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Abstract

In the upper agricultural belt of the tropical Andes, above 3000 m of altitude, long fallow agriculture is commonly used to
produce potatoes and cereals. This agricultural system alternates short intervals of production (2–4 years) with long fallow
periods (generally 5–10 years or more). In order to analyse soil changes related to the rapid fertility loss during the production
interval and soil fertility restoration during the fallow period, the soils of two adjacent but contrasting plots were compared.
One plot had passed through 15 years of fallow (restored) and the other had been cultivated with potatoes for three consecutive
years after a 12 years fallow period (depleted). The soils were analysed for fresh C- and N-microbial biomass, inorganic N
and physical–chemical properties. Then, the soils were incubated under controlled laboratory conditions for 81 days, with and
without the addition of14C labelled wheat straw. During the incubation, periodic measurement of C– and14C–CO2 release, C-
and14C-microbial biomass, N-microbial biomass and inorganic N were performed. The most pronounced difference between
the fresh soils was in the microbial biomass, which was almost double the amount in the restored soil with respect to the
depleted soil. During the incubation, the total amounts of soil native C and N mineralised were significantly higher in the
restored soil. Also the mineralisation of the added14C-labelled straw was faster in the restored than in depleted soil. These
results suggest that the fallow period leads to an increase in the labile C and N pools and microbial biomass, which represent
more carbon and nitrogen availability for microorganisms and plants and could be related to fertility restoration. A very high
stability of the organic matter in these mountain soils was also revealed and its implications for agricultural sustainability are
discussed. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the northern Andes (paramo ecosystem), above
3000 m, a long fallow agricultural system is com-
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monly used for the cultivation of potatoes and cereals.
This type of agriculture is characterised by short peri-
ods of cultivation (two–four consecutive years) during
which the soil fertility declines rapidly, followed by
long fallow periods, extending from 5 to more than 10
years, that allows fertility restoration. When the fields
are cultivated, after the fallow period, the successional
vegetation is ploughed into the soil as green manure.
Despite the economical importance and widespread
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use of fallow agriculture in the Andes, little attention
has been paid to the processes involved in the fast
decline of fertility during cultivation and its progres-
sive restoration under the fallow periods. Also the
role of the incorporated fallow vegetation on fertility
recovery has been little investigated.

This agricultural system is similar to the slash and
burn agriculture practised in lower altitudes in the
tropics, with the difference that plant residues are not
burned. The mechanisms of restoration during the fal-
low period have been investigated in tropical forests
(Nye and Greenland, 1960; Aweto, 1981; Jordan,
1985, Lessa, 1998), in mountain ecosystems of India
(Mishra and Ramakrishnan, 1983a,b; Ramakrishnan,
1992) and in African savannas and dry forests (Flo-
ret et al., 1993). Under low altitude conditions, the
soil organic matter content is generally low and an
increase in soil organic matter and available nutrients
during the fallow period has frequently been reported.
However, in the humid tropical mountains, where soils
have higher organic matter contents, similar increases
have not been observed. Studies carried out in the
high Andean mountains of Colombia and Venezuela,
have not shown an increase in the total soil carbon or
nitrogen content, or an increased availability of soil
nutrients, like mineral N, exchangeable cations and
available phosphorus during the fallow period (Ferw-
erda, 1987; Sarmiento et al., 1990, 1993; Sarmiento
and Monasterio, 1993; Aranguren and Monasterio,
1997; Llamb́ı and Sarmiento, 1998). In these soils,
the expected increase of total C and N during the
fallow period is probably masked by the large size of
the organic matter pool and by the spatial heterogene-
ity of mountain soils. Therefore, the labile fractions
of nitrogen and carbon must be explored to under-
stand the mechanisms of fertility loss and restoration,
since these pools are expected to show a dynamic re-
sponse at the time scale of the fallow and cultivation
periods.

