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Traditional fallow periods in the Bolivian highlands are being shortened in an effort to increase short-
term crop yields, with potential long-term impacts on soil microbial communities and their functions.
In addition, native vegetation, such as Parasthrephia sp. or Baccharis sp. (both locally known as ‘thola’) are
often removed as a fuel for cooking. We evaluated the effects of fallow period and thola on soils in 29
farmers’ fields in two municipalities in the Bolivian Altiplano (Umala and Ancoraimes). Soil fungal and
bacterial community responses were characterized using 454-pyrosequencing. Soils in Ancoraimes had
significantly higher levels of organic matter, nitrogen and other macronutrients compared to Umala.
Ancoraimes soils also supported more diverse fungal communities, whereas Umala had more diverse
bacterial communities. Unexpectedly, the longer fallow periods were associated with significantly lower
fungal diversity in Umala and lower bacterial diversity in Ancoraimes. Fungi assigned to genera Bio-
nectria, Didymella, and Alternaria, and bacteria assigned to genera Paenibacillus, Segetibacter, and Mod-
estobacter decreased in frequency with longer fallow period. The presence of thola was not associated
with significantly different overall soil fungal or bacterial diversity, but was associated with higher
frequency of some genera, such as Fusarium and Bradyrhizobium. Our results indicate that fallow period
has a range of effects on soil communities, and that the removal of thola may impact the dynamics of
these communities.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Vegetated fallow systems are widely used in South America,
Asia and Africa as a strategy to restore soil fertility without pur-
chasing external inputs, and are often successful in maintaining
productivity in low fertility soils (Sanchez, 1999; Wezel and Haigis,
2002; Burgers et al., 2005; Couteaux et al., 2008). The term ‘fallow’

describes resting periods in agricultural lands in which the non-
crop or dormant species are allowed to re-establish by natural
succession after cropping (Nair, 1993; Sanchez, 1999). Tropical
Sciences Center, Kansas State
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fallow systems are often cropped for one to four years during which
the soil fertility declines rapidly followed by a subsequent long
fallow period (from four years to multiple decades) that allows soil
fertility to be restored (Pestalozzi, 2000; Wezel and Haigis, 2002;
Bravo-Garza and Bryan, 2005; Cabaneiro et al., 2008; Ndour et al.,
2008). For example, in the Bolivian Altiplano after three years of
crop production, generally potato followed by quinoa (Chenopo-
dium quinoa (Willd.)) and barley (Hordeum vulgare L.), fields are
frequently kept in fallow for up to 20 years to restore soil fertility
(De Cary and Hervé, 1994; Hervé, 1994; Pacheco Fernández, 1994;
Hervé et al., 2002; Couteaux et al., 2008). Such long fallow periods
permit unmanaged re-vegetation similar to the plant communities
before cropping (Masse et al., 2004; Couteaux et al., 2008). When
the fields are cultivated again, the established vegetation may be
ploughed into the soil as green manure (Sarmiento and Bottner,
2002; Couteaux et al., 2008).
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Fallow cropping systems may have various effects on soil
physical, biological, and chemical properties. However, few
studies have addressed the effects of fallow on soil microbiota. Sall
et al. (2006) found that soils from a 21-year fallow in Senegal had
higher C, N, and total P than cultivated soils, as well as higher
microbial activity and diversity. Many investigations have re-
ported that soil microbial activity depends on soil organic matter
quality, quantity, and distribution, as well as soil texture (Kaiser
et al., 1992; Kennedy and Papendick, 1995), soil pH (Mishra and
Dash, 1987), climatic conditions (Insam et al., 1989) and agricul-
tural practices (Doran, 1980; Anderson and Domsch, 1989). Other
studies have reported that soil microbial communities respond to
soil management, such as crop rotation, fertilization, tillage, and
manure or pesticide applications (Sigler and Turco, 2002;
Crecchio et al., 2004; Spedding et al., 2004; Acosta-Martinez et al.,
2010; Yin et al., 2010). Comparative studies have been conducted
to evaluate the fallow period effects on soil properties and erosion
control (Sarmiento and Bottner, 2002; Ndour et al., 2008; Miranda
et al., 2009). In southeastern Brazil, agricultural fields after a five-
year fallow had higher macroporosity, total porosity, and satu-
rated hydraulic conductivity than those after a two-year fallow
(Miranda et al., 2009). In contrast, short-term fallows (four years)
in Senegal did not increase soil organic matter or nutrient content
(Masse et al., 2004). Similarly, in a study in the Bolivian highlands,
there was no evidence of recovery of nutrients after a ten-year
fallow (Hervé, 1994). These conflicting results illustrate the het-
erogeneity of farming systems and microbial responses, where
studies of a small number of fields only reveal part of the range of
potential responses.

In recent decades, economic pressures related to the increase in
humanpopulations and the demand for additional agricultural land
have led to shorter fallow duration and extent, reducing the po-
tential beneficial effects of fallow on soil fertility and ecosystem
restoration (Kang et al., 1999; Masse et al., 2004; Couteaux et al.,
2008). The long-term fallows (generally 6e10 years or more) in
Southwestern Nigeria, which contributed to soil fertility, have often
been reduced to 3e6 years (Aweto et al., 1992). In West Africa and
Latin America, shortened fallow periods (1e5 years) have led to
reported soil degradation and increased need for fertilizers (Aweto
et al., 1992; Kang et al., 1999; Phiri et al., 2001; Wezel and Haigis,
2002). Moreover, natural vegetation cover has often decreased,
presenting a threat to maintenance of biodiversity (Breman and
Kessler, 1995). In the Bolivian Altiplano, over the last two de-
cades, economic pressures reduced the fallow length to 2e10 years,
compared to the traditional length of up to 20 years (Hervé, 1994;
Aguilera A., 2010). There has been little research in Bolivia to
determine the effects of fallow on soil restoration. The economic
pressures in the Altiplano region pose new questions about the
effects that the increasing population and the competition for crop
land (with dairy production and forage for livestock) can have on
soil edaphic properties and microbiota.

Another important component of fallow is the reestablishing
natural vegetation. In Southeast Asia, Latin America, and Africa,
shrubs in the family Asteraceae have been gaining attention in
fallow systems for their fast establishment, high biomass, and the
high levels of nutrients they release to the soil (Roder et al., 1995;
Koutika et al., 2005; Partey et al., 2011). These shrubs are collec-
tively known as ‘daisy fallows’ (Sanchez, 1999). For example,
Chromolaena odorata (L) King & Robinson (Asteraceae, Eupatorieae)
is considered to be ‘a good fallow plant’ in many countries (Roder
et al., 1995), beneficial to the crops as a source of organic matter
(Norgrove, 2008), exchangeable K (Kanmegne et al., 1999), and
because it can adapt more readily to acidic soils than some legumes
(Koutika et al., 2004). In the Bolivian Altiplano, the species Para-
strephia lepidophylla (Wedd.) Cabrera, Baccharis incarum (Wedd.)
Perkins (syn: Baccharis thola Phil.), and some close relatives in the
Asteraceae are collectively known as ‘thola’, and are considered by
local farmers to be beneficial to soil quality due to their rapid
colonization of bare lands (De Cary and Hervé, 1994; Stacishin de
Queiroz et al., 2001), and contribution to soil organic matter
(Hervé, 1994). Thola reproduces by seed and reaches its maximum
height in approximately 10 years, such that farmers sometimes use
thola height to estimate the length of a fallow (Hervé, 1994). Higher
microbial diversity in culturable bacteria, arbuscular mycorrhizal
fungi, and actinomycetes has been reported in association with
thola compared to the grass Stipa ichu (De Cary and Hervé, 1994).
Thola is also used as a fuel, so farmers face a trade-off in deciding
between maintaining and harvesting thola.

Studies of soil microbial community composition have been
hampered by traditional methods and the non-culturability of most
soil microbes (Rondon et al., 2000; Fierer et al., 2007). Recent de-
velopments in molecular biology and biochemical assays provide
new tools for microbial community analysis. Some studies have
used the total rRNA from soil to quantify the abundance of Pro-
teobacteria, Actinobacteria, Bacteria and Eukarya under different
field fertilization and tillage regimes (Buckley and Schmidt, 2001).
Metagenomic and small subunit rRNA-gene sequence analyses
have compared the diversity of bacteria, archaea, fungi and viruses
in soils from prairie, desert and rainforest (Fierer et al., 2007). The
use of 454-sequencing permits analysis of millions of microor-
ganisms and bypasses culturing (Roesch et al., 2007). Additionally,
the recent development of sample-specific sequence tags (DNA
tagging) allows multiplexing large numbers of individual samples,
making DNA sequencing and analysis more cost-efficient (Acosta-
Martinez et al., 2008; Jumpponen and Jones, 2009; Lauber et al.,
2009). These new techniques provide useful tools for understand-
ing how soil communities change in response to shifts in cropping
systems.

The first objective of this study was to evaluate the effects of
fallow period and the presence of thola on soil physical and
chemical characteristics in two municipalities, Umala and Ancor-
aimes, in the Bolivian Altiplano. Our hypothesis was that longer
fallow period and the presence of thola would increase soil organic
matter and nutrient levels in soil. The second objective was to
characterize the response of soil microbial diversity (bacteria and
fungi) to fallow length and to thola, using diversity indices such as
Simpson’s diversity. We hypothesized that fungal and bacterial
diversity would increase with increasing fallow period and the
presence of thola. Our third objective was to evaluate the frequency
of individual fungal and bacterial taxa, and their response to fallow
length and to thola. Our hypothesis was that some fungal and
bacterial taxa would change in frequency with fallow period and in
response to thola.

