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Abstract Cacao (Theobroma cacao) cultivation

maintaining a high proportion of shade trees in a

diverse composition (agroforestry) is currently being

viewed as a sustainable land use practice. Our research

hypothesis was that cacao agroforests (AF) can

support relatively high tree diversity, as compared to

surrounding primary and/or secondary forests. The

objective of this study was to assess the impact of

forest conversion on tree communities by comparing

tree composition, community characteristics (richness

and diversity) and spatial structure (density, canopy

height, basal area) among primary forest, secondary

forest, and cacao AF. In total, we collected data from

30 25 9 25 m plots on three land use systems (20 in

cacao AF, five in secondary, and five in primary

forests) in San Alejandro, Peruvian Amazon. All trees

with DBH C 10 cm were counted, identified to

species, and their height and DBH were recorded.

Our results support the hypothesis that cacao AF

present a relatively high tree species richness and

diversity, although they are no substitute for natural

habitats. We identified most common species used for

shading cacao. Tree species composition similarity

was highest between cacao AF and secondary forest.

Vegetation structure (density, height, DBH) was

significantly lower compared to primary and second-

ary forest. Species richness and diversity were found

to be highest in the primary forest, but cacao AF and

secondary forests were fairly comparable. The tree

species cultivated in cacao AF are very different from

those found in primary forest, so we question whether

the relatively high tree diversity and richness is able to

support much of the diversity of original flora and

fauna.
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Introduction

Tropical forests contain some of the highest biodiver-

sity of flora and fauna in the world. However,

biodiversity at all scales is increasingly threatened

by a variety of human-induced structural impacts

(Peres et al. 2010). Disappearance of native forests

through clearing for agriculture continues to be a

major issue worldwide (Lindenmayer 2010). Land use

change, including expansion of intensive agriculture,

is one of the most cited explanations for biodiversity

loss worldwide (Sala et al. 2006). These changes lead

to habitat loss for some species and can even drive

species decline and extinction.

Biodiversity research in tropical landscapes has

been usually conducted in intact-forested areas, with

far less emphasis on modified environments (Fazey

et al. 2005). Various studies from all over the tropics

deal with the question of how much biodiversity can

be found in agricultural landscapes. In response,

researchers in conservation biology seek to promote

less intensive agriculture such as multistrata agrofor-

estry systems that provide farmers with income and

also products for household consumption, while

protecting biodiversity (Schroth et al. 2004). Agro-

forestry practices have often been shown to increase

levels of natural biodiversity on farmland, and it is

hypothesised that they are also able to play a

supporting role in the conservation of biodiversity in

remnants of natural habitats that are interspersed with

farmland in tropical land use mosaics (McNeely and

Schroth 2006).

In the tropics, forests are very often cleared to grow

plantation crops such as cacao (Theobroma cacao) or

coffee (Coffea sp.). As compared to clearcutting or

monocrop agriculture, these plantations are very

diverse, due to original forest trees being left and/or

the eventual planting of shade trees. These so-called

agroforests (AF), renowned for their high tree species

richness and complex vegetation structure, stand out

as promising biodiversity conservation tools (Somarr-

iba et al. 2004). Cacao AF can retain a floristically

diverse and structurally complex shade canopy and

thus have the potential to harbour significant levels of

biodiversity (Schroth and Harvey 2007). Trees help to

diversify farm production (e.g., fruit, fodder, timber,

fuelwood) and may represent an added benefit for both

farmers and the environment. Shade tree systems can

contribute to biodiversity conservation by providing a

habitat for plant and animal species that are not strictly

dependent on a natural forest, and also by connecting

otherwise disjunctive fragments of remaining forest

patches in the landscape. These systems have at least

some structural characteristics of natural forests and

may help reduce edge effects between the natural

forest and open agricultural fields. Cacao fields grown

on the edge of a forest may decrease evapotranspira-

tion and thus the mortality of forest trees that are not

well adapted to drier microclimates. This could

prevent the ultimate collapse of isolated forest frag-

ments and forest reserves in agricultural landscapes

(Gascon et al. 2000).

In many ways, these diverse agroforestry systems

may have value in conserving the original biodiversity

of an area (e.g., McNeely and Schroth 2006; Harvey

et al. 2006; Harvey and González 2007; Asase and

Tetteh 2010) and may play a largely undocumented

role in providing ecosystem services (Deheuvels et al.

2012).

The overall objective of this study was to assess

the impacts of forest conversion on tree communi-

ties by comparing tree species composition, com-

munity structure (abundances, species richness and

diversity) and spatial structure (tree density, basal

area and canopy height) between natural primary

and secondary forests and cacao AF in the Peruvian

Amazon. Our basic hypothesis was that cacao AF

can support relatively high tree richness and

diversity, albeit lower than primary and secondary

forests. We also expected that tree species compo-

sition and spatial structure would change along the

habitat gradient with forest species being gradually

replaced by species of more open habitats, and to

evaluate species-specific patterns of abundance

along the habitat gradient. This was a baseline

study that would serve us for follow-up studies

evaluating how the vegetation structure of these AF

could influence the composition of other taxa (e.g.,

arthropods, amphibians, mammals) and help as a

conservation tool for local biodiversity.
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Materials and methods

Study site

The area in Peru dedicated to cacao cultivation covers

around 84,000 ha (FAO 2011) and *45 % of that area

bears native cacao varieties (Garcı́a Carrion 2010),

with average yield of cocoa beans 670 kg ha-1 (FAO

2011). It is estimated that there were around 30,000

Peruvian families cultivating cacao (Anduaga 2009).

