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a  b  s  t  r  a  c  t

Livestock  production  in Latin  America  has  replaced  tropical  dry forests  with  conventional  monocultures
pastures  (CP)  that  have  degraded  soils.  As an alternative  to  CP,  intensive  silvopastoral  systems  (ISS)  have
been  developed  with  multi-canopied  vegetation  that  mimics  native  forest  (F).  The litter  inputs and  year-
round presence  of the  tree  rhizosphere  in  ISS, contribute  to  the  formation  of “fertile  islands,”  which  is
expected  to  impact  biological  activity  and  crop productivity.  This  study,  investigated  the  impact  of  the
conversion  of  CP to  ISS,  as  well  as  the  effect  of  canopy  of Prosopis  juliflora  trees  in  a  chronosequence  of  ISS
(3–15  years)  on  soil  microbial  communities  and  the physicochemical  properties  of  soil.  FAME (fatty  acid
methyl  ester)  profiles  indicated  that  soil  microbial  community  structure  and  composition  shifted  depend-
ing  on  land  management  systems.  CP  promoted  the dominance  of G− bacteria,  while  ISS chronosequence
and  F  favored  actinomycetes  and  fungal  biomass  (total and  arbuscular  mycorrhizal  fungi).  In addition,
soil  microbial  community  (FAME  profiles)  of ISS  chronosequence  and  F were  more  similar  than  with  CP.

An increase  in  the  Cy/pre  FAME  ratio  in  CP suggested  that  the  microbial  community  was  under  higher
stress.  The  advantage  of including  trees  in  pasture  systems  was  reinforced  by  the  observation  that  FAME
biomarkers,  enzymatic  activities  and  nutrient  status  were  significantly  higher  beneath  the  canopy  of  P.
juliflora.  The  results  indicate  that ISS  are  viable  alternatives  for  improving  soil  quality  and  metabolic  func-
tion,  which  is reflected  in the significant  increase  in  microbial  biomass,  FAME  biomarkers  and  enzyme
activities  compared  with  CP.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

The conversion of tropical forests for cattle ranching using con-
entional grass monoculture pastures (CP) is one of the principal
auses of the environmental deterioration in Latin America (Nair
t al., 2009; Murgueitio et al., 2011). Conventional land man-
gement is often associated with monoculture, tillage, irrigation,
urning, application of pesticides or fertilizers and the use of heavy
achinery. These agricultural practices contribute to the loss of

iodiversity, changes in the quantity and quality of plant residues
nd nutrient inputs to soil, alteration of soil structure, which finally

roduce a resource degradation due to soil erosion and nutrient
epletion, influencing the size, composition, and function of the soil
icrobial community (Ekenler and Tabatabai, 2003; Pagiola et al.,

∗ Corresponding author at: Unidad de Saneamiento y Biotecnología Ambiental –
SBA, Cra 7. No 40-62, Colombia. Tel.: +57 13208320x4169.

E-mail address: fabio.roldan@javeriana.edu.co (F. Roldan).

167-8809/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.agee.2012.01.022
2007; Acosta-Martínez et al., 2010; Giraldo et al., 2010; Jangid et al.,
2011).

Agroforestry systems have been considered as a sustainable land
use alternative for CP, as they are characterized by having lay-
ered vegetative canopies, extensive and deeper rooting systems
that mimic  the native forest (F). Silvopastoral systems (SS) are a
specific type of agroforestry system that combine trees, woody
shrubs, and grass species with animal grazing. Among the variety
of SS, those known as intensive silvopastoral systems (ISS) inte-
grate fodder shrubs planted at high densities (>10,000 plants ha−1),
intercropped with improved, highly-productivity pastures and tim-
ber trees, all combined in a system that can be directly grazed by
livestock (Murgueitio et al., 2011).

There are a number of known mechanisms by which woody
species and shrubs can improve soil quality in agroforestry sys-

tems. Trees and shrubs supply leaf/stem litter, root mass and
rhizosphere-associated microbial activity, providing a large quan-
tity and diversity of organic matter (Diedhiou et al., 2009; Kaur
et al., 2002), while deep roots can concentrate nutrients to the soil

dx.doi.org/10.1016/j.agee.2012.01.022
http://www.sciencedirect.com/science/journal/01678809
http://www.elsevier.com/locate/agee
mailto:fabio.roldan@javeriana.edu.co
dx.doi.org/10.1016/j.agee.2012.01.022
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urface by root turnover (López-Pintor et al., 2006; Molina et al.,
008). Similarly, other plants and animals can take refuge beneath
he canopy, providing easily decomposable material that enhances
oil fertility (Dossa et al., 2008, 2010; Reis et al., 2009). As a result,
groforestry systems such as SS, enhance carbon sequestration,
mprove soil physicochemical properties, protect watersheds and
oils from erosion and contribute to increase biological diversity
nd agriculture sustainability (Pagiola et al., 2007; Nair et al., 2009;
iraldo et al., 2010; Moç o et al., 2010; Vallejo et al., 2010; Yadav
t al., 2011). For these reasons, the SS are now being adopted and
romoted in Colombia as well as in other tropical countries.

Prosopis spp. are among the predominant trees in agroforestry
ystems and in the SS of South America (Wick et al., 2000; Herrera-
rreola et al., 2007; Molina et al., 2008; Wick and Tiessen, 2008).
his legume tree is considered an important component of the
ystem, because it serves as a source of high quality animal feed, tol-
rates a wide range of soils and environments (e.g., saline, alkaline
nd waterlogged), it can be sold for fuel and timber, and improves
oil physiochemical and biological properties, generating “fertil-
ty islands” or “resource islands” beneath its canopy (Reyes-Reyes
t al., 2007; Ruiz et al., 2008; Wick and Tiessen, 2008; Diedhiou
t al., 2009; Dossa et al., 2010).