2. Materials and methods

2.1. The Bolivian Altiplano

In Bolivia, the central highland plateau region or Altiplano
(Fig. S1, where supplemental figures are available at http://hdl.
handle.net/2097/15198), is a semi-arid region with temperate
ecosystems, and a range of elevations between 3600 and 4300masl
(Jetté et al., 2001). The Bolivian Altiplano spans about 800 km from
north to south and 120e160 km from east to west, comprising 14%
of the total land area of the country (Jetté et al., 2001; Valdivia et al.,
2010). Compared to many other agricultural systems, the Altiplano
is a challenging environment, yet 35% of Bolivians have relied on it
for their livelihood (Quiroga, 1992). The Bolivian Altiplano is char-
acterized by low annual precipitation (350 mm in the South;
550 mm in the North), frequent frost and drought during the

http://hdl.handle.net/2097/15198
http://hdl.handle.net/2097/15198


L. Gomez-Montano et al. / Soil Biology & Biochemistry 65 (2013) 50e5952
growing season, and high diurnal temperature variations (Garcia
et al., 2007; Couteaux et al., 2008).
2.2. Study locations

The study was conducted at two municipalities in the northern
Altiplano of Bolivia: Umala (17� 190 3400S and 67� 590 5300 W) at
approximately 3800masl, and Ancoraimes (15� 520 300 S and 68� 490

1600 W) at approximately 4075 masl. The semi-arid Umala munic-
ipality has an average precipitation of 350 mm yr�1 and an average
annual temperature of 11 �C (Garcia et al., 2007). The relatively
cool-humid Ancoraimes municipality has an average precipitation
of 550 mm yr�1 and an average annual temperature of 7e8 �C
(Programa Nacional de Cambios Climáticos, 2005). The soils in
these two municipalities have a sandy loam texture and are clas-
sified sandy, mixed, frigid Typic Ustifluvents (United States
Department of Agriculture, 1999) or locally as ‘Saj’e or Ch’alla’ soil
in Aymara (Aguilera A., 2010). Based on visual observations, soils at
our sites in Ancoraimes had a higher rock content than those in
Umala. Farming in these areas generally followed the pattern of a
few years of crop production, typically potato followed by quinoa
(C. quinoa (Willd.)) and barley (Hordeum vulgare L.), and then fol-
lowed by fallow.

Seventeen fields in Umala and twelve in Ancoraimes were
selected to represent a range of fallow periods (1e30 years in
Umala; 0e20 years in Ancoraimes; Table S1, where supplemental
tables are available at http://hdl.handle.net/2097/15198) based on
information provided by the local indigenous farming commu-
nities. Soils were sampled during the dry season in August, 2008. In
fields with fallow periods >10 years, when large thola shrubs
(typically Parasthephia lepidophylla and Baccharis incarum) were
present, we sampled soils under thola as well as at least 1 m away
from any thola. The thola in these fields was up to 40 cm tall and
60 cm in diameter, in the range previously reported (Hervé, 1994).
In fields with fallow periods less than 10 years, thola was rare and
smaller in size, typically 10 cm high by 15 cm in diameter.
2.3. Experimental design, plot layout, and soil sampling

Each field was treated as an experimental unit. In each field, we
selected a 20 m � 20 m plot at least 10 m from the field edge
(Fig. S2). Subsamples were systematically collected from nine
points in a 10 m � 10 m grid. At each subsample point, five soil
cores (15 cm deep, 2.54 cm diam) were collected around a 1 m
radius, sieved (3.35 mm mesh), and combined to represent the
heterogeneity within the subsamples and the fields (Baker et al.,
2009). Where thola was adequately abundant, additional soil was
sampled (Fig. S3) to allow us to partition the effects of thola
currently present and other factors associated with fallow length
(such as absence of crop species and fertilization). In those fields, at
each of the nine subsampled grid points, the closest thola was
located and an additional subsample was collected under its can-
opy. If the thola was closer than 1 m to the grid point, the “thola-
free” subsample point was relocated at least 1 m away from the
nearest thola. This sampling scheme resulted in nine subsamples
from fields without large thola (fields �10 yr fallow) and eighteen
subsamples from fields with large thola (fields>10 yr fallow). From
each subsample, we collected w300 g to assess physical and
chemical properties and another w0.7 g for DNA extraction. The
latter subsamples were stored in MoBio bead solution tubes (Ultra
Clean Soil DNA Isolation Kit; MoBio Laboratories, Carlsbad, CA,
USA). All soil was stored in a cooler during sample collection, then
soil for DNA extraction samples was frozen at �20 �C and soil for
edaphic analysis was air-dried. Total DNA was extracted from each
of the nine subsamples but subsamples were composited into one
per field for soil moisture, physical and chemical analyses.

2.4. Soil physical and chemical analyses

Soil physical and chemical properties were analysed by the
Instituto Boliviano de Ciencia y Tecnología Nuclear (IBTEN) in La
Paz, Bolivia. Soil particle size was determined using the Bouyoucos
hydrometer method. Soil pH was measured in water (1:5 soil:-
water), electrical conductivity (EC) using a 1:5 soil-to-water extract,
and the of exchangeable cation concentration (i.e., calcium, mag-
nesium, sodium, and potassium) using ammonium acetate
(NH4OAc) extraction (Warncke and Brown, 1998). The Effective
Cation Exchange Capacity (ECEC) was calculated by adding the
concentrations of the total exchangeable bases with exchangeable
acidity (concentration of Hþ and Alþ3). The percentage soil organic
matter (SOM) (Walkley-Black method), total N (Kjeldahl method),
and P (Bray P1 method) were also measured.

2.5. DNA extraction and PCR amplification

For each field, we extracted the soil DNA from the nine sub-
samples separately. We followed the Ultra Clean Soil DNA Isolation
Kit protocol, except that the final elution used 100 ml of buffer S5
instead of 50 ml. All DNA templates were quantified with an ND
1000 spectrometer (NanoDrop Technologies, Wilmington, DE, USA)
and adjusted to a final concentration of 2 ng/ml. Of the nine sub-
samples per field, the eight with the highest DNA content were
selected to produce PCR amplicons. For fungi, we optimized the PCR
reaction conditions for template and MgCl2 concentrations as well
as the annealing temperatures for the ITS1-F and ITS4 primers us-
ing Saccharomyces cerevisiae and Agaricus bisporus. For bacteria and
archaea, the 786f and 1492-rm primers were selected based on
screening 48 DNA-tagged primers with environmental DNA sam-
ples from the Quercus macrocarpa phyllosphere (Jumpponen and
Jones, 2009) plus five DNA samples from Umala and three from
Ancoraimes. The initial PCR conditions weremodified from those in
Roesch et al. (2007).

Fungi. The fungal Internal Transcribed Spacer region (ITS) was
PCR-amplified in two replicate 25 ml reactions for each subsample.
To accommodate direct 454 sequencing of the fungal amplicons, we
synthesized primer constructs that incorporated the 454 primers
(Margulies et al., 2005) with the forward primer (ITS1-F; (Gardes
and Bruns, 1993)) or with the reverse primer (ITS4; (White et al.,
1990)). These primer constructs combined 454-sequencing
primer (A-primer) and the reverse primer (ITS4) with a five base
pair (bp) DNA tag for post-sequencing sample identification in
between, or the DNA capture bead anneal primer (B-primer) for the
emulsion PCR (emPCR) and the forward primer (ITS1-F). This
primer choice resulted in reverse sequence across the ITS2 region.

Each PCR reaction contained final concentrations or absolute
amounts of reagents as follows: 100 nM of each of the forward and
reverse primers, 10 ng (or 5 ml) of template DNA, 100 mM of each
deoxynucleotide triphosphate, 2.5 mM MgCl2, 1 unit GoTaq Hot
Start DNA polymerase (Promega, Madison, Wisconsin) and 5 ml
Green Go Taq Flexi PCR buffer (Promega, Madison, Wisconsin). PCR
cycle parameters consisted of an initial denaturation at 94 �C for
2 min, then 30 cycles of denaturation at 94 �C for 1 min, annealing
at 58 �C for 1 min and extension at 72 �C for 1 min, followed by a
final extension step at 72 �C for 9 min.

Bacteria. Similarly to fungi, bacterial variable regions V5 to V8 in
the 16S rRNA gene were PCR-amplified in two replicate 25 ml re-
actions incorporating the 454 primers (Margulies et al., 2005) with
the forward primer (786f; (Baker et al., 2003)) or with the reverse
primer (1492-rm; (Roesch et al., 2007)). These two primers were
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chosen to increase the taxonomic range of 16S rRNA gene (Roesch
et al., 2007). These primer constructs combined the 454-
sequencing primer (A-primer) and the reverse primer (1492-rm)
with an eight base pair (bp) DNA tag for post-sequencing sample
identification in between, or the DNA capture bead anneal primer
(B-primer) with the forward primer 786f.

Each PCR reaction contained final concentrations or absolute
amounts of reagents as follows: 100 nM of each of the forward and
reverse primers, 5 ng (or 2.5 ml) of template DNA, 100 mM of each
deoxynucleotide triphosphate, 2.5 mM MgCl2, 1 unit GoTaq Hot
Start DNA polymerase (Promega, Madison, Wisconsin) and 5.0 ml
Green GoTaq Flexi PCR buffer (Promega, Madison, Wisconsin). PCR
cycle parameters consisted of an initial denaturation at 94 �C for
9 min, then 30 cycles of denaturation at 94 �C for 1 min, annealing
at 50 �C for 1min and extension at 72 �C for 2min. All PCR reactions
for fungi and bacteria were performed in duplicates on two Mas-
terCyclers (Eppendorf, Hamburg, Germany). Possible PCR amplifi-
cation of contaminants was determined using a blank sample
through the extraction protocol simultaneously with the actual
samples and a negative PCR control inwhich the template DNAwas
replaced with sterile H2O. These remained free of visible amplicons.

