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Abstract In order to ensure the sustainability of
agroecosystems, biodiversity must be a priority. Agro-
forestry, which includes trees, is an example of such
diverse systems. We evaluated plant diversity and
aboveground biomass production to assess whether
areas under fallow following traditional cultivation
return to their initial condition. Also, plant diversity and
aboveground biomass production were assessed in
agroforestry systems (AFS) to determine if these were
similar to unmanaged ecosystems. Another objective of
the study was to observe the influence of plant diversity
on aboveground biomass production in plant commu-
nities and also in the population of the dominant species,
Cordia oncocalyx. Plant diversity was evaluated by
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assessing species richness, as well as using Shannon’s
(H') and Pielou’s (J') indices. Aboveground plant
biomass was evaluated in two AFS: agrosilvopastoral
(ASP) and silvopastoral (SP), and also in a traditionally
managed agricultural system (AG), areas that had been
under fallow for six years (F6) and nine years (F9) and
an area of unmanaged caatinga (CAT) vegetation. We
observed that the ASP system had a lower diversity and
number of species, especially tree species. However, it
sustained the same total biomass production as CAT and
fallow areas. The SP system, despite having lower H'
and J' indices as well as lower total biomass production,
had a similar number of species to CAT and cropped and
fallow systems AG, F6 and F9. Plant biomass in F6 and
F9 had recovered to productivity levels of unmanaged
CAT vegetation; however the diversity indices were not
restored to the same level. Plant diversity did not have
an effect on the productivity of the agroecosystems.
Likewise, annual biomass production by C. oncocalyx is
not dependent upon diversity, but it is influenced by the
growth stage of individuals.

Keywords Agroecology - Diversity index -
Agroforestry systems - Semiarid

Introduction

Several authors studied diversity taking into consid-
eration its economic value and its influence on the
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efficient functioning of ecosystems (Smukler et al.
2010; Swift et al. 2004; Tilman et al. 2005). In these
studies, one of the most widely used parameter to
evaluate the functioning of ecosystems is biomass
productivity. According to Lehman and Tilman
(2000), as plant diversity increases, the productivity
of the community also increases, although there is a
possibility of reduction in the productivity of individ-
ual species.

Field experiments performed with annual plants
showed that the beneficial effect of diversity on
productivity makes communities more efficient in
their use of resources, primarily soil nutrients, and thus
heterogeneous communities are more productive than
monocultures (Smith et al. 2008; Tilman and Pacala
1993). Tilman et al. (2005) noted that a local reduction
in diversity can lead to reduced ecosystem productivity
and compromise stability over time. Greater diversity
may lead to greater efficiency in the use of limited
resources (Wilsey and Potvin 2000; Keer and Zedler
2002; Tilman et al. 2005), and greater resistance or
resilience to disturbances (Nakamura 2008; Tilman
and Downing 1994).

Diversity favors productivity because the coexis-
tence of several species leads to functional comple-
mentarity and facilitation, which enable the sharing of
resources, the mitigation of severe environmental
effects and the supply of resources from one species to
another (Nakamura 2008). The negative effects of
competition, which can lead to lower productivity in
some species, are offset by complementarity and/or
facilitation, enabling greater productivity at the com-
munity level (Lehman and Tilman 2000). Therefore it
is expected that in agroforestry systems (AFS) where
annual crops are associated with trees and/or animals,
productivity is enhanced by diversity, since it will lead
to a better use of agroecosystem components in time
and space (Nair 1993).

AFS can be defined as associations of several annual
or perennial crop species with trees (Somarriba 1992).
Several AFS models have been adopted around the
world and the diversity within these systems can vary
considerably. Souza et al. (2012) studied AFS which
include native Mata Atldntica trees, and concluded
that these diversified systems favour biodiversity while
producing coffee. Several other studies evaluated diver-
sity in AFS, including Anglaaere et al. (2011), Asso-
gbadjo et al. (2012) and Bhagwat et al. (2008). Others
studied the productivity of crops in AFS (Deheuvels
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et al. 2012; Singh et al. 2007; Ogol et al. 1999).
However, there is a lack of studies which evaluate total
AFS biomass production including tree biomass, and
its relationship to the diversity in these systems. Such
studies could shed light on ecological factors which
link diversity to agroecosystem functions (Smith et al.
2008), and favour the adoption of agricultural systems
which serve as biodiversity reservoirs (Vandermeer
and Perfecto 2007).

