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Summary

The mechanisms linking soil respiration to climate and soil physical properties are important for modelling
transformation and sequestration of C and N in the soil. We investigated them by incubating "*C and °N
labelled straw in soils of the dry puna (Bolivian altiplano, semi-arid shrubland at 3789 m above sea
level) and the humid paramo (Venezuelan tropical alpine vegetation at 3400 m). These two ecosystems
of the high Andes are comparable in terms of altitude, mean temperature and land use, but are very
different regarding organic matter content, rainfall patterns and soil physical properties. Total '*C and
SN, microbial-biomass '*C and '°N, soil moisture and meteorological data were recorded over 2 years.
Daily soil moisture was predicted from a water balance model. The data from the paramo site were
used to calibrate MOMOS-6, a model of organic matter decomposition based on microbial activity and
requiring only kinetic constant parameters to describe: (i) inputs to microbial biomass from plant
debris and microbial metabolites, and (ii) losses from the biomass by mortality and respiration (respira-
tion coefficient and microbial metabolic quotient gCO,). The simulated gCO»—'*C agrees well with
¢CO,-"*C and ¢CO, measured at the calibration site and with published data. To apply MOMOS-6 to
the puna site, only the respiration coefficient of the biomass was re-estimated. The dynamics of '*C and
15N were very different in the two systems. In the puna, the transformation processes stop during the
long dry periods, though total annual mineralization is greater than in the paramo. The change in the
value of the respiration coefficient enables us to predict that the amount of C and N sequestered in
the stable humus is greater in the paramo than in the puna. The data in this paper can be used to esti-
mate values of the respiration coefficient so that MOMOS-6 can be applied to other systems.

Introduction

Modelling transfers of C and N through the compartments of
soil organic matter requires understanding of the dynamics of
soil microbial biomass. The quantification of this pool proposed
by Jenkinson & Powlson (1976) and the quantification of its
activity with the microbial metabolic quotient, gCO,, explored
by Anderson & Domsch (1993) were essential steps for model-
ling. At present, many concepts are available, considering the
microbial biomass as a single compartment, or two or more
compartments, including the biomass in labile compart-
ment(s), or not regarding the biomass as a state variable, but
as a rate-controlling factor. Weather and soil properties are
often used to explain year-to-year and site-to-site differences.
Most models use similar response functions for temperature
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and moisture, but different options are suggested to model the
effect of soil properties. Soil texture is generally considered to
be an essential factor in controlling the dynamics of soil
organic matter and has been related to:

1 the decay rate of the organic compartments (Van Veen
et al., 1985; Hansen et al., 1991; Molina et al., 1998);

2 the flow fractionation (or efficiency factors) between organic
compartments (Jenkinson, 1990);

3 the growth rate of decomposers (Bosatta & Agren, 1997);

4 the relations between active and stabilized organic matter
(Parton et al., 1987);

5 the partitioning of the organic matter within protected and
non-protected compartments (Verberne et al., 1990);

6 the processes of adsorption and desorption of organic com-
pounds in the aggregates (Hassink & Whitmore, 1997); and

7 the quantity of decomposing organisms (Miiller & Hoper,
2004).
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To gain further insight into the factors controlling microbial
respiration and the mechanisms that stabilize organic matter we
modelled results from a '*C and '°N labelling experiment car-
ried out in the field simultaneously at two sites with similar
characteristics (altitude, mean temperature, and long fallow
cropping system), but with soils differing in content of organic
matter and physical properties, and with different rainfall. The
MOMOS-6 model, selected from five reasonable models
(Pansu et al., 2004), was used to simulate the mineralization
and transfers of '*C and "’N. Like the approach described
by Saggar et al. (1996) and Schimel & Weintraub (2003),
MOMOS-6 is centred on the microbial biomass compartment:
the microbial inputs are the outputs of the other compart-
ments, and the microbial output is defined by the respiration
quotient (the only CO, output) and the mortality rate. Our
general aim was to understand how the physical and chemical
properties of the soil control the respiration processes: does
this model allow us to formulate and quantify a specific mech-
anism to explain the different behaviour of the two soils with
respect to C and N storage?

