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Summary—A model developed previously to describe the turnover of forest soil nitrogen is modified here
to explain the effects of carbon and nitrogen additions on their dynamics. The model, which is structurally
very simple, seems to explain correctly, among other phenomena. the negative correlation between N
mineralization and CO, evolution observed in many experimental situations. An important variable used
to explain this behaviour is the deficiency factor, which is related to the critical C-to-nutrient ratio and
which gives a measure of the C or nutrient deficiency in the substrate with respect to the needs of the
decomposers. Ways are discussed in which the model output can be used to explain the observed retention
in the soil of fertilizer N added to mature forest soils.

INTRODUCTION

Mineralization of plant nutrients is a key process
controlling primary production in many ecosystems.
Even if understanding of the mechanisms behind the
mineralization—-immobilization process is far from
complete, an acceptable level of description of its
dynamics under unperturbed conditions is available
today (Swift ez al., 1979).

For N, Aber and Melillo (1979), Staaf and Berg
(1982) and others have found that, in a great number
of decomposing litter materials, two distinct phases
can be distinguished in the turnover. A period of N
accumulation, the duration and magnitude of which
depends on the substrate, is followed by a period of
net N release. An explanation of this behaviour has
already been provided by Waksman and Tenney
(1927). During the accumulation phase the N in the
decomposing material is in short supply with respect
to the needs of the microorganisms which, con-
sequently, must import nitrogen from the sur-
roundings: the material is N-deficient (immo-
bilization predominates over mineralization). On the
other hand, during the release phase, the material is
C- or energy-deficient (mineralization predominates
over immobilization).

According to Swift er al. (1979) the same general
trends of the mineralization-immobilization dynam-
ics should also apply to other nutrient elements, and
they claim that the carbon-to-element ratio in
resource and in decomposer biomass are main factors
determining the presence or the lack of an accumu-
lation phase of the nutrient in the material. Very little
is understood of the processses involved in perturbed
situations but they may be more complex.

It has often been found that N mineralization from
soils is stimulated by the additions of nitrogen fertil-
izers (Johnson and Guenzi. 1963; Broadbent and
Nakashima, 1971). The same effect has been observed

in the laboratory by Johnson er al. (1980) following
the addition of urea to control soils. The interesting
point, however, is that C mineralization seems to be
negatively correlated to N mineralization. viz., both
in laboratory and field experiments, the CO, evo-
lution decreases following N fertilization (Johnson er
al., 1980. Baath er al., 1981). The common idea that
the priming effect of N additions on N mineralization
is due to enhanced microbial activity (e.g. Westerman
and Tucker, 1974) seems to be challenged by this
observed negative correlation. Another perturbation
phenomenon that is not yet understood is the reten-
tion of N in the soil organic matter following N-
fertilization of forest soils (Ingestad et a/., 1981).

The aim of our paper is two-fold. First, a model
previously developed (Bosatta and Staaf, 1982) is
modified here in order to study the effects of C and
N additions to the mineralization-immobilization
dynamics. Second, to show that the deficiency factor
(a variable measuring the status of the decomposing
material as being energy or nutrient deficient) is of
primary importance in explaining the responses of
the mineralization—-immobilization dynamics to
perturbations.

A GENERAL MODEL FOR MINERALIZATION-
IMMOBILIZATION. THE DEFICIENCY
FACTOR

The mineralization-immobilization process is in-
timately associated with the activity of the decom-
posers. Suppose that an amount, B, of living micro-
bial biomass is growing in a certain amount of a
homogeneous decomposing substrate producing new
biomass at a rate P and with a given concentration
of C, f.. and N, f,. (Throughout this chapter, the
word “nitrogen” could equally well be substituted by
the word “‘nutrient”).
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Let S, and S, denote the amounts of C and N in
the substrate respectively and B, and B, the corre-
sponding amounts of the same elements in the micro-
bial biomass. By definition, C=S,+ B, and
N =S, + B, will be the total amounts of C and N in
the substrate-microbe complex. To sct up a general
model for the dynamics of C and N. the rates of
change of C and N are given by the rates of respira-
tion, R and mineralization, m, respectively.

The rate of respiration is the difference between the
rate at which C is taken up from the substrate, f.P e.
and the rate at which it is incorporated into biomass,

fP, ie.
éP—-fCP (1

where e is the production-to-assimilation ratio. In
this model, e, f. and f, are constant magnitudes
(parameters).

N uptake is equal to the product of C uptake and
the substrate N-to-C ratio and so, the rate of net
mineralization is

R =

m==P S_ P (2)
e S,

where f,P is the rate at which the N is incorporated

into biomass.

In our previous model (Bosatta and Staaf, 1982) it
was assumed that living and dead microbial biomass
had the same C-to-N ratio. The present derivation is
more general, since that assumption is not used here.