For each of the 37 fields, 5 ml from each of the duplicate eight
subsamples was pooled separately for fungi and bacteria into a final
volume of 80 ml per field. The 37 pooled fungal or bacterial
amplicons were cleaned using the Agencourt AMPure PCR purifi-
cation system (AgenCourt Bioscience, Beverly, MA, USA) following
the manufacturer’s instructions. The clean fungal or bacterial PCR
products were quantified with the ND1000 spectrometer and
pooled equimolarly into one for fungi and one for bacteria. The
pools were adjusted to a w10 ng/ml for fungi and w30 ng/ml for
bacteria for downstream 454-pyrosequencing.

2.6. Pyrosequencing

The fungal amplicons were sequenced in 5/16 of a sequencing
reaction, and the bacterial amplicons in half sequencing reaction in
a GS-FLX sequencer (454 Life Sciences, Branford, CT, USA) at the
Interdisciplinary Center for Biotechnology Research Core at the
University of Florida. A total of 28,747 fungal sequences were ob-
tained, with an average length of 242 bp. For bacteria, a total of
84,525 sequences were obtained, with an average length of 262 bp.

2.7. Bioinformatics and operational taxonomic unit (OTU)
designation

The fungal and bacterial sequences were analysed using Pyro-
Tagger v.1.0 (http://pyrotagger.jgi-psf.org/; Kunin and Hugenholtz,
2009). Sequences lacking an exact match to the tag-primer se-
quences as well as those with low quality bases (Q < 27) or shorter
than 200 bp were removed. The remaining reads were clustered to
Operational Taxonomic Units (OTUs) at 97% sequence similarity
using the ‘Pyroclust’ algorithm (Kunin and Hugenholtz, 2009). For
fungi, all OTUs were manually assigned to phylum, division, class,
order, family, genera, and species based on the top ranked BLAST
matches (Zhang et al., 2000). To minimize the number of envi-
ronmental ‘unculturable fungus’ matches to our fungal queries we
additionally applied an Entrez limit (Fungi [ORGANISMS] NOT
environmental samples [FILTER] NOT unculturable [ALL FIELDS]
NOT endophyte [ORGANISMS] NOT [root associated fungi]). For
bacteria, a representative for each OTU was submitted to the Ri-
bosomal Database Project’s (RDP, Version 10) Classifier (Cole et al.,
2008) for taxon assignment. To improve the reliability of our fungal
taxon assignment through BLAST, we removed reads whose
assignment was based on short overlap (<80% coverage) or low
sequence similarity (<95% similarity). For bacterial taxon
assignment through RDP, we removed reads with <80% bootstrap
support. PyroTagger outputs and OTU assignments were used to
calculate the taxon frequencies for each sample. OTUs that occurred
only once in the data set were removed before analyses.

2.8. Diversity indices

Three diversity estimates were calculated for fungi and bacteria.
Simpson’s diversity (1-D), estimates the likelihood that two
randomly chosen individuals (sequences) will be assigned to
different OTUs (Simpson, 1949). It is the complement of Simpson’s
dominance (D ¼ P

pi
2), where pi is the proportion of sequences

assigned to the ith OTU. We also evaluated Shannon’s diversity
(H0 ¼ �P

pi ln pi) and Pielou’s evenness (J ¼ H0/ln(S)), where S is
species richness, to estimate community evenness. Diversity indices
were estimated using the vegan package in R (Oksanen et al., 2011).
These analyses and the ones described below are included in the R
script archived at http://hdl.handle.net/2097/15198.

2.9. Statistical analyses

Each field represented an experimental unit in analyses of fallow
period effects. Forfields that included thola and ‘non-thola’ samples,
the thola samples were used only in paired tests of thola effects. The
diversitymeasurements (responsevariables)were analysed in linear
regression against fallow years using R version 2.12.2 (R
Development Core Team, 2011). The effects of fallow period and
thola on frequency of specific taxawere evaluated using generalized
linear models with a binomial family (R function glm) and q-value
comparisons to control the false discovery rate (R package qvalue,
Dabney, Storey, and Warnes). Analyses of the effects of thola on soil
edaphic properties were based on paired sample t-tests fromwithin
six fields in Umala. We evaluated the differences in community
composition using nonmetric multidimensional scaling (NMDS),
and compared fields in terms of physical and chemical properties
using the vegan package in R (Oksanen et al., 2011). We also evalu-
ated the responses of OTUs assigned to 5 fungal phyla, 61 orders, and
180 genera; and OTUs assigned to 18 bacterial phyla and 73 genera.

2.10. Accession numbers

Data have been deposited in the Short Read Archive of the Na-
tional Center for Biotechnology Information. The accession number
for both the fungal data set and the bacterial data set is SRA058560.

3. Results

We report the results first for the non-thola samples, parti-
tioning the effects of thola from other factors during fallow (such as
the absence of crop species and fertilization). Then we report the
results for the effects of thola in the fields where enough thola was
present to sample both in the presence and absence of thola.

3.1. Edaphic properties in the two study regions (non-thola
samples)

The soil samples collected from Umala and Ancoraimes differed
in some physical and chemical properties (Table 1). Both study
regions had slightly acidic soils (pH < 7), and soils in Ancoraimes
weremore acidic that those in Umala. Both sites were non-saline, as
indicated by low EC (0.05 and 0.04 dS m�1 for Umala and Ancor-
aimes, respectively). By comparison, for example, for soils affected
by salts in British Columbia (Canada) the levels of EC for A and B
horizons were on average 1.0 dS m�1 (Leskiw et al., 2012), while for
topmost soils in San Joaquin Valley (California, USA) the EC levels
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Table 1
Soil edaphic properties at twomunicipalities in the Bolivian Altiplano, including soil
organic matter (SOM), effective cation exchange capacity (ECEC; centimol per kg),
and electrical conductivity (EC; in deci-Siemens per m).

Municipality Statistic SOM
(%)

Total
N (%)

pH P
(mg kg�1)

ECEC
(cmolc kg�1)

EC
(dS m�1)

Umala Mean 0.77 0.04 5.96 7.94 7.29 0.05
Max. 1.56 0.07 6.83 12.81 13.18 0.10
Min. 0.41 0.03 5.49 5.59 3.90 0.03
Std dev 0.25 0.01 0.37 1.71 2.46 0.02

Ancoraimes Mean 2.76 0.15 5.16 8.82 6.17 0.04
Max. 4.78 0.24 5.65 12.00 11.77 0.19
Min. 2.17 0.11 4.74 5.72 4.54 0.01
Std dev 0.70 0.04 0.24 1.74 1.86 0.05
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were around 2 dSm�1 (Ibekwe et al., 2010). The average soil organic
matter (SOM) content in Ancoraimes was approximately three
times higher than in Umala.

When fields from Umala and Ancoraimes were plotted against
the NMDS axes for fungal or bacterial communities, they separated
into two distinct groups (Fig. 1). Soil edaphic properties that varied
significantly with NMDS axes included clay content, SOM, N, Mg,
and Al increasing in Ancoraimes fields compared to Umala, and Ca,
pH, effective cation exchange capacity (ECEC), and sand, increasing
in Umala fields compared to Ancoraimes.

3.2. Fallow period effects on edaphic properties (non-thola
samples)

The relationship between fallow years and a number of edaphic
properties e SOM, total N, pH, P, ECEC, and electrical conductivity
(EC) e was evaluated using linear regression (Fig. S4). In Ancor-
aimes, SOM and total N increased significantly with longer fallow
period, while in Umala SOM increased slightly over fallow years.
The pH in Ancoraimes increased with increasing fallow years,
compared to the lack of a trend in pH for Umala over the fallow
years. Phosphorus increased with increasing fallow years in Umala,
while in Ancoraimes it decreased with fallow years.

3.3. Thola effects on edaphic properties

SOM and total N were significantly higher in thola samples
compared to paired non-thola samples, as evaluated in six Umala
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Fig. 1. Non-metric multidimensional scaling (NMDS) in two dimensions of fungal
community composition in two municipalities (Umala and Ancoraimes) of the Bolivian
Altiplano. Soil edaphic properties which varied significantly (p < 0.1) across the axes
are indicated (ECEC ¼ effective cation exchange capacity, SOM ¼ soil organic matter,
where SOM and N are overlapping). Results for bacterial communities were similar
(not shown).
fields (Fig. S5). Soil pH, P, ECEC, and EC did not differ significantly
between thola and non-thola samples.

3.4. Microbial data characterization

Fungi. After quality control and removal of 9555 reads that did
not meet our minimum requirements, we retained 17,435 high
quality fungal sequences across the 37 fields. At 97% sequence
similarity, these 17,435 sequences represented 2578 OTUs in all.
The number of sequences passing our quality filtering ranged from
104 (Umala-Campo L ST, 25 years of fallow) to 589 fungal sequences
(Umala-Campo J ST, 12 years of fallow) per field. The average
number of fungal sequences was 471 � 86 (mean � SD) per field
(Table S1). Our data included 2171 nonsingleton OTUs and 407
singletons.

Bacteria. After quality control and removal of 42,856 reads that
did not meet our minimum requirements, we retained 38,772 high
quality bacterial sequences across the 37 fields. At 97% sequence
similarity, these 38,772 sequences represented 15,710 OTUs in all.
The number of sequences passing our quality filtering ranged from
322 (Umala-Campo H ST, 9 years of fallow) to 1316 bacterial se-
quences (Umala-Campo L ST, 12 years of fallow) per field. The
average number of bacterial sequences was 1048 � 147
(mean � SD) per field (Table S1). Our data represented 13,163
nonsingleton OTUs and 2547 singletons.

