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Modeling of the vertical structure of shade trees
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Cacao agrosystems can provide available habitats for wildlife species, due to the structure and diversity of established
shade trees in plantations. The objective of this research is to calculate the index of importance and forest value of shade
trees used in cacao agrosystems. Field sampling was carried out to collect data on breast height diameter, canopy diameter
and canopy height, these variables were used to estimate the importance value index and the forest value index. The trees
with the best indexes of importance and forest value are Erythrina americana (IVI = 62.34 and FVI = 50.94), Bursera si-
maruba (IVI=62.53 and FVI=66.99) and Samanea saman (IVI= 156,85 and FVI=42.93). The vertical structure of cacao
agrosystems is important since it could be used as an input variable to evaluate and predict, through an ecological niche
model, the quality of the available habitat for the conservation of wildlife such as birds, reptiles and arboreal mammals.

Keywords: biodiversity conservation, canopy height, Forest value index.

VIIK 630

MopenupoBanne BepTHRAIBHOI CTPYKTYPbI TEHUCTHIX /iepeBbeB
B CHCTeMaX arpoJieCoBOJICTBA KAKao

© 2023. B. Canuec-JInac', PhD, uccnenoBaren,

JI. Puoc-Popac?, PhD, uccaenosarenn, A. Coxa-Canuec®, PhD, uccaegosarein,
A. nean Pocapuno Dpaiipe-Backec!, nccaegonarenp,

X. nean Rapmen [Isxkeponnmo-Toppec?, PhD, uceaenoBarens,

P. Coane-CuanBan', PhD, ucenenoBarenn,

'Beicimmii rexmnosornueckuii unctutyr Romanbraaibko,

nopora Romarnrannro-Ilapanzo KM 2, RA Oxkcnjenre

3-1 cercnon, Homanbranoko, Tabacko, 866050, Mexkcura,

*ABronomHubIil yHuepcurer Ubsmnaca:

[ITKoJa cenbCKOX03ANCTBEHHBIX UCCACIOBAHII Mais,

4 kM, mocce KRaracaxa-Ilanenke, Karacaxa, Unsanac, 29980, Mexcuxka,
SKammyc Boicrireii mrosist Tabacko,

[Tepudepuro Rapioc A. Monuuna S/N Km. 3, Panuepust Puo Cexko u Monranbsi,
86500, 'eponra Rappenac, Tabacko, Merkcnka,

e-mail: rudy.solis@comalcalco.tecnm.mx

28

ArpocuereMbl KAKA0 MOTYT 00eCIIednThb JOCTYITHYIO Cpety OONTaHus LI BUJIOB JINKUX 3KUBOTHBIX 0JIAr0jiapst CTPYKType
1 paznoobpasuio yROPeHNBIINXCST TEHNCTHIX iepeBbeB Ha rniaanranusax. Lleasio jamnoro nceaeoBanms sBisiercst pacuér
NHeKCA BAYKHOCTI 1 JIECHON IeHHOCTH TeHWCTHIX IePeBheB, NCIOIL3YeMBIX B arpocucTeMax BeIparmnBannsa kakao. [lo-
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JIeBbIe UCCIeloOBAHMSA ObIJIN [POBEEHbI IS [OJIYYCH IS JaHHBIX O [ITaMeTpe Ha BHICOTE IPY/LU, IHaMeTpe U BHICOTE I10JI0Ta.
I TepeMeHHbIe UCIOb30BAICE [T OTEHKH WHEKCA BayKHOCTH W WHEKCA IeHHocTu Jjgeca. [lepesbs ¢ ayammmmn
MOKA3ATeJSIMI BAKHOCTH 1 JecHoli nenuoctu — Erythrina americana (IVI = 62,34 w FVI = 50,94), Bursera simaruba
(VI =62,53 nu FVI = 66,99) u Samanea saman (IVI = 56, 85 u FVI = 42,93). Bepruranbuas crpykrypa arpocucrem
KaKao BayKHa, MOCKOJbKY €& MOJKHO MCI0JIb30BAThH B KAYECTBE BXOMHOI IePEMEHHOI JIJIs1 OTEHKN U TPOTHO3UPOBAH U
¢ TIOMOTI[HIO MOJIeTN AKOJOTUYECKOT HUITN KAuYeCTBA JOCTYITHON CPejibl OOMTaHIS ST COXPAHOHWS KX KUBOTHBIX,
TAKUX KaK ITHIbI, PENTUINK U JIPeBECHbIC MIICKOIIUTAIOIILIe.

HKaruessie crosa: coxpanenmne 6[10})&311006})331/1}:[, BBICOTA IT10JIOTA, MHAEKC IeHHOCTH! Jeca.

Due to anthropogenic activities in ecosys-
tems, fragmentation, and habitat loss, how the
main causes of biodiversity loss at all global,
national, and local levels, have modified ecosys-
tem services |1, 2]. Agrosystems (intentional
management of shade trees with acrops) have
the potential to provide habitats, to conserve
wildlife species in highly modified tropical land-
scapes [3, 4]. Coffee and cacao agrosystems are
the best known, and often have a high canopy of
various shade tree species [9]. So, these shade
trees are very important, and vary widely:
1) polycultural system (multiple species of shade
trees planted with forest species), where crop
trees are interspersed, with other shade trees
planted and cacao, 2) monocultural shade, where
the shadow is dominated by one or some tree
species, 3) diverse shade systems, where most
trees vary from 30 to 40 plant species, in which
fruit and timber species are inserted, where The
spine, usually are fast-growing nitrogen fixa-
tion legumes, include Erythrina spp., Gliricidia
sepium, Samanea saman, and Inga spp. [6].

