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Supplement

S1. Initial conditions in the model
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Figure S1. Initial values for non-uniformly distributed components and soil moisture in the -30 hPa treatment.
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Figure S2. Initial values for non-uniformly distributed components and soil moisture in the -100 hPa treatment.
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Figure S3. Air-filled porosity in the -30 hPa and -100 hPa treatments.
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Figure S4. Volumetric water-filled porosity in (a) -30 hPa and (b) -100 hPa treatments.

S2. Simulated concentration profiles
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Figure S5. Simulated concentration profiles of 12 species numerically solved in the model for the -30 hPa treatment.
Data are plotted on day 0, 1, 3, 7, 10, 14, 21, 28 where lighter colors indicates the increasing time.
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Figure S6. Simulated concentration profiles of 12 species numerically solved in the model for the -100 hPa

treatment. Data are plotted on day 0, 1, 3, 7, 10, 14, 21, 28 where lighter colors indicates the increasing time.
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Figure S7. Measured and modeled NH4* profiles in the -30 hPa treatment.
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Figure S8. Measured and modeled NH4* profiles in the -100 hPa treatment.
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Figure S9. Simulated available O, content in model reactions in (a) -30 hPa and (b) -100 hPa treatments.

Table S1. Basic properties of the manure slurry. TOC was assumed to account for a fraction of 0.42 of VS (Petersen
et al., 2016) and the fraction of DOC in TOC was 0.5, an intermediate estimate from two studies (Petersen et al.,
1996, 2016).

Application rate Volatile solids TOC DOC POC NH,* Dry matter
(kg fw/m?) (9 VS/kg fw) (g C/kg fw) (g C/kg fw) (9 C/kgfw) (g N/kg fw)  (g/kg fw)
3.963 37.14 15.60 7.8 7.8 1.23 48.04

Table S2. Average measured values of soil samples taken at a distance of 1 cm from both surfaces in control

treatments on day 1. SOC was estimated from LOI and the conversion model in (Jensen et al., 2018).

LOI SOC NH,* NOs’

(9/100 g dw) (9/100 g dw) (mg N/kg dw) (mg N/kg dw)




-30 hPa soil ~ 5.09 1.69 0.090 17.86

-100 hPa soil  5.06 1.70 0.138 20.54

S3. Reactive and diffusional rates of N.O, NO,", CO,, and O,
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Figure S10. Simulated rates of N,O production, consumption, and transport in the -100 hPa treatment: (a) net N.O
reaction rate, (b) N-O production rate by nitrification, (c) N.O production rate by nitrifier denitrification, (d) N.O
production rate by denitrification, () N.O consumption rate by denitrification, (f) N,O diffusive rate, (g) the net rate

of N0 changes by reactions and transport, and (h) N2O diffusive flux, where the negative sign represents the



downward movement towards the lower soil-air interface (z = 0.1 m), and the positive sign the flow towards the

upper soil-air interface (z =0 m).
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Figure S11. Simulated rates of NO3s production, consumption, and transport in the -100 hPa treatment: (a) NO3
production rate by nitrification; (b) NOs consumption rate by denitrification; (c) net NOs™ reaction rate; (d) NO3’
diffusive rate; (e) the net rate of NO3™ changes by reactions and transport; and (f) NOs™ diffusive flux, where the
negative sign represents the downward movement towards the lower soil-air interface (z = 0.1 m), and the positive

sign the flow towards the upper soil-air interface (z = 0 m).
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Figure S12. Simulated rates of NO, production and consumption in the -30 hPa treatment: (a) NO, production rate
by nitrification; (b) NO2 production rate by denitrification; (c) NO2 production rate by nitrification (N2O-
production pathway); (d) NO2" consumption rate by nitrification; (€) NO,  consumption rate by nitrifier

denitrification; (f) NO,™ consumption rate by denitrification; and (g) net NO," reaction rate.
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Figure S13. Simulated rates of NO2 production and consumption in the -100 hPa treatment: (a) NO2 production rate
by nitrification; (b) NO2 production rate by denitrification; (c) NO2 production rate by nitrification (N,O-
8



production pathway); (d) NO2" consumption rate by nitrification; () NO," consumption rate by nitrifier

denitrification; (f) NO, consumption rate by denitrification; and (g) net NO." reaction rate.
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Figure S14. Simulated rates of CO, production, consumption, and transport in the -30 hPa treatment: (a) total CO;
production rate; (b) CO, production rate by aerobic respiration; (¢) CO, production rate by anaerobic respiration; (d)
CO, diffusive rate; (e) the net rate of CO changes by reactions and transport; and (f) CO; diffusive flux, where the
negative sign represents the downward movement towards the lower soil-air interface (z = 0.1 m), and the positive
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Figure S15. Simulated rates of CO, production, consumption, and transport in the -100 hPa treatment: (a) total CO,
production rate; (b) CO, production rate by aerobic respiration; (c) CO, production rate by anaerobic respiration; (d)
CO, diffusive rate; (e) the net rate of CO, changes by reactions and transport; and (f) CO; diffusive flux, where the

negative sign represents the downward movement towards the lower soil-air interface (z = 0.1 m), and the positive