3.5. Diversity as function of fallow period

Fungi. Simpson’s diversity (1-D) decreased significantly with
increasing fallow years in Umala but not in Ancoraimes (Fig. 2).
Similar results were obtained for the other two diversity estimators
Shannon’s diversity (H0) and Pielou’s evenness (J) (Fig. S6). Umala
had lower overall fungal diversity than Ancoraimes. Inclusion or
exclusion of the sample with low sequence number (25-year field
in Umala) did not alter the statistical significance of the negative
slope.

Bacteria. Simpson’s diversity decreased over fallow years in
Ancoraimes, but not in Umala (Fig. 3). Results for Shannon’s di-
versity (H0) and Pielou’s evenness (J) were similar (Fig. S7). Ancor-
aimes had lower overall bacterial diversity than Umala.

3.6. Diversity of microbes associated with thola

The effect of thola on the diversity estimators was evaluated in a
t-test for fungal and bacterial communities in Umala. The samples
Fig. 2. Simpson’s diversity for fungi in two municipalities (Umala and Ancoraimes) of
the Bolivian Altiplano across fallow periods (years) for non-thola samples, with results
of a regression analysis. Taxon diversity based on 95% similarity.



Fig. 3. Simpson’s diversity for bacteria in two municipalities (Umala and Ancoraimes)
of the Bolivian Altiplano across fallow periods (years) for non-thola samples, with
results of a regression analysis. Taxon diversity based on 90% bootstrapping.
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collected under thola did not significantly differ in fungal or bac-
terial diversity compared to non-thola soils (p > 0.2).
3.7. Overall most frequent taxa in Umala and Ancoraimes (non-
thola samples)

Fungi. Averaged across all non-thola samples, the most frequent
phylum, order and genus assignments were identified (with the
percentage for Umala and Ancoraimes, respectively, given in pa-
rentheses). The Ascomycota (84% and 65%) and Basidiomycota (4%
and 11%) were the most frequent (Table S2). The most frequent
orders were Hypocreales (45% and 38%), and Pleosporales (30% and
19%) (Table S3), both in the phylum Ascomycota. The OTUs assigned
to the genera Fusarium (41% and 19%), and Didymella (28% and 16%),
were the most frequent (Table S4).

Bacteria. Averaged across all non-thola samples in Umala, the
most frequent phyla were Proteobacteria (23%), and Actinobacteria
(11%) (Table S5). The OTUs assigned to the genus Paenibacillus
(2.7%) and Stremptomyces (1.4%) were frequent (Table S6). In
Ancoraimes, the most frequent phyla included Proteobacteria
(26%), and Firmicutes (16%) (Table S5) and the OTUs assigned to
genera Pseudomonas (3%), and Bradyrhizobium (2%) were the most
frequent (Table S6).
3.8. Taxa varying with fallow period

Toexaminewhether the fungal composition changedwith fallow
period, phylum, order and genus assignments were analysed. No
phyla increased significantly in frequency with increasing fallow
period, but the orders Eurotiales and Mortierellales did increase
with fallow period at both sites (Tables S7 and S8). The OTUs
assigned to genera Penicillium and Mortierella significantly
increased with fallow period for both sites (Table S9). The phylum
that decreased in frequency with fallow period in both sites Umala
and Ancoraimes was Basidiomycota (Table S10). The orders Micro-
ascales and Pleosporales decreased with fallow period in Umala,
while Capnodiales, Filobasidiales, and Thelebolales decreased with
fallow period in Ancoraimes (Table S11). The OTUs assigned to
genera Acremonium and Didymella decreased with fallow period in
Umala, while OTUs assigned to genera Alternaria and Chaetomium
decreased with fallow period in Ancoraimes (Table S12).

Among the bacteria, the phyla Proteobacteria and Acidobacteria
increased in frequency with increasing fallow period in Umala and
Ancoraimes, respectively (Table S13). The OTUs assigned to genera
Pseudomonas and Sporosarcina (Table S14) increased with fallow
period in Umala. The bacterial phyla Actinobacteria (Table S15) and
the OTUs assigned to the bacterial genus Bradyrhizobium decreased
with fallow period in both sites (Table S16).

3.9. Taxa varying with thola (in Umala)

Fungi. Although the overall diversity of fungi was not different
between thola and non-thola samples, there were taxa that
significantly differed in frequency (Tables S17e19). For example,
Basidiomycota (Table S17), order Capnodiales (Table S18), and the
OTUs assigned to the genus Fusarium (Table S19) were more
frequent in thola samples than non-thola samples. Taxa more
frequent in non-thola samples included order Mortierellales
(Table S18), and the OTUs assigned to the genus Didymella
(Table S19). Overall 4 phyla, 24 orders, and 17 genera (which
included many OTUs assigned each genera) differed significantly
between thola and non-thola samples.

Bacteria. As for fungi, the overall bacterial diversity did not
differ between thola and non-thola samples. However, there were
taxa that significantly differed in frequency (Tables S20 and S21).
For example, Bacteroidetes (Table S20), and the OTUs assigned to
the genus Bradyrhizobium (Table S21) were more frequent in thola
samples than non-thola samples. Taxa more frequent in non-thola
samples included Verrucomicrobia (Table S20), and the OTUs
assigned to the genus Belnapia (Table S21). Overall 13 phyla and 55
genera differed significantly between thola and non-thola
samples.

4. Discussion

4.1. Unexpected decreases in microbial diversity with increasing
fallow period in Bolivian Altiplano soils

Microbial diversity remained stable, and in some cases
decreased, with increasing fallow period in these Altiplano soils.
The soil physical and chemical conditions may explain some of the
changes observed for OTU diversity at the level of fungal and
bacterial genera. Differences in edaphic properties are often
associated with differences in soil microbial communities (Lauber
et al., 2008; Jenkins et al., 2009; Lauber et al., 2009; Rousk et al.,
2010). In Umala soils with lower SOM and nutrient levels
(Table 1), fungal OTU diversity decreased with increasing fallow
years (Figs. 1 and 2). In Ancoraimes soils with relatively higher
SOM and nutrient levels, bacterial OTU diversity decreased with
fallow years (Figs. 1 and 3).

In addition to the differences in overall SOM and nutrient levels,
sites differed in the magnitude of change in pH with increasing
fallow years. In Umala, pH did not change significantly with fallow
years, while in Ancoraimes it increased substantially (Fig. S4). This
change in pH could explain the decrease in bacterial OTU diversity
over the fallow years, but is potentially less important for fungal
OTU diversity. For example, Rousk et al. (2010) found that bacterial
communities were more strongly influenced by pH than fungal
communities across 180-m of the Hoosfield acid strip in the USA.
Soil pH is often strongly associated with the composition of
particular bacterial groups or the overall bacterial community
composition, across land-use types for a specific location or across
continental scales (Fierer and Jackson, 2006; Lauber et al., 2008;
Jenkins et al., 2009; Jones et al., 2009; Lauber et al., 2009; Rousk
et al., 2010). The increase in pH with fallow years may have
contributed to the changes in the composition of bacterial com-
munities. Studies using pure cultures have also demonstrated
narrow tolerances for pH in some soil bacteria (Rosso et al.,1995). In
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Altiplano soils, the phylum Acidobacteria in lower pH Ancoraimes
soils increased in frequency with increasing fallow years (Table 1
and Table S13) although a strong negative association between
relative abundance and higher pH has been observed for this
phylum in a wide range of soils (Lauber et al., 2009). The combi-
nation of pH and other factors such as SOM may explain many of
the changes observed in bacterial communities with increasing
fallow period.

The decrease in fungal OTU diversity with increasing fallow
period (in Umala but not Ancoraimes) is more difficult to interpret
because there are fewer studies of soil fungal communities. The
overall low levels of diversity (high dominance) can be attributed in
part to the unusually high frequency of the OTUs assigned to genera
Didymella and Fusarium (Table S4). These two dominant OTUs
increased in frequency with increasing fallow years in Umala, as
fungal diversity decreased. It would be interesting to know
whether the absolute abundance of these two taxa was increasing,
or whether other taxa were decreasing in abundance in this harsh
environment.
4.2. The most frequent bacterial taxa in the Altiplano soils

The observed frequencies of bacterial phyla in the Bolivian Al-
tiplano soils generally agreedwith other profiles (Janssen, 2006) for
phyla such as Proteobacteria, Verrucomicrobia, Bacteroidetes,
Chloroflexi, Planctomyces and Gemmatimonadetes. There were
also some notable differences in the frequencies for Firmicutes,
Actinobacteria, and Acidobacteria.

The most frequent bacterial phylum in the Altiplano soils was
the Proteobacteria (23% and 26% in Umala and Ancoraimes,
respectively) (Table S5). The Proteobacteria were the most abun-
dant soil phylum for several soils of North America based on
sequencing of 16S rRNA and 16S rRNA genes, where for example
this phylum represented 25% of clones from Oklahoma tallgrass
prairie soils (Spain et al., 2009; Acosta-Martinez et al., 2010). Pro-
teobacteria show extreme morphological, physiological and meta-
bolic diversity, participate in global C, N and S cycling, and
represent the majority of known gram-negative bacteria of medi-
cal, industrial, and agricultural significance (Kersters et al., 2006;
Madigan and Martinko, 2006). Within this phylum, the OTUs
assigned to bacterial genera Pseudomonas and Bradyrhizobiumwere
relatively frequent in both Altiplano sites (Table S6).