In cacao agrosystems (Theobroma cacao)
worldwide, some shade trees are used that are
also present in plantations in Mexico. In Ghana
Persea americana, Citrus senensis, Gliricidia
sepium, Persea americana, Ceiba pentandra,
Cedrela odorala and Spondias mombin |7-10].
In Brazil Spondias mombin, Cedrela odorata,
Guazuma ulmifolia, Ceiba pentandra and Genipa
americana [11, 12]. In Colombia Spondias
mombin, Psidium guajava, Swielenia macro-
phylla, Cordia alliodora, Annona muricalta,
Guazuma ulmifolia, Artocarpus allilis, Pouteria
caimito, Gliceridia sepium, Persea americana,
Musa paradisiaca, Cedrela odorata and Ceiba
pentandra [13—15]. In Bolivia Cedrela odoralta,
Spondian mombin and Guazuma ulmifolia [16].
In Cameroon Ceiba pentandra, Citrus reticulata,
C. sinensis, Persea americana, Psidium guajava,
Spondias mombin, Manguifera indica and Musa
paradisiaca [17, 18]. In Costa Rica Carica pa-
paya, Castilla elastica, Cedrela odorata, Cocos
nucifera, Genipa americana, Gliricida sepium,
Leucaena leucocephala, Spondias mombin and
Samanea saman [19]. In Nigeria Citrus sinen-

sis, Manguifera indica, Psidium guajava, Citrus
reliculata, Persea americana, Cocos nucifera,
Ceiba pentandra and Spondias mombin [20]. In
Indonesia Manguifera indica and Swietenia mac-
rophylla |21, 22]. In Ecuador Cedrela odorata
[23]. In Peru Cedrela odorata, Persea americana
and Swietenia macrophylla |24].

The variety of trees established as shade
in cacao plantations, are valuable spaces for
wildlife conservation, providing habitat for in-
sects, birds, amphibians, reptiles, and mammals
[25-28]. Cacaois one of the main crops that can
be associated with a great diversity of trees used
as shade [29]. Globally, the most commonly used
shade trees in cacao plantations are Spondias
mombis, Cedrela odorata, Persea americana,
Mangifera indica, and Citrus sinensis [10, 19,
20, 30, 31]. In Tabasco, the most common shade
trees in cacao trees are Guazuma ulmifolia, Ceiba
pentandra, Erythrina americana and Samanea
saman [32-35]; where mammals such as the
howler monkey (Alouatta palliata) endangered
species (Sernapam NOM-059), has adapted,
using these agrosystems as a refuge. In addi-
tion, the red list of the International Union for
the Conservation of Nature (IUCN) considers
A. palliata mexicana as critically endangered.

The objective of this research is to calculate
the index of importance and forest value of the
shade trees frequently used in cacao agrosys-
tems, as available habitats for the conservation
of wildlife species.

Objects and Methods

Characterization of the study area. The study
was carried out in six different cacao agrosystems
(Fig. 1, see colorinsert I). In the state of “Tabas-
co”’, Mexico. In this investigation, three different
cacao agrosystems were selecled as study sites.

Sampling procedure. For the sampling of
the vegetation structure in the cacao agrosys-
tems, the 3 study sites were used (Table 1), in
which 10 plots of 25 x 10 m were selected in
each, each plot had an area of 250 m? taking
into account what is suggested by [36], for a
total of 30 Temporary Sample Plot (7SP), where
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Table 1
Sites used in this study
Study Location Coordinates, m (UTM, WGS84) Area Source
sites X Y
SA1 Aldama 461830 2017193 21.08 ha [32]
SA 2 Carlos Greene 454416 2016030 49.59 ha [37]
SA 3 Zapotal 471172 2023367 57.82 ha [38]
Emergent production |
paims and trees 0

Fig. 2. Vertical structure of the cacao agroecosystem with shade trees [13]

the diameter at breast height (DBH), total
height and crown diameter (all individuals with
DBH > 1.3 m) were recorded.

Characterization of the vertical structure.
The cacao agrosystems are integrated polycul-
tivation plots where all major plant types are
represented in layers and tiers from the open sun
to the closed shade (Fig. 2).

Dasometric variables. The trees were taxo-
nomically identified and geo-referenced with
GPS. The dasometric variables recorded were
the diameter at breast height (DHB 1.3 m) and
crown diameler, measured with a tape measure,
and total height (H¢) with a clinometer [39].

Diameter at breast height (DBH). Once the
plots were established, a direct determination of
the diameter at breast height (DBH) of all the
trees present in each of the TSPs was carried
out, making a single reading per tree, where
DBH = C/w®.

Determination of canopy height. Due to
the practical difficulties in measuring canopy
heights directly, through an indirect method,
was used by a clinometer to measure the angles
of the tree base (0), the canopy (p) and the hori-
zontal distance (hd), using the following basic
trigonometric formula: Ht = hd (tanp + tand).

Determination of crown diameter (CD).
For the determination of the crown diameter
present in each TSP, the projection of these
was measured in two directions, mainly North-
South and East-West, taking as reference the
projection of the ends of the same on the ground
CD = (cdl+cd2)/2 [68].

Basal Area Calculation. With the mea-
surements data, a database was generated, with
which the calculation of the Basal Area (BA),
cross-sectional area of the tree, measured at 1.30
m height was determined and calculated by the
following formula: BA = 0.7854 - DBH?, where
BA = Basal area in m* and DBH = diameter at
breast height in m?,

Importance Value Index. The importance
value index (/VI) defines which of the species
present contribute to the character and struc-
ture of an ecosystem, which is obtained from the
study of structural variables such as abundance,
dominance, coverage, and frequency [40]. It was
calculated as follows: I'VI = Relative dominance
+ Relative density + Relative frequency.

