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Introduction

This document provides further information on the specific model versions and imple-

mentations used in this study (section S1, Figures S1-S5), and specifies which simulated

pools were associated to which measured soil fraction (section S2, Table S1). It also ex-

plains how we re-implemented non-isotopic models with 14C (section S3), and why the

14C implementation of SOMic and the newest version of MIMICS are incorrect (section

S4, Figures S6-S7). Section S5 gives some more details on Millennial’s turnover times. Fi-

nally, Figures S8-S12 at the end of this document show plots of model predictions against

observations for each model.
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S1. Further information on model versions and implementations

The source codes of all the selected model versions are openly available. By having

direct access to the code with which the model developers produced their results, we can

be more confident that we test an implementation of the models as intended by their

respective authors.

Our final implementations of the Millennial, CORPSE, and MIMICS models are

available as python modules on our GitHub repository https://github.com/asb219/

evaluate-SOC-models. Our slightly modified implementation of the MEND model in

https://github.com/asb219/MEND is added to our repository as a git submodule. Fi-

nally, we installed the SOMic model’s R package directly from our forked https://

github.com/asb219/somic1 GitHub repository.

S1.1. Millennial

We use Millennial V2 with Michaelis-Menten kinetics as described in Abramoff et al.

(2022). We re-implemented the model with 14C in Python based on the original R code in

the https://github.com/rabramoff/Millennial repository under the tag “v2” (commit

e95bca9 from September 2021). We used the model equations from file R/models/derivs

_V2_MM.R in the repository and ran the model with the fitted parameter values from the file

Fortran/MillennialV2/simulationv2/soilpara_in_fit.txt in the repository. The

initial condition for both carbon and 14C stocks is found by first solving for a pre-industrial

steady state, similarly to the model tutorial R/simulation/model_tutorial.Rmd in the

repository, and then running the model from steady state for 200 years using time-varying

pre-industrial forcing data featuring a seasonal cycle. The final state of that spinup is
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then used as the initial condition for the final run of the model over the 1850-2014 period.

The model runs with daily time steps, and though the model tutorial uses the 4th order

Runge-Kutta integration method, we integrate the equations simply with the forward

Euler method, which is stable and precise enough with daily time steps.

S1.2. CORPSE

The CORPSE model was originally described in Sulman, Phillips, Oishi, Shevliakova,

and Pacala (2014). There are currently at least six publicly available versions of CORPSE.

Since we are mostly interested in carbon dynamics, the lead developer Benjamin Sulman

recommended we use the most up-to-date carbon-only implementation in https://github

.com/bsulman/CORPSE-fire-response (latest commit at time of writing: 19ee2c7 from

February 2021). We reimplemented CORPSE with 14C based on the equations in file

CORPSE_array.py and using the parameter values from file Whitman_sims.py in that

repository. However, the equation for the clay-related rate modifying factor is taken from

file code/CORPSE_integrate.py in repository https://github.com/bsulman/CORPSE-N,

since the model seems to be working more reliably with that version of the equation. Like

in Millennial, the initial condition is found by solving for a pre-industrial steady state and

spinning up for 200 years from that steady state. If the solver is unable to find a steady

state, the model is spun up for 4000 years. The model runs with daily time steps and

uses the forward Euler integration method.

S1.3. SOMic

We use version 1.0 of the SOMic model as described in (Woolf & Lehmann, 2019).

The original code is available on the GitHub repository https://github.com/domwoolf/
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somic1 (hash of latest commit at time of writing: be34e56 from June 2019). However,

we forked the repository to https://github.com/asb219/somic1 in order to fix a minor

issue in its 14C implementation (see reason in section S4.1), and used the version released

under the tag “v1.1-asb219” to produce our results. We spin up the model for 5000 years

to get the initial carbon and 14C stocks. The model runs with monthly time steps and

uses the forward Euler integration method.

S1.4. MEND

We use the latest version of the default MEND model with carbon-nitrogen coupling as

described in G. Wang et al. (2022). Our 14C re-implementation is based on the code from

commit 92323c7 (from February 2022) of the GitHub repository https://github.com/

wanggangsheng/MEND. We forked the repository from that commit to https://github

.com/asb219/MEND so we could adapt the model input and output to our purposes. We use

all the default model settings and the optimized parameter values provided in the Fortran

namelist file MEND_namelist.nml in the repository. The pre-industrial soil carbon and

nitrogen stocks are found by initializing the model with the default initial state from file

userio/inp/SOIL_ini.dat and spinning up for 400 year with pre-industrial forcing data.

