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Pollination as an ecosystem 
service in soybean production 
for climate change mitigation
Abstract – The objective of this review was to present the benefits of 
Apis mellifera pollination on soybean yield, emphasizing the reduction of 
greenhouse gas emissions. Several authors have shown that soybean yield 
is increased by pollination, explaining why supplementary pollination has 
been adopted by those interested in the integration of soybean and bees. 
Ecosystem services, biocapacity, and ecological footprints were the concepts 
used to establish the interrelationships between this integration and crop yield 
increment using supplementary pollination, highlighting that this technology 
does not modify the production system. Such analysis supports the logic 
to calculate the reduction of greenhouse gas emissions per megagram of 
soybean harvested, aiming to mitigate climate change. The Google Scholar 
database was used to select the scientific papers used for this review. Results 
indicate that, to obtain the same soybean production, the required area would 
be reduced in the same proportion of yield increment, with an additional 
emission reduction of 0.047 Mg CO2 equivalent per megagram of harvested 
soybean. Actions and policies to maximize the adoption of supplementary 
pollination are proposed, aiming to mitigate climate change, improving the 
natural ecosystem service of pollination, while incrementing the net income 
of growers and the production by beekeepers.

Index terms: Apis mellifera, Glycine max, biocapacity, ecological footprint, 
food security, GHG emissions.

Polinização como serviço ecossistêmico 
na produção de soja para a mitigação 
de mudanças climáticas
Resumo – O objetivo desta revisão foi apresentar os benefícios da polinização 
por Apis mellifera na produtividade da soja, enfatizando a redução da emissão 
de gases de efeito estufa. Vários autores mostraram que a produtividade da soja 
é aumentada pela polinização, o que explica porque a polinização suplementar 
tem sido adotada pelos interessados na integração entre soja e abelhas. 
Os conceitos de serviços ecossistêmicos, biocapacidade e pegada ecológica 
foram utilizados para estabelecer as inter-relações entre essa interação e o 
incremento da produtividade da cultura por meio da polinização suplementar, 
a qual não o sistema de produção. Esta análise sustenta a lógica para o cálculo 
da redução das emissões de gases de efeito estufa por megagrama de grãos de 
soja colhida, a fim de mitigar a mudança climática. A base de dados do Google 
Academics foi utilizada para selecionar os artigos científicos relevantes para 
esta revisão. Os  resultados indicam que, para obter a mesma produção de 
grãos, a área necessária é reduzida na mesma proporção do incremento de 
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produtividade, com uma redução adicional de emissões 
de 0,047 Mg de CO2 equivalente por megagarama de soja 
colhida. Ações e políticas para maximizar a adoção da 
polinização suplementar são propostas para mitigar as 
mudanças climáticas e incrementar o serviço ecossistêmico 
de polinização, aumentando a renda líquida de produtores e 
a produção de apicultores.

Termos de indexação: Apis mellifera, Glycine max, 
biocapacidade, pegada ecológica, segurança alimentar, 
emissões de GEE.

Introduction

The leading factor of climate change is the 
greenhouse gases (GHG) emissions (Filonchyk et al., 
2024). These emissions affect almost all economic and 
social aspects of human life on our planet (Carleton & 
Hsiang, 2016).

Climate change is rising at an accelerating pace and, 
therefore, it represents a serious threat to food security 
and the achievement of the Sustainable Development 
Goal number 2 (Zero Hunger) (Mugambiwa & 
Tirivangasi, 2017; United Nations, 2025) because of 
the increasingly frequent and extreme weather events 
(Saleem et  al., 2024). The impact can be direct, like 
excess or lack of water supply, higher temperatures, 
typhoons, and similar events (IPCC, 2023).

