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Detailed modeling methods

a. Data sources. Daily GPP values were obtained from a corrected 8-day GPP product
based on the MODIS GPP (MOD17A2/MOD17A2H) (1) and used for the model
simulation of the aCaN plots. We calculated the sum of aboveground plant biomass and
ingrowth root biomass to estimate the net primary production (NPP) (2) for each plot and
averaged NPP across plots for each treatment. The ratio of the averaged NPP of each
treatment relative to that in the control (aCaN) was calculated and was multiplied to the
MODIS GPP values to obtain the daily GPP values of eCaN, aCeN, and eCeN treatments,
considering that there is generally a linear relationship between NPP and GPP (3).
Meanwhile, data sets measured in four CO2 and N treatment plots across all years were
also used for model simulations, including soil temperature and moisture and the soil CO>

efflux.

b. C-only TECO model. The non-microbial C-only terrestrial ecosystem (TECO) model
is a variant of the CENTURY model (4) that is designed to simulate C input from
photosynthesis, C transfer among plant and soil pools, and respiratory C releases to the
atmosphere (Fig. S2b). C dynamics in the TECO model can be described by a group of
first-order ordinary differential equations, where the C turnover rates are modified by soil
temperature (T) and moisture (W) (5). We assumed that the C turnover rate was distributed
uniformly in a range. We used the Shuffled Complex Evolution (SCE) algorithm (6-8) to

determine model parameters. We also applied the probabilistic inversion (Markov Chain
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Monte Carlo) to quantity parameter uncertainties (9). By performing TECO modeling,

daily soil CO; efflux was simulated for four CO. and N treatments from 1998 to 2009.

c. C-N coupled Microbial-ENzyme Decomposition (MEND) model

c.1. MEND model description. We developed a new version of the Microbial-ENzyme
Decomposition (MEND) model, i.e., the C-N coupled MEND model (Fig. S2a), which is
an improvement over the C-only MEND model by incorporating both N cycling processes
and microbial functional traits. The C-only MEND describes SOM decomposition
processes by explicitly representing relevant microbial and enzymatic physiology (8). The
SOM pool consists of two particulate organic matter (POM) pools and one mineral-
associated organic matter (MOM) pool. The two POM pools are decomposed by oxidative
and hydrolytic enzymes, respectively. The MOM is decomposed by enzymes EM. The C-
N coupled MEND model represents additional C-N transformation processes: soil organic
N (SON) decomposition following the SOC decomposition, N mineralization and
immobilization by microbes, nitrification, denitrification, and nitrifier denitrification (10).
In contrast to traditional models that use fixed SOM C:N ratios (11, 12), we use flexible
stoichiometry (i.e., time-variant C:N ratio) for SOM and microbial biomass pools to more
realistically represent the adaption of microbes in response to the stoichiometric imbalance
of available resources (13). Model state variables, governing equations, component fluxes,
and parameters are described in Table S14-S17, respectively. A model parameter (reaction
rate) in MEND may be modified by soil moisture, temperature, or pH (8). MEND
represents nitrification, denitrification, microbial dormancy, resuscitation, mortality, and

enzymatic decomposition in response to changes in moisture, as well as shifting of
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microbial and enzymatic activities with changing temperature (14). MEND simulates soil
CO; efflux (Rs) as the sum of autotrophic (root) respiration (Ra) and heterotrophic

(microbial) respiration (Rn) fluxes:

Rs =R, + Ry (1a)
Ry = frqa X GPP (1b)
Rh = Rh,g + Rh,m + Rh,O (1C)

where R is calculated as a fraction (fz, € (0.1,0.4)) of gross primary production (GPP, g
C m2d); and R is the sum of microbial growth (R, ;), maintenance (Rp, ;), and overflow

(Rp,g) respiration fluxes (see Eq. S11 in Table S13 and Egs. S27-S31 in Table S14).

c.2. Model Parameterization. The model parameters were determined by achieving high
goodness-of-fit of model simulations against experimental observations, such as Rs,
concentrations of ammonium (NH4") and nitrate (NO3z"), relative abundances of genes
encoding oxidative (EnzCo) and hydrolytic enzymes (EnzCh) in this study (Table S11).
We implemented multi-objective calibration of the model (6, 14). Each objective evaluates
the goodness-of-fit of a specific observed variable, e.g., Rs, or relative gene abundances
(Table S11). Note that the GeoChip gene abundances were used to constrain the MEND
modeling as additional objective functions. The parameter optimization is to minimize the
overall objective function (J) that is computed as the weighted average of multiple single-

objectives (Table S15) (15)

I=Yw-J, (2)

m
i=1

S w, =1 with W, €[0] @

i=1
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where m denotes the number of objectives and wi is the weighting factor for the i (i =
1,2,...,m) objective (Ji). In this study, Ji (i=1,2,...,m ) refers to the objective function value
for Rs, EnzCo and EnzCh, respectively.

