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Abstract

A number of nonlinear models have recently been proposed for simulating soil car-
bon decomposition. Their predictions of soil carbon responses to fresh litter input and
warming differ significantly from conventional linear models. Using both stability analy-
sis and numerical simulations, we showed that two of those nonlinear models (a two-
pool model and a three-pool model) exhibit damped oscillatory responses to small
perturbations. Stability analysis showed the frequency of oscillation is proportional
to \/(8-1 - 1) K,/V; in the two-pool model, and to \/(e~" - 1) K|/V, in the three-pool
model, where ¢ is microbial growth efficiency, Ky and K| are the half saturation con-
stants of soil and litter carbon, respectively, and V and V| are the maximal rates of
carbon decomposition per unit of microbial biomass for soil and litter carbon, respec-
tively. For both models, the oscillation has a period between 5 and 15yr depending
on other parameter values, and has smaller amplitude at soil temperatures between
0°C to 15°C. In addition, the equilibrium pool sizes of litter or soil carbon are insen-
sitive to carbon inputs in the nonlinear model, but are proportional to carbon input in
the conventional linear model. Under warming, the microbial biomass and litter car-
bon pools simulated by the nonlinear models can increase or decrease, depending
whether ¢ varies with temperature. In contrast, the conventional linear models always
simulate a decrease in both microbial and litter carbon pools with warming. Based on
the evidence available, we concluded that the oscillatory behavior and insensitivity of
soil carbon to carbon input in the nonlinear models are unrealistic. We recommend
that a better model for capturing the soil carbon dynamics over decadal to centennial
timescales would combine the sensitivity of the conventional models to carbon influx
with the flexible response to warming of the nonlinear model.
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1 Introduction

A number of soil and litter carbon decomposition models based on Michaelis—Menton
kinetics, or nonlinear soil carbon models, have recently been developed (Schimel and
Weintraub, 2003; Allison et al., 2010; German et al., 2012). These models can sim-
ulate the priming of existing soil carbon stocks with additional litter inputs (Kuzyakov
et al., 2000; Wutzler and Reichstein, 2013), can replicate the acclimatory response of
soil carbon decomposition to warming (Allison et al., 2010; Bradford et al., 2008); and
can represent the spatial variation of global soil carbon better than models based on
conventional linear soil carbon dynamics (Wieder et al., 2013). The key to this success
has been to account explicitly for the effects of both microbial biomass and substrate
concentration on the rate of soil carbon decomposition in the nonlinear models, com-
pared to the linear models for which it is assumed that only the amount of substrate is
limiting to the rate of soil carbon decomposition. Consequently, the conventional linear
models cannot simulate the effect of priming on soil carbon decomposition well without
significant modifications (see Wutzler and Reichstein, 2008).

On the other hand, the conventional linear models have been successfully used to
capture the soil carbon dynamics over interannual to decadal time scales (see Par-
ton et al., 1993). A global synthesis of litter decomposition (Zhang et al., 2008) and
a decade-long litter decomposition study in diverse climates (Adair et al., 2008) both
indicate the monotonic decay of a quantity of litter over time in diverse ecosystems.
Long-term soil incubation data show the similar responses (Li et al., 2013). These dy-
namics can be predicted well by conventional linear soil carbon models provided they
use multiple carbon pools (Bolker et al., 1998). However, the interannual to decadal
response of soil carbon to inputs has not been analyzed in detail for the nonlinear mod-
els of soil decomposition to verify whether they can also capture these dynamics. Such
analyses are needed because nonlinear models can potentially exhibit a much richer
range of behaviors than linear models, not all of which may be desired or intended.
For example, it is well known that a system of nonlinear ordinary differential equations,
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such as a nonlinear soil model, can become unstable in response to a small pertur-
bation to its initial pool sizes or inputs and can have multiple equilibria (Drazin, 1992),
although there is presently no evidence that soil carbon dynamics exhibits such charac-
teristics over interannual to decadal timescales. In this paper, we analyze the stability of
two recently-published nonlinear soil carbon models: the two-pool model developed by
German et al. (2012) and the three-pool model simplified from Wieder et al. (2013), and
pay particular attention to time course of the responses to perturbation over decadal
time scales. We address the following questions: (1) are the responses of these two
models stable to small perturbation in initial pool sizes? (2) What determines the sta-
bility of these two models? And (3) how different are the simulated responses of soil
carbon to climate induced changes in litter inputs and warming between the nonlinear
and conventional linear models? We conclude by discussing which of the predictions
from two types of models are more consistent with empirical evidence from field and
laboratory studies.

2 Two nonlinear soil carbon models

The two nonlinear soil carbon models developed by German et al. (2012) and Wieder
et al. (2013) were based on the earlier work by Schimel and Weintraub (2003) and Al-
lison et al. (2010). Both models assume that the decomposition rate of litter or soil car-
bon is proportional to the biomass of decomposers (soil microbes), and varies with sub-
strate concentration (litter or soil carbon) following Michaelis—Menten kinetics. Growth
rate of soil microbes is proportional to the rate of carbon decomposition, and mortality
of soil microbes is proportional to their biomass (see Fig. 1).
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The equations for the two-pool soil model developed by German et al. (2012) are

dCc, G V.Cs
=&

- 1
” C.+K. HpCp, and (1)
dcC, C,V,Cs
_— F IJ_ C y (2)
dt PP PTR T LK,

where Cy, and C are the pool sizes of soil microbial biomass and soil organic matter
in ng'z, € is microbial growth efficiency or fraction of assimilated carbon that is con-
verted into microbial biomass (unit-less), u,, is the turnover rate of microbial biomass in
yr‘1, Frpp is carbon influx into soil in ng‘zyr‘1, and V and K represent the max-
imum rate of soil carbon assimilation per unit microbial biomass per year and the
half-saturation constant for soil carbon assimilation by microbial biomass in ng_z,
respectively.

We also analyze a simplified version of a three-pool nonlinear soil carbon model
developed by Wieder et al. (2013). Compared with the two-pool model, the three-pool
model includes an additional litter carbon pool (C,). Only a fraction of the carbon influx
goes to the soil organic matter pool and the rest goes to the litter pool. The dynamics
of these three carbon pools are

dC,_(1 a) CuViC
dr PC+K
dC cy,C C,lV.C

b _ b¥l |+8 b¥sYs

3)

=¢ -uC,, and 4
at °C+k TfC ek, Mo @
dC, CpViCs
—S5 —aF -

where «a is the fraction of carbon influx that directly enters the soil organic matter pool,

and usually is less than 0.05, || and K, represent the maximum rate of litter carbon

assimilation per unit microbial biomass per year and the half-saturation constant for
19666
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litter carbon assimilation by microbial biomass in ng‘2. To simplify mathematical
analysis, we assume that @ = 0, and will discuss case with a > 0 later.
The equilibrium microbial pool sizes are identical for both models

Frpp
C=——, (6)
TS (e71-1)
where * denotes equilibrium values. However the equilibrium soil carbon pool sizes are
different between the two models. For the two pool model it is
* KS
Ci= (7)
e~ 1
whereas it is less in the three pool model,
K.
C; = Vs = ’ (8)
o 1
because part of the non-microbial equilibrium biomass is held in litter, with
Cr —K' 9
| - E—V| _ - ( )
(1-8)up

When a > 0, the equilibrium pool sizes of litter or soil carbon pools depend on a, and
are given by:

. K
Cl=—p — (10)
(1-&)(1-a)uyp
* KS
A — (
Uy e+a(1-¢€)
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3 Parameter values

To ensure positive pool sizes, the following constraints are applicable:

V
su—s > 1, for the two-pool soil model and
b
Y V,
—L__ 51, 251,
(1-&)Hy Ho

for the three-pool soil model.