In the lowland Amazon of the Ucayali region, the area

dedicated to cacao production covers about 1,900 ha

(Garcı́a Carrion 2010). Most of the production is

concentrated around San Alejandro town.

San Alejandro (8�49.5840 S, 75�13.9230 W, 257

masl) is located in the Department of Ucayali,

Province of Padre Abad (Fig. 1). Settlement in the

area began in the 1940s after construction of a road

linking the Ucayali River, a major Amazon tributary,

and the capital city of Lima. San Alejandro, with

*20,000 inhabitants (8.1 inhabit/km2), is the capital

of the Irazola district. It lies on the main road,

110 km from the regional capital Pucallpa and is

situated on the bank of the San Alejandro River, a

tributary of the Aguaytı́a River. The area was

originally covered by lowland humid tropical forest,

at an altitude of between 250 and 350 masl. The

climate is characterized by high temperatures

throughout the year; mean annual temperature is

25 �C with relative humidity averaging 85 %.

Annual rainfall ranges from 2,500 to 3,500 mm,

with concentrated heavy rains from November to

March and lower rainfall during the rest of the year.

This zone corresponds to a climate that can be

considered very wet and warm, and is characterized

by low hills, moderately to highly dissected, with

dominant slopes varying between 20 and 70 % and a

moderate-to-high susceptibility to water erosion.

This area is considered an old settlement with the

majority of colonists having arrived more than

40 years ago. The rural residents practice agriculture

(slash-and-burn farming with cultivation of cash crops

such as cacao), livestock husbandry, forestry, and

other land-based production (Gonzales 2008). Farmers

cultivate their traditional staple crops such as rice

(Oryza sativa), maize (Zea mays) and cassava

Fig. 1 Location of study

site near Pucallpa town,

Ucayali region, Peruvian

Amazon
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(Manihot esculenta) and fruits like citrus (Citrus spp.),

papaya (Carica papaya), and banana (Musa spp.) and

in the last decades also cacao. Smallholders in the area

do not plant cacao trees in monoculture (full sun), but

intercrop cacao with various other crops in the initial

years (mainly banana) and with multipurpose native

shade trees in the following years.

The remaining forest is a source of timber and

various non-timber products. Major environmental

problems faced by the inhabitants of this district are

torrential rains and flooding, deforestation as a result

of inadequate forest management, and the degradation

of habitat with the concomitant loss of biodiversity.

Data collection

Data were collected from June to September 2012.

Sampling was done following the modified method-

ology of Kessler et al. (2005) and Asase and Tetteh

(2010). This methodology has been used successfully

in Indonesia and Ghana to study vegetation structure

in cacao AF. The method basically involves sampling

forest trees using square quadrates. We compared tree

botanical composition, population and spatial struc-

ture in three different land use systems: cocoa AF,

secondary forest (SF), and primary forest (PF).

The study was conducted on 20 cacao farms around

San Alejandro. The farms were selected randomly

from the list of the cacao-growing farmers association,

ACATPA (La Asociación de Cacaoteros Tecnificados

de Padre Abad), which is comprised of 65 families, all

dedicated to cultivation of cacao in agroforestry

systems. On each farm, one square 25 9 25 m plot

was laid out in the estimated center of the cacao AF.

The age of cacao AF ranged between 4 and 12 years

(median of 7.5 years). For each cacao AF, the plot

location was selected based on visual observations to

better assure homogeneity over the plot. For compar-

ison, five plots of the same size were randomly laid out

in the nearby (1–5 km) secondary forest (10–15 years

old) and five plots in the primary forest. The nearest

well-preserved natural primary forest (only moder-

ately logged a few decades ago) was found at the

experimental forest station of The National University

of Ucayali (UNU), which is located about 30 km from

the study site (near the settlement Alexander von

Humboldt).

Within each plot, the trees with a diameter at breast

height (DBH) C 10 cm were recorded and identified

(unknown trees were given a unique morphospecies

number); DBH was measured using a diameter tape

(±0.1 cm), and total tree height was measured using a

clinometer. Because of difficulties due to the dense

vegetation in the primary forest, the clinometer could

not be used and tree heights were estimated by

experienced workers from UNU (these estimates were

validated on each plot by measuring several nearby

trees with a clinometer). Cacao trees were not

measured, but their total number (usually at distance

3 9 3 m) was counted for each plot. All farmers were

interviewed about the cacao management and yields,

and the use of and reason for planting or retaining each

tree species found on inventoried plots in their AF.

Scientific and vernacular name identification was

done with the help of an experienced botanist, Maria

Elena Chuspe Zans, from the Universidad Nacional

Intercultural de la Amazonia (UNIA). Specimens that

could not be identified directly in the field were

collected and verified with voucher specimens at the

regional herbarium in Pucallpa (Instituto Vetenarion

de Investigaciones Tropicales de Altura—IVITA) and

deposited at the herbarium at the UNIA.