As the overall objective function J is minimized in the parameter optimization
process, the individual objective function Ji may be calculated as (1— R?), MARE, |PBIAS|

(absolute value of PBIAS):

_ 11'1:1[Ysim(i) - Yobs(i)]2

R?=1 =
Z?: [Yo s(i) - Yo 5]2
1 b. b. (4)
1 c Ysim(i) - Yobs(i)
MARE = —Z —_—
n i—1 Yobs(l)
= ®)
Yeim — Y,
|PBIAS| = |2 —9PS| % 100%
obs (6)

where R? denotes the Coefficient of Determination (16). The R? quantifies the proportion
of the variance in the response variables that is predictable from the independent variables.
A higher R? (R? < 1) indicates better model performance. MARE is the Mean Absolute
Relative Error (MARE), and lower MARE values (MARE > 0) are preferred (17). MARE
represents the averaged deviations of predictions (Ysim) from their observations (Yobs).
PBIAS is the percent bias between simulated and observed mean values (18). n is the
number of data; Yons and Ysim are observed and simulated values, respectively; and Y, and
Yim are the mean value for Yobs and Ysim, respectively.

Different objective functions are used to quantify the goodness-of-fit for different
variables (Table S15), depending on the measurement method and frequency of variables.
The coefficient of determination (R?) (16) is used to evaluate the variables (e.g., soil CO;

efflux) that are frequently measured, and the absolute values can be directly compared
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between observations and simulations. The MARE or PBIAS is used to evaluate the
variables (e.g., microbial biomass and enzyme concentrations) with only a few
measurements, and the absolute values can be directly compared.

We used the modified Shuffled Complex Evolution (SCE) algorithm (6, 7) to calibrate
model parameters for the aCO2-aN plots. We then validated the model by using the same
set of model parameters calibrated for aCO»-aN to simulate Rn and Rs, enzyme
concentration, and soil mineral N in the eCO2-aN, aCO2-eN, and eCO2-eN treatment plots.
Model simulations for each treatment were driven by the corresponding data: GPP, soil

temperature, soil moisture, and soil mineral N (NH4" and NOs") input.

c.3. Uncertainty quantification. The parameter uncertainty in the MEND model was
quantified by the Critical Objective Function Index (COFI) method (8). The COFI method
is based on a global stochastic optimization technique (e.g., SCE in this study). It also
accounts for model complexity (represented by the number of model parameters) and
observational data availability (represented by the number of observations). The
confidence region of parametric space was determined by selecting those parameter sets
resulting in objective function values (J) less than the COFI value (Jcr) from the feasible
parameter space (8). We used the coefficient of variation (CV) to quantify the uncertainty
for 10 calibrated model parameters. The CV values of all calibrated parameters of gMEND,

tMEND, and TECO were compared (Fig. 3b).

c.4. Estimation of elevated-CO2 and/or enriched-N induced soil Rn. To examine extra

soil heterotrophic respiration (Rn) caused by eCO> and/or eN, percent changes of simulated
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Rn in response to eCO2 and/or eN treatment (%AR}, ¢rearment) Was calculated based on Eq.
7. As a preliminary test of global significance, we extrapolated our results to the world’s
grasslands (19): the annual soil CO; efflux (Rs) was 8.0 Pg C yrin the global grasslands,
which meant R giobal = 4.2 Pg C yrtin global grasslands based on the relationship between
Rnand Rs reported by Bond-Lamberty & Thomson (20). We then estimate eCO> and/or eN

would result in more soil C loss as additional Rn (AR}, giopar):

Rhmreannent_RhﬂCOZ—aN (7)

ARh,global = Rh,global X %ARh,treatment = Rh,global X R
h,aCOz—-aN

where Ry, giopa (P9 C yr1) is annual Ry from global grasslands; AR, giobar 1S the extra Rn
(Pg C yr') from global grasslands; Ry, 4c0,-qn denotes the mean annual Rn (g C m2 yr?)
at aCO2z-aN, and Ry, treatmene 1S the mean annual Ry (g C m2 yr') under a specific

treatment, i.e., eCO2-aN, aCO»-eN, or eCO2-eN.
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Figure S1. The elevated CO2 (eCOz2) and enriched N (eN) effects on soil and plant
variables. Yellow bars represent aCO> plots and blue bars represent eCO- plots. The
eCO2 and the eN effect in Phase 1 (1998-2005) and Phase Il (2006-2009) are shown.
Percent changes of means of the variables in eCO- plots relative to aCO- plots at low and

high N supply, respectively, are labeled in black above the bars. Percent changes in the

means of all eN plots relative to all aN plots are labeled in red above the bars. a-b, soil

