Pyrogenic carbon decomposition critical to resolving fire's role in the Earth
system
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Recently identified postfire carbon fluxes indicate that in order to understand if global
fires represent a net carbon source or sinkone mustconsider both terrestrial carbon
retention through pyrogenic carbon production and carbon lossesvia multiple
pathways Here, these legacy source and sink pathways are quantifiagsing a CMIP6
land surface model to estimate Earth's fire carbon budget. Over 1901201Q global
pyrogenic carbon drives annual soil carbon accumulation of 337 TgCyr™, offset by
legacy carbon losses totalling-248 TgCyr™*. The residual of these values constrains
maximum annual pyrogenic carbonmineralisation to 89 TgCyr ™, and pyrogenic carbon
mean residence timeo 5387years assuming steady state.The residual is negative over
forests and positive over grasslandavannahs (implying apotential sink), suggesting
contrasting roles of vegetation in the firecarbon cycle. Paudty of observational
constraints for representing pyrogenic carbon mineralisation mean that without
assuming steadystate, we are unable to determinethe sign of theoverall fire carbon
balance. Constraining pyrogenic carbon mineralisation rates particularly over
grasslandsavannahs, is a critical research frontier that would enable fuller
understanding of fireOs role in theearth systemand inform attendant land use and
conservationpolicy.

Wildfires are a key driver of disturbancecovery cycles imany regions of the world. While
fires emit large quantities of @-C to the atmosphere (~2 PgC'lyrhereaftelE;ire)l,
subsequent vegetatisacovery recaptures the emitted C on decadal timesé&lasd results
in an uncertain but likely small net impact on atmospheric C in the tany and is
insigrificant compared to other biogeochemical feedbacks in geologicaf®imélatural
shifts in fire regimes and vegetation occur infrequéndlgd current changesre largely
driven by climati¢® and humah perturbations.However,even in the absence of global fire
regime changes,range of longerm Olegacy®stfire C fluxes kad to either C accumulation
or loss by land ecosysteruzally, with their balances yet udeterminedf.



On theterrestriallegacy C sink side, the charring of biomass by fire creates -prbguct
known as pyrogenic C (PyC) (~BD% annual fire C@emissionsy*3which is significantly
more resistant to biochemical oxidation than bulk soil org@{8OC)}*’. Most studies
find that PyC degrades with laghly uncertainmean residence time (MRT)anging from
decadeso thousandsof years'®*2 (1-3 orders of magnitude higher than RBRC SOC),
suggestinghat its production driv@asequestration flux from the atmosphere which exceeds
the temporal boundaries of the firecovery cycle in most fire regimagsulting inlong-term
terrestrial PyC accumulation"# 7). In addition to the production of refractory PyC
accumulang in soils GOC},yC), there is alsa lightweight OlabileO component that is likewise

readily mobilised, hereafter denot@®yC}},,, Supplementary Text S2).

On the terrestrial Olegacy C lossO side, like other forms oP$OG liable tanineralisation
to the atmosphere E,Lyc), and to export from land to oceans via rivef ! ey ! in
particulate or dissolved form (FBOC and Py-DOC, respectively), totalling A0 TgPyGC
yrt 1824 A fraction of thisriver-transportedPyC iseventuallydeposited to the ocean floor up
to 10,000yeas'®?! after its initial production, with sompresently unknowrproportion of
photooxidation occurringen routein fresh and marine surface waters and in sedirfrefitse
steady state condition of the terrestrial fire C cycle thus has the following formulation
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Where! !!Fl.re is thefire C emissions due to vegetation combustiBn; represents refractory
and lightweight PyC mineralisation in the terrestrial domidirandUy , is uptake of

atmaspheric CQ by postfire vegetation recovery, poles referring to flux directi@ain
(+)/loss €)) with respect to C stocks in the terrestrial biosphere.

The production rate of Py@ intimately linked with vegetation type, mean climate and
climate varability®?® Bio-climatic zones determine the rate of biomass (fuel) hupldas

well as probable time between fire events, referred to here as fire return interval (FRI), with a
positive relation between fuel accumulatiord &RI across a gradient of increasing FRI from
e.g. grasslandavannah to dry forest and rainforest biomes (Fig. 1a). FRI in turn proxies
biomescale PyC production rates (Fig. 1d), while increasing dry fuel accumulation per unit
area enables greater corsban, heat release and flame temperatures, all else (fuel and
climate conditions) equal (model HFig.1c).

Less is known about how the MRT of PyC is affected by FRI. One plausible conceptual
model is that MRTis a positive function of flameemperatug*?° such that low FRI biomes

will tend to generate PyGf lower MRT (inverse curves, Fig. 1d), all else equal. However,
flame temperatures are also determinedclate over the midength (drought and fuel
moisture) andhe short (e.g. wind conditions) cumulative timescales of fire driVéfsas

well as by human suppression, meaning that other conceptual models whereby low FRI
results in higheMRT PyC are plausible (e.g. models, Hiz in Figs.1c,d)

To constrain the overall terrestriate C balance, several mechanisms which imposg-

term C deficits on the terrestrial biosphere must be considered: First, the return of biomes to
their prefire biomass state (Fig.la) requires a stable fire regime, in which the biomass
recovery intervalBRI; the time period of complete vegetation recovery) is shorter than the
FRI. Violation of this condition (BRI < FRI) entails a natural or mmaade change in the fire
regime and an overall-@eficit, representing a stepise decrease in biomass ZC{z;ge4)