Methods
The experimental sites

Experiments with identical designs were laid out at Gavidia
(8°40'N, 70°55'W) in the humid Venezuelan paramo and at

Patacamaya (17°15'S, 67°57"W) in the dry Bolivian puna
(Table 1). At each site, the experiment was set up in: (i) a 2-
year-old fallow plot (referred to as ‘young’ in Table 2, four rep-
licates), and (ii) a 7-year-old fallow plot (referred to as ‘old’ in
Table 2, four replicates). The vegetation is dominated by the
perennial herb Rumex acetosella in the young paramo and by
Chondrosum simplex and Erodium cicutarium in the young
puna. It is dominated by the shrub Baccharis prunifolia and the
giant rosette Espeletia schultzii in the old paramo plots (1-1.5
m tall) and by the shrubs Baccharis incarum and Parastrephia
lepidophylla in the old puna plots (less than 1 m tall). Table 2
presents soil cover by natural vegetation. The sites, representa-
tive of two major tropical Andean zones of the upper altitude
belt of cultivation, differ markedly in terms of organic matter
content, soil moisture content (Figure 3) and textural charac-
teristics.

Field incubation

Spring wheat (Florence Aurore) was grown from seed to grain
formation in a labelling chamber with controlled conditions of
14C0O, atmosphere (0.03 *C/100 '>C, 0.86 kBq mg ' C), tem-
perature and radiation. The plants, cultivated in pure sand,
were periodically flooded with a complete nutrient solution
containing Ca(*>NO;), (10 ’N/100 '¥N) as the sole source
of N. At harvest, the wheat was dried at 40°C. The stems and
leaves were used in the experiment. They were milled to yield

Table 1 Main characteristics of the experimental sites; for a more detailed description see also Sarmiento (1995) for the paramo and Hervé (1994) for the puna

Sites Paramo Gavidia (Venezuela) Puna Patacamaya (Bolivia)
Location Sierra Nevada National Park Merida Central Altiplano

Coordinates 8°40'N; 70°55'W 17°15'S; 67°57'W

Altitude/m 3400 3789

Cropping system Long grazing fallow periods Long grazing fallow periods

(7-10 years) alternating with short
(2 years) potatoes and barley

(7-8 years) alternating with short
(2-3 years) potatoes, barley or quinoa

Mean annual precipitation/mm 1329 370

T mean (average)/°C 8.5 8.7

T minimum (average)/°C 5 0.2

T maximum (average)/°C 9 17.2

Soil name (WRB) Regosol Arenosol
Soil depth/cm 70 30
Volumetric stone content (0—10 cm layer) 0.26 +0.04* 0.20 +0.07%
Soil structure Fluffy (dry) and massive (moist) Particulate
Soil texture Clay-loamy, stony Sandy, stony
Sand/% 5442 79 + 4
Silt/% 31+0.5 15+2
Clay/% 15+2.5 6+0.5

pH (H,0) 45+0.1 6.6 +0.2
C/% 9.9+0.6 0.5+0.1
N/% 0.65 +0.08 0.06 £+ 0.02
C:N ratio 153+1.9 7.6+2.5
MCFC (volumetric moisture content at field capacity) 0.52 +0.02 0.35+0.02
MCWP (volumetric moisture content at wilting point) 0.28 £ 0.01 0.06 £ 0.01

#Mean = standard error (n = 4).
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Table 2 Treatments and characteristics of the plots
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Sites
Wet paramo (Gavidia, Venezuela) Dry puna (Patacamaya, Bolivia)
Young fallow Old fallow Young fallow Old fallow
Fallow age/year 2 7 2 7
Soil cover by natural vegetation/surface ratio 0.85 0.9 0.2 0.4
Soil native organic matter
Soil C/%* 9.42 +£0.05 8.81 +0.03 0.45 4+ 0.01 0.55+0.01
Soil N/%* 0.55+0.03 0.56 +0.01 0.08 £ 0.002 0.09 + 0.004
Soil C/N (n = 8) 17.1 15.8 5.6 6.3
Duration of the experiment from 13/11/1998 to 10/11/2000 from 29/11/1998 to 27/11/2000
Dry soil in each bag/g 150 150
Weight of straw added to each bag/g straw per sample 3.26 0.347
Weight of straw added/mg straw g ' dry soil 21.7 2.3
Added straw-C in percentage of total (soil + straw) C 9.0 9.6 18.1 15.3
Added straw-N in percentage of total (soil + straw) N 5.9 5.8 44 4.0
Measured initial >N enrichment of the soil (n = 8)%/% 0.527 £ 0.009 0.512 £ 0.009 0.527 £0.012 0.444 £ 0.007
Smallest measured '°N enrichment (n = 8)*/% 0.369 £ 0.003 0.354 £+ 0.004 0.212 £ 0.009 0.204 £ 0.007

Soil natural '*N isotopic ratio (n = 12)*/%

0.367 £ 0.0001

0.367 4 0.0001 0.373 £ 0.0003 0.371 £ 0.0003

#Mean =+ standard error.