The dominance (biomass estimator: basal
area, coverage) relative was obtained as follows:
Relative dominance = (Absolute dominance per
each tree) /(Absolute dominance of all trees) - 100,
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Table 2
Tree species are found in three cacao agrosystems in Comalcalco, Tabasco
Family Scientific name Height (m) Agrosystems
SA1 SA 2 SA 3
Mangifera indica 10-30 X
Anacardiaceae Spondias mombin 10-30 X X X
S. purpurea 3-8 X
Annonaceae Annona muricatla 3-8 X
A. reliculata 6-8 X
Bignoniaceae Tabebuia rosea 10-30 X X X
Burseraceae Bursera simaruba 20-35 X
Erythrina americana 10-30 X X
Inga jinicuil 12—15 X X
Fabaceae Gliricidia sepium 12-20 X
Tamarindus indica 10-30 X X
Samanea saman 25-50 X X
Leucaena leucocephala 3-6 X
Cinnamomum zeylanicum 10-15 X
Lauraceae Persea schiedeana 8-25 X
Persea americana 10-20 X X
Malpighiaceae Byrsonima crassifolia 3-7 X
Malvaceae Ceiba pentandra 20-70 X X
Guazuma ulmifolia 8—15 X
) Cedrela odorala 10-35 X X X
Meliaceae 5 5 -
Swietenia macrophylla 30-50 X
Moraceae Artocarpus allilis 12-21 X
Caslilla el stica 20-25 X
Pimenta dioica 6-8 X
Myrtaceae Psidium guajava 3—-10 X
Syzygium jambos 10-16 X
Citrus latifolia 3-6 X
R C. sinensis 9-10 X
Htaceae C. nobilis 2-6 X
C. aurantium 3-5 X
Sapindaceac Talisia olivaeformis 15-20 X
Nephelium lappaceum 12-20 X
Chrysophyllum cainito 10-25 X
Sapotaceae Manilkara sapota 25-30 X
Pouleria sapola 15-45 X X
Oxalidaceae Averrhoa carambola 3-9 X
Bixaceae Bixa orellana 2-5 X
Boraginaceae Cordia alliodora 725 X
Caricaceae Carica papaya 2-8 X
Musaceae Musa paradisiaca 1-3 X
Muntingiaceae Muntingia calabura 3-8 X
Rubiaceae Genipa americana 15-25 X
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Table 3
Tree species with the highest importance value (IVI)
and forest value indices in the three cacao-based agrosystems
Species i Species FVI
SA 1 SA 1
Erythrina americana 62.34 Erythrina americana 90.94
Cedrela odorata 46.64 Ceiba pentandra 49.06
Tabebuia rosea 39.03 Mangifera indica 41.30
Mangifera indica 25.32 Artocarpus altilis 35.22
Artocarpus altilis 22.91 Spondias mombin 28.12
Twelve remaining species 103.76 Twelve remaining species 95.36
SA 2 SA 2
Bursera simaruba 62.53 Bursera simaruba 66.99
Cedrela odorala 00.86 Samanea saman 49.19
Samanea saman 36.92 Spondias mombin 37.89
Tabebuia rosea 36.25 Cedrela odorala 24.92
Inga jinicuil 26.39 Tabebuia rosea 21.40
Fourteen remaining species 87.05 Fourteen remaining species 99.61
SA 3 SA 3
Samanea saman 96.85 Samanea saman 42.93
Tabebuia rosea 96.02 Ceiba pentandra 36.98
Ceiba pentandra 31.31 Pouteria sapota 39.78
Spondias mombin 30.76 Tabebuia rosea 33.45
Cedrela odorata 23.86 Persea americana 29.54
Fifteen remaining species 101.20 Fifteen remaining species 121.32
Table 4
Density, height, basal area, and cover of shade trees in cacao agrosystems
Indicators Camertn Indonesia Mexico Ghana Ecuador | Costa Rica
Canopy coverage (%) 87.8+7.4 78.7+0.4 72.75£5.74 | 51.6+3.67 | 72+27 66.0+18.1
Tree species (no.) 11.0+0.0 20.8+7.8 11.93+£0.94 | 10.8+£1.27 17+5 15.8+5.8
Tree density (tree/ha) | 51.3+£12.0 77.5£21.1 45.75+3.89 | 49.0+£9.7 |54.6+33.2| 61.0£22.1
Tree height (m) 95.9+3.3 191.'[;576;00.'2469 11.28+0.69 | 15.1£0.74 | 12.1+1.0 21.1£3.6
Basal area (m?/ha) 48.7+14.6 96.7+9.10 34.1£2.86 | 42.8+2.5 | 37.7+5.1 25.5+7.4
Source [5,17, 42] [43-46] [47, 48] [7,8,49] | [23,50] [51-53]

where: Absolute dominance = (Basal area of
a tree) /(Sampled area).

The basal area (BA) was obtained with the
following equation:

BA:%DBHZ,

The relative density is calculated as follows:

Absolute density = (Number of individuals in
a tree) /(Sampled area)

Relative density = (Absolute density per each
tree) /(Absolute density of all trees) - 100,

where: The relative frequency is calculated
as follows:

Relative density = (Absolute density per each
tree) /(Absolute density of all trees) + 100,

where: Absolute frecuency = (Number of
Jrames in which each tree is presented)/(Tolal
number of sampled frames).

Forest Value Index. The forest value index
(FVI) proposed by [41], which is made up of the
relative values of the diameter, height, and cover-
age of the species in the area. It was calculated
as follows: FVI = Relative diameter + Relative
height + Relative cover.

The relative diameter was obtained by the
equation:

Relative diameter = (Absolute diameter
pereach tree)/(Absolute diameter of all trees)
- 100,

where: Absolute diameter = (Diameter of a
tree) /(Sampled area).
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The relative height was obtained by the
equation:

Relative height = (Absolute height per each
tree) /(Absolute height of all trees) + 100,

where: Absolute height = (Height of a tree)/
(Sampled area).