The next most abundant phyla in the Bolivian Altiplano soils
were Firmicutes (16%) and Actinobacteria (11%) (Table S5). The
higher frequency of the phylum Firmicutes in the Altiplano was in
sharp contrast to the low frequency (less than 5%) reported in other
soil types in North and South America, or Europe (Janssen, 2006;
Fierer et al., 2007). The OTUs assigned to the genus Paenibacillus
(Firmicutes) were the most frequent in Umala (Table S6). This is a
notable genus due to its role in fixing nitrogen in soil (Ma et al.,
2007; Jin et al., 2011). The higher frequency of Firmicutes in the
Altiplano compared to reports from other environments may be
related to their ability to produce endospores which are resistant to
desiccation under the harsh environmental conditions of the Boli-
vian Altiplano. In studies from a variety of North American, South
American, and European soils, the frequency of the phylum Acti-
nobacteria was around 13% (ranging from 0 to 34%) in bacterial
communities based on 16S rRNA and 16S rRNA genes (Janssen,
2006). The OTUs assigned to the genus Streptomyces (Actino-
bacteria), which includes plant pathogens and antagonists of plant
pathogens, was relatively frequent in both locations, particularly in
Umala (Table S6). These filamentous bacteria can survive under low
soil water content (Madigan and Martinko, 2006), a useful adap-
tation for the low precipitation across the Bolivian Altiplano.
4.3. The most frequent fungal taxa in the Altiplano soils

Ascomycota was the most frequent phylum (84% in Umala and
65% in Ancoraimes) across all fallow period fields in Bolivian soils
(Table S2), while in contrast Basidiomycota was the most frequent
(54%) for tallgrass prairie soils also sampled in the cold season
(Jumpponen et al., 2010). The OTUs assigned to genera Didymella
and Fusarium, both belonging to the phylum Ascomycota, were the
most abundant in the Altiplano, while Omphalina, Pochonia, and
Saccharomyces,were the most abundant genera in the top 0e15 cm
of the tallgrass prairie soil (Jumpponen et al., 2010). The high fre-
quency of OTUs assigned to these two genera, Didymella and
Fusarium, which both include plant pathogens and saprobes, may
be because of their sturdy dormant structures that may withstand
the harsh conditions of the Altiplano better than some fungal
groups.

4.4. Microbial community composition as a function of fallow
period

For bacteria, OTUs assigned to the phyla Acidobacteria ewhose
members are physiologically diverse and ubiquitious, some being
acidophilic and particularly abundant within soils (Madigan and
Martinko, 2006) - and Proteobacteria increased in frequency with
longer fallow periods in Ancoraimes and Umala, respectively
(Table S13). Several OTUs assigned to fungal genera increased
significantly in frequency with fallow period in both Umala and
Ancoraimes. For example, the frequency of OTUs assigned to some
genera including plant pathogens such as Cladosporium (Jacyno
et al., 1993) and Mortierella increased with fallow period
(Table S9). Interpretation of the impact of changes in the frequency
of Cladosporium species is complicated by the many potential
ecological roles that theymayplay, as pathogen, saprobe, or parasite
of other fungi (Moran, 1998; Rivas and Thomas, 2005; Gange et al.,
2012). The frequency of OTUs assigned to the genus Clonostachys,
which has been reported to include parasites of awide range of taxa
(Baloyi et al., 2011; Rodriguez et al., 2011; Bienapfl et al., 2012),
decreased with longer fallow periods (Table S12).

4.5. Microbial community composition as a function of thola
presence or absence

The presence of larger thola in fields with fallow periods greater
than 10 years in the Bolivian Altiplano was associated with changes
in the fungal and bacterial community composition. Several studies
have indicated that microbial diversity is affected by plant species
due to differences in root exudation that stimulate their growth in
the rhizosphere (Wasaki et al., 2005; Micallef et al., 2009). For
bacteria, the OTUs assigned to the genus Bradyrhizobium (order
Proteobacteria) wasmore frequent under the canopy of thola, while
the OTUs assigned to the genus Paenibacillus (order Firmicutes) was
more frequent in non-thola samples (Table S21). The higher fre-
quency of OTUs assigned to the genus Bradyrhizobium under thola
could be associated with the ability of this symbiotic bacterium to
colonize the roots of some non-legumes (Antoun et al., 1998; Loh
and Stacey, 2003). Among fungi, the OTUs assigned to the genus
Fusarium (order Hypocreales) was more frequent in thola samples
compared to non-thola samples, while the OTUs assigned to the
genus Didymella (order Pleosporales) were less frequent in thola
samples (Table S19). The sampling method allowed us to partition
the effects of thola from the other effects of fallow. At a larger scale,
the microbial communities of the Bolivian Altiplano would be
influenced by the percentage cover of thola, as determined by plant
reproduction, dispersal, and establishment as well as by patterns of
thola harvest.
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4.6. Improving fallow systems in the Bolivian Altiplano

There are several possibilities for improving the Altiplano fallow
system. One alternative farming method that may sustain soil
productivity is to manage short-term fallow systems (5-years
fallow period) with planted herbaceous or woody legumes
(‘improved fallows’) to refill soil nutrient stocks faster than plants in
natural succession, decreasing the need for purchase of fertilizer to
maintain productivity (Kang et al., 1999; Sanchez, 1999; Phiri et al.,
2001). In the Bolivian Altiplano, thola has been reported to be
beneficial to the soil, due to its rapid colonization of bare soils and
its contributions to SOM (De Cary and Hervé, 1994; Stacishin de
Queiroz et al., 2001). Our results were consistent in finding that
the presence of thola in fallow fields was associated with modest
increases in SOM and soil fertility, indicating that maintaining thola
in fields may improve short fallows in the Northern Altiplano of
Bolivia. In fact thola has been used in the Southern Altiplano of
Bolivia for controlling the desertification and degradation of nat-
ural resources caused by extensive cropping of quinoa (Jacobsen,
2011). This restoration program used thola as windbreaks be-
tween the fields at risk for desertification (Andressen et al., 2007) as
a strategy to protect and restore degraded soils (Gonzales T., 2012).
It may be possible to get the benefits of longer fallowswhen thola is
planted (or at least maintained), perhaps along with other legu-
minous species for additional nitrogen, in shorter fallows. An eco-
nomic analysis of the costs and benefits of maintaining thola in
agricultural fields compared to its use as a fuel would be helpful for
informed decision-making by farmers.

A number of aspects of soil microbial community interactions
will need to be better understood in order to translate new infor-
mation about microbial community structure into recommenda-
tions for management. While it is often assumed that higher levels
of taxonomic diversity are beneficial for system productivity, this is
not known. The ecological roles of any given taxonmay vary widely,
sometimes as a function of small changes in microbial genomes or
the addition of plasmids. Until the genetic basis for these ecological
functions is well-understood, it will be challenging to use meta-
genomic sequence data to characterize microbial communities in
terms of function. The unexpected observation of lower microbial
diversity with longer fallow in this study is another example of the
current lack of understanding of microbial dynamics. In systems
with more diverse unmanaged plant communities, longer fallow
periods may result in a more heterogeneous environment for mi-
crobes. In contrast, the plant community in Altiplano fallows is not
clearly more diverse than during the active cropping cycles. Lack of
tillage during fallow may also change patterns of soil microbial
diversity. It may be that there are more diverse microhabitats
during Altiplano crop rotations than during fallows.

Acknowledgements

The experiments were conceived by KAG, AJ, CV, LGM, MAG, JC,
PM, andMH. Sample collection in Boliviawas directed by LGM, KAG,
AJ, MAG, and JC. Samples were prepared for sequencing by LGM and
AJ. Data were analysed by LGM, KAG, and AJ. The paper was written
by LGM, KAG, AJ, CV, PM, and MH. We appreciate help with col-
lecting and preparing soil samples from Beatriz Mamani, Marco A.
Echenique, Mirco Peñaranda, Alan Callisaia, René Quispe, and the
Umala and Ancoraimes communities. We appreciate input on bio-
informatic analyses from B. Darby, K. Jones, A. Stanescu, and D.
Caragea, and comments on an earlier version of themanuscript from
C. Rice. We also appreciate support by the USAID for the SANREM
CRSP under terms of Cooperative Agreement Award No. EPP-A-00-
04-00013-00 to the OIRED at Virginia Tech, and by the Kansas
Agricultural Experiment Station (Contribution No. 13-201-J).
Appendix A

Supplemental materials archived at http://hdl.handle.net/2097/
15198.

References

Acosta-Martinez, V., Dowd, S., Sun, Y., Allen, V., 2008. Tag-encoded pyrosequencing
analysis of bacterial diversity in a single soil type as affected by management
and land use. Soil Biology & Biochemistry 40, 2762e2770.

Acosta-Martinez, V., Dowd, S.E., Sun, Y., Wester, D., Allen, V., 2010. Pyrosequencing
analysis for characterization of soil bacterial populations as affected by an in-
tegrated livestock-cotton production system. Applied Soil Ecology 45, 13e25.

Aguilera, A.J., 2010. Impacts of Soil Management Practices on Soil Fertility in Potato-
based Cropping Systems in the Bolivian Andean Highlands. Thesis. In:
Department of Soil, Environmental and Atmospheric Sciences. University of
Missouri, Columbia, p. 255.

Anderson, T.H., Domsch, K.H., 1989. Ratios of microbial biomass carbon to total
organic carbon in arable soils. Soil Biology & Biochemistry 21, 471e479.

Andressen, L.R., Monasterio, M., Terceros, L.F., 2007. Climatic regimes of the Bolivian
southern high plateau: a region affected by desertification. Revista Geográfica
Venezolana 47, 11e32.

Antoun, H., Beauchamp, C.J., Goussard, N., Chabot, R., Lalande, R., 1998. Potential of
Rhizobium and Bradyrhizobium species as plant growth promoting rhizobacteria
on non-legumes: effect on radishes (Raphanus sativus L.). Plant and Soil 204,
57e67.

Aweto, A.O., Obe, O., Ayanniyi, O.O., 1992. Effects of shifting and continuous
cultivation of cassava (Manihot esculenta) intercropped with maize (Zea mays)
on a forest alfisol in South-western Nigeria. Journal of Agricultural Science
118, 195e198.