(Fig. 1a). Second, tropical rainforests exposed to dréugne vulnerable to episodes of
vegetatiorC (VC) mortality in the decades following fires (mortality can be up to 25% of
vC***) and may not fully recoveprior to the next fire event, so that C is lost from this
biome ¥Cy,,:)- Third, in areas where fire regime shifts to higher fire frequencies than the
average for that vegetation type, large fractions of SOC can be lost through combustion,
erosion and microbial mineralisationS()C!‘ﬂoss)32. Average topsoil SOC losses of >20%

through this mechanism #deen observed in grasslands and broadleaf fogistmlly®.
Finally, PyC loss occurs through saimosphere mineralisatiofi4,:), and is the principal
OunknownO of this study. Equation 1 can then be expamedde legacy fluxes from these
changes in fire regimes, to arrive at the net balance offipe<t with respect to the terrestrial
biosphere (Supplementary Text Sla,b):

E-

Fire

+ El_’yC + SOCI_’yCExp + VCZFiReg + VCIT’Iort + SOC’_lfIOSS
Uyco, + SOCpyc + PyCiy (2)

Mechanistic models of the terrestri@cycle have thus faomitted these collective fire
legacyC sinks and sourcds® Here we integratetheminto aglobal land surface model
(Methods, Fig. SJ) to providean estimate of the annualised components offitleelegacy C
cycle represented by Eq. 2. Specifically, we incorporate dynamic PyC production by fires into
ORCHIDEEMICT (Figs. S1,52°* and run the model globally over 19@010 with
prescribed vegetation anagnthropogenic land use changes (LUC), variable climate and
historical CQ forcing (Methods, SI Text S7). We investigate the spattemporal dynamics of
the legacy fluxes over the ®0Century and quantify a fire C balance for global biomes
(Methods). C loss termson the left side ofEqg. 2 are derived offline from model output
(Methods). The FRI isdetermined for each grid cell and plant typeys. S2,S3,54, Table S1),
as isvegetationspecific BRI(Fig. S5,Methods). We did not attempt to estimagtobal mean
PyC mineralisationE,LyC) due to a critical paucity of information on PyC residenoes,
their drivers, and measurement across bidfifé4® Instead, we infethe maximunmvalue of

PyC mineralisation that would lead to mass balandegin2.From this we infer a constraint
on global terrestal PyC MRT (MRTrerr) (Methods, Supplementary Text).

20" Century Patterns of PyC Production

Over 19012010, we estimate average anntil /., of 281 TgGPyC yf' (min.-max. range
188424, TgC yrf', seeMethods), similar to a previous estimate for the period 192916
driven by satellite observations of fire (256 (1®®) TgC yr)'® Large interannual
variationsfound (251-345 TgC yi', | =18 TgC yr*) are symptomatic of trends over the 20thC
4445 \WwhenPyC production declined from an average of 298 to 269 Tgtbetween the first
and last 3 decades/éthods, SI Text S7).  Distribution of PyCproductionis consistent with
that of fires generally, with the bulk occurring in the range 28\ (Fig. 2a,b¥. However,
20thC declines in PyC production occurnmeabstly in the northern hemisphereeflecting
grassland LUQFig. 2b) while most localisedPyC production gaingvere modelled in the
southern tropicsresultingfrom increasing ariditand FRI(Figs. S69).

Globally, fires affect biomeslisproportionately, as-80% of burning occurs in grassland
savannah dominated regidhswith 73-79% and 13-17% of modelledPyC production taking
placein C4 and C3 (147%) grasslandsespectivelydespite these accounting for ~830%
of the global land surfa8&®® This mismatch is caused Hye evolutionaryfire adaptatios of



grasslandswhich preferentially allocate biomass to belowground orgafiswing them to
rapidly recover from disturbané@®° (BRI <1-3 y’°%. This enableshe rapid return of fire
eventsalmost as soon as vegetation has recovéréld! BRI) since tropical grassland
savannah fires are pamilarly fuetimited®’, enabing them to thrive where tree cover is
limited by environmental conditiofs This feature of grasslarsavannah biomess
important to Eq. 2, since whereas loss teViig,,. and VCyrire4 are dependent on relative
FRI:BRI, theproduction of refractor§0Cg,, is an absolute quantity, meaning simply that
the more fire there is the more PyGnpectedinto the global soil mass (Fig.1.ow FRI and
BRI values mean that we fingrasslad-savannahso be both the main PyGource(~250
TgCyrY), and, compared to other vegetation types, pull the relative sink and source terms of
Eq. 2 towards the formeim agreement with the relatively high PyC proportion of bulk SOC
(5-30%) found in glokl grassland soit4

Our vegetatiormapsdrive a-21% (1.16 Mknf) and-12% (3.6 Mknt) net decline in C3 and
(tropical) grasslanesavannah areletween thdirst and last decades of simulation (Fi).S
These changes ledad global decreases PyC production (Fig2, Fig S7) during 19012010

in spite of global forest PyC production doublifijg. S10), ass consistent with anarked
decrease in 20threst FRI(Fig. S8). These PyC dynamiasan be explained by bioclimatic

and human factors that impact global patterns of burned area and fire er{iggs01y, ).

In grasslanesavannah regionaherefire emissions and Py@roduction decreased, reddce

fuel loading through conversion to agriculture where burning is suppressed is likely a
factor >3

Conversion ofnative grassland taultivation is visible in our simulated PyC production
trends (Fig. S7), consistent with glotsmlalé***°and localisedbservations ifrgentina®>’,
northern Turkey?*° postSoviet European and west Asian stee‘g, mdig®" %% northeastern
Chind®® southeastern Australi®®® the Great Plains regidh central and northern
Mexico®®. PyC gain/loss ishus modulated byhuman manageméfit® largely responsible
for an apparendecrease in fires in recent decddemd over the past centdryas captured
by modelled declines in global PyC productiamgan fire radiation anduration (Fig. 32).
The net effect of these dynamics has beespfmroximatelyhalvethe partial fire Gsink over
the 20" Century (Fig. $2).

