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A B S T R A C T   

With the growing demand for food production worldwide, natural landscapes are increasingly being replaced by 
agricultural areas, which directly affects biodiversity and local ecosystem services. Agroforestry systems, which 
are the intentional integration of trees and shrubs into crop and animal farming systems, are a more sustainable 
production approach that has been increasing in several forested areas around the globe. Here, we examine the 
trends of agroforestry in the Brazilian Legal Amazon and estimate the associated value of ecosystem services 
mediated by pollinators. Using data from 2006 and 2017, we detected an increase in agroforestry activity in the 
Amazon, both in the number (3.27%) and in the area (23.18%) of establishments. Crop production in forested 
areas increased by 45.61% in the same period, and the main products cultivated in both years were native 
products from the Amazon, such as açaí , Brazil nut and babassu. Although the crop data are from forested areas, 
all the five crops with the highest production value are associated with agroforestry in the Amazon. Pollination 
services also increased during the same period from US$73.3 to US$156.7 million (113.76%). In 2006, the value 
of pollination services corresponded to 44% of the total crop production, and it jumped to 64.43% in 2017. Bees 
and beetles were the two main groups of pollinators quoted for the analysed crops. Our estimates show the 
important contribution of pollinators to crop production in the Amazon forest. However, a growing loss of 
Amazon forest has been observed, and this can jeopardize pollinators and have detrimental consequences on food 
production in the near future. Public policies are urgently needed to encourage crop production in harmony with 
natural areas, combining the protection of forests and pollinators with food production.   

1. Introduction 

The global demand for food, feed, and fuel has increased continu-
ously in recent years (Tilman et al., 2001; Nonhebel and Kastner, 2011), 
which has led to the expansion of agriculture and deforestation globally 
(Gibbs et al., 2010). The conservation of natural habitats is often seen as 
a bottleneck for agricultural productivity and vice versa (Koch et al., 
2019; Kang and Akinnifesi, 2000), and especially in the last century, 
trees have been incrementally removed from the landscape because they 
are perceived as an obstacle to the intensification of agriculture (Eich-
horn et al., 2006). 

Developing synergies between the conservation of natural habitat 
and agricultural production is particularly relevant in the Brazilian 
Amazon, the world’s largest tropical forest (Koch et al., 2019). Several 
products appreciated around the world are produced in the Amazon 
Forest, such as açaí (Euterpe oleracea Engel), Brazil nut (Bertholletia 

excelsa Bonpl) and cocoa (Theobroma cacao L.) (IBGE, 2017), which are 
essential for the economic development of this region with a low human 
development index (Rodrigues et al., 2009). However, the expansion of 
Amazon agriculture has come at the expense of native ecosystems 
(Campbell et al., 2018; Stabile et al., 2020), and it is essential to find 
sustainable practices that align food production and economic devel-
opment for rural communities with forest conservation. 

Agroforestry systems (AFSs) are a traditional practice of growing 
trees, along with crops and/or livestock, with the aim of increasing crop 
productivity, conserving soil and recycling nutrients while also pro-
ducing firewood, fodder, fruits, and wood (Sanchez, 1995). The AFSs 
can play a key role in aligning biodiversity conservation with income 
generation in tropical forests (Perfecto et al., 1996). Adequate tree 
management in AFSs promotes effective ground cover and contributes to 
the maintenance and control of soil moisture (Aguiar et al., 2010), in 
addition to being important for CO2 mitigation (Albrecht and Kandji, 
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2003). In Brazil, AFSs have been shown to be an important strategy to 
increase productivity compared to traditional farming practices (Maia 
et al., 2021) and to provide complementary habitats for wild species, 
mitigating the effects of habitat loss (Cabral et al., 2021). This technique 
can enhance biodiversity and ecosystem service provision relative to 
conventional agriculture and could be a strategically beneficial land use 
type in rural planning (Torralba et al., 2016). Many models of agrofor-
estry systems exist in the Amazon, from home gardens to orchards with 
mixed fruits. The most common model is practiced by small producers, 
which sustain families and communities (Tremblay et al., 2015). 