sign the flow towards the upper soil-air interface (z = 0 m).
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Figure S16. Simulated rates of O, production, consumption, and transport in the -30 hPa treatment: (a) total O,
consumption rate; (b) O, consumption rate by aerobic respiration; (c) O, consumption rate by nitrification; (d) O,
diffusive rate; (e) the net rate of O, changes by reactions and transport; and (f) O diffusive flux, where the negative

sign represents the downward movement towards the lower soil-air interface (z = 0.1 m), and the positive sign the

flow towards the upper soil-air interface (z = 0 m).
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Figure S17. Simulated rates of O, production, consumption, and transport in the -100 hPa treatment: (a) total O,
consumption rate; (b) O, consumption rate by aerobic respiration; (c) O, consumption rate by nitrification; (d) O,
diffusive rate; (e) the net rate of O, changes by reactions and transport; and (f) O diffusive flux, where the negative
sign represents the downward movement towards the lower soil-air interface (z = 0.1 m), and the positive sign the

flow towards the upper soil-air interface (z = 0 m).

T T T
-NO'3 production rate
-NO'3 diffusion rate i
I:INO; consumption rate
T
5 —
o i
g3
g =
= 8
5=
ﬁ ]
e}
3 =
s T
o £
< £ N
T =
o
4 - g
6 L L = I L L L L
1 3 7 10 14 21 28

Day

Figure S18. Average rates of NOs™ production, diffusion, and consumption between 0.049-0.051 m in the simulation

of the -30 hPa treatment.
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Figure S19. Average rates of NO3™ production, diffusion, and consumption between 0.049-0.051 m in the simulation
of the -100 hPa treatment.

S4. Scenario test; no solute diffusion
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Figure S20. Simulated concentration profiles of 12 species numerically solved in the model for the -30 hPa
treatment, without solute diffusion.

C Z,t) C_ (zt
co, =) Coocl@t) 0,1 100 Bagrld
0.15 800 A 10 2
_ / 1T 2 N
& PN I 6w I s 8 | @ 15) il
= 01 o N 3 I 3 | @ I
k=l 4/ N E 400 3 6 | g H
E V4 N E - (| g | | g 1 | 4‘
= o0 Vs \ g £ 4 ‘ = 'L
Q - 4 N % a o - ¥y
u” — B o 0 Ll Q 2 | an KM
| | o -
0 -200 0 ‘ 0
0 002 004 006 008 01 1] 002 004 006 008 01 0 002 004 006 008 01 0 002 004 006 008 01
Distance z Distance z Distance z Distance z
CNH:(L'J CNQ;(L“ Cm-l(l-t) 104 cu!o"‘n
30 600 3 3
600 A
jry = 400 = £ I\
3 0 3 3 g2 2 y
E B oao E™ 3 ’
E £ £ g /
T o' ° m g’ b s N\
z 10 z = 200 o1} -
J J J z v
7 200 o / \
0 - AL - -400 0 = 0
0 002 004 006 008 01 ] 002 004 006 008 01 o 002 004 006 008 01 0 002 004 0068 008 01
Distance z Distance z Distance z Distance z
Cy =)
- B,os(®t) N 4 Bpey(@t) -5 By osl@t)
AOB x DEN x NOB
s 10 33.0006 2 s _ s
2 _ 2 H
2 = =2 26
2 2 1 33.0004 2 1 @
= :E © ol
E N E E 4l
S E S S 4
=1 £e E =1 -1 L
ER = ~ 3300021 2 05 2 B
@ IS Vi =z @2 B~
=] / o o] B
< a z
) e @ o
2 . . . . 33 = 0 . . . . 0 . . . .
0 002 004 006 008 01 0 002 004 006 008 01 0 002 004 008 008 01 0 002 004 006 008 01
Distance z Distance z Distance z Distance z

Figure S21. Simulated concentration profiles of 12 species numerically solved in the model for the -30 hPa
treatment, without solute diffusion.
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S5. Scenario test: change the small air fraction in the saturated zone
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Figure S22. Comparison of different scenarios with respect to N2O, N, and CO; fluxes in the -30 hPa and -100 hPa
treatments. In each panel, there are measured data, a baseline simulation where the diffusion of all solutes is

included, and four scenario 1~4, where Scenario 1 does not allow any solute diffusion, Scenario 2 allows only NO3z
diffusion, Scenario 3 allows only NH." diffusion, and Scenario 4 allows diffusion of NH4*, NOs’, and NO>", but not

DOC. The small fraction of air porosity in the saturated zone in the -30 hPa treatment was set to 0.001.
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(a) NZO fluxes, -30 hPa (b) NZO fluxes, -100 hPa
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Figure S23. Comparison of different scenarios with respect to N2O, N, and CO; fluxes in the -30 hPa and -100 hPa
treatments. In each panel, there are measured data, a baseline simulation where the diffusion of all solutes is

included, and four scenario 1~4, where Scenario 1 does not allow any solute diffusion, Scenario 2 allows only NO3z
diffusion, Scenario 3 allows only NH." diffusion, and Scenario 4 allows diffusion of NH4*, NOs, and NO2", but not

DOC. There was no small fraction of air porosity in the saturated zone in the -30 hPa treatment.
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S6. Model implementation
S6.1 Calculating dissolved NH4* concentration

In the measurement, the total mass of NH." in soil sample including the NH4* dissolved in water and the NH,*
sorbed onto soil were extracted and measured. The mass concentration ci: (Mmg/kg dw) was then obtained by
dividing the total mass of NH4* by the mass of dry soil. p,, and V' indicate the bulk soil density and the volume of

soil respectively.