The main objective of this study is to detect
soil changes that can be associated with fertility
restoration. Total, microbial, mineral and potentially
mineralisable carbon and nitrogen were analysed
in two adjacent plots at contrasting stages of the
fallow-cultivation cycle. Differences in decomposi-
tion of fresh plant residues were also studied, since
the incorporation of the successional plant biomass
into the soil and its subsequent decomposition

appears to be an important component of fertility
restoration.

2. Materials and methods

2.1. Study area and plot selection

The study area was in the Páramo de Gavidia,
located at 3400 m of altitude in Mérida State,
Venezuela (8◦35′–8◦45′N, 70◦52′–70◦57′W), with an
average annual precipitation of 1329 mm and a mean
annual temperature of 8.5◦C. In this area, a long
fallow agricultural system is practised to cultivated
potatoes and cereals. The fields are cropped with
potatoes for an average of two consecutive years and
then are abandoned for 5 to more than 10 years, until
the farmer considers that fertility is restored.

According to US Soil Taxonomy (Soil Survey Staff,
1994), the soil is anUstic Humitropepts, sandy–loamy,
well drained, rather acid (pH between 4.3 and 5.5) with
a high organic matter content (up to 20%) (Llambı́ and
Sarmiento, 1998).

Two adjacent plots of approximately 2000 m2, with
similar conditions of slope, stoniness, soil texture and
other physical and chemical soil characteristics, but
at different stages in the fallow-cultivation cycle were
selected. One plot had passed through a 15 years
fallow period (restored soil) and the other had been
cultivated with potatoes for three consecutive years
after a previous 12 years fallow period (depleted soil).
Before cultivation both plots formed one field with
the same history.

One of the difficulties of using a synchronic ap-
proach to study the changes that take place during the
fallow period is that the spatial coexistence of sites
in different stages of development do not necessarily
represent the real time course of the ongoing suc-
cession (Scheu, 1990). Spatial heterogeneity in the
environment can introduce differences between plots
due to other factors than fallow time. To minimise
the effects of spatial variability, the plots investigated
have to be chosen very carefully. To evaluate the suit-
ability of the selected plots for a synchronic analysis,
a previous soil analysis was carried out. In each plot,
10 soil samples of 1 kg were randomly taken in the
ploughing layer (0–20 cm) and analysed for texture
(Bouyocos method), pH (measured in 1/1 soil–water
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Table 1
Physical, chemical and biological characteristics of the restored and depleted soils (mean± S.D.)a

Restored soil Depleted soil

Texture (%) Sand 48.0± 1.4 a 48.0± 1.4 a
Silt 39.2 ± 2.3 a 38.4± 1.7 a
Clay 12.8± 1.8 a 13.6± 2.6 a

Soil–water retention (%) 1/3 bar 46.0± 0.20 a 45.5± 0.30 a
15 bar 24.1± 0.25 a 24.5± 0.51 a

pH 5.0 ± 0.2 a 4.7± 0.3 a

Total C (g kg−1) 105.4± 0.7 a 103.1± 1.3 b

Total N (g kg−1) 6.9 ± 0.4 a 6.6± 0.6 a

Microbial biomass (mg kg−1) C 604.3± 80 a 313.2± 34 b
N 54.2 ± 7.4 a 26.37± 1.5 b

Mineral nitrogen (mg kg−1) NH4 2.8 ± 0.4 a 1.7± 0.3 b
NO3 3.1 ± 0.6 a 4.4± 0.5 b

Total 5.9± 0.3 a 6.1± 0.3 a

a Different alphabets indicate significant differences between soils (n = 10, P < 0.05, HSD).

mixture using a pH meter), soil–water retention at 1/3
and 15 bar (pressure plate extraction method, Klute,
1986), total C (dry combustion and Carmhograph
12A, manufactured by Wosthoff Bochum Germany),
and total N (micro Kjeldalh, Bremmen and Mulvaney,
1982). The results of this preliminary survey showed
that soil texture and water retention capacity were not
significantly different between the soils (Table 1), and
confirmed their similarity with respect to important
soil parameters that are not expected to be affected
by the fallow time. Other soil characteristics such
as soil C and N content, are susceptible to be influ-
enced by the fallow time, but a small modification is
expected within the 3 years interval during which the
management of the plots was different. In Table 1,
we can see that total soil carbon was slightly but
significantly (P < 0.05) higher in the restored than
the depleted soil and total N content was not signifi-
cantly different, confirming again the adequacy of the
selection.