The pre-industrial soil 14C levels are found by running the spun-up model for another 1000

years with pre-industrial forcing data. The model runs with hourly time steps and uses

the forward Euler integration method.

S1.5. MIMICS

We use the MIMICS-CN v1.0 model, as published in (Kyker-Snowman et al., 2020),

because the latest version of MIMICS (Y. Wang et al., 2021) did not correctly imple-
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ment 14C (see section SS4.2). The original R code of MIMICS-CN v1.0 is available on

https://zenodo.org/records/3534562. It already implements stable isotope tracers,

but no radioactive isotopes such as 14C, so we re-implemented the model with 14C in

python. Like for Millennial and CORPSE, we spin up for 200 years from the pre-industrial

steady-state solution. If no steady state can be found, we spin up for 4000 years. The

model runs with hourly time steps and uses the forward Euler integration method.

December 1, 2023, 8:23pm



: X - 7

S2. Correspondences between pools and measurable fractions

This section explains how we associate the simulated pools of each model with either

the POM (particulate organic matter) fraction or the MAOM (mineral-associated organic

matter) fraction. See Table S1 for a summary of the correspondences between the modeled

pools and the POM and MAOM fractions.

We assume that the POM fraction (corresponding to the “light fraction” resulting from

density fractionation) is composed of fragmented and partially processed plant litter which

is not stabilized in the soil matrix through mineral association. We assume that the

MAOM fraction (corresponding to the “heavy fraction” resulting from density fractiona-

tion) is composed of soil organic carbon which is enclosed in stable aggregates or strongly

adsorbed to minerals. Since the live microbial biomass and dissolved organic carbon gen-

erally represent a small fraction of soil organic carbon, we can neglect them, so we assume

they belong to neither POM nor MAOM.

S2.1. MEND

We assume that the POM fraction is composed of the POMO and POMH pools, and

that the MAOM fraction is composed of the MOM and QOM pools.

List of organic carbon pools in the MEND-new (2022) model by G. Wang et al. (2022)

(also see Figure S1):

• POMO and POMH (particulate organic matter decomposed by oxidative and hydrolytic

enzymes, respectively).

• MOM (mineral-associated organic matter).

• QOM: “active layer of MOM” which can exchange carbon with DOM through adsorption

and desorption (G. Wang et al., 2022).
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• DOM (dissolved organic matter).

• MBA and MBD (active and dormant microbial biomass, respectively).

• EPO, EPH, EM: various microbial exo-enzymes.

Note that the “Litter” pool in the MEND model diagram in Figure S1 is not explicitly

modeled as a pool, and therefore does not feature in the above list of organic carbon pools.

S2.2. Millennial

We assume that the measured MAOM fraction is the sum of the Aggregate C and

MAOM pools, and that the POM fraction is entirely composed of the POM pool.

List of organic carbon pools in Millennial v2 by Abramoff et al. (2022) (see also Figure

S2):

• POM (particulate organic carbon).

• Aggregate C: “stable microaggregates which remain after dispersion in the larger particle

size fraction (>50–60µm)” (Abramoff et al., 2022), so this corresponds to the coarse heavy

fraction.

• MAOM (mineral-associated organic carbon): consists of organic matter associated to

minerals through sorption (Abramoff et al., 2022).

• Microbial Biomass: live microbial biomass.

• LMWC (low molecular weight carbon): “LMWC could be analogous to dissolved organic

C (DOC) if there is enough moisture in the soil matrix, and if we do not consider DOC

molecules that are too large to be taken up by microbes” (Abramoff et al., 2022).
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S2.3. SOMic

The MAOM fraction is composed of the MAC pool, and the POM fraction is composed

of the SPM and IPM pools.

List of organic carbon pools in SOMic 1.0 by Woolf and Lehmann (2019) (also see

Figure S3):

• SPM and IPM (soluble and insoluble plant matter, respectively).

• MAC (mineral-associated carbon): “mineral-sorbed or -occluded SOC” (Woolf &

Lehmann, 2019).

• DOC (dissolved organic carbon).