There is considerable information about how representative
pecies of the genus Prosopis positively affect soil physicochemical
roperties in various ecosystems ranging from desert shrublands to
groforestry systems (Schade and Hobbie, 2005; Wick and Tiessen,
008; Yadav et al., 2008; Perroni-Ventura et al., 2010). However,
he effects of their canopies varies according to the Prosopis species
ue to the differences in the quantities and composition of lit-
er fall, root debris and root exudates among tree species (Wick
t al., 2000; Ushio et al., 2010). In addition, other factors such as
limatic conditions (precipitation and air temperature), land man-
gement practices, soil texture, age of the trees and agroforestry
omposition, might affect soil physicochemical properties as well.
herefore, research findings cannot be generalized for all sites with
ifferent plant diversities, soil managements and climates (Schade
nd Hobbie, 2005; Kahi et al., 2009; Reis et al., 2009). On the other
and, studies regarding the influence of Prosopis juliflora canopy

n ISS on soil microbial communities have only focused on its
ffect on microbial biomass as well as bacteria, fungi and actino-
ycetes counts (Frias-Hernandez et al., 1999; Reyes-Reyes et al.,

002, 2007; Rodríguez-Zaragoza et al., 2008); thus, their effect on
tructure and composition of soil microbial communities, as well
s their role in biogeochemical processes remain largely unknown
Ewing et al., 2007; Diedhiou et al., 2009).

In 1993, ISS were introduced at the nature reserve, “El Hatico”
n Colombia. Since then, this farm has been developing ISS live-
tock production systems by establishing diverse plant species and
argely eliminating external chemical inputs and maximizing bio-
ogical interactions. Several benefits have been recognized due to
SS adoption within this nature reserve, including increased meat
nd milk production, improvement of soil quality, availability of
orage during the extreme drought season, protection of water
ources, reduction of pest and disease occurrence, and increase of
oil macroorganisms diversity (Molina et al., 2008; Vallejo et al.,
010; Murgueitio et al., 2011). For these reasons the reserve “El
atico,” provides a unique opportunity to study ISS because their

oils are relatively homogenous and it is laid out with spatially sep-
rated paddocks allowing true landscape replication. In addition,
hese system were gradually converted from CP to SSI (since 1993),
hich facilitate the documentation of changes in soil properties

hrough time (chronosequence).

Changes in the microbial communities structure and composi-

ion are likely to be reflected in the functional integrity of the soil,
ecause they control the potential for enzyme-mediated soil pro-
esses, which drives biogeochemical cycles (Acosta-Martínez et al.,
and Environment 150 (2012) 139– 148

2007, 2008). Therefore, understanding biochemical and microbi-
ological changes following implementation of land management
systems can help us make science-based decisions to select land
management practices in order to improve ecosystem services
(i.e., nutrient cycling and C sequestration) and enhance the sus-
tainability of livestock ecosystems (Acosta-Martínez et al., 2010,
2011). Although several and extensive studies on soil microbial
communities and metabolic potential under different land man-
agement practices (including some agroforestry systems) can be
found in the literature (Udawatta et al., 2008, 2009; Meriles et al.,
2009; Acosta-Martínez et al., 2010; Jangid et al., 2011; Paudel
et al., 2011; Yadav et al., 2011), little has been reported on the
responses of soil microbial community to the conversion of CP
to ISS (Vallejo et al., 2010), which is important to gain better
understanding on the ecological interactions and benefits in these
systems.

The main objective of this study was  to investigate the effect of
three land management systems (ISS chronosequence: 3–15 years,
CP and F) on soil microbial communities using fatty acid methyl
ester profiling (FAME) and the activities of enzymes involved in C
(�-glucosidase), P (acid and alkaline phosphatase) and N (urease)
cycling. A further objective was  to determine if P. juliflora, a domi-
nant tree of the ISS chronosequence, functions as a resource island
positively affecting the physicochemical properties, soil microbial
communities, and enzyme activities.

2. Materials and methods

2.1. Experimental site description and design

The study was conducted at “El Hatico” nature reserve and in
the adjacent conventional pastures (CP) located in the municipal-
ity of El Cerrito in the Departamento del Valle del Cauca-Colombia
(3◦47′N, 76◦16′W).  Additional details about the environmental
conditions of this site can be found at Vallejo et al. (2010) and
Murgueitio et al. (2011). The reserve includes diverse production
systems with 140 ha of ISS for cattle ranching, 100 ha of organic
sugar cane, 25 ha of bamboo and 14 ha of native forest (F). In this
study we analyzed three land management systems that represent
two types of livestock activity (CP and ISS) and an undisturbed F
as a reference of climax condition. In addition, we study an ISS
chronosequence of 3–6 (ISS3); 8–10 (ISS8); and 12–15 (ISS12) years
old.

The dry tropical forest, which is among the last forest in the
Departamento del Valle del Cauca, is situated within “El Hatico”
and is over 80 years old. The dominant forest plant species consist
of Anacardium excelsum, Xylopia ligustrifolia, Ficus sp., Cecropia sp.,
Bombacopsis sp., Myrcia popayanensis and Ceiba pentandra.

The 30 years old CP treatment is a monoculture of native grass
(Cynodon plectostachyus), characterized by having no tree cover. It
is intensively managed under rotational grazing where adult dairy
cattle and fighting bulls are forced to graze (9–12 head ha−1); in
addition, the pasture has a rest period after grazing of 28 days.
The CP treatment was  tilled with a moldboard plow at 15-cm
depth; about 300 kg urea ha−1 yr−1 and Picloram® (2.5 L ha−1) for
weed control were applied once or twice a year during the rainy
season. Generally, pastures are irrigated by sprinklers after graz-
ing to promote the regrowth for the next grazing cycle in all
paddocks.

Before conversion to ISS, “El Hatico” was managed under con-
ventional livestock practices, receiving chemical fertilization with

urea (400 kg ha−1 yr−1), application of herbicides for weed control,
irrigation during dry periods and keeping pastures low in tree cover
(<10 trees ha−1). By the end of the 1970s, the first attempts were
made to promote natural regeneration in order to increase tree
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over, and since 1993–2005, ISS treatments were gradually intro-
uced with three-layered strata of herbaceous forage at ground

evel, shrubs at the intermediate level, and tree species forming
he upper canopy.

