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Supplementary Methods 43 
1. Projection of soil carbon dynamics in response to climate change 44 

To test how metagenomics-informed functional diversity and environmental acclimation of microbial 45 
communities affect soil carbon dynamics in response to projected climate change in Panama, we built upon 46 
the modeled microbial dynamics and soil condition in 2014 and further performed simulations over the 47 
period of 2015-2100 with CoMENDL, CoMENDM, CoMENDH, and CoMENDHD, respectively. Each model 48 
was driven by simulated daily soil moisture and soil temperature, litter input and plant P rates from the 49 
CESM large ensemble projection under the RCP8.5 scenarios. The CESM-projected climate forcing 50 
indicated that the mean annual soil temperature increased to 2.6 °C by the year 2100, while soil moisture 51 
has no significant trend over the 2015-2100 in Panama1. To test how this warming trend will affect the 52 
projected soil carbon dynamics by different versions of CoMEND, we performed two simulations by each 53 
model. The Simulation I was driven by the detrended soil temperature and soil moisture projected by the 54 
climate model. The Simulation II was driven by the projected soil temperature and detrended soil moisture 55 
data. Then the difference in the simulated SOM between the Simulation II and the Simulation I was defined 56 
as the effect of warming on projected soil carbon dynamics. 57 

 58 
2. SOM analysis with Electrospray Ionization Fourier Transformed Ion Cyclotron Resonance Mass 59 

Spectrometry (ESI-FTICR MS) 60 
We performed ESI-FTICR MS analysis to analyze the relative abundance of SOM compounds 61 

(lignin-like, carbohydrate-like, etc.) in the control and P-fertilized plots, as described previously2,3. Briefly, 62 
1g bulk soil samples were sequentially extracted using three solvents with decreasing polarity (water-63 
methanol-chloroform). The high-resolution mass spectra of the SOM in the extracts were collected in the 64 
negative ion mode on a 12 Tesla Bruker SolariX FGICR spectrometer. ESI-FTICR MS data were acquired 65 
for the mass to charge ratio (m/z) in the range of 112 to 1333 with an ion accumulation time of 0.1 s. One 66 
hundred forty-four scans were averaged for each sample and internally calibrated using OM homologous 67 
series separated by 14 Da (–CH2 groups). Molecular formulae were assigned based on the following 68 
criteria: S/N >7, and mass measurement error <1 ppm, taking into consideration the presence of C, H, O, N, 69 
S and P and excluding other elements. Peaks with large mass ratios (m/z values >500 Da) were assigned 70 
formulae through propagation of CH2, O, and H2 homologous series. The fractions of different biochemical 71 
classes of compounds (lignin-like, carbohydrate-like, etc.) were calculated based on their hydrogen-to-72 
carbon and oxygen-to-carbon atomic ratios, as described previously4. This ESI-FTICR MS measurement 73 
together with reported soil organic matter and inorganic N and P components at Panama site 5-7 were used 74 
to inform enzyme available SOM compounds. Integrating this information with omics-informed soil 75 
enzyme information allowed us to identify existing SOM decomposition pathways in Panamanian soils 76 
(Fig. S1-S3).  77 
 78 
3. A summary of the equations in the CoMEND model 79 

There are 15 microbial-activated SOM (ASOM), 15 mineral-protected SOM (MSOM), and 15 80 
adsorbed SOM (QSOM) pools in the CoMEND model (Supplementary Equations). The decomposition of 81 
each ASOM pool is catalyzed by the corresponding enzyme functional class (EFC) described by the 82 
Michaelis-Menten equation (Eqs. S1-S3). The dynamic adsorption of each ASOM pool to the 83 
corresponding QSOM pool is simulated as a function of the pool size of ASOM and mineral surface 84 
coverage defined as the ratio of actual adsorbed ASOM content to the maximum adsorption capacity 85 
(Qmax) of each QSOM pool (Eqs. S4-S7). The desorption of each QSOM pool to the corresponding 86 
ASOM pool is only controlled by the mineral surface coverage (Eqs. S8-S11). The mutual conversion 87 
between QSOM and MSOM pools follows the same equation as that used for simulating the mutual 88 
conversion between ASOM and QSOM pools, but with a lower desorption rate and larger maximum 89 
adsorption capacity (Eqs. S12-S19).  90 

The original MEND model lacked a P cycle process. We incorporated inorganic P conversion 91 
processes into the CoMEND model following the Community Land Model (CLM)-CNP8,9. There are five 92 
inorganic P (IP) pools in the CoMEND model: dissolved IP (DIP), labile IP (QIP), secondary mineral IP 93 
(SIP), parent material P (PIP), and occluded IP (OIP). The rate of PIP weathering, SIP occlusion and 94 
desorption and DIP adsorption are simulated through the first-order rate processes (Eqs. S20-S23). Instead 95 
of using the first order rate equation as in the MEND model and the CLM-CNP model, we applied the 96 
Michaelis-Menten equation to simulate the enzyme-mediated DIP immobilization, monomer biochemical P 97 
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mineralization and biological P mineralization, biological N-mineralization, and other inorganic N 98 
transformation processes (e.g., nitrification, denitrification and microbial N assimilation etc.) (Eqs. S24-99 
S31). The microbial growth and maintenance, dormancy and mortality and enzyme synthesis and 100 
deactivation are simulated following the MEND model (Eqs. S32-S40). The dynamics of each SOM pool 101 
and inorganic N and inorganic P pool are listed in Supplementary Equations (Eqs. S41-S92). 102 

 103 
4. Parameterization of the dynamic EFC allocation scheme for resource acquisition 104 
A metagenomics-informed dynamic EFC allocation scheme was developed to parameterize adaptive 105 
microbial responses to environmental perturbation. This scheme assumes that the allocation of microbially-106 
synthesized enzymes to each EFC varies with the availability of C, nutrients and soil water in order to 107 
maximize the acquisition of limiting resources and minimize energy consumption and osmotic stress. The 108 
limitation factors for C, N, P, and soil water (𝐿! , 𝐿", 	𝐿#, 𝐿$) are calculated as follows 109 

⎩
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⎪
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Eq. S112 110 

where 𝐶𝑁)*	is the microbial C/N ratio at the current time step. 𝐶𝑁)*#$% , 𝐶𝑁)*&'( and 𝐶𝑁)*&#) are the 111 
averaged, minimum and maximum microbial C/N ratio, respectively. 𝐶𝑃)* is the microbial C/P ratio at the 112 
current time step. 𝐶𝑃)*#$% , 𝐶𝑃)*&'( and 𝐶𝑃)*&#)  are the averaged, minimum, and maximum microbial 113 
C/P ratio, respectively. The water limitation factor is the same as the soil water response function for 114 
microbial mortality rate (Eq. S107). The exponent 𝑏 describes the steepness of the water limitation factor 115 
curve, and 𝜓+ is the critical soil water potential parameter depending on the osmolyte synthesis strategy10. 116 
Thus, 𝐿$ reflects drying-induced matric stress and osmotic stress11. The values of 𝐿! , 𝐿", 𝐿# and 𝐿$ varied 117 
from 0 to 1. The closer the values are to 1, the stronger the limitation of C, N, P, and soil water.  118 
The CoMEND model assigns microbially synthesized enzymes to 22 EFCs (𝑓!' ,	𝑓", , 𝑓#-) and other non-119 
defined functional enzymes (𝑓,) as follows.  120 