Data evaluation and analysis

First, we documented the botanical composition of

tree species in the sample, their abundance found in

each of the three land use systems, and their main use

by the local population. For the most numerous tree

species found in cacao AF we calculated the impor-

tance value (IV) (the sum of relative values of

frequency, density, and basal area) (Sambuichi et al.

2012). Similarity among the land use systems was

evaluated by counting shared species and calculating

the Jaccard coefficient (Krebs 1999; Chao et al. 2005).

The coefficient uses species presence/absence data for

two sample sets (in this case, land use types), and

weight matches and mismatches in species composi-

tion between the two samples (Krebs 1999).

For the analysis of tree population structure,

species richness and diversity were calculated for

non-cacao trees in each system using data from all

sample plots. Species richness was expressed as

(i) observed species richness—the number of non-

cacao tree species per plot/land use system by

combining all the species recorded in sample plots

and (ii) estimated total species richness, which was

calculated by a nonparametric first-order Jacknife
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estimate based on the observed frequency of rare

species (Heltshe and Forrester, 1983; Magurran

2004). Species heterogenity was estimated using

Shannon (H0 base e logs) (Krebs 1999; Magurran

2004) and Simpson’s reciprocal (1/D) diversity index

(Krebs 1999) at the level of each plot and land use

system. The Shannon index tends to be weighted

slightly towards less abundant or rare species, while

Simpson’s index favors the more abundant or dom-

inant species (Krebs 1999). To evaluate and compare

spatial structure, tree density, canopy height, and

basal area were calculated for each plot and averaged

for each land use system.

To assess statistical differences among the above-

mentioned indices and variables of the three land use

systems, we compared them with an analysis of

variance (ANOVA using Tukey’s SD test) for para-

metric data distribution, and the Kruskal–Wallis test

(KW-ANOVA) for non-parametric data using STAT-

ISTICA 9.0 software [StatSoft].

To account for differences in sample areas (20 plots

in cacao AF compared to five plots each in primary and

secondary forests), the rarefaction method of Gotelli

and Colwell (2001) allowed us to construct the species

accumulation curves in two ways: (i) based on the

number of sampled plots; and (ii) based on the number

of sampled individuals, using EstimateS software

(Colwell 2009). The randomization process used in

EstimateS also allowed us to recalculate the species

richness and diversity indices based on a similar

sample size (n = 5).

Results

Tree species’ botanical composition

A total of 538 individual trees (DBH C 10 cm)

belonging to 105 species in 34 families were found

on 18,750 m2 surveyed (Table 1). Out of the total

number of the trees inventoried, 58 (10.8 %) were

identified only to the genus level (1.5 % in AF, 10.2 %

in SF, and 26.1 % in PF); whereas, we were able to

identify 17 trees (3.2 %) only to morphospecies level

but without scientific name (1.2 % in AF and 8.9 % in

PF). The tree families with the highest variety of

species and number of individuals were: Fabaceae (18

species/112 individuals), Palmae (7/84), Cecropiaceae

(1/67), Rubiaceae (7/53), and Sterculiaceae (2/43).

With the exception of one genus (Citrus—5 trees), all

tree species encountered were native to the Amazon.

In addition to shading the cacao, the most highly

reported uses of trees in AF were fruit, timber,

firewood, and thatching material; most of the trees

were planted by farmers during plantation establish-

ment. The most common tree species found in AF was

Inga edulis (Fabaceae; locally called guaba), a native

fruit tree with highest importance value (IV = 153.7),

largest number of individuals (78), highest frequency

of occurrence (100 %), as well as, the second highest

basal area (5.27 m2, 23 % of total BA) (Table 2).

Other species of significant importance were: timber

trees, Calycophyllum spruceanum (Rubiaceae; capi-

rona) (IV = 87.1) and Guazuma crinita (Sterculia-

ceae, bolaina blanca) (IV = 44.9); and three palm

species, Phytelephas macrocarpa, Attalea phalerata,

and Bactris gasipaes, (Palmae; yarina, shapaja and

pijuayo) (IV = 78.1, 70.2, 29.0, respectively), which

were all used for fruit and thatching material. Twenty-

three tree species (almost 70 %) found in AF were

reported to be commonly planted there.

The average yield of cacao beans on surveyed area

was 745 kg ha-1 with the range between 400 and

1,000 kg ha-1. The yields were slightly positively

correlated with the number of shade trees (r = 0.56),

but not significantly (t test at p = 0.073). Neither did

we find any significant correlation of cocoa yields with

other variables (e.g., age, number of cacao trees, tree

species richness and diversity).

The most common tree species found in secondary

forests was Cecropia polystachya (Cecropiaceae;

cetico), a pioneer species with largest number of

individuals (63), the highest frequency of occurrence

(100 %), as well as, the largest basal area (1.43 m2,

24 %). Other species of significant importance were:

G. crinita, Trema micrantha (Ulmaceae; atadijo), and

Ochroma pyramidale (Malvaceae; topa, balsa). All of

these fast-growing species are harvested for their light

wood. In primary forests, trees were locally used for

timber, fruit, and medicinal products. All inventoried

tree species in PF had a low abundance and we did not

find any particularly dominant species.

Tree species similarity among land use systems

Astrocaryum murumuru was the only tree species that

could be found in all three land use systems (Fig. 2).