2-7 mm long pieces. The characteristics of the dry plant mate-
rial were: C = 43%, N = 1.60%, '°N isotopic enrichment =
9.88%, '“C activity = 598 Bq mg ! C, soluble compounds =
36.1%, hemicelluloses = 25.2%, cellulose = 26%, lignin = 3%,
and ash = 9.4% (Van Soest et al., 1991).

Ateachs site, the labelled straw was incubated in soil from both
young and old fallow plots as follows. Soil from the 5-10 cm
layer of each plot was collected, homogenized, air-dried and
used to fill 40 bags (150 g of soil per bag) made of 10 cm x 8 cm
sealed polyester with a I-mm mesh on the upper side and 0.5 mm
on the lower side. Labelled straw was added homogeneously to
each bag (Table 2). The bags were placed horizontally in the
5-10 cm layer and covered with soil from the 0—5 cm layer. At
installation the 0—10 cm layer was brought to field capacity with
rainwater. The experiment lasted for 2 years (Table 2), during
which four bags from each treatment were randomly taken on
10 occasions (including the initial sampling).

Analysis

At each sampling date, the four wet samples were homogenized
and analysed as shown in Table 2. Three 5-g subsamples were
used for moisture measurements, and for the remainder, total
'“C and total ">N and microbial biomass-'*C and -'°N were
measured. Microbial biomass was measured by the fumiga-
tion—extraction method as described in Pansu et al. (2004). We
used 20-g subsamples for chloroform fumigation and unfumi-
gated control, and 150 ml of 0.5 M K,SO, solution as extract-
ing reagent. We measured '*C in the fumigated and control
extracts (corrective factor 0.45; 2 x 4 replicates) by liquid scin-

tillation counting (Tricarb 1500, Packard, Downers Grove,
Illinois, USA) and >N (corrective factor 0.54; 1 x 4 replicates)
by Kjeldahl distillation, followed by mass spectrometry
(Finnigan delta S, Rodano, Milano, Italy). We measured total
'4C using a Carmograph 12 A (Wésthoff, Bochum, Germany)
and liquid scintillation counting (Tricarb 1500 modified
according to Bottner & Warembourg, 1976; 8 x 4 replicates).
Total >N was measured with a coupled CHN/Mass spectrom-
eter (SCA-CNRS, Solaize, France; 2 x 4 replicates). The l4c
and >N of the plant material were analysed by the same pro-
cedure as for soil samples.

Daily precipitation, maximum and minimum air temperature, and
total radiation were recorded automatically by a weather sta-
tion (Campbell, Loughborough, UK) throughout the experiment.

The decomposition model

We distinguished five compartments of soil organic matter in the
MOMOS-6 model (Figure 1):

1 labile (VL) plant materials from necromass (NC);

2 stable (VS) plant materials from necromass (VL + VS = NC);
3 microbial biomass (MB);

4 labile humus (HL); and

5 stable humus (HS).

All flows pass through the MB compartment. The inputs to
the microbial compartment are the flows from the plant material
compartments VL and VS, and those from the humus compart-
ments HL and HS. The outputs are microbial respiration (cal-
culated from ¢CO,) and microbial mortality (kyg mortality
rate). Part of the model is similar to that used by Franko et al.
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778 M. Pansu et al.

Inorganic
Soil data
Necromass qCO, <« .C{I\),IB H
input VL 4 kresp .

Y

k k
%:L v kHLS
NC _5(3 MB HL > HS
* Elz )
Vs s 4 b

NC T a N ks A
biochemical A
data Soil
temperature

and moisture

Meteorological * 4
data

Figure 1 Flow chart of the MOMOS-6 model: NC is necromass
input, VL is labile NC fraction, VS is stable NC fraction, MB is
microbial biomass, HL is labile humus, HS is stable humus; ¢CO, is
the metabolic quotient of MB; k., is the respiration rate of MB;
CYyp is the C content of MB at steady state; kyp is the mortality rate
of MB; kv, kvs, knr, kus are the ingestion rates by MB of VL, VS,
HL and HS, respectively; ks is the rate of stabilization to HS from
HL.

(1995) in the CANDY model, and by Saggar et al. (1996) to
calculate '*C turnover and residence time in soils. The
MOMOS-6 model and these models differ in the following
aspects:
1 the necromass input (NC) is partitioned over VL and VS on
the basis of the NC biochemical characteristics, with equations
proposed by Thuriés et al. (2002) giving a stable fraction f; of
0.107 NC for this material;
2 the dynamics of the CO, output of the whole system is
driven by the microbial respiration (see Equations 5 and 6
below);
3 the flow from VL and VS to microbial biomass is not parti-
tioned as in the CANDY model; instead all NC is used quickly
(VL) or slowly (VS) as substrate by the biomass;
4 a stable humus compartment (HS) is included, which results
from the slow stabilization of HL and supplies maintenance
energy to the dormant biomass when the labile compartments
are exhausted; and
5 the MOMOS-6 model is parameterized only by seven first-
order kinetic constants (dimension day™") and no partitioning
coefficients of flows between compartments are used.

