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Abstract

To detect soil changes related to vegetation and fertility restoration in a long fallow agricultural system of the Venezuelan Andes, 32 soil

(A horizon, 0–15 cm depth) and litter characteristics were studied in plots at different stages of the fallow-cultivation cycle. Four sectors of

the valley were sampled, each one including seven plots: recently ploughed after a long fallow period; 1 and 2 years under potato crop; 1, 4–5

and 8 years in fallow and natural vegetation. Each sector had similar topography, parent material and exposure to reduce the spatial

heterogeneity that can hinder the synchronic analysis of the succession. Data of each sector were standardized before the statistics

comparisons. Although all soils were acidic, those involved in the cropping cycle, or with only 1 year of fallow, had a significantly lower pH

than the others, indicating that soil cultivation triggered off acidifying processes intense enough to overcome the strong buffering indices of

the soils. These acidifying processes, facilitated by the acidity generating ions that widely dominate the desaturated CEC, are surely due to

the stimulation of litter and soil organic matter mineralization after ploughing the soil and also to the N fertilization of the cultivated soils.

The high soil contents of exchangeable Al3þ and free Al oxides suggest that Al plays an important role in SOM stabilization, lowering its

mineralization. No successional increase of any main plant nutrient was found in soil or litter. Moreover, soil available P and litter-P contents

are higher during the cultivation phase and at the beginning of the succession, probably as a consequence of fertilization. Water holding

capacity was similar for all soils, indicating that this long fallow agriculture system does not change the water storage capability of the soil, an

important aspect for the role of the páramo in the regional water balance. The main characteristics of soils and litters, including their d 13C

values, were useless to monitor soil changes during cultivation and fallowing. Nevertheless, the d 15N values of SOM decreased steadily

along the crop-fallow chronosequence, while those of litterfall were rather constant from recently ploughed to 1 year fallow soils, decreasing

suddenly on medium fallow plots and again on the virgin páramo. Together, the d 15N values of soil- and litter-N grouped the soils following

the crop-fallow chronosequence, suggesting that a change from ‘open’ to ‘closed’ N cycling is the characteristic that better discriminates the

soils along the succession. q 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The highest vegetation belt of the Northern Andes,

between the continuous timberline and the limit of glaciers

(3000–4800 m), is occupied by the páramo ecosystem,

which since the Pleistocene period has been colonized by

plants and animals progressively adapted to the unique

conditions of the cold tropics (van der Hammen, 1974). In

this environment, until 4000 m, a long fallow agricultural

system, characterized by alternate short periods of cultiva-

tion (1–3 years) and long fallow periods (usually 5–10

years), is used by traditional farmers to produce potatoes

and cereals. Globally, the intensification of the agriculture

has reduced the area under long fallow systems; never-

theless, they are still widely employed around the world,

especially in the humid tropical forests and in the puna and

páramo ecosystems of the mountain areas of Asia, Africa

and South America (Grigg, 1974; Ramakrishnan, 1992;

Sarmiento et al., 1993; Hervé, 1994).

Long fallow agriculture persists in the páramo partly

because the use of inorganic fertilizers does not prevent the

sudden decrease of crop production and, thus, only allowing

a limited reduction of the fallow period (Fajardo et al., 1975;

Ferwerda, 1987; Sarmiento, 1995). In the Venezuelan

Andes, a rapid fertility lost during the cultivation period
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has been reported, with average potato yields reducing from

18 to 5 t ha21 along four consecutive years of cultivation

despite the mineral fertilization (Sarmiento, 1995). During

the fallow period a relatively fast secondary succession

takes place, with vegetation changing from early stages

strongly dominated by exotic herbs, like the European weed

Rumex acetosella, to intermediate stages dominated by

natives herbs such as the legume Lupinus meridanus (the

only abundant N2 fixing species), to late successional stages

dominated by giant caulescent rosettes and shrubs, the

characteristic páramo life forms (Sarmiento et al., 2002).

Multiple functions has been attributed to the long fallow

period in this type of agriculture: (i) to recover soil fertility;

(ii) to control crop diseases, pathogens, pests and weeds; and

(iii) to maintain areas for extensive grazing and fuel wood

and medicinal plant collection. Leaving aside what is the

most important function of the fallow period, this

agricultural system offers a unique opportunity to study

secondary succession and ecosystem recovery in an open

environment, where the successional driving forces are

different from forest ecosystems which have been more

widely studied. Particularly interesting is the analysis of soil

changes and their relationships with vegetation develop-

ment, an aspect usually neglected in studies of secondary

succession.

Studies carried out during the secondary succession in

the Colombian and Venezuelan páramo have not shown any

significant change in the total soil C and N, available

inorganic nutrients or other edaphic properties that could be

related to the restoration of fertility (Ferwerda, 1987;

Aranguren and Monasterio, 1997; Llambı́ and Sarmiento,

1998; Jaimes, 2000).

The main methodological problems to analyse soil

changes in the páramo during secondary succession are:

(i) the high spatial heterogeneity of mountain soils, that

limits the use of a synchronic approach; and (ii) the high soil

organic matter (SOM) content, that masks the possible

changes taking place in this short time scale. Considering

these limitations, Sarmiento and Bottner (2002) analysed

the labile fractions of soil C and N in two adjacent plots with

similar environmental characteristics, but in contrasting

stages of the fallow-cultivation cycle and found a succes-

sional increase in the soil C and N microbial biomass and in

the potentially mineralizable C and N, and a decrease in the

proportion of nitrate in the mineral pool. Nevertheless, to

extrapolate these results obtained in two plots to the whole

system a large number of plots must be considered.