2.2. Fresh soil analysis

After plot selection, 10 individual soil samples
were taken at random (0–20 cm) in each plot, sieved
(<4 mm) and analysed for C- and N-microbial

biomass and mineral nitrogen (NH4 and NO3). Then,
the soils were air-dried, composed to obtain a unique
sample by plot, and stored before incubation.

2.3. Incubation of soils unamended and amended
with 14C plant material

For each soil, 44 sub-samples (40 g air dry soil)
were incubated aerobically in a dark room for 81 days
at 26◦C. Each replicate was moistened to 80% of the
water holding capacity using a fine spray and placed in
a 100 ml beaker inside a hermetically sealed 1 l flask.
The flasks were opened weekly to maintain aerobic
conditions and adjust soil moisture. For each soil, half
of the sub-samples (22) were amended with 0.4 g of
uniformly 14C-labelled mature wheat straw (46% C,
0.49% N, C/N 94, specific activity 2.59 kBq mg−1 C)
cut into 3–5 mm pieces. The added material amounted
to 1% of the soil weight and 4.9% of the soil native
C. The soils were pre-incubated for 24 h before the
labelled material was added.

For the treatments amended (+S) or not (−S) with
14C-labelled straw, the CO2 release was measured on
10 replicate soils. The other 12 replicates were used
for destructive measurements of C- and N-microbial
biomass and mineral nitrogen.
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2.4. Analysis

Evolved CO2 was absorbed in 20 ml 0.25N NaOH,
which was replaced at each sampling date. Total CO2
was determined by titration (0.05N HCl) and14CO2
by liquid scintillation counting after 3, 6, 10, 14, 21,
27, 37, 46, 55, 69 and 81 days of incubation. C- and
N-microbial biomass and mineral nitrogen were de-
termined by destructively sampling of four replicates
of each treatment after 33, 53 and 80 days of incu-
bation. C- and N-microbial biomass were measured
using the fumigation-extraction technique (Brookes
et al., 1985). Each replicate was divided in two equiv-
alent portions (20 g dry soil), one was fumigated
for 18 h with alcohol-free chloroform and the other
was the unfumigated control. Both fumigated and
unfumigated soils, were shaken for 1 h with 1N KCl
(soil:solution 1:5) and centrifuged. The supernatant
was analysed for total dissolved organic carbon using
wet combustion by persulphate and a CO2 analyser
(Carmhograph 12A, Bottner and Warembourg, 1978).
The 14C in supernatants was determined by liquid
scintillation counting. The N-microbial biomass was
measured in 70 ml of the extract by micro-Kjeldahl
digestion and distillation (Bremmen and Mulvaney,
1982). A kEC value of 0.45 and akEN of 0.54 were
used to calculate the C and N content of the microbial
biomass, respectively (Joergensen, 1996; Joergensen
and Mueller, 1996). N–NH4 and N–NO3 were mea-
sured colorimetrically in the unfumigated KCl extracts
using Devarda’s alloy to reduce NO3 to NH4 (Keeney
and Nelson, 1982). Total soil C was determined by
dry combustion at 1000◦C and Carmhograph 12A
was used to measured the evolved CO2, whereas
total soil nitrogen was determined by Kjeldahl
digestion.