The bottom stratum was comprised of Cynodon plectostachyus
nd Paniccum maximum var. Tanzania and Mombasa grasses (ISS3
nd two replicates in ISS8) and Cynodon plectostachyous (ISS12). The
ntermediate level in all ISS is an understory of 10,000 Leucaena
eucocephala shrubs per ha with a distance of 1.3 m between fur-
ows, which have been planted at high density for browsing. Finally,
he upper canopy is mainly composed by native trees, which have
een left within the ISS (15 trees ha−1). P. juliflora is the dominant
ree species with an approximate age of 15–20 years old in all ISS
hronosequence. The ISS3 paddocks had 5–7 heads of calves ha−1,
hile the ISS8 and ISS12 had 4–5 heads ha−1 of adult dairy cattle.

he livestock graze in ISS chronosequence for 4 days out of 40 on
ny given paddock.

The study had a completely randomized experimental design
ith five treatments (CP; F; ISS3; ISS8 and ISS12). Each treatment
ad three spatially separated replicates, and for the ISS chronose-
uence and CP each replicate comprised a 10 ha plot divided into 12
razing paddocks. In each replicate two sub-sampling plot (9 m2)
ere established and 20 soil cores (0–10 cm deep, 2.5 cm diame-

er) were taken randomly and composited to generate two samples.
or the F sites, the litter layer was removed prior to sampling. To
tudy spatial effect of the tree component (P. juliflora) on soil phys-
cal, chemical and biological properties in the ISS, a composite of 20
ubsamples was concentrically taken at ∼2 m radius from the tree
runk (beneath the canopy). The sampling was done at a single tree
ithin each replicate plot. Soil samples were taken in May  2008 and

009, and were sieved (2 mm),  placed in plastic bags, kept on ice and
tored at 4 ◦C after arrival at the laboratory. Table 1 shows the soil
hysical and chemical characteristics of the ISS chronosequence,
P and F treatments.

.2. Physicochemical analyses

Soil pH was determined in a 1:1 soil:water (w/w) ratio (EPA,
995). Total sand, silt and clay contents were determined as
escribed by Bouyoucos (1962),  and available phosphorous by the
ray II extraction method (Bray and Kurtz, 1945). Total N was  deter-
ined by Kjeldahl analysis (Bremner and Breitenbeck, 1983) while

rganic C, N-NO3
−, N-NH4

+ and bulk density (BD) were evaluated
y IGAC (1990).

.3. Enzyme activities

Acid and alkaline phosphatase and �-glucosidase activities were
etermined according to Dick et al. (1996),  and were expressed
s �g pNP g−1 h−1. Urease activity was measured as described by
andeler et al. (1999) and the results were expressed as �g N-
H4

+ g−1 2 h−1.

.4. Microbial community analyses

Fatty acids were extracted from soil samples using the total
ster-linked fatty acid methyl ester (EL-FAME) method as described
y Schutter and Dick (2000).  The internal standard methyl nonade-
anoate (C19:0, Supelco Inc.) was added to each EL-FAME sample,
hich allowed calculation of FAME concentrations (Zelles, 1999).
nalysis of FAMEs was performed with a Hewlett-Packard 5890

eries II gas chromatograph (GC) equipped with a HP Ultra 2 cap-
llary column and a flame ionization detector. The GC temperature
rogram ramped from 170 to 270 ◦C at 5 ◦C min−1. FAME analy-
is was performed using the software package Sherlock Microbial
and Environment 150 (2012) 139– 148 141

Identification System, version 4.5 (MIDI, Inc. Newark, NJ) and TSBA
40 database.

The viable microbial biomass was calculated by summing FAME
concentrations (FAMETot) and reported as nmol FAME g−1 dry
weight of soil (nmol g−1 soil) (Frostegård and Bååth, 1996; Diedhiou
et al., 2009). The fatty acids i15:0, a15:0, 15:0, i17:0, i16:0, a17:0,
17:0, cy17:0, 18:1�7c, and cy19:0 were chosen to represent bacte-
rial biomass (Bardgett et al., 1999, 2001; Moore-Kucera and Dick,
2008). The fatty acid 18:2�6,9 was used as an indicator of fun-
gal biomass and the fatty acid 16:1�5 was  selected to represent
arbuscular mycorrhizal fungi (AMF) (Bastida et al., 2008; Diedhiou
et al., 2009). Biomarkers for major bacterial groups were calcu-
lated by summing FAMEs as follows: Gram-positive bacteria (G+)
biomarkers were a15:0, i15:0, i16:0, a17:0 and i17:0 (Grayston
et al., 2004); selected monounsaturated and cyclopropane FAMEs
(16:1�7c, 17:1�8, 18:1�7c, 17:0cy and 19:0cy) served as indica-
tors for Gram-negative bacteria (G−) (Bardgett et al., 1996; Zelles,
1999); and the sum of the methyl branched FAMEs (10Me17:0,
10Me16:0 and 10Me18:0) were used as an indicator of actino-
mycetes (Zelles, 1999). The ratio of fungal:bacterial (F/B) FAME
was used as an indicator of changes in the relative abundance
of these two microbial groups (Bardgett et al., 1996). The ratio
between the concentrations of FAME 17:0cy and 19:0cy and their
precursors (16:1�7c and 18:1�7) was  used to evaluate the stress
status of bacterial communities (Kaur et al., 2005; Fernandes et al.,
2011). Variations in this ratio have been associated with the degree
of environmental stresses experienced by microbial communities
under different land management systems (Diedhiou et al., 2009;
Frostegård et al., 1993; Meriles et al., 2009; Moore-Kucera and Dick,
2008; Ponder and Tadros, 2002).

Because there were differences in soil texture (Table 1) among
the land management treatment sites, organic C, microbial biomass
and the biomarkers selected (see below) were normalized on clay
content basis (Vallejo et al., 2010). We  preferred clay normalization
rather than organic carbon normalization since these properties are
normally correlated but in contrast to organic carbon content the
clay content is not modifiable by agricultural or livestock activities
and only change over geologic time periods (Cárdenas-Manríquez
et al., 2006). In addition, previous work has demonstrated that the
clay content has a strong impact on most soil properties, most
notably on nutrient availability, soil porosity, water movement and
aeration, which can affect microbial biomass and FAME biomarkers
(Plante et al., 2006; Six et al., 2006; Wang et al., 2003). For these rea-
sons, normalizing of data based on a stable property, eliminates or
minimizes the soil texture effect and would detect the more subtle
land management practice effects on organic C and microbiolog-
ical properties. This was  supported in our study by a preliminary
data analysis that showed clay content to be negatively or pos-
itively correlated with FAME biomarkers and microbial biomass
(r = 0.35–0.88**).