Biotic crop pollination is an essential ecosystem service and critical 
to the world’s food security (Klein et al., 2007; Potts et al., 2016a). The 
proportion of the total agricultural area occupied by insect 
pollinator-dependent crops has regularly increased from 1961 to 2016 
(Aizen et al., 2019), and recently, the contribution of biotic pollination 
to crop yield has been valued at US$235–577 billion per year globally 
(Potts et al., 2016b). Pollinator-dependent crops worldwide make up 
more than 50% of the crop products traded in international markets 
(Silva et al., 2021a). In Brazil, the contribution of pollination services 
was first estimated as US$12 billion (year 2013; Giannini et al., 2015a), 
and a recent estimate reported US$11.79 billion annually (Wolowski 
et al., 2019). A first assessment showed that 85 Brazilian crops were 
dependent on pollinators (Giannini et al., 2015a), and recently, the 
ecosystem service of pollination was demonstrated to be essential for 
35% of the analysed crops in Brazil (90–100% increase in crop pro-
duction with the action of pollinators) (Wolowski et al., 2019). In the 
eastern Amazon, the total pollination service value is US$ 983.2 million 
per year, corresponding to 33% of the crop production value in one state 
in the Brazilian Amazon (Pará) (Borges et al., 2020). Despite the recent 
concern about the pollination situation worldwide, we still have large 
knowledge gaps about the role of many species in crop pollination, 
especially regarding the efficiency and effectiveness of pollinator species 
(Giannini et al., 2015b; Hipólito et al., 2020). 

In addition to being the main pollinators of most agricultural crops, 
insects are important for pollination of wild plants (Klein et al., 2007; 
Ollerton et al., 2011; Lazarina et al., 2016). Among them, bees are the 
most important group of pollinators (Roubik, 1989; Potts et al., 2010, 
2016a). They belong to the Apoidea superfamily, and it is estimated that 
there are more than four thousand genera, and approximately 25–30 
thousand species distributed in different regions of the world (Michener, 
2007), of which 20,555 have been described (Orr et al., 2021). Brazil has 
the greatest diversity of bees in the Neotropical region, with 1905 
described species distributed in five families (Ascher and Pickering, 
2019). Bees also constitute the main crop pollinators in Brazil (Giannini 
et al., 2015b), and a recent evaluation showed that 66.3% of crop 
pollinator species were bees, followed by beetles (9.2%), butterflies 
(5.2%), moths (5.2%), birds (4.4%), wasps (4.4%), flies (2.8%), bats 
(2%) and hemipterans (0.4%) (Wolowski et al., 2019). 

Despite their importance, pollinators are globally under threat. 
Habitat fragmentation is one of the problems that can lead to decreasing 
species richness and abundance (Cane, 2001; Potts et al., 2010). How-
ever, other factors such as climate change, pesticides, alien species, pests 
and pathogens have also been considered possible drivers of pollinator 
decline (Potts et al., 2016b; IPBES, 2016). This decline is estimated to 
have a major economic impact on the agricultural sector, with cata-
strophic losses globally (Bauer and Wing, 2016). In countries such as the 
US, the decline in pollinators can directly translate into reduced yields or 
production for most agricultural crops (Reilly et al., 2020). For Brazil, it 
was demonstrated that climate change can affect crop pollinator bees, 
with detrimental economic impacts for most municipalities (Giannini 
et al., 2017). AFSs can provide habitat for pollinators and support 
pollination services by adding structural and functional diversity to 
agricultural landscapes (Jose, 2009), and it is an important strategy to 
jointly consider pollinator protection and food production. Especially in 
tropical forests, it is expected that crop pollination has a key role in food 
production (Potts et al., 2016a). 

Our objective was to understand the panorama of AFSs in the Bra-
zilian Amazon and evaluate crop pollination services in Amazon forested 
areas. We focused on answering four questions: (1) What are the status 
and trends of AFSs in the Amazon? (2) What crops are produced in 
forested areas in the Brazilian Legal Amazon, and what is their pro-
duction value? (3) What dependence on pollinators do these crops have, 
and what is the value of pollination services for these crops? (4) Which 
pollinator species are reported for these crops? We hope to elucidate the 
status of pollination in Amazon AFSs, help pave the way for effective 
public policies, and encourage future research in this important system, 
especially for tropical agroforestry. 

2. Material and methods 

2.1. Study location 

This study focused on the municipalities of the Brazilian Legal 
Amazon (BLA), which is a political-administrative area established by 
the Brazilian government by law in 1953 (Brasil, 1953). The area 
comprises the Brazilian states of Acre, Amapá, Amazonas, Mato Grosso, 
Pará, Rondônia, Roraima, and Tocantins and the western part of the 
state of Maranhão. The BLA corresponds to 61% of the Brazilian terri-
tory, with an area of 5217,423 km2 (Junior et al., 2011). Although most 
states in the BLA are dominated by humid tropical forests, significant 
areas of Tocantins, Maranhão, and Mato Grosso are occupied by Cerrado 
woodlands (Tyukavina et al., 2017). 