The parameter values given by German et al. (2012) are for a soil column with finite
volume. Here we use both models to represent the dynamics of the top 1 m of soil.
Based on the results of German et al. (2012), the temperature dependence of the
model parameters evaluated here is given by:

V =8 x 10" exp(5.47 + 0.063T;) x (24 x 365), (12)
V=V xxy, (13)
Vo=V x Xy, (14)
K =10 x exp(3.19 + 0.0077;) x 1000, (15)
K=K x Xy, (16)
Ks =K x X, and (17)
€ =max(0.001,min(0.6,0.63 — 0.0167y)), (18)

where T, is mean temperature of the top 1 m soil in °C and parameters x,,, X,s, X and

Xys are tunable parameters that we use to scale the rate of litter and soil decomposition,

with x,;, x,s € [1,10], and x,, X,s € [0.1,1].V in Eq. (11) is multiplied by a factor 24 x

365 to convert from per hour to per year, and K is multiplied by 1000 to convert from

mchm'3 to ng‘2 for the top 1 m soil depth. The value used in this study for p,

is 4.38 yr‘1, analogous to rates in German et al. (2012) and Wieder et al. (2013). We
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impose a maximum value of 0.6 for ¢, based on the work of Sinsabaugh et al. (2013)
and a lower limit of 0.001.

Both numerical simulations and analytical techniques were used to study the sta-
bility of the two models. For all numerical simulations, unless specified otherwise,
we used a constant carbon influx of 345ng_2 yr‘1 representing the mean net pri-
mary production of the global land biosphere under present climate conditions (Field
et al., 1998), varied soil temperature from -10°C to 35°C, and modified x,;, X,s, X
and x,¢ within their respective ranges. The default values are T, = 15°C, x,; = x,; = 8,
X = Xks = 0.2. At steady state, the simulated carbon pool sizes using the default val-
ues are 50.4ng_2 for C, and 1265090m_2 for Cg for the two-pool model, and
688 gCm™2 for C,, 50.4 for C, and 13 170gCm™2 for C, for the three-pool soil model.
These values represent mean pool sizes within the global land biosphere.

4 Results
4.1 Numerical simulations

To study the stability of the two nonlinear models numerically, we initialized the models
with 90 % of the microbial biomass and soil organic carbon equilibrium pool sizes, and
100 % of litter carbon equilibrium pool, and ran both models for 500 yr.

Figure 2 shows that the responses of both microbial biomass and soil organic carbon
pools in the two-pool model to a small perturbation are oscillatory, and the amplitude
of oscillation decreases with time. During the first 50yr, the microbial biomass pool
varies between 1290m'2 to 114ng‘2 while soil organic carbon varies between
11 50890m‘2 to 1341Zng_2. Following perturbation, both microbial biomass and
soil organic carbon spiral towards their equilibrium states with the width of spiral de-
creasing exponentially with time (see Fig. 2).

For the three-pool model, the response of the soil organic carbon is monotonic while
the responses of litter carbon and microbial biomass are oscillatory (see Fig. 3). At
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a soil temperature (T,) of 15°C, the amplitude of the oscillation decreases to less than
5% of its initial value after 20yr. Thus, both models have oscillatory responses to
a perturbation to their initial values; however, the oscillatory response in the three-pool
model has a smaller amplitude than the two-pool model at the same 7. At higher tem-
peratures (T, = 35°C) the oscillatory responses of litter carbon and microbial biomass
is much stronger than that at 7, = 15°C for the three-pool model (see Fig. 3).

The oscillatory responses of both models are a result of interaction between
substrate availability (litter or soil carbon) and decomposer biomass (soil microbial
biomass). In both models, the rate of carbon decomposition is proportional to both
the biomass of decomposers and the carbon concentration of the substrate (Egs. 1-5).
For the three-pool model, when soil microbial biomass is reduced below its equilibrium
value at f = 0, the rate of litter carbon decomposition and the growth rate of soil mi-
crobial biomass are lower than their respective values at equilibrium just after ¢t =0,
litter carbon will increase, microbial biomass will decrease. Then more litter carbon be-
comes available for soil microbes, and the growth rate of soil microbial biomass and
rate of litter decomposition rate will increase, soil microbial biomass will increase, litter
carbon will decrease. These changes in substrate and microbial biomass carbon pools
will result in oscillatory behavior (see Fig. 3). The amplitude of oscillation decreases
exponentially with time until both oscillatory pools reach their respective equilibrium
states.

4.2 Mathematical analysis

Numerical simulations show that the responses of both models to a small perturbation
are oscillatory and stable. We therefore conducted linear stability analyses to evalu-
ate the stability of the two models more generally. This technique has been used in
many studies of ecological models, biogeochemical models and human-carbon cycle
interactions (see Manzoni et al., 2004; Raupach, 2007).

The linear stability of a system dy/dt = f(y,t) to small perturbations, where y is
a state vector, f is a vector of functions can be determined by the Jacobian ma-
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trix (J = df /dy) of the system. We linearized the nonlinear systems by assuming that
changes of carbon pool sizes near their equilibrium values are proportional to the dif-
ference between the size of each pool and its equilibrium value, i.e. dy/dt = J(y - y*),
where y” is the equilibrium value of y (see Appendix A for further details). If the re-
sponse is stable, then the system will return to its equilibrium state, otherwise, the
system states (or carbon pools in our case) will depart from their initial values indefi-
nitely. The stability of a linearized system is fully characterized by its eigenvalues and
corresponding eigenvectors of matrix J. A stable system always has non-positive eigen-
values or non-positive real parts, in case of eigenvalues being complex numbers, and
an equilibrium is locally stable if all eigenvalues of the Jacobian are negative or have
negative real parts, respectively. The response to a small perturbation is oscillatory if
the eigenvalues are complex, or monotonic if the eigenvalues are real (Drazin, 1992).
If an eigenvalue related to the response of a carbon pool, 4, is complex (1; = a;+b;/,

where /2 = -1), the change of that carbon pool size with time close to equilibrium is
oscillatory with a frequency of oscillation of b; or period (p) of 21 /b, (Roe, 2009). The
amplitude of oscillation changes with time at a rate of exp(a;f). The half-life time (¢, 5)
of the amplitude decrease, or the time taken for the amplitude to be reduced to half the
initial value, can be calculated as —In(2)/a;, if a; < 0 (Drazin, 1992).