Baker, G.C., Smith, J.J., Cowan, D.A., 2003. Review and reanalysis of domain-specific
16S primers. Journal of Microbiological Methods 55, 541e555.

Baker, K.L., Langenheder, S., Nicol, G.W., Ricketts, D., Killham, K., Campbell, C.D.,
Prosser, J.I., 2009. Environmental and spatial characterisation of bacterial
community composition in soil to inform sampling strategies. Soil Biology &
Biochemistry 41, 2292e2298.

Baloyi, M.A., Laing, M.D., Yobo, K.S., 2011. Isolation and in vitro screening of Bacillus
thuringiensis and Clonostachys rosea as biological control agents against sheep
nematodes. African Journal of Agricultural Research 6, 5047e5054.

Bienapfl, J.C., Floyd, C.M., Percich, J.A., Malvick, D.K., 2012. First report of Clonos-
tachys rosea causing root rot of soybean in the United States. Plant Disease 96,
1700.

Bravo-Garza, M.R., Bryan, R.B., 2005. Soil properties along cultivation and fallow
time sequences on vertisols in northeastern Mexico. Soil Science Society of
America Journal 69, 473e481.

Breman, H., Kessler, J.J., 1995. Woody Plants in Agro-ecosystems of Semi-arid Re-
gions: with an Emphasis on the Sahelian Countries. Springer, Wageningen,
Netherlands.

Buckley, D.H., Schmidt, T.M., 2001. The structure of microbial communities in soil
and the lasting impact of cultivation. Microbial Ecology 42, 11e21.

Burgers, P., Ketterings, Q.M., Garrity, D.P., 2005. Fallow management strategies and
issues in southeast Asia. Agriculture Ecosystems and Environment 110, 1e13.

Cabaneiro, A., Fernandez, I., Perez-Ventura, L., Carballas, T., 2008. Soil CO2 emissions
from northern Andean paramo ecosystems: effects of fallow agriculture. Envi-
ronmental Science and Technology 42, 1408e1415.

Cole, J.R., Wang, Q., Cardenas, E., Fish, J., Chai, B., Farris, R.J., Kulam-Syed-
Mohideen, A.S., McGarrell, D.M., Marsh, T., Garrity, G.M., Tiedje, J.M., 2008. The
ribosomal database project: improved alignments and new tools for rRNA
analysis. Nucleic Acids Research 37, D141eD145.

Couteaux, M.M., Herve, D., Mita, V., 2008. Carbon and nitrogen dynamics of
potato residues and sheep dung in a two-year rotation cultivation in the
Bolivian Altiplano. Communications in Soil Science and Plant Analysis 39,
475e498.

Crecchio, C., Curci, M., Pizzigallo, M.D.R., Ricciuti, P., Ruggiero, P., 2004. Effects of
municipal solid waste compost amendments on soil enzyme activities and
bacterial genetic diversity. Soil Biology & Biochemistry 36, 1595e1605.

De Cary, S., Hervé, D., 1994. El estado microbiológico del suelo, indicador de una
restauración de la fertilidad. In: Hervé, D., Genin, D., Rivière, G. (Eds.), Diná-
mica del descanso de la tierra en los Andes. IBTA-ORSTOM, La Paz, Bolivia,
pp. 185e197.

Doran, J.W., 1980. Soil microbial and biochemical changes associated with reduced
tillage. Soil Science Society of America Journal 44, 765e771.

Fierer, N., Breitbart, M., Nulton, J., Salamon, P., Lozupone, C., Jones, R., Robeson, M.,
Edwards, R.A., Felts, B., Rayhawk, S., Knight, R., Rohwer, F., Jackson, R.B., 2007.
Metagenomic and small-subunit rRNA analyses reveal the genetic diversity of
bacteria, archaea, fungi, and viruses in soil. Applied and Environmental
Microbiology 73, 7059e7066.

Fierer, N., Jackson, R.B., 2006. The diversity and biogeography of soil bacterial
communities. Proceedings of the National Academy of Sciences of the United
States of America 103, 626e631.

Gange, A.C., Eschen, R., Wearn, J.A., Thawer, A., Sutton, B.C., 2012. Differential effects
of foliar endophytic fungi on insect herbivores attacking a herbaceous plant.
Oecologia 168, 1023e1031.

http://hdl.handle.net/2097/15198
http://hdl.handle.net/2097/15198
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref1
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref1
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref1
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref1
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref2
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref2
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref2
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref2
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref3
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref3
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref3
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref3
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref4
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref4
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref4
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref5
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref5
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref5
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref5
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref6
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref6
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref6
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref6
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref6
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref7
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref7
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref7
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref7
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref7
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref8
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref8
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref8
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref9
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref9
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref9
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref9
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref9
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref10
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref10
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref10
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref10
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref11
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref11
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref11
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref12
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref12
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref12
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref12
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref13
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref13
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref13
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref14
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref14
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref14
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref15
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref15
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref15
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref16
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref16
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref16
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref16
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref16
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref17
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref17
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref17
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref17
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref17
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref18
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref18
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref18
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref18
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref18
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref19
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref19
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref19
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref19
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref20
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref20
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref20
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref20
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref20
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref21
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref21
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref21
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref22
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref22
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref22
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref22
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref22
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref22
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref23
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref23
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref23
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref23
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref24
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref24
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref24
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref24


L. Gomez-Montano et al. / Soil Biology & Biochemistry 65 (2013) 50e5958
Garcia, M., Raes, D., Jacobsen, S.E., Michel, T., 2007. Agroclimatic constraints for
rainfed agriculture in the Bolivian Altiplano. Journal of Arid Environments 71,
109e121.

Gardes, M., Bruns, T.D., 1993. ITS primers with enhanced specificity for Basidio-
mycetes e application to the identification of mycorrhizae and rusts. Molecular
Ecology 2, 113e118.

Gonzales, T.M., 2012. Native Windbreaks in the Bolivian Altiplano. In: Control of
Desertification Caused by Quinoa. Drynet: a Global Initiative, Giving Future to
Dry Lands. http://www.dry-net.org/index.php?page¼3&successstoryId¼32.

Hervé, D., 1994. Respuestas de los componentes de la fertilidad del suelo a la
duración del descanso. In: Hervé, D., Genin, D., Rivière, G. (Eds.), Dinámicas del
descanso de la tierra en los Andes. IBTA, ORSTOM, La Paz, Bolivia, pp. 155e169.

Hervé, D., Genin, D., Migueis, J., 2002. A modelling approach for analysis of agro
pastoral activity at the one-farm level. Agricultural Systems 71, 187e206.

Ibekwe, A.M., Poss, J.A., Grattan, S.R., Grieve, C.M., Suarez, D., 2010. Bacterial di-
versity in cucumber (Cucumis sativus) rhizosphere in response to salinity, soil
pH, and boron. Soil Biology & Biochemistry 42, 567e575.

Insam, H., Parkinson, D., Domsch, K.H., 1989. Influence of macroclimate on soil
microbial biomass. Soil Biology & Biochemistry 21, 211e221.

Jacobsen, S.E., 2011. The situation for quinoa and its production in southern Bolivia:
from economic success to environmental disaster. Journal of Agronomy and
Crop Science 197, 390e399.

Jacyno, J.M., Harwood, J.S., Cutler, H.G., Lee, M.K., 1993. Isocladosporin, a biologically
active isomer of cladosporin from Cladosporium cladosporioides. Journal of
Natural Products 56, 1397e1401.

Janssen, P.H., 2006. Identifying the dominant soil bacterial taxa in libraries of 16S
rRNA and 16S rRNA genes. Applied and Environmental Microbiology 72,
1719e1728.

Jenkins, S.N., Waite, I.S., Blackburn, A., Husband, R., Rushton, S.P., Manning, D.C.,
O’Donnell, A.G., 2009. Actinobacterial community dynamics in long term
managed grasslands. Antonie Van Leeuwenhoek 95, 319e334.

Jetté, C., Alzérreca, H., Coppock, D.L., 2001. National, regional and local context. In:
Coppock, D.L., Valdivia, C. (Eds.), Sustaining Agropastoralism on the Bolivian
Altiplano: the Case of San José Llanga. Utah State University, Logan, UT, pp. 17e
50. Department of Rangeland resources.

Jin, H., Lv, J., Chen, S., 2011. Paenibacillus sophorae sp. nov., a nitrogen-fixing species
isolated from the rhizosphere of Sophora japonica. International Journal of
Systematic and Evolutionary Microbiology 61, 767e771.

Jones, R.T., Robeson, M.S., Lauber, C.L., Hamady, M., Knight, R., Fierer, N., 2009.
A comprehensive survey of soil acidobacterial diversity using pyrosequencing
and clone library analyses. ISME Journal 3, 442e453.

Jumpponen, A., Jones, K.L., 2009. Massively parallel 454 sequencing indicates
hyperdiverse fungal communities in temperate Quercus macrocarpa phyllo-
sphere. New Phytologist 184, 438e448.

Jumpponen, A., Jones, K.L., Blair, J., 2010. Vertical distribution of fungal communities
in tallgrass prairie soil. Mycologia 102, 1027e1041.

Kaiser, E.A., Mueller, T., Joergensen, R.G., Insam, H., Heinemeyer, O., 1992. Evaluation
of methods to estimate the soil microbial biomass and the relationship with soil
texture and organic matter. Soil Biology & Biochemistry 24, 675e683.

