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Abstract
Shifting agriculture (SA) involving fallow intervals between crop cycles is common in 
tropical areas. It allows the recovery of soil fertility for subsequent crops. However, the 
diminishing of fallow intervals (referred here as intensification of SA) is a main cause of 
forest degradation. Agroforestry systems (AFSs) based on modification of mature forests 
may play an important role in buffering adverse environmental outcomes caused by short 
fallow intervals in SA. We investigated whether AFSs reverse the effect of intensification 
of SA in cocoa (Theobroma cacao) agrosystems and aimed to (1) characterize species 
diversity in cocoa agroecosystem under SA with short fallow periods; (2) predict the eco-
logical impact of intensification of SA on floristic composition, particularly in endangered 
endemic species; and (3) identify whether changes in floristic composition and species 
diversity in agroecosystems under different fallow intervals are localized in certain strata 
or whether structural changes occur throughout the plant community. Our study revealed 
that shortened SA’s fallow periods on cocoa AFSs have drastic effects on levels of diver-
sity. Tree species assembly decreases across cocoa agroforest established in reduced fallow 
periods. Also, absence of fallow intervals of SA affects tree conservation rates in AFSs 
by changing floristic composition. Nevertheless, the use of AFSs with complex arboreal 
structures under SA preserves and protects higher rates of native and endangered endemic 
species and delays forest degradation rates. The conservation of native species in this agri-
cultural model may meet the requirements to reverse the cycle of land degradation and 
social deprivation.
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Introduction

Disturbances have long been the primary driving forces influencing tropical forests dynam-
ics and the diverse ecosystem services they provide. The unbalance of anthropogenic 
activities alters floristic composition, landscape structure, quality of habitats, and ecosys-
tem services (DeFries et al. 2002; Malhi et al. 2008; Vera et al. 2017). The increasing rate 
of human activities, particularly those related to the expansion of agricultural and grass-
land areas needed for food and livelihood, has played a central role in the desertification of 
wooded areas (Pan and Bilsborrow 2005; Bhagwat et al. 2008; Gatti et al. 2015). For mil-
lennia, these agricultural practices have replaced natural forests in many parts of the world 
and have posed a threat to the integrity of ecosystems, its services, and biodiversity.

The evident population pressure, in combination with subsequent demands for crop pro-
duction, timber, and personal income have led to rapid deforestation (Lean and Warrilow 
1989), degradated forest ecosystems (Stanturf 2015), and unbalance in the Earth’s carrying 
capacity. Cairns (2015) and Warren-Thomas et  al. (2015) claim that shifting agriculture 
(SA), also known as swidden cultivation (Chan et  al. 2016) or swiddening (terms used 
interchangeably hereafter), has been one of the leading causes of tropical forest degrada-
tion in the last few decades. According to Brookfield (2015, p. 25), this practice is defined 
as “land-rotational systems… which retain a significant period of fallow intended to restore 
the fertility of the land.” The seemingly negative perception of SA is likely related to the 
effects in the ecological successional trajectory of forest communities and species recovery 
(Fernandes and Sanford 1995; Lawrence 2004) and in the environment, e.g., soil erosion 
(Brookfield 2015). However, this relatively harsh point of view regarding the practice of 
SA is not universal.

For some scientists this farming practice represents a beneficial alternative that less-
ens adverse impacts on the environment and restructures plant communities. That is, SA 
is generally less destructive as it combines manual tools and local labor in small scale as 
opposed to extensive commercial agriculture involving monocultures and machinery in 
large open areas lacking tree coverage (Siebert and Belsky 2014). Shifting agriculture with 
fallow periods over 10-year cycles potentially qualify as sustainable forest management 
and enrichment of carbon stocks (Van Noordwijk et  al. 2015; Chan et  al. 2016). These 
ideas, in conjunction with SA have been thus far poorly investigated and therefore underes-
timated. One significant concern about SA is the collapsed system, which is a space of land 
that no longer has appropriate soil nutrients and vegetation structure for farming (Brook-
field 2015). This condition has also been described as downward spiralling “cycle of land 
degradation and social deprivation” (Leakey 2012, 2013, 2018). This scenario might occur 
as a result of short fallow intervals (also referred in this paper as intensification of SA or 
intensification in land use), inevitably causing pronounced degradation of land resources 
(Rerkasem et al. 2009; Ziegler et al. 2009) and limiting supply of food resources (Tscharn-
tke et al. 2012). For instance, the loss of woody species in Madagascar’s secondary forests 
(Styger et  al. 2009) and decrease of crop production jeopardizing food security in rural 
areas (Brussaard et  al. 2010) are dilemmas linked to the intensification of SA through-
out the world. As a result, the reduction of fallow periods in SA areas may have negative 
consequences in the preservation of species and ecosystem services, and consequently, in 
human livelihood.

Some approaches, such as the intentional combination of agriculture and forestry, techni-
cally defined as agroforestry systems (AFSs), also known as chakra systems in some tropi-
cal regions, are relevant to biodiversity conservation because of the interaction among biotic 
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and abiotic components (Arévalo 2009; Vera et al. 2017). This idea is consistent with Wein-
stock (2015) who suggested that AFSs improve the productivity of SA practices. Thus, not all 
swidden farming systems are associated with species’ decline (Sajise 2015). AFSs also may 
play an important role in buffering undesirable environmental outcomes caused by decreas-
ing fallow intervals in SA. It is well-known that AFSs have positive effects on the continuity 
of essential ecosystems services (Ashley et al. 2006; Harvey et al. 2008; Porro et al. 2012; 
Leakey 2014) by enhancing connectivity with conservation areas (Schroth et al. 2004; Bhag-
wat et al. 2008; DeClerck et al. 2010), avoiding changes in soil temperature, moisture regimes, 
and nutrient cycling (Young 1997). Accordingly, the AFS is an important approach in tropical 
forests with high biodiversity levels (Arévalo-Vizcaíno et al. 2013; Grijalva et al. 2016) espe-
cially in regions experiencing elevated deforestation rates.