As shown in Appendix A, the eigenvalues (44, 1,) of the linearization of the two-pool
model are

(11)_ L [05+i05 Hohh _ 4

A2 0.5-0.5\/401=2ke _ 4
where
F V. 2
A=L_S[1_ﬂ >0, (20)
(671 =)y Ks el
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whereas the corresponding eigenvalues for the three-pool model (14, A, and A3) are:

- [4(1-e)up
/ —B1 <1 +/ T—1)

1 2
L= -& (1—/\/ e —1) , (21)
A3 2
\ B,
where,

B - Foop W 1_(‘9_1—1)I-lb
" e - D K 7

F V. 2
By=— "2 % (1_@) >0
(671 = 1up Ks Vs

2
] >0 and (22)

Both models have two complex eigenvalues with negative real parts, while the third
eigenvalue of the three pool model is negative real number. This indicates that small
perturbations to the equilibrium carbon return to those equilibrium states through a se-
ries of damped oscillations, confirming what was observed in the numerical simula-
tions.

We used Egs. (18) and (20) to quantify the properties of the oscillatory responses
using p (period) and t, 5 (half-life). For the two-pool model these are:

In2) @), (7" = DK 2 (oK
(o, =@ _ @) >s[1_ub] IS LT 3
—-a, anp Vs el Vs
2n (e = 1)K,
=20 sy — 22, 24
P b1 * Vs ( )
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Similarly, for the three-pool model:

- _ -2 1
IN@)p, (67" = 1)K CREER)TS (e -1k
tos = 1- o : and (25)
o P 7 7 7
(e=1 = 1)K
p — (26)
|

while the third pool (soil organic carbon) decays monotonically towards equilibrium
according to exp(43t) and A3 o —m.

Thus, the properties (period and half-life) of the oscillatory approach to equilibrium
in the microbial pools in both models, and the soil pool in the two pool model or litter
pool in the three pool model, depend on the ratio of the half saturation constant to
the maximum decomposition rate. In addition, the response of organic soil carbon to
a small perturbation in the three-pool model is totally decoupled from the responses of
litter and microbial carbon (see Appendix A).

To illustrate the numerical consequences of these analytic results, we plot the val-
ues of ty5 and p, or their reciprocals, tg}) and 1/p (frequency) with different tuning
parameters x4 Or X,¢, respectively (see Egs. 12, 13, 15 and 16) in Fig. 4. As expected,
half-life (¢, 5) increases linearly with x, for a given x,,, or 1/t, 5 decreases linearly with
X,s for a given x,. The period increases with x, or the frequency of oscillation (1/p)
increases with x,,, and both increases are nonlinear.

The oscillatory response with longer period and half-life is likely to reach the equi-
librium steady state much slower. Both the period and half-life increase with x,/xys,
therefore the system with larger value of x,/x,s will reach steady state much slower
after some perturbation. Since the oscillatory responses of both models are related to
the complex eigenvalues, and the dependence of two complex eigenvalues on X,/ X,
in the two-pool model is quantitatively similar to the dependence on x,,/x,, in the three-
pool model, it might seem that the oscillatory response of two models should be quite
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similar for a given carbon influx (F,,p) and x,; = xys, X = Xis. However, the simulated
oscillatory responses of two-pool model are much stronger than those of the three-pool
model.

This can be explained by studying the solution to the linearised system. As shown
in Appendix B, the maximal value of microbial biomass pool during the first cycle of

oscillation is proportional to (Cgy — Cppa11)/b11 for the two pool model (Cpmaxz), @nd to
Cio=Coo811#+Cs0852a11 ~Cooa1 foyr the three-pool model (Cymaxa), Where a4 and by are the

values of the real and imaginary parts of the first element of the eigenvector for the
microbial biomass carbon and are the same for both models, and Cj, Cyq, C\g are the
initial pool sizes of soil organic carbon, microbial biomass and litter carbon, a;; and
ag, are the first two elements of the third eigenvector corresponding to 5. Given F,,,
€ and ,, the equilibrium pool sizes of microbial biomass in the two models are equal,
but the soil carbon pool is at least one order of magnitude greater than litter carbon, the
maximal amplitude of the oscillation cycle of microbial biomass in the two-pool model
is therefore much greater than that of the three-pool model (see Appendix B). The half-
life and period are similar because the value of K /V; in the two-pool model is equal to

K,/V; in the three-pool model if x,¢/X\s = X\ /Xy-

4.3 The temperature dependence of system stability and soil carbon
decomposition

The responses and stability of the linearized systems vary with soil temperature (see
Figs. 3 and 4). In this study, the values of V;, K, I or K, at a reference temperature
(Ts = 15°C) are varied by a factor of x,¢, X5, X, OF X (s€e Egs. 12, 13, 15 and 16),
respectively. To quantify the temperature responses of both models, we calculated ¢ 5
and p for both models at different 7 and different combinations of x,s and x, for
the two-pool model or x,; and x,, for the three-pool model using the analytic solutions
(Egs. 22-25).
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Figure 5 shows that ¢, 5 and p increase with x,s/x, for the two-pool model. Results
for xyy/x, from the three-pool model are quantitatively similar because the temperature
dependence is quantitatively the same for || and V; or K| and K, and the differences
in ty5 and p between the two models result from the terms in the square brackets
in Eq. (19) for A and Eq. (21) for B1. Both those terms have a value between 0.3
and 0.98 within the soil temperature range of —10°C to 35°C. Figure 5 shows that
the period of oscillation (p) increases with x,¢/x,s for the two-pool model. For a given
value of xys/Xys, tp5 decreases with T; when T < 0°C, or when Ty >20°C; and p
decreases with an increase in T, when T, < 10°C, and increases with Ty when T >
30°C. The temperature responses of the ¢, 5 and p for the three-pool model are very
similar to those for the two-pool model, and are therefore not shown here. The results
here suggest that both model systems will recover after some perturbation much faster
at a soil temperature between 0°C to 20 °C than other temperatures, depending on the
value of x,¢/x,s for the two-pool model or x,/x,, for the three-pool model.

These responses can be understood by analyzing the temperature dependence of
different terms of #; 5 in Eq. (22) for the two-pool model and Eq. (24) for the three-
pool model. For a given F,,, there are three terms dependent on T in £, 5 for both

models: the first term is ™' =1 common to ty5 for both models; the second term is
K/ Vs in the two-pool model or K,/ in the three-pool model; and the third term is that
in square brackets with an exponent of -2 in the Eq. (22) for the two-pool model or
Eq. (24) for the three-pool model. As shown in Fig. 6 for the three-pool model, the
first term (8_1 - 1) increases with T, the second term K/V| decreases exponentially
with T, and the third term decreases with 74 but only varies within a small range. As
a result, variation of ¢, 5 with soil temperature is dominated by the responses of the first
and second terms in Eq. (22) for the two-pool model or in Eq. (24) for the three-pool
model, or ty 5 (e - 1)K, /V; in the two-pool model or (e - 1)K,/V, in the three-
pool model. For the parameter values used in our study, f, 5 is at a minimum when
T, = 2°C, and increases in warmer and colder conditions. However, if & does not vary
with T, g5 and the rate of the oscillatory pools approaching their steady state after
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some disturbance (exp(at)) increase exponentially with 7, with an equivalent Q, of
1.8 (note a4 = —In(2)f; 5).