Araujo Filho and Carvalho (2001) propose AFS as
an alternative to conventional cropping systems used in
Brazil’s semiarid region. The production of grain
integrated with raising goats or sheep can help maintain
areas under natural vegetation and allow the preserva-
tion of tree species in the region (Campanha et al.
2011). Traditional cropping practices lead to great
losses in biodiversity, since they are characterized by
deforestation and the burning of all vegetation, fol-
lowed by cultivation for two or three consecutive years.
After the third year, the area is left fallow for
approximately ten years, usually with animal grazing
(Aratjo Filho 2002). Some studies have compared the
AFS proposed by Aratjo Filho and Carvalho (2001) to
traditional cropping models, and showed the AFS had
beneficial effects on soil quality (Aguiar et al. 2010;
Maia et al. 2006, 2007, 2008; Nogueira et al. 2008;
Silvaetal. 2011). However, it is not yet known how the
diversity of these systems impacts biomass production
in plant communities. It is expected that more diverse
agroecosystems will foster greater productivity.

With this in mind, the objectives of the study were:
(1) to evaluate plant diversity and productivity in two
AFS, a traditional monoculture system, two areas
which had been under fallow for six and nine years,
respectively, and an area under unmanaged native
caatinga vegetation; (ii) to assess the influence of
diversity (species richness, Shannon and Pielou indi-
ces) on the productivity of the trees/shrub and
herbaceous plant communities of these systems; and
(iii) to evaluate the effect of diversity on biomass
production by Cordia oncocalyx.

Materials and methods

Study area

The study was conducted at Crioula Farm, within the
National Caprine and Ovine Research Center (CNPCO)
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of EMBRAPA in Sobral, Ceara State, Brazil (3°41'S,
40°20'W). Annual average temperature and rainfall for
the Sobral area are 27 °C and 821 mm, respectively
(IPECE 2011). In the experimental area, average annual
rainfall over the last 10 years was 989 mm, distributed
mainly between the months of January and June.
However, 67 % of this rainfall occurs between the
months of February and April. The climate, according to
Koppen’s classification, is dry equatorial tropical, very
hot and semiarid (BSW’h) (BRASIL 1981). The soil in
the area consists of patches of typic Ortic Chromic
Luvisol and typic Ortic Hypo-chromic Luvisol (Aguiar
et al. 2010). Vegetation is composed of a deciduous
thorny savanna, locally known as caatinga (Cole 1960).

In 1997, a long term experiment was established at
Crioula Farm to study AFS as sustainable production
systems and alternatives to traditional cropping sys-
tems in the region (Araudjo Filho and Carvalho 2001).
The experiment compares the following management
systems: agrosilvopastoral (ASP), where corn and
sorghum are grown between alleys of Leucaena or
Gliricidia which are used as protein banks for goats
and sheep; silvopastoral (SP), which consists of
pasture for goats and sheep with native caatinga trees
that were pruned and thinned to improve the growth of
herbaceous species; traditional cropping (AG), under
monocropped corn and sorghum; plots under fallow
for six (F6) and nine (F9) years after traditional
cropping of corn in monoculture; and caatinga (CAT)
which represents natural vegetation in a legally
preserved area. These systems and their management
history are described in Table 1, and the soil in each
system is characterized in Table 2. All studied systems
are adjacent to each other, and separated by alleys
approximately 1.5 m wide (Fig. 1).

Plant diversity

The plot method was used to evaluate plant diversity
(Mueller-Dombois and Ellenberg 1974). Ten plots
were randomly delimited in ASP, SP and CAT, and
seven plots in AG, F6 and F9 (Fig. 1). In order to
assess the tree/woody shrub stratum, plots measuring
10 x 10 m (100 m?) were used. The herbaceous
stratum was studied in subplots measuring 1 x 1 m
(1 m?), located inside the 100 m? plots. Trees and
woody shrubs included plants with a circumference at
ground level >9 cm and height of 1 m or more. The
herbaceous stratum consisted of all plants shorter than

I m, with a green stem and poorly or not lignified
aerial parts (Rodal et al. 1992). All plants meeting the
above-mentioned criteria were counted and identified.
Plants with tillers were considered as one individual
whenever they had a common base at or above soil
level (Rodal et al. 1992).

