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Abstract

Purpose Litter decomposition is a biological process resulting from enzymatic activities of microorganisms and influenced
in a variety of ways by activities of termites in semi-arid regions. We presented a general model of the decomposition pro-
cess from litter to carbon sequestration and nitrogen. We aimed at building a termite population growth model which could
deal with one substrate.

Methods Our model divides the decomposition/growth process at the population level. We put these changes into equations
using an analogy with chemical reactions at equilibrium.

Results Our findings provide evidence that activities of termites can promote the significant activity of microbial decompos-
ers and increase degradation rates of soil organic matter (SOM). Also, termite activity was probably an additional contributor
to the difference between fungus-comb chamber and soil environment, in which the fungus-comb compartment was positively
related to carbon and nutrients release. According to the developed, observed differences in decomposition rate, changes
were strongly affected by the termite communities’ activities in the two types of compartment.

Conclusion This functional distinction highlights the importance of termites’ activities on microbial activities stimulation

through their development featuring their impacts on soil nutrient cycling.
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Introduction

Soil organic matter (SOM) governs many physical, chemi-
cal and biological characteristics of soil, and is one deter-
minant of soil capacity for fertility and ability for carbone
dioxide (CO,) sequestration (Stockmann et al. 2013; Lal
2019). SOM is generated from litter decomposition, which
is determined by many factors including litter quality and
soil decomposer organisms (Garcia-Palacios et al. 2015;
Bradford et al. 2017). The decomposition of plant material
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is carried out primarily by termites by their partial diges-
tion and fragmentation of organic matter or dragging litter
into the soil (Bender et al. 2016). After gut transit, organic
matter may be either readily available or less available for
decomposition (Bradford et al. 2017; Cheik et al. 2019).
Hence, termites participate actively in the process of biotur-
bation through their influences on organic matter dynamic
and despite their small size, termites can largely contribute
to total soil faunal biomass (Jouquet et al. 2011).

Termites create and maintain a humid environment
(microclimate) favorable for microorganisms’ activities
(Jouquet et al. 2006; Ashton et al. 2019) as well as soften-
ing their food material for easy consumption (Khan et al.
2018). As a result, the temperature inside the nest is gen-
erally cooler than that of the outside environment (King
et al. 2015; Ashton et al. 2019). This environment provides
a favorable habitat for a diverse species like termitomyces
fungi and directly affects the growth of microorganisms’
community.

In fact, after termites’ activities, the breakdown is marked
by a chemical alteration of the soil organic matter by
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microorganisms (bacteria and fungi) which release the min-
eral nitrogen (N) and the carbon (C) into the soil for plants
reusing. Thus, these nutrients are recycled through termites
activities, microbes mineralization and plants absorption. In
the process of N mineralization, the carbon part of organic
matter is released through respiration which has long been
considered as an index of soil metabolism (Han et al. 2018;
Hammed et al. 2019; Rajput et al. 2019) and soil carbon
sequestration (CO,) (Han et al. 2018).

Given the dynamic and interactive nature of termite—litter
interactions, increased understanding of the role of termite
traits and of the generality of litter decomposition are criti-
cal to the development of a more synthetic understanding
of the termite—soil system. Very few studies have modeled
the influence of termite growth on litter decomposition and
few models include description of all chemical components.

In this paper, the objective is to investigate, with the aid
of the model, the contribution of termites’ growth on carbon
sequestration and soil productivity to answer the question of
how best to model the litter decomposition responses of two
different ecosystems. We, therefore, hypothesized that (i)
variation in termites’ population within the two ecosystems
would impact microorganisms growth and generate distinct
microclimates; (ii) which in turn affect litter decomposition
rate; and (iii) variation in litter decomposition rates within
the two ecosystems would generate different, predicted soil
Cand N.

Method

We outlined the gradual decomposition of litter taking place
in two different compartments of which a comparison was
made between a fungus-comb chamber and a soil environ-
ment. We set out the different chemical transformation steps
of litter and we make explicit equations of kinetics transfor-
mation with assumptions as basic equations of the model
for the force field. We find it illustrative to describe SOM
transformation by kinetic equations. After explaining the
modeling framework and the formulation of the model, we
simulate the biogeochemical dynamics of litter in a fungus-
comb chamber and in soil environment, and evaluate the role
of termite in soil productivity and soil carbon sequestration
to soil recovery.