𝑓!' = C

∑./.'(0/01/(01011(02012
2./(0.1.(0/1/(0111(0212
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./.'(0.01.
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                      Eq. S113 121 

 122 
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 124 
𝑓#- =

∑./1-(05811(02712
2./(0.1.(0/1/(0111(0212

𝛼#-,
𝑘 = 𝑒𝑥𝑜1, 𝑜𝑙𝑖𝑔𝑜1, 𝑒𝑥𝑜2, 𝑜𝑙𝑖𝑔𝑜2,
	𝑚𝑜𝑛𝑜1,𝑚𝑜𝑛𝑜2,𝑚𝑜𝑛𝑜3, 𝑖𝑛𝑃                Eq. S115 125 

 126 
𝑓, = max	(0.0, (1.0 − ∑𝑓!' −∑𝑓", −∑𝑓#-))                Eq. S116 127 
Here the values of 𝑤! , 𝑤" 𝑤# and 𝑤$ represent the sensitivity of overall enzyme allocation to limitation of 128 
C, N, P, and soil water, respectively. The 𝑤!5 	(𝑖 = 1,2),	𝑤"6 	(𝑗 = 1,2,3) and 𝑤#7	(𝑘 = 1,2,3,4) , 𝑤08	(𝑙 =129 
1,2, 3)and represent the sensitivity of specific EFC allocation to the limitation of C, N, P, and soil water, 130 
where 𝑤! = ∑𝑤!5, 𝑤" = ∑𝑤"6, 𝑤# = ∑𝑤#7, and 𝑤0 = ∑𝑤08. Here 𝑤!5, 𝑤"6, 𝑤#7 and 𝑤08 depend on 131 
metagenomics-informed tradeoffs between enzyme allocation and energy investment, and osmolyte 132 
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synthesis and can be validated by integrated effect size of each EFC in response to nutrient and water 133 
stresses.  134 
To maximize nutrient acquisition and minimize energy consumption, the microbial community prefers to 135 
allocate more synthesized enzymes to EFCs for lignin decomposition under the C-limited condition (Eq. 136 
S113), to EFCs for N-containing SOM decomposition and inorganic N transformation under the N-limited 137 
condition (Eq. S114) and to EFCs for P-containing SOM decomposition under the P-limited condition (Eq. 138 
S115). Also, the microbial community allocates enzymes to EFCs for decomposing complex carbohydrates 139 
and N-containing SOM (e.g., large polymers of proteins) under P-limited conditions (Eqs. S113-114) and 140 
to EFCs for decomposing complex carbohydrates under N-limited condition (Eq. S114). When a resource 141 
can be acquired from multiple substrates, the total enzyme allocation for acquiring this resource is weighted 142 
by the corresponding EFC allocation weighting factors (𝛼!', 𝛼", , 𝛼#-) to calculate the EFC-specific 143 

allocation factor. The 𝛼!', 𝛼", and 𝛼#-are expressed as the form of  
9:;<.

(>&;<. ?;<.@0)⁄

∑ 9:;<.
(>&;<. ?;<.@0)⁄

 , where 𝑉𝑑9:!and  144 

𝐾𝑚9:! are the maximum specific decomposition rate and half-saturation constant for the EFC, 𝐸9:!, while 145 
𝑆9& is the pool size of SOM that the 𝐸; catalyzes. The m denotes lignocellulose-containing SOM i, N-146 
containing SOM j, and P-containing SOM k, respectively. The larger the values of 𝑉𝑑9& 	𝑎𝑛𝑑	𝑆9&, the 147 
more sensitive 𝐸; is to resource limitation.  148 
Our metagenomics analyses at the Panama site did not have sufficient information for an examination of 149 
the response of enzyme allocation to soil water limitation. However, a metagenomic analysis in similar 150 
tropical forest soils in Puerto Rico found that microbial communities increased extracellular enzyme 151 
production for macromolecular SOM decomposition to satisfy increased C demand under water-limited 152 
conditions12,13. This tradeoff between enzyme allocation and water deficiency is represented by the 𝐿$ 153 
parameter-related part in Eqs. 1-3. The closer the 𝐿$ is to 1 (stronger water limitation), the more the 154 
enzyme allocation is to EFCs for macromolecular SOM decomposition.  155 
This tradeoff between dynamic EFC allocation and water stress will in turn mitigate the microbial 156 
dormancy and mortality. This feedback is parameterized by adjusting critical soil water potential 157 
parameters (𝜓<=+ and 𝜓+) in Eqs. S109 and S107. The values of 𝜓<=+ and 𝜓+ indicate the soil water 158 
potential at which the dormancy or mortality rate is half the maximum dormancy or mortality rate, 159 
respectively. Therefore, the more EFCs for macromolecular SOM decomposition, the smaller the 𝐿> value 160 
is, the larger the absolute value of 𝜓<=+ and 𝜓+, and the smaller the microbial dormancy and mortality rate 161 
(Eq. S109 and Eq. S107 in Table S2). 162 
5. Kinetic parameters in the CoMEND model   163 

We collected the reported kinetics parameters and corresponding experimental conditions (e.g., origin, 164 
substrate, product, temperature, and pH, enzyme strain etc.) for each enzyme classification (EC) number in 165 
each EFC from the BRENDA biochemical database14. The final dataset contained around 4900 166 
observations for 118 EC numbers in all EFCs. The parameters in the response functions of temperature and 167 
pH (Eqs. S100-S101) are activation energy (Ea), the optimal pH (pHopt), and the sensitivity of the reaction 168 
rate to deviation from pHopt (pHsen). They were estimated with curve fitting of temperature and pH response 169 
data, if reported. We estimated the maximum specific reaction rate (Vd) and half-saturation constant (Ks) 170 
for each EC number at 20°C and optimum pH using Eq. S97. We considered difference in kinetics of each 171 
EC numbers among diverse isoenzymes by collecting data from diverse microbial source (e.g. enzymes 172 
from bacteria, fungi or archaea), habitats (soils, water, or lab), and the type of enzyme (wildtype or mutant). 173 
Here we only used kinetic parameters estimated for wildtype enzymes from bacteria with metagenomics-174 
based taxonomic distribution analyses, which indicated high abundances of bacteria in our research soils2. 175 
We estimated the mean and standard deviation values of a kinetic parameter of each EC number based on 176 
these collected data. Finally, we calculated the weighted mean and the weighted standard deviation of a 177 
kinetic parameter of all EC numbers within each EFC to present the EFC-specific kinetic parameter and its 178 
variability (SI Data S4). The weighted factor was the relative gene abundance of each EC number within an 179 
EFC (SI Data S2). As enzyme composition is different within each EFC defined in CoMENDHD, 180 
CoMENDH, CoMENDM, and CoMENDL (SI Data S2), estimated kinetic parameters of the EFC varies with 181 
represented functional diversity of microbial communities (SI Table S4). 182 

 183 
6. Site-specific parameter optimization in the CoMEND model 184 
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We optimized the site-specific model parameters through the SCE (Shuffled Complex Evolution) 185 
algorithm15,16. This parameter optimization aims to minimize the total objective function (J), estimated as 186 
the weighted average of multiple single-objectives. 187 