The response of p to soil temperature is quite similar to 7, 5 for both models, and
can be calculated as the product of three terms (see Fig. 6). Because the third term
only varies between 0.38 and 0.58 as soil temperature changes from —10°C to 35°C,

variation of p with soil temperature is proportional to \/(¢~" — 1)K, /V; in the two-pool

model, or \/(e~1 = 1)K /V, in the three-pool model.

The temperature dependence of microbial growth efficiency also affects the turnover
rate of soil organic carbon. If ¢ varies with T, the turnover rate of soil organic carbon
in the three-pool model (-13) is maximum around 7, = 2°C (see Fig. 7). However if ¢
does not vary with T, the turnover rate of soil organic carbon increases exponentially
with T with an equivalent Q4 of 1.8.

4.4 Variations of equilibrium pool sizes to warming and carbon input:
comparing the three-pool model with the conventional linear model

Because of the variations of equilibrium pools sizes in the two-pool model to warm-
ing and carbon input can be explained in a similar way to the three-pool model, here
we only compare the three-pool model with the conventional linear model. At equilib-
rium, microbial biomass does not change and litter carbon biomass decreases with soil
warming if microbial growth efficiency does not vary with soil temperature; or microbial
biomass decreases and litter carbon increases with soil warming if microbial growth
efficiency decreases with an increase in soil temperature for the three-pool model (see
Fig. 8). However soil carbon will decrease with soil warming, independent of the tem-
perature dependence of microbial growth efficiency with an equivalent Q4 of 1.8. This
is explained later.

The equilibrium pool sizes of litter or soil carbon do not change with carbon input
(Frpp), but soil microbial biomass pool size at equilibrium will increase proportionally
with an increase in F,,,. This is easily seen by examining Egs. (8-10) for the three-
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pool model with a = 0. For a conventional linear model of soil carbon decomposition,
its pool sizes (litter, microbial biomass or soil carbon) will increase proportionally with
an increase f,,, and decrease with soil warming (Xia et al., 2013). Therefore the
responses to soil warming can be quite different for the litter and soil microbial biomass
in the nonlinear models, and the response to an increase F,,, can also be quite different
for litter or soil carbon pools between the nonlinear and conventional linear models.

The above analysis is done by assuming a = 0 although the results will be similar if
is small (< 0.05 for most field sites). To help explain the differences in the responses of
the equilibrium carbon pools to change in F,, between the linear and nonlinear mod-
els, we developed a three-pool linear model that has same equilibrium pool sizes as
the nonlinear model (see Appendix C). It should be noted that the transient responses
of the three-pool linear model are different from the three-pool nonlinear model. We
find that both the turnover rates of the litter and soil carbon pools at equilibrium are
proportional to £,,, and therefore their equilibrium pool sizes are independent of .
When a = 0, both the turnover rate of soil carbon and input of carbon to soil carbon
pool (u,Cy) are proportional to anp/(e_1 — 1), therefore the response of soil carbon to
warming is independent of the temperature dependence of microbial growth efficiency
(see Fig. 8). When a # 0 and small, the response of soil carbon to warming will also de-
pend on the temperature response of microbial growth efficiency, but the dependence
is rather weak.

All of the analyses above relate to the properties of the carbon pools at equilibrium
but do not tell us about how warming or changes in £, affect the transient responses.
As shown in Fig. 9, the simulated responses of litter carbon or microbial biomass to
a 5°C warming by the nonlinear model are oscillatory, and converge to their equilibrium
pool sizes along quite different trajectories from those by the conventional linear model.
Furthermore the simulated litter carbon in response to warming by the nonlinear model
decreases initially below the initial value, and then increases to above the initial value
after 200yr if the microbial growth efficiency is reduced from 0.39 to 0.31 after 5°C

warming. This response cannot be reproduced by the linear model, as the response
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of the linear model to warming will always approach the new equilibrium exponentially,
that is C,(t) = Cjo = (C = Cyo) (1 — exp(—Wt)), where Cy, is the initial pool size, and
is the turnover rate of litter carbon and C| is the new equilibrium pool size. Therefore
if the final equilibrium pool size is greater than the initial pool size, the pool size after
time ¢t = 0 always is greater than the initial pool size for the conventional linear models.
The simulated response of soil carbon to a 5°C warming by the nonlinear model
decreases with time much faster than that by the linear model for the first 50 yr, then
slower than the linear model after 100 yr (see Fig. 9c and f). The simulated response
of soil carbon by the nonlinear model cannot be accurately reproduced using one soil
carbon pool, this is because the decomposition of soil carbon in the nonlinear model
depends on microbial biomass linearly and soil carbon nonlinearly. However the simu-
lated response of the nonlinear model can be accurately approximated using two soil
carbon pools with first-order kinetics, as shown by the fitted pink curves in Fig. 9.

5 Discussion

this study we show both analytically and numerically that the two nonlinear models of
soil carbon decomposition have an oscillatory response to a small perturbation (Figs. 2
and 3), and provide quantitative understanding of how model parameter values affect
those oscillations (Figs. 4 and 5).

Our analysis shows that responses of microbial biomass and soil carbon in the two-
pool model, or litter carbon and soil microbial biomass in the three-pool models, are
oscillatory stable foci. We quantify the oscillatory responses using two parameters,
half-life time (¢, 5) and period (p) of oscillation for both models (Fig. 3). Both ¢, 5 and p
increases with (8_1 - 1)K, /Vy in the two-pool model or (a'1 -1)K,/V, in the three-pool
model (Fig. 4). Because K, /V, or K,/V; decreases exponentially with an increase in soil
temperature, and (8_1 —1) increases with soil temperature, the optimal temperature
at which t, 5 and p are smallest is between 0°C to 15°C, depending other parameter
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values. Therefore the two nonlinear models approach their respective equilibrium faster
at a soil temperature between 0°C and 15 °C than other higher or lower temperatures.

Oscillatory responses of soil microbial biomass to nutrient or carbon inputs in the
rhizosphere have been observed (Semenov et al., 1999), in which the oscillation of soil
microbial biomass carbon lasted for over a month, and was predominately driven by
microbe-substrate interaction only in the first week or so (Zelenev et al., 2006), which
is much shorter than the strong simulated oscillation of multiple decades by the non-
linear models here. Furthermore, oscillatory responses of soil carbon to perturbations
under relatively constant conditions are yet to be observed. Instead, field observations
support the simulated monotonic responses of soil carbon to a perturbation by the
three-pool nonlinear model or conventional linear model, and are inconsistent with the
simulated response by the two-pool microbial model (Adair et al., 2008; Zhang et al.,
2008; Yang et al., 2011; Li et al., 2013). Therefore the two-pool nonlinear model may be
limited to predicting microbial dynamics over relatively short time scales (< 1yr), and
is probably not suitable for applications at regional or global scale over multiple years
or longer, therefore will not be discussed further.