• MB (microbial biomass).

S2.4. CORPSE

We associate the MAOM fraction with the SPCp, CPCp, and MNp pools, since they

represent mineral-adsorbed and micro-aggregated carbon (Moore et al., 2020). We asso-

ciate the POM fraction with the SPCu and CPCu pools, but not the microbial MNu pool,

because POM is mostly composed of unprotected plant-derived carbon.

List of organic carbon pools in the CORPSE-fire-response version of the CORPSE

model, first published in Sulman et al. (2014) and last updated in Moore et al. (2020) (see

also Figure S4):

• SPCu, CPCu, and MNu (Unprotected simple plant carbon, Unprotected complex plant

carbon, and Unprotected microbe necromass, respectively).

• SPCp, CPCp, and MNp (Protected simple plant carbon, Protected complex plant carbon,

and Protected microbe necromass): “protected organic matter is inaccessible to microbial
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decomposition through chemical sorption to mineral surfaces or occlusion within microag-

gregates” (Moore et al., 2020).

• LMB (live microbial biomass).

S2.5. MIMICS

According to Kyker-Snowman et al. (2020), the SOMc pool corresponds to the POM

fraction, and the SOMp pool corresponds to the MAOM fraction.

List of organic carbon pools in MIMICS-CN v1.0 by Kyker-Snowman et al. (2020) (see

also Figure S5):

• LITm and LITs (metabolic and structural litter, respectively): litter pools which are not

considered part of soil organic matter.

• SOMp (physicochemically protected soil organic matter): “is primarily composed of mi-

crobial products that are adsorbed onto mineral surfaces” and is “analogous to heavy

fraction or MAOM pools” (Kyker-Snowman et al., 2020).

• SOMc (chemically recalcitrant soil organic matter): “consists of decomposed or partially

decomposed litter” and is “analogous to light fraction or POM pools” (Kyker-Snowman et

al., 2020).

• SOMa (available soil organic matter): “the only SOM pool that is available for microbial

decomposition; it contains a mixture of fresh microbial residues, products that are des-

orbed from the SOMp pool (e.g., Jilling et al., 2018), as well as depolymerized organic

matter from the SOMc pool” (Kyker-Snowman et al., 2020). This pool is usually very

small and we associate it to neither POM nor MAOM.
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• MICr and MICK (“low-efficiency, r strategist” microbes and “high-efficiency, K strategist”

microbes, respectively): live microbial biomass pools.

Note that MIMICS-CN v1.0 also has a Dissolved Inorganic Nitrogen (DIN) pool, which

does not contain organic carbon.
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S3. Radiocarbon predictions with non-isotopic models

Among the new-generation models selected for this study, SOMic, MIMICS, and MEND

have already implemented 14C. However, the most recent and only open-source version

of MEND does not include 14C, and SOMic and MIMICS incorrectly implemented their

14C simulations (see section S4). Nevertheless, we can still produce 14C predictions with

non-isotopic models by individually tracking the carbon fluxes at every time step and

attaching a 14C signal to each flux. Since none of the models define an internal structure

for their pools, we will assume by default that the pools are well-mixed, which means

that the ∆14C of a pool’s outflux is equal to the pool’s ∆14C. This assumption is common

practice for 14C modeling in soils (Sierra et al., 2017).

We run all of the selected models using the forward Euler method to advance from one

time step to the next. The models either implicitly or explicitly produce the internal flux

matrix Φi at each time step i, where Φi
jk ≥ 0 is the flux of carbon from pool k into pool

j (with j ̸= k), and Φi
jj ≤ 0 is the total outflux of carbon out of pool j at time step

i. They also define the external influx vector I i such that I ij ≥ 0 is the influx of carbon

entering the modeled system through pool j at time step i. Matrix Φ contains all the

fluxes between the pools and out of the system, and vector I contains all the influxes of

carbon from outside the system into the modeled pools. We can therefore find the carbon

stocks Ci+1
j of pool j at time step i + 1 based on the Φi, I i, and Ci

j of the previous time

step i:

Ci+1
j = Ci

j + I ij +
∑
k

Φi
jk , (S1)
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where the summation of internal fluxes Φi
jk is performed over all donor pools k to get the

total internal carbon flux into pool j (when k ̸= j), subtracted by the flux out of pool j

(when k = j).