To our knowledge the ecological effects of SA on arboreal structural, floristic composition, 
and diversity under AFS have not been effectively evaluated and there is so far limited quan-
titative data available in evaluating the consequences of SA on the above parameters. Some 
studies (Guariguata and Ostertag (2001), Lawrence (2004), Blanc et al. (2009), and Van Do 
et al. (2011)) have addressed aspects about plant species succession and floristic composition 
following SA and logging. However, the status of species diversity and structure of the plant 
community in agricultural parcels under AFSs deriving from swidden cultivation is unknown. 
Investigating these issues and assessing the complexity of the vegetation cover will provide a 
better understanding of the threshold between levels of degradation and conservation of tropi-
cal ecosystems under SA, particularly for endemic, rare and endangered plant and animal spe-
cies. In addition, it will lead to understanding of “trade-offs” versus “trade-ons,” i.e., achieving 
a balance between conservation of biodiversity and food security (Leakey 2018).

This paper investigates how levels of biodiversity are intrinsically related to anthropogenic 
activities, specifically to the traditional farming system known as chakra systems or AFSs 
(Grijalva et al. 2011; Vera et al. 2017) practiced by Indigenous communities in the Northern 
Ecuadorian Amazon (NEA). This promising, yet simple agricultural system, has the poten-
tial to reverse multiple adverse effects caused by the disruption of the natural equilibrium, 
quality and health of ecological habitats. Given the fact that in AFSs only a portion of the 
natural vegetation is removed, several native tree species are preserved in the new farming 
plots resulting in less destructive ecological effects for the plant community (Arévalo 2009; 
Arévalo-Vizcaino et al. 2013). For these reasons, this agricultural approach has been regarded 
as an environmentally proactive and efficient sustainable forest management system (Vera 
et al. 2017). In this study we investigated whether AFSs reverse the effect of intensification of 
SA in local scale cocoa (Theobroma cacao) agrosystems. We aimed to (1) quantitatively char-
acterize species diversity in cocoa AFSs under SA with reduced fallow intervals; (2) predict 
the ecological impact on floristic composition, particularly in endangered endemic species, 
within the cocoa AFS with increasing levels of SA intensification; and (3) identify whether 
changes in floristic composition and species diversity in cocoa AFS under different SA fallow 
periods are restricted to certain strata or whether structural changes are widespread throughout 
the plant community.
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Materials and methods

Study site

This study was conducted in the buffer zone of the Northern Ecuadorian Amazon (NEA) 
in Ecuador (Fig.  1), which includes areas of primary forest, remnants of mature for-
ests, and agricultural production systems (Fig. 1, area a). The primary forests are mainly 
located in ecological reserves, such as the Sumaco Biosphere Reserve, Cayambe-Coca, 
Antisana, Llanganates, Yasuní, among others (Fig. 1, area b). The farming areas (mainly 
AFS) and remnants of mature forests (MF) are found in the transitional and buffer zones 
of the NEA where SA takes place (Fig. 1, area c). Among the crops, cocoa (Theobroma 
cacao) represents more than 95% of agricultural land (INEC 2010). The climatic charac-
teristics of the agricultural zone correspond to pre-montane wet forest distributed from 
300 to 600 meters above sea level (masl), with annual average temperature of 25 °C and 
annual average precipitation > 3000  mm (Arévalo 2009; MAE 2014). The topography 
includes gentle hills and plains with predominant soils of the order Dystropepts and 
Tropofluvents and in lesser proportion, Hydrandepts (MAE 2014).

Field work

Thirty-nine plots of 0.1 ha each were established during two field-work seasons (2016 
and 2017). These plots were created in agricultural and forests areas in the buffer zone 
of the NEA (Fig. 1, area c) encompassing three Indigenous communities located in the 
sub-basin areas, namely Jatun Yacu-Pano-Tena, Napo-Wambuno, and Puni-Arajuno, 
province of Napo. Thirty out of the 39 established plots represented the cocoa AFS 
(cocoa agroecosystem in cultivation for 8–9 years), and nine remaining plots belonged 
to MF. The plot design followed the methodology described by Gentry (1982, 1988) 
modified by Boyle (1996). In this approach, ten parallel subplots of 2 × 50  m nested 
within each plot were laid out 10 m apart from each other. This procedure allowed us 
to capture the variability of arboreal coverage in each site. For analytical purposes, the 
whole 0.1 ha plot was considered a single unit to avoid spatial pseudo-replications. The 
cocoa AFS were assigned to three categories indicating the intensification levels (low 
(L.I.), intermediate (I.I.), and high intensification (H.I.)) of the SA in regards to the 
previous fallow period (see Table 1 for details). These levels are described as follows: 
(1) cocoa AFS L.I. established following the removal of the MF, which corresponds 
to a traditional cycle of shifting agriculture with a long fallow period (L.I. level), (2) 
cocoa AFS I.I. established within a secondary forest, which represents a farming level 
with intermediate activity and shorter fallow time, and (3) cocoa AFS H.I. implemented 
immediately following a previous cropping system and directly related to intense 
agricultural activity with no fallow time. For each Indigenous community, a group of 
approximately three to four cocoa AFS plots were established per category of intensi-
fication of SA. The nine additional plots represented MF areas in the same three local 
communities and were used for comparative reasons. Information about the previous 
fallow period of cocoa AFS and location of MF were obtained through interviews with 
local landowners and from Arévalo’s (2009) diagnosis about rural agricultural practices 
in these human settlements.
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Data collection