The amount of living microbial biomass is usually
a small fraction of the whole decomposing litter.
Berg and Sdderstrdm (1979) found that the total
amount of fungal biomass after 1 yr was about
194 of the weight of the total litter at that time. Thus,
we assume that the C-to-N ratio of the substrate
(S./S,) can be approximated by the C-to-N ratio, r,
of the substrate-microbe complex, i.e.

r=CNz=S/S,. (3)

The critical C-to-N ratio, r,, is defined as (Parnas,
1975):

re=f(f.e)- )

Introducing equations (3) and (4) into (2) we
obtain a net mineralization rate:

m;(%—d)ﬁR (5)

We now define the deficiency factor as:

r.
== (6)
r
If the substrate is C deficient r, > r (i.e. 7 > 1), then
m > 0, i.e. mineralization will predominate. On the
other hand, for a N deficient substrate r > r (7 < 1)
then m < 0 and immobilization will predominate.
From equations (1) and (5), we can now obtain
dynamic equations for the total amounts of C and N,
namely:

C=~—R=—(1-e)fPle;
N:—m=——<5—l>f,,P.
r

(7a)

(7b)

A series of relevant results can be deduced from
this model without making any assumption what-
soever about the nature of the microbial production
P (except. of course, that P=0). Using this. the
definition of e and equation (7a) we see that C
behaves as a monotonously decreasing function of
time.

To find the behaviour of N, we first take the time
derivative of the C-to-N ratio and introduce equation
(7) into it to obtain:

R ) ®

Let Cy Ny and ry = Cy/N, be the amounts of C, N
and the C-to-N ratio at some time t = 0. Since P/N
is a positive quantity, r will either decrease or increase
in time depending on whether ry > f. f, or ry <f./f,
until it reaches the final value £/f,.

Two situations are of practical interest. Assume
first that the substrate is initially C deficient, i.e.
ro>ry>fi/f.. Under these conditions. m > 0 all the
time, and N will decay steadily in time. The other
situation is that for which ry>r.>f/f,. 1.e. the
substrate is N-deficient. From equation (5), m<0
and N will increase from its starting value N;. But,
from equation (8), r decays in time and when it
reaches the value r,, m equals zero and N reaches a
maximum. Thereafter, the substrate becomes C-
deficient and a net release of N begins.

The conclusion is that, regardless of the definition
adopted for P, the equations (7a) and (7b) predict the
accumulation and release phases of N in the decom-
posing substrate.

CARBON OR NITROGEN LIMITATIONS TO
MICROBIAL GROWTH. THE EFFECTS OF
C AND N ADDITIONS
To analyze the effects of C and N additions on
mineralization and respiration we must define P in
some explicit way.
If 4 (day™') is the relative growth rate of the
microbial biomass B when no element is limiting
growth, we define productivity as:

P = uB. (9)

If some element is limiting growth. we introduce a
reduction factor, p,

P=puB (10)
such that 0 < p < 1.

In N-poor systems, i.e. systems in which N is
limiting growth (r > r,), the reduction factor coin-
cides with the deficiency factor defined in equation (6)

(Berendse and Bosatta, 1984, to be published), i.e.

PN =rr. (1)

Now, we assume that if C is limiting growth
(r <r.), the reduction factor is:

p.=rir. (12)

From equations (11) and (12), growth will be at a
maximum when r = r., a result already observed by
Parnas (1976) in culture experiments. The next
assumption is that B is a constant fraction, %, of the
total C in the substrate (Bosatta and Staaf, 1982), i.e.

B=xC. (13)
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Finally, the effect of perturbations must be com-
pared to some reference state. This is generated here
by driving the system to a steady state (ss) by means
of an external input of carbon at a rate / (mgday™')
having a N-to-C ratio w.

With this, and introducing {10) and (13) into
equations {7) we get

C=—kpC+1 (14a)
N=—kpN+bpC+ wi, (14b)
where
-
k=%t (15)
4
k= (16)
e
and
b = fuz. (7

If p is set to p, = C/N/r, the system (14) reaches ss
in which

(N/C* =r +w(l —e) (18)

and so r*<r. This means that the ss is carbon
deficient and a net release of nitrogen is produced
from the substrate in this state, namely

m* = wl,

(19

For the N-limited case, p in equations (14) must be
substituted with py (equation 11). Trivially, no N-
deficient ss can be generated from equations (14a and
b) if a net input of N is given to the system.

A N-deficient ss can be achieved, on the other
hand, if an output of N (such that output> wl) is
subtracted from equation (14b). If we use the litter
layer as an image of a N-deficient system, we could
regard this output as a transfer of nitrogen related to
the humification process. The easiest way to mimic N
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losses is by giving w a negative value, and, in this way,

equation (18) can be used again to calculate the

(N/C)*. So, putting w to a negative value, we get

r*>r, and the substrate has a net immobilization.
An analysis of the characteristic roots of equations

(14) in the neighborhood of both ss points shows

that:

—the C-limited ss is stable for any choice of param-
eter values;

——the N-limited ss will be stable only ift

iwlf(l —e)
ef, <

Furthermore, when the following relationship is
fulfilled

o

. (20}

W 1fi(1 —e) 1
g THia-on )

the variables in the N-limited system will, as a
response to the perturbation, oscillate in their return
to equilibrium.