Soil C/N ratic

(4]
Soil C/N ratio

net N mineralization rate (mg kg* day™, averaged for one mid-growing season period per
year). c-d, aboveground plant N concentration (%, measured once in August per year). e-
f, root biomass (g/m?, 0-20 cm depth measured twice per year). g-h, total plant N pool (g
N m, measured once in August per year). i-j, soil C/N ratio (measured once in 2002 and

2007, respectively). p values of the permutation t-test are labeled as *** when p < 0.01,
** when p <0.01 and * when p < 0.10.
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Figure S2. Structure of ecosystem models. a, Carbon-Nitrogen coupled Microbial-

ENzyme Decomposition (MEND) model. Ra and R, are autotrophic and heterotrophic
respiration, respectively. POMo and POMy are particulate organic matter (POM)
decomposed by oxidative (EPo) and hydrolytic enzymes (EPw), respectively. MOM is
mineral-associated OM, which is decomposed by a mixed enzyme group EM. Dissolved
OM (DOM) interacts with the active layer of MOM (QOM) through sorption and
desorption. Litter enters POMo, POMy, and DOM. Microbes consist of active (MBa) and
dormant (MBp) microbes. DOM can be assimilated by MBa. Ammonium (NH4") and
nitrate (NO3") can be immobilized by microbes and taken up by plants. b, Terrestrial
ECOsystem (TECO) model.
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Table S1. Trend tests for detecting the changing point of CO2xN interactive effects on

soil CO; efflux.

Change Change
Trend test month p year p
(n=47) (n=12)
Pettitt's test June-2005 0.0005 2005 0.0490
Buishand range test ~ June-2005 0.0030 2005 0.1037
Buishand U test June-2005 0.0021 2005 0.0290
Standard Normal
Homogeneity Test July-2005 0.0014 2005 0.0338

(SNHT)

11



182  Table S2. Summary of the three-way interactive effects of CO>, N, and phase on soil and

183  plant variables based on repeated-measures mixed model across 296 plots. Significant (p

184 < 0.05) effects are bolded.

185
Category Variables CO,xNxPhasel!]
F P

Soil processes and variables  Soil CO, flux 5.260 0.022
Soil net N mineralization 33.587 <0.001
Soil temperature 0.039 0.843
Soil moisture 0.012 0.913
Soil pH 0.593 0.441

Aboveground plant variables  Aboveground plant N concentration 13.778 < 0.001
Aboveground plant C/N ratio 0.119 0.730
Aboveground plant N pool 0.018 0.894
Aboveground plant biomass 0.075 0.785

Root variables Root N concentration 0.890 0.345
Root C/N ratio 1527 0.217
Root N pool! 0.453  0.501
Root biomass 0.354 0.552

186  [MTwo levels of Phase: Phase | (1998-2005) and Phase 11 (2006-2009)

187 I The N pool was calculated as plant biomass x plant N concentration (%)

188

12
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192

Table S3. Main and interactive effects of CO2, N, and plant diversity (PD) on soil CO>

efflux in Phase | and Phase Il based on repeated-measures mixed model across 296 plots.
Significant (p < 0.05) effects are bolded.

CO2

N

PD

CO2xN
CO2xPD
NxPD
CO2xNxPD

Phase | Phase II
(1998-2005) (2006-2009)
F p F P
14761 <0.01 48.27 <0.01
12.01 <0.01 14.02 <0.01
104.80 <0.01 13.96 <0.01
3.35 0.07 26.90 <0.01
0.11 0.74 3.76  0.05
0.17 0.68 0.34 0.56
2.26 0.13 232 0.13

13



193  Table S4. Pearson correlation between CO,xN effect (N influence on eCO; effect(!]) on
194  soil CO; efflux and CO2xN effects on soil/plant variables from 1998 to 2009.