2.5. Kinetic parameters

To estimate the kinetic parameters of C minerali-
sation, the cumulative curves of the released native
soil carbon–CO2 were fitted to a double exponential
function (Ellert and Bettany, 1988),

Ct = C0(1 − e−kt) + Cr(1 − e−ht) (1)

whereCt is the cumulative C–CO2 released after time
t, C0 is the labile C pool,Cr the recalcitrant pool
(calculated as the difference between total and labile

C pools),k and h are the mineralisation rates of the
labile and recalcitrant pools, respectively.

For the estimation of the carbon mineralisation rate
of the 14C-labelled straw (d), a simple exponential
model was utilised,
14C = 14C0(1 − e−dt) (2)

where14C is the cumulative C–CO2 mineralised from
the14C-labelled straw and14Co is the potentially min-
eralisable carbon of the straw.

The potentially mineralisable nitrogen was calculate
by fitting the cumulative mineralised nitrogen of the
unamended treatment to an exponential model (Stan-
ford and Smith, 1972),

N = N0(1 − e−mt) (3)

whereN is the cumulative nitrogen mineralised and
N0 is the potentially mineralisable nitrogen.

Finally, to estimate the decay rate of the labelled
microbial biomass, a simple exponential function was
fitted to the C-microbial biomass.

2.6. Metabolic quotient of the microbial biomass

The metabolic quotient (qCO2) represents the CO2
production per unit of C-microbial biomass and unit
of time (Insam and Haselwandter, 1989). A low
metabolic quotient indicates a high quality of the
substrate used by microorganisms or a low microbial
maintenance requirements.

2.7. Statistic

Statistical comparisons were made by using one
way analysis of variance and Tukey’s honestly signif-
icant difference test (HSD) for post-hoc comparisons
of the means. Differences were considered significant
at 0.05 level. The STATISTICA 4.5 package was used
for the statistical analysis.

3. Results

3.1. Microbial biomass and inorganic
nitrogen in fresh soils

The most pronounced initial difference between
the soils appeared in the fresh C- and N-microbial
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biomass, which doubled the amount in the restored soil
compared to the depleted soil (Table 1). C-microbial
biomass represented 0.64 and 0.34% of the total soil
carbon pool, while N-microbial biomass represented
1.14 and 0.53% of the total soil nitrogen, in the
restored and depleted soil, respectively.

Total mineral nitrogen was very low in both soils,
without significant differences between them (Table
1). Nevertheless, the percentage of nitrate with
respect to total mineral nitrogen (NO3/(NH4 + NO3))
was significantly greater (P > 0.05) in the depleted
soil (72%) than in the restored soil (52%).

3.2. Mineralisation of the native soil carbon

The native C–CO2 release was higher in the re-
stored soil in respect to the depleted soil with signif-
icant differences during the whole incubation period
(Fig. 1). In Table 2, the total native C mineralised
after 12 weeks of incubation and the mineralisation
parameters derived from the double exponential ad-
justment (Eq. (1)) are shown. In the treatment without
14C-labelled plant material, the estimatedC0 was
55% greater in the restored soil than in the depleted
soil. The mineralisation rate of this labile organic C
pool (k) was lower in the restored soil than in the
depleted soil, corresponding to half-lives of 5.5 and
3.7 days, respectively. The mineralisation rate of the

Fig. 1. Cumulative unlabelled C–CO2 evolved from the restored (RS) and the depleted soil (DS), amended (+S) and unamended (−S)
with 14C-plant material. Sampling dates indicated with an asterisk had significantly (P < 0.05, HSD) more C evolved from restored than
depleted soil. Sampling dates indicates with a letter had significantly difference between+S and –S treatments (a for the restored and b
for the depleted soil).

recalcitrant organic C pool (h) was similar in both
soils, with an average half-life of 21.5 years.

The addition of14C-labelled straw did not change
the amount of native C mineralised from soils after the
12 weeks incubation but decreased the mineralisation
rate (Table 2).

The total C mineralised during the incubation rep-
resented a very small percentage of the total soil C:
1.25–1.41% depending on the treatment.