Modeling approach
The model developed is supposed to provide an elementary
demonstration of how termites’ action work when the change

in the SOM increases during the process of physical and
chemical transformations of the biomass (Fig. 1).
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Fig. 1 Litter decomposition and decomposer communities’ tasks

The model is performed to have two main pathways of
decomposition of a given pool of organic matter represent-
ing litter (B). a pathway is characterized by microclimate
from fungus-comb chamber with termites activities and
1—a which is a microclimate of a degraded soil environment
(Fig. 2). Each microclimate system is a couple of ordinary
differential equations describing the transfers and transfor-
mations of these pools due to growth, maintenance, activa-
tion, deactivation and death, according to the conceptual
diagram.

The common deSolve package in R version 3.4.3 (R
Development Core Team 2018) is implemented to solve
differential equations.

Results and discussion
Microbial dynamics

With this model, we assumed that litter incorporation (/)
is pushed by termites. Once litter is in one of the compart-
ments, microbial population could deal with the substrate.
We assumed that decomposition of substrate is controlled by
bacterial (b) communities’ growth, hence:

dl dr
- X —.
dr dt

We studied two possibilities: the first is bacteria have
gathered one substrate to form a composite. The second
possibility is the use of the complexed substrate to produce
new biomass.

A portion of the complex (s) is absorbed across the bacte-
ria and used in active metabolism and growth of the bacteria
community. The study (Neill and Gignoux 2006) provides an
application in the same context, in which they assumed that
the model gives biomass increments through:
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Fig. 2 Interaction between litter
and termites population

Fungus-comb chamber Soil

SOM

% = ux. €))

We assume that x=» when biomass has complexed
enough substrate and it is exponentially growing at specific
rate p. In reverse, if all the substrate is being complexed by
microbial, then x=(s/v), with v the stoichiometry coefficient.
This substrate is ultimately consumed by microbial. In this
case, we have:

ds

a = —UVX = —UVS. 2)

The equation is considered to have a certain dependence
on b and s; knowing them, it can be expressed like in (Neill
and Gignoux 2006) as:

(b —x)(—vx) =x/k, 3)

with & an affinity of a given termites population for a given
litter. The complex (x) will be different, accordingly it is
used in the fungus-comb chamber or in the soil environment.

In the fungus-comb chamber: b > (I//v), biomass is not
limiting but it is the litter intake that limits decomposition,
the Eq. (3) leads to x=(T))/((1/k) +vT).

Fig.3 Temporal microbial

In the soil, (I/v) > T, biomass is limiting, the Eq. (3) leads
to x=(TD/((1/k) +I). Then, we can express Eq. (1) as:

dby/dt = pe[bra/((1/k) + vby)] in the fungus - comb chamber;
“
db,/dt = pu [(b,(1 —a))/((1/k) + (1 — a))] in the degraded soil.
®)
As hypothesized, when we run, we have a rapid substan-
tial growth of microorganisms during the first 1 month in
the fungus-comb chamber compared to the soil environ-
ment (Fig. 3). The pic rates of microbial growth have been
obtained 6 months later in the fungus-comb chamber. But in
the soil, the pic has been attended after 10 months.
Fungus-comb chambers are known to promote the growth
of a selected and possibly specialized community of com-
mensal bacteria and fungi (Artursson et al. 2006; Fallah
et al. 2017; Vesala et al. 2017) which can in turn influence
the decomposition of litter. In the fungus-comb chamber, the
decomposition was enhanced by 26.8%, which accounted for
81.7% of the overall process. In contrast to soil, the micro-
bial growth took more time than in the fungus-comb cham-
ber. The microclimate created in the fungus-comb chamber
may explain the observed differences in the decomposition

Microbial growth

growths
g | — Fungus-comb chamber
» W ---- Soil
©
3
T o
= 0 -
5 -
£
£ o
2 9 T
5 ~
(o))
© [e=]
L2 ® T
©
14
o o

Time(months)

(]
’r @ Springer



S418 International Journal of Recycling of Organic Waste in Agriculture (2019) 8 (Suppl 1):5415-5421

rate between the two environments. Thus, changes in decom-
position rates are linked to the climate. These findings sug-
gest that a faster decay may be a characteristic of microor-
ganisms’ growth. This result is in agreement with a detailed
analysis by Poulsen et al. (2014) on the decomposition of
leaves with a fungal community. Another explanation is that
fungi are considered the most active decomposers of com-
plex plant biopolymers because of their ability to produce a
wide range of extracellular enzymes, allowing them to effi-
ciently break down the recalcitrant lignocelluloses (Wietse
et al. 2005; Frouz 2018). In addition, the specific activities
of the microbial populations make termite excellent model
systems for studying functional interactions within organ-
ized microbial communities.