𝐽 = ∑ 𝑤5;
5?2 × 𝐽5,         Eq. S117 188 

∑ 𝑤5;
5?2 = 1.0,		with 𝑤5 ∈ (0,1),      Eq. S118 189 

Here 𝑤5 is the weighting factor for 𝐽5 and m is the number of objective functions. Each single 190 
objective 𝐽5 is defined as (1-R2), where R2 is the Coefficient of Determination between the observed and 191 
modeled data. The higher the R2 value is, the better the model performance is. To avoid over-fitting and 192 
make sure the tested differences among CoMENDL, CoMENDM, CoMENDH and CoMENDHD result from 193 
model structure differences rather than model parameters optimization, we only calibrated these site-194 
specific parameters for CoMENDHD and applied them in the other version of CoMEND. 195 

We optimized the CoMENDHD parameters in two steps. In the first step, we assumed that the 196 
synthesized enzymes allocated to the 22 EFCs had no change in response to resource availability. We 197 
calibrated the parameters related to microbial growth, dormancy and mortality, inorganic P conversion and 198 
SOM adsorption/desorption (SI Data S5) with five single objectives (m=5): 𝐽2for microbial biomass carbon, 199 
𝐽= for microbial C/P ratio, 𝐽@ for incubation CO2 fluxes, 𝐽A for soil organic carbon, 𝐽B for the SOM C/P 200 
ratios. In the second step, the values obtained in the first step were used to calibrate the parameters for the 201 
optimal enzyme allocation strategy (SI Data S5) with five single-objectives as above (𝐽2, 𝐽=, 𝐽@, 𝐽A, 𝐽B) and an 202 
extra single objective 𝐽C for enzyme allocation to EFC in response to P-fertilization. Here the data for 203 
optimizing dynamic enzyme allocation parameters were the combined effect size for all gene-coding 204 
enzymes in each EFC. The combined effect size of each EFC was estimated based on metagenomics-205 
informed gene abundance data. The data for optimizing other parameters were microbial biomass carbon, 206 
microbial C/P ratio, soil carbon stock, and the SOM C/P ratios over the year 2006-2007 and five days of 207 
incubated CO2 emissions from 2014 year of soil samples in the P-fertilized plots17.   208 

 209 
7. Initialization of soil pools in the CoMEND model 210 

Soil measurements were not available at the beginning of the fertilization experiment in the year 211 
1998. We used soil data collected from the control plot on November, 200617 to approximate the soil 212 
physical and chemical properties before the fertilization experiments in both the control plots and the P-213 
fertilization plots. Collected soil data included soil texture, soil pH, soil total C, N and P content, microbial 214 
C, C/N and C/P ratio, DOC content, DOM C/N and C/P ratio, and inorganic N and P content (SI Data S7).  215 

The partitioning of total C and N between all ASOMs and MSOMs was based on reported ratio of 216 
particulate organic C (or N) to mineral organic C (or N) at the Panama site7. The partitioning of total P 217 
between total ASOM, total MSOM, QMOM, and five inorganic P pools was based on the Hedley 218 
fractionation analysis at the Panama site6,18. The N and P content of each ASOM were estimated based on 219 
the reported soil chemical composition of organic N (e.g. protein, N components in cell walls, etc.) and 220 
organic P (e.g. phytate, nucleic acids, monomer P, etc.) with a chemolytic and hydrolysis approaches5,19. 221 
We assumed that inositol P existed in the residue form (AROM7), whereas nucleic acids, phospholipids and 222 
60% of organic N existed in the oligopolymer form (AOOM5 and AOOM6) due to their rapid hydrolysis. 223 
The C content of each N-containing and P-containing ASOM was calculated by multiplying N and P 224 
content of ASOM with its C/N and C/P ratio (SI Table S3). The C content of each lignocellulose-225 
containing ASOM (carbohydrate-related pool and lignin-related pool) was estimated based on reported 226 
lignin ratio of lignocellulose20. The fraction of each ASOM to total ASOMs was finally defined as the C 227 
content of the corresponding ASOM to total C in all ASOMs. We assumed the chemical composition of 228 
organic N and P in the mineral-protected SOM was similar to that in the microbial-activated SOM and then 229 
estimated the fraction of each MSOM to total MSOM following the method described above.  230 

 231 
8. Input data for the CoMEND model 232 
 233 

Hourly soil temperature at 10 cm depth over the 2000-2011 growing season and hourly air 234 
temperature at 1m height over the year 1998-2014 were measured at the nearby Lutz monitoring station 235 
(9.17oN, 79.73oW). This site is similar to our study site in forest covers and soil textures. We used the soil 236 
and air temperature measurements from the overlapping period to develop a regression relationship. This 237 
relationship was then used to generate a continuous time series of soil temperature from the observed air 238 
temperature for input to CoMEND. Hourly soil moisture was estimated by linearly interpolating weekly 239 
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soil moisture data at 10cm soil depth, which were collected at the study site for the 2006-2007 growing 240 
season17 and the Lutz Watershed monitoring station for the rest of simulation period21. Monthly leaf litter, 241 
woody litter, product litter, and dust litter as well as litter nutrients ratios over the year 1998-2014 for the P-242 
fertilized plots and control plots were collected from litter trap experiments22,23. The litter chemical 243 
components, e.g., fraction of lignin, carbohydrates, protein, nucleic acids, phospholipids and phytate, were 244 
attained from a previous study24. Monthly plant P uptake was calculated by interpolating yearly plant P 245 
uptake based on monthly net primary productivity (NPP). Here yearly plant P uptake was estimated by 246 
producing a P uptake rate on a dry weight basis for two forest species at the Panama site25 with annual 247 
NPP, which was calculated as the sum of wood and leaves litter production23. 248 
  249 
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Supplementary Equations: Components fluxes and dynamics of SOM pools in the CoMEND model.   250 
 251 
1. Decomposition of 𝐴𝑅𝑂𝑀5 (𝐷<DE!') 252 

𝐷<DE!' =
𝑽𝒅𝑬𝑨𝑹𝑶𝑴𝒊

×!;IJK!'
×<DE!'

𝑲𝒔𝑬𝑨𝑹𝑶𝑴𝒊
(<DE!'

       Eq. S1 253 
𝐸<DE)' denotes Cendo1, Cendo2, Nendo1, Nendo2, Pexo1, Pexo2 and Pmono1 for i=1,2,3,4,5,6,7, respectively, 254 
𝐴𝑅𝑂𝐶5 and 𝐶9IJK!'are C mass of AROMi and 𝐸<DE)', respectively 255 

2. Decomposition of ALOMi (𝐷<1E!') 256 
𝐷<1E!' =

𝑽𝒅𝑬𝑨𝑳𝑶𝑴𝒊
×!;IMK!'

×<1E!'

𝑲𝒔𝑬𝑨𝑳𝑶𝑴𝒊
(<1E!'

       Eq. S2 257 
𝐸<1E)' denotes Cexo and Nexo1 for i=1,3 respectively, 258 
𝐴𝐿𝑂𝐶5 and 𝐶9IJK!'  are C mass of ALOMi and 𝐸<1E)', respectively 259 

3. Decomposition of AOOMi (𝐷<EE!')  260 
𝐷<EE!' =

𝑽𝒅𝑬𝑨𝑶𝑶𝑴𝒊
×!;IKK!'

×<EE!'

𝑲𝒔𝑬𝑨𝑶𝑶𝑴𝒊
(<EE!'