Category Variables rl2l pl?]
Soil processes Soil net N mineralization 0.595 0.048
Soil temperature 0.001 0.998
Soil moisture -0.353 0.260
Soil pH -0.567 0.055
Aboveground plant Aboveground plant N concentration 0.607 0.037
variables Aboveground plant C/N ratio -0.619 0.032
Aboveground plant N pool 0.458 0.134
Aboveground plant biomass -0.038 0.907
Root variables Root N concentration -0.233 0.467
Root C/N ratio -0.003 0.993
Root N pool 0.073 0.822
Root biomass 0.176 0.584

195 [MeCO; effect: calculated by response ratio (RR): N influence on eCO effect: RR at high
196 N supply — RR at low N supply

197 Py correlation coefficient; p: significance of the correlation.
198

14
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202

Table S5. eCO; effects on soil temperature, moisture, and root N concentration at low

and high N supply.

N treatment CO; treatment Soil Soil Root N
temperature moisture concentration

Low N eCO, v.s aCO; 0.562(1 0.773 0.981

High N eCO; v.saCO> 0.248 0.564 0.248

[11p values of the Wilcox test

15
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209

Table S6. Main and interactive effects of CO>, N, and plant diversity (PD) on overall

relative abundance of microbial functional genes based on permutational multivariate

analysis of variance (Adonis) across 296 plots.

Overall abundance of microbial

functional genes(!!

F p
CO2 1.82 0.01
N 1.61 0.03
PD 2.39 <0.01
CO2xN 1.38 0.04
CO2xxPD 1.38 0.06
NxPD 1.15 0.18
CO2xNxPD 1.05 0.28
Whole model R? 0.04 0.04

(11 Abundance of microbial functional genes was the normalized signal intensity based on

GeoChip hybridization. The GeoChip arrays contained a variety of functional genes

involved in biogeochemical cycling processes (22). PD stands for plant diversity.

Significant (p < 0.05) effects are bolded.
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214

Table S7. Correlations between the relative abundance of different microbial gene

categories and soil CO> efflux by Mantel test. The relative abundances of microbial genes

in different gene categories were measured in 2009. Soil CO; efflux was averaged in Phase

I (1998-2005) or Phase 11 (2006-2009) per plot for the correlation analysis.

Gene category Phase | Phase Il

r p r p
Starch -0.025 0.798 0.043 0.097
Hemicellulose -0.040 0.909 0.041 0.100
Cellulose -0.038 0.894 0.069 0.016
Chitin -0.040 0.873 0.055 0.057
Pectin -0.017 0.691 0.041 0.096
Lignin -0.028 0.780 0.063 0.028
Assimilatory N reduction -0.035 0.855 0.060 0.036
Dissimilatory N reduction -0.040 0.887 0.047 0.073
Denitrification -0.033 0.834 0.048 0.074
Ammonification -0.023 0.746 0.050 0.048
Nitrification -0.031 0.853 0.047 0.061
N fixation -0.041 0.895 0.049 0.074

17



215  Table S8. Interactive effects of CO, and N on C degradation and N cycling genes.
eCO2 eCO2 eN
Gene eff?lc]:t at effect  ogroet op@ el OF  COxN Adonis
category Gene name aN at g B (%) (%) EE Eg}teractlon pl7]
(%) eN (%) (%)
(%)
amyA 4.6 -1.71 162 256 6.22 -3.66 antagonistic 0.048
amyX 10.26 1226 16.47 2149 26.73 -5.24 additive 0.154
glucoamylase  9.88 -269 627 6.24 16.15 -9.91 antagonistic 0.006
Starch pulA 6.22 -1.84 343 391 965 -5.74 antagonistic 0.008
isopullulanase  33.42 -6.53 17.72 1455 51.14 -36.59 antagonistic 0.002
nplT 3.32 043 374 318 7.06 -3.87 additive 0.246
apu 15.76 538 8.02 1146 23.78 -12.33 additive 0.462
ara 4.42 -267 106 133 548 -415 additive 0.085
Hemicel- ara_fungi 5.58 -0.70 401 394 959 -5.65 additive 0.324
lulose xylA 6.19 -212 318 332 937 -6.05 antagonistic 0.046
xylanase 5.69 -1.18 245 337 814  -476 additive 0.150
CDH 4.35 -234 186 1.75 6.21  -445 antagonistic 0.028
Cellulose cellobiase 5.82 -0.85 500 45 10.82 -6.32 antagonistic 0.014
endoglucanase 4.28 -1.17 201  2.66 6.29  -3.62 antagonistic 0.032
exoglucanase  8.21 026 852 6.57 16.73 -10.16 antagonistic 0.020
acetyl- 4.15 -199 131 179 546  -3.68 additive 0.216
glucosaminida
Chitin -Se
endochitinase  5.42 -168 237 331 7.79  -448 antagonistic 0.040
exochitinase 4.81 1.79 6.01 5.68 10.82 -5.14 antagonistic 0.048
Pectin pectinase 9.01 055 6.14 802 1515 -7.13 antagonistic 0.011
Aromatic limEH 5.08 -0.88 244 328 752 -4.24 additive 0.190
s vanA 3.47 -152 118 162 465 -3.03 additive 0.173
vdh 5.35 -1.86 231 247 766 52 additive 0.153
glx 4.94 -1.17 273 345 7.67  -4.23 antagonistic 0.014
lip 6.6 -094 397 504 10.57 -5.53 antagonistic 0.036
Lignin mnp 10.8 -242 536 685 1616 -9.3 antagonistic  0.036
phenol_oxidas 6.75 -1.29 359 474 10.34 -5.6 antagonistic  0.036
e
camDCAB 7.41 -1.83  7.36 1.63 14.77 -13.13 antagonistic 0.016
N napA 6.11 -0.79 315 436 926 -4.9 additive 0.234
reductio- nrfA 3.83 -2.08 1.03 116 486 -3.7 antagonistic  0.042
n nasA 7.94 -221  3.72 451 11.66 -7.15 antagonistic 0.020
narG 4.25 -2.07 142 1.71 5.67 -3.95 additive 0.114
Denitrifi nirK 5.76 -219 243 294 819  -525  additive _ 0.138
c-ation nirS 9.3 -2.79 419 5.15 1349 -8.34 antggonlstlc 0.019
norB 3.82 -0.15 316 291 6.98 -4.08 additive 0.090
nosZ 8.87 -1.81 519 587 1406 -8.19 antagonistic 0.031