Mot Mot

Ctot = s of dry sample  p,V @

The total mass of NH,* in soil sample my: (M) is the sum of NH4* dissolved in water and NH.* sorbed onto soil:
Meor = Mg + 1My, (2

The concentration of NH,* sorbed in soil solids ¢; (mg/kg dw) can be expressed in a Freundlich isotherm (Olesen et
al., 1999):

¢s = Kp CwN (3)

where cy, is the concentration of dissolved NH4*, Kg is the Freundlich distribution coefficient, and N is the

dimensionless Freundlich isotherm exponent.
The mass of NH.* sorbed in soil ms is:

mg = csppV

= KFCWpr 4 @

The mass of NH.* dissolved in water my, is
m,, = ¢y, 0,V (5)
where c,, is the concentration of dissolved NH.* in soil water and 6,, is the soil water content.

The mass concentration c,,; obtained in the measurement is

mg +my,
Ctot = — 7
PpV

_ Kpc, " p,V + ¢, 0,V

PpV
N (6)
— KFCW Pp + Cwew

Pp
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S6.2 Reaction processes

a. C mineralization

e  Carbon mineralization under aerobic conditions is described by Eq. 1. C mineralization associated with

denitrification is also represented in the model (see the following paragraphs).
CH,0 + 0, —» CO, + H,0 (7

The rate of CO2 generation, Sco, + resp (MMol COZ/L soil/day) in the soil (note: we use the sign +/- following a

component in the subscript to indicate the production/consumption of the component, and the same for the following

section), in this equation can be written as:

- R (o IO o
COyx+,1r pb:uCOZ,resp AER [C] + kMC—COZ [02] + kMOZ—COZ

Where fico, resp (MMol CO, produced/g biomass/day) is the maximum reaction rate, and B g (unit: g biomass/g dw)

is the microbial biomass responsible for aerobic respiration, and p,, (g dw/ L soil) is the bulk soil density. [C] (mmol
C/L water) and [O2] (mmol O/L air) represent available carbon and oxygen at the reactive sites of the enzyme,

depending on the diffusion of solutes and gases within the soil medium.
[Cag] = Cag X Dy % 63 9)
[0,] = 0, x D, x 6, (10)

Daq and Dy are unitless diffusion coefficients of solute in water and gas in air, respectively (Davidson et al., 2012).
The value of Dy is determined by assuming the extreme condition that [Caq] = C,q for saturated soil, i.e. all of the
soluble substrate is available at the reaction site under this condition. The value of Dy, is determined by another

assumed extreme condition that all of the gas is available at the reaction site in completely dry soil. So, we have

Daq = ft:)? (11)
-4/3
D, = fod (12)

where f is the total soil porosity.

The decomposition of soil organic matter (SOC, gC/g dw), and particulate organic matter in the manure (POC, gC/g

dw), are described in first-order kinetics with the decay rate of o (1/day):

aS0C(z,t)

Ssoc_ = T = _asocsoc (13)
0POC(z,t
Spoc_ = % = —(ZPOCPOC (14)

DOC production rates (Spoc, mmol C produced/L soil/day) from soil organic matter and particulate organic matter

in the manure are expressed as:
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Spoc+.soc = —PpSsoc— X 103 /12

Spoc+poc = —PbSpoc— X 10%/12

Where DOC production rates are calculated from the decomposition rates of SOC and manure POC (g C/g dw/day)

(15)

(16)

and bulk density p;, (g dw/ L soil), along with the g C to mol C conversion factor (1/12) and the mol to mmol

conversion factor (10%).
The total consumption rate of DOC by microbial intake and respiration was:

1
Spoc-r = 1=y, y
AER

SC02+,T
where y,zr is the yield coefficient of aerobic heterotrophs.
b. Nitrification and nitrifier denitrification
Nitrification is the oxidation of NH4*to NOs via NO,™ by autotrophs.
Nitrification:
NHf + 1.50, -» NO; + 2H* + H,0
NO; + 0.50, = NO3
2.5NH} + 2.750, - N,0 + 0.5NO; + 3H* + 3.5H,0

Nitrifier denitrification:

NO3 + NHf + 0.50, —» N,0 + 2H,0

(17)

(18)
(19)

(20)

(21)

Oxygen consumption by nitrifiers is included in these steps. The rate of NO,™ production, and NO3™ production

depends on the availability of parent substrates and O;:

o o [NH,] [0,]
Nos +nn = PbHNos nnDPaoB [NH4] + kMNH4—N02 [02] + kMOZ—NOZ

o [NO3] [0,]
Noz +nn — PbHUN03 nnDPaoB [NO; +kMN02—N03 [0,] +kM02_N03

N>O production from nitrification,

. . WH) [0
N,0+nn = PbUN,0+nnP4aoB [NH,] +kMNH4—N20 [0,] +kM02—N20,nn

N20 production from nitrifier denitrification,

[NO3] [NH,] [0,]

(22)

(23)

(24)

kINzU

S = B X X
No0+nd = Polin;04naBa0s TN o= iem o U INH,] + KMy, o 102) + KMo, o
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The total rate of NH4* consumption for chemical reaction and ammonia oxidizing bacteria (AOB) growth,