Emerging Constraints on FireOs Role in the Carbon Cycle

This study has simulated the legacy impacts of pygduction and fire C losses, a significant
advance on previous studies that considered these in isb&fiGhOver 19012010, average
globallegacy soil C sinks through refractdPyC produdion (SOCg,,¢; 281 (188424)TgC yr

1 and lightweight Py(roduction(PyC},, = 56 (4590) TgC yr) are partially countered by
legacy C sorcesfrom incomplete posfire vegetationrecovery(VCygipeq = 129 (123231)
TgC yr?, Fig. SL5;Table S¥% high frequency topsoil degradatioflOCyr1o5s = 57 (3695)
TgC yr', Fig. SI6; Table S} PyC aquatic exportSQCpcryp, = 44(2859) TgC yr,
Figs.3,S17,18; Table % and tropical droughihduced postire mortality (VCp0re = 21 (18

25) TgC yr', Figs. 4,S19;Table S4)ExcludingEp,, ¢, the legacy fluxes are imbalanced and
indicate gpartial terrestrial C sinkn PyCof 89 (34104)TgC yr‘~1 (Fig. 3 Table S4\assuming
Eq.2 is in steady state, implying a potential net fires@hgsO rate o0f4¥% of the ~2.2 PgC
yr'tin fire CO, emissions. The magnitude !o,tyc is solved as a residual of Eq (2), meaning
thatif E,Lyc exceeds the net PyC accumulatior88f(34104) TgC yr* then wildfires result in
terrestrial PyC losses, and if; is in balance with the net PyC accumulation (steady state),



then we can constrain the global terrestrial mean residenegMRTy,,,.) of PyC to a value
of ~5,370 (1,96614,100) years(Methods, Text S1b, Table 98longer tharrefs®?*% but
smallerthan ret®,

Field and laboratory studies of PyC MRT have been sparse and restricted to a subset of
biomes and fuel types, providing inconsistent cénéstimates with impractically large
uncertainty rangés® The temperature sensitivity of PyC decomposition is another key
parameter for PyC turnover which is poorly understood, and whether PyC degradation is
primarily mechanical or metabolic remains an open quégtiaith implications for model
representatioff’>  Ultimately, the lack of robust mechanistic description of PyC
mineralisation rates and driveggerhapsattributable to inconsistenci@s their measurement

and definition, lead to PyC MRT estimates that vary by at leagtld(qsee Text S1b)Our

steady state constraint on PyC MRI5,370yrs)is in the range of values reported in a soil
incubation experimertf and the radiocarbon age of riverine-PQC?®. Until addressed, the
observational shortfall W frustrate efforts to reliably quantify or constrain the fire C balance
(Text S1).

Regional Distribution of Legacy Carbon Fluxes

The global value of the residual-sthk from changes in fire regimes and PyC masks
substantial variability at the biomevel. The largestlsolute fire C gains and losses are
simulatedin the tropics (Fig. 4a)Thenet legacy C gain associated with PyC production is
greatestin the tropics (+83 TgCy#') although it is substantially offset by legacy C losses,
most notably byincomplete vegetation recovery (s ), soil degradation(SOC; s 4ss;

Figs.£, S8, S16) and riverine exportSQ! },yCExp). The ratio of gains to losses is 1.2 in the

NH tropics and 1.7 in the SH tropics, signifying a potential for overall C sequestration
depending on the magnitude of the PyC mineralisation flux in these regions. Gains exceed
losses in the tropics predominlgndue to tropical grasslarghvannahs (gains:losses of 1.5

and 2.1. in the NH and SH respectively), whereas losses substantially exceed gains in tropical
forests (Figure 4). Legacy C losses exceed legacy C gains in the southetropidsaeven

before the unconstrained losses of PyC are conside@dbally, the residual of the
constrained fluxes is strongly on the sink side in grasslands (+148 ¥)gByt on the source

side in forests-@3 TgCyf?).

We showthat most (7379%) PyC production occuis tropical grasslandavannah regions,
through fires which also generdatee highestmeanglobalflametemperatures (~500;C, Table

S2), implying that the majority of global PyC production may result in PyC with aNhiRjh,

as conferred by the heat of ctiag (Fig. 1c,d; Table 1" In contrast, tropical and
temperate forest fires produce the highestimal but lower average flame temperatures,
consistent with the greater dependence of fire on fuel moisture than fuel availability in these
regions (Fig. 1c).Overall, the mdel simulates the highest flame temperatures in-aeihi

and higher elevation regions in the30iN/S range, implying we can expect a decreasing
PyCG-MRT gradient from tropics to poles.

Simulated fire temperatures(Table S2) increase across biomes bgergradient:
boreal(188;C), C3 grass(335;C), tropical forest(353;C), temperate forest (404;C) and tropical
grasslanesavannah (501;C), indicating the relationship between flame temperature and fuel
availability (Fig. 1c) is nonlinear and strongly modulamdclimatic and fuel conditiod§

such that curves #Hs (Fig. 1c,d) cannot accurately represent tlodal relationship without
additional dimensionality, such as plant trait impacts on flammability and flame infénsity



However, current understanding of PyC charfdg allows us to propose that tropical
grassland and savannah regions produce the greatest quantity of PyC of the greatest relative
longevity, and thagrass&andand foresfires play contrastingunctional roles irthe terrestrial

C balancewith tropical grasslandavannah fires conferring the greatest capacity to increase

terrestrial C storage.
I

Towards a Holistic Understandingof FireOs Rolén the Carbon Cycle

Legacy C sequestration fluxes driven ByC production exceed legacy C losses through
incomplete postire recovery, LUC and soil degradation. The overall impact of legacy C
fluxes on the terrestrial C balance is nonetheless not constrained due to insufficient
knowledge regarding PyC mineralisation. \Wete that the riverine export of PyC to the
global ocean$SOCpceyy) is also a conservative flux with respect to the atmospheric C
balance, however rates of PyC mineralisation in oceanic pools are constrained at least as
poorly as in the terrasal domairt®’® The resolution of PyC mineralisation fluxes in soils

and sediments across the laonebcean continuum is a criticaksearch frontier for the
coming decade if we are to constrain the overall impact of fires on the glalyaleC