In order to quantify the intensification effect of the SA on the floristic composition in the 
cocoa AFSs, all trees over 2.5  cm in diameter at the breast height (dbh) were identified 
at the species level whenever possible (Supplementary Table  1). All the identified trees 

Fig. 1  Map representing the Northern Ecuadorian Amazon (NEA). Upper left map of Ecuador displays in 
green the location of the NEA. Area in gray (a) indicates regions of the NEA with different land use, e.g., 
cattle, palm plantations, oil extraction areas, etc. Part (b) represents the location of official natural ecologi-
cal reserves. Segment (c) shows the study area of this investigation, i.e., the location of Indigenous agrofor-
estry systems and mature forest remnants
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were grouped in three diameter classes (DC), i.e., 2.5–9.99 cm, 10–19.99 cm, and > 20 cm. 
We assumed that the first DC (2.5–9.99 cm) represents saplings that might be part of the 
forest’s regenerative process, i.e., primary and secondary plant successional stages. The 
second DC (10–19.99 cm) represented a combination of trees belonging to primary suc-
cession and those intentionally left standing during the implementation of the agrosystem. 
The third DC (> 20 cm) was presumed to contain trees purposely left standing by farmers 
and make part of the AFS structure. Plant identification at the generic and specific levels 
was conducted in the field with the support of local expert ethnobotanists and based on 
previous collections described in Vera et al. (2017) in the same area. Voucher specimens 
were deposited in the Herbario Nacional (QCNE) and duplicates at the National Institute 
of Farming Research (INIAP), both institutions in Quito, Ecuador. In addition, relevant 
literature and online resources, i.e., the catalogue of vascular plants of Ecuador (www.tropi 
cos.org), Patzelt and Echeverría (1996), Jørgensen et al. (1995), Jørgensen and León-Yánez 
(1999), Ståhl et  al. (2015), and the Flora of Ecuador (http://bioen v.gu.se), were used to 
verify the identity of plants. The floristic inventory encompassed the compilation of a taxo-
nomic list in a matrix including family and scientific names. Taxonomic authorities for sci-
entific names are based on Tropicos nomenclatural database (www.tropi cos.org). The RED 
list status for each species determined according to the red-book list of the International 
Union for Conservation of Nature and Natural Resources (IUCN 2017) was added to the 
dataset.

Data analysis

Diversity levels

Species richness (S) and effective number of plant species (N) were used to compare the diver-
sity level in each category of land use according to the level of intensification of SA in the 
cocoa AFS (Table 1). The coefficient S denotes the total number of species, which is weighted 
by the number of rare taxa (Hill 1973; Loo et al. 2017). The N in Eq. 1 is an indicator of the 
plant diversity considering the number of species present in a particular area weighted by their 
frequency and has higher values when the proportion of individuals within taxa is similar (Loo 
et al. 2017). The value of N is calculated using the exponential alpha in the Shannon formula 
(Hill 1973; Jost 2006, 2007). Similarly, the analyses of S and N were performed for each DC 
to assess species diversity in the different arboreal strata in cocoa AFSs. This methodological 

Table 1  Categories of intensification level of the SA for the cocoa AFS

n number plots established (0.1 ha each) per category investigated in the buffer zone of the NEA. L.I. low 
intensification, I.I. intermediate intensification, H.I. high intensification

System Previous use n Degree of intensification of the land use

Cocoa AFS L.I. Forest 10 Less intensification. Direct transformation from mature forest to AFS. 
Longer time for forest recovery

Cocoa AFS I.I. Fallow 10 Intermediate intensification. Limited time for forest recovery (ca. 
8–10 years)

Cocoa AFS H.I. Crop 10 High level of intensification. No time for forest recovery (< 1 year)
Mature forest Mature forest 9 Representation of the mature forest communities for comparative 

reasons

http://www.tropicos.org
http://www.tropicos.org
http://bioenv.gu.se
http://www.tropicos.org
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approach allows comprehensive comparison of diversity levels among categories of land use 
in the cocoa AFSs and for each DC. All the estimations were performed with the package 
vegan (Oksanen et al. 2007) and R statistical software (R Core Team 2017).

where N represents the effective number of species and pi is the relative abundance of each 
species.

The evaluation of species diversity (S and N) among the categories of land use is also 
involved in the construction of rarefaction curves (Gotelli and Colwell 2001; Magurran 
2004). This procedure explains patterns in species diversity produced by differences in sam-
pling efforts, e.g., number of individuals assessed (Loo et al. 2017). The estimation of these 
diversity indices encompassed also building confidence intervals of 95% using the bootstrap 
method in the package iNEXT (Hsieh et al. 2016) and R statistical software (R Core Team 
2017).