To describe this field labelling experiment, the general equa-
tion of the model is

x=f(T)f(0) A x, )

where f(T) is the exponential function with Qo = 2 and a refer-
ence temperature = 20°C (Kétterer et al., 1998), with the soil

temperature T (5-10 cm layer) set equal to air temperature, f{0)
is a soil moisture function (SAHEL model predictions,
Penning de Vries et al., 1989) related to field capacity (Andrén
& Paustian, 1987), x is the vector of the state variables
(carbon contents of compartments), x is the corresponding
vector of the rate variables and A is the parameter matrix of
the model:

—kyr, O 0 0 0
0 —kys O 0 0
A= |kyL kvs —(¢CO2 + kmp)  kur kus
0 0 kmB — (kur + kees) 0
0 0 0 kurs —kys
and
XvL
Xvs
X= | XMB |- (2)
XHL
XHS

If Cy is the amount of initially added '*C, and f; its stable frac-
tion, the initial conditions for the '*C experiment are given by

xvL(0) = (1 = fs) Co,

xys(0) = fs Co,

xm(0) =0, (3)
xHL(O) = 07

)CHs(O) =0.

At each incubation time, the total "*C decrease (¢ from the five
compartments) is

¢ = Xyp + Xyg + Ayp + X + Fys, 4)

which gives
¢ = — qC02 XMB, (5)

where ¢CO, is the metabolic quotient of the microbial bio-
mass. Another condition is necessary: ¢gCO, has to be con-
trolled by the size of the microbial compartment. The ¢CO,
value has to increase when the carbon of the microbial bio-
mass grows (particularly in response to an important supply
from VL), and to decrease when xyg decreases and micro-
organisms become dormant. In order to generalize the applica-
tion of MOMOS-6 to various situations, Pansu et al. (2004)
proposed a respiration coefficient, ks, (dimension day™),
scaled by the biomass at steady state, Cyp, i.e. measured on
bare soil unsupplied with recent input of substrate. In this
experiment, CYp was measured (paramo) or estimated (puna)
at the last sampling time. Thus ¢CO, is defined by

0

X]
GCO; = kresp CM—B (6)
MB

We derived the nitrogen model from the carbon model by divid-
ing the C content of each organic compartment by its C:N ratio

© 2006 British Society of Soil Science, European Journal of Soil Science, 58, 775785



(Pansu et al., 2004). The Powell optimization method was used
to estimate the parameter values (Table 3).

Results
Weather data

Both sites above 3400 m are cold (Figure 2), despite their lati-
tudes near the equator (Table 1). The daily mean temperature of
the paramo was fairly stable during the two experimental years
(daily range between 8 and 11°C, with about 25% of the values
between 6 and 12°C). Mean daily air temperature in the puna has
a more pronounced seasonality and the amplitudes are larger
(daily range between 8 and 14°C in summer and between 2 and
6°C in winter) with occasional frosts (Figure 2).

The longer wet seasons, greater rainfall and water-holding
capacity of the soil (Table 1) result in greater water storage in
the wet paramo than in the dry puna. The SAHEL model pre-
diction of soil moisture regime accorded well with the measure-
ments on each sampling occasion (Figure 3). The 5-10 cm soil
layer holds 0.3-0.5 mm water mm ' in the paramo and only
0.01-0.3 mm water mm ! in the puna. In the paramo, the com-
bined reduction factor, AT) f(0) (Figure 4), varied between 0.2
and 0.3 during the dry season, and between 0.3 and 0.5 during
the long wet season. In the puna, a value of 0.5 was reached
only after rainstorms in the southern summer. During the long
dry seasons of the puna, the decomposition processes are slow:
AT) f(0) =~ 0.01 (Figure 4) when moisture storage was about
0.01 mm water mm ' (Figure 3). Thus, the weather for decom-
position was less favourable in the puna than in the paramo.