The relative coverage was obtained through
the equation:

Relative coverage = (Absolute coverage per
each tree) / (Absolute coverage of all trees) - 100,

where: Absolute coverage = (Coverage of a
tree) / (Sampled area).

Results

Field sampling. The family with the high-
est presence of species was Fabaceae with four
species. The Malvaceae and Sapotaceae families
presented three species each, while the Anacar-
diaceae, Bignoniaceae, Lauraceae, Meliaceae,
Moraceae, and Rutaceae families each, had two
species (Table 2).

Ecological importance value index. The tree
species with the highest structural values in each
agrosystem were the same in both indices, Erythrina
americana (IVI = 62.34 and FVI = 50.94), Bursera
simaruba (IVI = 62.53 and FVI = 66.99), and Inga
Jinicuil (IVI = 56.85 and FVI =42.93) (Table 3).

Review of structural characteristics in
shade tree vegetation in cacao agrosystems. A
literature review of the structural characteristics
of shade tree vegetation in cacao agrosystems
was carried out worldwide (Table 4).

Discussion

Due to the fragmentation and loss of habitat,
species such as insects, amphibians, reptiles,
birds and mammals have needed to take refuge
in cacao and coffee agrosystems [25, 32, 54], in
no way can these types of available habitats be
compared with rainforests, which due to their
biotic and abiotic processes would be the ideal
habitats for many species. However, in the case
of some endangered species, agrosystems are the
only habitat available, because, due to their di-
versity of trees and different strata in their cano-
pies, they have the potential to provide habitats
for the conservation of species of wildlife [3, 4].
The different strata in cacao plantations, allow
obtaining various benefits and natural services
such as water collection and purification, soil
conservation, crop pollination, carbon seques-
tration, organic waste decomposition, species
conservaltion, ultraviolet rays protection, partial
stabilization of the climate, and the aesthetic

beauty of natural environments [55]. Therefore,
economic incentives or payment for environmen-
tal services could be provided to small producers,
so that they conserve and improve the tree cover
of their cacao plantations [56].

The vertical stratification of vegetation
contributes to the plant-animal interaction,
population dynamics, and the evolution of the
life history of animals that depend on plants
for food [57, 58]. In addition, abiotic and bi-
otic factors influence structural aspects such
as canopy height and geographic distribution
of species, which is important for maintaining
different strata and abundance of trees [59].
Vertical stratification in rainforests and cacao
agrosystems is very important because of their
composition, structure, and diversity since
their different strata are favorable to support
the conservation of wildlife species [29]. As for
the vertical stratification of the forest, it is clas-
sified into five levels: emerging layer, canopy,
undergrowth, and soil layer [60, 61]. While the
vertical stratification of cacao agrosystems is
classified as high, medium, low, and floor [62].

Some of the trees found in these study sites
are fruit trees such as Citrus sinensis, Mangifera
indica, Annona muricata, and Persea ameri-
cana |9, 17], while others are forestries such as
Tabebuia rosae and T. guayacan. In addition,
species such as Cedrela odorata and Swietenia
macrophylla, which according to the TUCN
calegory are considered vulnerable species.
Shadow trees in cacao should be promoted as
a way of conserving wildlife species [25], as it
provides biological corridors for the movement
and shelter of animals such as insects, birds, and
mammals [9, 17]. Currently, diversification in
agrosystems is a strategy that allows produc-
ers to compensate for economic losses caused
by price fluctuations and low coffee and cacao
production [63]. These types of strategies have
focused on product diversification with basic
crops, vegetables, fruit, timber, ornamental, and
even animals [64]. Diversification can increase
the overall production of the system, the rational
incorporation of shade trees and the biodiversity
associated with the system offers the possibility
of improving the provision of ecosystem services
without reducing coffee production [65].

In this research, the species Erythrina
americana obtained an VI value of 62.34, simi-
lar to other studies where the species had an 7VI
of 59.18 [33], 68.22 [66] and 78.5 [67]; the
Tabebuia rosea species obtained an VI of 36.25
similar to other studies where it had 35.30 [67]
and 26.80 [33]; the Maguifera indica species
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obtained an /VI of 25.32 comparable with other
1VIof18.00 [67], 31.70 [33] and 31.41 [66]; the
species Cedrela odorata obtained an I'VI of 23.86
similar to the IVl of 25.40 [33], 21.28 [66] and
26.50 [67]; the Inga jinicuil species obtained an
1VI26.39 very close to 26.84 [66] and 22.79 [33].

The presence of arboreal fauna at different
levels of stratification is highly correlated with
the structure of the diversity of trees. Therefore,
they are crucial elements in the richness of bio-
diversity. Since currently in our study site, cacao
agrosystems are the only thing that is available
as a habitat for wildlife, and it is what most re-
sembles a jungle due to its vertical stratification.
House garden domestics and cover crops where
you can find especially insects, spiders, and some
mammals such as antleaters, wild boars, tapirs,
and jaguars, where also a large amount of litter
falls to the ground and is rapidly degraded by
termites, worms, and fungi. Ornamental shade
and fruit trees where we can find snakes and
some birds. Managed foliage and nitrogen-fixing
legumes birds (toucan), mammals (monkeys),
reptiles, and amphibians. Emergent production
palms and trees birds such as the scarlet macaw
and other types of species.

Conclusion

Dasometric variables of the shade trees
used in the cacao agrosystems were measured in
the field and obtained the information necessary
to determine the height of the canopy, crown di-
ameler, and diameter of breast height to obtain
the index of importance and forest value, these
attributes are important as it could be taken as
an input variable or parameter to predict avail-
able habitats through an ecological niche model
and assess the quality of their habitat, including
birds and arboreal primates. Cacao plantations
due to shade trees can become key refuge areas
for various species such as insects, amphib-
ians, reptiles, birds, and mammals, especially
when compared to more intensive agricultural
practices. It is recommended to use LiDAR
technology as a tool Lo measure parameters
related to the vertical stratification of shade
trees used in cacao agrosystems, in addition to
quantifying the relationships between species
and habitats, which is beneficial as a support for
conservation, in the persistence of populations
at local scales.