2.5. Data analysis

Results of soil chemical, microbial biomass and enzyme assays
were tested for normal distribution (Shapiro–Wilk test) and homo-
geneity of variances (Levene test) prior to statistical analysis.
Analysis of variance (ANOVA) was  used to determine the effects
of land management practices on soil physicochemical properties,
enzyme activities, microbial biomass and FAME biomarkers. The
Tukey multiple-range test was  used for means separation. In addi-
tion, a two factor ANOVA using location (beneath or outside canopy)
and ISS age (chronosequence) as factors was carried out to deter-

mine whether canopy or age had effects on all variables analyzed
or if they interacted. Correlations (Pearson) of physicochemical and
soil enzyme activities with FAME biomarkers were calculated in
order to relate functions to specific microbial functional groups.
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Table 1
Physical and chemical properties of soils under different land management and ISS chronosequence (n = 12).

Land
management

Texture
class

Sand
(%)

Silt
(%)

Clay
(%)

OCa

(%)
C clay−1 ×
100 (%)

Total N
(%)

WCa

(%)
pH BDa

(g cm−3)
N-NH4

+

(mg  kg−1)
Available P
(mg  kg−1)

N-NO3

(mg kg−1)

F Clay loam 28b 38b 34b 2.84b 8.41b 0.25a 23a 7.60a 1.21c 3.73c 93.32a 5b
CP Silty  clay 10c 49a 41a 3.12a 7.62b 0.21a 13b 7.06b 1.50a 12a 94.17a 11.73a
ISS3 Clay loam 30ab 40b 30c 2.50c 8.49b 0.23a 16b 7.13b 1.42ab 7.81b 83.44a 9.12a
ISS8 Clay loam 32a 41b 27c 2.26c 8.28b 0.24a 14b 6.96b 1.40b 7.28b 88.91a 11.52a
ISS12 Clay loam 33a 40b 27c 2.49c 9.29a 0.24a 15b 6.93b 1.35b 6.88b 86.47a 12a

Adapted from Vallejo et al. (2010).
Values with the same letter in a column were not significantly different at p < 0.05 among the land management treatments. Ammonia, nitrate and available P were expressed
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general, there were significant differences due to land manage-
ment for all FAME biomarkers (Table 3). Most notably, CP caused a
significant decrease in the density of FAME biomarkers from fungi,

BD

Clay

Nitrate

Amm onium

pH
Moisture

C/Clay

PR

-2,0

-1,0

0,0

1,0

2,0

A
x
is

 2
 (

1
4

 %
)

ISS-12
ISS-8
ISS-3
CP
F

n  units per gram soil (dry weight).
a OC, organic carbon; WC,  water content; BD, bulk density.

ll statistical analyses were done using SPSS for Windows (Version
5.0 Inc., Chicago, IL).

Comparisons among FAME profiles under different land uses,
SS chronosequence, and beneath and outside the canopy were
nalyzed by principal component analysis (PCA). The eigenvec-
ors loading scores for the individual FAME signatures were used
o assess the relative importance of individual FAMEs in the cal-
ulation of the principal component axes. Analysis of similarity
ANOSIM) based on Bray–Curtis similarity matrix was used to
xamine the statistical significance of grouping. In the statistic out-
ut, the global R takes a value of 0 if there is no separation of the
oil microbial community structure due to the factor analyzed, and

 if total separation takes place (Ramette, 2007).
In addition, comparisons among FAME profiles (taken as fin-

erprints of the microbial community) and relationships between
AME profiles, soil physicochemical properties and enzyme activ-
ties were analyzed by Canonical Correspondence Analysis (CCA).
ll soil environmental variables were tested for significant con-

ribution to the explanation of the variation in the FAME
ata with the Monte-Carlo permutation test (999 permutations)
ssociated with the subroutine in PC-ORD. Non-uniform scale vari-
bles were transformed and standardized. PCA and CCA were
onducted using PC-ORD MjM  Software, Gleneden Beach, OR
version 5.0).

. Results

.1. Physicochemical properties

Soil physicochemical data from 2008 sampling (as reported
y Vallejo et al., 2010) were combined and averaged with data
ollected in 2009 (Table 1). The new data set is similar to the
reviously reported but slightly different in the following param-
ters: total N, nitrate, ammonium, available P, moisture and pH
data not shown). Soil texture for ISS chronosequence was signifi-
antly different than CP or F (Table 1). In addition, bulk density (BD),
H, organic C, organic C/clay (C/clay), ammonia, nitrate and water
ontent differed significantly among land management treatments
p < 0.05).

Within the ISS chronosequence, the factorial analysis suggests
hat P. julifora canopy had more important influence on soil proper-
ies than the age of ISS itself. The canopy of P. julifora had significant
ffect on organic C, total N, nitrate, available P and BD (p < 0.05),
ut not on soil texture, water content and pH (Table 2). On the

ther hand, soil physicochemical properties under the canopy of P.

ulifora were similar across ISS chronosequence, except for avail-
ble P, which was significantly higher in ISS8 (Table 2). Likewise,
he majority soil physicochemical properties outside the canopy of
. julifora had no significant difference across ISS chronosequence,
xcept for C/clay and BD (Table 2).
3.2. Soil microbial community structure and stress indicators

Land management practices had a significant effect on the
structure and composition of soil microbial community (ANOSIM,
global R value: 0.81; p < 0.0001) (ordination diagram not shown).
Moreover, the ISS chronosequence and F soil microbial communi-
ties were more similar (R = 0.44) than the F and CP communities
(R = 0.86). The eigenvector loadings showed that the most impor-
tant fatty acids explaining variability for the principal component
(PC) 1 belonged to G− and G+ bacteria (cy19:0, i14:0, i16:0 and
i17:0). In addition, fatty acids from fungi, actinomycetes, and AMF
(18:3�6c, 10Me17:0, 16:1�5 and 10Me16:0) were mostly respon-
sible for the distribution along PC2 axis.