3.3. Decomposition of 14C-labelled plant material

The decomposition of the labelled straw was
slightly faster in the restored soil compared to the de-
pleted soil (Fig. 2). The percentage of the added14C
mineralised after the 12 weeks incubation was 43.9%
in the restored soil and 42.9% in the depleted soil.
The cumulative14C–CO2 release fitted well to Eq. (2)
(r2 > 0.99 for both soils), with decomposition rates
(d) of 0.045 and 0.041 per day for the restored and
depleted soil, respectively (P < 0.05, HSD).

3.4. Mineralisation of nitrogen

Irrespective of the sampling time significantly
higher mineral nitrogen was measured in the una-
mended restored soil compared to the depleted soil
(Table 3). The addition of plant material with high
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Table 2
Soil native carbon mineralised after 12 weeks of incubation (C) and mineralisation parameters using a double exponential modela,b

Treatment C (g kg−1) C0 (g kg−1) k (per day) t1/2 of C0 (day) h × 104 (day−1) t1/2 of Cr (year) r2

RS 1.49± 0.09 a 0.790 a 0.125 a 5.5 a 0.8 a 24 a 0.997
RS + S 1.54± 0.07 a 0.826 a 0.078 b 8.9 b 0.9 a 21 a 0.998
DS 1.34± 0.05 b 0.513 b 0.189 c 3.7 c 1.0 a 19 a 0.998
DS + S 1.29± 0.09 b 0.449 c 0.142 d 4.9 d 1.0 a 19 a 0.998

a RS, restored soil; DS, depleted soil;+S amended with14C-plant material. C0, labile C pool; k, mineralisation rate of C0; Cr,
recalcitrant C pool (C0 + Cr= total soil C); h, mineralisation rate of Cr; t1/2, half-life

b Different alphabets indicate significant differences within each column (P < 0.05, HSD).

C/N ratio (+S) considerably inhibited nitrogen min-
eralisation in the two soils, mainly at the beginning of
the incubation.

The total amount of nitrogen mineralised corre-
sponded to 1.16–2.70% of the total soil nitrogen,
depending on the treatment. The potentially mineral-
isable nitrogen was estimated at 0.58 g kg−1 for the
restored soil and 0.24 g kg−1 for the depleted soil
using Eq. (3).

3.5. C- and N-microbial biomass
during the incubation

In both soils maximum amounts of autochthonous
microbial biomass (not labelled and consequently not
involved in14C-straw decomposition) were measured
after 33 days of incubation and decrease thereafter
(Table 3). After day 33, the differences in C- and

Fig. 2. Cumulative labelled14C–CO2 evolved from the restored (RS) and the depleted soil (DS) expressed as percentage of initially added
14C. Significantly (P < 0.05, HSD) more C was evolved from restored than depleted soils on sampling dates indicated with an asterisk.

N-microbial biomass between the two soils was not
significant (Table 3). A clear decrease in microbial
biomass was observed throughout the incubation,
tending to stabilise towards the end of the studied
period.

The zymogenous or labelled microbial biomass
was not significantly different between the soils with
the exception of the second date of measurement,
when it was significantly greater in the restored soil
(Table 3). The labelled microbial biomass represented
around 30% of the total soil biomass. The decay
rate of this14C-microbial biomass, calculated by fit-
ting the biomass data to an exponential model, was
significantly lower (P < 0.05) in the restored soil
(0.0056 per day) than in the depleted soil (0.010 per
day). Therefore, the half-life of the labelled microbial
biomass was 124 and 68 days in the restored and
depleted soils, respectively.
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Table 3
Mineral nitrogen, N- and C-microbial biomass, metabolic quotient (qCO2), 14C microbial biomass andq14CO2 during the incubation (mean
± S.D.)a

Treatment 33 days 53 days 80 days

Mineral nitrogen (mg kg−1) RS 89± 2 a 112± 5 a 178± 12 a
RS + S 17± 2 b 27± 7 b 95± 15 b
DS 76± 7 c 80± 15 c 129± 6 c
DS + S 30± 2 d 26± 4 b 83± 8 b