2.2. Status and trends of AFSs in the Amazon 

To assess the status and trends of AFSs in the BLA, we used 
municipality-level agricultural census data from the Brazilian Institute 
of Geography and Statistics (IBGE) with information on the number and 
area of each AFS established in 2006 and 2017 (IBGE, 2021). The 
agricultural census is the main and most complete statistical and terri-
torial investigation of the country’s agricultural production. The census 
investigates information about agricultural establishments and the 
agricultural activities developed in them, covering characteristics of the 
producer and establishment, economy and employment in rural areas, 
livestock, farming and agribusiness in all Brazilian territory (IBGE, 
2021). The years 2006 and 2017 are the last two years with available 
data. The original data from IBGE (AFSs area and number) is collected 
through the application of a questionnaire to producers following the 
definition of agroforestry by IBGE: Area with forests (native or planted) 
that is also used for crops or animal grazing (crop-forest-livestock inte-
gration) (IBGE, 2017). The agricultural Census interviewed all farms 
(agricultural holdings) in Brazil (IBGE, 2017): 5175,636 farms in 2006 
and 5068,445 farms in 2017. We also analysed the crops mostly used on 
AFSs in the BLA. 

2.3. Crops produced and production value 

As there is no information on each plant species used in AFSs, to 
estimate the economic value of crop production per municipality, we 
used indirect parameters through data about farming in forested areas to 
estimate the production value of each municipality within the study 
region (Table S1). The IBGE data has some gaps, mainly in the question 
of identifying whether the product comes directly from a forest or 
agroforestry. Nevertheless, we believe that these values are good in-
dicators of the crop production value (CPV) in AFSs. 

Since there are some differences between the years 2006 and 2017 in 
relation to some crops, for comparison, only the crops listed in both 
years were used. Thus, we excluded the crops of Theobroma cacao 
(cocoa), Oenocarpus bacaba (bacaba palm), Dipteryx alata (baru), Eugenia 
dysenterica (cagaita), Myrciaria dubia (camucamu), Acmella oleracea 
(jambu), Acrocomia aculeata (macauba palm) and Byrsonima crassifolia 
(nance) (present in 2017 data, but absent in 2006). However, these crops 
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represent only 0.61% of the entire crop production value in 2017. The 
complete data for 2017 will be presented separately, with the inclusion 
of these crops. 

2.4. Crop pollinator dependency and pollination service valuation 

We searched for dependency values in the literature and classified 
them using the dependence pollination ratio (DR) proposed by Gallai 

Fig. 1. Changes in (a) area and (b) number of agroforestry system (AFS) establishments per municipality in the Brazilian Legal Amazon between 2006 and 2017. Hot 
colors (red) indicates an increase, and the cold colors (blue) indicates a decrease in the parameters. 
Source: Agricultural Census (IBGE, 2017). 
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and Vaissiere (2009) based on the rate of formation of fruits and/or 
seeds in the presence or absence of pollinators. The DR was categorized 
as (1) essential (DR= 0.95): 90–100% increase in production with the 
action of pollinators; (2) high (DR = 0.65): 40–90%; and (3) modest (DR 
= 0.25): 10–40%. Most DR values were calculated based on global 
studies (Klein et al., 2007) and Brazilian studies (Giannini et al., 2015a; 
Campbell et al., 2018; Wolowski et al., 2019; Borges et al., 2020). The 
category of “no increase” (DR= 0) was used when no dependence of the 
plant species by pollinators was reported or when the product did not 

result directly from pollination (e.g., leaves). When there was no in-
formation about the DR in a specific crop in the literature, we searched 
for this information for other plants in the same genus. To value polli-
nation services (PSV) for each analysed crop, we multiplied the value of 
crop production by the dependence of each plant species on pollinators 
(Gallai and Vaissiere, 2009). 

Table 1 
Crops produced in forested areas in the Brazilian Legal Amazon, their dependence on pollinators, and their pollination service value in the study region.  

Crop (English/Portuguese/ 
product) 

Scientific name Family Dependence on 
pollinators 

Dependence 
rate 

Crop production 
value (2017) (US 
$1000) 

Economic value of 
pollination service (2017) 
(US$1000)  

1. Assai palm/Açaí/fruit Euterpe oleracea Engel Arecaceae Great 0.65 197,602 128,441  
2. Brazil nut/Castanha-do- 

Pará/almond 
Bertholletia excelsa Bonpl Lecythidaceae Essential 0.95 20,699.4 19,664.4  

3. Babassu palm/Babaçu/ 
coconut 

Orbignya phalerata (Mart). Arecaceae Modest 0.25 10,257.1 2564.28  

4. Babassu palm/Babaçu/ 
almond 

Orbignya phalerata (Mart). Arecaceae Modest 0.25 7526.13 1881.54  

5. Tucuma palm/Tucumã/ 
fruit 

Astrocaryum vulgare 
(Mart.) 