On the other hand, several authors have found relation-

ships between the d 15N signature of litter and SOM and the

characteristics of the N cycle in natural and managed

ecosystems. Högberg et al. (1995) found that processes

leading to loss of N (NH3 volatilization, NO3
2 leaching,

denitrification) discriminate against the heavy isotope 15N.

Koerner et al. (1999) reported that the mean d 15N of soil

increased with the intensity of former land use and that the d
15N of understorey plant and soil appear to be excellent

tracers of previous land use in forests, and could be used in

historical studies. Finally, Handley et al. (1999), Chang and

Handley (2000) and Eshetu and Högberg (2000) concluded

that both foliar and soil d 15N are related to the residence

time of the whole ecosystem N, declining with a change

from ‘open’ to ‘closed’ N cycling.

The main objective of this study was to analyse soil

changes during the secondary succession in the long fallow

system of the páramo, that can be associated with vegetation

development and fertility restoration. Two new approaches

with regard to the previous works have been utilized: (i) to

minimise the problem of soil spatial heterogeneity, a

stratified sampling was performed in four small sectors of

a valley, each sector including a complete crop-fallow

chronosequence; and (ii) in addition to the main soil

characteristics two new variables were introduced, the 13C

and 15N isotopic signatures of SOM and litter, probably

more sensitive to short term changes in soil functioning.

2. Material and methods

2.1. Study area

The study was performed in the Páramo de Gavidia,

located in the Northern Andes, Venezuela, between 88350

and 88450 of latitude N and between 708520 and 708570 of

longitude W; and included within the Sierra Nevada de

Mérida National Park, that comprises 2650 km2 of the

Venezuelan Andes. The sampling was performed between

3350 and 3700 m a.s.l. in the small (approximately 5 km2)

and narrow valley of Quebrada Piñuelas, of glacial origin,

where agriculture is practised on the narrow river terraces,

small alluvial fans and the rather steep mountain slopes

(Smith, 1995). In this area the oldest geological formation of

Venezuelan Andes appears, consisting of Pre-Cambrian

schists and gneises originated by metamorphism of marine

sediments during the orogenic process. The soils are

generally acid, stony and sandy Inceptisols, formed after

the retreat of the last glacier (approximately 15,000 years

ago), with a high organic matter (OM) content, but low

nutrient availability (Sarmiento et al., 1991).

Climate is characterized by a total rainfall of

1352 mm year21 which follows an unimodal pattern, with

a dry season from November to March and a rainy season

from April to October. The average annual air temperature

is 8.4 8C at 3450 m a.s.l., with only 2.2 8C of difference

between the coldest and the warmest months, but with a

mean daily thermic amplitude of 9.4 8C.

The agricultural practices in this area include long fallow

periods (5 to more than 10 years), after which the

successional vegetation is incorporated into the soil by

ploughing at a deepness of 20 cm. The amount of total

phytomass incorporated into the soil at ploughing has been

estimated in 778 g m22 for a 6 year fallow plot (Montilla

et al., 2002) and 989 g m22 for a 12 year old plot, of which
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51% was aboveground biomass, 18% belowground biomass

and 31% litter (Sarmiento, 1995). The phytomass was left to

decompose during 4–5 months and then the plots are

ploughed again, planted with potatoes and fertilized at

sowing with granulated NPK (mean quantity: 1.8 t ha21 of

16:16:08 NPK) supplied in a single dose. Potatoes, at a

mean density of 4.44 plants m22, are always the first crop

after the fallow period and are cultivated for one or two

consecutive years, with average yields of 18.3 t ha21 the

first year and 9.9 t ha21 the second year. Before abandoning

the plot a cereal (barley or wheat) is usually cropped without

application of fertilizer.

2.2. Methods

To overcome soil spatial heterogeneity, an stratified

sampling was performed using a database of 1200 fields

with known crop-fallow status during the preceding 8 years

(Smith 1995, updated to the year 2000). Four representative

sectors were selected: Bárbara-Los Torres, Ramón, Los

Yaques and Los Volcanes, which is a popular name at

Gavidia for areas with rock avalanches and not related to

volcanic activity. Each sector included plots in different

stages of the succession located very close to each other, and

in similar conditions of topography, parent material and sun

exposure. In November 1998, it was collected for each

sector a crop-fallow chronosequence of seven soils:

rompedura (R; recently ploughed soil after a long fallow

period), 1 and 2 year potato crop (C-1 and C-2,

respectively), 1, 4 or 5 and 8 year fallow (F-1, F-4 and F-

8, respectively) and virgin páramo (VP; never cultivated

soil). At sampling, potatoes in the cultivated plots had been

already harvested.

Soil samples were taken from the A horizon (0–15 cm

depth) with a stainless steel probe (3.5 cm in dia). Fifteen

sub-samples were taken at random from the whole area of

each plot, mixed and thoroughly homogenized after sieving

at 4 mm. Plant debris (above ground litter þ living and

dead roots) retained on the 4 mm sieve were separated

from the inorganic material, washed with deionized water,

dried at 60 8C, weighed, frozen with liquid N2, finely

ground (,125 mm) and kept for analyses.

The dry matter content of fresh soils and ground plant

debris was assessed by oven-drying aliquots of them at

110 8C for 5 h. Soil water holding capacity was determined

in a Richards membrane-plate extractor at a pressure

corresponding to a matrix potential of pF 2. Soil texture

was determined (on the ,2 mm soil fraction) by the

international mechanical analysis method.