       Eq. S3 261 
𝐸<EE)' denotes Coligo, Noligo1, Noligo2, Poligo1, Poligo2 for i=2,3,4,5,6 respectively, 𝐴𝑂𝑂𝐶5 and 𝐶9IKK!'  are 262 
C mass of AOOMi and 𝐸<EE)', respectively 263 

4. Adsorption of 𝐴𝑅𝑂𝑀5 to 𝑄𝑅𝑂𝑀5 (𝐴𝑑<DE!') 264 
𝐴𝑑<DE!' = 𝒌𝒂𝒅𝒔𝑨𝑹𝑶𝑴𝒊 × 41 −

LDE!'
𝑸𝒎𝒂𝒙𝑸𝑹𝑶𝑴𝒊

5 × 𝐴𝑅𝑂𝐶5     Eq. S4 265 
𝑄𝑅𝑂𝐶5 is C mass of QROMi 266 

5. Adsorption of ALOMi to QLOMi (𝐴𝑑<1E!') 267 
𝐴𝑑<1E!' = 𝒌𝒂𝒅𝒔𝑨𝑳𝑶𝑴𝒊 × 41 −

L1E!'
𝑸𝒎𝒂𝒙𝑸𝑳𝑶𝑴𝒊

5 × 𝐴𝐿𝑂𝐶5     Eq. S5 268 
𝑄𝐿𝑂𝐶5 is C mass of QLOMi 269 

6. Adsorption of AOOMi to QOOMi (𝐴𝑑<EE!') 270 
𝐴𝑑<EE!' = 𝒌𝒂𝒅𝒔𝑨𝑶𝑶𝑴𝒊 × (1 −

LEE!'
𝑸𝒎𝒂𝒙𝑸𝑶𝑶𝑴𝒊

)	× 𝐴𝑂𝑂𝐶5     Eq. S6 271 
𝑄𝑂𝑂𝐶5 is C mass of QOOMi 272 

7. Adsorption of DOM to QMOM (𝐴𝑑+E!) 273 
𝐴𝑑+E! = 𝒌𝒂𝒅𝒔𝑸𝑴𝑶𝑴 × (1 −

L)E!
𝑸𝒎𝒂𝒙𝑸𝑴𝑶𝑴

) ×DOC      Eq. S7 274 
𝑄𝑀𝑂𝐶  and DOC are C mass of QMOM and DOM, respectively 275 

8. Desorption from QROMi to AROMi (𝐷𝑒LDE!') 276 
𝐷𝑒LDE!' = 𝒌𝒅𝒆𝒔𝑸𝑹𝑶𝑴𝒊 ×

LDE!'
𝑸𝒎𝒂𝒙𝑸𝑹𝑶𝑴𝒊

       Eq. S8 277 
9. Desorption of QLOMi to ALOMi (𝐷𝑒L1E!') 278 

𝐷𝑒L1E!' = 𝒌𝒅𝒆𝒔𝑸𝑳𝑶𝑴𝒊 ×
L1E!'

𝑸𝒎𝒂𝒙𝑸𝑳𝑶𝑴𝒊
       Eq. S9 279 

10. Desorption of QOOMi to AOOMi (𝐷𝑒LEE!') 280 
𝐷𝑒LEE!' = 𝒌𝒅𝒆𝒔𝑸𝑶𝑶𝑴𝒊 ×

LEE!'
𝑸𝒎𝒂𝒙𝑸𝑶𝑶𝑴𝒊

       Eq. S10 281 
11. Desorption of 𝑄𝑀𝑂𝑀 to DOM (𝐷𝑒L)E!) 282 

𝐷𝑒L)E! = 𝒌𝒅𝒆𝒔𝑸𝑴𝑶𝑴 ×
L)E!

𝑸𝒎𝒂𝒙𝑸𝑴𝑶𝑴
       Eq. S11 283 

12. Conversion from 𝑄𝑅𝑂𝑀5 to 𝑀𝑅𝑂𝑀5 (𝐴𝑑LDE!') 284 
𝐴𝑑LDE!' = 𝒌𝒂𝒅𝒔𝑸𝑹𝑶𝑴𝒊 × 41 −

)DE!'
𝑸𝒎𝒂𝒙𝑴𝑹𝑶𝑴𝒊

5 × 𝑄𝑅𝑂𝐶5     Eq. S12 285 
𝑀𝑅𝑂𝐶5 is C mass of 𝑀𝑅𝑂𝑀5 286 

13. Conversion from MROMi to QROMi (𝐷𝑒)DE!') 287 
𝐷𝑒)DE!' = 𝒌𝒅𝒆𝒔𝑴𝑹𝑶𝑴𝒊 ×

)DE!'
𝑸𝒎𝒂𝒙𝑴𝑹𝑶𝑴𝒊

       Eq. S13 288 
14. Conversion from 𝑄𝐿𝑂𝑀5 to 𝑀𝐿𝑂𝑀5 (𝐴𝑑L1E!') 289 
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𝐴𝑑L1E!' = 𝒌𝒂𝒅𝒔𝑸𝑳𝑶𝑴𝒊 × 41 −
)1E!'

𝑸𝒎𝒂𝒙𝑴𝑳𝑶𝑴𝒊
5 × 𝑄𝐿𝑂𝐶5     Eq. S14  290 

𝑀𝐿𝑂𝐶5 is C mass of 𝑀𝐿𝑂𝑀5 291 
15. Conversion from MLOMi to QLOMi (𝐷𝑒)1E!')  292 

𝐷𝑒)1E!' = 𝒌𝒅𝒆𝒔𝑴𝑳𝑶𝑴𝒊 ×
)1E!'

𝑸𝒎𝒂𝒙𝑴𝑳𝑶𝑴𝒊
       Eq. S15 293 

16. The conversion from QOOMi to MOOMi (𝐴𝑑LEE!') 294 
𝐴𝑑LEE!' = 𝒌𝒂𝒅𝒔𝑸𝑶𝑶𝑴𝒊 × 41 −

)EE!'
𝑸𝒎𝒂𝒙𝑴𝑶𝑶𝑴𝒊

5 × 𝑄𝑂𝑂𝐶5     Eq. S16 295 
𝑀𝑂𝑂𝐶5 is C mass of MOOMi 296 

17. The conversion from MOOMi to QOOMi (𝐷𝑒)EE!') 297 
𝐷𝑒)EE!' = 𝒌𝒅𝒆𝒔𝑴𝑶𝑶𝑴𝒊 ×

)EE!'
𝑸𝒎𝒂𝒙𝑴𝑶𝑶𝑴𝒊

       Eq. S17 298 
18. The conversion from QMOM to MMOM (𝐴𝑑L)E!) 299 

𝐴𝑑L)E! = 𝒌𝒂𝒅𝒔𝑸𝑴𝑶𝑴 × a1 −
))E!