Species importance value

In order to assess the biological impact of arboreal species on the forest communities under 
investigation, a species importance value (IV%) was calculated according to Curtis and McI-
ntosh (1951). This index is based in the summation of three arboreal structural aspects (see 
Eqs. 2–2c). First, the relative dominance of one species based on the basal coverage area rela-
tive to other species in the vegetation stand (RD, Eq. 2a). Second, the relative abundance of 
each species (RA, Eq. 2b), and third, the relative frequency of one species as the occurrence 
in a sample plot relative to other species in the plant community (RF, Eq. 2c). The sum of 
these relative percent values divided by three denotes the species importance value, i.e., rank 
values for each taxon ranging from 0 to 100%. The higher the value the higher the importance 
of the species, only in the statistical sense. These calculations were performed using MS Excel 
software.

where IV = species importance value as a percentage; RD = relative dominance of each 
species; RA = relative abundance; RF = relative frequency; BA = basal area of each species 
calculated as π * (dbh/2)2, then summing the values of all individuals for the target taxa; 
t = sum of all values of all species per plot.

(1)N = exp

(

−

S∑

i=1

pi log2
(
pi
)
)

(2)IV% =
RD% + RA% + RF%

3

(2a)RD% =
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∑
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�

(2b)RA% =
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A

∑
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(2c)RF% =
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∑
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Similarity in floristic composition

The similarity in floristic composition among the three categories of land use in cocoa 
AFS was analyzed as follows. First, the number of trees per species were log-transformed 
to avoid the double-zero issue (Legendre and Legendre 2012). Second, the Steinhaus coef-
ficient (Eq. 3 below, Legendre and Legendre (2012)) was used to calculate the similarity in 
species composition among the land use categories in cocoa AFS. This coefficient is equiv-
alent to the percentage difference distance (Odum 1950) and is also known as Bray–Curtis 
distance (Legendre and Legendre 2012). It is calculated using the function vegdist in the 
vegan package of the R software (R Core Team 2017). The Steinhaus coefficient was con-
sidered suitable because it is designed to deal with quantitative datasets having asymmetric 
properties (Legendre and Legendre 2012). The third step consisted in determining whether 
the floristic composition, i.e., the similarity matrix obtained in step two, reveals significant 
differences among the categories of intensification of SA in cocoa AFS. In doing so, the 
analysis of similarity (ANOSIM), a multivariate equivalent of the ANOVA, was performed 
using the function anosim. Finally, a non-metric multidimensional scaling (NMDS) ordina-
tion was executed to visualize patterns of floristic composition and differences found in 
the ANOSIM. The NMDS was performed using the function metaMDS. All statistical pro-
cedures and packages used in this study were performed in R statistical software (R Core 
Team 2017).

where dBC refers to Bray–Curtis distance, xij is the abundance of species i on site j and xik 
is the abundance of species i on site k.

Results

Floristic diversity in relation to levels of intensification of SA

The different plots investigated vary in plant density and number of species. Our data show 
variation in the frequency of arboreal species as well as differences in the total number of 
native and endangered endemic taxa. Our records show 558 trees (Table 2) representing 
54 species belonging to 49 genera in 31 plant families (see Supplementary Table  1 for 
details) in all cocoa AFSs. In contrast, the MF encompassed 966 individuals representing 
64 species in 60 genera and 37 plant families (Table 2; Supplementary Table 1). In total, 
the plant inventories in the cocoa AFSs and the MF of the study area include 1524 indi-
viduals (among 83 tree species, 76 genera, and 43 families). The dominant plant families in 
cocoa AFSs were Bombacaceae, Boraginaceae, Fabaceae, Meliaceae, and Moraceae, and 
the most representative genera included Cordia, Cedrela, Pollalesta, Ochroma, and Ver-
nonanthura (Supplementary Tables 2 and 3). In the MF, the most abundant families were 
Myristicaceae, Sapotaceae, Lauraceae, Fabaceae, and Meliaceae (Supplementary Table 3). 
The dominant genera were Virola, Ocotea, Chrysophyllum, Iriartea, and Guarea (Supple-
mentary Table 2).

It is worth noting that around 66% (370 trees out of the above 558) of the inventoried 
arboreal individuals are present in areas with less intensified cocoa AFS with extended 

(3)dBC =

∑
i

���
xij − xik

���
∑

i

�
xij + xik

�
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fallow periods (Table 2). There were 46 species in 44 genera (Cordia, Inga, Cedrela, Polla-
lesta, and Ochroma among the dominant—Supplementary Table 2) and 29 plant families, 
with Boraginaceae, Fabaceae, Meliaceae, Asteraceae, and Bombacaceae among the most 
abundant (see Supplementary Table 3). This less intensified category of land use hosts 40 
native taxa, e.g., Bursera graveolens, Caryodendron orinocense, among others (Table 2, 
Supplementary Table 1) including two endemics, i.e., Alseis lugonis and Stryphnodendron 
porcatum and two introduced species, i.e., Citrus limon and C. sinensis. In addition, one 
native taxon (A. lugonis) is in the threatened category and two others (Cedrela odorata 
and Swietenia macrophylla) are considered vulnerable (Table 2, Supplementary Table 1). 
In turn, in the cocoa AFSs with intermediate category of intensification of SA the inven-
toried individuals included ca. 24% of the total record, i.e., 136 out of 558 trees. Over-
all, 29 species belong to 27 genera, including Cordia, Cedrela, Vochysia, Vernonanthura, 
Chimarrhis, among the dominant (Supplementary Table  2), and 21 plant families, e.g., 
Boraginaceae, Meliaceae, Fabaceae, Vochysicaceae, and Asteraceae as the most abundant 
(Supplementary Table  3). In this intermediate category of land use, 26 taxa e.g., Iriar-
tea deltoidea, Vernonanthura patens, Sloanea robusta, Browneopsis ucayalina, Chryso-
phyllum amazonicum, among others, are native, and three species (Citrus aurantifolia, C. 
limon, and C. sinensis) are introduced. Furthermore, one species (Minquartia guianensis) 