In order to assess diversity, the following indicators
were used: species richness (S) which is a quantification
of the number of species present in each area, Pielou’s
index (J') which illustrates the distribution of individuals
within species, and Shannon’s index (H'), which consid-
ers species richness and relative abundance (Magurran
2004). Species richness was obtained as the sum of all
species present in the plots. Shannon’s and Pielou’s
indices were calculated using Eqgs. 1 and 3, respec-
tively. Initially, the indices were calculated separately
for the tree/woody shrub and herbaceous strata. The
same indices were then calculated using the sum of all
individuals and species found, with the purpose of
obtaining total plant diversity of the systems.

s
H’:—Zpexln(pe) (1)
e=1

ne

o @

where H' is Shannon’s index, pe is a species’ relative
abundance as obtained in Eq. 2, ne is the number of
individuals of a given species, N is the total number of
individuals, S is the total number of species and In is
the natural log.

H/
B Log S

pe =

!

(3)

where J' is Pielou’s index, H' is Shannon’s index and
S is the total number of species.

Biomass production

The aboveground biomass produced by tree/woody
shrub species was evaluated using allometric equa-
tions and diameter at breast height (DBH, 1.3 m above
the ground) data (Silva and Sampaio 2008). The
diameter at breast height of all individuals present in
the 100 m? plots described above was measured at the
beginning (January) and end (August) of the rainy
periods of 2010 and 2011, for a total of four
measurements. Tree biomass was estimated using
the equations proposed by Silva and Sampaio (2008):
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Table 1 Description of agroforestry systems, the traditional cropping system, fallow areas and unmanaged native vegetation

Experimental
areas (area)

Cropping system

History and management

Agrosilvopastoral
(ASP)

(3.5 ha)

Silvopastoral (SP)
(5.2 ha)

Traditional
cultivation (AG)

(1.0 ha)

Six year fallow
following AG
(Fo)

(1.0 ha)

Nine year fallow
following AG
(F9)

(1.0 ha)

Native vegetation
(CAT)

(1.2 ha)

Corn (Zea mays L.) and sorghum (Sorghum bicolor L.)
cropping during the rainy season within rows of
Leucaena leucocephala (Lam) R. of Wit. and
Gliricida sepium (Jacq.) Steud. Legume plants
(Leucaena and Gliricidia) are maintained as small
shrubs by pruning twice a year. During the dry
season, the area is used as a protein bank for sheep
(22) and goats (17), which are given access to the
area for one hour each day.

Native pasture for a herd of 20 goats and 20 sheep,
divided for each species.

Corn and sorghum monoculture during the rainy
season of 2010.

Corn (Zea mays L.) and bean (Vigna unguiculata L.
Walp) cropping during the rainy seasons of 2002 and
2003, followed by grazing by 10 goats during the dry
season.

Annual crop of corn and beans during the rainy
seasons of 2000 and 2001, followed by grazing by 10
goats during the dry season.

Vegetation consists of deciduous thorny savanna,
locally known as caatinga. This system is used as a
reference for comparisons with managed areas.

In 1997, native vegetation was pruned and thinned,
with 20 % of the tree cover (200 trees ha™')
preserved. Rows of Leucaena were planted every
3 m, perpendicular to the predominant slope. In
2005, part of the Leucaena were substituted for
Gliricidia and sorghum cultivation began.
Herbaceous vegetation weeding is done by manual
hoeing. Manure harvested in a corral is used to
fertilize this area. The plot is sub-divided into two
areas for goats and sheep.

In 1997 woody vegetation was pruned and thinned,
preserving approximately 38 % of the tree cover
(260 trees ha-1). Tree regrowth is pruned annually.

In 2009 (end of the dry season), the area was cleared
and burned. At the onset of the 2010 rainy season,
the soil was manually prepared with a hoe and crops
were sown.

Slash and burn of all vegetation in 2001, manual soil
preparation and planting of corn and beans in 2002
and 2003. In both years, after harvest, a herd of 10
goats had access to the area in order to consume crop
residue, and starting in 2004 the area was left fallow,
allowing for the regeneration of native vegetation.

Slash and burn of all vegetation in 1999, manual soil
preparation and planting of corn and beans in 2000
and 2001. During both years, after harvest, a herd of
10 goats had access to the area in order to consume
crop residue, and starting in 2002, the area was left
fallow, allowing for the regeneration of native
vegetation.