18



Ammoni  gdh 10.2 -264 597 6.09 16.17 -10.09 antagonistic 0.004
f-ication  ureC 4.02 -1.86  2.63 1.85 6.65 -4.8 antagonistic  0.038
!\Iitrificat amoA 4.72 -0.96 2.97 3.23 7.69 -4.45  antagonistic  0.016
:\I(i)trsogen nifH 7.15 -0.74 492 564 12.07 -6.42 antagonistic 0.046
fixation

216 M eCO; effect at aN (%): calculated as 100% x eCaN-aCaN '\ here eCaN and aCal

217  represent the mean of gene abundance in elevated CO2-low N and ambient CO2-low N

218  plots, respectively.

219 [ eCO, effect at eN (%): calculated as 100% x ECeN_aCeN '\ \here eCeN and aCeN

220  represent the mean of gene abundance in elevated CO2-high N and ambient CO-high N

221  plots, respectively.

222  BleN effect (%): calculated as 100% X M, where aCeN represent the mean of

223 gene abundance in ambient CO2-high N plots.

224 1 Observed Effect (OE): calculated as 100% x _%—m’ where eCeN represent the

225  mean of gene abundance in elevated CO2-high N plots.

226 BlExpected Effect (EE): calculated as 100% x @ +100% X W

227  [®lInteractive effect is additive when EE does not differ from OE, synergistic when EE is

228  significantly smaller than OE, or antagonistic when EE is significantly larger than OE.

229 [ The significance of the CO>xN effect on the abundance matrix of each gene was tested

230 by permutational multivariate analysis of variance (Adonis). Significant (p < 0.05) effects

231  are bolded.

232
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233 Table S9. Interactive effects of CO. and N on bacterial and fungal genes related to C
234  degradation and N cycling.
e]EZfOz e]SIfOz eN o o
effect effect E- 2XN :
Kingdom Gene at at E];feCt (3E[4] EOE[S] EE interaction A[c71]o nis
name aN®  eNE (%) (%) %) [ P
w ) %
amyA 164 -1.72 452 249 6.17 -3.67 antagonistic 0.05
glucoamylase  5.61 -3.81 1124 6.20 16.8  -10.6 antagonistic 0.04
xylA 3.06 -214 611 321 917 -5.96 antagonistic 0.05
CDH 185 -234 434 174 620 -4.45 antagonistic 0.04
exochitinase 5.72 217 381 505 954 -448 antagonistic 0.05
Bacteria  nrfA 1.03 -2.08 3.82 115 485 -3.70 antagonistic 0.03
nirS 432 -290 936 505 13.68 -8.63 antagonistic 0.01
nosZ 5.12 -1.94 889 574 1401 -8.26 antagonistic 0.03
gdh 599 -324 1084 6.29 16.84 -10.54 antagonistic 0.01
ureC 2.67 -2.08 4.16 1.75 6.83 -5.08 antagonistic 0.02
amoA 224  -1.27 422 247 6.46  -3.98 antagonistic 0.05
glucoamylase  18.90 0.63 16.72 1565 35.62 -19.97 antagonistic 0.03
Fungi endoglucanase 4.30 0.73 580 5.52 10.10 -4.58 antagonistic 0.04
pectinase 6,50 072 722 6.18 13.73 -7.54 antagonistic 0.01
235  [1.[21 31141 B [6. [T The parameters are described in Table S8.
236 Only genes that are significantly (p < 0.05) affected by CO2>xN are shown.
237
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Table S10. Predictions of significant changes between eCO, and aCO; at low or high N
supply based on the two competing theories: stoichiometric decomposition and microbial
N mining. The following predictions are based on literature analyses and synthesis. Since
the interactive effects between CO, and N on the responses of ecosystems are very
complicated, the following listed predictions could vary considerably among different
ecosystems. For the purpose of this study, we attempt to just list the possible CO2xN effects
based on data available from BioCON experimental sites. Those effects are not necessarily
applicable to other ecosystems. +, significantly stimulation; -, Significantly repress; 0, no