Arecaceae Essential 0.95 1160 1102  

6. * */Pequi/fruit Caryocar brasiliense 
(Cambess.) 

Caryocaraceae Essential 0.95 887.101 842.736  

7. Bacaba palm/Bacaba/fruit Oenocarpus bacaba (Mart.) Arecaceae Great 0.95 * 901.943 586.251  
8. Buriti palm/Buriti/ 

coconut 
Mauritia flexuosa (L.f.) Arecaceae Essential 0.95 741.288 704.219  

9. **/Bacuri/fruit Platonia insignis (Mart.) Clusiaceae Essential 0.95 589.034 559.582  
10. Cocoa/Cacau/almond Theobroma cacao (L.) Malvaceae Essential 0.95 368.708 350.281  
11. Peach palm/Pupunha/ 

coconut 
Bactris gasipaes (Kunth.) Arecaceae Essential 0.95 305.167 289.897  

12. Cupuassu/Cupuaçu/fruit Theobroma grandiflorum 
(Willd. ex Spreng.) K. 
Schum. 

Malvaceae Essential 0.95 229.673 218.185  

13. **/Andiroba/seed Carapa guianensis (Aubl.) Meliaceae Essential 0.95 201.292 191.231  
14. Nance/Murici/fruit Byrsonima crassifolia (L.) 

Kunth.) 
Malpighiaceae Essential 0.95 179.35 170.395  

15. * */Cajarana/fruit Spondias dulcis 
(Parkinson) 

Anacardiaceae Essential 0.95 * 125.156 118.895  

16. * */Cumaru/seed Dipteryx odorata (Aubl.) 
Forsyth f. 

Fabaceae Essential 0.95 82.5754 78.4546  

17. * */Baru/almond Dipteryx alata (Vog.) Fabaceae Essential 0.95 46.1309 43.8297  
18. * */Copaíba/oil Copaifera langsdorffii 

(Desf.) 
Fabaceae Essential 0.95 41.6177 39.5306  

19. * */Mangaba/fruit Hancornia speciosa 
(Gomes) 

Apocynaceae Essential 0.95 21.6205 20.5324  

20. * */Ucuuba/almond Virola surinamensis (Rol. 
ex Rottb.) Warb. 

Myristicaceae Essential 0.95 12.5763 11.9519  

21. Murumuru palm/ 
Murumuru/seed 

Astrocaryum murumuru 
(Mart.) 

Arecaceae Essential 0.95 * 7.742 7.34955  

22. * */Cagaita/fruit Eugenia dysenterica (Mart.) 
DC.) 

Myrtaceae Great 0.65 4.1921 2.72932  

23. Macauba palm/ 
Macaúba/fruit 

Acrocomia aculeata (Jacq.) 
Lodd. ex Mart.) 

Arecaceae Great 0.65 0.64219 0.42813  

24. * */Camucamu/fruit Myrciaria dubia (Kunth) 
McVaugh 

Myrtaceae Modest 0.25 0.96329 0.24974  

25. Assai palm/Açaí /Heart 
of palm 

Euterpe oleracea Engel Arecaceae No increase 0 2295.81 0  

26. Piassava/Piaçava/fiber Attalea funifera (Mart.) Arecaceae No increase 0 302.259 0  
27. Rubber tree/ 

Seringueira/clotted latex 
Hevea brasiliensis (Willd. 
ex A.Juss.) Müll.Arg. 

Euphorbiaceae No increase 0 297.746 0  

28. Buriti palm/Buriti/straw Mauritia flexuosa L.f Arecaceae No increase 0 130.972 0  
29. Rubber tree/ 

Seringueira/liquid latex 
Hevea brasiliensis (Willd. 
ex A.Juss.) Müll.Arg. 

Euphorbiaceae No increase 0 23.5471 0  

30. * */Sorva/nonelastic 
gum 

Couma utilis ((Mart.) 
Muell. Arg.) 

Apocynaceae No increase 0 2.26552 0  

31. * */Jambu/leaf Acmella oleracea ((L.) R. K. 
Jansen) 

Asteraceae No increase 0 0.64219 0  

32. Cassava/Maniçoba/ 
elastic gum 

Manihot esculenta Crantz Euphorbiaceae No increase 0 0.64219 0  

33. * */Maçaranduba/ 
nonelastic gum 

Manilkara huberi (Ducke) 
A.Chev. 

