. Many underlying processes, including feeding

responses, microbial priming, CHs production and oxidation, and MAOC formation, are inherently
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nonlinear and subject to thresholds and saturation (King and Sokol, 2025; Morrissey et al., 2017;
Yatsko et al., 2026). Incorporating these nonlinearities will be important for capturing emergent

behavior, particularly under changing environmental conditions.

An additional consideration for future global implementation is how to represent termites
within the broader faunal community without introducing excessive model complexity. Termite-
mediated carbon cycling does not occur in isolation; interactions with larger animals, through
effects on vegetation, litter inputs, soil disturbance, and termite activity, may indirectly modify
termite-driven carbon processing (Buitenwerf et al., 2011; Charles et al., 2021; Kristensen et al.,
2022). Explicitly representing these interactions alongside individual soil-fauna taxa and their
functional subgroups would, however, increase model complexity. We therefore suggest that
future frameworks prioritize process-based functional aggregation, whereby fauna sharing
similar substrate use and effects on carbon transformations are represented collectively, while
distinct identities are retained where they introduce biogeochemical pathways that cannot
readily be generalized. Termites may warrant such distinction because, in addition to their
substantial processing of plant and soil organic matter, they represent a direct biological source
of CHa (Law et al., 2024; Saunois et al., 2025) that cannot appropriately be assigned to a generic
soil-fauna pool. Future model development should therefore test which faunal groups and
associated processes can be aggregated without materially altering predicted carbon and GHG

fluxes.

Despite these limitations and uncertainties, our model provides a first mechanistic
framework for integrating termite-driven carbon processing into terrestrial carbon models. The
consistency of spatial patterns with known termite biogeography and the agreement of flux
magnitudes with broad empirical ranges (Ito, 2023; Sanderson, 1996; Saunois et al., 2025)
suggest that the dominant controls are plausibly represented, even though uncertainties remain.
Future progress will depend on embedding termite pathways within microbial-explicit SOC
models, improving empirical constraints on biomass and key functional traits, and incorporating
spatial and nonlinear processes. Priority measurements include biome-resolved termite biomass,
guild-specific ingestion rates under field conditions, and carbon partitioning among respiration,

CHa4, frass, and biomass. Together, these advances will enable a transition from first-order global
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estimates to a more mechanistic representation of termite-driven carbon cycling in next-

generation soil and Earth system models.

Conclusions

This study presents a process-based framework for representing termite-mediated
carbon cycling that explicitly links biomass, feeding activity, and carbon partitioning within a
mass-balance structure. By combining biome-specific termite biomass estimates with spatially
explicit productivity forcing, the model provides a first-order global quantification of how termite

activity redistributes carbon between atmospheric and soil pools.

Simulations suggest that termites process 1569 + 800 Tg C yr™", releasing 3171 + 1630 Tg
COz yrtand 10.5 + 6.5 Tg CH4 yr?, while transferring 689 + 367 Tg C yr! into labile and mineral-
associated SOC pools. Sensitivity analysis indicates that the magnitude of termite-mediated
fluxes is primarily controlled by ingestion capacity and biomass, while the fate of processed
carbon depends on partitioning among respiration, biomass, and residue formation. These
results identify termites as an important pathway in terrestrial carbon cycling, and highlight key
empirical priorities, particularly improved constraints on ingestion rates under field conditions

and termite biomass distributions.

While the current framework simplifies spatial organization, trophic interactions, and soil
physicochemical constraints, it provides a tractable basis for integrating macro-detritivore
processes into SOC models. Coupling termite-driven carbon routing with microbial-explicit
frameworks will be critical for resolving impacts on carbon residence times and climate
feedbacks. More broadly, explicitly representing termite activity is likely to improve predictions
of carbon cycling in tropical and seasonally dry ecosystems, highlighting the need to move
beyond microbe-centric paradigms toward a more complete representation of terrestrial carbon-

climate interactions.

Data availability
The dataset presented in this article is available online at
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