We appreciate the support of the SNI-CONACyT
and the Higher Technological Institute of Comal-
calco.

References

1. Cottontail V.M., Wellinghausen N., Kalko E.K.V.
Habitat fragmentation and haemoparasites in the common
fruit bat, Artibeus jamaicensis (Phyllostomidae) in a tropi-
cal lowland forestin Panama // Parasitology. 2009. V. 136.
No. 10. P. 1133—-1145. doi: 10.1017/S0031182009990485

2. Raghubanshi A.S., Tripathi A. Effect of distur-
bance, habitat fragmentation and alien invasive plants
on floral diversity in dry tropical forests of Vindhyan
highland: a review // Tropical Ecology. 2009. V. 50.
No. 1. P. 57-69.

3. McDermott M.E., Rodewald A.D., Matthews S.N.
Managing tropical agroforestry for conservation of flock-
ing migratory birds // Agroforestry Systems. 2015. V. 89.
No. 3. P. 383-396. doi: 10.1007/s10457-014-9777-3

4. Bhagwat S.A., Willis K.J., Birks H.J.B., Whit-
taker R.J. Agroforestry: a refuge for tropical biodiversi-
ty? // Trends in Ecology & Evolution. 2008. V. 23. No. 5.
P.261-267. doi: 10.1016/j.tree.2008.01.005

5. Bisseleua D.H.B., Missoup A.D., Vidal S. Biodiver-
sily conservation, ecosystem functioning, and economic
incentives under cacao agroforestry intensification //
Conservation Biology. 2009. V. 23. No. 5. P. 1176-1184.
doi: 10.1111/§.1523-1739.2009.01220.x

6. Greenberg R. Biodiversity in the cacao agro-
ecosystem: shade management and landscape consid-
erations // Migratory Bird Center Website. 2014. Smith-
sonian Institution, Washington, DC. P. 1-12.

7. Abdulai 1., Jassogne L., Graefe S., Asare R., Van
Asten P., Laderach P., Vaast P. Characterization of cacao
production, income diversification and shade tree manage-
ment along a climate gradient in Ghana // PLoS ONE.
2018. V. 13. No. 4. Article No. e0195777. doi: 10.1371/
journal.pone.0195777

8. Asase A., Ofori-Frimpong K., Ekpe P.K. Impact of
cacao farming on vegetation in an agricultural landscape
in Ghana // African Journal of Ecology. 2010. V. 48. No. 2.
P. 338-346. doi: 10.1111/j.1365-2028.2009.01112.x

9. Asase A., Tetteh D.A. The role of complex agrofor-
estry systems in the conservation of forest tree diversity and
structure in southeastern Ghana // Agroforestry Systems.
2010. V. 79. No. 3. P. 355-368.

10. Richard A., Raebild A. Tree diversity and canopy
cover in cacao systems in Ghana // New Forests. 2018.
V. 47. No. 2. P. 287-302. doi: 10.1007/s11056-015-
9515-3

11. Cattanio J.H., Anderson A.B., Carvalho M.S.
Floristic composition and topographic variation in a tidal
floodplain forest in the Amazon Estuary // Brazilian Jour-
nal of Botany. 2002. V. 25. P. 419-430.

12. Sambuichi R.H., Vidal D.B., Piasentin F.B.,JardimJ.G.,
Viana T.G., Menezes A.A., Baligar V.C. Cabruca agroforests
in southern Bahia, Brazil: tree component, management
practices and tree species conservation // Biodiversity and
Conservation. 2012. V. 21. No. 4. P. 1055-1077.

Teoperuueckast u npurnanuas sroaorust. 2023. Ne 1 / Theoretical and Applied Ecology. 2023. No. 1



METOMOJIOT'UA N METO/1bI UCCJENOBAHUA. MOAEJIN U ITPOTI'HO3bI

13. Cardenas-Torres M.A. Estudio comparativo de la
composicion floristica, estructura y diversidad de fustales
en dos ecosistemas del campo de produccion 50k CPO-09,
Llanos del Orinoco Colombiano // Colombia Forestal.
2014.V.17. No. 2. P.203-229 (in Spanish). doi: 10.14483/
udistrital.jour.colomb.for.2014.2.a06

14. Ordofiez C.M., Rangel-Ch J.O. Composicion flo-
risticay aspectos de la estructura de la vegetacion en sistemas
agroforestales con cacao (Theobroma cacao L. — Malvaceae)
en el departamento del Huila, Colombia // Revista de la
Academia Colombiana de Ciencias Exactas, Fisicas y Na-
turales. 2020. V. 44. No. 173. P. 1033—1046 (in Spanish).
doi: 10.18257 /raccefyn.1183

15. Suarez Salazar J.C., Melgarejo L..M., Casanoves F.,
Di Rienzo J.A., DaMatta F.M., Armas C. Photosynthesis
limitations in cacao leaves under different agroforestry
systems in the Colombian Amazon // PloS ONE. 2018.
V. 13. No. 11. Article No. ¢0206149. doi: 10.1371 /journal.
pone.0206149

16. Somarriba E., Orozco Aguilar L. Arboles mader-
ables en fincas de cacao organico del Alto Beni, Bolivia //
Agroforesteria en las Américas. 2005. No. 43-44. P. 46-53
(in Spanish).