Litter dynamics

To move beyond microbial compartments, the physiological
features of individual populations (growth rate and respira-
tion) need to be linked to the food for which they compete.
Then, for a microbial community B with maintenance, some
of the carbon in the complexed substrate must be allocated
to maintenance charges. Let us designate y, as the carbon
yields of microbial population B with regard to litter I, m,
and m, which are, respectively, the maintenance coefficient
and the turnover rate coefficient of biomass.

The overall rate of change in active litter in the fungus-
comb chamber and in the soil is given by:

X
f
dl,/dr = —ﬂfy— +(1- mx)mtfbf; (6)

c

'xS
di,/dt = " + (1 = my)m,b,. )

However, to get better point of this, we would like to
refer the interested reader more accurately to the Neill and
Gignoux’s (2006) paper. Values used are secondary data
from the review of literature: (Neill and Gignoux 2006;

Fig.4 Estimates of the decom-

Dorado et al. 2008), who substituting substrate kinetics for
microbial kinetics, which produced a model behavior, very
similar to this study.

Microbial populations growing on similar insoluble sub-
strates at different temperatures should display similar differ-
ent specific growth rates (). Generally, decomposition mod-
els assign to any substrate at a maximum specific decay rate.
In the fungus-comb chamber, the decay is at a maximum
rate (k,,,); while it is at a minimum rate in the soil (Fig. 4).

To determine how microorganism varies in the two
compounds, data from continuous cultures of aerobic and
anaerobic strains on cellulose was examined from the study
of Lynd et al. (2002).

We consider that the most fundamental process is main-
tenance of the active microbial biomass, which means that
the most important requirement of microbes is their nutrients
source. As a result, decomposition is primarily driven by
carbon accessibility and secondarily by nutrient availability.
The secondary limitation of decomposition is soil micro-
climate (humidity and temperature) (Moncrieff et al. 2013;
Iriany et al. 2018). Figure 4 revealed highly rapid rates of
decomposition in the fungus-comb chamber and very low
decomposition rates in the degraded soil.

Effects of temperature and moisture
on decomposition

When we integrated the difference of microclimate in the
two compartments, the potential decomposition equation for
a single substrate is:

k= kmax f(TS) 'f(ws)’ (8)

where k4 is the constant rate applied to the decomposition
of SOM, T and w, are functions describing the effects of
temperature and moisture on decomposition rate.

f(Ts5) = =0.009076T7 + 0.473431T, — 1.634147, ©)
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The effect of temperature, T, is a dimensionless number
between 0 and 1 and calculated according to the following

T-T .
— N of Parton et al. (1987).
Tmax—Tyin

We derived the soil moisture equation from a comparison
between the sensitivity of fungal and bacterial communities
to soil moisture variations in Kaisermann et al. (2015). W is
also calculated according to Parton et al. (1987):

f(Ws) =

functional form 7, =

—4.4566W? + 5.0350w, — 4.4566. (10)

Let &, be the rate in the soil compartment. In the fungus-
comb chamber, it is higher because of the microclimate (soil
temperature remains low and high moisture) created by ter-
mites, contrary to k, the degraded soil compound decompo-
sition rate (Table 1).

kf = kmax f(Ts)f f(ws)f’
ks = kmax f(Ts)s 'f(WS)S.