Kang, B.T., Caveness, F.E., Tian, G., Kolawole, G.O., 1999. Longterm alley cropping
with four hedgerow species on an alfisol in southwestern Nigeria e effect on
crop performance, soil chemical properties and nematode population. Nutrient
Cycling in Agroecosystems 54, 145e155.

Kanmegne, J., Duguma, B., Henrot, J., Isirimah, N.O., 1999. Soil fertility enhancement
by planted tree-fallow species in the humid lowlands of Cameroon. Agrofor-
estry Systems 46, 239e249.

Kennedy, A.C., Papendick, R.I., 1995. Microbial characteristics of soil quality. Journal
of Soil and Water Conservation 50, 243e248.

Kersters, K., De Vos, P., Gillis, M., Swings, J., Vandamme, P., Stackebrandt, E., 2006.
Introduction to the Proteobacteria. Springer, New York.

Koutika, L.S., Hauser, S., Kamga, J.G.M., Yerima, B., 2004. Comparative study of soil
properties under Chromolaena odorata, Pueraria phaseoloides and Calliandra
calothyrsus. Plant and Soil 266, 315e323.

Koutika, L.S., Nolte, C., Yemefack, M., Ndango, R., Folefoc, D., Weise, S., 2005.
Leguminous fallows improve soil quality in south-central Cameroon as evi-
denced by the particulate organic matter status. Geoderma 125, 343e354.

Kunin, V., Hugenholtz, P., 2009. PyroTagger: a fast, accurate pipeline for analysis of
rRNA amplicon pyrosequence data. The Open Journal. Article 1.

Lauber, C.L., Hamady, M., Knight, R., Fierer, N., 2009. Pyrosequencing-based
assessment of soil pH as a predictor of soil bacterial community structure at the
continental scale. Applied and Environmental Microbiology 75, 5111e5120.

Lauber, C.L., Strickland, M.S., Bradford, M.A., Fierer, N., 2008. The influence of soil
properties on the structure of bacterial and fungal communities across land-use
types. Soil Biology & Biochemistry 40, 2407e2415.

Leskiw, L.A., Sedor, R.B., Welsh, C.M., Zeleke, T.B., 2012. Soil and vegetation recovery
after a well blowout and salt water release in northeastern British Columbia.
Canadian Journal of Soil Science 92, 179e190.

Loh, J., Stacey, G., 2003. Nodulation gene regulation in Bradyrhizobium japonicum: a
unique integration of global regulatory circuits. Applied and Environmental
Microbiology 69, 10e17.

Ma, Y., Xia, Z., Liu, X., Chen, S., 2007. Paenibacillus sabinae sp. nov., a nitrogen-fixing
species isolated from the rhizosphere soils of shrubs. International Journal of
Systematic and Evolutionary Microbiology 57, 6e11.

Madigan, M.T., Martinko, J.M., 2006. Biology of Microorganisms. Pearson Prentice
Hall, Upper Saddle River, NJ, USA.
Margulies, M., Egholm, M., Altman, W.E., Attiya, S., Bader, J.S., Bemben, L.A.,
Berka, J., Braverman, M.S., Chen, Y.J., Chen, Z.T., Dewell, S.B., Du, L., Fierro, J.M.,
Gomes, X.V., Godwin, B.C., He, W., Helgesen, S., Ho, C.H., Irzyk, G.P., Jando, S.C.,
Alenquer, M.L.I., Jarvie, T.P., Jirage, K.B., Kim, J.B., Knight, J.R., Lanza, J.R.,
Leamon, J.H., Lefkowitz, S.M., Lei, M., Li, J., Lohman, K.L., Lu, H., Makhijani, V.B.,
McDade, K.E., McKenna, M.P., Myers, E.W., Nickerson, E., Nobile, J.R., Plant, R.,
Puc, B.P., Ronan, M.T., Roth, G.T., Sarkis, G.J., Simons, J.F., Simpson, J.W.,
Srinivasan, M., Tartaro, K.R., Tomasz, A., Vogt, K.A., Volkmer, G.A., Wang, S.H.,
Wang, Y., Weiner, M.P., Yu, P.G., Begley, R.F., Rothberg, J.M., 2005. Genome
sequencing in microfabricated high-density picolitre reactors. Nature 437,
376e380.

Masse, D., Manlay, R.J., Diatta, M., Pontanier, R., Chotte, J.L., 2004. Soil properties and
plant production after short-term fallows in Senegal. Soil Use and Management
20, 92e95.

Micallef, S.A., Shiaris, M.P., Colon-Carmona, A., 2009. Influence of Arabidopsis
thaliana accessions on rhizobacterial communities and natural variation in root
exudates. Journal of Experimental Botany 60, 1729e1742.

Miranda, J., Silva, L.M., Lima, R., Donagemma, G., Bertolino, A., Fernandes, N.,
Correa, F., Polidoro, J., Tato, G., 2009. Fallow effects on improving soil properties
and decreasing erosion: Atlantic forest, southeastern Brazil. Geophysical
Research Abstracts 11.

Mishra, C.C., Dash, M.C., 1987. Effects of soil amendments on soil moisture, pH,
microbial population, soil respiration and nematodes. Annals of Biology
(Ludhiana) 3, 17e27.

Moran, P.J., 1998. Plant-mediated interactions between insects and a fungal plant
pathogen and the role of plant chemical responses to infection. Oecologia 115,
523e530.

Nair, P., 1993. An Introduction to Agroforestry. Kluwer Academic Publishers, Dor-
drecht, The Netherlands.

Ndour, N.Y.B., Achouak, W., Christen, R., Heulin, T., Brauman, A., Chotte, J.L., 2008.
Characteristics of microbial habitats in a tropical soil subject to different fallow
management. Applied Soil Ecology 38, 51e61.

Norgrove, L., 2008. Performance of Imperata cylindrica in relation to light availability
on soils from the tropical forest-savannah boundary in central Cameroon. In:
Tokarska-Guzik, B., Brock, J.H., Brundu, G., Child, L., Daehler, C.C., Pysek, P. (Eds.),
Plant Invasions: Human Perception, Ecological Impacts and Management,
pp. 277e288.

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., O’Hara, R.B., Simpson, G.L.,
Solymos, P., Henry, M., Stevens, H., Wagner, H., 2011. Vegan: Community
Ecology Package. R package version 1.7-10. http://CRAN.R-project.org/
package¼vegan.

Pacheco Fernández, L., 1994. El sistema de aynuqa en Pumani dinámicas y ten-
dencias. In: Hervé, D., Genin, D., Rivière, G. (Eds.), Dinámicas del descanso de la
tierra en los Andes. IBTA-ORSTOM, La Paz, Bolivia, pp. 271e289.

Partey, S.T., Quashie-Sam, S.J., Thevathasan, N.V., Gordon, A.M., 2011. Decomposition
and nutrient release patterns of the leaf biomass of the wild sunflower (Tithonia
diversifolia): a comparative study with four leguminous agroforestry species.
Agroforestry Systems 81, 123e134.

Pestalozzi, H., 2000. Sectoral fallow systems and the management of soil fertility:
the rationality of indigenous knowledge in the High Andes of Bolivia. Mountain
Research and Development 20, 64e71.

Phiri, S., Barrios, E., Rao, I.M., Singh, B.R., 2001. Changes in soil organic matter and
phosphorus fractions under planted fallows and a crop rotation system on a
Colombian volcanic-ash soil. Plant and Soil 231, 211e223.

Programa Nacional de Cambios Climáticos, B, 2005. In: Gonzales, I.J.,
Cusicanqui, G.J., Aparicio, E.M. (Eds.), Vulnerabilidad y adaptación al cambio
climático en las regiones del lago Titicaca y los Valles cruceños de Bolivia:
Sistematización de los resultados de la investigación participativa, consultas y
estudios de caso. Ministerio de planificación del desarrollo, La Paz, Bolivia,
p. 138.

Quiroga, J.C., 1992. Agroecological characterization of the Bolivian Altiplano. In:
Valdivia, C. (Ed.), Sustainable Crop-livestock Systems for the Bolivian Highlands.
Proceedings of an SANREM-CRSP Workshop. University of Missouri, Columbia.

R Development Core Team, 2011. R: a Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria.

Rivas, S., Thomas, C.M., 2005. Molecular interactions between tomato and the leaf
mold pathogen Cladosporium fulvum. Annual Review of Phytopathology 43,
395e436.

Roder, W., Phengchanh, S., Keoboualapha, B., Maniphone, S., 1995. Chromolaena
odorata in slash-and-burn rice systems of northern Laos. Agroforestry Systems
31, 79e92.

Rodriguez, M.A., Cabrera, G., Gozzo, F.C., Eberlin, M.N., Godeas, A., 2011. Clonos-
tachys rosea BAFC3874 as a Sclerotinia sclerotiorum antagonist: mechanisms
involved and potential as a biocontrol agent. Journal of Applied Microbiology
110, 1177e1186.

Roesch, L.F., Fulthorpe, R.R., Riva, A., Casella, G., Hadwin, A.K.M., Kent, A.D.,
Daroub, S.H., Camargo, F.A.O., Farmerie, W.G., Triplett, E.W., 2007. Pyrose-
quencing enumerates and contrasts soil microbial diversity. ISME Journal 1,
283e290.