Natural unmanaged vegetation considered to represent
equilibrium-state caatinga, however with some
human intervention due to the felling of a small
number of trees prior to 1981 and grazing taking
place at the end of the dry season and onset of the
rainy season.

B = 0.2368 DBH*?'? (for large sized species) and
B = 0.2627 DBH'?°!? (for small sized species),
where B = biomass (kg) and DBH = diameter at
breast height (cm). Total biomass accumulated in the
plots was obtained by summing the biomass of all
plants sampled, and biomass production over each
period was calculated as the difference in standing
biomass between two time points.

Aboveground herbaceous biomass was obtained by
harvesting all plants within a 1 m® frame, at ground
level. The frame was placed at one of the extremities
of the 100 m? plots. The collected material was dried
in an oven at 65 °C for 72 h and weighed to obtain
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total dry biomass produced during the evaluation
period. Harvesting of herbaceous biomass took place
during the rainy periods of 2010 and 2011.

Statistical analysis

For data analysis, plots were considered to represent
samples of the population covering the area under each
land use. Land use areas were compared with each
other using an analysis of variance followed by
Tukey’s test at o = 0.05 (Martins and Santos 1999).
Linear regressions are appropriate to assess the
relationship between an explanatory and a dependent
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Table 2 Characterization of the soil (0-0.2 m depth incre-
ment) under various land use systems

ASP  SP AG  F6 F9 CAT

Sand (g kg™) 633.0 557.0 6100 463.0 573.0 537.0
Silt (kg™ 173.0 2000 183.0 207.0 240.0 203.0
Clay (gkg™") 193.0 243.0 207.0 3300 187.0 260.0
BD (g cm™) 13 12 12 L1 13 11
TOC (gkg™") 113 217 147 172 157 165

Total N 1.1 1.6 1.2 1.4 1.2 1.5
(gkg™

Available P 14.7 37 106 117 2.4 34
(mg dm™?)

pH in water 6.8 6.4 6.9 6.7 6.2 6.5

CEC (cmol. 10.7 114 126  22.1 8.5 15.2
dm™)

V (%) 915 796 87.8 938 744 870

BD bulk density, TOC total organic carbon, V saturation bases,
ASP agrosilvopastoral system, SP silvopastoral system, AG
traditional cropping, F6 six year fallow after traditional
cropping, F9 nine year fallow after traditional cropping, CAT
unmanaged caatinga vegetation, CEC cation exchange
capacity

variable (Gotelli and Ellison 2004). Therefore, a linear
regression was used to assess whether aboveground
biomass production is dependent upon plant diversity.
Here diversity was the explanatory variable and was
represented by H' and S. Other factors can also influence
aboveground biomass production in plant communities,
including the density of individuals since it affects
competition for resources (Tilman and Lehman 2005).
As such, we also evaluated the effect of plant density on
community productivity. The response of specific
species can be distinct from that of communities, and
can vary with the growth stage of individual plants. The
influence of community diversity, density and develop-
mental stage of Cordia oncocalyx on its aboveground
biomass production was thus evaluated. This species is
the most common in all land uses. The developmental
stage of C. oncocalyx was determined by measuring
DBH, assuming that DBH increased with plant age.

Results
Plant diversity

Average tree/woody shrub species richness was great-
est in F6, followed by F9 and CAT (Table 3). AFS

A Sampling plots

Fig. 1 Diagram of studied agroecosystems. Triangles repre-
sents the plots where plant aboveground biomass and diversity
was assessed. ASP agrosilvopastoral system, SP silvopastoral
system, AG conventional cropping, F6 six year fallow following
AG, F9 nine year fallow following AG, CAT unmanaged natural
caatinga vegetation

(ASP and SP) had the lowest species richness, due to
agricultural and pastoral management. SP, AG and F6
areas had greater species richness in the herbaceous
stratum. Species richness in the area under fallow for
nine years (F9) was similar to that in CAT. The ASP
plot had the lowest number of herbaceous species.
However, when considering total species richness
(herbaceous + tree/woody shrub + crop species),
plots SP, AG, F9 and CAT are similar. Values for
these plots were between those for F6, which was the
most species rich, and ASP, which was the most
species poor. However, considering all plots
(1,000 mz), the number of species in ASP is similar
to that of CAT, while SP had three fewer tree/woody
shrub species and six more herbaceous species than
CAT (Table 3).