𝑸𝒎𝒂𝒙𝑴𝑴𝑶𝑴
b × 𝑄𝑀𝑂𝐶     Eq. S18 300 

MMOC is C mass of MMOM 301 
19. The conversion from MMOM to QMOM (𝐷𝑒))E!) 302 

𝐷𝑒))E! = 𝒌𝒅𝒆𝒔𝑴𝑴𝑶𝑴 ×
))E)

𝑸𝒎𝒂𝒙𝑴𝑴𝑶𝑴
       Eq. S19 303 

20. PIP weathering (𝑃0QR) 304 
𝑃0QR = 𝑃𝐼𝑃 × 𝜸𝒘𝒆𝒂         Eq. S20 305 

21. SIP occlusion (𝑃T>8) 306 
𝑃T>8 = 𝑆𝐼𝑃 × 𝜸𝒐𝒄𝒍         Eq. S21 307 

22. SIP desorption (𝑃XQ>) 308 
𝑃XQ> = 𝑆𝐼𝑃 × 𝜸𝒅𝒆𝒔         Eq. S22 309 

23. Adsorption of QIP (𝑃LY##:O) 310 
𝑃LY##:O = 𝑄𝐼𝑃 × 𝜸𝑸𝑰𝑷𝒂𝒅𝒔        Eq. S23 311 

24. DIP immobilization (𝑃5;) 312 
𝑃5; =

𝑽𝒅𝐏𝐢𝐧𝐏×#'(1×+Y#

𝑲𝒔𝐏𝐢𝐧𝐏(+Y#
         Eq. S24 313 

25. Extracellular dissolved organic P (𝐷𝑂𝑃) mineralization (𝐷𝑂𝑃;\) 314 
𝐷𝑂𝑃;\ =

𝑽𝒅𝐏𝐦𝐨𝐧𝐨𝟐×]YZ[Z4×+E#

𝑲𝒔𝐏𝐦𝐨𝐧𝐨𝟐(+E#
       Eq. S25 315 

26. Active microbial P (𝑃)*<) mineralization (𝑃;\) 316 
𝑃;\ =

𝑽𝒅𝐏𝐦𝐨𝐧𝐨𝟑×]YZ[Z7×#!"I
𝑲𝒔𝐏𝐦𝐨𝐧𝐨𝟑(#!"I

        Eq. S26 317 
27. Active microbial N (𝑁)*<) mineralization (𝑁;\)  318 

𝑁;\ =
𝑽𝒅𝐍𝐦𝐨𝐧𝐨×^YZ[Z×"!"I

𝑲𝒔𝐏𝐦𝐨𝐧𝐨("!"I
        Eq. S27 319 

28. Nitrification (𝑁\5_`5) 320 
𝑁\5_`5 =

𝑽𝒅𝐍𝐢𝐧𝐍𝟏×^_[30×Y"0
𝑲𝒔𝐍𝐢𝐧𝐍𝟏(Y"0

        Eq. S28 321 
29. Denitrification (𝑁aQ\5_`5) 322 

𝑁aQ\5_`5 =
𝑽𝒅𝐍𝐢𝐧𝐍𝟐×^_[34×Y"4

𝑲𝒔𝐍𝐢𝐧𝐍𝟐(Y"4
        Eq. S29 323 

30. N assimilation (𝑁RXX5;) 324 
𝑁RXX5; =

𝑽𝒅𝐍𝐢𝐧𝐍𝟑×^_[37×Y"0
𝑲𝒔𝐍𝐢𝐧𝐍𝟑(Y"0

        Eq. S30 325 
31. N fixation (𝑁.5b) 326 

𝑁.5b = 𝑽𝒅𝐍𝐢𝐧𝐍𝟒 × Nde^A        Eq. S31 327 
32. DOM uptake by microbes (𝐴+E!) 328 

𝐴+E! =
2
𝒀𝒈
h𝑽𝒈 + 𝑽𝒎j

+E!×!!"I
𝑲𝒔𝑫𝑶𝑪(+E!

, 𝐶)*< is active microbial C mass    Eq. S32 329 
33. MBA growth respiration (𝑅𝑔R) 330 

𝑅𝑔R = ( 2
𝒀𝒈
− 1)	𝑽𝒈×+E!×!!"I

𝑲𝒔𝑫𝑶𝑪(+E!
        Eq. S33 331 
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 332 
34. MBA maintenance respiration (𝑅𝑚R) 333 

𝑅𝑚R = ( 2
𝒀𝒈
− 1)	𝑽𝒎×+E!×!!"I

𝑲𝒔𝑫𝑶𝑪(+E!
        Eq. S34 334 

35. MBD maintenance respiration (𝑅𝑚a) 335 
𝑅𝑚a = 𝜷 × 𝑽𝒎 × 𝐶)*+        Eq. S35 336 
 𝐶)*+ is dormant microbial C mass     337 

36. MBA mortality (𝐷!!"I) 338 
𝐷!!"I = 𝜸𝑴 × 𝑽𝒎 × 𝐶)*<        Eq. S36 339 

37. Dormancy of MBA (𝐶<=+) 340 
𝐶<=+ = (1 − +E!

𝑲𝒔𝑫𝑶𝑪(+E!
) × 𝑽𝒎𝑨𝟐𝑫 × 𝐶)*<      Eq. S37 341 

38. Reactivation of MBD (𝐶+=<) 342 
𝐶+=< =

+E!
𝑲𝒔𝑫𝑶𝑪(+E!

× 𝑽𝒎𝑫𝟐𝑨 × 𝐶)*+       Eq. S38 343 
39. Synthesis of EFC (𝑆!;) 344 

𝑆!; = (1.0 − 𝛾)) × 𝑉; × 𝐶)*<       Eq. S39 345 
40. Turnover of EFC (𝐷!;) 346 

𝐷!; = 𝜸𝑬 × 𝐶9, 𝛾9 is turnover rate of enzyme,  𝛾9 =
m!×!!"I

!;
    Eq. S40 347 

 𝐶9 is C mass of all EFCs 348 
41. The dynamics of C (aefg6_

a_
), N (aefg3_

a_
), and P (aefg5_

a_
) in  AROMi 349 

aefg6_
a_

= 𝐼5 + (1 − 𝒇𝑫𝑶𝑴) ×	𝐷!!"I × 𝒇𝑴𝑩𝑨𝒊-𝐷<DE!'-𝐴𝑑<DE!' +𝐷𝑒LDE!'   Eq. S41 350 
aefg3_
a_

= Y'
!"h'

+ (1 − 𝒇𝑫𝑶𝑴) ×	
+.!"I
!"!"I

× 𝒇𝑴𝑩𝑨𝒊 −
+IJK.'
!"IJK!'

-
<aIJK.'
!"IJK!'

+
+QiJK.'
!"iJK!'

  Eq. S42 351 
aefg5_
a_

= Y'
!#h'

+ (1 − 𝒇𝑫𝑶𝑴) ×	
+.!"I
!#!"I

× 𝒇𝑴𝑩𝑨𝒊 −
+IJK.'
!#IJK!'

-
<aIJK.'
!#IJK!'

+
+QiJK.'
!#iJK!'

  Eq. S43 352 
 𝐼5 is litter C input into each 𝐴𝑅𝑂𝐶5 353 
  354 

42. The dynamics of C (aejg6_
a_

), N (aejg3_
a_

),	and P (aejg5_
a_

) in ALOMi 355 
aejg6_
a_

= -
𝐷<DE!' −𝐷<1E!' − 𝐴𝑑<1E!' +𝐷𝑒L1E!' 𝑖 = 1,3

0 𝑖 ≠ 1,3     Eq. S44 356 

aejg3_
a_

= p
+IJK.'
!"IJK!'

−
+IMK.'
!"IMK!'

−
<aIMK.'
!"IMK!'

+
+QiMK.'
!"iMK!'