significant changes.

. Stoichiometric decomposition Microbial N mining
Properties

low N high N low N high N
Soil CO, efflux -1 or +2 +03 +[6] I
Labile C genes - +04] +06] +18]
Recalcitrant C |y L8] L16] 1]
genes
N genes _[1] +[5] +[5] _[71
(Iar]:;ggisctlve Synergistic Synergistic Antagonistic Antagonistic

[11eCO; generally increases the C/N ratios of plant tissues, leading to higher litter and soil
C/N ratios (23, 24). Higher substrate C/N ratio may, in turn, result in nutrient limitation,
which inhibits microbial growth and reduces microbial activity like C decomposition and
respiration rate (25-28).

21 ow N availability will not inhibit the microbial uptake of both substrate C and other
nutrients, but excessive C is routed to overflow respiration (29, 30).

[B1Plant N content relative to C is one to two orders of magnitude lower than microbial
biomass (31). Because of this different stoichiometry and considering that eCO> generally
increases plant C and N ratios (23, 24), microbes degrade plant litter with an initial higher
N concentration more quickly.

[l Due to the larger contribution of rapid-growing microbes (r-strategists) utilizing eCO2
stimulated labile C inputs (32).

151 Dye to co-metabolism of soil C and other nutrients (33).

[61eCO, generally increases labile C inputs into soils (34), resulting in a larger contribution
of slow-growing microbes (K-strategists) to utilize labile C as the energy source to

decompose recalcitrant C for N acquirement (32, 35).
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[l Due to suppressed microbial mining of recalcitrant C for N in soils with high N

availability (25, 36).
1 High N availability increases the rate of labile C utilization by microbes for growth
(increase in microbial assimilation rates) (25, 37).
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Table S11. Objective functions used for different response variables in the MEND

model parameterization.

Response Description Obijective Function

Variable

Rs (COy) Soil CO; efflux = | MR2 between Simulated Rs and Observed Rs
root  respiration
(Ra) + microbial
respiration (Rn)

NH4* Ammonium [2IPBIAS between Simulated and Observed NH4*
concentration

NOs™ Nitrate PBIAS between Simulated and Observed NO3~
concentration

EnzCo Concentration MAREE! between Simulated EnzC and Expected
(EnzC) of | EnzC
Oxidative Enzyme | Expected EnzC = Simulated EnzC at ambient N x

RRI4

EnzCh Hydrolytic MARE between Simulated EnzC and Expected EnzC

Enzyme Expected EnzC = Simulated EnzC at ambient N x RR

Concentration

[11R? denotes the coefficient of determination, see Method Eq. 4.

[21PBIAS is the percent bias between observations and simulations, , see Method Eq. 6.

{1 MARE is the mean absolute relative error, see Methods Eq. 5.
[IRR is the ratio of gene abundance at eCO2-aN or eCO-eN to that at aCO2-aN or aCO,-
eN, i.e., RRan = eCO2-aN/aCOz-aN, RRen = eCO2-eN/aCO,-eN.
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Table S12. Soil C and N pools (state variables) in the MEND model.

ID Soil C and/or N pool Pool Name Variable name in equations

1 Particulate  organic  matter POMo C pool: Po;
decomposed by oxidative enzymes N pool: PNo

2 POM decomposed by hydrolytic enzymes POMn Pu; PNH

3 Mineral-associated organic matter MOM M; MN

4 Dissolved organic matter DOM D; DN

5 Active MOM interacting with DOM QOM Q; ON

6 Active microbial biomass MBa BA; BAN

7 Dormant microbial biomass MBpb BD; BDN

8 Oxidative enzymes decomposing POMo  EPo EPo; EPNo

9 Hydrolytic enzymes decomposing POMy  EPH EPH; EPNH

10  Enzymes decomposing MOM EM EM; EMN

11  Ammonium NH4* NH4

12 Nitrate NOs™ NOs
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Table S13. Governing equation for each soil C or N pool in the MEND model®.