Shannon’s index (H') was smaller for the herba-
ceous stratum of the ASP plot when compared to CAT
and the fallow (F6 and F9) and cultivated (AG) plots
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Table 3 Diversity indices for various land use systems at Sobral (CE) in 2010

Indice Strata  Systems
ASP  SP AG F6 F9 CAT
Average species richness (S; number of species per 100 m?») Tree  1.8¢ 1.1°¢ 0.0° 8.6" 6.0° 3.7¢
Herb. 4.1¢ 12.2° 10.0*° 113" 7.7¢ 8.5"¢
Crops 3.8 0.0 2.0 0.0 0.0 0.0
Total 9.7° 13.3° 113> 19.9° 13.7° 12.2°
Species richness (S; number of species per 1,000 m?) Tree 8.0 5.0 0.0 12.0 12.0 8.0
Herb. 9.0 19.0 19.0 17.0 13.0 12.0
Average Shannon’s index (H'; nats ind~") Tree 051°  007° - 1.77° 1.56 0.95°
Herb. 0.99° 1.31° 1.59**  1.62%°  1.86° 1.53°
Total 1.03%¢  0.78¢ 0914 1.56%°  1.85° 1.27%¢
Average Pielou’s index (J') Tree  0.97% 0.928* 0.83° 0.83**  0.76"
Herb. 0.59%¢ 053¢  071°¢  067°¢ 085 073
Total 0.73*"  0.53° 0.69°  0.74*®  0.85 0.74*°

Values followed by identical letters, in lines, do not differ significantly based on Tukey’s test at a probability level of 0.05

ASP agrosilvopastoral system, SP silvopastoral system, AG traditional cropping system, F6 six year fallow after traditional cropping,
F9 nine year fallow after traditional cropping, CAT unmanaged caatinga vegetation. Tree tree/woody shrub stratum, Herb.

herbaceous stratum

(Table 3). Diversity in the SP plot was similar to that
of CAT, AG and F6, and superior to ASP. In the tree/
woody shrub stratum, AFS (ASP and SP) maintained a
diversity similar to that of preserved native vegetation
(CAT), but diversity was inferior to fallow areas (F6
and F9). The ASP plot’s total diversity was similar to
that of CAT, but lower than in the fallow areas (F6 and
F9). On the other hand, total diversity in the SP plot
was not similar to that of CAT (Table 3).

Despite the lower number of species and low
Shannon diversity, the ASP system displayed high
uniformity as given by Pielou’s index, similar to SP
and F9 and above F6 and CAT, which indicates an even
distribution of individuals among species (Table 3).

Aboveground biomass

At the last sampling date, unmanaged vegetation
(CAT) had accumulated 120 + 45 tha™! of tree/
woody shrub biomass. The ASP and SP plots
accumulated, respectively, 20 and 15 % of the tree/
woody shrub biomass accumulated by CAT, while F6
accumulated 32 % and F9 41 %, in relation to CAT
(Fig. 2a). Biomass in the ASP and SP plots increased
by 3 tons over the study period (Jan 2010-Aug 2011),
whereas in fallow areas (F6 and F9) and CAT the
increase was 9 tons. The average annual rate of tree/
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woody shrub biomass production is equivalent to 1.6
t ha™! yr_1 for ASP and SP, which is less than values
observed in the fallow areas and CAT (4.8,4.4 and 5.4
tha ' yr~' for F6, F9 and CAT, respectively)
(Fig. 2b). However, productivity in terms of percent-
age for the tree/woody shrub stratum in SP was similar
to that observed in F6 and F9, while biomass increase
in the ASP system was proportional to that in CAT
(Fig. 2b).

In general, plots with little or no tree cover (ASP,
SP and AG) were those which produced the greatest
amount of herbaceous biomass (Fig. 2c). The greatest
amounts of herbaceous biomass were observed in AG
and SP in 2010, and in ASP and SP in 2011. In these
two years, the smallest amount of herbaceous biomass
was observed in F9, followed by CAT.