Our results highlight the regional complexitylegacyC fluxesfrom fires and challenges the
narrative that fires are solely catastroppinomens, suggesting that their severity and the
long-term extent btheir destructiveness is highly biordependerit. In forests fire C losses

can overwhelm PyC gains even without considering PyC mineralisation. This is not
surprising, particularly in the humid tropics, whémee specieareill -adapted to disturbante

and massive postire mortality is commonplacg@®"{Fig. S19). Globally, forest fire
induced C losseare compensated by the dynamics of grassland ignitiothe absence of
which fire phenomena would impose a net terrestrial C sourespective of PyC production.
Without widespread grasslaisdvannah coverage in the tropics, the legacy effects af fire
could not feasibly enhance terrestrial C storagesult afforded by grassesO capacity for fire
recovery’. This emergent result coheresith studies suggestinthat the ceevolution of
grassland fire and herbivory, particulantytropical grasslandded to the formation of PyC

rich Mollisols that may have been central to climatic coolmgeological timé”, and that
evolution of vegetation types with fire may have been central to the trajectory of EarthOs C
and Q cycle$™.

The dependency of thHee C residualon vegetation composition has important implications
for projected increase®#in climate extrem&&®®, potentially increasing all terms in Eq.2.
The preservatidnestoration of native grasslands may be an important vector for decreasing C
losses from future fire activitin both temperate andapical systems Despite this,ropical

grasslands have until recently been ignored in the landscape restarati@carbon farming®
agend51'53'874'88.

This paper has attempted to further understanding of fireOs role in the Easiofesbg
identification and firsorder quantification of multiple legacy terms of the fire C budget in a
land surface model. We provide a benchmark for the maximum glgi@ainineralisation

rate and show that without widespread grassta@nnah coverage, fires would be a net
global source of atmospheric C. We call for significant investments in understanding of PyC
degradation and its drivéfs? in addition to improved estimates of legacy fire C fluxes.
Reliable quantification of PyC mineralisation and erosion, particularly over grasslands,
remains the principal missing link in alistic understanding of fireOs role in the Earth
system.
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Figure Captions

Figure 1: Schematic conceptual representation of the interrelation betwkxtror biome-scale:(a) Change of
vegetation biomass carbon pdse to steady statel(Css,) and its evolution with change in fire regime
(Fire Regime., ), where subscript)() refers to the specific fire regime ag @ime (xaxis)). Coloured shading
indicates a hypothetical transition between stable vegetative states in a given biome or latitudinal bin along an
environmental humidity and fire regime gradient. Included is vegetatis<term due to a change between

fire regimes T ad T+1 Q! C 1450 (r-1+1))» Where FiReg. is an abbreviation Bfre Regime!, . The transition
between vegetative states illustrates a shift from an idealised high BRI,FRI biome to a lowés) asea

graphic aid to mirror the saxis in (a) onto the »axis in (c). (c) Fire temperature and terrestrial fuel
accumulation (assumed here to be directly proportionat®Biomass in(a)) The three curves denote different
idealised possible relationships between the two variables, varying asuét o fuel conditions. Curve ;H
(black) describes a situation in which the conditions of fuel and fire (e.g. fuel moisture and wind velocity are
equal across biomes). ftotdashgrey line)assumes that fuel condition differs with biome, and assumes tha
grassland fuels are driest and rainforest fuels wettest, such that fuel accumulation is inversely related to flame
temperature. Kl (dotted grey line)describes a situation in which flame temperatures are highest in tropical
forests and grassland, underetisituation that severe drought conditions (and hence dry fuel) are a prerequisite
for tropical wildfires, while grassland fuels tend to be very dry, whereas temperate biomes support fires even if
they are relatively wet and of a lower temperaturéd) Idealised PyC production (dashed pink) and its mean
residence time (MR {[ack-3grey)) fOr different potential relationships between FRI, fuel accumulation and flame
temperature in (c). PyC production is assumed to increase with decreasing envirdnmeistare and FRI.

Black circles relate a specific level of PyC production for a given vegetative state to its corresponding MRT and
flame temperature. Sedraphs(a,c,d)are thus related to one another by the coloured dashed lines. Curves

MRT,;, MRT,, and MRT, relate to the respective flame temperature/fuel accumulation curye} ifRefs.:*

15,27,34-37

Figure 2: Simulated PyC production and change over 12010. (a) Map of global Py@roduction averaged
over the entire simulation period (log gC?m?), with global annual mean production and standard deviation



inset. (b) Simulatioraveraged annual absolute PyC production summed perdtifide bin (TgC yt) in 190%
10 (orange) an@001-10 (green), with the difference (lattesrmer) shown in yellow.

Figure 3: Time averaged estimates for the source and sink terms in Eq. 2 (top), with the PyC mineralisation loss
quantity unknown, but constrained by the imet € balance. The PyC aquatic export flux (SOCpycgyp) IS dotted

to highlight that it is a terrestrial export flux, not an atmospheric flux. Bottom panel shows aggregations of (h)
fire C losses relative to PyC production (sum off)jcand () the fire C balance net of refractory PyC
mineralisation, i.e. the sum of,g and (¢d,ef). Assuming steady state, maximum PyC mineralisation (g) is thus
equal to the residual, (i), with the red, blue portions showing the range of maximum and minasgibiep
mineralisation respectively, and the arrows the possible mineralisation range according to the reported central
estimate.