Model calibration and microbial respiration

The C);zwas set to the value of MB at the last sampling time
estimated from Equation (7) in the dry puna. The model was
first calibrated on the more complete data of the paramo site

Table 3 The parameters of the MOMOS-6 model at the two sites (all &
are first-order kinetic constants in day ' unit)

Symbol Meaning Paramo Puna
kv Ingestion rate of VL? by MB® 0.6 0.6

kvs Ingestion rate of VS® by MB 0.003 0.003
kL Ingestion rate of HLY by MB 0.05 0.05
kus Ingestion rate of HS® by MB 0.00005  0.00005
kyLs Stabilization rate of HL to HS 0.0003 0.0003
kmp Mortality rate of MB 0.45 0.45
kresp Respiration rate of MB 0.03 0.084
o' Equilibrium value of MB-"*C/g kg ! 0.15 0.015

“Labile organic material of necromass.
®Microbial biomass.

“Stable organic material of necromass.
9Labile humified material.

“Stable humified material.

Organic matter transformation in contrasting ecosystems 779

(Pansu et al., 2004) to give the parameter values listed in
Table 3. The model was then used to predict the puna data,
but re-calibration was necessary. We obtained the best fit by
optimizing k. All other values estimated with the paramo
data were retained (Table 3). After this re-calibration, the two
sites differed only in terms of the respiration coefficient (kyesp)
and the equilibrium value of the MB ( CY;5, Table 3). At the
dry puna site the value of k., was estimated to be almost
three times as large as that in the wet paramo. The effect is
a large simulated difference in the metabolic quotient
¢CO,-'*C between the two ecosystems (Figure 5). After a
large initial peak in both systems, the gCO,-'*C in the wet par-
amo varies between 15 and 30 mg (CO»-'*C) g ! (microbial-'*C)
day ! during the first year, and between 10 and 20 during the
second year. The gCO,-'*C curve in the dry puna is very dif-
ferent from that of the paramo as it contains both periods
where the respiration is almost halted by the dry and cold
weather (AT)f(0) ~ 0, Figure 4), and there are large fluctua-
tions (between 10 and 65 mg (CO,—'*C) g'! (microbial-"*C)
day ! in the first 6 months, and between 2 and 55 after that).
These large fluctuations coincide with rain events during the
wet season. As soon as the moisture conditions are favourable
for microorganisms, the metabolic quotient increases more
in the puna than in the paramo, as a result of the differences
N Kregp.

14 . .
C transformations

The measured and simulated values (from the parameter values
in Table 3) of total-'*C and '*C in HL and (VL + VS) com-
partments are displayed in Figure 6. The measured differences
between the young and old fallow plots were not significant at
any sampling time, except during the first year of incubation in
the puna. Bottner et al. (2006) discuss the effect of fallow age.
The total '*C dynamics were very different in the two ecosys-
tems. In the dry puna, 66% of the initially added '*C was
quickly mineralized during the first wet season (the first 120
days). Afterwards, mineralization was almost at a standstill
until the end of the dry season (at day 400), then 73% of the
added '*C was mineralized after the second wet season (at day
500), and 75% at day 690 after the first rain that followed the
last long dry period. In the wet paramo, only 42% of the
added '*C was mineralized during the fast initial phase of
the process, then mineralization progressed more slowly, but
steadily, until about 65% of the added '*C was mineralized
after 1 year, and 75% after 2 years.

MOMOS-6 simulated large values of microbial-'*C at the
beginning of the experiments for both ecosystems (Figure 7).
The values decreased quickly during the first few days and
more slowly later on. In the wet paramo, microbial-"*C
accounted for 4% of the added "C after 1 month, 2.5% after
1 year and 1.8% after 2 years, in accord with the measured
data. In the dry puna, the simulated microbial-'*C accounted
for 3.5% of the added *C after 2 months of incubation, 2%

© 2006 British Society of Soil Science, European Journal of Soil Science, 58, 775785
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after 6 months and 1.5% after 2 years. In the puna, there were
no measured MB data, but the puna simulations were similar
to a hypothetical microbial-'*C calculated assuming equal
microbial-"*C:total-'*C ratios at the two sites:

total "“Cpuna

microbial-l“Cpun.‘l = microbial-MCpa,amOT.
total "“Cparamo

()
At both sites, the model predicted that only 10% of the added
C remained in the plant necromass (VL + VS) after 2
months of incubation (Figure 6). Then the '*C of the VS
decreased faster in the paramo (4% of the added '*C after 2
years) than in the puna (9% after 2 years). The transfers of '*C
through the HL compartment were greater in the paramo than
in the puna. In the paramo MOMOS-6 simulated 40°% of the
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Figure 3 Volumetric soil moisture content in the 5-10 cm soil layers
of the two sites: lines are predictions of the SAHEL model, symbols
represent data measured in soil bags. For time axis, day 0 is 13
November 1998.
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Figure 2 Measured daily mean air tem-
perature at the two sites. For time axis,
day 0 is 13 November 1998.