Sapotaceae No increase 0 0.3211 0 

*based on genus; ** no correspond name was found in English. 
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2.5. Crop pollinator species 

The literature on pollinator species reported for each crop was 
reviewed using a keyword search (‘scientific name of the plant species’, 

‘popular name of the plant species’, ‘SAFs’, ‘agroforestry’, ‘crop polli-
nation’, ‘pollination’, ‘pollinators’, ‘flower visitors’, ‘crop visitors’ – and 
the variation of these words in Portuguese) on Web of Science and 
Google Scholar, followed by a review of references and cited articles. In 

Fig. 2. Changes in (a) crop production value and (b) pollination service value in forested areas in the Brazilian Legal Amazon municipalities between 2006 and 2017. 
Hot colors (red) indicates an increase, and the cold colors (blue) indicates a decrease in the parameters 
Source: Agricultural Census (IBGE, 2017). 
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total 33 studies were used, helping to understand the panorama of 
pollinators diversity associated with plants present in the IBGE list 
(Table S2 in supplemental material online). 

The animal species were separated into floral visitors (if there was no 
indication of their role as effective pollinators), pollinators (if their role 
as effective pollinators was clearly stated) and undetermined (if the 
study did not make it clear whether it was a pollinator or a floral visitor). 
We considered only the effective pollinators here, since they are directly 
linked with the pollination service value. Nevertheless, all pollinators 
and visitors can be consulted in Table S2. 

3. Results 

3.1. Status and trends of AFSs in the Amazon 

According to the census data, we observed an increase in the use of 
AFSs in the BLA between 2006 and 2017. There was an increase of 
23.18% in the area (Fig. 1a) and an increase of 3.27% in the number 
(Fig. 1b) of AFSs established in the period analysed. Although the total 
number of AFSs increased, there was a decrease in the number of mu-
nicipalities (N = 12; 1.55%) using this type of crop production. 

The state of Pará had the highest number of AFS establishments, but 
the greatest growth in the period was observed for the state of Amapá 
(151.47%). The state with the greatest reduction in the number of es-
tablishments was Acre (65.76%), standing far from the second one, 
Tocantins (7.89%). Acre presented the highest reduction of AFS area 
(46.95%), in opposition to Roraima, which gained 75.88% more AFS 
area in the analysed period. 

3.2. Crops produced and production value 

We found 33 crops associated with forested areas in BLA. Twelve 
crops were Amazon palms (Arecaceae family, Table 1, Fig. S1), 
responsible for 90.28% of all production values in 2017 (Table 1). When 
analysing only the same crops between the years, we found that the total 
production value in forested areas increased by 45.61%, raising from US 
$167.3 million (2006) to US$243.5 million (2017) (Figs. 2a and S2). 
Analysing the more recent data (2017), the five crops with the highest 
crop production value (CPV) accounted for 97.28% of the total CPV: 
açaí (US$197.6 million), Brazil nut (US$20.7 million), Babassu coconut 
(US$10.3 million), Babassu almond (US$7.5 million), and palm heart 
(US$2.3 million) (Table 1). 

3.3. Crop pollinator dependency and pollination service valuation 

Of the 33 crops in forested areas analysed, 24 (73%) had some 
dependence on pollinators to the commercialized product. By estimating 
the pollination service value (PSV) of these crops (Fig. 2b), we found a 
value of US$73.3 million for 2006 (44% of CPV in that year) (Fig. S3a). 
Analysing only the same crops between the years, this value increased to 
US$156.7 million (64.36% of CPV) in 2017 (Fig. S3b). This changed 
corresponded to an increase of 113.76% in the PSV considering the 
analysed period. 

The highest values obtained were for açaí (US$128.4 million), Brazil 
nut (US$19.7 million), Babassu coconut (US$2.6 million) and Babassu 
almond (US$1.9 million) (Table 1). Despite the high CPV of the palm 
heart derived from açaí palm, this crop was not considered here because 
its production is not directly related to animal pollination. 

Analysing the more recent data (including all crops), among the 20 
municipalities in the BLA with the highest CPV and PSV, 17 were in the 
state of Pará (Table 2). The result was strongly related to the açaí crop 
but also marginally related to other important products cultivated in the 
state, such as Brazil nut and cocoa. 

3.4. Crop pollinator species 

Analysing only the same crops between the years, insects were the 
main pollinators cited. They were responsible for 84% of the total spe-
cies evaluated as effective pollinators, followed by birds (12%) and bats 
(4%). The bees were prominent, making up 43% of the total number of 
species of crop pollinators, followed by beetles, which made up 15% of 
the total number of pollinator species (Fig. 3). 