1

-—— - _ ‘ '
T yu0m (Snvoz+mn + 2.558,04.nn + Sny04.na) (26)

S NHf-n =

where y,0p i the yield coefficient of AOB.
The rate of NO2™ consumption for producing NO3™ and nitrite oxidizing bacteria (NOB) growth:

1

———Syo- 27
1—3’1\/03 NO3z +,n ( )

SNOZ_—,n =
where yyop IS the yield coefficient of NOB.
O consumption can be calculated by the production rates of nitrogen oxides in the nitrification process:
S0,-m = —(1.5Synos+n + 0.58805 +.n + 2.755N,04nn + 0-58N,04,na) (28)
c. Denitrification

In the present model, the considered pathways of stepwise denitrification include:

NOj3 + 0.5CH,0 — NO; + 0.5CO, + 0.5H,0 (29)
2NOj3 + CH,0 + 2H* - N,0 + CO, + 2H,0 (30)
N,0 + 0.5CH,0 — N, + 0.5C0, + 0.5H,0 (31)

The rates of generation for denitrification products NO2-, N20 and N2, as well as COZ2, are written as follows:

[NOs] [C] klnoz

Snn = - . B X
NOz +idn = PoHnoy dnan [NOF]+ kMyoz—no;  [Cl+ KkMc_no;  [02] + klyos an (32)
[NO;] [C] kln,o
S = B 2
N20+dn = Polinz0.dnBan [NO; ]+ kMyo,_n,0  [Cl+kMc_n,0  [02] + kly,0,an (33)
[N,0] [€] kly,
S = B X X 4
Natn = PoENdnBan [N O]+ kMyyo  [C]+ kMc_y, 1051 + Klnyan (349
Sco,+.an = 0.58n05 +.an + Sny0+,an T 0.55N,+,an (35)
The total consumption rate of DOC in denitrification including denitrifier (DEN) growth:
1 (36)
Spoc-an = _m5602+,dn

where ypgy IS the yield coefficient of denitrifiers.

Given the process reactions, the net rate of change in Eq. (1) of the components listed can be written as follows:

1 1
§ Spoc = — 1TV Scop+r— T—v Scoy+dn T Spoc+,soc + Spoc+poc (37)
YaER YpEN
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Z Sco, = Scog+r T+ Scoy+,dn (38)

Z SNo; = SN03_+,n - SN02_+,dn (39)
1
Z Sno; = Snoz+n T Snog+an + 0.58n,04.mn — m5N03‘+,n — SNy0+nd ~ 2SN,0+,dn (40)
1
Z Sy =~ m (Snvoz+n T 2.55x,04nn + Sn,04,na) (41)
Z Sn,0 = Sny04mn + Sny04ma + Sny0+,an — Shp+an (42)
z 51\/2 = SN2+,dn (43)
2502 =—(Sco,+r + 1.5Snos 4.0 + 058805 4.0 + 2.755N,04mn + 0.588,04,na) (44)

Kinetic control of microbial biomass, including nitrifying bacteria and denitrifying bacteria, is described by the

Monod equations:

% = —Yaer/fevioSpoc—r X 1073 X 12/p), — asrBaer (45)
d[?tOB] = —Yaos/ fuvioSnup-n X 107° X 14/py = as0pBaos )
d[tjil\:tOB] = —¥nos/fuvioSnoy -n % 107° X 14/py — anopBros (47)
% = ~Ypen/fevioSpoc—an X 1073 X 12/p, — apgnBpen (48)

Where the bacterial growth rates (%, g biomass/g dw/day) are assumed to be proportional to the consumption
rates of substrates (Sgyps¢rate—pr» MMol C or N/L soil/day), linked by the bulk soil density (p,, g dw/ L soil), yield
coefficients (ypr, g C/g C or g N/g N), and C or N content in microbial biomass (fcvio, fabio), @along with the mmol to

mol conversion factor (10-%), the mol C to g C conversion factor (12), and the mol N to g N conversion factor (14).

S6.3 Initial conditions

a. Dissolved organic carbon (DOC)
e Manure

Manure application rate in the soil core was 3963 g fw/m? (39.63 t/ha). Volatile solids in the cattle slurry used in the
experiment was 37.14 g VS/kg fw, and by assuming total organic carbon (TOC) accounted for a fraction of 0.42 of
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VS (Petersen et al., 2016), the amount of TOC in the applied manure was 61.82 g C/m?. We assumed that the
fraction of DOC in TOC was 0.5, an intermediate estimate from two studies (Petersen et al., 1996, 2016), and hence
the amount of DOC was 30.91 g C/m?. We assumed that at the starting point of reactions, manure DOC were
concentrated in the zone of manure-saturated zone, i.e. ca. 4 mm from the center to each side (a length of ca. 8 mm),
with a constant concentration.