Table 2  Basal area, tree density, diversity indices (S and N), # of plant families, genera, native, endemic, 
and endangered taxa calculated in each category of intensification level of SA in the cocoa chakras (C. 
AFS), i.e., high (H.I.), intermediate (I.I.), and low (L.I.), among three diameter classes (DC1 = 2.5–9.99 cm, 
DC2 = 10–19.99 cm, and DC3 = > 20 cm)

a The values calculated in the mature forest correspond to an area of 0.9 ha

Indices Cocoa AFS H.I. Cocoa AFS I.I. Cocoa AFS L.I. Mature  foresta

Total basal area  (m2 ha−1) 3.93 4.88 7.02 36.53
 Basal area DC1  (m2 ha−1) 0.06 0.16 0.72 1.69
 Basal area DC2  (m2 ha−1) 0.25 0.67 1.99 5.29
 Basal area DC3  (m2 ha−1) 3.62 4.05 4.31 29.55

Total density (No. stems ha−1) 52 136 370 966
 Density DC1 (No. stems ha−1) 16 40 190 432
 Density DC2 (No. stems ha−1) 15 44 113 287
 Density DC3 (No. stems ha−1) 21 52 67 247

Species richness  ha−1 (S) 9 29 46 64
 S DC1 4 13 36 43
 S DC2 5 14 26 43
 S DC3 7 14 19 50

Effective # of species  ha−1 (N) 4 12 17 29
 N DC1 2 8 19 25
 N DC2 4 9 10 22
 N DC3 4 7 8 26

# plant families 7 21 29 37
# genera 9 27 44 60
# native species 8 26 40 62
# endemic species 0 0 2 2
# endangered species 2 3 3 4
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is in the threatened category and two (C. odorata and S. macrophylla) listed as vulner-
able (Table  2; Supplementary Table  1). Finally, the highly intensified cocoa AFSs with 
no fallow periods contain only ca. 10% of the taxa catalogued. That is, 52 out of 558 trees 
represented only nine species in nine genera, such as Cordia, Terminalia, Cedrela, Citrus, 
and Chimarrhis, among the most frequent, belonging to seven families, i.e., Boraginaceae, 
Meliaceae, Combretaceae, Rutaceae, Rubiaceae, Fabaceae, and Lauraceae (Supplementary 
Table  3). Eight taxa are native, e.g., Terminalia oblonga, Cordia alliodora, Chimarrhis 
glabriflora, Inga edulis, Erythrina poeppigiana, one (C. sinensis) introduced, and two (C. 
odorata and S. macrophylla) vulnerable (Table 2; Supplementary Table 1).

Species diversity in relation to intensification of SA

Another major finding indicates that species diversity, i.e., S and N, varied across the cocoa 
AFS established at different fallow periods. Thus, tree diversity showed a gradual decrease 
from less to intermediate to highly intensified SA in cocoa AFS, with S and N values of 46 
and 17, to 29 and 9 to 12 and 4, respectively (Table 2). MF shows distinctly higher diversi-
ties (S 64, N 29). These results indicate that the disparity in species diversity is perceptible 
among the different categories of intensification of SA, with the cocoa AFSs under low and 
intermediate levels of intensification having more than twice the species diversity of the 
H.I. cocoa AFS (Fig. 2). However, the shared shaded areas between cocoa AFS under L.I. 
and I.I. show no significant differences (p value < 0.05) in species diversity (Fig. 2) indicat-
ing that the structural diversity is similar in these two AFS under different farming activity. 
Conversely, the species diversity, i.e., S and N, shows similar pattern among the three DC 
in all categories of fallow periods in SA except for the less intensified cocoa AFS (Table 2) 
with tree diversity values higher for the low DCs, i.e., S = 36 and N = 19 in saplings of 2.5 
to 9.99 cm in dbh, compared to the S and N values of trees in DC2 (10–19.99 cm) and DC3 
(> 20 cm), i.e., S = 26, 19 and N = 10, 8 respectively (Table 2). In addition, the structural 
characteristics showed some differences among the categories of intensification of SA, and 
as expected, tree density decreases with reduction of fallow intervals, i.e., the higher the 
human activity in the cocoa AFS, the lower the tree diversity and density, and the same 
applies to the basal area (see details in Table 2). However, the basal area in higher DCs 

Fig. 2  Rarefaction curve of the 
species diversity (Y axis) indicat-
ing the effective number of spe-
cies (Hill number). The curves 
are based on the number of 
individuals inventoried (X axis). 
Each curve represents different 
land use, i.e., cocoa AFS under 
three categories of intensifica-
tion of SA and the mature forest. 
Solid lines indicate the effective 
number of species. Dashed lines 
represent the extrapolated values 
of the diversity index using the 
rarefaction method. Shadow 
areas show the confidence 
interval zone (95%) for each 
calculated line
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(> 20 cm in dbh) shows similar values (between 3.62 and 4.31 m2 ha−1) among the three 
categories of intensification in SA in cocoa AFS whereas the MF has trees with stem den-
sity and basal area of 966 trees  ha−1 and 36.53 m2 ha−1, respectively (Table 2).