When no carbon input enters soil carbon pool directly (a = 0), the response of soil
carbon to warming is independent of microbial growth efficiency. When a is small (<
0.05), the response of soil carbon to warming with temperature-dependent microbial
growth efficiency (¢) is weaker than that with temperature-independent ¢. This explains
why, in the studies of Allison et al. (2010) and Wieder et al. (2013) who used a value of
0.02 for a that soil with temperature acclimation of ¢ was predicted to lose less carbon
than the soil without temperature acclimation.

Mathematically there are two fundamental differences between the nonlinear micro-
bial models and conventional linear models: (1) the rate of decay of the substrate (litter
or soil carbon) is proportional to microbial biomass and varies with substrate concen-
tration following the Michaelis—Menten kinetics in the nonlinear model, and is propor-
tional to substrate concentration only in the conventional linear model; (2) the microbial
growth efficiency can vary with soil temperature in the nonlinear model, but typically
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does not vary with soil temperature in the conventional linear model. The first differ-
ence results in oscillatory responses to a small perturbation in the nonlinear model and
monotonic responses in the conventional linear model, and the second difference re-
sults in different sensitivity of soil carbon to warming between the two types of models.

The nonlinear and linear models represent two paradigms of our diverging under-
standing of soil carbon dynamics at present. In the following we will discuss which
one is better supported by the evidence available from the observed responses of soil
carbon to carbon input or warming at time scales of years to decades.

By mathematical coincidence, the formulation in the nonlinear models gives very dif-
ferent sensitivities of equilibrium pool sizes to carbon influx from the conventional linear
model. The equilibrium pool sizes of litter or soil carbon are insensitive to a change in
carbon input in the nonlinear three-pool model, and are proportional to change in car-
bon input in the conventional linear model. Although the equilibrium microbial carbon
pool size is linearly proportional to carbon influx, soil microbial biomass only accounts
for about 1 to 4 % of total soil carbon (Sparling, 1992), therefore the sensitivity of total
soil carbon (microbial biomass and soil organic carbon) to carbon influx in the nonlinear
models is close to zero.

This difference in their sensitivity to carbon influx of the two types of models can
be assessed using measurements from different ecosystems with different net pri-
mary production within a region, such as forests and grasslands, and same ecosys-
tems under different ambient [CO,] treatments. Measurements of soil carbon change
before and after conversion of forests to grassland generally support the predictions
by the conventional linear model. Plant invasion usually increases carbon input into
ecosystems, leading to increased soil carbon storage (Liao et al., 2008). Several meta-
analyses also showed that elevated CO, increased photosynthesis, plant production,
litter mass, and soil carbon, particularly when nitrogen input to the ecosystem is high
(Hungate et al., 2009).

The simulated responses to soil warming by the nonlinear and conventional linear
models also are quite different. This has attracted considerable attention recently (Al-

19680

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
] >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/19661/2013/bgd-10-19661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/19661/2013/bgd-10-19661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

lison et al., 2010; German et al., 2012; Wieder et al., 2013). The nonlinear model
simulated a decrease in microbial biomass carbon and an increase in litter carbon
when ¢ decreases with warming or no change in microbial biomass and a decrease
in litter carbon if £ does not vary with warming; whereas the conventional linear mod-
els always simulate a decrease in both microbial biomass and litter carbon pools with
warming, given everything else being independent of warming. These differences can
be assessed by comparing changes in soil and microbial biomass carbon from var-
ious experiments and observations. Zhang et al. (2005) found that warming did not
significantly change the soil microbial biomass amount but the species composition
of the microbial community. As a result, microbial activities acclimated to the warm-
ing and soil respiration did not increase at the rate predicted by conventional linear
model (Luo et al., 2001). The shifted microbial community toward more fungi and less
bacteria under warming than control is expected to decrease carbon use efficiency.
Furthermore, climate warming depletes labile carbon (Xu et al., 2012) and influences
many other ecosystem processes (Shaver et al., 2000). Experimental warming also has
been shown to trigger many regulatory, such as changes in nutrient dynamics and use
efficiency, ecohydrological processes, phenology (see Luo, 2007; Melillio et al., 2011).
It is still a challenge to realistically simulate this cascade of mechanisms underlying
acclimation of soil carbon decomposition.

Theoretically microbial growth efficiency also varies with substrate quality and the
composition of the soil microbial community (Frey et al., 2013; Sinsabaugh et al., 2013).
The nonlinear model seems to be quite flexible to capture a range of the observed
responses, and its simulated responses to warming also encompass the simulated
responses by the conventional linear model if appropriate temperature sensitivity of &
is used in the nonlinear model. However the nonlinear model has unrealistic sensitivity
of carbon influx. Therefore a better model would have the sensitivity to carbon influx
of the conventional linear model with the flexible response of the nonlinear model to
warming. In this study, we showed that it is possible to approximate the response of soil
carbon pool to a 5°C warming using the conventional linear model with two soil pools
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having different turnover rates. However more studies are needed to assess whether
it is possible to modify the conventional model to account for dependence of ¢ on soil
temperature, substrate quality and microbial community composition without altering
its sensitivity to carbon influx.

In summary, our study has quantified how soil carbon dynamics is affected by the
nonlinear interactions between substrate and decomposers, and what determines the
stability of the soil carbon. We have also identified some key differences in the sim-
ulated responses of soil carbon to warming and carbon input between the nonlinear
models and conventional linear models. These analyses will help us to develop better
models of soil carbon decomposition and to eventually lead to more accurate predic-
tions of global terrestrial carbon under future climate conditions.

Appendix A

Stability analysis of the nonlinear soil carbon decomposition models

The three-pool model of soil carbon decomposition with @ = 0 can be written in the
following form:

d CI anp -9

a Co =1 O |+|e91+e92-H | Cp (A1)
Cs 0 Hp — g2

where

gy= QU g, O
I+KI Cs"'Ks
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The stability of the Eq. (A1) around the equilibrium point (C/,Cy;,Cy) is determined
by the following linearized system (see Drazin, 1992):

d (G C
d— Cb = J Cb (A2)
"\c c

where CI’ , C(,, C. represent a small perturbation about their respective equilibrium value.
J is a 3 by 3 Jacobian matrix, and it elements are given by

9
—CbaicjI —91 0
5
J=| ec 56 €01+ 0z — My €Cy 5 (A3)
0 -9 -Cvze 6g2

Substituting the equilibrium pool sizes of all three pools (Egs. 8-10) into J, we have

0
_Cba%I -9 0
J=| eC3% 0 eCy32 (Ad)