_ foocmMrocm

C = ~ 4
poc,m 12 lez 0dz (49)

where Cpocm (Mol/m® or mmol/L) is the concentration of manure DOC, My, is the amount of manure TOC in
application (g C/m?), fpoc.m is the conversion factor (0.5) from manure TOC to DOC, 1/12 is the conversion factor
from g C to mol C, and z; and z, are the locations of the initial manure DOC zone (z,= 0.046 m, z,= 0.054 m). The
dissolved organic carbon from manure, Cpocm(2) is a discretized function over depth, where the value is zero for

z<z, and z>z, and non-zero for z; <z<z,.
e Soil

We took the average LOI value at 0.01 m and 0.09 m in the control soil core by day 1 as the initial LOI value for the
manure treatment. Initial SOC values were estimated from the regression relationship SOC = 0.39LOI —0.28
(Jensen et al., 2018), which were 0.0169 g C/g dw and 0.0170 g C/g dw for -100 hPa and -30 hPa treatments,
respectively. The simulated scenarios represents spring conditions, and it appears that DOC concentrations in the
Foulum soil are fairly constant at this time (one year after grassland cultivation) at 20-25 mg C/L (Gjettermann et
al., 2008). A conversion factor of 3.5x10“was estimated as the ratio between dissolved organic C and total soil C
for Foulum loamy sand soil so that the estimated DOC concentration became consistent with the reported range. The
DOC concentration in the soil was calculated as:

c _ fDoc,sMsoc,s 103Pb
boc.s 126(z)

(50)

Where Cpoc s is the DOC concentration (mmol C/L), Mso s is the SOC content (g C/g dw), fpocm 1S the conversion
factor (3.5x10*) from SOC to DOC, p, is the bulk density (g dw/L soil) along with the conversion factor 103 from
(g dw/L soil) to (g dw/m3soil), 1/12 is the conversion factor from g C to mol C, and 8(z) is the volumetric water

content at depth z.

The initial DOC value within the soil was the sum of manure DOC (Cp¢,,) and soil DOC (Cpoc,s) as determined by

treatment.
b. NH4*
e Manure
NH,* content in the manure was 1.23x107 g N/g fw, and with an application rate of 3963 g fw/m?, the amount of

applied NH4* was 4.87 g N/m2. Similar to manure DOC, we assumed that the initial manure NH4* input for model
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simulation was concentrated in the zone of manure liquid, ca. 4 mm from the center to each side, with a constant

concentration.

MNH4m 18
( =" x—x10°
NH&m 103p,(2z, — z,) 14 0 (51)

where Cyyam is NH4" content per dry weight (mg NH,*/kg dw), My, is the amount of manure NH4* in
application (g N/m?), p, is the bulk density (g dw/L soil) along with the conversion factor 103 from (g dw/L soil) to
(g dw/m3soil), and (z, — z;) is the length of the initial manure NH4* zone (m). We use the dissolved NH,4* content
instead of NH4*-N in the following calculation, so a factor 1—2 * 10° was used to convert (g N/g dw) to (mg NH4*/kg
dw).

The concentration of dissolved NH4* within the manure-concentrated zone was calculated from the Freundlich

model (Eq. 6) and the average water content within the initial NH4* zone as follows,

CnHamPp

N—-1
KFCNH4,m,aq pb + 921,22

(52)

CNH4,m,aq =

where Cypa,qq is the dissolved NH," content (mg NH4*/L), Cypa p, is the total NH4* content (mg NH4*/kg dw), py, is
the bulk density (kg dw/L soil), K is the Freundlich distribution coefficient 4.89, and N is the dimensionless
Freundlich isotherm exponent 0.74, adopting the sorption properties of a loamy sand soil in (Olesen et al., 1999).
0,142 is the average water content within the initial NH4* zone. The molar concentration of NH4*-N was calculated
by dividing Cypa,qq by 18. The dissolved NH4* from manure, Cypam(aq)(2) is @ discretized function over depth,

where the value is zero for z<z; and z>z, and non-zero for z,<z<z,.
e Soil

The initial NH4* content of the bulk soil in the manure treatment was approximated by the measurements of control
treatments at day 1. We took the average values of NH4* content at the depths of 0.01 m and 0.09 m in the control as
the initial values of soil NH,4*, which were 0.138 mg N/kg and 0.090 mg N/kg for the -100 hPa and -30 hPa
treatments respectively. The dissolved soil NH4* content was calculated in the same way as the manure NH4* with
consideration of the volumetric water profile 8(z). The initial dissolved NH,* within the soil core was the sum of

dissolved NH4* from manure and from soil.
c. NOs

Similar to the calculation of initial DOC and NH4*, we used the average values of NO3 content at the depths of 0.01
m and 0.09 m in the control from day 1 as the initial values of soil NOs". They were 20.54 mg N/kg and 17.86 mg
N/kg for the -100 hPa and -30 hPa treatments respectively. We assumed that the soil pore water in the middle of soil
core was replaced by the manure slurry in application. In the depth of 0.046 — 0.054 m, the initial NO3™ content was

assumed to be zero, and soil NO3- existed in the area beyond the central slurry area.
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c _ Myo3sPp107°(0.1 — 2, + 2,)
YT 14 edz + [ 0dz)

(53)

where Cyop3 s IS the dissolved NOs™ content (mmol N/L), M3 s is the NOs™ content (mg N/kg dw), p,, is the bulk
density (g dw/L soil) along with a factor of 10~2 converting (g dw/L soil) to (kg dw/L soil), a conversion factor of

1/14 from mg N to mmol N, and the volumetric water content profile 8(z).

d. Particular organic matter (POC) in manure

The amount of manure POC applied was estimated as the difference between TOC and manure DOC, ca. 30.91 g
C/m?. We assumed manure POC was concentrated in the soil volume dominated by manure, within ca. 1 mm from
the center to both sides (a length of 2 mm). The POC content per dry weight is calculated as