Species importance value

The importance value (IV) index varied among cocoa agrosystems with different catego-
ries of SA fallow periods. The leading ten IV taxa accounted for 100.00%, 74.15%, and 
63.65% of the inventoried tree species in high (H.I.), intermediate (I.I.), and low (L.I.) cat-
egories of intensification of the SA, respectively. Meanwhile, the top ten species in MF 
accounted for 50.13% of the tree species found in this plant community (Supplementary 
Table 2). Four out of the top ten taxa were shared among all categories of intensification 
in SA in cocoa AFS, i.e., C. alliodora, C. odorata, Inga edulis, and I. spectabilis; nev-
ertheless, none of these species were among the dominant top ten characterizing the MF 
(Supplementary Table 2). Conversely, seven out of the common ten families are frequent 
in both cocoa AFS and MF, i.e., Arecaceae, Fabaceae, Lauraceae, Meliaceae, Moraceae, 
Sapotaceae, and Vochysiaceae (Supplementary Table 3).

Intensification in the SA creates different proportions of shared taxa among cocoa AFSs. 
Species dissimilarity is significant (0.41, p value < 0.001; Table 3). As expected, the major 
divergences were observed comparing the MF to each of the categories of SA’s fallow 
intervals in cocoa AFSs. Contrasting values with MF ranged from 0.87 (p value < 0.001) 
in cocoa AFS H.I. to 0.77 (p value < 0.001) in cocoa L.I. (Table 3). This variability can be 
observed in axis 1 of the NMDS analysis (Fig. 3), which ordinates the MF sites to the right 
of the axis and move progressively to the cocoa AFSs sites on the left according to cat-
egory of intensification, revealing an evident trend in forest degradation (arrow in Fig. 3). 
Also, there were significant differences in floristic composition between the MF with the 
categories of intensification along all DCs (Table 3). The highest divergence was observed 
in trees > 20 cm in dbh (0.40, p value < 0.001) and the lowest difference in trees between 
10 and 19.99 cm in dbh (0.33, p value < 0.001) (see details in Table 3). Less contrasting 
differences were found in floristic composition among the categories of intensification and 
the most significant dissimilarity was observed between cocoa AFS L.I. and cocoa AFS 
H.I. (0.30, p value = 0.002). Lesser disparity was found in high DC, i.e. in trees > 20 cm 
in dbh (0.19, p value 0.046) (Table 3). Lastly, there is no evidence indicating differences 

Table 3  Analysis of dissimilarity in floristic composition between categories of intensification levels of SA 
in cocoa chakras (C. AFS), i.e., high (H.I.), intermediate (I.I.), and low (L.I.), among three diameter classes 
(2.5–9.99 cm, 10–19.99 cm, > 20 cm)

The table shows the Steinhaus coefficient, i.e., values from 0 = least dissimilar to 1 = most dissimilar, and 
the p value calculated in the ANOSIM (in parenthesis). Numbers in bold represent p values < 0.05

Categories of intensification of SA Total 2.5–9.99 10–19.99 > 20

C. AFS H.I.—C. AFS I.I. 0.06 (0.179) 0.03 (0.338) 0.06 (0.719) 0.01 (0.498)
C. AFS H.I.—C. AFS L.I. 0.30 (0.002) 0.08 (0.225) 0.08 (0.147) 0.19 (0.046)
C. AFS H.I.—mature forest 0.87 (0.001) 0.77 (0.004) 0.80 (0.001) 0.91 (0.001)
C. AFS I.I.—C. AFS L.I. 0.05 (0.194) 0.07 (0.219) 0.01 (0.382) 0.04 (0.801)
C. AFS I.I.—mature forest 0.84 (0.001) 0.62 (0.001) 0.61 (0.001) 0.67 (0.001)
C. AFS L.I.—mature forest 0.77 (0.001) 0.55 (0.002) 0.58 (0.001) 0.80 (0.001)
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in floristic composition among the DCs within each category of intensification of SA. The 
only notable discrepancy was found within MF between DC1 (2.5–9.99 cm in dbh) and 
DC3 (> 20  cm in dbh) with dissimilarity value of 0.19 (p value = 0.018; Supplementary 
Table 4).

Discussion

Extensive and continuous tropical wooded areas, such as the Amazon Basin, are important 
reserves of biodiversity in the world. These areas host high levels of the Earth’s diversity 
and have significant ecological roles, including protection of soils from wind and water ero-
sion (FAO 2015), contribute to the storage of atmospheric carbon dioxide  (CO2) (Houghton 
et al. 2000; Malhi and Grace 2000; DeFries et al. 2002), and stabilize global climate pat-
terns (Tchouto et al. 2006). The capacity of these extensive zones in providing health and 
integrity to the ecosystem relies on their biodiversity-rich regions, including hotspot areas 
such as the NEA (Sierra et  al. 2002; Finer et  al. 2008; Bass et  al. 2010). Unfortunately, 
such areas have experienced the highest deforestation and degradation rates thereby affect-
ing Earth’s carrying capacity. Progressive anthropogenic processes have resulted in the 
conversion of NEA forest area into a mosaic of mature and secondary forest fragments and 
agricultural (chakras) plots. Our study revealed that distinct levels of land use have drastic 
effects on the levels of diversity being preserved. Different degrees of intensification of the 
SA directly affect conservation rates in the buffer zone of the NEA. These changes lead to 
degradation in this vulnerable area and other regions highly dependent on fallow periods, 