Agriculture depends on ecosystem services, 
which are also negatively affected by adverse climate 
conditions, as mentioned by Locatelli (2016) and Maia 
et al. (2018). Kumar et al. (2022) discussed the intricate 
link between biodiversity, ecosystem services, and 
biocapacity affected by climate change and threatened 
by our ecological footprint, while Settele et al. (2016) 
stated that climate change will pose diverse challenges 
for pollination, exacerbating other threatening factors. 
Otieno et  al. (2022) mentioned that the registered 
increasing greenhouse gas emissions (GHG) is linked to 
the disruption of ecosystem services, though the ozone 
and carbon dioxide impacts on pollination services 
are not well understood. However, Farré-Armengol 
(2016) found that high ozone concentrations in the 
atmosphere caused fast degradation of Brassica nigra 
floral scent, with increasing distance from the scent 
source, reducing the range over which flowers can be 
identified by pollinators.

About 87% of the world’s wild flowering plants 
are pollinated by insects and other animals (Basu & 

Cetzal-Ix, 2018; Zattara & Aizen, 2021); more than 
three quarters of the leading types of global food crops 
at least partially benefit from biotic pollination; and 
estimated one-third of global food supply is directly 
benefitted from biotic pollination (Potts et al., 2017). 
These last authors provided a comprehensive review, 
reporting the increment of crop yield and quality 
directly promoted by pollination.

Despite the importance of pollination to the world’s 
crop production, no study could be found investigating 
the reduction of GHG emissions due to pollination, 
according to the Google Scholar database. The present 
review aimed to fulfill that lacuna, and its rationale 
is presented (Figure 1). Four major anchors were 
selected (food security, soybeans, climate change, and 
supplementary pollination) because of their central 
importance to establish the intricate relationships with 
other factors.

Food security means that all people, at all times, 
have physical, social, and economic access to 
sufficient, safe, and nutritious food that meets their 
food preferences and dietary needs for an active and 
healthy life. Over the coming decades, a changing 
climate, growing global population, volatile food 
prices, and environmental stressors will put significant 
pressure on food security (IFPRI, 2025). According to 
Ranganathan et  al. (2018), feeding 10 billion people 
sustainably by 2050, as compared to 2010, requires: 
a) 56% more food production; b) incorporation of 
additional 593 million hectares; c) reduction of 
11-gigatonnes of GHG emissions for preventing the 
worst climate impacts on food production. According 
to the data compiled by Potts et al. (2017), both natural 
and supplementary pollination can strongly help to 
reach those requirements, though reducing the area 
required for food production due to its production-
enhancing effects.

Soybean is part of the world food security, with an 
estimated harvest of 421 million tonnes (Mt) in 2025 
(United States, 2025b), with projections of about 770 Mt 
for 2050 (Gazzoni & Dall’Agnol, 2018). Soybean is an 
important source for feed and food, and a major source 
of edible vegetable oil and protein, playing an important 
role in maintaining balanced dietary nutrients for 
human health, as stated by Guo et al. (2022). Soybean 
yield can be sustainably increased up to 20% through 
supplementary pollination by bees (Gazzoni & 
Barateiro, 2023), but both soybean cultivation (Zhu 

https://www.fao.org/cfs
https://www.ifpri.org/topic/environment-and-natural-resources
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et al., 2024) and bees (Zapata-Hernández et al., 2024; 
DeGrande-Hoffman et  al., 2025) can be adversely 
affected by climate change, resulting in a declining 
pollinator population (Vasiliev & Greenwood, 2021).

The biotic pollination is one of the ecosystem 
services (Porto et  al., 2020) provided by pollinators 
belonging to the biodiversity, which is an essential 
component of the biocapacity that, in turn, has to 
absorb the ecological footprint (Lazarus et al., 2015). 
This is the nexus (Figure 1) connecting the need to 
produce more food (food security), while reducing the 
ecological footprint by using sustainable technologies 
like pollination (one of the ecosystem services), and 
reducing the emissions of greenhouse gases responsible 
for the climatic change, thus avoiding adverse impacts 
on the biocapacitiy, biodiversity, ecosystem services, 
and food production. To achieve these benefits, good 
agricultural practices should be adopted by growers, 
incentivized by public policies, resulting in benefits to 
the growers, consumers, and to the environment.