360 540 720

added '*C in the HL after 1 month of incubation, 24% after
1 year and 15% after 2 years. In the puna, the values were:
25% after 2 months, 20% after 1 year and 15% after 2 years.
The predicted '*C sequestration in the stable humus compart-
ment (HS, Figure 7) in the paramo was five times that of the
puna HS (2% in the paramo and 0.4% in the puna of added
14C, after 2 years of incubation).

>N transformations

The measured (young and old fallow plots) and predicted values
of total-">N and N in NC (VL + VL), HL and inorganic
compartments are presented in Figure 8. The changes in '°N
were very different at the two sites. The total '’N added in the
puna was mineralized faster than in the paramo. In the puna,
30% of the added "N was mineralized in the first 2 weeks of
incubation and 45% in the first 4 months. Mineralization
almost halted during the dry periods and was weakly reac-
tivated during the rainy periods. At the end of incubation,
55% of added "N was mineralized. In the paramo, the miner-
alization of the total '’N accounted for only 10% of the added
5N during the first month, after which the mineralization was
slower and constant, and amounted to about 30% and 35% of
the added '°N after 1 and 2 years of incubation, respectively.
In the first 4 months, the puna produced the same proportion
of inorganic-">N (in percentage of added '°N) as the paramo
in 2 years.

The predicted amount of >N remaining in the undecom-
posed plant material (VL 4+ VS) was approximately the same
at the two sites. In the puna, during the first 2 months of incu-
bation, the proportion of added-'°N stored in MB (Figure 9)
was greater, but decreased more quickly than in the paramo,
rapidly reaching a smaller value. The proportion of '*N stored
in the labile microbial metabolites (HL, Figure 8) was also
much less in the puna (months 2-10, 42%; 1 year, 40%;
2 years, 33%) than in the paramo (months 1-8, 68% of
added-""N; 1 year, 55%; 2 years, 41%). As for 14C, the pre-
dicted amount of '’N stabilized in the paramo HS (Figure 9)
was greater than in the puna (5.5% of added '°N in the
paramo against 1.5% in the puna at the end of the incubation).
In the puna, the model simulates faster >N mineralization and
faster transfer through the compartments of microbial origin
and less storage in the stable humus.

© 2006 British Society of Soil Science, European Journal of Soil Science, 58, 775785
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Discussion
Microbial respiration and biomass

At both sites, after the initial peak (about 10 days incubation),
the values of the simulated metabolic quotient (Figure 5) werein
the range of those measured by Anderson & Domsch (1993) at
22°C in several forest soils sampled in early spring. The smallest
values, near 20 mg (CO,-C) g ! (microbial-C) day !, were in the
range of the paramo values during the weak activity phases;
the greatest values, at 75 mg (CO,-C) g ' (microbial-C) day ',
slightly exceeded the puna values during the wet periods (10—
65, Figure 5). Sarmiento & Bottner (2002) measured gCO,-'*C
in a laboratory experiment in which '*C labelled straw was
incubated in a soil from the same paramo site. At 33 days,
gCO,-'*C was 113 mg (CO,-'*C) ¢! (microbial-'*C) day™! and
should correspond to the first initial peak (Figure 5) under
these conditions. After 80 days, ¢CO»-'*C was 26 mg
(COx-"*C) g™! (microbial-"*C) day™", i.e. in the range 15-30 mg
(CO,-'*C) g ! (microbial-'*C) day ' simulated by MOMOS-6
for this paramo experiment. Under field conditions in the
same part of the Venezuelan paramo, Sarmiento (1995) found
¢CO, values between 10 and 48 mg (CO»-C) g (microbial-C)
day™'. The largest values were measured after incorporation of
green manure.

At the end of this experiment the differences in microbial
respiration result in smaller pseudo-equilibrium values of MB
in the puna than in the paramo. Large k., also leads to fast
mineralization at the beginning of incubation and sharply
reduces the time required to reach pseudo-equilibrium. After 6
months, the fraction of added "*C mineralized in the puna was
twice the fraction mineralized in the paramo (Figure 6). The

-
o
o

Figure 5 Metabolic quotient of the

Paramo

fraction of inorganic-'>’N produced in the puna was three
times as large as that in the paramo (Figure 8). Despite the less
favourable conditions, transformation processes are faster in
the puna than in the paramo, because of the difference in
microbial respiration.