Several Inga sp. also were found in all land use
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Table 1 Tree species found during survey of 20 plots in cacao agroforests (AF), five plots in secondary forests (PF) and five plots in

primary forests (PF) in San Alejandro, Peru; their main products and abundance

Scientific name Family Local name Reported

product

Abundance

AF SF PF

Abuta grandifolia (Mart.) Sandw. Menispermaceae Hachuni sanango Medicinal 1

Acacia cf. loretensis J.F.Macbr. Fabaceae Pashaca Timber 1

Aiouea sp. Aubl. Lauraceae Camungo moena n.r. 1

Alseis aff. peruviana St. Rubiaceae Capirona de altura Timber 1

Apeiba membranacea Spr. ex Benth. Tiliaceae Peine de mono Timber 1 1

Aspidosperma tambopatensis A. Gentry Apocynaceae Quillo bordon

amarillo

Timber 1

Astrocaryum murumuru Martius Palmae Huicungo Timber 1 3 6

Astronium sp. Jacq. Anacardiaceae Carana blanca n.r. 4

Attalea phalerata Martius ex Sprengel Palmae Shapaja Leaves for

thatching

16 5

Bactris gasipaes Kunth Palmae Pijuayo Fruit 18

Batocarpus costaricensis Standl. Moraceae Mashonaste blanco Timber 3

Bombacopsis aff. paraensis Ducke Bombaceae Punga colorada n.r. 2

Brosimum aff. alicastrum Sw. Moraceae Manchinga Timber 1

Browneopsis excelsa Pitt. Fabaceae Copaiba blanca Timber 2

Browneopsis sp. Huber Fabaceae Apacharama negra Bark 1

Cabralea canjerana (Vell.) Mart. Meliaceae Cacharana Timber 6

Calycophyllum spruceanum (Bentham)

Hooker f. ex Schumann

Rubiaceae Capirona Timber 43

Cecropia polystachya Trécul Cecropiaceae Cetico Timber 4 63

Cedrela odorata L. Meliaceae Cedro Timber 3 1

Ceiba sp. Mill Bombaceae Huimba negra Timber 1

Celtis schippii Standl. Ulmaceae Paujil ruro n.r. 2

Citrus aurantifolia (Christm.) Swing Rutaceae Limón Fruit 3

Citrus reticulata Blanco Rutaceae Mandarina Fruit 1

Citrus sp. L. Rutaceae Limón grande Fruit 1

Condaminea sp. DC. Rubiaceae Papirihua Fruit 1

Cordia alliodora (R. & P.) Oken Boraginaceae Laurel Timber 2

Croton draconoides Mueller Arg. Euphorbiaceae Sangre de grado Medicinal 8 2

Dialium guianense Aubl. Fabaceae Navaha shimbillo Timber 2

Didymopanax sp. Decne. & Planch. Araliaceae Aceite caspi Timber 3

Diospyros sp. L. Ebenaceae Huchu muyaca negra Timber 4

Dipteryx micrantha Harms Fabaceae Shihuahuaco Timber 2

Endlicheria verticillata Mez. Lauraceae Moena amarilla Timber 1

Eriotheca globosa (aubl.) Robyns Bombaceae Punga negra n.r. 2

Eugenia cf. Subterminalis Dc. Myrtaceae Palo comehe Timber 1

Euterpe precatoria Mart. Palmae Huasaı́ Timber 4

Ficus insipida Willdenow ss. insipida Moraceae Oje Medicinal 1

Guarea aff. ewadoriensis w.palacios Meliaceae Requia colorada Timber 2

Guazuma crinita Martius Sterculiaceae Bolaina Timber 18 19

Guetarda sp. L. Rubiaceae n.r. n.r. 1

Heisteria ovata Benth. Olaceae Tuco ico n.r. 1
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Table 1 continued

Scientific name Family Local name Reported

product

Abundance

AF SF PF

Cheilocognatum sp. (Miers) A. C. Smith Celastraceae Huarmi chuchuhuasi Medicinal 3