Soil pH was measured with a pH-meter

(Metröhm, Switzerland) in H2O, KCl and p-nitrophenol

employing a soil/solution ratio of 1:2.5. Soil buffering index

(b ) was calculated as follows: b ¼ 10 (7.0-pHp-nitrophenol)/

(7.0-pHKCl).

The soil exchangeable cations (H, Na, K, Mg, Ca and Al)

were extracted as follows: 10 g of soil were mixed with 10 g

of acid washed sand quartz (100–500 mm) and percolated

consecutively with 100 ml of a solution of 0.17 M (HOCH2-

CH2)3 N and 0.12 M BaCl2 at pH 8.2 and with 25 ml of

0.12 M BaCl2, both extracts being mixed and adjusted to

250 ml before analysis. To assess the Fe and Al free oxides,

5 g of soil were shaked (20 min, 60 8C) with 33 ml of a

solution 0.14 M C2H2O4 and 0.20 M (COONH4)2·H2O and

with 1 g of Na2S2O4; the supernatant was separated by

centrifugation (3 min £ 6400g ) and the soil residue was

extracted again, both extracts being mixed and adjusted to

100 ml before analysis. Soil labile P was extracted by

shaking 4 g of soil for 30 min with 120 ml of NaHCO3

0.5 M at pH 8.5. Total K, Ca, Mg and P contents of litter

(plant debris . 4 mm) were assessed in milled material

(500 mg) that was digested for 20 min with 1 ml of H2SO4

(96%) and 4 ml of HNO3 (53%) in a high performance

microwave digestion unit (Milestone 1200 mega, Sorisole,

Italy). The H ions were measured by potentiometry, Na and

K by atomic emission spectrophotometry and Ca, Mg, Fe

and Al by atomic absorption spectrophotometry, whereas P

was measured by the colorimetric method of Murphy and

Riley (1962). The C and N contents of soils and litter, as

well as their d 13C and d 15N values, were measured on

finely ground samples with an elemental analyser (EA)

coupled on-line with an isotopic ratio mass spectrometer

(Finnigan Mat, delta C, Bremen, Germany).

Data were statistically analysed by one-way ANOVA

and honestly significant differences were established at

P , 0.05 using the Tukey’s test (the Tamhane’s T2 test in

the case of unequal variances in the groups). The data were

standardized by subtracting the mean value of the variable

in the corresponding sector from the individual value of

each soil. The relationships among the 22 physical,

chemical and physico-chemical variables analysed in the

28 soils sampled were statistically studied by a factor

analysis technique (SPSS statistical package); the goal of

this statistical analysis was to identify: (i) the main factors

that differentiate the soils, and (ii) the factors that

characterize the soils under different cropping–fallowing

stages. With the same objective, the relationships among the

concentrations and total amounts of the major nutrients

contained in the litterfall were also studied.

3. Results

3.1. Soil characterization

Table 1 shows for each chronosequence soil group the

mean values and the standard deviations of the main soil

characteristics. All the soils studied were acidic (Table 1),

with values between 4.50 and 5.70 for pH in H2O, between

3.80 and 4.66 for pH in KCl and between 5.10 and 5.74 for pH

in p-nitrophenol. Two significantly ðP , 0:001Þ different

plot groups can be made according to their soil pH in H2O: (i)

soils with medium-to-long fallow period (4–8 years) or
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Table 1

Main characteristics of the soils studied. The soils come from four valley sectors, each one including a complete crop-fallow chronosequence. The table shows, for each chronosequence soil group, the mean value

of the variable and, into parentheses, the standard deviation

Soils pH Buffering index C (g kg21 d.s.) N (g kg21 d.s.) P (mg g21 d.s.)

H2O KCl p-Nitrophenol

R 4.82 (0.11) 4.17 (0.29) 5.27 (0.16) 6.11 (0.38) 80.4 (15.8) 4.5 (0.8) 12.9 (6.8)

C-1 4.71 (0.21) 4.01 (0.17) 5.33 (0.25) 5.57 (0.56) 72.0 (17.6) 3.9 (0.9) 30.7 (16.3)

C-2 4.84 (0.09) 3.91 (0.09) 5.24 (0.10) 5.72 (0.34) 76.2 (22.2) 4.6 (1.2) 26.9 (19.5)

F-1 4.97 (0.27) 4.08 (0.12) 5.39 (0.18) 5.51 (0.47) 71.5 (15.4) 4.0 (0.6) 19.6 (8.4)

F-4 5.44 (0.23) 4.43 (0.21) 5.56 (0.17) 5.63 (0.51) 78.0 (25.6) 4.8 (1.5) 14.3 (5.9)

F-8 5.18 (0.19) 4.13 (0.15) 5.47 (0.21) 5.33 (0.62) 70.9 (30.5) 3.9 (1.2) 11.2 (3.9)

VP 5.44 (0.25) 4.35 (0.08) 5.52 (0.22) 5.60 (0.76) 76.8 (30.7) 4.1 (1.6) 3.3 (2.9)

ALL 5.06 (0.34) 4.15 (0.23) 5.40 (0.20) 5.62 (0.52) 75.1 (21.2) 4.3 (1.1) 17.0 (13.0)

Complex of exchangeable cations (cmol kg21 d.s.) Base

saturation (%)

Naþ Kþ Mg2þ Ca2þ Hþ Al3þ

R 0.04 (0.01) 0.12 (0.32) 0.62 (0.28) 7.52 (4.18) 44.29 (10.10) 12.33 (1.92) 14.2 (4.4)