Figure 4: (a) Simulationaverage (1902010) sources and sinks in the global firecgZle, summed pe30-
degree latitudinal band, in Tg C yrNote that fire regime change and high frequency fire SOC loss terms are
disaggregated between forest (solid) and grass (dashed), and that the colour legend for each term is equivalent
to that in Figure 3. Vales appended to bars denote the ratio of C gain:loss (>$#&). (b) Comparison of
time-averaged grassland (left) and forest (right) fire C sources (red) and sinks (black) summedg Ipier(38 in

(@), in TgC yr. Values appended to bars denote thigoraf C gain:loss (>1=partial Gsink, excluding . ).

(c) Global map of the timaveraged, vegetatiesummed residual in Eq. 2 (gC’mr?) for each pixel, where
negative values indicate-€burce, and positive a-68ink. The balance is calculated as the net sum of Eq. 2,
excluding the PyC mineralisation terig{,c), which is constrained but unknown. A summary statistics table of
the residual per plant type (mean, standard deviation and iméan value, concluding with the residual as a
fraction of total PyGy) are reported inset. In that table, EG, RG and SG refer to evergreengmém and
summergreen, respectively.
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Methods

Model description:

Here we apply PyC production to the IPSL Earth System ModeGCHDBEE-MICT revision
number 5308, a widely used shkanch of ORCHIDEE that is global in scope but includes
some soil, hydrological and thermal processes specific to boreal régionshose use here

will facilitate future assessmenbf PyC stocks in deep permafrost soils. At the core of the
model is terrestrial biomass fixed by photosynthetic C uptake, performed by 13 plant
functional types (PFTs) with distinct primary production, senescence and carbon dynamics
Biomass is allocated to foliage, fruit, roots, above/belground sap, heart wood and carbon
reserves which are trameséd to two reactivitdifferentiated litter pools. ORCHIDEMICT

is integrated with a modaipecific version (se€{))of the SPITFIRE fire modufé® which

takes the aboveground portion of these biomass components and allocates them to potential
fire fuel classes differentiated by th@otential time to combustion/oxidation. ORCHIDEE
SPITFIRE has been involved in multiple phases of FiréMiRl its predictions found to be
within the range of those from available fire mo#f& Fire ignitions are controlled by
lightning strikes and human ignitions, the latter of which is determined as a positive logistic
function of population density. Vegetation flammability is deteed by fuel and climatic
conditions (Nesterov Index and Fire Danger Index). Burned area is controlled by fire spread
rate and fire duration, as influenced by vegetation flammability, and affects fiee CO
emissions.

Modelled PyC Production:

PyC is poduced in ORCHIDEBMICT as a function of fuel classpecific fire CQ emissions
using an adaptation of the apportioning between PyC production and fireer@i@sions
estimate by Jones et al. (2019Wwhich posits central literatidsased prediction of rais
[SOCyy :Eco,] Of 0.261, 0.1 and 0.091 gPyC producédog,-C emitted, for the three fuel
classes of Coarse Woody Fuels (CWF), Fine Woody Fuels (FWF), and Non Woody Fuels
(NWF), respectively. Uncertainty in Py@oduction (Fig. 3) is based on the bootstrapped
95% confidence interval range in Jones et al. (2019), for PyC production ratios
([SOCru :Ecoz], gPYGC g' COx-C) for CWF(0.1760.389), FWF(0.064.153) and
NWF(0.0740.114) and applying the fraotial difference of each bound from the central
bound to PyC produced in the pgsbcessing analysis. We apportion these to the four
SPITFIRE fuel classes such that (1hr fe®MWF), (10hr; 100hr fuels> FWF), (1000hr

fuels > CWF), where the howterm in SPTFIRE fuel classes refers to the order of
magnitude of time required for the fuel to lose 63% of its moisture under idealized



atmospheric conditiofis determined effectively by the stem thickness of each biomass
component of each PFT based on the Oaverage individualO of each woody PFT.

C mass balance is maintained by remg PyC produced from other C pools. PyC produced

is first subtracted from the fraction of biomass going to litter pools in that SPITFIRE timestep
(1 day). If PyC produced > biomass going to litter in that timestep, then the remaining
guantity is takenfrom CQO, emissions, whose reduction recursively reduces total PyC
production. PyC is then introduced to the biospipe@osphere interface by its allocation to
PyGCspecific SOC reactivity poolscomplementing the traditional CENTURY -f®ol
modef®, with a OSlow PyCO pool composed of {Ry€ PyGoon), and a OPassive PyCO pool
(PyGiooony), Where the subscript refers to the source fuel class of PyC. In the present
configuration, Py, does not enter into either of the SOC pools and once produced, is
instead added to the pool of dead biomass that becomes litter, which is then subject to normal
model SOC dynamics (S| Text S2).

Once produced, the PyC SOC pools are immediately redistributed equally amongst the top
2.1cm of the modelOs vertically discretized soil layers to represent the initial translocation of
PyC in the first year of productip following field observations from ref'®. PyC pools are

not exchanged with one another or with the other SOC pools, and are subjected to vertical
bio- and crp- turbation processes in the soil, and temperature and moistependent
mineralization Mineralisation rates are equivalent to bulk MRTs of ~300 and ~3000yrs for
Slow and Passive PyC, respectively.

Simulation Configuration:

The simulations used for this study were forced with imposed historieBFT3vegetation
(ESA-LUH2 v1.2), CRUNCEP v8’ climatology and atmospheric GEoncentrations at 0°5
resolution with SPITFIRE activated and hydrological river routing deactivated. Deforestation
fires were deactivated and agricultural fires in the output ignored to simplify analys®. A
year OspinupO run on a loop of the years 19 for the above input forcing datasets was
first performed to bring the biosphere and fire cycle to a egtasidy state under the closest
pre-20" Century climatology we can approximate with our clingdéa. The same model was
then run continuously over years 192010. Fire C loss terms were estimated from derived
variables in the simulation outpuDeforestation fires were not activated for in these
simulations as the legacy effects of these evenairepoorly understood and quantified.