MPOC,m

roem = 0%y 2 =) o0

where Cpoc m is the manure POC content (g C/g dw), Mpo ¢ nis the amount of manure POC in application (g C/m?),
py is the bulk density (g dw/L soil) with a factor of 102 converting g dw/L soil to g dw/m® soil, and (z," — z,") is the
length of manure POC zone from 0.049 m to 0.051 m. Manure POC content is a piecewise function over depth,

where the value is zero for z<z;" and z>z," and non-zero for z,'<z<z,’ (z,'= 0.049 m, z,'= 0.051 m).
e. NO2

The initial NO2 content within the manure-treated soil profile was assumed to be zero.

f. Gases

Four components, CO,, O, N2O and Ny, in the model were considered in the gas phase. As we had no
measurements for the initial gas concentrations, we considered the initial concentrations of the four components
equivalent to the ambient atmospheric content at each sampling point while taking into account the exclusion of O,
in hotspot volumes. The atmospheric N2 and O, were considered to be 0.78 atm and 0.21 atm respectively. CO, and
N,O were considered to be 4.1x10*atm and 3.3x107 atm respectively (World Meteorological Organization, 2021).
The gas concentration were calculated by the ideal gas equation:

n P,
Cyas = — 1000 = 22

1 55
% o 000 (55)

where Cy,, is the gas concentration (mmol/L), n is the molar mass (mol) within a volume of air V (L), B4 is the

partial pressure of the individual gases (atm), R is a constant of 0.0821 L-atm/(mol-K), T is the temperature of

288.15 K, and 1000 is a conversion factor from mol/L to mmol/L.

The initial values of N,, O,, CO, and N2O within the soil air were calculated to be 33.0 mmol/L, 8.9 mmol/L, 0.017
mmol/L, and 1.4x10-° mmol/L. For the two sampling points (at the depths of 0.049 m and 0.051 m) most close to the

center, we assumed the O, concentration to be zero.
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S7. Parameters

S7.1 Diffusion coefficients

e Base diffusion coefficients

Base ion diffusion coefficients for most components refers to (Haynes, 2014) at 25 °C, and gas diffusion coefficients

at 20 °C. For N0, diffusion coefficients at 15 °C were calculated according to (Massman, 1998).

Table S3. Base diffusion coefficients

Component Phase D (m%d) Temperature  Reference

NO, water  1.65E-04  298.15 (Haynes, 2014)
NO3 water  1.64E-04 298.15 (Haynes, 2014)
NH,* water  1.69E-04 298.15 (Haynes, 2014)
DOC water  8.38E-05 298.15 *

N0 air 1.37 288.15 K (Massman, 1998)
N> air 1.75 293.15 K (Haynes, 2014)
CO; air 1.31 293.15 K (Haynes, 2014)
0, air 1.75 293.15 K (Haynes, 2014)

*The value of DOC were calculated based on the mean value of diffusion coefficients of acetate, butyrate and
propionate (Haynes, 2014). The three components are significant components of water-soluble C in the slurries
(Paul and Beauchamp, 1989).

o Diffusion coefficients of liquid and gas at 15 °C (Do)

The diffusion coefficients of DOC, NOy, NOs™, and NH4* in soil water were adjusted for temperature from the

equation of Stokes-Einstein:

Dpy _ Ty WT,
Dr, T, uTy

The diffusion coefficients of N,O, N, CO,, and O; in soil air were adjusted for temperature (Gilliland, 1934):

Dry = This
DTZ TZ

Table S4. Adjusted base diffusion coefficients at 15 °C (288.15 K)
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Component Phase D, (m?/d) Temperature
NOy water 1.25E-04 288.15K
NOs water 1.24E-04 288.15K
NH,* water 1.28E-04 288.15K
DOC water 6.34E-05 288.15K
N2O air 1.37 288.15K
N2 air 1.70 288.15K
CO2 air 1.35 288.15K
0O, air 1.70 288.15 K

o The effective diffusion coefficients were expressed as:

Defraq = 024D, (in water phase)

Degry = 9;/ D, (in gas phase)

S7.2 Biotic parameters

In the model, the maximum potential reaction rate regarding the soil Vimax (mmol/g dw/day) is expressed as gmax*B,

where umax (Mmol/g biomass/day) is the maximum reaction rate regarding the microbial biomass, and B (g

biomass/g dw) is the microbial biomass content in the -100 hPa soil. We determined the value ranges of Viax by

looking at relevant experimental studies and then determined the value ranges of umax by dividing the Vimax by the

basal biomass of the involved microbes in the soil. umax Was used as the model parameter and the relevant literature

considered for Vimax Was shown in the sources and notes in Tables S5 and S6. The half-saturation constant for solute

components represents the concentration in water (mmol/L water) and the half-saturation constant for gas

components represents the concentration in air (mmol/L air).