0o 0 cb"’gz

The eigenvalues (4;) of J are solutions of the characteristic equation of Det(J - Al) =
0, where | is the identity matrix of order 3, 0 is a 3 x 1 zero matrix and Det represents
the determinant of matrix J. The corresponding eigenvectors (v4, v,, v3) can be cal-
culated by solving equation of (J - /1/-/) v; =0,/ =1,2,3. For each eigenvalue (1), the
eigenvector (v;) is a 3 x 1 matrix. Because the last row of J has only one non-zero
element, the third eigenvalue is given by -C,09,/09Cs.
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The eigenvalues of the three-pool model are given by:

. fa0-
-B, <1+/ -y Bf)“b—1)

A
)= | o oy 9
B,
And
y 2

2
B2 = Cbg_gi - (8“FT:)ub% (1 N “7:> >0

As the real part of the two complex eigenvalues (1; = a4 + b4/, A, = a, + b,/) and the
third eigenvalue (15 = a3) are negative, the three-pool model and its response to a small
perturbation is a spiral focal. The period of the oscillation is 27 /b4, and amplitude of
the oscillation decays exponentially, i.e. exp(a4t), and the time in years taken for the
amplitude to reduce to half its value at time t = 0, or ¢, 5 is —In(2)/a;. The third pool
(the soil organic carbon pool) responds to small perturbation monotonically without any
oscillation.

Similarly the J matrix for the two-pool model is given by

o
J= €92~ Hp Scba—gi
-_— a .
Ho — 92 —Cba—gi
Substituting the equilibrium pool sizes into Eq. (A5), we have €g, — 4, =0, and p, —
9> = (1 —9_1) Hp-

(A7)
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The two eigenvalues of Eq. (A7), 1; and A, are given by

(,11)_ p 0.5+0.5\/ 2 _4
A2 0.5-/0.5\/41=2ke _ 4

and

Ao e 5(1 ub)2>o
(7" =y, Ks .

Appendix B

The general solution to the linearized system
The general solution to the linearised system (Eq. A2), is

C' = z k;exp(a;t)[cos(b,t) + isin(b;t)]v;

(A8)

(A9)

(B1)

where C' represents the departure from the equilibrium pool sizes, or (C;,CL)T for

the two-pool model, or (C| ,CL,C;)T for the three-pool model, ; is a constant to be
determined from initial pool sizes, v ; is the eigenvector of ;, and 11 = a+bi, 14 = a-bl,

2 =1, a;<0,and v =(ay +b11i,1)T

N
Vo =(a41 - byq/,1) .

Given the initial values of all carbon pools of C|(t=0)=C),,C,(t=0)=

C,0,Cs(t =0) = C,,, Eq. (B1) can also be written as
For the two-pool model

Cp Cy 906083 5(b1 41)

(CS) _ (Cf) +C exp(an ) (a11cos(b11t)—b11sin(b11z‘)
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Cyo = Chodi ay18in (by4t) + by, cos (by11)
+b—ﬁexp(a11t)( sin (by41) ) (B2)
For the three-pool model
C on a11Cos(by1t) — byqsin(by4t)
Co | = C, | +cyexp(aqqt) cos(bq4t) (B3)
C, c: 0
ayqsin(bqyt) + byq cos(by4t) agq
+ coexp(aqqt) sin(bq¢1) + czexp(Azt) | asp
0 1
and
C1 =CE70 - C;Oa32 (B4)
Cio = (Cbo — Ceod32) @11 = Cpaas
2= (B5)
by
cs=Cl, (B6)

where asq, as, are two elements in the eigenvector v 5 corresponding to A5, or vz =
T
(@31, 832, 1)
The maximal value of C,, in the first oscillation is then obtained at b4t = 7/2, and its
magnitude is:
for the two-pool model:

C/ _ C/ a QeaTl
c _ %0~ Cho 11exp( 11 ) (87)
bmax2 b11 2b11
for the three-pool model:
Clo = Crod11 + Cop30811 — Cgyas: am
Cbmax3 = b p W . (B8)
1 11
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The initial values used in the simulations shown in Figs. 2 and 3 are:
CI’0 = O,Cé)o = 0.1C;;,C’SO =0.1C;.
And

Cbmax3 _ (311332 - a31)Cs - 311Cb
Chmax2 Cs—ay1Cy

~ 8y1dgzp — dgq (B9)

The approximation in Eq. (B9) is made because the size of soil organic carbon is
at least two-orders of magnitude greater than microbial biomass carbon, and a4 <0,
a3y < 0 and as, < 0. Numerical calculations also show that 0 < @183, — az1 < 1, there-
fore the amplitude of the oscillation of microbial biomass in the two-pool model is
greater than that in the three-pool model.

Appendix C

The three-pool linear model of soil carbon decomposition

To analyze the dependence of equilibrium pool sizes in the nonlinear models to warm-
ing or changes in carbon input, we construct the following three-pool linear model:

dC,

E =(1 _a)anp_p-ICI (C1)
dC,

Tk eUC + epsCs — WGy (C2)
dC,

ar = aanp + UpCp — UsCs (C3)
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The notations we used in Egs. (C1)—(C3) have same definitions as for the three-
pool nonlinear soil model. Two new variables are introduced, the turnover rate of litter
carbon p,, and the turnover rate of soil carbon pg, both in yr‘1.

Assuming the equilibrium pool size of the litter carbon, microbial biomass and soil
carbon of the linear model above are equal to those by the nonlinear three-pool model.
We have

(1_a)anp V| 1 1
=— " _(1-q)— -—|F C4
M C )/ﬂ[<s-1—1>(1—a)ub M] PP ©4
aanp"'“bC;; 1 VS I 1
== ot+— | 2 | —————— - | A C5
& C; ( +s—1-1>K3 [(em—as)ub VS] "op (©9

Therefore the turnover rates of both litter carbon and soil carbon are proportional to
the carbon input, F,,,. As a result, the equilibrium pool sizes of litter and soil carbon
are independent of carbon input. The temperature dependence of y, and pg are given
by the terms before £, on the right-hand sides of Egs. (C4) and (C5), respectively.

Acknowledgements. This work was assisted through participation of the authors in the working
group on Nonautonomous Systems and Terrestrial Carbon Cycle, at the National Institute for
Mathematical and Biological Synthesis, an institute sponsored by the National Science Founda-
tion, the US Department of Homeland Security, and the US Department of Agriculture through
NSF Award #EF-0832858, with additional support from The University of Tennessee, Knoxville.

References

Adair, E. C., Parton, W. J., Del Grosso, S. J., Silver, W. L.,Harmon, M. E., Hall, S. A, Burke, I.
C., and Hart, S. C.: Simple three-pool model accurately describes patterns of long-term litter
decomposition in diverse climates, Glob. Change Biol., 14, 2636—-2660, 2008.

Allison, S. D., Wallenstein, M. D., and Bradford, M. A.: Soil-carbon response to warming depen-
dent on microbial physiology, Nat. Geosci., 3, 336—340, 2010.

19688

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/19661/2013/bgd-10-19661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/19661/2013/bgd-10-19661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

30

Bolker, B. M., Pacala, S. W., and Parton Jr, W. J.: Linear analysis of soil decomposition: insights
from the Century model, Ecol. Appl., 8, 425-439, 1998.