C-1 0.03 (0.01) 0.27 (0.08) 0.78 (0.44) 7.86 (2.20) 39.85 (13.29) 11.34 (3.78) 20.2 (11.7)

C-2 0.03 (0.01) 0.36 (0.21) 1.06 (0.50) 15.52 (10.40) 43.70 (9.45) 9.75 (3.00) 26.5 (10.6)

F-1 0.04 (0.03) 0.26 (0.16) 0.70 (0.54) 11.88 (6.24) 37.66 (10.37) 10.95 (0.39) 25.2 (13.0)

F-4 0.05 (0.02) 0.33 (0.18) 4.16 (5.78) 27.34 (15.06) 31.44 (9.40) 9.60 (0.51) 46.8 (14.7)

F-8 0.10 (0.15) 0.15 (0.12) 0.92 (0.94) 8.20 (5.86) 34.63 (13.00) 11.70 (0.90) 20.8 (10.6)

VP 0.04 (0.02) 0.23 (0.17) 2.14 (1.40) 16.34 (11.44) 31.82 (11.99) 11.58 (2.43) 32.8 (17.4)

ALL 0.05 (0.06) 0.25 (0.16) 1.52 (2.40) 13.74 (10.44) 37.38 (11.01) 10.98 (2.16) 26.6 (13.1)

Al2O3 (g kg21 d.s.) Fe2O3 (g kg21 d.s.) Granulometric fractions (g kg21 d.s.) Water holding

capacity

(g kg21 d.s.)Coarse sand Fine sand Silt Clay

R 29.7 (5.7) 28.3 (9.0) 344 (102) 269 (29) 152 (15) 232 (81) 499 (107)

C-1 24.9 (6.8) 25.6 (6.9) 328 (101) 328 (79) 134 (19) 210 (64) 465 (86)

C-2 27.3 (3.8) 31.3 (4.9) 300 (69) 286 (61) 149 (16) 266 (28) 494 (93)

F-1 25.0 (7.2) 24.2 (5.3) 355 (43) 311 (24) 139 (15) 195 (31) 454 (96)

F-4 22.1 (6.1) 25.4 (3.8) 284 (69) 354 (120) 137 (9) 225 (61) 516 (105)

F-8 26.8 (9.4) 24.8 (5.6) 352 (56) 300 (75) 150 (19) 198 (21) 458 (102)

VP 22.7 (3.5) 26.3 (5.3) 346 (75) 344 (55) 134 (30) 181 (63) 469 (142)

ALL 25.5 (6.0) 26.6 (5.9) 329 (71) 314 (69) 143 (18) 215 (52) 479 (95)

Abbreviations: R, rompedura (recently ploughed soil after a fallow period); C-1 and C-2, soils after 1 and 2 year potato crop, respectively; F-1, F-4 and F-8, soils with a 1, 4 or 5 and 8 year fallow period,

respectively; VP, virgin páramo (never cultivated soil); ALL, all soils; d.s., dry soil.
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never cultivated (virgin páramo ), with pH 5.35 ^ 0.24

(mean ^ SD); and (ii) recently ploughed, 1 or 2 years crop

and 1 year fallow soils, with pH 4.87 ^ 0.25. Differences

among soil series were less significant for pH in KCl ðP ,

0:005Þ and not significant for pH in p-nitrophenol. Buffering

index was very strong for rompedura soils and strong for all

the other soils.

The total C, total N and available P contents of the

soils (Table 1) ranged from 45.6 to 118.0 g kg21, 3.2 to

8.0 g kg21 and 0.4 to 55.0 mg kg21, respectively, without

significant differences among soil series except for P

content, which decreased in the order C-1 . C-2 . F-

1 . F-4 . R . F-8 . VP, although the differences were

only significant ðP , 0:05Þ between the virgin páramo

and the 1 year crop (C-1) soils.

The amounts of exchangeable basic ions in the soils

(Table 1) decreased in the order Ca2þ (14.0 –

458.0 mmol kg21) . Mg2þ (1.4–128.0 mmol kg21) . Kþ

(0.3–5.9 mmol kg21) . Naþ (0.1–3.2 mmol kg21). In all

the soils, the complex of exchangeable cations is widely

dominated by the acidity generating Hþ ions (201.3–

553.0 mmol kg21) and, to a lesser extend, by Al3þ

(73.5–164.7 mmol kg21); consequently, base saturation

was always low (4.24–58.74%).

The amount of free aluminium oxides in the soils

(Table 1) ranged from 15.1 to 40.5 g kg21. The free iron

oxide contents (16.5–36.6 g kg21) were similar to those

for the aluminium and for both free oxide types there

were no significant differences among soil series.

Sand was the most important granulometric fraction

(Table 1), sand content (535–810 g kg21) being equally

distributed between its coarse (229–477 g kg21) and fine

(198–481 g kg21) subfractions. The clay fraction (96–

296 g kg21) was the third particle size fraction in

importance and the silt (94–169 g kg21) was the least

important one. Therefore, all the soils studied were

coarse textured (sandy loam, sandy clay loam and loamy

sand), but their water holding capacities were high (298–

622 g kg21).

3.2. Plant litter fall

For both the litter mass (above ground litter þ living and

dead roots) and its C content, the values for the cultivated

soils were slightly lower than those for the other soils,

especially those from the never cultivated soil (virgin

páramo ), but differences were not statistically significant

(Table 2). The macronutrient (N, P, Na, K, Ca, Mg)

concentrations in the litter (Table 2) did not differ

significantly among the seven soil treatments considered,

except for the litter-P content in the virgin páramo that was

lower than in the plots involved in the crop and fallow cycle.