Table S5. Parameters with fixed values in the model

Symbols Descriptions Units Fixed Lower  Upper Sources and notes
values limits limits
Knta_no2 n Half-saturation constant of mmol/L  0.001 0.001 0.04 (Auyeung et al.,

NH4* for NO2 production in 2015)

nitrification
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Koz no2 n

Koz no3 n

KNH4_N20 _n

Koz n20 n

KnHa_N20_nd

Koz _n20_nd

Kn2o N2_dn

Ki_No2_dn

Ki_N20_dn

Ki_n20_nd

Ki N2_dn

Half-saturation constant of O,
for NO2 production in

nitrification

Half-saturation constant of O,
for NOs™ production in

nitrification

Half-saturation constant of
NH4* for N2O production in

nitrification

Half-saturation constant of O,
for N,O production in

nitrification

Half-saturation constant of
NH4* for NoO production in
nitrifier denitrification

Half-saturation constant of O,
for NLO production in nitrifier

denitrification

Half-saturation constant of
N0 for N, production in
denitrification

Inhibition constant of O, for
NO;y production in

denitrification

Inhibition constant of O, for
N2O production in

denitrification

Inhibition constant of O, for
N2O production in nitrifier

denitrification

Inhibition constant of O, for
N2 production in

denitrification

mmol/L

mmol/L

mmol/L

mmol/L

mmol/L

mmol/L

mmol/L

mmol/L

mmol/L

mmol/L

mmol/L

0.07

0.1

0.001

0.07

0.001

0.01

5E-6

0.1

0.04

0.04

0.04

0.01

0.01

0.001

0.01

0.001

0.01

1E-06

0.01

0.01

0.01

0.01

0.04

0.04

0.001

This study

This study

This study

This study

This study

This study

(Betlach and

Tiedje, 1981)

This study

This study

This study

This study
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YAER

YaoB

YnoB

YDEN

AAER

daaos

anos

dpEN
asoc

apoC

febio

Tbio

Yield coefficient for aerobic

bacteria

Yield coefficient for AOB

Yield coefficient for NOB

Yield coefficient for

denitrifiers

Decay rate for aerobic

bacteria

Decay rate for AOB

Decay rate for NOB

Decay rate for denitrifiers
Decomposition rate of SOC

Decomposition rate of

manure POC

C content in microbial

biomass

N content in microbial

biomass

gClgC

gN/gN

gN/gN

gClgC

1/day

1/day

1/day

1/day
1/day

1/day

g Clg
biomass

g N/g
biomass

0.3

0.013

0.004

0.3

0.096

0.096

0.1

0.001

0.01

0.53

0.066

0.15

0.007

0.002

0.15

0.05

0.05

0.05

0.05

0.6

0.026

0.008

0.6

0.2

0.19

0.19

0.2

This study

(Chen et al.,
2019)

(Chen et al.,
2019)

This study

This study

(Chen et al.,
2019)

(Chen et al.,
2019)

This study
This study

This study

(Khalil et al.,
2005)

This study

Note: blank values indicate the parameter value was not changed to check the sensitivity. The value of asoc was set

as 0.001 1/day, so that the amount of degraded SOC following the first-order kinetics (6.57x10* mg C/m?) was

comparable to the cumulative CO,-C emissions from control treatments (5.11x10%* -5.26x10* mg C/m?) during

incubation. The value of apoc took ten times the value of asoc. fanic Was estimated from fepio by assuming a C/N ratio

of 8.

Table S6. Parameters used in mode calibration and calibrated values.

Symbols

Descriptions Units

Calibrated Lower

values

limits

Upper

limits

Sources and

notes

27



Kc coz.r

Koz coz r

Kno2_No3_n

Kno2_N20 _nd

Knos NO2_dn

Kc no2_dn

Kno2_N20_dn

Kc_n20_dn

Kc N2_dn

Half-saturation
constant of DOC for
CO;, production in

aerobic respiration

Half-saturation
constant of O, for CO;
production in aerobic

respiration

Half-saturation
constant of NO;™ for
NOjs production in

nitrification

Half-saturation
constant of NO, for
N20O production in

nitrifier denitrification

Half-saturation
constant of NO3™ for
NO;, production in
denitrification

Half-saturation
constant of DOC for
NO;y production in

denitrification

Half-saturation
constant of NO,™ for
N20O production in
denitrification

Half-saturation
constant of DOC for
N20O production in

denitrification

Half-saturation
constant of DOC for

mmol/L

mmol/L

mmol/L

mmol/L

mmol/L

mmol/L

mmol/L

mmol/L

mmol/L

4.07

0.86

0.47

0.028

3.50

4.62

0.001

8.10

0.5

0.5

0.01

0.009

0.001

0.001

0.001

0.5

0.5

10

0.54

0.05

3.5

10

0.05

10

10

This study

This study

(Nowka et al.,
2015)

This study

(Betlach and
Tiedje, 1981;
Kohl et al.,
1976)

This study

(Betlach and

Tiedje, 1981)

This study

This study
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N2 production in

denitrification

Hcoa_r Maximum velocity for mmol CO,  202.8 3.78 1889.76  (Eberwein et al.,
CO; production in produced/g 2015)
aerobic respiration biomass/day

LINO2_n Maximum velocity for mmol NOy  115.2 11.34 160.00 (Hgjberg et al.,
NO;y production in produced/g 1996)
nitrification biomass/day

LINO3_n Maximum velocity for mmol NO;  159.6 11.34 160.00 (Hgjberg et al.,
NQOjs production in produced/g 1996)
nitrification biomass/day

LIN20_n Maximum velocity for mmol N.O  1.89 1.89 75.59 This study
N2O production in produced/g
nitrification biomass/day