Governing Equation Eq#
Soil C (state variable, e.g., P1, denotes the C content):
dpP, (S1)
it =1Ipo+ (1 —gp) - Ggro Fia—Fi
dPy (S2)
dt =Ipy+ (1A —gp) (1 —gpo) Fi4s—F,
aM S3
Ez(l_fu)'(F1+Fz)_F3 53)
dQ (S4)
dr Fy — Fs
dD (S5)
EZID +fo-(Fi+F)+ F3+gp:Fia+ Fig— Fo— (Fa — Fs)
dBA (S6)
WZFB_(F7_Fs)_(F9+F10+F11)_F14_F15
dBD (S7)
W = (F7 - Fs)_(Flz + F13)
dEP, (S8)
7 = FIS,EPO - FIG,EPO
dEPy (S9)
7 = I'15,EPH — FIG,EPH
dEM (S10)
7 = FIS,EM - FIG,EM
dco
dtz =Rp = (Fo + Fyo + F11) + (Fi2 + Fi3) (S11)
d (S12)
E(PO +Py;+M+Q+D+BA+BD+EPy,+EPy+EM)
= (Ipo + Ipy + Ip) — (Fy + Fyo + Fi1) — (Fi2 + Fi3)
Soil N (state variable, e.g., PNy, denotes the N content):
For PNo, PNu, MN, QN, and DN, the N flux is calculated as: FN; = F;/CNgyyrce (S13)
where F; is the C flux, and CNsource is the C:N ratio of the (upstream) source pool
dBAN Fg F; Fg Fi, Fis3 (S14)
= - ( - > - - — FNyn,ga
+ (FNunnua-pa + FNinnos—pa)
dBDN ( F, B Fg ) _EN (S15)
dt ~ \CNgs; CNgp mn.BD
dNH, (S16)
dt = Iyga + (FNmn,BA + FNmn,BD) - FNim,NH4——>BA — FNy;;
dNO, (S17)
T Inos + FNpit = FNpit—genic = FNaenit — FNimno3—Ba
d (S18)
E(PNO + PNy + MN + QN + DN + BAN + BDN + EPNy, + EPNy + EMN + NH, + NO53 )
= (INpg + INpy + INp + Inpa + Inos) — (FNpit—genic + FNgenic)

(11 The state variables (C and N pools) are described in Table S12; Eq. S11 indicates the
total heterotrophic respiration flux (Ry); Eq. S12 and S18 express the overall mass balance
of C and N, respectively. The transformation fluxes (F or FN) are elucidated by Eqs. S19-
S41 in Table S14.
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Table S14. Component fluxes in the MEND model (parameters are described in Table