The C/N ratios ranged from 30 to 60, with the lowest values

in litter from soils after 1 year of cultivation, and the highest

values in the never cultivated páramo, but again, the

differences were not statistically significant among

treatments.

3.3. Fallow effect on the main soil characteristics

The matrix of anti-image correlations (the negative of

the partial correlation coefficients) was studied to find out

and discard the soil variables inadequate for the factor

analysis, which were the following: silt and litter content,

pH in water and in p-nitrophenol, exchangeable Hþ, Naþ

and Al3þ, sum of exchangeable bases and total CEC. The

discard of these variables did not imply the loss of key

information on soil characteristics because two out of

three granulometric fractions (sand and clay), the C and

nutrient contents of litter, one pH measure (pH in KCl)

and also the buffering index, the exchangeable cations

more important for plant nutrition (Kþ, Mg2þ and Ca2þ)

and also the CEC base saturation (that reflects the

relative importance of the acidity generating exchange-

able Hþ and Al3þ cations) were kept for the factor

analysis. After this, the Kaiser–Meyer–Olkin measure of

sampling adequacy increased from an unacceptable value

of 0.444 to a middling figure of 0.671, and the Barlett’s

test of sphericity was significant at P , 0:001:

Table 2

Litter amount and litter nutrient concentrations in the soils studied. The soils come from four valley sectors, each one including a complete crop-fallow

chronosequence. The table shows, for each chronosequence soil group, the mean value of the variable and, into parentheses, the standard deviation

Group Litter (g kg21 d.s.) C (mg g21) N (mg g21) P (mg g21) K (mg g21) Mg (mg g21) Ca (mg g21)

R 3.22 (0.53) 385.75 (58.68) 11.34 (1.14) 1.54 (0.27) 4.16 (1.47) 2.89 (1.41) 12.70 (5.11)

C-1 1.95 (0.40) 426.74 (15.19) 14.83 (2.94) 1.54 (0.26) 4.81 (1.82) 2.51 (0.71) 8.41 (4.25)

C-2 2.15 (0.14) 443.66 (19.16) 13.58 (1.76) 1.63 (0.44) 4.69 (1.76) 2.03 (0.60) 12.40 (3.79)

F-1 3.18 (0.84) 425.41 (13.81) 11.00 (1.41) 1.83 (0.35) 5.78 (1.19) 2.57 (0.22) 8.32 (3.27)

F-4 3.61 (0.56) 436.60 (11.25) 11.84 (0.16) 1.30 (0.56) 3.95 (1.88) 2.35 (0.66) 9.36 (2.42)

F-8 3.63 (2.20) 431.41 (56.81) 10.08 (1.01) 1.61 (0.66) 5.14 (3.64) 3.10 (0.66) 12.56 (8.65)

VP 6.28 (3.20) 456.79 (29.53) 8.20 (2.28) 0.62 (0.27) 3.25 (1.72) 2.17 (0.65) 10.20 (6.63)

ALL 3.43 (1.91) 429.48 (37.08) 11.55 (2.57) 1.44 (0.53) 4.54 (1.98) 2.52 (0.77) 10.56 (5.00)

Abbreviations: R, rompedura (recently ploughed soil after a fallow period); C-1 and C-2, soils after 1 and 2 year potato crop, respectively; F-1, F-4 and F-8,

soils with a 1, 4 or 5 and 8 year fallow period, respectively; VP, virgin páramo (never cultivated soil); ALL, all soils.
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Table 3 shows the matrix of correlations between the

variables and the first four factors, obtained using a principal

component analysis as the extraction method and

the normalization Varimax with Kaiser as the rotation

method. The percentage of the total variance explained by

factors 1–4 was 30.4, 27.0, 21.3 and 11.1%, respectively.

Factor 1 was defined on its positive extreme by the OM

content (C, N) and the variables that influence it (Al oxides,

that stabilize the OM) or that were strongly influenced by it

(buffering index, water holding capacity). Only the sand and

available P contents appeared on the negative arm of factor

1 with moderate correlation coefficients (Table 3); both

variables influence the OM content by enhancing its

mineralization (aeration and nutrient richness favour

microbial activity) and sandy textures also reduces the

physical protection of OM. Therefore, along factor 1 soil

samples were differentiated following their contents of OM

and the variables that influence the C and N stabilization–

decomposition balance.

The complex of exchangeable cations (base saturation,

Ca, Mg and K content), and pHKCl as a related variable,

defined the positive arm of factor 2, its negative arm being

mainly determined by the Al oxides content. Factor 2, thus,

will separate the soil samples according to their richness in

exchangeable nutrients and Al oxides.

In factor 3, a strong polarization was found between the

variables that define the positive arm (clay and Fe oxide

contents) and those that define the negative one (sand

content and, to a lesser extent, pHKCl). Consequently, factor

3 will classify the soils according mainly to their texture.

Factor 4 was defined on its positive extreme by the

available P and the exchangeable K contents, and in the

opposite arm by pHKCl, which is related to the acidification

produced by N fertilization and the nitrification process.

Therefore, the soil samples will be classified along factor 4

according to the availability of the main plant nutrients (N,

P, K) and, thus, to the fertilization effect.

The distribution of soil samples on the planes defined by

the first three factors (Fig. 1A and B) was not related to the

cropping–fallowing ages of the plots. The same was true for

the planes that include the fourth factor (Fig. 1C), although

this one differentiated the cultivated soils from the soils

under fallow.