The CCA further supported these findings, as plots displayed the
same separation among land management treatments (Fig. 1). CCA
analyses identified the environmental variables that best explained
the FAME profile patterns by the Monte-Carlo permutation test
(Fig. 1). The ordination plot, indicated that axes 1 and 2 described
20% and 14%, respectively of the variation in the data (p = 0.001)
(Fig. 1). PR, BD, ammonium, moisture and nitrate were the most
important variables associated with the first axis; and clay, organic
C/clay and pH were associated with the second axis, suggesting
that physicochemical properties under different land management
systems significantly influenced the soil microbial community. In
-2,0 -1,0 0,0 1,0 2,0

Axis 1 (20 %)

Fig. 1. Canonical correspondence analysis (CCA) ordination diagram of FAME pat-
terns with soil physicochemical parameters (represented by arrows) from different
land management. ISS, intensive silvopastoral systems; CP, conventional pastures;
F,  forest; PR, penetration resistance; BD, bulk density.
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Table 2
Physical and chemical properties of soils beneath and outside the canopy of Prosopis juliflora trees for ISS chronosequence.

ISS12 ISS8 ISS3

Physicochemical properties Beneath canopy Outside canopy Beneath canopy Outside canopy Beneath canopy Outside canopy

Sand (%) 33a 33a 34a 32a 35a 30a
Silt  (%) 41a 40a 42a 41a 39a 40a
Clay  (%) 25a 27a 24a 27a 26a 30a
Total  C (%) 2.71a 2.49a 2.68a 2.26b 2.87a 2.50b
Total  N (%) 0.30a 0.24b 0.31a 0.24b 0.30a 0.23b
WCa (%) 18a 15a 16a 14a 18a 16a
BDa (g/cc) 1.31a 1.35a 1.35a 1.40a 1.37a 1.42b
pH  6.97a 6.93a 7.22a 6.96a 6.95a 7.13a
Available P (mg  kg−1) 175a 86.47b 335a 88.91b 139a 83.44b
N-NO3

− (mg  kg−1) 38.6a 12 32a 11.52b 33.4a 9.12b

Pairs of values within a row (beneath and outside of canopy shrubs in the chronosequence SS) and a SS treatment with the same lower case letters are not significantly
different at p < 0.05.

a WC,  water content; BD, bulk density.

Table 3
Distribution of soil microbial community by FAME analyses in the different land management and ISS chronosequence. The clay ratios biomarkers over the different land
management are shown.

Biomarkers ISS12 (nmol g−1 clay) ISS8 (nmol g−1 clay) ISS3 (nmol g−1 clay) CP (nmol g−1 clay) F (nmol g−1 clay)

Bacteria 4.84a 4.10b 4.26b 4.39b 4.01b
Fungi  0.33a 0.34a 0.35a 0.28b 0.37a
Gram-positive bacteria 4.09a 3.12c 3.58b 3.36bc 3.23bc
Gram-negative bacteria 2.15b 2.10b 2.19b 2.60a 2.12b
Actinomycetes 1.52a 1.46a 1.50a 1.30b 1.53a
AM  fungi 0.45a 0.44a 0.47a 0.35b 0.43a
F/B  ratio 0.07a 0.09a 0.08a 0.06b 0.09a

V  at p <

A
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Cy/pre  ratio (microbial stress indicator) 1.17b 1.16b 

alues with the same lower case letters within a row are not significantly different

MF  and actinomycetes, while those related to G− bacteria were
ignificantly higher in comparison with the other land management
ractices (Table 3).

On the other hand, PCA showed that soil microbial communities
ere significantly different among the ISS chronosequence outside

f canopy (ANOSIM, global R value: 0.70, p < 0.0001) (Fig. 2). Eigen-
ectors loadings indicated that FAMEs from total and G+ bacteria

ere all heavily weighted on both PC1 (16:1�9, 16:0, a17:0, a15:0,

16:0) and PC2 (15:0, a15:0, i15:0 and i17:0). Similarly, ANOVA
nalyses indicated that total and G+ bacteria FAME biomarker den-
ities were significantly higher in the oldest ISS (ISS12) (Table 3).
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ig. 2. Principal components ordination of microbial community FAME pro-
les from the ISS chronosequence treatments (ISS12–ISS3–ISS8). Percent variance
xplained by each principal component is shown in parentheses. ISS, intensive
ilvopastoral systems; CP, conventional pastures; F, forest.
1.21b 1.55a 1.02c

 0.05 among the land management systems.

The canopy showed a significant effect on soil microbial com-
munity (ANOSIM, global R value: 0.53; p < 0.0001). The first PC in the
PCA accounted for 59% of the variance and the second PC accounted
for 15% (Fig. 3). The fatty acids that most contributed to PC1 axis
belonged to actinomycetes and G+ bacteria (10Me18:0, i16:0, i15:0,
i14:0, a17:0) while fatty acids from G+ bacteria and AMF  (a15:0 and
16:1�5, respectively), were mostly responsible for the distribution

along of PC2.

There was  a significant effect by P. juliflora canopy in ISS
chronosequence on all the FAME biomarkers, except for F/B and
Cy/pre ratios (p > 0.05) (Table 4). The ISS chronosequence under P

Axis 1 (59%)
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x
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 (
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%
)

Outside
Beneath

Fig. 3. Principal components ordination of microbial community FAME profiles
from soil beneath and outside the canopy of Prosopis juliflora in ISS chronosequence.
Percent variance explained by each principal component is shown in parentheses.
ISS, intensive silvopastoral systems; CP, conventional pastures; F, forest.
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Table 4
Distribution of soil microbial community by FAME analyses beneath and outside the canopy of Prosopis juliflora trees for the chronosequence ISS.