Chimarris sp. Jacq. Rubiaceae Lengua de diablo n.r. 6

Chrysophyllum sp. L. Sapotaceae Quina quina blanca Timber 1

Inga edulis C. Martius Fabaceae Guaba Fruit 78

Inga sp1 Mill. Fabaceae Guaba del monte Fruit 3 1

Inga sp2 Mill. Fabaceae Navaha shimbillo n.r. 1

Inga sp3 Mill. Fabaceae Shimbillo Fruit 1

Inga sp4 Mill. Fabaceae Hierba santa Fruit 7 1

Inga sp5 Mill. Fabaceae Huchu muyaca

blanca

Timber 4

Inga sp6 Mill. Fabaceae n.r. n.r. 1

Inga sp7 Mill. Fabaceae n.r. n.r. 1

Iriartea deltoidea R. & P. Palmae Huacra pona Timber 2

Iryanthera juruensis Warb. Myristicaceae Espintana blanca Timber 1

Leonia glycycarpa R. & P. Violaceae Tamara n.r. 2

Lunaria parviflora Spr. ex Benth. Flacourtiaceae Rifari blanco n.r. 1

Matisia cordata Humboldt & Bonpland Sapotaceae Sapote Timber 2 3

Nectandra reticulata (Ruiz & Pav.) Mez Lauraceae Laurel Timber 5

Neea chlorantha Heinerl. Nyctaginaceae Palo cenisa Timber 8

Neea cf.divaricatum Poepp. & Endl. Nyctaginaceae Yutubanco amarillo Timber 7

Neea sp. Ruiz & Pav. Nyctaginaceae Palo meta huyao Fruit 2

Ocotea aff. longifolia Kunth. Lauraceae Moena negra Timber 2

Ocotea cf. cernua (Nees) Mez Lauraceae Moena Timber 1

Oenocarpus cf. Multicaulis Spruce Palmae Sinamillo Fruit 2

Ochroma pyramidale (Cavanilles ex

Lamarck)Urban

Bombaceae Topa Timber 2 8

Ouratea iquitosensis Macbr. Ochnaceae Apacharama

colorada

Bark 2

Oxandra espintana (Spruce) Baill. Annonaceae Icoja blanca Medicinal 2

Parkia sp. R. Br. Fabaceae Lagarto pashaco Timber 2

Pentagonia parviflora Stey. Rubiaceae Huitillo n.r. 1

Persea americana Mill. Lauraceae Palta Fruit 1

Phytelephas macrocarpa Ruiz & Pavon Palmae Yarina Leaves for

thatching

24 3

Poulsenia armata (Miq.) standl. Moraceae Yanchama Medicinal 1

Pouteria sp. Aubl. Sapotaceae Quinia blanca Timber 1

Protium rhyncophyllum (Rusby). Ined Burseraceae Copal Timber 3

Pseudolmedia laevis (R. & P.) Macbr. Moraceae Chimiqua pama Timber 9

Pterocarpus sp1 Jacq. Fabaceae Palosangre negro Timber 1

Pterocarpus sp2 Jacq. Fabaceae Marı́a buena Timber 1

Rinorea aff. viridifolia Rusby Violaceae Canilla de vieja n.r. 3

Rollinia mucosa (Jacq.) Annonaceae Anona Fruit 1

Senna sp. Mill Fabaceae Pashaco n.r. 1 1

Abuta grandifolia (Mart.) Sandw. Menispermaceae Hachuni sanango Medicinal 1
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systems, but the domesticated species, I. edulis, was

found only in AF. Eleven tree species were recorded

both in AF and SF, only two in AF and PF, and four

tree species were found to occur both in SF and PF.

Thus, tree species composition showed significant

responses to land use change. If we account for the

larger sample size in AF (four times as many), the

abundance of tree species, namely, P. macrocarpa, A.

phalerata, Croton draconoides, and Cedrela odorata,

were comparable in AF and SF. The abundance of

common pioneer species G. crinita, C. polystachya, O.

pyramidale, and T. micrantha, was much higher in SF

than in AF.

At the family level, the taxonomic composition of

the three habitat types showed major differences. In

order of numbers, cacao AF were dominated by

Fabaceae, Arecaceae, and Rubiaceae; primary forests

were dominated by Fabaceae, Nyctaginaceae, and

Moraceae; secondary forests by Cecropiaceae, Ster-

culiaceae, and Fabaceae.

When comparing tree species similarity among

land use systems using Jaccard similarity coefficients,

the highest similarity was observed between AF and

SF (0.256), and the lowest between AF and PF (0.019).

However, the similarity between SF and PF was also

relatively low (0.048).

Table 1 continued

Scientific name Family Local name Reported

product

Abundance

AF SF PF

Siparuna sp. Aubl. Siparunaceae Anis moena Timber 1

Spondias cf. venulosa Mart. ex Engl. Anacardiaceae n.r. Fruit 3

Swietenia macrophylla G. King Meliaceae Caoba Timber 2

Handroanthus serratifolius (Vahl)S.O.Grose Bignoniaceae Tahuarı́ amarillo Timber 2

Theobroma sp. L. Sterculiaceae Cacao del monte Fruit 6

Trema micrantha (L.)Blume Ulmaceae Atadijo Bark 1 8

Trichilia sp. P. Browne Meliaceae Requia blanca Timber 5

Unonopsis floribunda Diels. Annonaceae Carahuasca negra Timber 3

Virola aff. pavonis (A. DC.) Myristicaceae Cumala negra Timber 3

Vismia sp. Vand. Clusiaceae Pichirina blanca n.r. 1

Xylosma aff.tessmannii Sleumer Flacourtiaceae Palupero n.r. 2

Unidentified sp.1 Unknown n.r. n.r. 1

Unidentified sp.2 Unknown n.r. n.r. 1

Unidentified sp.3 Unknown n.r. n.r. 1

Unidentified sp.4 Unknown Motelo Fruit 1

Unidentified sp.5 Unknown Yutubanco blanco Timber 1

Unidentified sp.6 Unknown Moena blanca Timber 1

Unidentified sp.7 Unknown Sombrero caspi n.r. 1

Unidentified sp.8 Unknown Huarmi caspi Timber 1

Unidentified sp.9 Unknown Caucho masha Medicinal 3

Unidentified sp.10 Unknown Huaca pumasho Timber 1

Unidentified sp.11 Unknown Huacamayo caspi n.r. 1

Unidentified sp.12 Unknown Cumaca caspi n.r. 1

Unidentified sp.13 Unknown Anuche cuma seva Medicinal 1

Unidentified sp.14 Unknown Pisho Timber 1

Unidentified sp.15 Unknown Canilla de vieja Timber 1

Total individuals 254 127 157

Total species 33 16 71

n.r. not reported
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Community and spatial structure among the land

use systems

To compare community and spatial structure among

the land use systems, we compared the samples on

three levels: in total, means per plot and rarefaction for

the same number of plots (Table 3). In total, we found

254 trees belonging to 33 species in AF, 127 trees

belonging to 16 species in SF and 157 trees belonging

to 71 species in PF. The highest estimated species

richness (Jackknife) was found in PF (108.8), followed

by AF (45.4), with the lowest in SF (23.2). The

Shannon index of species diversity was shown to be

highest for PF (4.02), intermediate for AF (2.47), and

the lowest in SF (1.83); the same order was found

using Simpson’s index.