Trying to overcome this problem, the data were

standardized by subtracting the mean value of the variable

in the corresponding sector from the individual value of

each soil and factor analysis was repeated. Unfortunately,

no clear trends were observed with the transformed

variables (data not shown) because the spatial heterogeneity

is high not only inter-sectors, but also intra-sectors.

3.4. Fallow effect on litterfall quantity and quality

According to the criteria of Kaiser (1974), the Kaiser–

Meyer–Olkin measure of sampling adequacy had an

unacceptable value of 0.468 when all the variables were

considered, a miserable value of 0.541 if only the variables

of nutrient concentrations in the litter were selected and a

nearly meritorious value of 0.787 when only the total

amounts of nutrients contained in the litter (expressed in a

dry soil basis) were used for factor analysis. Unfortunately,

any of the factors extracted with these analyses differen-

tiated the plots of different cropping–fallowing ages (data

not shown). The same was true for factors extracted with the

factor analyses made with the data standardized by

subtracting the mean value of the variable in the

corresponding sector from the individual value of each soil.

Comparison of Tables 1 and 2 showed that litter

(aboveground litter þ living and dead roots) constituted a

very important reservoir of P and K, a quite important pool

of Mg and C and a lesser important pool of Ca, because the

absolute amounts of these elements contained in the litter

were equivalent, on average, to 44% of soil available P, 25%

of soil exchangeable Kþ, 4% of soil exchangeable Mg2þ,

2% of soil total C and 1.2% of soil exchangeable Ca2þ.

Although the litter N pool is small in absolute amount (it

represents 0.7% of total soil N), its contribution to the

available N pool may be relatively important.

3.5. d 13C and d 15N of litter and soil organic matter

Table 4 shows the d 13C and d 15N values for SOM and

litter in the plots studied. The 13C and 15N isotopic

signatures of OM and litter showed wide intra-sector

variations in the plot types, the only significant ðP , 0:05Þ

difference in d 15N values of litter being found between

virgin páramo and rompedura and 4 year fallow plots.

When the isotopic data were standardized, the d 13C values

in soil and litter did not show any clear tendency along the

crop-fallow cycles. Conversely, the standardized d 15N of

the SOM showed a steady decrease along the crop-fallow

Table 3

Matrix of correlations between the soil variables and the first four factors

obtained by a principal component analysis

Factor

1 2 3 4

pH KCl 20.132 0.675 20.478 20.460

Buffering index 0.907 0.029 0.119 20.004

C (total) 0.948 0.120 0.197 20.132

N (total) 0.896 0.271 0.204 20.067

P (available) 20.304 20.128 0.035 0.899

Kþ (exchangeable) 0.145 0.660 0.175 0.665

Mg2þ (exchangeable) 0.179 0.866 0.165 20.082

Ca2þ (exchangeable) 0.382 0.892 0.081 0.084

Base saturation of CEC 0.123 0.950 0.024 0.127

Al free oxides 0.633 20.534 0.372 20.133

Fe free oxides 0.066 0.057 0.906 0.127

Sand 20.392 20.014 20.876 0.024

Clay 0.347 0.084 0.905 0.060

Water holding capacity 0.865 0.236 0.338 20.065
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chronosequence; on the other hand, the standardized d 15N

values of the litterfall were rather constant from rompedura

soils to 1 year fallow soils, decreasing suddenly on 4 year

fallow plots and again on the virgin páramo.

When the standardized values of plot vs sector mean for

both d 15N of soil N and d 15N of litter N were plotted

together, the soils were approximately grouped according to

the crop-fallow chronosequence (Fig. 2). On the first

quadrant, only plots involved in the cultivation cycle were

located: (i) all the rompedura soils; (ii) half of the 1 year

crop soils; and (iii) all the 2 year crop soils. Three out of four

of the short fallow plots and one of the medium fallow plots

were located on the second and fourth quadrants, near

the origin of both axis and occupying an intermediate

position between the cropped plots and the medium to long

fallow plots. On the third quadrant, most of the medium to

long fallow plots were located in a group nearby the origin

of both axis, whereas all the virgin páramo soils appeared

clearly grouped at the centre of the quadrant. Finally, two 1

year crop soils and one 1 year fallow soil appeared as

outliers.

4. Discussion

As previously reported in other studies on páramo agro-

ecosystems (Ferwerda, 1987; De Robert, 1993; Malagón,

1982, 1995; Llambı́ and Sarmiento, 1998), all the soils were

acidic; however, the acidity presented a clear tendency to

decrease along the succession. Although it is only of

moderate importance (0.5 units), the significant decrease of

the pH during the cropping cycle indicates that soil

cultivation triggered acidifying processes intense enough

to overcome the strong buffering index of the soils; these

acidifying processes are surely due to the stimulation of

litter and SOM mineralization after ploughing the soil and

also to the N fertilization of the cultivated soils. The soil

acidification in the cultivated páramo, also suggested by the

results of Llambı́ and Sarmiento (1998) and Morales (2000),

may be favoured by the active nitrification observed in these

soils (Sarmiento, 1995; Sarmiento and Bottner, 2002;

unpublished data from the authors). The abundance of

acidity generating ions (Hþ and Al3þ), that widely dominate

the soil complex of exchangeable cations, also may favour

the soil acidification processes because an important

fraction of these ions are easily displaced from the CEC to

the soil solution, as indicated by the high difference between

pH-H20 and pH-KCl (mean value 0.91 units of pH). The

interpretation of pH results is that cultivation approaches

the soils to their potential acidity, which is higher than the

present soil acidity of fallow soils.