Rondon, M.R., August, P.R., Bettermann, A.D., Brady, S.F., Grossman, T.H., Liles, M.R.,
Loiacono, K.A., Lynch, B.A., MacNeil, I.A., Minor, C., Tiong, C.L., Gilman, M.,
Osburne, M.S., Clardy, J., Handelsman, J., Goodman, R.M., 2000. Cloning the soil
metagenome: a strategy for accessing the genetic and functional diversity of
uncultured microorganisms. Applied and Environmental Microbiology 66,
2541e2547.

http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref25
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref25
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref25
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref25
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref26
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref26
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref26
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref26
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref26
http://www.dry-net.org/index.php%3fpage%3d3%26successstoryId%3d32
http://www.dry-net.org/index.php%3fpage%3d3%26successstoryId%3d32
http://www.dry-net.org/index.php%3fpage%3d3%26successstoryId%3d32
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref28
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref28
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref28
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref28
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref29
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref29
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref29
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref30
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref30
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref30
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref30
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref31
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref31
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref31
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref32
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref32
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref32
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref32
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref33
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref33
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref33
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref33
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref34
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref34
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref34
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref34
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref35
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref35
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref35
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref35
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref36
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref36
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref36
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref36
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref37
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref37
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref37
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref37
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref38
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref38
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref38
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref38
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref39
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref39
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref39
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref39
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref40
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref40
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref40
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref41
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref41
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref41
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref41
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref42
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref42
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref42
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref42
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref42
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref42
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref43
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref43
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref43
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref43
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref44
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref44
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref44
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref45
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref45
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref46
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref46
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref46
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref46
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref47
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref47
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref47
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref47
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref48
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref48
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref49
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref49
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref49
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref49
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref50
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref50
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref50
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref50
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref51
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref51
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref51
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref51
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref52
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref52
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref52
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref52
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref53
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref53
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref53
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref53
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref54
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref54
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref55
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref55
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref55
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref55
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref55
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref55
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref55
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref55
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref55
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref55
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref55
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref55
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref56
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref56
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref56
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref56
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref57
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref57
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref57
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref57
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref58
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref58
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref58
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref58
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref59
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref59
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref59
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref59
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref60
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref60
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref60
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref60
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref61
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref61
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref62
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref62
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref62
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref62
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref63
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref63
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref63
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref63
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref63
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref63
http://cran.r-project.org/package%3dvegan
http://cran.r-project.org/package%3dvegan
http://cran.r-project.org/package%3dvegan
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref65
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref65
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref65
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref65
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref66
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref66
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref66
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref66
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref66
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref67
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref67
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref67
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref67
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref68
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref68
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref68
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref68
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref69
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref69
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref69
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref69
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref69
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref69
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref70
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref70
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref70
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref71
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref71
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref72
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref72
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref72
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref72
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref73
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref73
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref73
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref73
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref74
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref74
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref74
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref74
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref74
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref75
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref75
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref75
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref75
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref75
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref76
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref76
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref76
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref76
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref76
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref76
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref76


L. Gomez-Montano et al. / Soil Biology & Biochemistry 65 (2013) 50e59 59
Rosso, L., Lobry, J.R., Bajard, S., Flandrois, J.P., 1995. Convenient model to describe the
combined effects of temperature and pH on microbial growth. Applied and
Environmental Microbiology 61, 610e616.

Rousk, J., Baath, E., Brookes, P.C., Lauber, C.L., Lozupone, C., Caporaso, J.G., Knight, R.,
Fierer, N., 2010. Soil bacterial and fungal communities across a pH gradient in
an arable soil. ISME Journal 4, 1340e1351.

Sall, S.N., Masse, D., Ndour, N.Y.B., Chotte, J.L., 2006. Does cropping modify the
decomposition function and the diversity of the soil microbial community of
tropical fallow soil? Applied Soil Ecology 31, 211e219.

Sanchez, P.A., 1999. Improved fallows come of age in the tropics. Agroforestry
Systems 47, 3e12.

Sarmiento, L., Bottner, P., 2002. Carbon and nitrogen dynamics in two soils with
different fallow times in the high tropical Andes: indications for fertility
restoration. Applied Soil Ecology 19, 79e89.

Sigler, W.V., Turco, R.F., 2002. The impact of chlorothalonil application on soil
bacterial and fungal populations as assessed by denaturing gradient gel elec-
trophoresis. Applied Soil Ecology 21, 107e118.

Simpson, E.H., 1949. Measurement of diversity. Nature 163, 688.
Spain, A.M., Krumholz, L.R., Elshahed, M.S., 2009. Abundance, composition, di-

versity and novelty of soil Proteobacteria. ISME Journal 3, 992e1000.
Spedding, T.A., Hamel, C., Mehuys, G.R., Madramootoo, C.A., 2004. Soil microbial

dynamics in maize-growing soil under different tillage and residue manage-
ment systems. Soil Biology & Biochemistry 36, 499e512.

Stacishin de Queiroz, J.S., Coppock, D.L., Alzérreca, H., 2001. Ecology and natural re-
sources of San José de Llanga. In: Coppock, D.L., Valdivia, C. (Eds.), Sustaining
Agropastoralism on the Bolivian Altiplano: the Case of San José Llanga. Depart-
ment of Rangeland Resources, Utah State University, Logan, UT, pp. 59e112.
United States Department of Agriculture, 1999. Soil Taxonomy: a Basic System of
Soil Classification for Making and Interpreting Soil Survey Hadbook. Washing-
ton, DC.

Valdivia, C., Seth, A., Gilles, J.L., Garcia, M., Jimenez, E., Cusicanqui, J., Navia, F.,
Yucra, E., 2010. Adapting to climate change in Andean ecosystems: landscapes,
capitals, and perceptions shaping rural livelihood strategies and linking
knowledge systems. Annals of the Association of American Geographers 100,
818e834.

Warncke, D., Brown, J.R., 1998. Potassium and other basic cations. In: Brown, J.R.
(Ed.), Recommended Chemical Soil Test Procedures for the North Central Re-
gion. Agricultural Experiment Station SB 1001, Missouri, pp. 1e72.

Wasaki, J., Rothe, A., Kania, A., Neumann, G., Romheld, V., Shinano, T., Osaki, M.,
Kandeler, E., 2005. Root exudation, phosphorus acquisition, and microbial di-
versity in the rhizosphere of white lupine as affected by phosphorus supply and
atmospheric carbon dioxide concentration. Journal of Environmental Quality
34, 2157e2166.

Wezel, A., Haigis, J., 2002. Fallow cultivation system and farmers’ resource man-
agement in Niger, West Africa. Land Degradation & Development 13, 221e231.

White, T.J., Bruns, T.D., Lee, S.B., Taylor, J.W., 1990. Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics. In: Innis, M.A.,
Gelfand, D.H., Sninsky, J.J., White, T.J. (Eds.), PCR Protocols: a Guide to Methods
and Applications. Academic Press, New York, NY, USA, pp. 315e322.

Yin, C.T., Jones, K.L., Peterson, D.E., Garrett, K.A., Hulbert, S.H., Paulitz, T.C., 2010.
Members of soil bacterial communities sensitive to tillage and crop rotation.
Soil Biology & Biochemistry 42, 2111e2118.

Zhang, Z., Schwartz, S., Wagner, L., Miller, W., 2000. A greedy algorithm for aligning
DNA sequences. Journal of Computational Biology 7, 203e214.

http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref77
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref77
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref77
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref77
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref78
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref78
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref78
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref78
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref79
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref79
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref79
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref79
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref80
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref80
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref80
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref81
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref81
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref81
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref81
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref82
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref82
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref82
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref82
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref83
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref84
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref84
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref84
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref85
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref85
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref85
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref85
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref86
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref86
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref86
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref86
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref86
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref87
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref87
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref87
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref88
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref88
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref88
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref88
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref88
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref88
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref89
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref89
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref89
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref89
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref90
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref90
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref90
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref90
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref90
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref90
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref91
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref91
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref91
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref92
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref92
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref92
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref92
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref92
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref93
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref93
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref93
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref93
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref94
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref94
http://refhub.elsevier.com/S0038-0717(13)<?thyc=10?>00135-<?thyc?>1/sref94

	Do bacterial and fungal communities in soils of the Bolivian Altiplano change under shorter fallow periods?
	1. Introduction
	2. Materials and methods
	2.1. The Bolivian Altiplano
	2.2. Study locations
	2.3. Experimental design, plot layout, and soil sampling
	2.4. Soil physical and chemical analyses
	2.5. DNA extraction and PCR amplification
	2.6. Pyrosequencing
	2.7. Bioinformatics and operational taxonomic unit (OTU) designation
	2.8. Diversity indices
	2.9. Statistical analyses
	2.10. Accession numbers

	3. Results
	3.1. Edaphic properties in the two study regions (non-thola samples)
	3.2. Fallow period effects on edaphic properties (non-thola samples)
	3.3. Thola effects on edaphic properties
	3.4. Microbial data characterization
	3.5. Diversity as function of fallow period
	3.6. Diversity of microbes associated with thola
	3.7. Overall most frequent taxa in Umala and Ancoraimes (non-thola samples)
	3.8. Taxa varying with fallow period
	3.9. Taxa varying with thola (in Umala)

	4. Discussion
	4.1. Unexpected decreases in microbial diversity with increasing fallow period in Bolivian Altiplano soils
	4.2. The most frequent bacterial taxa in the Altiplano soils
	4.3. The most frequent fungal taxa in the Altiplano soils
	4.4. Microbial community composition as a function of fallow period
	4.5. Microbial community composition as a function of thola presence or absence
	4.6. Improving fallow systems in the Bolivian Altiplano

	Acknowledgements
	Appendix A
	References