Bradford, M. A., Davies, C. A,, Frey, S. D., Maddox, T. R., Melillo, J. M., Hohan, J. E., Reynolds,
J. F, Treseder, K. K., and Wallenstein, M. D.: Thermal adaptation of soil microbial respiration
to elevated temperature, Ecol. Lett., 11, 1316—-1327, 2008.

Drazin, P. G.: Nonlinear Systems, Cambridge University Press, Cambridge, 317 pp., 1992.
Field, C. B., Berenfeld, M. J., Randerson, J. T., and Falkowski, P.: Primary production of the
biosphere: integrating terrestrial and oceanic components, Science, 281, 237-240, 1998.
Frey, S. D., Lee, J., Melillo, J. M., and Six, J.: The temperature response of soil mi-
crobial efficiency and its feedback to climate, Nature Climate Change, 3, 395-398,

doi:10.1038/nclimate1796, 2013.

German, D. P, Marcelo, K. R. B., Stone, M. M., and Allison, S. D.: The Michaelis—Menton
kinetics of soil extracellular enzyme in response to temperature: a cross-latitudinal study;,
Glob. Change Biol., 18, 1468—1479, 2012.

Hungate, B. A., van Groenigen, K. J., Six, J., Jastrow, J. D., Luo, Y. Q., de Graaff, M., van
Kessel, C., and Osenberg, C. W.: Assessing the effect of elevated carbon dioxide on soil
carbon: a comparison of four meta-analysis, Glob. Change Biol., 15, 2020-2034, 2009.

Kuzyakov, Y., Friedel, J. K., and Stahr, K.: Review of mechanisms and quantification of priming
effects, Soil Biol. Biochem., 32, 1485-1498, 2000.

Liao, C. Z., Luo, Y. Q., Fang, C. M., Chen, J. K., and Li, B.: Litter pool sizes, decomposition,
and nitrogen dynamics in Spartina alterniflora-invaded and native coastal marshlands of the
Yangtze Estuary, Oecologia, 156, 589-600, 2008.

Li, D. J., Schéadel, C., Haddix, M. L., Paul, E. A., Conant, R., Li, J. W., Zhou, J., and Luo, Y. Q.:
Differential responses of soil organic carbon fractions to warming: results from an analysis
with data assimilation, Soil Biol. Biochem., 67, 24-30, 2013.

Luo, Y. Q.: Terrestrial carbon-cycle feedback to climate warming, Annu. Rev. Ecol. Evol. S., 38,
683-712, 2007.

Luo, Y. Q., Wan, S., Hui, D., and Wallace, L.: Acclimatization of soil respiration to warming in
a tall grass prairie, Nature, 413, 622—-625, 2001.

Manzoni, S., Porporato, A., D’Odorico, P., Laio, F, and Rodriguez-lturbe, I.: Soil nutri-
ent cycles as a nonlinear dynamical system, Nonlin. Processes Geophys., 11, 589-598,
doi:10.5194/npg-11-589-2004, 2004.

19689

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/19661/2013/bgd-10-19661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/19661/2013/bgd-10-19661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1038/nclimate1796
http://dx.doi.org/10.5194/npg-11-589-2004

10

15

20

25

30

Melillo, J. M., Butler, S., Johnson, J., Mohan, J., Steudler, P., Lux, H., Burrows, E., Bowles, F.,,
Smith, R., Scott, L., Vario, C., Hill, T., Burton, A., Zhou, Y. M., and Tang, J.: Soil warming,
carbon-nitrogen interactions, and forest carbon budgets, P. Natl. Acad. Sci. USA, 108, 9508—
9512, doi:10.1073/pnas.1018189108, 2011.

Parton, W. J., Scurlock, J. M. O., Qjima, D. S., Gilmanov, T. G., Scholes, R. J., Schimel, D.
S, Kirchner, T., Menaut, J. C., Seastedt, T., Moya, E. G., Kamnalrut, A., and Kinyamario, J.
I.: Observations and modeling of biomass and soil organic matter dynamics for grassland
biome worldwide, Global Biogeochem. Cy., 7, 785-809, 1993.

Raupach, M. R.: Dynamics of resource production and utilisation in two-component
biosphere-human and terrestrial carbon systems, Hydrol. Earth Syst. Sci., 11, 875-889,
doi:10.5194/hess-11-875-2007, 2007.

Roe, G.: Feedbacks, timescales and seeing red, Annu. Rev. Earth Planet Sci., 37, 93-115,
2009.

Schimel, J. P. and Weitraube, M. N.: The implications of exoenzyme activity on microbial carbon
and nitrogen limitation in soil: a theoretical model, Soil Biol. Biochem., 35, 549-563, 2003.
Semenov, A. M., van Bruggen, A. H. C., and Zelenev, V. V.: Moving waves of bacterial popula-

tions and total organic carbon along roots of wheat, Microb. Ecol., 37, 116-128, 1999.

Shaver, G. R., Canadell, J., Chapin Ill, F. S., Gurevitch, J., Harte, J., Henry, G., Ineson, P,
Jonasson, S., Melillo, J., Pitelka, L., and Rustad, L.: Global warming and terrestrial ecosys-
tems: a conceptual framework for analysis, Bioscience, 50, 871-882, 2000.

Sinsabaugh, R. L., Manzoni, S., Moorhead, D. L., and Richter, A.: Carbon use efficiency of
microbial communities: stoichiometry, methodology and modelling, Ecol. Lett., 16, 930-939,
2013.

Sparling, G. P.: Ratio of microbial biomass carbon to soil organic carbon as a sensitive indicator
of changes in soil organic matter, Aust. J. Soil Res., 30, 195-207, 1992.

Wieder, W. R., Bonan, G. B., and Allison, S. D.: Global soil carbon projections are improved by
modeling microbial processes, Nat. Clim. Change, 3, 909—912, doi:10.1038/NCLIMATE1951,
2013.

Woutzler, T. and Reichstein, M.: Colimitation of decomposition by substrate and decomposers
— a comparison of model formulations, Biogeosciences, 5, 749—-759, doi:10.5194/bg-5-749-
2008, 2008.

Woutzler, T. and Reichstein, M.: Priming and substrate quality interactions in soil organic matter
models, Biogeosciences, 10, 2089-2103, doi:10.5194/bg-10-2089-2013, 2013.

19690

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/19661/2013/bgd-10-19661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/19661/2013/bgd-10-19661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1073/pnas.1018189108
http://dx.doi.org/10.5194/hess-11-875-2007
http://dx.doi.org/10.1038/NCLIMATE1951
http://dx.doi.org/10.5194/bg-5-749-2008
http://dx.doi.org/10.5194/bg-5-749-2008
http://dx.doi.org/10.5194/bg-5-749-2008
http://dx.doi.org/10.5194/bg-10-2089-2013

10

15

Xia, J. Y, Luo, Y. Q., Wang, Y. P, and Hararuk, O.: Traceable components of terres-
trial carbon storage in biogeochemical models, Glob. Change Biol., 19, 2104-2116,
doi:10.1111/gcb.12172, 2013.