Estimating PFT-specific Fire Return Interval (FRI):
PFT-specific FRI is defined as the interval between consecutive fires affecting a consistent
area, which is not a standard output of ORCHIDEE and so was deternpnotebilistically.
To do so, first we find the annual fractional fire contribution of each PES$ é,;) to total
CO2 emissions:
fFirepFT = EFirepFT / Z(EFirepFT) (3)

From this the probabilistic fire incidence p&¢T, pixel and year can be estimated:

p(Fire)ppr = fPF! pjy = fFireppr ! ! ! piy (4)



Wherep(Fire)ppr IS the annual probabilistic fire incidence per PFT and pixel f&#dp;,

the fraction of each PFT occupied bggetation from a given PFTfRFT,, ). Global
probabilistic FRI (yrs) for each pixel and PFAR(,-r) over a given unspecifiable surface
area (e.g. one hectare) can then be calculated by dilpdinge),rr by PFTFspecific
vegetated 1@a, giving the probability that a given hectare occupied by a given PFT in that
pixel is the one that burned that year. This is summed over the simulation years then divided
over the simulation length (110yrs). 1/ this value gives the FRI:

FRIppr = 1/((Ze22( p("#3 )prr/ (FPFT iy * Areap;y)))/110) (5)

The resulting gridded PFT specific map is then adapted to set the maximum value of FRI at
1000 yrs across all PFTs, since this would largely result from insufficientesamp in time

to adequately estimate the probabilistic FRI for these pixels/PFTs, resulting in strong potential
skews in the FRI:BRI ratio, given that BRI itself rarely exceeds this value.

For estimating the average FRI value for each PFT, we empéogedilar, yet PFISpecific
approach. This was done for the same reasons as above, but with stricter thresholds for each
PFT so as not to skew average values with unrealistic probabilistic values. We used expert
judgement based on both the literature anthorsO expertise to set maximum realistic FRI
values for each PFT of 2000, 500, 200 and 100 years for tropical, temperate and boreal, C3
grass and C4 grasses, respectively, removing values above these for the mean estimate shown
in the Supplementary Tadl

Estimating PFT-specific Biomass Recovery Interval (BRI):

Biomass carbon recovery times (the time for which a given surface area recovers all of the
biomass lost due to a disturbance event) are difficult to quantify, and to our knowledge no
global grdded product estimating disturbarggproximate PFEpecific BRI, modulated in
space and time by the NPP of a pigpkcific PFT relative to the global median NPP of that
PFT. We treated (a) C3 and C4 grasses, (b) all-&xpécal forest types, and (tjopical
forests, as separate categories. For (a) and (b), we assumed that for a given pixel and year, C
losses from fire can be recovered by the completion of that time interval which itself varies by
+l as a function of the NPP experienced by that pixel relative to the global median NPP for
that PFT:

BRIGIT = 1" IPFT & (BRIPFT « (B « NPPST /NPPmMILL,. ) (6)
WhereBRIFE! is BRI per PFT, pixel and yeaBRIPFT is the central, global value of BRI,
is the fractional maximum variation 8RI5/” from the central valugyPPr:! the annual
NPP of that PFT in a specific pixel aN®®PmZF, . is the time averaged global median NPP
of that PFT. For C3 and C4 grasses, weBgdt’ '™ at 2.5 and 1.5 years respectively, @nal
+25%, based on literatiHeased estimates and the assumption that tropical grasses have high
NPP and recovg rates. For forests we set cent&I”FT for all nontropical forest PFTs to
the value reported in a literature revidvased study (fig. 4d of reff) of 133 years, which we

then allowto vary @) by +50% as a function of NPP relative ¥ PmEf, ., for each PFT.
See the supplementary material for further discussion of parameter choices.

Estimating loss terms in Equation 2



Loss of biosphericC due to fire regime changeKCyrireg)

This loss term is calculated for each PFT and includes net C losses from areas where the
biospheric disturbance steady state condition is not satisfied (BRI<FRI) as a result of a
change in fire regime. We aeareas that experienced decreases in FRI of >10% between the
first and last three decades of the simulation (Fig. S7), as having exhibited a fire regime shift.
Then, we estimate the system biomass loss per fire event for these areas as the BRI:FRI ratio
in the year of the event multiplied by the total Qfnissions from a given PFT in that yearOs
fires:

BRI
V! aFireg = ( PFT/FRIPFT) * Ercoz (7)

Unrecovered droughtinduced tropical postfire mortality (VCpyore)

Here, we extraplate literaturederived estimates of tropical forest mortality losses derived
from droughtinduced fires to tropical forests globally and aggregate them annually. Existing
literature estimates of this phenomenon are mostly drawn from the aftermathNefoEl
events, however given that drought is a continuous function of precipitation over time for a
given biome, and that (a) not all droughts are El Ni—o driven and (b) not all tropical forests
exist in zones whose interannual climate is strongly charaeteby EiNi—0 activity, we
extrapolate the findings of these field studies to all tropical forest regions characterized by
severe or extreme drought according to a widely used drought index, tempering the index by
taking only those regions where the irdedicates these conditions on average over the
course of a whole yearThis gives a spatialkgxplicit timeseries of post drougfite tree
mortality conditions. The unrecoverable vegetative C losses from that mortality are
calculated on the basis die relative timescales of fire return and vegetative recovery, as
detailed below.