𝑖 = 3

0 𝑖 ≠ 3
    Eq. S45 357 

aejg5_
a_

= 0          Eq. S46 358 
43. The dynamics of C (aegg6_

a_
), N (aegg3_

a_
), and P (aegg5_

a_
)  in AOOMi 359 

aegg6_
a_

= q
𝐷<1E!' −𝐷<EE!' − 𝐴𝑑<EE!' +𝐷𝑒LEE!' , 𝑖 = 1,3
𝐷<DE!' −𝐷<EE!' − 𝐴𝑑<EE!' +𝐷𝑒LEE!' ,

0
𝑖 = 4,5,6
𝑖 = 2,7

    Eq. S47 360 

aegg3_
a_

=

⎩
⎪
⎨

⎪
⎧

+IMK.'
!"IMK!'

−
+IKK.'
!"IKK!'

−
<aIKK.'
!"IKK!'

+
+QiKK.'
!"iKK!'

, 𝑖 = 1,3
+IJK.'
!"IJK!'

−
+IKK.'
!"IKK!'

−
<aIKK.'
!"IKK!'

+
+QiKK.'
!"iKK!'

,

0

𝑖 = 4,5,6
𝑖 = 2,7

    Eq. S48 361 

aegg5_
a_

=

⎩
⎪
⎨

⎪
⎧

+IMK.'
!#IMK!'

−
+IKK.'
!#IKK!'

−
<aIKK.'
!#IKK!'

+
+QiKK.'
!#iKK!'

, 𝑖 = 1,3
+IJK.'
!#IJK!'

−
+IKK.'
!#IKK!'

−
<aIKK.'
!#IKK!'

+
+QiKK.'
!#iKK!'

,

0

𝑖 = 4,5,6
𝑖 = 2,7

    Eq. S49 362 

44. The dynamics of C (pqrs
a_

), N (pqr^
a_

), and P (pqr]
a_

) in DOM 363 
pqrs
a_

= 𝐼+E! + 𝒇𝑫𝑶𝑴 × 	𝐷!!"I +𝐷<DE!4 + ∑𝐷<EE!' + 𝐴+E! +𝐷!; − 𝐴𝑑+E! +𝐷𝑒+E! Eq. S50 364 
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pqr^
a_

= Y+K.
!"h+K.

+ 𝒇𝑫𝑶𝑴 ×	
+.!"I
!"!"I

+ ∑
+IKK.'
!"IKK!'

+ <+K.
!"+K!

+
+.;
!";

− <a+K.
!"+K!

+ +Qi!K.
!"i!K!

  Eq. S51	365 
pqr]
a_

= Y+K.
!#h+K.

+ 𝒇𝑫𝑶𝑴 ×	
+.!"I
!#!"I

+ ∑
+IKK.'
!#IKK!'

+ <+K.
!#+K!

+
+.;
!#;

− <a+K.
!#+K!

+ +Qi!K.
!#i!K!

−𝐷𝑂𝑃;\	 Eq.	S52 366 
𝐼+E! is litter C input into DOM 367 

45. The dynamics of  C (
akfg6_
a_

), N (
akfg3_
a_

), and P (
akfg5_
a_

)  in  QROMi 368 
akfg6_
a_

= 𝐴𝑑<DE!' −𝐷𝑒LDE!' − 𝐴𝑑LDE!'       Eq. S53 369 
akfg3_
a_

=
<aIJK.'
!"IJK!'

−
+QiJK.'
!"iJK!'

−
<aiJK.'
!"iJK!'

       Eq. S54 370 
akfg5_
a_

=
<aIJK.'
!#IJK!'

−
+QiJK.'
!#iJK!'

−
<aiJK.'
!#iJK!'

       Eq. S55 371 

46. The dynamics of C (
akjg6_
a_

), N (
akjg3_
a_

), and P (
akjg5_
a_

)  in QLOMi 372 
akjg6_
a_

= 𝐴𝑑<1E!' −𝐷𝑒L1E!' − 𝐴𝑑L1E!'       Eq. S56 373 
akjg3_
a_

=
<aIMK.'
!"IMK!'

−
+QiMK.'
!"iMK!'

−
<aiMK.'
!"iMK!'

       Eq. S57 374 
akjg5_
a_

=
<aIMK.'
!#IMK!'

−
+QiMK.'
!#iMK!'

−
<aiMK.'
!#iMK!'

       Eq. S58 375 

47. The dynamics of C (
akgg6_
a_

), N (
akgg3_
a_

), and P (
akgg5_
a_

)  in QOOMi 376 
akgg6_
a_

= 𝐴𝑑<EE!' −𝐷𝑒LEE!' − 𝐴𝑑LEE!'      Eq. S59 377 
akgg3_
a_

=
<aIKK.'
!"IKK!'

−
+QiKK.'
!"iKK!'

−
<aiKK.'
!"iKK!'

       Eq. S60 378 
akgg5_
a_

=
<aIKK.'
!#IKK!'

−
+QiKK.'
!#iKK!'

−
<aiKK.'
!#iKK!'

       Eq. S61 379 

48. The dynamics of C (aklg6
a_

), N (aklg6
a_

), and P (aklg6
a_

) in QMOM 380 
aklg6
a_

= 𝐴𝑑+E! −𝐷𝑒L)E! − 𝐴𝑑L)E!       Eq. S62 381 
aklg6
a_

= <a+K.
!"+K!

− +Qi!K.
!"i!K!

− <ai!K.
!"i!K!

       Eq. S63 382 
aklg6
a_

= <a+K.
!#+K!

− +Qi!K.
!#i!K!

− <ai!K.
!#i!K!

       Eq. S64 383 

49. The dynamics of C (alfg6_
a_

), N (alfg3_
a_

), and P (alfg5_
a_

)  in MROMi 384 
alfg6_
a_

= 𝐴𝑑LDE!' −𝐷𝑒)DE!'        Eq. S65 385 
alfg3_

a_
=

<aiJK.'
!"iJK!'

−
+Q!JK.'
!"!JK!'

        Eq. S66 386 
alfg5_
a_

=
<aiJK.'
!#iJK!'

−
+Q!JK.'
!#!JK!'

        Eq. S67 387 

50. The dynamics of C (aljg6_
a_

), N (aljg3_
a_

), and P (aljg5_
a_

)  in MLOMi 388 
aljg6_
a_

= 𝐴𝑑L1E!' −𝐷𝑒)1E!'        Eq. S68 389 
aljg3_

a_
=

<aiMK.'
!"iMK!'

−
+Q!MK.'
!"!MK!'

        Eq. S69 390 
aljg5_
a_

=
<aiMK.'
!#iMK!'

−
+Q!MK.'
!#!MK!'

        Eq. S70 391 

51. The dynamics of C (algg6_
a_

), N (algg3_
a_

), and P (algg5_
a_

)  in MOOMi 392 
algg6_

a_
= 𝐴𝑑LEE!' −𝐷𝑒)EE!'        Eq. S71 393 

algg3_
a_

=
<aiKK.'
!"iKK!'

−
+Q!KK.'
!"!KK!'

        Eq. S72 394 
algg5_

a_
=

<aiKK.'
!#iKK!'

−
+Q!KK.'
!#!KK!'

        Eq. S73 395 

52. The dynamics of C (allg6
a_

), N (allg3
a_

), and P (allg5
a_

) in MMOM 396 
allg6
a_

= 𝐴𝑑L)E! −𝐷𝑒))E!        Eq. S74 397 
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allg3
a_

= <ai!K.
!"i!K!

− +Q!!K.
!"!!K!

        Eq. S75 398 
allg5
a_

= <ai!K.
!#i!K!

− +Q!!K.
!#!!K!