17. Mbolo M.M.A., Zekeng J.C., Mala W.A., FobanelJ.L.,
Chimi C.D., Ngavounsia T., Nyako C.M., Menyene L.F.E.,
Tamanjong Y.V. The role of cacao agroforestry systems
in conserving forest tree diversity in the Central Region
of Cameroon // Agroforestry Systems. 2016. V. 90. No. 4.
P. 577-590.

18. Sonwa D.J., Weise S.F., Nkongmeneck B.A.,
Tchatat M., Janssens M.J. Structure and composition of
cacao agroforests in the humid forest zone of Southern
Cameroon // Agroforestry systems. 2017. V. 91. No. 3.
P. 451-470.

19. Vaughan C., Ramirez O., Herrera G., Guries R.
Spatial ecology and conservation of two sloth species in a
cacao landscape in Limoén, Costa Rica // Biodiversity and
Conservation. 2007. V. 16. No. 8. P. 2293-2310.

20. Oke D.O., Odebiyi K.A. Traditional cacao-based
agroforestry and forest species conservation in Ondo
State, Nigeria // Agriculture, Ecosystems & Environ-
ment. 2007. V. 122. No. 3. P. 305-311. doi: 10.1016/j.
agee.2007.01.022

21. Markum M., Soesilaningsih E.A., Suprayogo D.,
Hairiah K. Plant species diversity in relation to carbon
stocks atJangkok watershed, Lombok Island // AGRIVITA.
Journal of Agricultural Science. 2014. V. 35. No. 3.
P.207-217. doi: 10.17503 /agrivita.v35i3.315

22. Tolangara A., Ahmad H., Liline S. The composi-
tion and important value index of trees for wildlife feed in
Bacan Island, South Halmahera // TOP Conference Series:
Earth and Environmental Science. 2019. V. 276. No. 1. Ar-
ticle No. 012037. doi: 10.1088/1755-1315/276/1/012037

23.Jadan O., Torres B., Selesi D., Pefia D., Rosales C.,
Ginter S. Diversidad floristica y estructura en cacaotales
tradicionales y bosque natural (Sumaco, Ecuador) // Co-

lombia Forestal. 2016. V. 19. No. 2. P. 5-18 (in Spanish).
doi: 10.14483 /udistrital.jour.colomb.for.2016.2.a01

24. Vebrova H., Lojka B., Husband T.P., Zans M.E.C.,
Van Damme P., Rollo A., Kalousova M. Tree diversity in
cacao agroforests in San Alejandro, Peruvian Amazon //
Agroforestry Systems. 2014. V. 88. No. 6. P. 1101-1115.

25. Cicuzza D., Kessler M., Clough Y., Pitopang R.,
Leitner D., Tjitrosoedirdjo S.S. Conservation value of cacao
agroforestry systems for terrestrial herbaceous species in
central Sulawesi, Indonesia // Biotropica. 2011. V. 43. No. 6.
P.755-762. doi: 10.1111/j.1744-7429.2010.00741.x

26.GuiracochaG., Harvey C.A., Somarriba E., Krauss U.,
Carrillo E. Conservaci n de la biodiversidad en sistemas
agroforestales con cacao y banano en Talamanca, Costa
Rica // Agroforesteria en las Américas. 2001. V. 8. No. 30.
P.7—11 (in Spanish).

27. Suatunce P., Somarriba E., Harvey C., Finegan B.
Composicion floristicay estructura de bosques y cacaotales
en los territorios indigenas de Talamanca, Costa Rica //
Agroforesteria en las Américas. 2003. V. 10. P. 37-38 (in
Spanish).

28. Gutierrez F.S., Pérez-Flores J., Olan J.J.O.,
Sanchez A.S., Ruiz-Rosado O. Arboles maderables en el
sistema agroforestal de cacao en Cardenas, Tabasco, Méxi-
co // Revista Mexicana de Ciencias Agricolas. 2017. V. 14.
P.2711-2723 (in Spanish).

29. Salgado-Mora M.G., Ibarra-Nufez G., Macias-
Samano J. E., Lopez-Baez O. Diversidad arbdrea en cacao-
tales del Soconusco, Chiapas, México // Interciencia. 2007.
V. 32. No. 11. P. 763-768 (in Spanish).

30. Bolfe E.L., Batistella M. Analise floristica e es-
trutural de sistemas silviagricolas em Tomé-Agu, Para //
Pesquisa Agropecuaria Brasileira. 2012. V. 46. No. 10.
P.1139-1147 (in Portuguese).

31. Siebert S.F. From shade-to sun-grown perennial
crops in Sulawesi, Indonesia: implications for biodiversity
conservation and soil fertility // Biodiversity & Conserva-
tion. 2002. V. 11. No. 11. P. 1889-1902.

32. Sanchez-Diaz B., Mata-Zayas E., Gama L., Rullan-
Silva C., Vidal-Garcia F., Rincon-Ramirez J. Use of differ-
ent spectral vegetation indices to determine the presence of
mantled howler monkeys (Alouatta palliata G.) on cacao
agrosystems (Theobroma cacao 1..) // Applied Ecology and
Environmental Research. 2019. V. 17. No. 1. P. 1279-1297.
doi: 10.15666/aeer/1701_12791297

33. Sanchez-Gutiérrez F., Pérez-FloresJ., Obrador OlanJ.J.,
Sol Sanchez A., Ruiz-Rosado O. Estructura arbérea del
sistema agroforestal cacao en Cardenas, Tabasco, México //
Revista Mexicana de Ciencias Agricolas. 2016. No. 14.
P.2695-2709 (in Spanish). doi: 10.29312/remexca.v0i14.439

34. Valenzuela-Cordova B., Mata-Zayas E.E., Pacheco-
Figueroa C.J., Chavez-Gordillo E.J., Diaz-Lopez H.M., Ga-
ma L., Valdez-Leal J.D.D. Potencial ecoturistico del agro-
sistema cacao (Theobroma cacao L..) con monos saraguatos
(Alouatta palliata Gray) en la Chontalpa, Tabasco // Ag-
roproductividad. 2015. V. 8. No. 5. P. 3-10 (in Spanish).