C-microbial biomassb (mg kg−1) RS 476± 55 a 426± 44 a 428± 34 a
RS + S 616± 59 b 504± 28 b 443± 25 a
DS 431± 49 a 383± 41 a 419± 62 a
DS + S 572± 20 b 427± 8 a 400± 28 a

N-microbial biomassc (mg kg−1) RS 56± 8 a 54± 7 a 48± 5 a
RS + S 137± 5 b 80± 34 a 74± 18 a
DS 50± 14 a 50± 13 a 45± 10 a
DS + S 107± 4 c 101± 4 a 70± 31 a

qCO2 (mgC-CO2 h−1 g−1 microbial-C) RS 0.9± 0.2 a 0.8± 0.2 a 0.8± 0.2 a
RS + S 1.2± 0.2 b 0.7± 0.2 a 1.0± 0.1 a b
DS 1.2± 0.2 b 0.8± 0.2 a 1.1± 0.2 b
DS + S 1.0± 0.3 a b 0.8± 0.1 a 1.1± 0.1 b

14C-microbial biomass (mg kg−1) RS + S 201± 16 a 185± 10 a 154± 14 a
DS + S 222± 20 a 147± 13 b 145± 19 a

q14CO2 (mg14C-CO2 h−1 g−1 microbial-14C) RS + S 4.7± 0.2 a 2.0± 0.2 a 1.1± 0.1 a
DS + S 4.5± 0.3 a 2.5± 0.3 b 1.4± 0.1 b

a Different alphabets indicate significant differences within each column (n = 4, P < 0.05, HSD). RS: restored soil; DS: depleted soil;
+S with 14C-plant material.

b Include only the unlabelled microbial biomass.
c Includes also the N-biomass derived from the added labelled material.

3.6. Metabolic quotients of the autochthonous
and zymogenous microbial biomass

TheqCO2 of the unlabelled microbial biomass was
significantly lower in the restored than depleted soil
(Table 3). The addition of plant material induced the
development of a zymogenous microbial biomass with
a q14CO2 roughly higher than theqCO2 of the au-
tochthonous biomass, mainly at the beginning of the
incubation (Table 3). As for theqCO2, the q14CO2
was significantly lower (P < 0.05) in the restored
than depleted soil after 53 and 80 days of incubation
(Table 3).

4. Discussion

Potato yields in the high tropical Andean moun-
tains is largely determined by the length of the fallow
period and the number of consecutive years of culti-
vation. Sarmiento (1995); analysing 47 farmer plots,
showed that the potato yield decreases from an average

of 18 t ha−1 in the first year of cultivation to 10 t ha−1

during the second year and only 5 t ha−1 after 4 years
of consecutive cultivation. The same study showed
that yield was significantly lower in fields which had
passed through fallow periods less than 5 years, com-
pared to fields with longer fallow periods. Other stud-
ies carried out in these agricultural systems have not
detect soil changes explaining the loss of fertility dur-
ing the cultivation and its progressive recovery during
the fallow period (Ferwerda, 1987; Sarmiento et al.,
1990, 1993; Hervé, 1994; Aranguren and Monasterio,
1997; Llamb́ı and Sarmiento, 1998, 1999), probably
due to: (a) the spatial heterogeneity in mountains that
limit the application of a synchronic analysis, (b) small
changes in soil organic matter are not easily detected
when the soil organic matter pool is very large, and (c)
the rapid uptake of available nutrients by the fallow
vegetation prevents nutrient accumulation in the soil.
In this study, carried out on adjacent and homogeneous
plots that differed only in their fallow lengths, we were
able to detect initial significant differences in several
soil properties. Particularly, soil biological properties,
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as microbial biomass, seem to have a greater potential
than chemical or physical properties in this mountain
heterogeneous context to indicate soil fertility because
they are more sensitive to land use changes.