HN20_nd Maximum velocity for mmol N.O 12 1.89 75.59 This study
N20O production in produced/g
nitrifier denitrification  biomass/day

HNO2_dn Maximum velocity for mmol NO,” 100 15.00 302.36 (Hgjberg et al.,
NO;y production in produced/g 1996)
denitrification biomass/day

LIN20_dn Maximum velocity for mmol N.O  45.8 1.89 75.59 (Holtan-Hartwig
N0 production in produced/g et al., 2000;
denitrification biomass/day Tiedje et al.,

1982)

LIN2_dn Maximum velocity for  mmol N, 48.7 1.89 75.59 (Hgjberg et al.,
N> production in produced/qg 1996)
denitrification biomass/day

S7.3 Sensitivity analysis

We conducted a local sensitivity analysis based on the baseline simulation where each parameter values was

increased by 20 % one at time and the influence on cumulative gas emissions was quantified by the sensitivity index

(Sg). The results are shown in Fig. S24.
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_dyly
76/6

Where 8 and y are the parameter and the affected variable; A6 and Ay are the changes of the parameter and the

So

variable respectively.

u_N2_dn 2.714 2.447 0222 0.548 0.000 0.000
kI_N2_dn -2.013 -2.298 0.162 0514 0.000 0.000 s
y_AER -1.196 0571 -0.385 -0.285 -0.528 0407 :
y_DEN -1.005 -0.088 0273 0.139 -0.031 -0.001
u_ NZO_dn| 1001 |[DONPHS6N 0133 0.311 0.001 0.002
u_COZ r -0.994 0.669 -0.364 -0.291 -0.093 0.804 2
kN2O_N2_dn 0.926 0.820 -0.079 -0.184 -0.000 -0.000
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y_AOB 0.376 0.832 0.074 0.094 -0.001 -0.000
kC_N20_dn 0.269 -0.207 -0.157 -0.063 -0.001 -0.000
k0Z2_NOZ_n -0.256 -0.040 -0.074 -0.006 0.001 -0.000 -1
kC_COZ r 0.247 -0.558 0.067 0.237 -0.002 -0.048
u_N20_n 0.239 1152 0.017 0127 -0.000 0.000
SOC_alpha 0.226 0.428 0.069 0.129 0485 0465 dos
u_N20_nd 0.135 0.291 0.006 0.037 0.000 0.000
u_NO3_n 0.131 0.045 -0.006 -0.005 0.001 0.000
u_NO2_dn 0127 0.003 0.062 0.039 -0.000 0.002
ki_N20_nd 0.107 0272 0.004 0.034 0.000 0.000 -0
kNO3_NO2_dn 0.106 -0.001 -0.070 -0.016 0.000 -0.001
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a_DEN 0.088 0.050 0176 -0.125 -0.001 -0.000 1os
kNOZ2_NO3_n 0.063 0036 0.001 0.006 -0.000 -0.000
kI_NO2_dn 0.060 0.005 0.027 0.030 -0.000 0.001
a_AOB 0.038 0.069 -0.007 -0.009 0.000 0.000
k02_N20_n 0.033 0,071 -0.004 -0.010 -0.000 -0.000 -1
kNO2_N20_dn 0.026 0.023 -0.003 -0.006 -0.000 0.000
k0Z2_NO3_n 0.024 0.006 0.001 0.001 -0.000 -0.000
POC_alpha 0.019 0.075 0.115 0.070 0.052 0.041 ds
kC_NOZ dn 0.018 0.022 -0.008 -0.010 -0.000 0.000
y_NOB 0.010 -0.006 -0.003 -0.004 0.000 0.000
kNO2_N20_nd 0.010 -0.005 -0.001 -0.001 -0.000 0.000
k02_N20_nd -0.008 -0.004 -0.001 -0.001 -0.000 -0.000 - -2
kNH4_NO2_n -0.002 0010 -0.002 0.001 0.000 -0.000
kNH4_N20 _n 0.002 0.009 -0.001 -0.001 -0.000 0.000
kNH4_N20_nd -0.001 -0.001 -0.001 -0.000 -0.000 0.000 Rl s
a_NOB 0.001 0.002 -0.001 0.001 -0.000 0.000
a_AER -0.000 -0.044 0.019 0.053 0.010 0.015 L
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Figure S24. The sensitivity index of parameters regarding cumulative gas emissions in two soil moisture conditions.

S7.4 Parameter correlation
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Correlation Matrix
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Figure S25. Correlation plot between parameters in the posterior ensemble of 1 % the best runs (33 runs). Red color

indicates correlations are significantly different from zero.

S8. Model statistics

Table S7. Model evaluation statistics for gas emissions. Relative MEqm indicates the relative mean error of

cumulative gas fluxes where the cumulative gas fluxes were calculated by trapezoidal integration over the sampling

days. R? is the coefficient of determination. R? was not calculated for N2 fluxes at -100 hPa, as only two sampling values

were valid.
N20, -30 hPa N20, -100 hPa | N2, -30 hPa N2, -100 hPa CO, -30 hPa COz, -100 hPa
relative RMSE | 1.45 11.2 0.65 3.56 0.62 0.45
relative MEcym | 0.19 0.93 -0.29 3.54 -0.31 -0.40
R? 0.43 0.71 0.47 - 0.07 0.84
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