30

Teopernueckas u npuriaaaas sxogorus. 2023. Ne 1 / Theoretical and Applied Ecology. 2023. No. 1




METOAO0JIOT'UA 1 METO/1bI HCCJAETOBAHNA. MOJAEJIN U ITPOTI'HO3bI

36

39. Mufioz D., Estrada A., Naranjo E., Ochoa S. For-
aging ecology of howler monkeys in a cacao (Theobroma
cacao) plantation in Comalcalco, Mexico // American
Journal of Primatology. 2006. V. 68. No. 2. P. 127-142.
doi: 10.1002/ajp.20211

36. Rugnitz M., Chacon M., Porro R. Guia para De-
terminacd@o de Carbono em Pequenas Propriedades Rurais.
Centro Mundial Agroflorestal (ICRAF) Consorcio Iniciativa
Amazonica (I1A). Belém, Brasil, 2009. 79 p. (in Portuguese).

37. Valenzuela C.B. Evaluacion del habitat disponible
para monos saraguatos (Alouatta palliata mexicana) en
el agrosistema de cacao en el municipio de Comalcalco,
Tabasco, México. Universidad Juarez Autonoma de Tabas-
co, 2018 (in Spanish).

38. Vidal-Garcia F., Serio-Silva J.C. Potential distri-
bution of Mexican primates: modeling the ecological niche
with the maximum entropy algorithm // Primates. 2011.
V. 52. No. 3. P. 261-270.

39. Scheelje B.J.M. Indice de la legislaciéon sobre el
aprovechamiento del recurso maderable en sistemas sil-
vopastoriles de Costa Rica. Turrialba, Costa Rica, 2009.
157 p. (in Spanish).

40. Curtis J.T., McIntosh R.P. An upland forest
continuum in the prairie forest border region of Wis-
consin // Ecology. 1951. V. 32. No. 3. P. 476-496. doi:
10.2307 /1931725

41. Justavino F.C., Hernandez J.1.V., Alcald V.M.C.,
Cossio F.V.G., Santos A.T., Rivera J.R.A. Estructura for-
estal de un bosque de mangles en el noreste del estado de
Tabasco, México // Revista Mexicana de Ciencias Fores-
tales. 2020. V. 26. No. 90. P. 73-102 (in Spanish).

42. Bisseleua H.B.D., Fotio D., Missoup A.D., Vidal S.
Shade tree diversity, cacao pest damage, yield compensat-
ing inputs and farmers’ net returns in West Africa // PloS
ONE. 2013. V. 8. No. 3. Article No. ed6115. doi: 10.1371/
journal.pone.0056115

43. Bos R., Windono T., Woerdenbag H.J., Boers-
ma Y.L., Koulman A., Kayser O. HPLC photodiode array
detection analysis of curcuminoids in Curcuma species
indigenous to Indonesia // Phytochemical Analysis: An
International Journal of Plant Chemical and Biochemical
Techniques. 2007. V. 18. No. 2. P. 118-122. doi: 10.1002/
pca.959

44. Philpott S.M., Bichier P., Rice R.A., Greenberg R.
Biodiversity conservation, yield, and alternative products
in coffee agroecosystems in Sumatra, Indonesia // Biodi-
versity and Conservation. 2008. V. 17. No. 8. P. 1805—-1820.

45. Ariyanti N.S., Bos M.M., Kartawinata K., Tjitro-
soedirdjo S.S., Guhardja E., Gradstein S.R. Bryophytes on
tree trunks in natural forests, selectively logged forests and
cacao agroforests in Central Sulawesi, Indonesia // Bio-
logical Conservation. 2008. V. 141. No. 10. P. 2516-2527.
dio: 10.1016/j.biocon.2008.07.012

46. Edy N., Zakaria E.K., Lakani I. Forest conversion
into cacao agroforestry and cacao plantation change the
diversity of arbuscular mycorrhizal fungi // IOP Confer-

ence Series: Earth and Environmental Science. 2019.
V. 270. No. 1. Article No. 012015. doi: 10.1088/1755-
1315/270/1/012015

47. Moorhead L.C., Philpott S.M., Bichier P. Epi-
phyte biodiversity in the coffee agricultural matrix: can-
opy stratification and distance from forest fragments //
Conservation Biology. 2010. V. 24. No. 3. P. 737-746.
doi: 10.1111/5.1523-1739.2009.01430.x

48. Valencia V., Garcia-Barrios L., West P., Sterling E.J .,
Naeem S. The role of coffee agroforestry in the conserva-
tion of tree diversity and community composition of native
forests in a biosphere reserve // Agriculture, Ecosystems
& Environment. 2014. V. 189. P. 154—163. doi: 10.1016/j.
agee.2014.03.024

49. Dawoe E., Asante W., Acheampong E., Bosu P.
Shade tree diversity and aboveground carbon stocks in Theo-
broma cacao agroforestry systems: implications for REDD+
implementation in a West African cacao landscape //
Carbon Balance and Management. 2016. V. 11. No. 1. Ar-
ticle No. 17. doi: 10.1186/s13021-016-0061-x

50. LozadaT., De Koning G.H.J., Marché R., Klein A.M.,
Tscharntke T. Tree recovery and seed dispersal by birds:
comparing forest, agroforestry and abandoned agrofor-
estry in coastal Ecuador // Perspectives in Plant Ecology,
Evolution and Systematics. 2007. V. 8. No. 3. P. 131-140.
doi: 10.1016/j.ppees.2006.10.001

91. Somarriba E., Cerda R., Orozco L., Cifuentes M.,
Davila H., Espin T., Astorga C. Carbon stocks and cacao
yields in agroforestry systems of Central America //
Agriculture, Ecosystems & Environment. 2013. V. 173.
P. 46-57. doi: 10.1016/j.agee.2013.04.013

52. Reitsma R., Parrish J.D., McLarney W. The role
of cacao plantations in maintaining forest avian diversity
in southeastern Costa Rica // Agroforestry Systems. 2001.
V. 53. No. 2. P. 185-193.