For this annual estimate we do not consider belowground mortality losses, which are not
estimated in the literature for this type of disturbance event. To getethBFT total
aboveground fraction of biomass allocatidnC{f"), we extract annual gridded biomass
allocation terms and sum them over the total biomass allocated to all vegetation C pools for
each PFT AV CYET). The approximate total above anelow-ground vegetative biomass C

of tropical PFTs for each gridcell and year is obtained by weighting total vegetation C per
pixel (VCifsy 'a NORPFT specific variable) by the fractional vegetation coverage of that
pixel by that PFT!( ! !,,) and the relative NPP of that pixéd/RP5/”) versus that of the

pixel mean NPPNPP.; ). Multiplying this by (fVCIET) gives an estimate of the total
aboveground annual biomass of the two tropical PFTs per pixel:

VCEFT = [VCRT, + fPFTpy » (NPPRLT /NPP,,, )] * fVChET (8)
Annual aboveground biomass maps are then filtered to mask out pixels where fire is absent in
a given year.The resulting gridde¥C;/" dataset is then used to estimate the proportion of
tropical vegetation affected by fire by multiplying the probability that a fire in a given pixel
comes from a given PFT by the burned fraction of that FiBButnp;,):
Fir'# 5T = vChET « p(Fire)py »!"#$ | 1y 9)

To capture only those areas that may have experienced drought and hence drought induced
fire mortality, we employ the standardised precipitation index {&m¥hichderives a generic



wet-dry index for any location by fixing a gamma probability density function to a timeseries
of precipitation for a given location (in this case a given pixel containing a tropical forest
PFT). To calculate the SPI for all grid cellseothe timeseries of the study simulation, we
use a praxisting SPI function available in the NCAR Command Language (NCLJhe

SPI defines different thresholds for wet and dry conditions according to a continuous positive
and negative scale, in which all SPI values under 8F<are indicate of a location
experiencing severe to extreme drought. Averaging the SPI annually, we mask out pixels in
the dataseFireVCiET which do not satisfy the SPLk5 condition We then assume that
total postfire mortality loss is approximatefrom the mean literature value e24.8%
(+6.9%Y" and define this fraction as the total@®s. However, since this biomass loss should

be recoverable by the biosphere if BRI<FRI, only those pixels in which BRI>FRI are
consideredime-integrated losses, and only by the fraction given by the ratio of the two. To
this loss is added the vegetative cardenived CQ emissions in the original drought
induced fire which is likewise reduced by the (BRI:FRI) ratio. Thus:

where SPI < —1.5 and BRI > FRI:
_ . BRI
VCiore = (FireVChg"  0.248) + Epcor) * (PP /pp I |
(10)

For the!" ., presented in the maps, figures and balance calculations, the total loss over the
mortality period is calculated instantaneously for a given year, then spread into discrete
annual loss terms over the cumulative period of dieback (see Supplementary ThxiteS6)

that online tree mortality calculations made by ORCHIBEHTFIRE owing to crown and
cambial scorching (Fig. S1) are excluded from the calculation of this metric as their time
frame (quasinstantaneous) is inconsistent with the phenomena measwted@orted in the
literature on which th&C,,,. term is based: drought induced fire leading to persistent,
widespread and nesaturating dieback over several decades owing to a variety of fire and
drought related physiological weaknesses. Likewisstantaneoustilled biomass is a
small fraction of the cumulative biomass loss instigated by drandhted fires in tropical
forests, according to the literature cited. Nevertheless, this quantity is in principle accounted

for in the current iteradn of " 4;,,;.

Soil carbon loss in areas with high frequency fire.S(OCi..#$%%;

These losses are based on a recent empirical*étadijch found that large topsoil SOC
losses are apparent across multiple sites globally in areas with high fire frequencyO, defined
therein as anywhere with roughly 4.3 times the mean fire frequency goven vegetation

type, with losses of 27% and 21% accruing in areas of broadleaf and grassland vegetation.
Here, and for each PFT defined as broadleaf forest and grassland, we approximate this loss
spatially first by isolating those pixels which haae FRI! 4.3x that of the global average of

that PFT (the threshold identified in réf). To account for the fact that the model simulation

is transient and hence in the early yeafssimulation the topsoil carbon stocks will be
unrealistically low, we only analys&0Cy,..q4 for the last 30 years of simulation (1981
2010). The loss over the top 19cm of the soil column, based on the litedatived soil loss
parameters (2% + 18% for broadleaf, 21% + 12% for grasslghdis estimated for the
relevant pixels during 1982010. Although SOC losses are not fully saturating in the
Pellegrini et al. studythey are close enough that we assume that they represent total SOC
losses due to high frequency fires. Our estimate is limited because the loss term is predicated
on the last 30 years of simulation, whereas FRI is based on the temporal range of the



simulation (110yrs; see above). Thus, once annualised(thg.,gs estimate is constant
over the whole simulation.

PyC export losses within the inland water network'SOCi.;go. )

A recent study has provided the first credible estimate to show that ~18 Tg of PyC in
dissolved phase (PROC) flushes out of the global terrestrial landmass into the inland
aquatic network annuaﬁ% while estimates of similar particulate PyC {P®C) agatic
export are thought to total ~25 TgCyf. Here, we use ORCHIDERICT to construct the

first gridded, PFIspecific andspatietemporally dynamic estimate of outflux.Jones et al.
(2020) estimated that boreal, tropical (£BQS) and temperate regions export 3t80(6),

12.4 ¢ 4.9) and 1.8 £0.8) Tg PyDOC yr?, respectively, providing observational constraints
on thetotal export of PyDOC for latitude bins(}; DOCy ).

To integrate). DO! .+ with model outputve estimate the contribution of each PFT to global
PyC slow and PyC passive pool distributions and in doing so estimate the relative proportion
of totd DOC outflow originating from fires from each of these vegetation sources
(X DOCERRY. The relative global distribution of PyC produced are extracted from simulated
global PyC soil pools in 1920, to approach historical distributions of Py@Quption. The
fraction of total PyC per PFT and per PySOC pg@PyCl2el)) is calculated globally. The
PFTs in! (PyCheel) are then split into boreal, temperate and tropical categoriesthaird
fractional contribution to PyCf@ach bin to PyGow/PYyCeassiveis calculated {(PyCprr)552%).