The soil content of exchangeable basic ions decreased in

the order Ca2þ . Mg2þ . Kþ . Naþ, as it is usual in soils

(Duchaufour, 1987), and base saturation was always low

(Table 1), all the soils being desaturated according to

criteria of Duchaufour (1987).

Fig. 1. Factor analysis of the main soil characteristics. Location of the soil

samples on the planes defined by factors 1 and 2 (A), 1 and 3 (B) and 1 and 4

(C). Key: A ¼ R, rompedura (recently ploughed soil after a fallow period);

O ¼ C-1, 1 year potato crop soil; K ¼ C-2, 2 year potato crop soil; þ ¼ F-

1, 1 year fallow soil; £ ¼ F-4, 4 or 5 year fallow soil; ¼ F-8, 8 year

fallow soil; B ¼ VP, virgin páramo (never cultivated soil).
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The exchangeable Al3þ content largely surpassed in all

plots the maximum amount (45 mmol kg21) reported for

Colombian páramo soils by Ferwerda (1987) and the

amount of free aluminium oxides in the soils surpassed in

all cases the threshold of 10 g kg21 from which the net

mineralization rate of soil N decreases significantly

(González-Prieto et al., 1996). Therefore, aluminium likely

plays in these soils an important role in the OM dynamics,

lowering its mineralization.

The amounts of total and mineral N, total C, available P

and exchangeable bases were within the ranges reported for

long fallow agricultural systems of the Northern Andes

(Ferwerda, 1987; Sarmiento and Monasterio, 1993;

Aranguren and Monasterio, 1997; Llambı́ and Sarmiento,

1998). As also reported these authors, no successional

increase of any of the main plant nutrients was found in the

soils. Moreover, the soil available P content, increased by

fertilization in the cropped soils, decreased along the

succession; nevertheless, the only significant difference

was found between 1 year crop soils and virgin páramo,

which, as also reported Llambı́ and Sarmiento (1998),

showed the lowest available P content.

Although all the soils studied were coarse textured, their

water holding capacities were high due to their high OM

contents. The lack of significant differences in soil water

holding capacity between the virgin páramo and the

different cropping and fallowing phases indicates that the

long fallow agriculture practised in the study area does not

modify this parameter that is important for the regional

water balance, in which the páramo plays a key role, largely

controlling the availability of water in the lowlands

(Hofstede, 1995; Sarmiento, 2000).

From the results of factor analyses, it is clear that the first

three factors, that jointly explained 78.7% of total variance,

are useless to differentiate the plots of different cropping–

fallowing ages. Factor 4, which explained another 11.6% of

total variance, only differentiated cultivated soils from soils

under fallow, but it did not discriminate between soils of

different cropping or fallowing ages (Fig. 1). This implies

that the soil variables analysed, that characterize the main

general properties of the soils, are not useful to monitor the

changes in soil fertility during the cropping and long

fallowing cycles. This is likely due to the high spatial

heterogeneity of the soils in the valley, because the soil

samples from each sector appeared clearly grouped on the

plane defined by factors 1 and 3 (Fig. 1B): (i) all soils from

Ramón’s sector around the positive arm of factor 1; (ii) all

soils from Bárbara-Torres’ sector (with three soils from

Volcanes’ and Yaques’ sectors) around the positive arm of

factor 3; and (iii) the other 11 soils from the right margin of

Quebrada Piñuelas (Volcanes’ and Yaques’ sectors)

grouped mainly on the third quadrant.

The absence of successional trends in most of the studied

soil parameters can be explained considering that: (i) the use

of a stratified sampling did not fully overcome the problem

of soil spatial heterogeneity, which is high not only in inter-

sectors, but also in intra-sectors and masks possible changes

in soil characteristics; and (ii) the classic soil physical and

chemical characteristics, with the relative exception of pH

and exchangeable bases, are not sensitive to the changes in

soil functioning at the time scale of secondary succession.

The feedback between plant litter fall and nutrient

cycling processes plays a major role in the regulation of

nutrient availability and net primary production in terrestrial

ecosystems (Scott and Binkley, 1997). Nevertheless, the

litter mass (above ground litter þ living and dead roots) of

the plots did not differ significantly along the chronose-

quence; the litter mass values were comparable to those of

belowground biomass and litter previously found in fallow

Table 4

d 13C and d 15N values of SOM and litter in the soils studied. The soils come

from four valley sectors, each one including a complete crop-fallow

chronosequence. The table shows, for each chronosequence soil group, the

mean value of the variable and, into parentheses, the standard deviation

Group d 13C soil d 13C litter d 15N soil d 15N litter

R 222.66 (0.81) 227.48 (0.50) 6.42 (1.30) 1.95 (0.70)

C-1 223.17 (1.37) 227.50 (0.26) 5.70 (1.63) 1.54 (1.79)

C-2 223.11 (0.61) 227.83 (0.15) 5.83 (0.94) 1.95 (0.90)

F-1 223.83 (0.37) 227.92 (0.21) 5.35 (0.79) 2.16 (1.41)

F-4 223.28 (0.36) 227.45 (0.85) 5.20 (0.55) 0.56 (0.39)

F-8 223.54 (0.50) 227.61 (0.61) 5.15 (0.93) 0.63 (0.74)

VP 223.74 (0.50) 226.85 (0.58) 4.62 (0.72) 20.87 (0.38)

ALL 223.33 (0.74) 227.51 (0.56) 5.47 (1.06) 1.13 (1.37)

Abbreviations: R, rompedura (recently ploughed soil after a fallow

period); C-1 and C-2, soils after 1 and 2 year potato crop, respectively; F-1,

F-4 and F-8, soils with a 1, 4 or 5 and 8 year fallow period, respectively; VP,

virgin páramo (never cultivated soil); ALL, all soils.