Analysis of spatial structure revealed considerable

variability in tree densities, canopy heights, and tree

dimensions among the land use systems (Table 3—

means per plot). Mean tree density, canopy height, and

basal area in AF was significantly lower than in SF and

PF. Looking at community structure, mean family and

species richness was comparable between AF and SF,

but significantly higher in PF. The diversity indices

(Shannon and Simpson) were found to be comparable

between AF and SF, but significantly higher for PF.

To standardize all samples from the three land use

systems, we compared the systems according to their

species accumulation curves (Figs. 3, 4). The curve

for PF based on the number of plots sampled is far

from asymptotic (Fig. 3), indicating that the area

sampled was too small to estimate the total number of

species in this land use type. However, with an

increased sampling size, tree species richness is likely

to be significantly higher in PF compared to that of SF

and AF, but comparable between AF and SF. Individ-

ual-based accumulation curves again showed the

highest tree species richness in PF; but, in this case,

tree species richness in AF was higher than in SF

(Fig. 4). We also compared species richness and

diversity for the same number of sample plots (n = 5)

(Table 3—rarefaction). Tree abundance was highest

in PF, followed by SF and AF. Observed species

richness again was found to be highest in PF, but

comparable between SF and AF. In PF, there was the

highest number of unique species and species that

were found only in one plot. Considering all of the

species richness estimators, we found the highest

values in PF and lower but comparable numbers in SF

and AF. Comparing the various diversity indices, the

highest diversity occurred in PF, followed by AF, with

the lowest in SF.

Table 2 Numbers of trees (N), relative densities (D), frequencies (F), basal area (A) and importance value (IV) of 10 most important

species found during survey of 20 plots in cacao agroforests in San Alejandro, Peru

Scientific name Local name Products N D F BA IV

% % m2 %

1 Inga edulis Guaba F, FW, T 78 30.7 100 5.27 23.0 153.7

2 Calycophyllum spruceanum Capirona T, FW 43 16.9 65 1.19 5.2 87.1

3 Phytelephas macrocarpa Yarina LT, F 24 9.4 40 6.55 28.6 78.1

4 Attalea phalerata Shapaja LT 16 6.3 45 4.33 18.9 70.2

5 Guazuma crinita Bolaina T 18 7.1 35 0.65 2.8 44.9

6 Bactris gasipaes Pijuayo F, T 18 7.1 20 0.43 1.9 29.0

7 Croton draconoides Sangre de grado M, T 8 3.1 15 0.27 1.2 19.3

8 Cecropia polystachya Cetico T 4 1.6 15 0.52 2.3 18.8

9 Cabralea canjerana Cacharana T 6 2.4 10 0.22 1.0 13.3

10 Nectandra reticulata Laurel T 5 2.0 10 0.20 0.9 12.8

Total of 10 most important species 220 86.6 19.64 85.7 527.4

Sort by IV; DBH C 10 cm. F percentage of plots where the species occurred; IV = relative density ? relative frequency ? relative

basal area (Sambuichi et al. 2012)

Product: fruit (F), timber (T), firewood (FW), leaves for thatching (LT), medicine (M)
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Discussion

Tree species management and preferences in cacao

agroforests

Nearly all tree species occurring in the surveyed cacao

AF were trees used for their productive value (e.g.,

timber, thatching material, fruit, medicines) or service

(e.g., shade, control of erosion, soil improvement)

role. The most abundant tree species in cacao AF, I.

edulis (guaba), is commonly used mainly for shading

cacao trees and soil protection in all of Latin America.

Its leaf litter protects the soil surface and roots of other

plants, helps retain nutrients in the topsoil, and

controls weeds. It is also important for its fruit and

timber and is a source of fuelwood (Reynel et al.

2003). The second most abundant species C. sprucea-

num (capirona) is used mainly for timber production

and also provides valuable fuelwood. It is a fast-

growing tree that can reach 1.4–1.6 m in 6 months and

3.5–4.7 m in 1 year (Sotelo et al. 2000). Another fast-

growing tree species, G. crinita, is commonly planted

in cacao plantations for its rapid timber production

(harvested after 6–10 years). It can reach 2–2.3 m in

6 months and 4.9–5.7 m in 1 year (Sotelo et al. 2000).