Total aboveground biomass (tree/woody shrub +
herbaceous + crop) produced over the study period in
the ASP plot was similar to that in the F6, F9 and CAT
plots (Fig. 2d). Total biomass in the SP and AG plots had
average values inferior to those in ASP, F6 and CAT, and
similar to F9. The production of corn and sorghum crops
in the ASP plot amounted to 3.6 tha~', whereas
production of corn and sorghum crops in the AG plot
was 3.0t ha™'. It is noteworthy that the ASP system was
in its 13th year of consecutive cultivation, while the AG
system had been cropped for only two years.
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Fig. 2 a Tree/woody shrub biomass accumulated during the
study period; 70 January 2010, T/ August 2010, 72 January
2011, T3 August 2012; b gross tree/woody shrub biomass
production rate and relative biomass production (percent
increase) during the period from January 2010 to August 2012;
¢ herbaceous biomass observed in 2010 and 2011; d total

Biomass in relation to diversity

A linear relationship was found between diversity and
tree/woody shrub biomass production (Fig. 3a, b),
indicating a positive relationship exists between above-
ground biomass production and diversity. However, the
R? value for this relationship is low. Significance was
also weak for the relationship between density of tree/
woody shrub individuals and productivity (Fig. 3c),
with a lower R? than that observed for diversity.

In the herbaceous stratum, no relationship was
observed between biomass and H', only a positive trend
between S and biomass production (Fig. 4a, b). There
are indications that the density of individuals positively
impacts biomass production (Fig. 4c), since the rela-
tionships were significant although R? was low (Fig. 4).
In this stratum, a greater density of individual plants
allows a better use of resources such as light, favoring
greater priduction as observed in SP and AG (Fig. 2e).

No influence of total diversity on total biomass
production was observed (Fig. 5a, b). However, a

O y
O Biomass (t ha"'yr'")
20 4 EBiomass (%)

el ol
oLl &

ASP SP F6

Tree/woody shrub biomass

Ll

8 1(d)

Total Biomass (t ha' yr")

ASP SP  AG F6 F9
Plots

CAT

biomass produced. ASP agrosilvopastoral system, SP silvopas-
toral system, AG conventional cropping, F6 six year fallow
following AG, F9 nine year fallow following AG, CAT
unmanaged natural caatinga vegetation. Vertical bars represent
standard deviation of the mean

negative linear relationship between plant density and
biomass production was found (Fig. 5c) indicating that
plots where plant density was lower had greater biomass
production. The greatest plant densities result from
greater numbers of herbaceous plants, and occur where
there are fewer trees. Trees produce more aboveground
biomass than herbaceous plants, and as such total
biomass increases as total plant density decreases.
Biomass production by C. oncocalyx was not
affected by Shannon’s diversity index (Fig. 6a), how-
ever a tendency for aboveground biomass to decrease as
the number of species in the community increases was
observed (Fig. 6b). The relationship of H' and S with
C. oncocalyx aboveground biomass was significant, but
with low regression coefficients (Fig. 6). Greater den-
sity of tree/woody shrub individuals was found to
negatively influence biomass production of C. oncoca-
lyx. A good fit was obtained for the relationship between
the diameter of C. oncocalyx and the biomass of
individual trees, which indicates that the developmental
stage of this plant influences its production of biomass.
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D (n° of ind. 100m?)
Fig. 3 Tree/woody shrub biomass production (B) in response

to a Shannon’s diversity index (H'); b species richness (S), and
c the density of individuals (D) ** p < 0.01

Discussion
Plant diversity

The lowest diversity was observed in AFS, and is due
to dominance by a few species. During site preparation
the vegetation in the plots was thinned and all species
originally present in the area were preserved, but their
densities were reduced proportionally to their initial
density. Thus, the dominant tree species in ASP and
SP, C. oncocalyx, is also dominant in CAT and fallow
areas. Diversity in AFS is reduced due to the low

@ Springer

407 (a) B =0.890 - 0.080H'

o R2=0.003 ns
<

=

£ 304 o

w

w

g °

3 204 ° P oe®

a ® o‘ °

=1 .P..

2 104 ® e o e o

8 ° °

£ 1 °8e¢ .

2 4. ® e
T 0.0 -

0.0 0.5 1.0 15 2.0 25 3.0
H' (nats ind. -1)

B =0.142 +0.067S

2 OT® R2=0.149 **

_: 3

23.0-- ® o

g

& 20 4 ee®e8 °

g °° o8° $. °.,°

S 10 - L3

g e° °
° °

= 00 4 s . ° . .

1.0 4.0 7.0 10.0 13.0 16.0 19.0 22.0
S (n° of species)

B =0.597 + 0.001D

40 T
(©) 20131

30+ ® o

204 .‘.: ]

Herbaceous Biomass (t ha™")

0 400 800 1200 1600 2000

D (n° of ind. m?)