ISS12 (nmol g−1 clay) ISS8 (nmol g−1 clay) ISS3 (nmol g−1 clay)

Microbial properties Beneath canopy Outside canopy Beneath canopy Outside canopy Beneath canopy Outside canopy

FAME biomarkers
Bacteria 6.04a 4.84b 6.16a 4.10b 5.77a 4.26b
Fungi  0.46a 0.33b 0.54a 0.34b 0.57a 0.35b
Gram-positive bacteria 5.42a 4.09b 5.42a 3.12b 5.10a 3.58b
Gram-negative bacteria 2.84a 2.15b 3.14a 2.10b 2.93a 2.19b
Actinomycetes 2.07a 1.52b 2.12a 1.46b 2.09a 1.50b
AMFa 0.52a 0.45b 0.61a 0.44b 0.54a 0.47a
F/B  ratio 0.07a 0.07a 0.09a 0.09a 0.09a 0.08a
Cy/pre ratio (microbial stress indicator) 1.07a 1.17a 1.14a 1.16a 1.10a 1.21a
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airs values within a row (beneath and outside of canopy in ISS) and ISS treatment 

a AMF, arbuscular mycorrhizal fungi.

uliflora did not have a significant effect on microbial biomarkers
data not shown). In addition, total bacteria, G+ and G− bacteria,
ungi, AMF (except in ISS3) and actinomycetes FAME biomarkers
ere significantly higher beneath than outside the canopy (Table 4).

Finally, the microbial stress indicator: cy/pre stress ratio was
ignificantly higher in CP and lowest in F (Table 3). In addition, the
orrespondence ordination the Cy/pre ratio vector pointed toward
he CP clustering in the CCA analysis (Fig. 4), indicating that the soil

icrobial community under CP was under greater stress compared
o the other land management systems.

.3. Microbial biomass and enzyme activities beneath and
utside the P. juliflora canopy

In general, the ISS chronosequence beneath canopy of P. juliflora
ad no effect on enzyme activities and soil microbial biomass,
xcept for phosphatase alkaline activity, which was significantly
igher in ISS8 (Table 5). In contrast, there was a significant effect
ue to the presence of P. juliflora canopy in our ISS on soil microbial

iomass and enzyme activities (Table 5). Except for phosphatase
lkaline activity in ISS12 and ISS3, enzyme activities and micro-
ial biomass were always higher beneath the tree canopy. On the
ther hand, there was a significant effect of ISS chronosequence
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ig. 4. Canonical correspondence analysis ordination plot of the relationships
etween microbial community FAME profiles and the soil enzymes activities and
iomarkers (as arrows) from three-land management and ISS chronosequence
ISS12–ISS8–ISS3). ISS, intensive silvopastoral systems; CP, conventional pastures;
,  forest.
he same lower case letters are not significantly different at p < 0.05.

outside canopy on �-glucosidase and acid phosphatase activities
(ISS12 > ISS8 > ISS3) and soil microbial biomass (ISS12 ≥ ISS3 > ISS8)
(Table 5), however, it was  dependent on soil sampling event (data
not shown).

Nevertheless this was dependent on the epoch of sampling.

3.4. Correlation of FAME biomarkers with the enzyme activities

Additional analyses with CCA revealed that enzymes activities
and FAME biomarkers were clustered according to management
practices (Fig. 4). The small angles between the vectors of Cy/pre,
F/B, G− bacteria, �-glucosidase activity, AMF  and total fungi with
the axis 1 indicated their contribution to this axis, which accounted
for 20% of the variance data; this also indicated their important con-
tributions to the treatment separation. The analysis also showed
that Cy/pre ratio and G− bacteria were higher in CP, and the other
biomarkers and enzymatic activities were highest in ISS chronose-
quence and some of them in the F (Fig. 4).

Significant correlations were detected between microbial
groups and activities of several hydrolytic enzymes involved in
the cycling of organic C, N, and P (Table 6). �-Glucosidase activity
was correlated with all biomarkers except to G− bacteria, how-
ever the higher correlation of this activity was found with AMF
and total fungi, this was further confirmed in the CCA analy-
ses (Fig. 4). Phosphatase activities correlated mainly with total
fungi and AMF, and urease activity with total bacteria and fungi
(Table 6).

4. Discussion

In a previous study we  were able to show that some soil
properties (C/clay, BD and penetration resistance-PR), as well as,
enzymatic activity and microbial biomass were improved in ISS
over CP (Vallejo et al., 2010). The present study demonstrates that
these changes are accompanied with modifications in soil micro-
bial community structure and composition. Furthermore, it shows
the importance of the inclusion of trees (P. juliflora) and shrubs for
improving soil quality in ISS. Results suggest that the soil microbial
community structure and composition in ISS chronosequence are
more similar to those from native forest, which probably reflects a
healthier soil than in CP.

4.1. Land management effect and ISS chronosequence on soil
microbial community

Soil microbial communities were clearly clustered according to

management systems, suggesting that different land management
practices generate different and unique ecological niches to soil
microbial communities (Acosta-Martínez et al., 2007, 2008, 2010;
Clegg et al., 2003; Jangid et al., 2011; Meriles et al., 2009; Parfitt
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Table 5
Enzymes activities and microbial biomass beneath and outside the canopy of Prosopis juliflora trees for ISS chronosequence.

ISS12 ISS8 ISS3

Biological properties Units Beneath canopy Outside canopy Beneath canopy Outside canopy Beneath canopy Outside canopy

�-Glucosidase (�g pNP g−1 soil h−1) 278.86A* 197.60a 268.31A* 132.55b 240.19A* 151.73b
Acid  phosphatase (�g pNP g−1 soil h−1) 641.96A* 515a 569.20A* 429.92b 558A* 405.11b
Alkaline phosphatase (�g pNP g−1 soil h−1) 494.02B 429.67a 593.74A* 446.07a 459.09B 397.56a
Urease (�g  N-NH4

+ g−1 soil 2h−1) 144.21A* 91.48a 111.36A* 82.90a 119.70A* 81.87a
FAMETot (nmol g−1) 514A* 433.93a 461.09A* 368.45b 510.86A* 419.34a

Sites with the same uppercase letters are not significantly different at p < 0.05 in ISS chronosequence beneath canopy.
Sites  with the same lowercase letters are not significantly different at p < 0.05 in ISS chronosequence outside canopy.
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* Significantly differences at p < 0.05 beneath and outside of canopy.
ll analyses were expressed by soil dry weigh. The normalization by clay content
utside  the canopy.