Both species are commonly found in the regeneration

of secondary forests; farmers usually use this regen-

eration as a source of seedlings. Several palm species

are also commonly found in cacao plantations in the

study area. P. macrocarpa (yarina) and A. phalerata

(shapaja) are usually not planted, but left by farmers

when establishing a cacao plantation: their leaves are

used as a long-lasting roofing material. The fruit of B.

gasipaes (pijuayo), another domesticated and widely

planted species, is consumed throughout the Amazon

region. The apex of the stem is edible; it has a sweet

and pleasant flavor, with this species growing in

demand in domestic and international markets. The

trunk wood is locally used in construction. One of the

most cultivated medicinal tree species is C. dracono-

ides (sangre de grado). The reddish sap is medicinal

and is used also for for healing wounds and ulcers. The

sap contains active antibacterial substances and is

valued by pharmaceutical companies (Reynel et al.

2003). The remaining patches of primary and second-

ary forests serve farmers mainly as a source of

softwood (SF) and hardwood (PF) timber, firewood,

and various fruits. Species occurring in secondary

forests are fast growing pioneer taxa typical of early

successional stages throughout the tropics (Turner

2001). These pioneer species also were found in our

study: C. polystachya, G. crinita, T. micrantha, O.

pyramidale. Secondary forests are developed on

previously clear-felled and subsequently cropped

areas that were allowed to regrow by the natural

processes of community change (for about 10 years in

our study). As a result, large hardwood tree species

were almost completely missing.

In several studies of traditional cacao-based agro-

forestry (e.g., Oke and Odebiyi 2007; Atkins and

Eastin 2012; Sambuichi et al. 2012; Daghela Bisseleua

et al. 2013), it was found that many of the trees

retained in cacao AF were native multipurpose fruit

and timber trees. The selection and/or active planting

of such useful tree species may lead to a significant

increase in their density in cacao AF, compared with

elsewhere in the landscape. For example, in southern

Cameroon, the density of Dacryodes edulis is ten

times higher and that of Milicia excelsa is three times

higher in cacao plantations than elsewhere in the

landscape (Van Dijk 1999). A similar phenomenon

was evidenced in San Alejandro, where we observed a

high abundance of multipurpose I. edulis, and of the

fast-growing timber species G. crinita and C. sprucea-

num, as compared to an adjacent secondary forest.

Fig. 2 Venn diagram of shared tree species found during

survey among 20 plots in cacao agroforests (AF), five plots in

secondary forests (PF) and five plots in primary forests (PF) in

San Alejandro, Peru. In total we identified 105 tree species
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In accordance with (Anglaaere et al. 2011), we

found that trees are of enormous importance in

farming systems in the Peruvian Amazon. Farmers in

our study area have a strong belief that the presence of

trees on their farms greatly enhances soil fertility.

Many tree species in the agroforestry systems in San

Alejandro were identified by farmers as improvers of

soil fertility. Farmers prefer species that are fast-

growing, produce marketable fruit or timber and are

propagated easily (by seeds or collecting plantlets).

Further tree preference is focused on a service role:

either for their soil nutrients and moisture-enhancing

qualities, or purely for the quality of shade they

provide. The decision to classify a tree as a good shade

tree appeared, however, to be greatly influenced by the

value of their products. Our results, together with

those of Duguma et al. (2001), confirm that the trees

occurring in AF are mainly grown for a well-defined

product and, secondly, provide desired shade for cacao

trees, improve soil fertility, and reduce soil erosion.

The average yield of cacao beans in surveyed area

was 745 kg ha-1which was close to average yield in

Peru (670 kg ha-1 as reported by FAO 2011). The

yields positively correlated with shade tree density,

but not significantly. Contrary to our results, in the

study made in Cameroon, (Daghela Bisseleua et al.

2013) found that increase of shade (thus tree density)

was negatively related to cocoa yield, with yield

significantly higher at shade \50 %. This study did,

however, show the importance of a diverse shade

canopy in reducing damage caused by cocoa pests. In

Côte d’Ivoire, Koko et al. (2013) discovered a

negative effect of fruit tree intercropping on cocoa

yield. Yields per plant strongly decreased with

increasing shade. Deheuvels et al. (2012), during the

study in Costa Rica, did not find any significant

influence of tree density, diversity, or vegetation

structure on cocoa yields, however, all selected cocoa-

based systems could be considered as low-yielding in

terms of cocoa productivity. Somarriba and Beer

(2011) in their study of productivity of cacao AF with

timber or legume trees in Costa Rica, also found no

influence of shade tree species on dry cocoa bean yield

or pod counts.

Agroforests and forests comparison

The cacao AF surveyed showed relatively high

diversity of shade trees for an agroforestry system.

Sambuichi and Haridasan (2007) assessed 15 ha in

five traditional cacao growing farms (cabruca) in

Southern Bahia, Brazil, with different ages and

degrees of abandonment of management practices,

and found 293 species (DBH C 10 cm), with Shannon

diversity ranging from 3.31 to 4.22. Rolim and

Chiarello (2004) found 105 species in cabrucas of

the Espirito Santo state, Brazil, by sampling trees with

DBH C 10 cm in 4.8 ha of 20 farms. Sonwa et al.