Fig. 2. Distribution of soil samples following their standardized d 15N

values of SOM and litter. Standardization was made by subtracting the

mean value of the variable in the corresponding valley sector from the

individual value of each soil. Key: A ¼ R, rompedura (recently ploughed

soil after a fallow period); O ¼ C-1, 1 year potato crop soil; K ¼ C-2, 2

year potato crop soil; þ ¼ F-1, 1 year fallow soil; £ ¼ F-4, 4 or 5 year

fallow soil; ¼ F-8, 8 year fallow soil; B ¼ VP, virgin páramo (never

cultivated soil).
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and virgin páramo plots from the same area by using

specific macro sampling procedure to collect the macro-

necromass (Sarmiento, 1995; Montilla et al., 2002). No

significant differences among plot types were found for the

litter content in C and main macronutrients (N, P, Na, K, Ca,

Mg), except for the litter-P content in the virgin páramo

that, as occurred with soil available P, was lower than in the

plots involved in the crop and fallow cycle, likely due to the

fertilization of cultivated soils. The lowest C/N ratio of plant

litter was found in litter from soils after 1 year of cultivation,

also likely due to soil fertilization at the beginning of the

cropping cycle.

As the processes leading to N losses (ammonia volatil-

ization, nitrate leaching and denitrification) discriminate

against the heavy isotope 15N (Högberg et al., 1995), the

foliar and soil d 15N are related to the residence time of the

whole ecosystem N, decreasing from open to closed N cycles

(Handley et al., 1999; Koerner et al., 1999; Chang and

Handley, 2000; Eshetu and Högberg, 2000). Taking into

account these considerations and the results found for the d
15N signature of litter and SOM, it appears that a change from

open to closed N cycling is the characteristic that better

discriminates the soils under different stages of the crop-

fallow chronosequence. Moreover, the change from open to

close cycling, not only for N, but also for other nutrients, is

supported by several evidences:

1. The early stages of the secondary succession that takes

place during the fallow period is strongly dominated by

the European weed R. acetosella (Sarmiento et al., 2002),

a non-mycorrhizal species, whereas along the succession

the number of species associated with MVA increased

(Montilla et al., 1992), as well as the abundance and

diversity of mycorrhizae. This indicates that there is a

successional increase in the efficiency of the nutrient

uptake by the plants, to which also contributes the

successional increase of plant diversity through the

coexistence of species with different patterns of soil

exploration, both spatially and temporarily.

2. The only abundant N2 fixing species (L. meridanus ) has

its peak at intermediate stages of the succession

(Sarmiento et al., 2002). The negative d 15N value of the

N2 fixed by L. meridanus and its high N2 fixation rate

(21.00 d 15N; 83.5% of Lupinus-N derived from the

atmosphere in field conditions; unpublished data from the

authors) contributes decisively to the decline of soil and

litter d 15N along the crop-fallow chronosequence.

3. During the succession, pioneer species are progressively

replaced by giant caulescent rosettes and shrubs, the

characteristic páramo life forms, which have specialized

mechanisms for the conservation of nutrients, whose

cycles become progressively closed. The genus Espeletia,

for example, has a multiple set of adaptations including

the maintenance of the dead leaves attached to the stem,

where a decomposition system is maintained that allows

the reutilization of the mineralized nutrient by the plant

and prevents losses by leaching (Garay et al., 1981;

Monasterio and Sarmiento, 1991).

4. A decrease of the nitrate/ammonium ratio in the

inorganic-N pool was found along the succession in the

study area and can be interpreted as a consequence of a

successional decrease of nitrification (Sarmiento, 1995;

Llambı́ and Sarmiento, 1998; Sarmiento and Bottner,

2002). The same tendency has been reported during

secondary succession in other ecosystems (Schmitz et al.,

1989; Clein and Schimel, 1995). The reduction of the

nitrification rate will reduce NO3-N losses by lixiviation

and denitrification, contributing to close N cycling.

In synthesis, our results suggested that: (i) this long

fallow agriculture system provokes, during the cultivation

phase, a transient increase in soil acidity and main nutrients

availability, but does not modify the water storage

capability of soils, an important aspect for the role of the

páramo in the regional water balance; (ii) the soil richness

in Al3þ and free Al oxides suggests that Al plays an

important role in SOM dynamics, lowering its mineraliz-

ation; (iii) the main general properties of soils and litters,

with the relative exception of pH and nutrient availability,

were useless to monitor soil changes during cultivation and

fallowing, likely due to their insensibility to soil changes at

the time scale of secondary succession or to the high spatial

heterogeneity of these mountain soils; and (iv) the d 15N

values of soil- and litter-N grouped the soils following the

crop-fallow chronosequence, suggesting that the character-

istic which better discriminates the soils along the secondary

succession is a change from open to closed N cycling. This

change agrees with previous evidences on the successional

increase in the plant community efficiency to uptake

(including N2 fixation), conserve and reutilize the nutrients,

whose cycles become progressively closed.
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assistance in field work, and José Salmonte, Angela Martı́n,
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Ecotrópicos 11, 1–14.

Malagón, D., 1982. Evolución de suelos en el páramo andino (NE del Edo.
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