t al., 2010). The management-induced changes on soil micro-
ial community could be a consequence of modifications in their
icrohabitats and substrate availability that discourage or favor

he growth of selected microbial groups. For example, CP negatively
ffected the abundance of fungal biomarkers (total and AMF) and
he F/B ratio, which can be related with the low biomass return
ue to monoculture, overgrazing and physical soil disturbance
aused by agricultural machinery traffic that disrupt fungal hyphae
Bardgett et al., 2001; Drenovsky et al., 2010; Kaur et al., 2005;

eriles et al., 2009; Simmons and Coleman, 2008). In contrast,
SS favored the abundance of fungal biomarkers, which can rep-
esent an important change in soil quality because fungi can have
eneficial properties. This includes hyphal growth and exudation
f organic compounds that form and stabilize macroaggregates,
hich in turn improves aeration, root penetration and C protec-

ion (Gupta and Germida, 1988; Diedhiou et al., 2009). The fungal
esponse in the ISS system was further supported by their wider F/B
atio compared to CP, which is in agreement with previous reports
howing higher F/B ratio within an integrated cropping-livestock
nd agriculture systems under no tillage (Acosta-Martínez et al.,
010; Fernandes et al., 2011). Thus, F/B ratio in our study was a
ensitive indicator for detecting the microbial effects between a
onventional livestock system that depends mainly on synthetic
nputs (i.e., fertilizers and pesticides) and a low-input farming sys-
em with higher vegetative species diversity (Bardgett et al., 1999,
001; Acosta-Martínez et al., 2010).

Another indicator suggesting that ISS is beneficial to soil micro-
ial community is the significant differences found in the Cy/pre
atios across land management systems. The increase in cy17:0
nd cy19:0, which modifies the fluidity of the membrane, is a com-
on adaptation mechanism developed mainly by G− bacteria in

esponse to an external stress or physical disturbance (Kaur et al.,
005; Ponder and Tadros, 2002). In our study, the higher Cy/pre
atio in CP indicates physiological stress of soil microbial commu-
ities due to lower organic matter inputs, as well as higher soil
ompaction, which can result in a reduction of bacterial growth

ate and/or an increase in C sources limitation (Meriles et al., 2009;
onder and Tadros, 2002; Fernandes et al., 2011). These results
ere supported by the positive correlations of Cy/pre ratios with
D (r = 0.74**) or PR (r = 0.80**), as well as a negative correlation

able 6
orrelation coefficients (r) of the biomarkers revealed by FAME analysis with enzymatic a

Enzyme activities Total bacteria Total fungi AMF

�-gluc 0.35** 0.43** 0.41
P. Alk NC 0.32* 0.30
P.  Acid 0.40** 0.50** 0.29
Urease 0.42** 0.37** NC 

C, no significant correlation at 5%. �-gluc, �-glucosidase activity; P. Alk, phosphatase alk
* Significant at 5% of probability.

** Significant at 1% of probability.
ot done for these data as there were no textural differences in soils beneath and

with organic C/Clay (r = −0.44**). In addition, this ratio has also
been related to stress imposed by agricultural management such
as: burning, pesticide and fertilizer applications, reduced C inputs,
heavy metal toxicity, osmotic stress, drought, and anaerobic con-
ditions (Asuming-Brempong et al., 2008; Drenovsky et al., 2010;
Grayston et al., 2004; Kaur et al., 2005; Simmons and Coleman,
2008).

Several soil physicochemical properties that can be affected
by land management have been reported to impact soil micro-
bial communities which includes soil moisture, pH, C and N
quality and quantity, BD, and porosity (Drenovsky et al., 2010;
Wakelin et al., 2008). Our CCA analysis suggests that soil micro-
bial community was mainly affected by BD and PR. As those
physical properties were also correlated with a higher microbial
stress status, it shows the importance of these factors control-
ling microbial community structure and composition. This was
supported by the negative correlations of PR and BD with micro-
bial biomass and FAME biomarkers (r values ranging from −0.32**
to −0.65**). The higher soil compaction may  generate less favor-
able conditions (reduce porosity and macropore continuity) for soil
microorganisms and their activities by causing limited gas diffu-
sion, nutrients and water movement (Pengthamkeerati et al., 2011;
Tan et al., 2005), thus severely altering the abundance of microbial
groups.

Our study also showed that soil microbial community struc-
ture and composition were similar between ISS and F, independent
of system age and vegetative composition among ISS chronose-
quence. ISS tends to shift microbial communities in a short period
of time (3 years) toward virgin soils that existed before CP manage-
ment systems were put in place. It is well known that agroforestry
systems provide a succession over time achieved by moving away
from dependency on continual and excessive disturbance, allowing
the development of all stages of ecological succession to generate
greater ecosystem stability until a climax stage.

The distinct PCA clustering of the ISS chronosequence shows
the integrated influence of agroforestry composition and live-

stock management on soil microbial communities. Although in
this study we  did not evaluate litter quality and rhizosphere
chemistry of grasses and trees species there are some evidences
that these parameters could be different in our ISS, probably

ctivities.

 G+ bacteria G− bacteria Actinomycetes

** 0.30* NC 0.29*

* NC NC NC
* NC NC NC

NC NC NC

aline; P. Acid, phosphatase acid.
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nfluencing soil biochemical properties (enzyme activities) and
icrobial communities (Galicia and García-Oliva, 2004; Lopes

t al., 2010; Myers et al., 2001; Murgueitio et al., 2011; Udawatta
t al., 2009; Wallenius et al., 2011). The CCA conducted only
ith ISS chronosequence and physicochemical properties (data not

hown), showed by the Monte Carlo test for randomization reached
 value of p > 0.05 for both eigenvalues and species: environ-
ent correlations. This suggested suggests that other unmeasured

hysicochemical factors (i.e., quality of the C inputs) potentially
nfluenced soil microbial communities in our chronosequence.