Microbial respiration and C and °N sequestration

Given the identical kv and kyg values at the two sites, the
smaller k., value estimated for the paramo leads to a smaller
respiration output and a larger size of the labelled microbial-
pool than in the puna. The microbial biomass-'*C ranges from
3.5to 1.5% of the added '*C in the paramo between 3 and 24
months of incubation and ranges from 2.25 to 1.5% in the
puna during the same incubation period. In the paramo,
greater MB values lead to greater microbial mortality and
larger values of HL than in the puna soil, notwithstanding the
identical kyvp. Whereas in the paramo the predicted HL-'*C
decreases from 35% to 15% of the added 'C between 3 and
24 months of incubation, it decreases from 25% to 15% in the
puna during the same incubation period. In turn, the larger
size of the HL pool leads to increased HL outputs towards the
MB and towards HS (although k. and kyp g are the same at
the two sites). For the paramo, MOMOS-6 predicted a larger
14C and N storage in the stable HS compartment for a soil
with a smaller k..,: after 2 years, 2% of added 14C and 7.5%
of added '°N are stored as stable HS in the paramo, whereas
only 0.4% of added *C and 1.5% of added '°N are stored in
HS in the puna (Figures 7 and 9).

The model adjustment reproduces the field data: although the
weather was more favourable for mineralization, the total native

100

Puna

60

microbial biomass simulated by the
MOMOS-6 model. For time axis,
day 0 is 13 November 1998.

q“COo,/
mg (CO,-C) g! (MB-14C) d!

360
Time/days

360 540 720
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Total-, HL-and NC-'4C / g '4C g~" added-14C

L e I

Paramo ] Puna

Figure 6 Time course of total-, HL- and (VL +
VS)-'*C in g "*C g! initially added-'*C; lines =
MOMOS-6 predictions; [, B = measured total
“C in the Young and OId fallow plots, respec-

+ 4 . tively, with 95% confidence intervals. For time
0 180 360 540 720 0 180 360 540 720 axis, day 0 is 13 November 1998. Abbreviations
Time / days Time / days as in Figure 1.

organic matter stored in the wet paramo soil (C = 9%, Table 2)
is about 18 times that stored in the dry puna (C =0.5%). Carbon
and nitrogen lost by leaching cannot explain the difference
between the two ecosystems, first because of the magnitude
of the difference and secondly because the moisture regime is
less favourable for leaching in the puna than in the paramo
(Figure 3). The productivity of the two ecosystems modelled
by the FAPROM model of Martineau & Saugier (2006) cannot
completely explain the large difference in organic matter content
of the soils (Y. Martineau and B. Saugier, personal communi-
cation). Based on our tracer study (effectively excluding produc-
tivity as an experimental factor), the difference is explained by
a weaker mineralization in the paramo than in the puna. In the
paramo, the model predicts larger accumulation of transient
compounds of microbial origin (MB and HL) and finally larger
storage of stable humus (HS).

From the MOMOS-6 simulations, the only form of stable C to
accumulate more in the dry puna than in the wet paramo is the
compartment that contains undecomposed plant fragments
(VS). As the kyr. and kyg values are the same at the two sites,
the predicted slower decomposition of the puna VS is due to
the influence of the drier weather. The comparison of the out-
put rates of the HS pool (kys = 0.018 year ', half-life T, =38
years) and of VS (kys = 1.095 year ', T = 0.6 years), sug-
gests that the stabilization of C is much greater in the paramo
than in the puna.

Microbial respiration and soil properties

Fine mineral phases are generally identified as protecting the
humus compounds (e.g. Kleber et al., 2005). Nevertheless,
Miiller & Hoper (2004), analysing 491 soils over a large range

Figure 7 Time course of MB- and HS-'*C
in g "C g initially added-'*C; lines =
MOMOS-6 predictions; <, ¢ = measured
MB-'#C in the Young and Old fallow plots,
respectively, with 95% confidence intervals
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of climates, did not find significant relationships between clay
content and dead organic matter. They observed a greater
stabilizing effect of clays for microbial biomass than for
humus, with a positive relationship between clay content and
biomass and a negative relationship between clay content and
¢qCO,, in accordance with what was found here.