Assuming the pools are well-mixed, we can now produce 14C predictions by tagging

each flux Φjk with the 14C signal of pool k. We measure the 14C signal in terms of

the unitless “absolute Fraction Modern” (FMabs) as defined in Trumbore, Sierra, and

Hicks Pries (2016), such that FMabs = 1 + (∆14C/1000‰). The FMabs is proportional

to the 14C/12C ratio normalized to a δ13C of −25‰ (Trumbore et al., 2016), and is

thus proportional to the normalized ratio of 14C to total carbon (14C/C), considering the

negligible abundance of 14C compared to 12C and 13C. Therefore, if we know F i
j , the FMabs

of pool j at time step i, we can find F i+1
j at time step i + 1 with the following equation

(provided all the pools and the influx have comparable δ13C signals):

F i+1
j Ci+1

j = (1− λ)F i
jC

i
j + I ijF

i
influx +

∑
k

Φi
jkF

i
k , (S2)

where Ci+1
j is given by equation (S1), λ is the radioactive decay rate of 14C in units of

inverse time step size, and F i
influx is the FMabs of the external carbon influx at time step i

given by the forcing data. We can then recover the ∆14C at each time step i and for each

pool j with (F i
j − 1)× 1000‰.
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S4. Incorrect or inaccurate 14C implementations

S4.1. SOMic

The SOMic model (Woolf & Lehmann, 2019), as implemented on the GitHub reposi-

tory domwoolf/somic1 (commit be34e56 from June 2019), does not produce accurate 14C

predictions. Instead of working with the more typical ∆14C or absolute Fraction Mod-

ern (FMabs) units, this implementation tracks the 14C age, which we summarily define as

Age = − log (FMabs)λ
−1, where λ is the radioactive decay rate of 14C. This causes com-

plications when updating the 14C ages of the pools at each time step and when computing

the total 14C age of the soil from the 14C ages of the individual pools. Indeed, to find the

combined age AgeA+B of pools A and B, the implementation of SOMic takes a weighted

average over the ages, which is not entirely accurate:

AgeA+B =
CAAgeA + CBAgeB

CA + CB
, (S3)

where Agei and Ci are the 14C age and the carbon stocks, respectively, of pool i. This

weighted average formula is used to integrate the 14C ages of carbon fluxes into the pools

at each time step on lines 154-160, and to compute the 14C age of the total soil on line 210

of file src/SOMIC.cpp in the domwoolf/somic1 GitHub repository (commit be34e56).

In order to prove that equation (S3) is inaccurate, let us derive how to correctly add

the 14C ages of pools A and B. Let 14Ci denote the 14C stocks and Ci the total carbon

stocks of pool i. Then, by conservation of mass, we have

14CA+B = 14CA + 14CB and CA+B = CA + CB ⇒
14CA+B

CA+B
=

14CA + 14CB

CA + CB
. (S4)

December 1, 2023, 8:23pm



: X - 15

Since the FMabs is proportional to the 14C/C ratio (assuming pools A and B have a similar

13C content), the above is equivalent to

FA+B =
CAFA + CBFB

CA + CB
, (S5)

where Fi and Ci are the FMabs and carbon stocks, respectively, of pool i. It follows that

the combined 14C age of pools A and B is given by

AgeA+B = −λ−1 · log
(
CA exp (−λ · AgeA) + CB exp (−λ · AgeB)

CA + CB

)
. (S6)

Notice that equation (S3) is the first non-zero term of the above result’s Taylor expansion

around AgeA = 0, AgeB = 0. This means that equation (S3) works well for ages that are

close to zero, i.e. when the ∆14C is close to zero. However, it fails to accurately predict

the propagation of the bomb spike into the soil ecosystem in the latter half of the 20th

century, as shown in Figure S6. While the error induced by the incorrect implementation

exceeds 25‰ for the total soil ∆14C in the 1970s, the error in the 2000s and 2010s is only

around 10‰, which is relatively minor.

S4.2. MIMICS

The only MIMICS version already implemented with 14C is published in Y. Wang et

al. (2021), and the code is available at https://data.csiro.au/collection/csiro:

47942v1. However, this 14C implementation is incorrect (see Figure S7).