Fig. 3  Ordination plot using Non-Metric Multidimensional Scaling (NMDS) based on Steinhaus coefficient 
to visualize differences in floristic composition among the investigated categories of intensification of SA 
under cocoa AFS, i.e., H.I. (round symbols—red ellipse), I.I. (triangle symbols—green ellipse), L.I. (square 
symbols—blue ellipse), and mature forest (plus symbols—pink circle). Ellipses in dashed lines represent 
the standard deviation (SD) from the centroid of each category of land use. The black arrow shows the 
forest degradation trend across different land uses. The NMDS was calculated under 2 dimensions (k = 2; 
MDS1 and MDS2) with a stress value of 0.14. (Color figure online)
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e.g., Condor Bioreserve in Ecuador (Luoma 2004), the Colombian Andes (Rodríguez et al. 
2013), Bhutan’s areas in the Himalayas (Siebert and Belsky 2014), and the West Kalim-
antan in Indonesia (Lawrence 2004). However, the use of AFSs under SA, specifically the 
case of the chakra systems (Vera et al. 2017), suggests that alleviating the lost structural 
diversity of native taxa is possible and that this recovery can have a synergistic effect to 
protect native endangered endemic species.

Effect of intensification of SA on the AFS’s arboreal structure

The structure and diversity of the cocoa AFSs in the three categories of land use studied 
differed. That is, as the degree of intensification in land-use of SA increases, the plant den-
sity and basal area of the arboreal component decreases in the cocoa agrosystems. Never-
theless, AFSs maintain similar structural characteristics to those of the MFs communities. 
Accordingly, several individuals, e.g., Cedrela odorata, and Inga edulis, are present in dif-
ferent strata or DCs (Table 2), a characteristic of the cocoa AFS in the NEA (Torres et al. 
2014; Jadán et al. 2016; Vera et al. 2017) that makes possible a level of natural regenera-
tion analogous to those of primary forest communities (Loo et al. 2017). The comparable 
basal area in the upper arboreal strata along the categories of land use suggests that the 
prevalence of trees > 20 cm in dbh rapidly increases to reach a land coverage with asymp-
tote regulated by intra- and inter-specific competition, as observed in other cocoa AFSs 
(Isaac et  al. 2007) and managed forests (Garcia-Gonzalo et  al. 2017). This fast-growing 
effect on the forest canopy might affect cocoa yield by competing for soil nutrients. How-
ever, the major inter-specific competition for cocoa plants is located in the lower shaded 
strata in AFSs (Salazar-Díaz and Tixier 2017). Therefore, cocoa bean production might not 
be compromised by these structural changes.

Effect of intensification of SA on the number of native species

The number of taxa present in the different cocoa AFS decreases with shorter fallow peri-
ods of SA. Although the diversity is significantly lower under intense SA, the composi-
tion of the AFS allows the preservation of several native trees including endemic (Alseis 
lugonis, Stryphnodendron porcatum) and endangered (Swietenia macrophylla) species 
(see also Table 2; Supplementary Table 1). However, taxa in the rare category were only 
observed in the SA experiencing the least degree of human activity (L.I.). It should be 
noted that the taxonomic inventory in the endangered categories follows the IUCN (2017), 
the only organization that thus far has evaluated the tree species in the Amazon forests. Our 
study shows a relatively low proportion of species in the critical or endangered categories 
because more than 90% of the species have not been officially assessed by the IUCN due 
to the lack of field exploration and quantitative analyses (Supplementary Table 1). Hence, 
we suspect that the incidence of species in the most vulnerable categories should be higher. 
Conversely, the absolute diversity values analyzed under high and intermediate intensified 
SA, i.e., N = 4 and 9 respectively (DC2, Table 2), are lower than other cocoa agrosystems, 
e.g., Ghana (Asase and Tetteh 2010) and Mexico (Ramírez-Meneses et al. 2014) with 15 
and 13 species. This output represents a major degradation of the existing forested area, 
and consequently ecosystem services. Nevertheless, we also observed that the influence of 
intermediate intensified SA is minimized, as shown by the overlapping confidence intervals 
of the effective number of species between cocoa AFS L.I. and I.I. (Fig. 2). This similar-
ity in species diversity suggests that in the AFS approach the SA’s fallow periods can be 



 New Forests

1 3

reduced to at least 8 years without affecting the number of tree species. This is a period 
of time 2 years shorter than Van Noordwijk et  al. (2015)’s proposal to meet the criteria 
as a sustainable practice. Our data show a significant buffer effect of the AFS in species 
diversity in areas with SA strongly suggesting that cocoa agroecosystems (chakra system) 
is an effective, yet indirect, potential approach for in situ and circa situm (farmer-based) 
conservation (Dawson et al. 2013) and likely minimizing “trade-offs” with food production 
(Leakey 2018), a major goal for conservationists and activists involved in the protection of 
the rapidly vanishing tropical forests of the world.