Numerous labelling experiments have shown that fine soil
texture generally reduces '*C mineralization (e.g. Bo & Xin-
Xiong, 1993). Total and microbial '*C and "N contents were
greater in clay soils than in sandy loam soils (e.g. Ladd er al.,
1995), and larger biophysical quotients (respired/residual '*C)
were observed in soils with less clay (Saggar et al., 1999). Tex-
ture can affect decomposition indirectly by modifying the
porosity and subsequent water and air circulation (Thomsen
et al., 1999). According to Schjenning er al. (1999), oxygen
diffusion becomes limiting for microbial activity when the air-
filled pore volume becomes less than 0.2-0.3 of the total pore
volume for aerobic biochemical processes. From the SAHEL

simulations, the volumetric moisture content in the labelled
horizon of the paramo soil varies between 0.25 and 0.52
(Figure 3) for a field capacity (FC) of 0.52 (Table 1), inducing
no major water stress for microorganisms (A(T)f(f)) between
0.25 and 0.5, Figure 4), but the aerobic microbial activity was
probably limited by lack of oxygen. In contrast, in the dry
puna, the volumetric moisture content was always less than
the field capacity (FC = 0.35). Both dryness and low tem-
perature halted the biological activity (AT)f0) = 0, Figure 4),
but the puna is characterized by the absence of waterlogged
episodes (Orsag, 1989) and microbial activity is probably
never limited by lack of oxygen. This may explain the
greater ks, (Table 3) and consequently the considerable
mineralization when the moisture and temperature were not
limiting.

Another explanation for the difference in the microbial activ-
ity is discussed in Bottner er al. (2006): in the paramo the
exchangeable Al and free Al oxides (25.5 g kg'!) at pH 4.5
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(Table 1) can inhibit microbial activity compared with the
puna, where the Al values are negligible.

As shown above in the introduction section, soil texture is
generally the only soil abiotic factor that is taken into account
in decomposition models. Our analysis suggests that microbial
respiration (k..sp) is the only parameter that differs between the
wet paramo and the dry puna. If texture is the explanatory
factor (albeit direct or indirect), then the calibration result sug-
gests the following interpolation of the respiration rate ke, of
the decomposing organisms (acting on the microbial pool
size):

kresp = 0.127 — 0.0021 F for F < 46%, (8)

where F = the percentage of the 0-20 pum fraction of soil par-
ticles. Equation (8) is a linear interpolation between ke
(Table 3; keesp = 0.084 for the dry puna and 0.03 for the wet
paramo) and F (Table 1; F = 20.8% for the puna and 46% for
the paramo). It is based on only two pairs of data and so must
be used carefully even if MOMOS-6 was found less sensitive to
parameter fluctuations than four other models (Pansu et al.,
2004). A minimum value has to be chosen for k., to avoid
0 or negative values when F > 60%.

Conclusion

As all the MOMOS-6 parameters are kinetic constants related to
temperature and moisture, this model is particularly sensitive
to weather influence. In the wet paramo, even during the dry
period, the minimum soil water storage over the 2 years of the
experiment was 0.25 mm water mm '. Consequently, the
transformation processes of organic matter, essentially con-
trolled by a fairly constant temperature and moisture regime,
were fairly uniform. The predicted metabolic quotient
(qCO,-'*C) is in the range of published values and validated
by two complementary studies in the same paramo: gCO,-'*C
from a laboratory incubation and ¢gCO, measurements in the
field. In the dry puna, the processes were more seasonal and
almost halted by the lack of water during the long dry winters
and slowed down by the scarcity of water even during the wet
season.

Similar values were found in the two sites for six of the
seven MOMOS-6 kinetic constants that regulate transfers
between the model compartments. Only the values of the
respiration rate, kiesp, and of the equilibrium concentration
of labelled microbial biomass at the steady state were spe-
cific to the site. In the paramo, k., was found to be less
than one-third of that in the puna. Consequently, gCO»-'*C
varied over a much larger range in the puna than in the
paramo. This resulted in faster measured and predicted '*C
and "N mineralization in the puna than in the paramo,
despite the long water-limited periods in the puna. The
smaller k., and CO, output in the paramo increase the

size of the microbial compartment and, through microbial
mortality, increase the size of the labile microbial metabo-
lites compartment (even with the same rate of microbial
mortality in each site). In turn, this induces a larger output
of labile microbial metabolites, both towards living micro-
organisms and towards the stable humus compartment
(even at constant microbial ingestion rate and stabilization
rate). After 2 years, the fraction of added '*C and "°N sta-
bilized in the stable humus compartment in the paramo was
five times that in the puna. Obviously, the difference in
microbial respiration is the crucial mechanism that explains
the different behaviour of the two soils with respect to C
and N storage. For the parameterization of the effect of
soil texture, the linear interpolation between the values of
respiration rate, ksp, and clay + silt percentage, enables us
to use this modelling approach in other situations. To do
so, data on the amount and quality (fibre content and C:N
ratios) of added organic matter, soil data (basal microbial
biomass and texture), moisture content at field capacity and
at wilting point (required for water balance calculations)
and climatic data (temperature and rainfall) are required.
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