S10).
Flux description Equation Eq#
Particulate organic matter (POM) pool _Vdpo "EPy - Py s19
(oxidative) (Po) decomposition (F1) 1T Ko + P, (S19)
POM pool (hydrolytic) (Py) decomposition _ Vdpy ~EPy - Py (S20)
° Kpy+Py
Mineral-associated organic matter (MOM, M) _Vdy-EM-M o1
decomposition ST TR M (S21)
Adsorption (Fs4) and desorption (Fs) between | F, = k45 (1 — Q/Qpmax) * D (S22)
dissolved organic matter (DOM, D) and | Fs = kges * (Q/Qmax) (S23)
adsorbed DON (QOM, Q)
DOM (D) uptake by microbes 1 BA-D
Fo=—V,+Vy) —x
6 Yg(g+m) K 1D (S24)
Dormancy (F7) and reactivation (Fe) between | F, = [1 — D/(K, + D)] -V, - BA (S25)
active (MBa, BA) and dormant (MBp, BD) | Fy = [D/(K, + D)] - V,, - BD (S26)
microbes
MBa (BA) growth respiration (Fg) and 1 V,-BA-D (S27)
maintenance respiration (Fio) Fo= 79 —-1) K, +D
oo 1 ) V-BA-D
10 = E - 'KDT (S28)
MBa (BA) overflow respiration (Fi1) F;; = max{0,BA — BAN * CNg 4 nax} (S29)
MBp (BD) maintenance respiration (Fi2) Fi,=B-V, BD (S30)
MBp (BD) overflow respiration (F13) F,3 = max{0,BD — BDN " CNg4 max } (S31)
MBa (BA) mortality Fi,=y-V, BA (S32)
Synthesis of enzymes for Po (EPo, Fisero), | Fiszpo = Po/(Po + Py) * Pep * Vi " BA
enzymes for Py (EPw, Fisepn), and enzymes for | Fy o .py = Py /(Py + Py) “ pgp - Vi - BA (533)
M (EM, Fisem) Fisem = fPem *Pep " Vin " BA
Fis = Fisgpo + Fisepu + Fisem
Turnover of enzymes (EPo, EPH, EM) Fi¢rpo =15 " EPp, Figgpn = 1 " EPy
Figgm =15 EM (S34)
Fie = Fieepo + Fisepn + Fieem
N immobilization by microbes FNym nHaoBa
_ (VNim,NH4 ) YNg) ) BA ) NH4 (835)
- _ NH, , NO, BA
KSuns (14 Ky + Kves * Kvs)
FNim,NOS—»BA
_ (VNim,NO3 " YNg) " BA " NO3 (836)
- _ NH, __ NO; | BA
_ _ _ KSN03 (1 + KSNH4 * KSN03 + KSN03)
N mineralization FNpnpa = (1 —YNy) - FNg (S37)
VN = ( CNpa = CNpamin )“’
g CNBA,max — CNBA,min (838)
Nitrification FNp;; = VN, - NH, (S39)
Nitrifier Denitrification FNpit—genit = FNpierig - [1 = £(02)]
(0,) = (1-wFP)*/3 (S40a)
f(02) = 0.54/3+(1-WFP)*/3 (S40b)
WFP is water-filled porosity
Denitrification FNgenit = VNgenic - NOs (541)
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Table S15. MEND model parameters.

ID Parameter Description Units Eq#
1 LFo Initial fraction of Po, LFo= Po/(Po+Py) —
2 ro Initial active fraction of microbes, ro= BA/(BA+BD) | —
3 fINP Scaling factor for litter input rate —
4 Vdpo Maximum specific decomposition rate for Po mgCmgCh? S19
5 Vdph Maximum specific decomposition rate for Py mgCmgtCh? S20
6 Vdwm Maximum specific decomposition rate for M mgCmg*Ch? S21
7 Kro Half-saturation constant for Po decomposition mg C cm 2 soil S19
8 Kpn Half-saturation constant for Py decomposition mg C cm2 soil S20
9 Kwm Half-saturation constant for M decomposition mg C cm3 soil S21
10 Qmax Maximum sorption capacity mg C cm 2 soil S22
11 Kba Binding affinity, Sorption rate Kags = KdesX Kpa (mg C cm2 soil) ! S22
12 | Kaes Desorption rate mg Ccm3soilh™? | S23
13* | re Turnover rate of EPo, EPy, and EM mgCmg?*C ht S34
14* | pep [Vimxpep] is the production rate of EP (EPo + EPy), | — S33
Vm is the specific maintenance rate for BA
15* | fpem fpem = pem/Per , [VmeXpew] is the production rate of | — S33
EM
16* | fp Fraction of decomposed Po and Py allocated to D — S3
17* | oo Fraction of dead BA allocated to D — S1
18* | Vq Maximum specific uptake rate of D for growth mgCmgiCh? S24
19*% | a =Vn (Vg + Vn) — S24
20* | Kp Half-saturation constant for microbial uptake of D mg C cm2 soil S24
21* | Yg(Trer) True growth yield at reference temperature (Trer) — S24
22 Kvg Slope for Yy dependence of temperature 1/°C S24
23* | Quo Q1o for temperature response function — S24
24 y Max microbial mortality rate = VX y — S32
25 | p Ratio of dormant maintenance rate to Vi, — S30
26 WA2D Soil water potential (SWP) threshold for microbial | —MPa S49
dormancy; both waxp & wp2a <0
27 T wp2a = wap X 7, woea IS the SWP threshold for | — S50
microbial resuscitation
28 1) Exponential in SWP function for microbial | — S50
dormancy or resuscitation
29 VN nba Max specific immobilization rate for NH4* mgNmg*Ch S35
30 VNimno3 Max specific immobilization rate for NO3~ mgNmg*Ch? S36
31 KSyua Half-saturation constant for NH4* immobilization mg N cm 3 soil S35
32 KSnos3 Half-saturation constant for NOs~immobilization mg N cm3 soil S36
33 V Ny Max nitrification rate h't S39
34 VN genit Max denitrification rate h't S41

*denotes the 10 parameters calibrated for C cycling processes in this study.
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