.2. Relationship between FAME profiles and biogeochemical
rocesses in the land management systems

Correlations between enzyme activities and FAME biomarkers
ay  provide information about the origin of soil enzymes, and

herefore the contribution of microbial groups to the cycling of
pecific nutrients (Waldrop et al., 2000). There was a significant
orrelation between �-glucosidase activity with several biomark-
rs (total bacteria, fungi, AMF, G+ bacteria and actinomycetes)
uggesting functional redundancy of soil microbial groups in per-
orming “broad processes” such as organic matter decomposition
Malchair et al., 2010). Among the FAME biomarkers, fungi (total
nd AMF) and G+ bacteria had the highest correlations with �-
lucosidase activity, which is consistent with Schutter and Dick
2001) and Diedhiou et al. (2009),  implying that these two groups
re important in decomposing organic matter in our land manage-
ent systems evaluated.
On the other hand, acid and alkaline phosphatase activities were

ignificantly correlated with AMF  and general fungal biomarker
hich have been previously reported in other studies (Acosta-
artínez et al., 2008; Bai et al., 2009; Ushio et al., 2010; Waldrop

t al., 2000). The expression of phosphate hydrolyzing enzymes
mainly phosphomonoesterases and phosphodiesterases) by AMF
epresents an important mechanism to increase P availability for
lants by mobilization of phosphates in agroforestry systems.
igher phosphatase activities found in ISS could confirm the impor-

ant role of fungal populations in the P cycling in this system, where
MF  biomarker was more elevated compared to CP.

Correlations between enzymes and specific microbial groups
lso suggest how shifts in microbial community structure could
ffect soil functions, and by extension, important ecosystem
ervices such as nutrient cycling. For example, reduction of �-
lucosidase, urease and phosphatase activities in CP compared to
SS could be attributed to changes in soil microbial group composi-
ion, mainly fungal microorganisms, as revealed by the significant
eduction of fungal FAME-biomarkers in CP and the strong correla-
ion of this microbial group with all enzymatic activities evaluated.

.3. Effect of Prosopis juliflora trees on soil physicochemical and
icrobiological properties

P. juliflora trees had a strong influence on soil physicochemical
roperties, enzymatic activities and FAME biomarkers. In general,
oil beneath the canopy had higher organic C, total N, nitrate,
vailable P and lower BD than soil outside. Our findings are in
greement with those described for other Prosopis spp. and trees
uch as: Ziziphus joazeiro, Acacia nilotica, Combretum apiculatum and
eltophorum africanum (Perroni-Ventura et al., 2010; Reyes-Reyes
t al., 2002; Wick and Tiessen, 2008). The accumulation of organic

 and nutrients under canopy trees could be explained mainly by
he organic matter inputs from leaf litter, fruit, gum, seeds and

oot exudates returned to the soil, as well as the reduced leach-
ng under their canopies (López-Pintor et al., 2006; Menezes et al.,
002; Pandey et al., 2000; Reis et al., 2009; Tiessen et al., 2003;
adav et al., 2008). In addition, P. juliflora trees have the potential
and Environment 150 (2012) 139– 148

to establish a symbiotic relationship with N-fixing Rhizobium bac-
teria, thus increasing the N levels in the rhizosphere with root and
nodule turnover (Reyes-Reyes et al., 2002; Perroni-Ventura et al.,
2010).

On the other hand, the higher available P under tree canopy
in all ISS chronosequence can be related to two  important mech-
anisms that reduces P sorption: (a) Al/Fe complex formation with
organic acids from plant residues which decreases P sorption, mak-
ing it more available, and (b) competition of organic acids and P for
sorption sites (Dossa et al., 2008, 2010; Iyamuremye et al., 1996a,b).

Finally, another positive effect of tree canopy was  on soil phys-
ical quality as shown by the low BDs. This can be attributed to
organic matter build-up, higher biological activity, and improved
soil structure (aggregation and porosity) favored by tree roots as
well as fungal and actinobacteria hyphae (Udawatta et al., 2009).

The higher inputs and diversity of groundcover residues under
tree canopies provides substrates for microbial growth and stimu-
lation of hydrolytic enzymes synthesis (Diedhiou et al., 2009; Dossa
et al., 2010; Yadav et al., 2011). Plant roots and the rhizosphere
effect stimulate enzyme activity by creating favorable microhab-
itats for soil microbial community (Balota et al., 2011; Udawatta
et al., 2008). In addition, the modification of organic C pool pro-
tects the free, catalytic soil enzymes stabilized in the soil matrix
(Wang et al., 2005; Acosta-Martínez et al., 2008).

P. juliflora also shifted the soil microbial community structure
and composition, but overall had its biggest impact on soil nutri-
ent availability, which can support the “islands of fertility”-theory.
Based on PCA analysis, the G+ bacteria were the most important
biomarkers explaining microbial community differences beneath
and outside the P. juliflora canopy. Additionally, the G+ bacte-
ria FAME biomarker was highest the beneath canopy (Table 3).
This response likely reflects the ability of G+ bacterial to metab-
olize complex C and high lignin substrates (Fernandes et al., 2011;
Waldrop et al., 2000; Diedhiou et al., 2009) which is the type
residues expected from tree canopies and roots high lignin content
substrates.

5. Conclusions

This study showed the beneficial effects of the multi-canopied
vegetation systems on soil microbial community which was likely
due to the greater amounts and diversity of litter and root exu-
dates and the reduce level of soil disturbance in ISS. ISS mimic
many characteristics of natural ecosystems and incorporate several
soil-conserving attributes from native trees and leguminous shrubs
that in our study resulted in a microbial community structure and
composition more similar to the F community. Although changes
in physicochemical properties likely take longer (>15 years) to
significantly improve, the results show that soil microbial commu-
nities and activities can be viewed as an early indicator (3 years) of
changes on soil quality due to land management systems. This is
important for land managers as this gives them tools to determine
optimal impacts of their actions on the order of a few years for these
bioindicators over decades for many physicochemical properties.

This study was  the first to show that the tree species P. juliflora
acts as a “resource island” and imparts spatial variability of soil
chemical and biological properties. These findings indicate that
ISS are viable and more sustainable alternative for improving soil
quality and microbial metabolic compared to CP, providing an
important source of ecosystem services (nutrient cycling and soil
physical structure maintenance). Further studies are needed in

order to evaluate the quantity and quality of litter and root biomass
and exudates among the plant species in these agroforestry systems
and how this relates to the specific physicochemical and biological
responses noted in our study.
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