For five crops, we did not find information about effective pollinators 
in the literature: Murumuru palm (Astrocaryum murumuru Mart.), Sorva 
(Couma utilis (Mart.) Muell. Arg.) and Cajarana (Spondias dulcis Parkin-
son) (plants with a yield increased by pollinators), in addition to cassava 
(Manihot esculenta Crantz) and Jambu (Acmella oleracea (L.) R. K. Jan-
sen), (plants with a yield no increased by pollinators). For most of these 
plants, the analysed literature provided information only about floral 
visitors (Martins et al., 2012; Jordão and Noronha, 2011; Souza et al., 
2018) (Fig. 4). 

Table 2 
The twenty municipalities in the Brazilian Legal Amazon with the highest crop 
production value in forested areas and the pollination service value.  

Municipality/State Crop production value 
(2017) (US$1000) 

Pollination service value 
(2017) (US$1000) 

Curralinho/Pará 40,945.48 26,612.68 
Afuá/Pará 22,513.23 14,264.35 
Cametá/Pará 22,255.16 14,379.61 
Barcarena/Pará 15,459.68 9994.69 
Limoeiro do Ajuru/ 

Pará 
10,004.52 6503.81 

Abaetetuba/Pará 7966.45 5099.39 
Breves/Pará 7936.77 5019.42 
Ponta de Pedras/Pará 7700.32 5003.56 
Muaná/Pará 7160.00 4654.00 
Gurupá/Pará 6274.52 4006.95 
São Sebastião da Boa 

Vista/Pará 
5614.19 3649.23 

Acará/Pará 4362.58 2891.61 
Viseu/Pará 4079.03 2758.98 
Oeiras do Pará/Pará 4012.58 2615.63 
Moju/Pará 3997.10 2595.52 
Igarapé -Miri/Pará 3289.35 2121.95 
Mazagão/Amapá 3211.29 2333.85 
Macapá/Amapá 2670.32 1735.71 
Chaves/Pará 2382.26 1540.50 
Bacabal/Maranhão 2193.87 548.47  

Fig. 3. Pollinator groups associated with crops present in forested areas in the 
Brazilian Legal Amazon. For the pollinator species reported for each crop, 
see Table S2. 
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4. Discussion 

Our results showed that there was an increase in the number (3.27%) 
and area (23.18%) of AFS establishments in the BLA between 2006 and 
2017. The crop production in the forested areas analysed increased by 
45.61% in the same period. A high number of crops were pollinator- 
dependent and pertained to the Arecaceae family (palm trees). We 
also found an increase in the value of pollination services considering 
the same period, and the percentage of the value of the pollination 
service in relation to the value of production increased from 44% to 
67%. Insects, mainly bees and beetles, were the main pollinators. 

4.1. Status and trends of AFSs in the Amazon 

Especially in the Amazon region, farmers abandon annual fields to 
make room for açaí -dominated agroforests, preferring to purchase sta-
ple foods, such as manioc flour, rice, beans, and even corn used for 
animal food, instead of cultivating these crops (Steward, 2013). Despite 
this trend, we found a decrease in AFSs in some states in the Southern 
Amazon, a highly impacted area where forest losses accounted for 30% 
in the last year (Instituto Nacional de Pesquisas Espaciais (INPE), 2020). 
Associated with the latest public policies in Brazil, deforestation in the 
Amazon has increased in recent years. Brazil was responsible for 33% of 
the total loss of tropical forests in the world in 2019 (WRI, 2001), and 
during 2020, 11,000 km2 of Amazon forests were lost (Instituto Nacio-
nal de Pesquisas Espaciais (INPE), 2020). This crescent loss of forest 
directly affects local communities, which strongly rely on ecosystem 
services for their subsistence (Foley et al., 2007). 

The use of AFSs has grown in Brazil in recent years, especially in the 
Caatinga biome (Northeast region), in the South of the Mata Atlantica, 
and in isolated areas of the Cerrado (Central-West region), and in the 
Amazon (North region) biomes (Maia et al., 2021). Socioeconomic 
variables (land ownership, financing options, access to information and 
technical assistance) and agronomic variables (water resources avail-
ability and soil quality) are likely influencing the adoption of agrofor-
estry systems in Brazilian municipalities (Schembergue et al., 2017). In 
addition, the ABC plan (Low Carbon Emissions in Agriculture) – as part 
of the National Climate Change Policy (PNMC) has been encouraging the 

use of AFSs in Brazil (Schembergue et al., 2017). Globally, AFSs has 
gained high attention in most of the developing countries for its po-
tential for mitigating climate variability and increasing atmospheric CO2 
sequestration (Anderson and Zerriffi, 2012). 