        Eq. S76 399 

53. The dynamics of C (
a.!"I
a_

), N (
a/!"I
a_

), and P (
a1!"I
a_

) in MBA 400 
a.!"I
a_

= 𝐴+E! + 𝐶+=< − 𝐶<=+ − 𝑅𝑔R − 𝑅𝑚R − 𝑆!; −𝐷!;    Eq. S77 401 
a/!"I
a_

= <+K.
!"+K!

+ !+4I
!"!"+

− !I4+
!"!"I

−
t.;
!";

−
+.;

!"!"I
+𝑁<X −𝑁;\    Eq. S78 402 

a1!"I
a_

= <+K.
!#+K!

+ !+4I
!#!"+

− !I4+
!#!"I

−
t.;
!#;

−
+.;

!#!"I
+ 𝑃5; − 𝑃;\    Eq. S79 403 

54. The dynamics of C (
a.!"+
a_

), N (
a/!"+
a_

), and P (
a1!"+
a_

) in MBD 404 
a.!"+
a_

= 𝐶<=+ − 𝐶+=< − 𝑅𝑚a        Eq. S80 405 
a/!"+
a_

= !I4+
!"!"I

− !+4I
!"!"+

        Eq. S81 406 
a1!"+
a_

= !I4+
!#!"I

− !+4I
!#!"+

        Eq. S82 407 
55. The dynamic of C (a!m

a_
), N (a"m

a_
), P (a#m

a_
) in EFCs pool 408 

a!m
a_
= 𝑆!; −𝐷!;         Eq. S83 409 

a"m
a_

=
t.;
!";

−
+.;
!";

         Eq. S84 410 
a#m
a_

=
t.;
!#;

−
+.;
!#;

         Eq. S85 411 
56. Dynamics of DIP  (a+Y#

a_
) 412 

a+Y#
a_

= ((𝑲𝒔𝑫𝑰𝑷(+Y#)4

((𝑲𝒔𝑫𝑰𝑷(+Y#)4(𝑸𝒎𝒂𝒙𝑫𝑰𝑷×wX+h1)
× (𝑃0QR +𝐷<DE#p +𝐷𝑂𝑃;\ + 𝑃;\ − 𝑃LY##:O − 𝑃x8R\_ − 𝑃5;)  413 

 𝑃x8R\_ is estimated P uptake by plant       Eq. S86 414 
57. Dynamics of QIP (aLY#

a_
) 415 

aLY#
a_

= L;Rb+h1×𝑲𝒔𝑫𝑰𝑷
((𝑲𝒔𝑫𝑰𝑷(+Y#)4(𝑸𝒎𝒂𝒙𝑫𝑰𝑷×wX+h1)

× (𝑃0QR +𝐷<DE#p +𝐷𝑂𝑃;\ + 𝑃;\ − 𝑃LY##:O − 𝑃x8R\_ − 𝑃5;) 416 
 Eq. S87 417 

58. Dynamics of SIP (atY#
a_

) 418 
atY#
a_

= 𝑃LY##:O − 𝑃XQ> − 𝑃T>8        Eq. S88 419 
59. Dynamics of OIP (aEY#

a_
) 420 

aEY#
a_

= 𝑃T>8          Eq. S89 421 
60. Dynamics of PIP (a#Y#

a_
) 422 

a#Y#
a_

= 𝑃x`5          Eq. S90 423 
61. Dynamics of IN1 (a"0a_

) 424 
a"0
a_

= 𝑁;\ +𝑁.5b −𝑁RXX5; −𝑁\5_`5 −𝑁x8R\_      Eq. S91 425 
62. Dynamics of IN2 (a"4a_

) 426 
a"4
a_

= 𝑁\5_`5 −𝑁aQ\5_`5        Eq. S92 427 
 428 

Note: Bold terms in the equations above are input parameters, which are described and given in table S5-429 
S8.  CNi and CPi in Eqs. (S42-S85) denote the C/N and C/P ratio of the corresponding microbial, EFC or 430 
SOM pool i, respectively. 431 
 432 
 433 
 434 
 435 
 436 
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Supplementary Figures 437 

 438 

Fig. S1. Metagenomics-informed lignocellulose-containing soil organic matter (SOM) decomposition 439 
pathways and corresponding enzymes identified in the Panama soil samples, where EC refers to the 440 
Enzyme Classification number 441 
  442 

Figure S1 C-rich SOM degradation pathways 
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 443 
 444 

Fig. S2. Metagenomics-informed nitrogen (N)-containing SOM decomposition and mineralization 445 
pathways and corresponding enzymes identified in the Panama soil samples, where EC refers to the 446 
Enzyme Classification numbers. 447 
 448 
  449 

Figure S2 N-rich SOM degradation pathways 
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 450 

Fig S3. Metagenomics-informed P-containing SOM decomposition and mineralization pathways and 451 
corresponding enzymes identified in the Panama soil samples, where EC refers to the Enzyme 452 
Classification numbers. 453 
 454 
  455 

Figure S3 P-rich SOM degradation pathways 
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 456 
Fig. S4. Modeled and metagenomics-informed effect sizes of enzyme function groups (EFCs) between the 457 
control and P-fertilized soils. Here the effect size is defined as the log2 fold change of gene abundance of 458 
the EFC in the control plots relative to that in the P-fertilized soils. The error bar represents the standard 459 
deviation of metagenomics-informed effect size of each EFC. The filled symbols indicate that the 460 
difference of the EFC between the control soils and the P-fertilized soils is statistically significant (q-value 461 
<0.05). The Willmott index of agreement (WI) for all EFCs is 0.47 (P value <0.05), while the index (WIsig) 462 
for EFCs with statistically significant effect size is 0.67 (P value <0.05). CEFC, NEFC, PEFC are EFCs for 463 
decomposing lignocellulose-containing, N-containing, and P-containing SOM, respectively.  464 

  465 
  466 
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 467 

Fig. S5. Effects of enzyme functional diversity of soil microbial communities on decomposition kinetics of 468 
enzyme functional classes (EFCs): (a-b) Activation energy (kJ/mol); (c-d) Potential EFC activity (Vd *E); 469 
and (e-f) Substrate affinity (Km). Three version of models were compared:  CoMENDH included all 470 
metagenomics-informed 22 EFCs for SOM decomposition and thus represented high enzyme functional 471 
diversity. CoMENDM only included 15 EFCs for SOM decomposition and thus represented moderate 472 
functional diversity of microbial community. CoMENDL included 11 clusters of EFCs and represented low 473 
functional diversity of microbial community. 474 
  475 
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Supplementary Tables 476 

 Table S1. Classification of soil enzyme functional groups (EFCs) in Panamanian soils. 477 
Biogeochemic
al processes 

EFC classification rule 1 EFC classification rule 2 Nu
mb
ers 
of 
enz
ym
es 

EFC function 

 EFC 1 The chemical 
component of substrate 
that the EFC acts on 

EFC 2 The location of 
EFC cleaved 
chemical 
component/the 
function of the 
EFC 

Lignocellulose
-containing 
soil organic 
matter (SOM) 
decomposition 

Ccarbohydrates Carbohydrates Cendo1 Internal C-O bonds  16 Decomposition of 
carbohydrate residue 

Carbohydrates Cexo1 Terminal C-O 
bonds 

9 Decomposition of large 
polymers of 
carbohydrate 

Carbohydrates Coigo1 C-O bonds  11 Decomposition of 
oilgosaccharides  

Clignin Lignin Cendo2 Internal C-C or C-
O bonds  

3 Decomposition of 
lignin  

N-containing 
SOM 
decomposition 
and 
mineralization 

Nproteins Proteins Nendo1 Internal C-N bonds  17 Decomposition of 
protein or peptides 
chains  