Fig. 4 Herbaceous biomass production (B) in response to
a Shannon’s diversity index (H'); b species richness (S), and
c the density of individuals (D) ** p < 0.01; * p < 0.05; ns not
significant

number of species sampled per plot (100 m?), which
reflects the thinning imposed on these areas. In
addition, the herbaceous stratum in ASP is largely
influenced by hoeing, which reduces diversity and
species richness. However, species richness is offset
by the introduction of agricultural species (corn,
sorghum, Leucaena and Gliricidia). Leucaena and
Gliricidia, both of which are legumes, are key
components for the sustainability of agroecosystems.
Indeed, not only are they used as animal feed but
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they are also capable of biological nitrogen fixation
(Paulino et al. 2009), they provide organic matter
inputs into the soil (Maia et al. 2007) and they
contribute to reduce soil erosion (Aguiar et al. 2010).
However, care must be taken in order to avoid the
invasion of unmanaged areas by these species (Rej-
manek and Richardson 1996), which could be detri-
mental to local biodiversity.

Shannon’s diversity indices in the ASP system are
similar to those observed by Almeida et al. (2009) in
caatinga areas under agroforestry management. How-
ever, unlike what was observed in this study, Almeida

et al. (2009) found greater tree species richness in
cultivated areas as opposed to unmanaged areas. Such
greater richness was explained by the introduction of
fruit species in cultivated areas.

The greater diversity (S and H') and uniformity (J)
observed in fallow areas is due to the greater species
richness and diversity than is usually observed in areas
under secondary succession, as reported by Anglaaere
et al. (2011) in areas recently impacted by fire. This
occurs because, initially, newly disturbed areas can be
colonized by species from adjacent areas where
vegetation was preserved, as noted by Almeida et al.
(2009). As the ecosystem stabilizes, ecological niches
become well defined. Competitively superior species
remain and become more abundant (Libano and Felfili
2006). Therefore, in CAT where the plant community
is more stable, diversity and species richness are lower
than in fallow areas. Mani and Parthasarathy (2009)
also noted reduced diversity of trees, with loss of some
species in older forests, but attributed the changes to
the cumulative effects of habitat quality, human
activities and changes in usage patterns of adjacent
areas. The greater diversity found in F6 and F9 when
compared to CAT is in agreement with the interme-
diate disturbance hypothesis (Connell 1978), which
states that tree diversity is greater when a system has
not yet reached equilibrium. Studies carried out in
other dryland forests after different fallow lengths have
obtained contradicting results. Kalacska et al. (2004)
reported greater species diversity in areas under
intermediate secondary succession, while others found
that diversity increased together with age (Lebrija-
Trejos et al. 2008; Ruiz et al. 2005) and that average
species richness in areas under fallow was lesser than in
mature forest (Lebrija-Trejos et al. 2008).

Aboveground biomass

The tree/woody shrub biomass accumulated in ASP
and SP is below the wide range cited by Cavalcante
et al. (2009) for unmanaged caatinga, while biomass
accumulation in F6, F9 and CAT falls within the
values cited by these authors.

Greater biomass can result from both the productive
performance of individual plants, and their density in a
given area. Greater productivity of trees/woody shrubs
observed in F6, F9 and CAT occurred because plant
density was greater in these areas. In ASP and SP trees
are more efficient because they are more widely
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spaced, however the smaller number of individuals
results in reduced productivity. The greater produc-
tivity of agricultural species (corn and sorghum) in
ASP (3.6 tha™') compared to AG (3.0 tha™ '
indicates the greater efficiency of this management
system and the benefits of maintaining diversity in
agricultural environments.

Aboveground caatinga biomass in Brazil’s semi-
arid region is quite variable. In the CAT, F6 and F9
plots, aboveground biomass was less than reported by
Sampaio et al. (1998) for areas of caatinga after six
years of fallow. In the areas under fallow for six and
nine years, aboveground biomass was lesser than in
CAT despite these areas having the greatest annual
growth rate. The greater biomass acumulation in
fallow plots is likely due to the greater number of
young plants that grow faster than older ones. Also,
small species with rapid growth, such as C. alliadora
and Croton blachetianus, were more frequent in F6
and F9. On the other hand, greater biomass accumu-
lation indicates that fallow periods were insufficient
for plots to be restored to a state similar to unmanaged
vegetation. Greater biomass accumulation combined
with a higher density of tree individuals are considered
features of areas that are recuperating after slash and
burn (Cavalcante et al. 2009), but which have not yet
reached equilibrium.