4.2. Crops produced and production value 

The increase of the crop production value (CPV) in forested areas was 
notable between the years of 2006 and 2017. Recently, it was possible to 
observe a change in rural communities around the globe, and the topic 
of farmer-held agrobiodiversity has come into focus as a priority for 
conservation initiatives (Steward, 2013; Garrett et al., 2018). Changes in 
global and national policies and public awareness resulted in the search 
for an increase in agricultural production without deforestation (Schroth 
et al., 2016). New opportunities are emerging through the international 
markets that import these commodities, since sustainability is now a 
mainstream market concept that has moved from a corporate social 
responsibility to a strategic business issue (Millard, 2011). A large part 
of these efforts was probably due to concerns with climate change and 
the potential role of tropical forests as a carbon sink, which increased 
collective efforts, encouraged by national policies, for forest preserva-
tion and recovery (Rudel, 2012). 

All the five crops with the highest CPV (97.28% of the total) are 
associated with AFSs in the Amazon (e.g. May et al., 1985; Costa et al., 
2009; Campbell et al., 2018). The Arecaceae family was emphasized, 
being economically outstanding in the national market due to the total 
utilization of their products (Silva et al., 2021b). They also have an 
important role in the customs and culture of traditional communities 
(Brandão et al., 2019). Additionally, population growth in urban Ama-
zonia has created a market for regionally preferred food sources, such as 
açaí fruit, which is a key regional staple food (Brondízio et al., 2002). We 
found that açaí was the main product in the forested areas of the 
Amazon, and 17 municipalities of the state of Pará presented the highest 
production values of açaí. Considering only Amazon forested areas, the 
açaí contribution was 80% of all crop production values. A previous 
work showed that Pará is the largest producer of açaí in Brazil, and the 
production of this fruit corresponds to one-third of the entire crop pro-
duction in this state (Borges et al., 2020). Brazil nut and cocoa are also 

Fig. 4. Number of species of effective pollinators, floral visitors and species of indeterminate behavior (when the study does not make it clear whether it is a 
pollinator or visitor) associated with crops present in forested areas in the Brazilian Legal Amazon. For the pollinator species reported for each crop, see Table S2. 
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two crops that are cultivated in consonance with Amazon forest. 
Traditional cocoa management, for example, is mainly produced on a 
small scale by community-based farmers (Moguel and Toledo, 1999; 
Claus et al., 2018). Both açaí and cocoa are historically known as 
products that promote forest conservation (Peters et al., 1989). How-
ever, recent studies have shown that the intense management practices 
of both crops in AFSs can lead to a decline in local biodiversity. For 
example, cocoa forests are not only less diverse and less dense than 
secondary or primary forests of the region but also have severely 
impaired natural succession and gap dynamics in the Brazilian Atlantic 
forest (Rolim and Chiarello, 2004). A significant loss of local tree species 
richness and a trend towards floral impoverishment in Amazon flood-
plain forests were found under intense açaí production (Freitas et al., 
2015). 

4.3. Crop pollinator dependency and pollination service valuation 

Considering the main crops produced in the Amazon forest, we found 
that a high number of them (73%) were pollinator-dependent. Pollina-
tion is an important service for crop production in the forested areas 
analysed. Our results show the importance of this ecosystem service for 
agricultural sector. Previous works showed that pollination service 
value corresponded to 30% of Brazilian crop production (141 crops) 
(Giannini et al., 2015a). A similar rate was reported for Pará, where 36 
crops were analysed (Borges et al., 2020). Globally, the production of 48 
of the 67 crops of the five leading commodities increases with polli-
nating animals (Klein et al., 2007). Of the 24 pollinator-dependent crops 
analysed here, 18 were recently determined to be important native 
species for socio-biodiversity, with high food value (Brasil, 2021). These 
crops enable the diversity of sustainable products that can generate in-
come and ensure the quality of life of traditional communities and 
family farmers. 