The objective of this review was to present the 
effects of Apis mellifera pollination on soybean yield 
and its benefits for growers, beekeepers, and the 
environment, emphasizing the reduction of emissions 
of greenhouse gases.

Materials and Methods

This review was performed using the database of 
Google Scholar (GS) (2025). Initially, the database 
was used for studies relating natural or supplementary 
pollination with of greenhouse gas emissions, either on 
soybean or other crops. The search was unsuccessful, 
and no study was retrieved.

To estimate the amount of GHG reduction of 
emissions, due to the use of a combination of natural 
and supplementary pollination on soybean, the 
interrelationships involving pollination and associated 
parameters were firstly established by linking the 
concept of ecosystem services to food security, 
highlighting important searching keywords like 
“supplementary pollination”, “climate change” and 
“soybeans”. Other important parameters selected were 
“biodiversity”, “biocapacity”, “ecological footprint”, 
“declining pollinator population”, and “good 
practices”, together with “GHG emissions”, “GHG 
sequestration”, “public sector”, and “private sector”. 
Several references showed overlapping between the 
keywords and were retrieved more than once.

The rationale of the review was the assessment 
of the concepts of each parameter considered, for a 

Figure 1. Interrelationships of factors affecting the link between climate change and food security.

https://scholar.google.com.br/
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concise explanation about each one of them, to clearly 
disclose the network of linkage among them. The 
relation between GHG emissions and climate change 
was reviewed, and the search on the GS retrieved 
2,530,000 results, 33 of which were selected, and 14 
were used for reviewing. Following, search was carried 
out for ecosystem services, classification, and main 
conceptual terms, including biodiversity − responsible 
for the majority of the services −, biocapacity, and 
ecological footprint. The database search retrieved 
393,000 results, out of which 63 were considered the 
most relevant ones, and 42 articles were reviewed.

For the pollination ecosystem service, the search 
identified 145,000 references, and 74 were considered 
relevant, from which 43 were selected to be included 
in the review. Then, the soybean development and 
reproduction, including visitation of bees to flowers 
and pollination, were reviewed, and the search on GS 
identified 713,000 references, from which 82 were 
selected, and 57 were used for reviewing the subject.

For supplementary pollination and reduction of 
GHG emissions, mainly on soybean, 18,900 articles 
were retrieved, from which only five were selected for 
the review. The estimation of saved GHG emissions by 
using supplementary pollination was calculated using 
data on soybean production and yield (Conab, 2025), 
GHG emissions attributed to soybean cultivation 
(Balanço…, 2022), emissions attributed to land-use 
change (LUC) (Garofalo et  al., 2022; Embrapa Meio 
Ambiente, 2025), and soybean yield increase due to 
supplementary pollination (Garibaldi et al., 2021).

Analysis of the intervenient factors

Greenhouse gas emissions and climate change

In 2018, the Special Report on Global Warming of 
1.5oC (SR15) was published by the Intergovernmental 
Panel on Climate Change (IPCC, 2018). The report, 
prepared by 91 authors from 40 countries, includes 
over 6,000 scientific references. It was delivered at the 
United Nations’ 48th session of the IPCC, to convey an 
authoritative, scientific guide for governments to cope 
with climate change. Its key finding is that to meet the 
target of 1.5oC increase above pre-industrial levels, it 
undoubtedly requires deep emission reductions and 
rapid, far-reaching, and unprecedented changes in all 
aspects of society.

The Paris Agreement of the United Nation 
Framework Convention for Climate Change 
(UNFCCC, 2025) is a mandatory international treaty, 
established by world leaders, aiming to reduce GHG 
emissions and adaptation to climate change. Adopted 
in 2015, during the COP 21, and entered into force 
in 2016 (UNFCCC, 2016), the treaty established the 
target limit for temperature increase at 1.5°C above 
pre-industrial levels. The following editions of the 
Conference of the Parties (UNFCCC, from COP 22 to 
COP 29, reinforced and deepened the statements of the 
Paris Agreement.