4.1. Soil biological characteristics

In the examined paramo soils, the C-microbial
biomass represented 0.3–0.6% of the total soil car-
bon. This proportion is very low compared to other
arable soils, which generally range from 0.5 to 4.5%
(Anderson and Domsch, 1989; Azam et al., 1986;
Wardle, 1992), and suggests a high stability of the
organic matter.

Expressed in an area basis (considering 100 kg m−2

of soil in the upper 20 cm of the soil, Sarmiento, 1995),
the fresh N-microbial biomass was 5.4 g m−2 in the
restored soil compared to 2.6 g m−2 in the depleted
soil. The importance of this potentially available N
pool is highlighted when compared to other N pools in
this agroecosystem (e.g. Sarmiento (1995) calculated a
total N of 8–9 g m−2 in the natural vegetation biomass
for a 12 years old fallow plot) and to an estimated total
N uptake by the potato crop of 4.5 g m−2 for a tuber
production of 14 t ha−1 (the local average). Thus, the
increase in microbial biomass during the fallow period
represents an important reservoir of nitrogen and could
be an essential component of the fertility recovery.

The inorganic N concentration was by one magni-
tude lower than the N-microbial biomass and was not
significantly different between the soils. Nevertheless,
the proportion of nitrate in the mineral nitrogen pool
was significantly larger in the depleted compared to
the restored soil. A decrease of nitrification during
secondary succession has been also observed in other
ecosystems (Rice and Pancholy, 1972; Schmitz et al.,
1989; Clein and Schimel, 1995). High nitrification
during cultivation could have a negative effect on
the N budget, since NO3 is more easily leached than
NH4, and probably contributes to a decline in fertility
in this agricultural system.

4.2. Soil incubation

The proportion of soil native carbon mineralised
during the 12 weeks incubation period (1.3–1.5%) was
lower than other soils incubated under similar condi-
tions (Nicolardot, 1988; Sparrow and Cochran, 1988),

suggesting again that soil organic matter in these
soils was fairly resistant to decomposition. Also, the
potentially mineralisable nitrogen of this soil is low
compared to other soils. Stanford and Smith (1972)
reported values ofN0 ranging from 10 to 15% of the
total nitrogen for a large number of soils. This com-
pares to 9% in the restored and 3% in depleted soil in
this study.

Despite the apparent high stability of the soil
organic matter, the nitrogen mineralised during the
incubation, expressed by unit of area, was 17 g m−2

in the restored soil and 12 g m−2 in the depleted soil.
If the amount of nitrogen mineralised during the in-
cubation is a good estimation of nitrogen availability,
these quantities exceed the potato crop requirement
to obtain the regional average yield.

Another interesting aspect is that the figure forC0
are very close to the C-microbial biomass measured
in fresh soil. C-microbial biomass usually represents
an essential fraction of the labile C. Thus, part ofC0
probably originated from microorganisms that were
killed during the drying of the soil before incubation
and decomposed when the soil was remoistened and
incubated. Many authors report a stimulation of C and
N mineralisation during the first days of incubation
of dried–remoistened soils (Marumoto et al., 1982;
Bottner, 1985; Azam et al., 1986; Beauchamp et al.,
1986; Sparling and Ross, 1988; Robertson et al., 1988;
Cook and Allan, 1992; Van Gestel et al., 1993). Jaw-
son et al. (1989) found that dead microbial biomass
added to soil was decomposed after 4 days, a period
similar to ourC0 half-life (4–9 days), supporting our
assertion that part of theC0 originates from dead
microorganisms. In natural conditions, the Venezue-
lan paramos undergo long drought periods, during
which the microbial biomass decreases considerably
(Sarmiento, 1995). The soil drying–remoistening cy-
cles in the ploughing layer could induce partial min-
eralisation of the microbial biomass and accelerate
the turnover of the microbial nitrogen.