Similar trends of S and N in the different DCs within each category of intensification of 
SA in cocoa AFS are noticeable (Table 2). Comparable species richness (S) in the different 
arboreal strata reveals the intrinsic natural stewardship of Indigenous farmers as keepers to 
preserve high plant diversity notwithstanding the intensification level of SA. This practice 
seems common in rural human settlements in the NEA where maintenance of native plant 
species is related to the safeguarding of indigenous identity, cultural beliefs, and traditions 
(Denevan 1971; Perreault 2005; Arévalo 2009; Dawson et al. 2013). These ancestral prac-
tices in conjunction with market-oriented products, such as corn and cocoa, help to diver-
sify allocation of income sources (Padoch et al. 1985; Dahlquist et al. 2007; Arévalo-Viz-
caíno et al. 2013). Hence, this rural husbandry may notably contribute to forest landscape 
restoration in terms of biodiversity conservation and human culture and well-being (Cor-
nelius and Miccolis 2018). Concisely, this farming system is an example of a remarkable 
agricultural model capable of preserving species diversity and local traditions while being 
commercially effective by meeting the multidisciplinary requirements to reverse the cycle 
of land degradation and social deprivation (Leakey 2013).

Effect of intensified SA on forest degradation under AFS

Another relevant aspect of the use of AFSs under SA is the existing trend in slowing down 
forest degradation processes. Despite the fact that the SA produces an apparent divergence 
in the ratio of shared taxa between the AFSs assessed and the MF, the arboreal assembly 
among cocoa AFSs under different categories of intensification of SA showed low dissimi-
larity (Fig. 3; Table 3) and also in importance values (IV) of species and families (Sup-
plementary Tables 2 and 3). These results are consistent with Bhagwat et al. (2008), who 
pointed out that high correspondence in plant community structure occurs when the AFSs 
are located near or adjacent to forest reserves. In our study the buffer zone of the NEA is 
surrounded by ecological reserves and MF communities that probably favor plant regen-
eration, recruitment, and establishment of young saplings of native trees; however, other 
recruitment mechanisms may also influence plant renewal, such as natural seed-banks with 
viable diaspores (Ordoñez et  al. 2014). Nevertheless, the characterization of establish-
ment mechanisms for young plants in AFSs under SA in the NEA is still unknown and 
needs investigation. In contrast, the presence and diversity of other organisms, such as the 
mutualistic associations of numerous bats and birds with tree assemblages (aspects beyond 
the scope of this study) can be adversely disrupted by the intensification in the land use 
(Harvey and Villalobos 2007). These changes in animal-plant relationship have significant 
roles in the natural history and reproductive biology of some plant species, including pol-
len transfer and seed dispersal (Cota-Sánchez and Croutch 2008; Rosado et al. 2018; Diniz 
et al. 2019).

On the other hand, the apparent equilibrium in tree composition among the three cat-
egories of intensification of SA reaches the breakpoint, i.e., the point in which the floristic 
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complexity is likely to decrease, in cocoa AFS H.I., specifically in the configuration of 
trees > 20 cm in dbh (Table 3). This implies that trees intentionally left standing by farmers 
are eventually removed. This could lead to forest degradation resulting from intensification 
of land use beginning with the loss of tree species in the upper arboreal strata, an outcome 
consistent with rubber plant agroecosystems practices in Indonesia (Tata et al. 2008). How-
ever, even though the loss of trees in the high-strata affects several ecosystem services and 
habitat for local flora and fauna (Lawler et al. 2014; Haddad et al. 2015), forest recovery 
is possible after an extended period of SA abandonment (Chazdon 2003). To do that, the 
presence of mid- and lower arboreal layers of AFSs is necessary to promote the return to 
the original (or similar) floristic structure after SA abandonment (Vera et al. 2017). Our 
results show that the existence of minor dissimilarities in lower DCs among all cocoa AFSs 
in different categories of intensification of SA may also play an important role in the regen-
eration of this dynamic of plant community. In fact, the species in lower DCs favor plant 
succession to eventually converge with the same forest structure after abandonment, as 
documented for two human-modified forests in Taiwan (Loo et al. 2017). Hence, the flo-
ristic composition and diversity of the AFSs under SA might represent a stable ecological 
system that buffers negative impacts on the forest resilience mechanism (Newton and Can-
tarello 2015). Nevertheless, the impact on the intra-specific genetic variation among tree 
individuals needs to be evaluated (O’Neill et al. 2001; Dawson et al. 2014).

Concluding remarks

The dynamic AFSs-SA combination can be considered as a biodiversity resilience tool that 
could be extrapolated to other farming patterns of crops and trees in the world. Although 
this study is focused only in cocoa AFSs, this agricultural approach is comparable to other 
farming schemes, such as agrosystems based on corn and plantain developed by the Wao-
rani society aim for food security and cultural preservation in the Ecuadorian Amazon 
(Zurita-Benavides 2018). Similarly, AFS can also be adapted to cattle and pasture systems 
to develop more sustainable practices (Gaglio et al. 2017) that buffer land-use pressure and 
contribute to lower habitat fragmentation in the Amazon and other tropical areas or the 
world (Haddad et  al. 2015). The characteristics of the AFSs allow the perpetuation of a 
certain level of plant diversity and surrounding vegetation in more intensified agricultural 
schemes. In particular, the use of complex arboreal structures enhances the preservation 
of native and endangered species and slows down forest and land degradation. From this 
perspective, the shaded cocoa crop plays an essential role because of the balanced combi-
nation of trees essential for human well-being, culture and traditions and the preservation 
of forests, natural habitats, plant diversity, and ecosystem functions. In summary, the use of 
AFSs under SA has strong potential to reduce forest degradation in other tropical and sub-
tropical agricultural areas of the world and thus ameliorate their capacity as a sink for  CO2 
to mitigate climate change.
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