4.4. Crop pollinator species 

The prevalence of bees as the main pollinators of the analyzed crops 
was expected, since bees are the largest group of crop pollinators asso-
ciated with food production not only in tropical regions (Giannini et al., 
2015b, 2020a; Wolowski et al., 2019) but also globally (Aizen et al., 
2019). The reported decline in bees (Potts et al., 2016b) makes the 
protection of natural areas, which act as refuges for many bee species, 
more urgent (Brosi et al., 2008). Previous studies in the Amazon indi-
cated that crescent forest fragmentation was associated with a decline in 
the abundance and diversity of native bees in remnants of native vege-
tation (Brown and Albrecht, 2001) and affects functional composition of 
bee communities in açaí plantations, with small-sized bees more sus-
ceptible to forest loss (Campbell et al., 2022). Many crops analysed here 
depend on wild pollinators, but the practice of pollinator management is 
rarely considered in the region (Venturieri, 2014; Campbell et al., 2018). 
The reduction of suitable habitats for bees will potentially increase as a 
result of climate change in the Eastern Amazon (Giannini et al., 2020b). 
The AFSs also provide resources for foraging and valuable nesting sites 
needed to maintain bee species, which are responsible for this important 
ecosystem service (Kay et al., 2020). Thus, agroforestry can be a useful 
alternative to combine the production of food with the protection of 
forests and bee pollinators. Moreover, intensive açaí management 
practices have impoverished pollinator communities in floodplains and 
have increased the frequency of antagonistic interactions on in-
florescences in upland plantations (e.g., high ant densities) (Campbell 
et al., 2018). Thus, it is necessary that agroforestry practices be correctly 
applied to achieve sustainable production. Extensive farming practices 
and the maintenance of unmanaged forest areas surrounding the crop 
are pointed as important for a highly diverse flower-visitor community 
in the Amazon (Campbell et al., 2018). 

The important role of beetles also needs to be emphasized since they 
were the second group among pollinators, mainly justified for the 

elevated number of Arecaceae plants. Pollination syndrome classified as 
cantharophilous was also found to be the second most important syn-
drome when analyzing 188 edible plant species used by traditional 
Amazon communities (Paz et al., 2021). Despite the importance of 
beetle in the pollination of one of the main Amazon products, such as 
açaí (Campbell et al., 2018; Bezerra et al., 2020), Brazilian legislation 
does not explicitly consider non-bee pollinators (Hipólito et al., 2021), 
thus neglecting this important pollinator group and its service (Lopes 
et al., 2021). Despite this, in Brazil, the lack of pollinator-relevant 
legislation (and a specific legislation for pollinators in AFSs) to pro-
vide sustainable conservation, mainly for the Amazon region, is notable 
(see Hipólito et al., 2021). A high diversity of pollinators (not only the 
abundance and the visitation rate) is essential for sustaining the polli-
nation service, because of year-to-year variation in community compo-
sition (Kremen et al., 2002; Klein et al., 2003). Public policies for 
pollinators are urgent to ensure the maintenance of biodiversity and the 
services that they provide. Both biodiversity and ecosystem services 
remain chronically undervalued and largely missing in high-level dis-
cussions around the Sustainable Development Goals of the United Na-
tions (Reyers and Selig, 2020). 

Data on crop production, dependence on pollinators, and the main 
crop-pollinator species are scarce for the Amazon biome. Furthermore, 
our knowledge about pollination in AFSs in Brazil is limited (but see 
Maués and Venturieri, 1996; Maués et al., 1996; Maués and Santos, 
1999; Maués et al., 2000; Maués and Couturier, 2002; Maués et al., 
2008; Oliveira and Schlindwein, 2009; Dáttilo et al., 2012; Cavalcante, 
2013; Bezerra et al., 2020), which demonstrates the large knowledge 
gap that exists in pollination and agroforestry practice. An example is 
cocoa, a commodity with high production value and scarce knowledge 
about its effective pollinators (Paz et al., 2021), especially in the 
Amazon (the main producer in Brazil). The mapping of pollinators in 
this scenario is important not only for conservation but also for more 
effective and targeted action by producers. Finally, we also highlight the 
ultimate importance of the national agricultural censuses, which are key 
to research on food production and to anticipate food vulnerability, 
especially considering the crescent impacts of global changes. For 
example, the IBGE census does not address all crop species, especially 
those consumed by traditional people (Paz et al., 2021). Moreover, more 
attention should be paid for AFS, since the data are mostly provided by 
farmers, and they may have different interpretations of what an AFS is 
(Maia et al., 2021). 

5. Conclusion 

AFSs have grown in recent years in number, area, and crop pro-
duction in the BLA and have been acknowledged to promote the con-
servation of biodiversity with socioeconomic sustainability (Torralba 
et al., 2016). Additionally, the use of AFSs may be essential to safeguard 
crops from future climate change scenarios (Gomes et al., 2020) and 
enhance the diversity of agricultural production (Borges et al., 2020), 
contributing to local food security. The growing crop production in 
forested areas of the Amazon, especially of plants that are 
pollinator-dependent, makes it necessary to have public policies aimed 
at encouraging more sustainable practices, ensuring food production 
without compromising important ecosystem services. Studies on the 
valuation of important ecosystem services such as pollination are still 
scarce. This information is basic for planning more targeted actions by 
decision makers and farmers. In addition, specific studies about polli-
nation in AFSs are urgent, aiming to protect pollinator species and their 
habitats. It is important for Brazil to have pollinator-relevant legislation 
that protects not only bees but also all other pollinators to safeguard 
food production. 
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