Proteins Nexo1 Terminal C-N 
bonds  

16 Decomposition of 
polypeptides  

Proteins Noligo1 C-N bonds  5 Decomposition of 
oligopeptides  

Ncellwall Cell wall N component Nexo2 Terminal C-O 
bonds  

2 Decomposition of cell 
wall N residues 

Cell wall N component Noligo2 C-O bonds  2 Decomposition of 
oligosaccharides  

NmicrobialN Microbial assimilated N Nmono C-N bond 5 Microbial intracellular 
N mineralization 

NinorganicN Inorganic N NinN1 Nitrification 2 Nitrification 
Inorganic N NinN2 Denitrification 3 Denitrification 
Inorganic N NinN3 N assimilation 6 N assimilation 
Inorganic N NinN4 N fixation 1 N fixation 

P-containing 
SOM 
decomposition 
and 
mineralization 

Pnucleicacids Nucleic acids Pexo1 Terminal 
phosphoester bonds  

4 Decomposition of 
nucleic acids residues 

Nucleic acids Poligo1 Phosphoester 
bonds  

2 Decomposition of 
oligonucleotides  

Pphospholipids Phospholipids Pexo2 C-O bond 3 Decomposition of 
phospholipids  

Phospholipids Poligo2 Phosphoester bond 3 Decomposition of lyso-
phosphatidylcholine  

PmonomerP Inositol P Pmono1 Phosphoester bond 2 Inositol P biochemical  
mineralization 

Monomer P Pmono2 Phosphoester bond 2 General 
monophosphate 
biochemical 
mineralization 

PmicrobialP Microbial assimilated P Pmono3 Phosphoester bond 2 Biological P 
mineralization 

Pmono3 Inorganic P PinP P immobilization 3 P immobilization 
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Table S2. The modification of environmental factors on reaction rate parameters in the CoMEND model   478 
 479 

The reaction rate 
parameters modified by 
environmental factors 

Modification function Eq. ID 

Kinetic parameters (𝑉𝑑6 
and  𝐾𝑠6) for SOM 
decomposition in Eqs. 
(S1-S3) and Eqs. (S24-
S31),  

𝑉𝑑6 = 𝑽𝒅𝐣 × 𝑓(𝜓) × 𝑓(𝑇) × 𝑓(𝑝𝐻),  where j denotes 
corresponding EFC in the equation. 

Eq. S93 

𝐾𝑠6 = 𝑲𝒔𝒋 × 𝑓(𝑇), where j denotes corresponding EFC in the 
equation. 

Eq. S94 

Soil water potential (𝜓)	modification factor 

𝑓(𝜓) =

⎩
⎪
⎨

⎪
⎧ 0.0 𝜓 < 𝜓;5\

1.0 − [
{e	( q

𝝍𝑭𝑪
)

{e	(𝝍𝒎𝒊𝒏𝝍𝑭𝑪
)
]2.= 𝜓;5\ < 𝜓 ≤ 𝜓:!

1.0 𝜓 > 𝜓:!

,  

Eq. S95 

Soil temperature (T) modificatory factor 

𝑓(𝑇) = 𝑒
[%
𝑬𝒂𝒋
J (0v%

0
vwxy

)]
 , 𝑇 Q. = 20°𝐶 

Eq. S96 

Soil pH modification factor 

𝑓(𝑝𝐻) = e	
[%(

x�%𝒑𝑯𝒐𝒑𝒕𝒋
x�Ox(,

)4]
 

Eq. S97 

SOM 
adsorption/desorption 
rate in Eqs. (S4-S19) 

𝑘RaX, = 𝒌𝒂𝒅𝒔𝒋 × 𝑓(𝑇), where j denotes corresponding SOM in the 
equation 

Eq. S98 

𝑘aQX, = 𝒌𝒅𝒆𝒔𝒋 × 𝑓(𝑇), where j denotes corresponding SOM in the 
equation 

Eq. S99 

Inorganic P 
adsorption/desorption 
rate in Eqs. (S22-S23) 

𝛾LY##:O = 𝜸𝑸𝑰𝑷𝒂𝒅𝒔 × 𝑓(𝑇) Eq. S100 
𝛾aQX = 𝜸𝒅𝒆𝒔 × 𝑓(𝑇) Eq. S101 

Microbial growth rate 
parameters in Eqs. (S32-
S35) 

𝑉𝑔 = 𝑽𝒈 × 𝑓(𝑇) Eq. S102 
𝑉𝑚 = 𝑽𝒎× 𝑓(𝑇) Eq. S103 
𝐾𝑠+E! = 𝑲𝒔𝑫𝑶𝑪 × 𝑓(𝑇) Eq. S104 
𝑌𝑔 = 𝒀𝒈/ − 𝒌𝒀𝒈(𝑇 − 𝑇 Q.) Eq. S105 

Microbial mortality rate 
parameter in Eq. (S36) 

𝛾) = 𝜸𝑴 × 𝐿> Eq. S106 

𝐿> =
|𝜓|�

|𝜓|𝒃 + |𝝍𝑫|𝒃
 

Eq. S107 

Microbial dormancy rate 
parameter in Eq. (S37) 

𝑉𝑚<=+ = 𝑽𝒎× 𝑓(𝑇) × 𝑓<=+(𝜓) Eq. S108 

𝑓<=+(𝜓) =
|𝜓|𝒄

|𝜓|𝒄 + |𝝍𝑨𝟐𝑫|𝒄
 

Eq. S109 

Microbial resuscitation 
rate parameter in Eq. 
(S38) 

𝑉𝑚+=< = 𝑉𝑚/ × 𝑓(𝑇) × 𝑓+=<(𝜓) Eq. S110 

𝑓+=<(𝜓) =
|𝜓|𝒄

|𝜓|𝒄 + |𝝍𝑫𝟐𝑨|𝒄
 

Eq. S111 

Note: Bold terms in the equations are input parameters, which are described and given in Supplementary 480 
information (SI) Data S4.   481 
Supplementary equations:  Components fluxes and dynamics of SOM pools in the CoMEND model.  482 
  483 
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Table S3. Chemical components, representative molecular formula and C/N and C/P ratio of SOM pool. 484 
SOM  Chemical 

component  
Representative 
molecular formula 

C/N C/P Source 

AROM1, ALOM1,AOOM1, 
MROM1,MLOM1,MOOM1 

Carbohydrates 
related  

(C6H10O5)n - - 26 

AROM2, MROM2 Lignin related (C10H12O3)n - - 26 
AROM3, ALOM3, AOOM3, 
MROM3,MLOM3, MOOM3 

Proteinaceous (C20H30O5N5)n 3.5 - 26 

AROM4, AOOM4, 
MROM4,MOOM4 

Cell wall-N 
component  

(C8H13NO5)n 6.9 - Brenda 
database14 

AROM5, AOOM5, 
MROM5,MOOM5 

Nucleic acids 
related 

(C10H14N4O8P)n 2.1 3.9  26 

AROM6, AOOM6, 
MROM6,MOOM6 

Phospholipids 
related 

C33H58O24P6 - 12.8 Brenda 
database14 

AROM7 Inositol P  (C6H18O24P6)n - 1.4 Brenda 
database14 

  485 
  486 
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