(2007) studying the dense and complex AF of

Southeast Cameroon sampled trees and pseudo-trees

(e.g., banana) with DBH C 2.5 cm and found 206

species in 9.1 ha surveyed in 60 cocoa farms, with

Shannon diversity indices ranging between 3.1 and 4.2

per AF. In our study, we found 33 tree species on

1.25 ha, with Shannon diversity of 2.47. The results of

these studies, however, are not directly comparable

Fig. 3 Tree species richness accumulation curves (with log

function) of cacao agroforests (AF), secondary forests (PF) and

forests (PF) based on number of sampled plots

Fig. 4 Tree species richness accumulation curves (with log

function) of cacao agroforests (AF), secondary forests (PF) and

forests (PF) based on number of individuals
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with ours due to differences in the survey methodol-

ogies employed.

The relatively high tree diversity in cacao AF in

study area is a reflection of the high natural tree

diversity in that region. However, the rich floristic

diversity of native forest trees reminiscent of a natural

forest was found to have decreased substantially in

cacao AF, but that this diversity was comparable

between AF and secondary forests. Also, the studies of

Daghela Bisseleua et al. (2007) and Asase et al. (2009)

show that cacao AF support relatively high tree

species richness.

Besides harbouring far fewer tree species than

intact forests, AF also demonstrate different species

compositions, with relatively higher proportions of

early successional trees. These results differ from

those in several previous studies. For example, Bobo

et al. (2006) and Parthasarathy (1999) report that tree

species richness and diversity found in natural forests

decreases in secondary forest and is lowest in cacao

agroforestry. Also in a study by Kessler et al. (2005),

cacao AF had by far the lowest tree species richness.

Differences in tree species richness within cacao AF

are commonly a function of management intensity,

dominant crop, and farm history (Schroth and Harvey

2007). High levels of tree species richness in cacao AF

observed in San Alejandro could be due to extensive

farmers’ knowledge of the management and use of

various trees, along with relatively high species

richness remaining in the surrounding environment.

Field observations of Turner et al. (1997) have

shown that, in common with other tropical forests,

even 50-year-old secondary forests, despite their tree

canopy attaining a height comparable to that of

primary forests, have a conspicuously different com-

position of taxa, a fact that we also found in our study.

We found that the species richness in secondary forest

was substantially lower than in primary forest,

whereas vegetation structure (canopy height, density

and basal area) was quite comparable; however,

taxonomic composition was very different.

Primary forest data from our study can be compared

with the large number of similar forest plots invento-

ried elsewhere in the tropics. The estimated species

richness in the primary forest in our study (109 tree

species) is within the range of 100–160 species this is

considered to be typical in tropical rain forests

(Whitmore and Sayer 1992).

Compared to the results of Asase and Tetteh (2010),

we found significant differences in tree spatial struc-

ture between cocoa AF and primary/secondary forests.

We observed significantly lower tree density, canopy

height and basal area in cacao AF. The obvious reason

is that cacao trees were not included in our analysis

(DBH B 10 cm), as well as, the fact that farmers

manage lower tree densities because cacao trees need

space to grow and the competition between cacao and

non-cacao trees could likely occur.

Conservation value of cacao agroforests

From the data that we presented, it is clear that cacao

AF are a poor substitute for the natural forests, both in

terms of botanical composition, tree community, and

spatial structure. However, they contribute to hetero-

geneity at the landscape level and thus can favor

biodiversity conservation. Additionally, due to the

high diversity of their shade tree component, can

function as ecological corridors, ameliorating the

isolation of plant and animal species in forest

fragments. These AF also can provide additional

habitat for some forest tree species and reduce

anthropogenic pressure on forests remnants by pro-

viding firewood and timber to meet the needs of rural

families.

We believe that cacao agroforestry, when com-

pared to open field or pasture, has potential for

biodiversity conservation as its structure, even though

lower than in primary forest, provides resources and

niches for a variety of native species of fauna and flora.

Also in our study area, the cacao AF are intespersed in

the mosaic of young and old secondary forest and farm

fields and thus they can make an important contribu-

tion to the conservation of regional biodiversity by

enhancing landscape connectivity and reducing edge

effect (Schroth et al. 2004). Cacao AF also can be

employed as a buffer zone around protected areas of

primary forests. Farmers must therefore be encour-

aged to retain trees in farmlands or replant native trees

in cacao AF that commonly occur in surrounding

primary or secondary forests.

As there is an increasing demand for land and food

production leading to agricultural intensification, the

heterogeneous mosaic landscape, of which the cacao

agroforestry systems form a part, could be strategi-

cally managed to maximize the benefits of both
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sustainable agricultural production and biodiversity

conservation.

Conclusion

In our study, tree species richness and diversity were

found to be significantly higher in the surveyed

primary forest as compared to the secondary forests

and cacao AF, but that cacao AF and secondary forests

were fairly comparable. Farmers retained only few

trees from original vegetation; most of the trees were

planted when establishing the cacao plantation and

were most highly valued for their products and

secondarily for their service role. We observed a very

low similarity between primary forests and cacao AF.

Tree species cultivated by farmers in cacao AF were

very different from those found in primary forests,

thus these AF could be a relatively poor substitute for

the conservation of tree species found naturally in

primary forests. This also raises the question as to how

well these agroforestry systems are able to support the

native diversity of fauna found in a natural forest, a

focus of our future research. It may be that agrofor-

estry systems could play important conservation role

in agricultural landscapes where forests are highly

fragmented, a typical situation in large areas of humid

tropics. Our results represent a scientific baseline for

further monitoring of ecological changes as the

landscape in the Amazon region as it becomes

progressively more human-modified.
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