The time evolution of the carbon stocks in MIMICS is given by function f(C, t), which

depends on the carbon stocks vector C and time t. Function f is implemented as subrou-

tine modelx in the source file vsoilmic05f_ms25.f90. We can write function f in terms

of internal carbon transfer matrix A and carbon influx vector I:

dC/dt = f(C, t) = A(C, t)C + I(t) , (S7)
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where matrix A(C, t) is a function of carbon stocks C and time t, and vector I(t) is

time-dependent.

Then, following the same procedure which yielded equation (S2), we can derive the

equation governing the evolution of the 14C stocks (14C):

d14C/dt = −λ14C + A(C, t)14C + 14I(t) , (S8)

where λ is the radioactive decay rate of 14C, and 14I is the external influx of 14C.

However, in the 14C-implementation of MIMICS, the evolution of the 14C stocks is

predicted with

d14C/dt = −λ14C + f(14C, t) = −λ14C + A(14C, t)14C + 14I(t) . (S9)

The above equation is incorrect because A(14C, t) ̸= A(C, t).
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S5. Turnover times in the Millennial model

In Millennial version 2 (Abramoff et al., 2022), the POM, MAOM, and Aggregate C

pools exchange carbon with each other on the scale of a few months. The aggregate

formation rate of the POM pool is between 0.012/day and 0.026/day (kpa in Table A1 of

Abramoff et al., 2022), which translates to an average aggregation time of 1-3 months.

Meanwhile, the optimized rate of aggregate formation for the MAOM pool is between

0.0038/day and 0.0052/day (kma in Table A1 of Abramoff et al., 2022), giving MAOM an

average aggregation time of 6-8 months. The Aggregate C pool has a breakdown rate of

around 0.02/day (kb in Table A1 of Abramoff et al., 2022), so aggregates have a turnover

time of just 50 days. POM and MAOM exchange their carbon rapidly with the Aggregate

C pool, which then redistributes the carbon back to the POM and MAOM pools in less

than 2 months, on average. This means that the 14C signals of the POM, MAOM, and

Aggregate C pools get homogenized within a couple years.
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Table S1. Correspondences between simulated carbon pools and the POM fraction,

MAOM fraction, or other carbon reservoirs.

Model POM fraction MAOM fraction Other SOC pools Litter pools

MEND POMO, POMH MOM, QOM DOM, MBA, MBD, EPO, EPH, EM

Millennial POM MAOM, Aggregate C LMWC, Microbial Biomass

SOMic SPM, IPM MAC DOC, MB

CORPSE SPCu, CPCu SPCp, CPCp, MNp MNu, LMB

MIMICS SOMc SOMp SOMa, MICr, MICK LITm, LITs
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Figure S1. MEND-new (2022) model diagram from G. Wang et al. (2022)

Figure S2. Millennial V2 diagram from Abramoff et al. (2022)
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Figure S3. SOMic 1.0 diagram from Woolf and Lehmann (2019)

Figure S4. CORPSE diagram from Moore et al. (2020)
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Figure S5. MIMICS-CN v1.0 diagram from Kyker-Snowman et al. (2020)

Figure S6. Comparison of ∆14C predicted by SOMic with the correct and incorrect 14C

implementations. The atmospheric ∆14CO2 of the Northern Hemisphere (source: Graven

et al., 2017) is plotted for reference. SOMic pool names: SPM, soluble plant matter;

IPM, insoluble plant matter; DOC, dissolved organic carbon; MB, microbial biomass;

MAC, mineral-associated carbon; SOC, total soil organic carbon.
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Figure S7. ∆14C output of MIMICS (Y. Wang et al., 2021) with incorrect iso-

topic implementation. The atmospheric ∆14CO2 of the Northern Hemisphere (source:

Graven et al., 2017) is plotted for reference. MIMICS pool names: LITm, metabolic lit-

ter; LITs, structural litter; MICr, r-strategist microbes; MICK , K-strategist microbes;

SOMp, physically protected soil organic matter; SOMc, chemically protected soil organic

matter; SOMa, active soil organic matter.
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Figure S8. Predictions vs observations plots for the MEND model.
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Figure S9. Predictions vs observations plots for the Millennail model.
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Figure S10. Predictions vs observations plots for the SOMic model.
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Figure S11. Predictions vs observations plots for the CORPSE model.
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Figure S12. Predictions vs observations plots for the MIMICS model.
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