Presumably, microorganisms in the amended
treatment utilised the labile part of the straw instead
of the native labile soil organic fraction, since the
C0 mineralisation rate was lower in the+S than
–S treatment. In the incubation experiment, the low
difference between the soils in the rate of straw
decomposition compared to the high difference in the
mineralisation rate of soil native organic matter is
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rather surprising. Compared to the depleted soil, the
15 years fallow resulted in a progressive build up of
labile material and microbial biomass which substan-
tially modified the mineralisation parameters of the
soil native organic matter (particularlyC0) during the
12 weeks of incubation. However, the decomposition
of the freshly added straw was only slightly modi-
fied, suggesting that the fallow results essentially in
a qualitative modification of soil organic matter. Al-
though, the difference in decomposition between the
soils was small, the estimated turnover time of the
labelled microbial biomass was greater in the restored
than depleted soil, indicating a higher availability of
nitrogen.

The mechanisms explaining the successional modi-
fication of the soil native organic matter are unknown.
One hypothesis is that the increase in plant biomass
and diversity during the fallow period (Llambı́ and
Sarmiento, 1999) corresponds to a quantitative and
qualitative modification of the plant necromass an-
nually incorporated into the soil. During cultivation,
ploughing accelerates the mineralisation of the labile
fraction progressively accumulated during the fallow
period. An ongoing European program, being carried
out in the high tropical Andean mountains (including
the study area Páramo de Gavidia), is built on this
hypothesis.

The metabolic quotient of the autochthonous and
zymogenous biomass was lower in the restored soil,
revealing a lower requirement of maintenance en-
ergy or higher metabolic efficiency in the utilisation
of both the native organic matter and the added
plant material. Insam and Domsch (1988) and In-
sam and Haselwandter (1989), also found that the
metabolic quotient was higher in initial primary and
secondary successional phases as opposed to more
mature ecosystems. They explained theqCO2 de-
crease during the succession with the change from
“r” to “ k” strategists as the succession progresses
and the detritus food webs become more complex.
As Insam and Haselwandter (1989) pointed out, the
successional decrease inqCO2 agrees with Odum’s
(1969) theory of a low maintenance-to-structure ratio
in mature ecosystems. Another explanation for the
decrease inqCO2 in the restored compared to de-
pleted soil is that the sources of available nitrogen for
microorganisms are more limited in the early stages
of the succession. Consequently, more carbon must

be mineralised to maintain the microorganism C/N
ratio, due to the higher C/N of the substrates and
the lack of alternative sources of nitrogen. The high
qCO2 of the zymogenous biomass in the+S treatment
can also be explained by the high C/N ratio of the
wheat straw.

5. Conclusion

This study shows several trends of change after a 15
years fallow, which could contribute in explaining the
recovery of soil fertility: (a) an increase in soil C- and
N-microbial biomass in fresh soil, which could be a
source of potentially mineralisable nutrients specially
under alternating wet and dry seasons, (b) a decrease
in the proportion of nitrate in the mineral N pool, that
can minimise the N losses by leaching, (c) an increase
in potentially mineralisable C and N, and (d) a less
limited microbial community suggested by several in-
dicators like a higher rate of plant material decom-
position, a lower energy maintenance cost (qCO2) of
the autochthonous and zymogenous microbial biomass
and a higher half life time of the zymogenous biomass
in the restored compared to the depleted soil.

The stability of the organic matter is a charac-
teristic of the studied soils and is essential for the
sustainability of this agricultural system, favouring
infiltration, maintaining a high water holding capac-
ity, cation exchange capacity and minimising erosion
(Llamb́ı and Sarmiento, 1998; Sarmiento, 2000). The
elimination of the fallow period could lead to a pro-
gressive decrease in the soil organic matter, that can
endanger agricultural sustainability. In this study, 3
years of consecutive cultivation causes a soil carbon
decrease of 2%. For a more intensive but sustainable
agriculture the favourable effect of the fallow period
in the maintenace of SOM should be replaced by a
correct management of organic inputs (e.g. organic
manure and crop residues).
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