C3 grasses incorporate temperate grasslands and tundra, so are split between by
[temperate:boreal] surface area at580 (¥66%) and 5090° N/S (~34%). Total mean
absolute DOC flux (TgC ¥% per pool and PFTYDOCEYis given by the following
equation (Table S1):

ZDOCS%I = f(Pngg‘%l * f(PyCPFT)g‘i):l)l * ), DOCpg;, (11)

We assume that PROC export occurs proportionally to BOC export based on their
literaturereported global export rates, such that totalP®C+DOC export occurs at a rate
2.39 ( = (18+25)/25) times that of }OC. The total PASOC that is hydrologically
mobilized from eah soil pool Hyd. PyCE22!) is thus given by:

YI"# Pychosl =y Dochost «2.388 (12)

The global export quantities are then distributed spatially over the globe in proportion to soil
PyC stocks. by a weighting $&d on the pepixel fraction of the summed peool vertical
PyC profile that is constituted by that piXOIUTE o2 b zer):

om Pool

OUTH38pier = T DO! figt /(Gim i) (13)

3m PYCglobe

This generates gridded estimates for mean annualspédific DOC+POC export that are
constrained by the global latitudgecific estimates reported in ré})( Interannuabariability
Is implemented by allowing export to vary for each pixel by up 25% of the central value for
each pixel in a manner that scales with deviation of annual precipitation from the median of
the simulation period. Uncertainty is calculated by adjgsthe DOC outflow values
(Y. DOCjg;,,) within the uncertainty ranges reportedir).(



Estimating Modelled Flame Temperature and Fire Radiative Power

Approximate flame temperatures for each fire event are calculated online within the
ORCHIDEESPITFIREcode. There, the reaction intensity (see Eq. 9 ifi yeife. themean
energy release rate per unit area of fire front (KImin™), which is a measure of flame
power, is converted to temperature using the classical Boltzmann equation:

Q=CExkxTf (14)

where Q is flame poweg the emissivity of the aobusting material (here assumed 0.9 for
wood), k the Boltzmann constant and flame temperature (K). The equation is solved for
temperature and converted to Celsius. Given that this is the first time to our knowledge that
wildfire flame temperatures ardirectly estimatedby an earth system model, which are
likewise not, to our knowledge, currently estimated by satellite products, we evaluate the
flame temperature estimates simulated here by converting them to fire radiative power (FRP),
a metric commoryi employed by remote sensing practitioners for assessing fire intensity. For
this purpose, weedeploythe equation proposed and employed by 7&t&respectively, for
returning FRP from MODIS satellite data to account for variations in pixel size:

FRP = A; =B » (T3 — T}) (15)

Where FRP (MWssis fire radiative powel4, is the nominal pixel area evaluated at scan or
sample numberg is a coefficient relevant to the MODIS spectral response, whigend T,

are the temperature of the fire pixel and a Orepresentativei@htnrouring background pixel
without fire, respectively. For our purposes, we convert each pixel fp retain the beta
coefficient, and use the calculated flame temperatur®TT; and the input climatological
data for T, respectively. These are dissed in the Supplement.

Back-envelope estimation of PyC Bulk Mean Residence Time

The backenvelope estimates of minimum PyC MRT are made on the basis of a mix of
existing stock and flow estimates, as well as the estimated maximum mineralisation rate
found in this study. This is calculated using the maximum PyC mineralisation rate
(Epyc (PgCyr~1)!, the estimated fraction of PyC in global SOP¥Cs), the estimated
annual mineralisation of bulk SOC ¢ (PgC yf')) and theestimated bulk mean MRT of
SOC globally ¥RTsqc, (yrs.)). PyC MRT MRTp,, (yrs.)) is estimated by:

.
MRTyy = (fPyCsoc/ (g

ZZ)) * MRTsoc (16)

For the central estimate, we use the central value of the re&dud here and central values
for the above variables found in the literature such fitatCso=13.7%", E5,-=70 PgCyt
Y282 andMRTs,-=50 yrs°. For the range reported in the main text we varied the
calculation by the calculated range bktresiual and by the range ¢PyCs,c in global
grassland soils reported in rféfand summarised in Table S8.

Code Availability:

The source code forthis version of ORCHIDEBMICT is available wa



https://forge.ipsl.jussieu.fr/orchidee/wiki/GroupActivities/CodeAvalaibilityPublication/ORC
HIDEE_Biochar (DOI: https://doi.org/10.14768/054193d&b04a5%bd11-3812e8f12309
Bowring, 2021). Please follow the online instructions for accessing theweddeiggest that
interested parties contact the corresponding author for latest code versions containing bug
fixes, improvements or cleaner code.

This software is governed by the CeCILL licence under French law and abiding by the rules
of distribution of fre software. You can use, modify, and/or redistribute the software under
the terms of the CeCILL licence as circulated by CEA, CNRS, and INRIA at the following
URL: http://www.cecill.info(last access: 2Rovember 20211

Data Availability

The data for Figure reconstruction in addition to data for tropical post drotegyimortality

and pyrogenic production and aquatic export are available online as figure source data and
supplementary information, respeely, and are also deposited ithe Zenodo digital
repository phttps://www.zenodo.ordDOl: https://doi.orgl0.5281/zenodo.57899} 2vhich is
managed by th&uropean Organization For Nuclear Resed@BRN) andOpenAIRE Due

to file size limitations weareunable to deposit primary data (model outmutine These are
archived on the Obelix clustend repositorymanaged by LSCE/IPSthat can be made
available upon request by contacting the corresponding author.
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