Soil carbon and nitrogen predictions
Predicted carbon rate

Assume that biomass pool grows by , loses D,, by dilution
and also turns over by m,b. Then, we have the following
equation:db/dt = I — (m, + D) % b. From this equation, we
know that the maximum attainable dilution rate D, equals

the maximum specific growth rate minus its turnover rate,
m,. Let us assume that total carbon consumption flux is equal

Table 1 Decomposition rates
in the two compartments
(fungus-comb chamber and soil
environment) kf

k

Decomposition rates Value
(month™1)

1.63

s 0.16

to the sum of the growth of related carbon consumption flux
and the maintenance respiration. Then, we have the follow-
ing equation:

X

X
U= =u

+m.b.
Ye

Yemax an

We assumed those fluxes would determine all the other
fluxes through stoichiometric relationships. Dividing by px
the equation by ux and we assumed that the achieved specific

growth rate D + m,, equals pxb at the steady state. It gives:
de_ 1, m

= —+ S
dt  ymax D+m (12)

where y, is the carbon yield.

The amount of soil carbon at steady state (Css) is described
by Eq. 12:

In the degraded sites, litter was estimated to be decomposed
2-10 times more slowly than in the fungus-comb chamber
(Fig. 5). The decomposition of litter was not related to soil
fertility; whereas, it was related to the existence of fungus-
comb chamber.

There was a significant correlation between predicted soil
carbon and growth of microorganisms. This indicated that the
predicted carbon was relatively sensitive to termites’ growth.
Poulsen et al. (2014) tested the potential of macro-fauna to be
used as a soil fertility index. Moreover, indices or species of
soil fauna used for indicating changes in soil fertility offer a
promising means for scientists to gauge the effectiveness of
promoting termites growth and allow for a better informed
response in addressing new issues as they arise (Moorhead
and Sinsabaugh 20006).

Predicted nitrogen stock
The nitrogen stock is fed by an influx Dn, and depleted by

both a dilution efflux and a growth consumption flux, D, and
1/4y,, respectively. Part of the nitrogen consumption flux goes

Fig.5 Predicted carbon rate fungus.comb.chamber soil

= o | =

£ £ 2 |

(6] Q °

o © )]

X o | x

[} [N

T o T S

c o c '

o [}

0 el

T < T o~

o S5 © o

he] o T

o 2

S o o

8] 2 2

o a <

o
S
T T T T T T T T T T T T
0 2 4 6 8 10 0 2 4 6 8 10
time (month) time (month)

]
* @ Springer



S420 International Journal of Recycling of Organic Waste in Agriculture (2019) 8 (Suppl 1):5415-5421

Fig.6 Predicted nitrogen rate
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into the nitrogen waste pool, and it amounts to (1 —y,)/4 y,
).I. Nitrogen waste stocks are depleted by a dilution efflux D
w,, as well. Finally, the biomass pool grows by I, loses D, by
dilution and also turns over by m,b. We retained the following
equation:

dy, (A-w,) b

Sl
a - aw, Mg TPV 13)

After 4 months of mulching, the rate of N is null, similar
in the degraded soil compartment as in the fungus-comb
chamber but increased significantly (12000 g cm™") in the
fungus-comb chamber at months 5-10 (Fig. 6); while it is
still null in the degraded soil.

Predicted nitrogen significantly correlated with micro-
organisms, regardless of time period. The observed differ-
ences in climate would further accentuate these differences.
Termite activity was probably an additional contributor to
the gap between the fungus-comb chamber and soil environ-
ment. Several studies have shown significant enhancement
of microbial biomass by termites, while others have found
the opposite effect (Adair et al. 2008; Jouquet et al. 2018).
This implies that termites stimulate the relatively inactive
microbial communities and accelerate soil N recycling
(Frouz 2018).

The functions and direct impacts of termites’ growth are
more important in organic material decomposition (Jouquet
et al. 2014; Dangles and Casas 2019). Thus, to evaluate
integrated changes in carbon sequestration and soil fertil-
ity, termites should be used combined with microorganisms.

Conclusion

We were able to describe long-term rates of decomposition
in a wide range of ecosystems and climates using a rela-
tively simple model based on impacts of termites’ growth.
Our analysis suggests that observed differences in decom-
position rate changes were strongly affected by the termite

]
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communities’ activities, the microclimate and the microbial
growth. This functional distinction highlights their impor-
tance on microbial activities stimulation through their devel-
opment featuring their impacts on soil carbon sequestration
and nitrogen recycling.

Here, we demonstrated that the inoculation of termite in
a restoration context might provide very fruitful opportuni-
ties to study their influences on belowground fauna and also
consequences for ecosystem services such as crop yield. The
model framework may still be useful for modeling efforts,
because it accurately described general patterns of long-term
decomposition for a wide array of litter.
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