As a conclusion, a qualitatively different response
to same perturbation can be expected depending on
whether the systern is C- or N-deficient. This is
depicted in Fig. 1.

The values of £, and £, agree with values found by
Baath and Séderstrém (1979) in fungal biomass from
different forest soils. The values given to e has been
used before (Bosatta et al., 1980) as an estimate of the
production efficiency in the same kind of systems.

As can be seen from equations {20) and {(21) the
qualitative pattern of behaviour is not affected by the
choice of y: this choice can only speed or slow down
the whole dynamics. The value given to x is based in
the observation of Berg and Séderstrom (1979) pre-
viously mentioned (see discussion preceeding equa-
tion 3). With this election of parameter values, the
critical C-to-N ratio is r,=62.5.
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Fig. 1. The changes (in %) with respect to steady state of rates of respiration (—) and net nitrogen
mineralization (~~=~+ ). In all cases, the amounts added are 10% of the steady state values. The curves are

calculated assuming that e = 0.2, f; = 0.5, f, =0.04, p = 2. day~!, 2 = 0.01 and / = | mg day
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Fig. 2. Changes in the rates of respiration and net nitrogen mineralization when the production-to-
assimilation ratio, e, is set 1o 0.4. The remaining parameters are the same as in Fig. 1.

The C-to-N ratio of Scots pine litter is about 100
(Staaf and Berg, 1982). So, the C-limited steady state
is generated by choosing w =0.01, and, in this way,
r* =41.7. The N-deficient ss is generated by placing
w=—0.006 and, in this way, r*=91.2. The
efficiency in producing new biomass, e, is probably
the most uncertain parameter. According to McGill
et al. (1981), its value can lie between 0.2 and 0.6.
Also, as can be seen from equations (20) and (21),
changes on e can drastically change the qualitative
properties of the system.

In the example in Fig. 2, ¢ has been set to 0.4.
Comparing this figure with Fig. 1, the conclusion can
be drawn that N is more sensitive than C to changes
in this parameter. It should be noticed that the
concentration of N in the ss of Fig. 2 is higher than
in the corresponding ss of Fig. 1.

DISCUSSION

From the results of Fig. 1, C-limited or nutrient-
limited systems will react in very different ways when
perturbed. This indicates that the “primary effect”
explanation must be used with care, and that consid-
eration must be made of the deficiency status of the
system.

The priming effect is introduced here in equation
(10) through the reduction factor p. As can be seen
in equation (12), for example, this factor will increase
if C is added to a C-deficient system, thus increasing
the productivity of microorganisms. The status of a
system is given here by the deficiency factor (equation
6), which has previously also been found to be a
variable of major importance in explaining the
dynamics of co-existence between plants and decom-
posers (Bosatta, 1981). The easiest way to define the
deficiency factor in an experimental way is, perhaps,
to measure whether the substrate is releasing or
accumulating nutrient before the perturbation is

applied. Also, if the specific decomposition rate of the
material is known, the critical C-to-N ratio can be
estimated with the regression model of Bosatta and
Staaf (1982).

The negative correlation between respiration and
mineralization for the C-limited case supplied with N
in Fig. | agrees well with the experimental results of
Soderstrdm er al. (unpublished), Johnson et al. (1980)
for forest soils, and Kowalenko er al. (1978) for
agricultural soils. Foster er a/. (1980) also observed a
decrease in respiration when they added N to soil
sample consisting of a mixture of L and F horizons
from a pine stand, and they attributed this decrease
to toxic effects of the added N. They claimed that the
high C-to-N ratio (~43) will make this substrate
N-limited with respect to microbial growth. Instead.
an alternative explanation could be that their mate-
rial was C-limited, a reasonable assumption for this
range of C-to-N (e.g. Berg and Staaf, 1981).

Figure 1| shows that a C-limited system amended
with C will increase respiration and immobilization
(net mineralization decreases in respect to ss). This is
in agreement with experimental results of Johnson
and Edwards (1979) on N mineralization and CO,
evolution from a girdled stand when sucrose was
added to it.

Nommik and Moller (1981) had., among others,
observed an increased retention of N in forest soils
after fertilization. The litter layer of a forest soil can
be considered N-limited and thus will be steadily
immobilizing N (Staaf and Berg, 1977). It can be
speculated that the addition of nitrogen to the N-
limited L-layer stimulates microbial immobilization
and this, combined with the humification process,
will make the N less mobile in the soil. Some support
for increased immobilization speculated upon here
can be found in Fig. I; after a certain period immo-
bilization increases with respect to steady state if N
is added to a N-limited system.
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