93. Cerda R., Deheuvels O., Calvache D., Niehaus L.,
Saenz Y., Kent J., Somarriba E. Contribution of cacao
agroforestry systems to family income and domestic con-
sumption: looking toward intensification // Agroforestry
Systems. 2014. V. 88. No. 6. P. 957-981.

4. Zarate D.A., Andresen E., Estrada A., Serio-Silva J.C.
Black howler monkey (Alouatta pigra) activity, forag-
ing and seed dispersal patterns in shaded cacao planta-
tions versus rainforest in southern Mexico // American
Journal of Primatology. 2014. V. 76. No. 9. P. 890-899.
doi: 10.1002/ajp.22276

55. Macip Rios R., Macip R.F. Pago por servicios am-
bientales (ecosistémicos) en México Una alternativa para la
conservacion de la biodiversidad y el desarrollo? // Biocyt
Biologia, Ciencia y Tecnologia. 2013. V. 6. P. 375-387 (in
Spanish).

56. Idol T., HaggarJ., Cox L. Ecosystem services from
smallholder forestry and agroforestry in the tropics //
Integrating agriculture, conservation and ecotourism:
examples from the field. Springer, Dordrecht. 2011.
P. 209-270.

Teoperuueckast u npurnanuas sroaorust. 2023. Ne 1 / Theoretical and Applied Ecology. 2023. No. 1



METOMOJIOT'UA N METO/1bI UCCJENOBAHUA. MOAEJIN U ITPOTI'HO3bI

57. Talora D.C., Morellato P.C. Fenologia de espécies
arboreas em floresta de planicie litordnea do sudeste do
Brasil // Brazilian Journal of Botany. 2000. P. 13-26 (in
Portuguese). doi: 10.1590/S0100-84042000000100002

58. Vilchez B., Rocha O. Fenologia y biologia repro-
ductiva del nazareno (Peltogyne purpurea Pittier) en un
bosque intervenido de la Peninsula de Osa, Costa Rica //
América Central. Revista Forestal Mesoamericana Kuru.
2004. V. 1. No. 1. P. 47-60 (in Spanish).

59. Llambi L.D. Estructura, diversidad y dinamica
de la vegetacion en el ecotono bosque-paramo: revision de
la evidencia en la Cordillera de Mérida // Acta Bio-logica
Colombiana. 2015. V. 20. No. 3. P. 5-19 (in Spanish). doi:
10.15446/abe.v20n3.46721

60. Minton S. Using movement to teach academics:
An outline for success // Journal of Physical Educa-
tion, Recreation & Dance. 2003. V. 74. No. 2. P. 36—40.
doi: 10.1080,/07303084.2003.10608377

61. Pelt R.V., Franklin J.F. Influence of canopy struc-
ture on the understory environment in tall, old-growth,
conifer forests // Canadian Journal of Forest Research.
2000. V. 30. No. 8. P. 1231-1245. doi: 10.1139/x00-050

62. Somarriba E., Dominguez L., Harvey C. Cémo
evaluar y mejorar el dosel de sombra en cacaotales //
Agroforesteria en las Américas. 2004. V. 41. No. 42.
P.120-128 (in Spanish).

63. Allinne C., Savary S., Avelino J. Delicate balance
between pest and disease injuries, yield performance,
and other ecosystem services in the complex coffee-

based systems of Costa Rica // Agriculture, Ecosystems
& Environment. 2016. V. 222. P. 1-12. doi: 10.1016/j.
agee.2016.02.001

64. Meneses I.H., Vargas A.L.L., Portilla E.P.,
Solano V.M.C., Cardenas S.D. Diversificacion productiva
café-plantas ornamentales en La Sidra, Atzacan, Vera-
cruz // Revista de Geografia Agricola. 2012. V. 48. No. 49.
P.39-50 (in Spanish).

65. Rodriguez P.A., Delgado J.R.M. Ladiversificacion
en sistemas agroforestales cafeteros del Tolima: una respu-
estaalacrisis // Revista Agroforesteria Neotropical. 2014.
V. 4. P.26-38 (in Spanish).

66. Chablé-Pascual R., Palma-Lopez D.J., Vazquez-
Navarrete C.J., Ruiz-Rosado O., Mariaca-Méndez R.,
Ascensio-Rivera J.M. Estructura, diversidad y uso de las
especies en huertos familiares de la Chontalpa, Tabasco,
México // Ecosistemas y Recursos Agropecuarios. 2015.
V. 2. No. 4. P.23-39 (in Spanish).

67. Salvador-Morales P., CaAmara-Cabrales L.D.C.,
Martinez-Sanchez J.L., Sanchez-Hernandez R., Valdés-
Velarde E. Diversidad, estructuray carbono de la vegetacion
arborea en sistemas agroforestales de cacao // Madera y
bosques. 2019. V. 25. No. 1 (in Spanish). doi: 10.21829/
myb.2019.2511638

68. Cailliez F. Estimacion del volumen forestal
y prediccion del rendimiento // V. 1. Estimacién del
volumen. Roma: Organizacién de las Naciones Unidas
para la Agricultura y la Alimentacion, 1980. 92 p. (in
Spanish).

37

Teopernueckas n npuraagnas sroaormst. 2023. Nk 1 / Theoretical and Applied Ecology. 2023. No. 1