Greater production of herbaceous biomass in areas
managed by humans was observed by Chandrasekaran
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and Swamy (2002) as well as in ASP, SP and AG in
this study, and occurs because of the higher incidence
of light and faster nutrient cycling in these areas.

Biomass production in relation to diversity

Greater biomass accumulation in areas with greater
diversity indicates the existence of positive relation-
ships between species. Several studies show that the
positive effect of diversity on productivity is due to
mechanisms of complementarity among species
including the efficient use of resources such as water
and nutrients, niche partitioning, facilitation and con-
trol of herbivores and disease causing agents (Anderson
2005; Cardinale et al. 2002, 2007; Flombaum and Sala
2008; Ruijven and Berendse 2005; Zhu et al. 2000).
However, the magnitude of these positive effects varies
in different ecosystems and with species involved. In
agricultural environments, Smith et al. (2008) indicate
that the effect of species diversity on productivity is
specific to each species. These authors indicate that the
introduction of nitrogen fixing species can lead to
improved productivity in more diverse systems, by
favoring greater availability of nitrogen in the soil.
There is no consensus regarding the net effect of
diversity on biomass production. A meta-analysis
performed by Cardinale et al. (2007) shows positive
effects of plant diversity on biomass production, but
some polycultures produced less biomass than certain
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monocultures. Thus, the trend observed here where
tree biomass was greater in more diverse environ-
ments may be explained by other factors including the
dynamics of the successional environments, which
remains an understudied concept (Cardinale et al.
2007).

The effects of herbaceous plant diversity on their
productivity have not been clarified in other studies.
Liu et al. (2010) studied the influence of diversity on
the productivity of herbaceous biomass at a regional
scale and concluded that the diversity-productivity
hypothesis (Tilman et al. 1996; Hooper et al. 2005)
was only partially verified. Nakamura (2008) did not
observe a positive effect of species richness on the
productivity of herbaceous plants, and attributed this
to the functional similarity of the species studied. In
our study it is likely that the productivity of herba-
ceous plants was more influenced by the availability of
light, since the greatest productivity was observed in
areas with little or no tree cover.

Although our results show a trend for greater tree
biomass production in areas of greater diversity, real
positive effects of diversity on system productivity
could not be demonstrated since successional dynam-
ics and the management applied to each plot influ-
enced the results. On the other hand, it is likely that
local soil and climate conditions prevent the coexis-
tence of a large number of competitive species, which
would allow greater diversity and consequently
greater productivity (Lehman and Tilman 2000;
Tilman and Pacala 1993; Tilman et al. 2005).

It is expected that, contrarily to the community’s
biomass which is expected to be greater, the biomass of
individual species will decrease in more diverse envi-
ronments (Lehman and Tilman 2000). Here, biomass
production by C. oncocalyx was considerably more
influenced by its stage of development than by diversity,
since larger plants produced more biomass annually.

In environments without anthropogenic disturbances,
a positive relationship between diversity and biomass
production will only be observed where equilibrium has
not been reached or in ecosystems that have suffered a
disturbance, since biomass does not change over time in
stable communities (Cavalcante et al. 2009; Pimm
1984). Thus, biomass changes observed in F6 and F9
indicate that these plots are undergoing a process of
regeneration. In disturbed environments new species
may become established, thereby increasing diversity
and hence community biomass.

Conclusions

The type of management applied in AFS ASP and SP
changes the diversity and biomass production of plant
communities, mainly of plants present in the herba-
ceous stratum. However, management techniques also
maintain some parameters of diversity in the tree/
woody shrub component, similar to the unmanaged
vegetation. When agricultural components are taken
into consideration, the ASP system was similar to CAT
in terms of biomass production and plant diversity.
Fallow periods of six and nine years were sufficient
for biomass productivity to reach the level observed in
unmanaged vegetation, however they were not suffi-
cient for the same diversity indices to be reached.
Diversity does not influence biomass production in
plant communities. Annual biomass production by
C. oncocalyx is influenced by the developmental stage
of individuals and not by the diversity of the community.
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