Xu, X., Sherry, R. A,, Niu, S. L., Zhou, J. Z,, and Luo, Y. Q.: Long-term experimental warm-
ing decreased labile soil organic carbon in a tallgrass prairie, Plant Soil, 361, 307-365,
doi:10.1007/s11104-012-1265-9, 2012.

Yang, Y. H., Luo, Y. Q., and Finzi, A. C.: Carbon and nitrogen dynamics during forest stand
development: a global synthesis, New Phytol., 190, 977-989, 2011.

Zhang, D. Q., Hui, D. F, Luo, Y. Q., and Zhou, G. Y.: Rates of litter decomposition in terrestrial
ecosystems: global patterns and controlling factors, J. Plant Ecol.-UK, 1, 85-93, 2008.

Zhang, W., Parker, K. M., Luo, Y. Q., Wan, S., Wallace, L. L., and Hu, S.: Soil microbial re-
sponses to experimental warming and clipping in a tallgrass prairie, Glob. Change Biol., 11,
266-277, 2005.

Zelenev, V. V., van Bruggen, A. H. C., Leffelaar, P. A., Bloem, J., and Semenov, A. M.: Oscillating
dynamics of bacterial populations and their predators in response to fresh organic matter
added to soil: the simulation model “BACWAVE-WEB?”, Soil Biol. Biochem., 38, 1690-1711,
2006.

19691

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg
(8) ‘Im ||I ||I “ll ||m II\

Jaded uoissnosiq

BGD
10, 19661-19700, 2013

Nonlinear soil carbon
models

Y. P. Wang et al.



http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/19661/2013/bgd-10-19661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/19661/2013/bgd-10-19661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1111/gcb.12172
http://dx.doi.org/10.1007/s11104-012-1265-9

Two-pool model

V. /K, 1-e
_”_?E‘ifﬁ,.

Three-pool model

.’QE‘i‘E,.@ v,/ K, 41 @fun\*

Ve/ K
1-&

Fig. 1. Schematic diagrams showing the structure of two-pool and three-pool models. Carbon
input enters the soil organic carbon (SOC) pool directly in the two-pool model, and litter carbon
pool (LIT) in the three-pool model. When carbon from litter or soil organic carbon is consumed
by soil microbes, a fraction of the consumed carbon, 1 - ¢, is lost as CO,, where ¢ is microbial
growth efficiency. See main text for the definitions of all other symbols.
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Fig. 2. Changes in microbial biomass in ng‘2 (upper panel) or soil organic carbon in ng‘2
(middle panel) (both in ng'z, 0—-100cm soil depth) in time or soil organic carbon against
microbial biomass (lower panel) following a 10 % reduction in initial pool sizes at time ¢ = 0 from
their respective equilibrium values for the two-pool soil model. Soil temperature was constant
at 15°C for this simulation.
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Fig. 3. Changes in litter carbon (upper panels), microbial biomass (middle panels) or soll
organic carbon (lower panels) following 10 % reduction in the initial pool sizes in microbial
biomass and soil organic carbon at time ¢ = 0 from their respective equilibrium pool sizes for
the three-pool soil carbon model. The left three panels were for soil temperature of 15°C and
the right three panels for soil temperature of 35°C. The unit is gCm™ for all pool sizes (0—
100 cm soil depth).
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Fig. 4. Variation in the two-pool soil model at a soil temperature of 15°C of (a) half-time (¢, 5)
with x, at different values of x,¢ (1, 3, 5, 7, 9), (b) 1/t,5 with x, at different x,¢ (0.1, 0.3, 0.5,
0.7, 0.9); (c) period of oscillation (p) with x, at different values of x,; (1, 3, 5, 7, 9) and (d)
frequency of oscillation (1/p) with x, at different x,¢ (1, 3, 5, 7, 9).
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Fig. 5. Variation of half time (t, 5) with x,/X,s and soil temperature (7) (upper panel) (b) period
of oscillation with x,s/x,s and T (lower panel) in the two-pool model. The unit is year for both
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oscillatory pools in the three-pool model. The solid and dashed curves represent the temper-
ature dependences with temperature-sensitive and temperature-insensitive microbial growth
efficiency, respectively.

19697

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnosiq

BGD
10, 19661-19700, 2013

Nonlinear soil carbon
models

Y. P. Wang et al.

(8
K ()


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/19661/2013/bgd-10-19661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/19661/2013/bgd-10-19661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

-
@

=a>9\1'5

O

N

S = 1.0

O 0 1

o 9 /

= /

= O 0.5 1 e -

Lo =

O C -

c @ — - T

5 O 0.0 - - - -

= o

-10 0 10 20 30
T.(°C)

Fig. 7. Temperature dependence of the turnover rate of soil organic carbon decomposition with
temperature-sensitive (solid curve) or temperature insensitive (dashed curve) microbial growth
efficiency of soil microbes in the three-pool model.

19698

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg
(8) ‘II ||I ||I ||I ||I II\

Jaded uoissnosiq

BGD
10, 19661-19700, 2013

Nonlinear soil carbon
models

Y. P. Wang et al.



http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/19661/2013/bgd-10-19661-2013-print.pdf
http://www.biogeosciences-discuss.net/10/19661/2013/bgd-10-19661-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

12

11

104 ©

oe

0.9 o

0.8 ° o

Litter carbon change
o

0.7

11

101 ©

eo

0.9 .

0.8 ® e

Microbial biomass change
.
.

0.6

11

1.0

0.9

0.8

0.7

Soil carbon change

0.6

o 1 2 3 4 5 6

Soil temperature increase (°C)

Fig. 8. Normalized equilibrium responses of the litter carbon, microbial biomass or soil carbon
to soil warming by the three-pool model with @ = 0. The open and black solid circles repre-
sent the change in pool size with temperature-independent microbial growth efficiency (0.39)
or temperature-dependent microbial growth efficiency (a change from 0.39 at 15°C to 0.31 at
20°C), respectively. Response to soil carbon to warming is independent of £ and can be ex-
plained by a Q, function (Cs (AT) = Oﬁ%mm, where ATy is the soil warming in°C) with Q, of
1.8. Change in each pool size is calculated as change relative to the equilibrium pool size at
T,=15°C.
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Fig. 9. Responses of different carbon pools to a 5°C warming above 15°C at time ¢ =0 of
the nonlinear (dashed black curves) or linear (yellow curves) versions of the three-pool models.
Panels (a)—(c) for an instant acclimation to warming with a microbial growth efficiency of 0.39 as
calculated for a soil temperature at 15°C and the panels (d)—(f) for no acclimation to warming
with a microbial growth efficiency of 0.31 as calculated for a soil temperature of 20°C. a = 0.02
for all simulations here. The pink curves on panels (c¢) and (f) are the best fitted regressions to
the simulation by the nonlinear model (dashed black curves).
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