The IPCC report and further discussions at the 
different COP editions alerted that limiting global 
warming to a 1.5°C increase, in comparison with 
2°C increase, would reduce challenging impacts 
on ecosystems, human health, and well-being. 
Conclusions were that 2°C temperature increase 
would exacerbate extreme weather, rising sea levels, 
diminishing Arctic sea ice, coral bleaching, and loss 
of ecosystems, among other impacts. It also mentioned 
a negative effect on food security, since the rise of 
the frequency and intensity of extreme events, would 
reduce yields in almost all producing countries, thus 
affecting the food supply and increasing the price of 
food.

Less than five years after the IPCC report 
presentation, in February 2024, the 1.5°C global 
warming threshold was breached for a full 12 months 
for the first time, according to the EU’s Copernicus 
Climate Change Service (Copernicus, 2025a). 
Likewise, the World Meteorological Organization 
reported that 2023 was the warmest year on record, 
reaching the global average near-surface temperature 
established at 1.45°C (with a margin of uncertainty of 
± 0.12°C) above the pre-industrial baseline (WMO, 
2024; NOAA, 2025).

In 2024, the record of average annual temperature 
was broken again (NOAA, 2025), with the Earth’s 
average temperature being 1.29°C higher than the 
20th-century average, and the global temperature 
exceeded by 1.46oC the pre-industrial (1850–1900) 
average (WMO, 2024; NOAA, 2025). January 2025 
was 1.75 oC above the pre-industrial levels and was the 
18th month, in the last nineteen months, for which the 
global average surface air temperature was more than 
1.5oC beyond the pre-industrial levels (Copernicus, 
2025b). February 2025 was the third warmest February 
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globally (Copernicus, 2025c). Above all, since 1850, 
the 10 warmest years on the planet have all occurred 
in the last 10 years, starting in 2015 (NOAA, 2025). 
To limit the progression of climate change, emissions 
of greenhouse gases (GHG) must be reduced. One of 
the tools that can help assure food security with a lesser 
amount of GHG emissions is the use of ecosystem 
services, as supplementary pollination, for food or 
fiber crops, reducing the area required for production, 
or avoiding the deforestation of new areas.

Ecosystem services, classification, 
and main conceptual terms

Ecosystem services are the benefits to citizens 
and the whole society obtained from the natural 
ecosystems (Hernández-Blanco et al., 2022). Humanity 
has benefited from them for millennia. However, only 
after the approval of The United Nations Convention 
on Biological Diversity (CBD), on June 5, 1992, 
during the Earth Summit in Rio de Janeiro, RJ, Brazil 
(Convention…, 1992) this concept was embedded in 
international agreements and national public policies, 
so the global society became progressively aware of its 
importance for life on the planet (Griggs et al., 2013).

On this ground, individual countries or regional 
blocs proposed and implemented several actions 
to preserve or halt the degradation of ecosystem 
services (Maes et al., 2016). At the international level, 
the Intergovernmental Science-Policy Platform on 
Biodiversity and Ecosystem Services (IPBES) was 
established to strengthen the science-policy interface 
for biodiversity and ecosystem services, for the 
conservation and sustainable use of biodiversity, long-
term human well-being, and sustainable development 
(IPBES, 2025).

Several countries are assessing the economic value 
of ecosystem services, and incorporating these values 
into accounting and reporting systems, as well as 
evaluating how they are impacted by climate change 
(Scheiter, 2019). Balvanera et al. (2017) considered that 
this approach can be efficacious for making decisions 
on using and managing planetary resources, especially 
when trade-offs and synergies need consideration. 
As pointed out by Egoh et al. (2012), the availability 
of information, datasets, and assessments to measure 
the advances toward goals for ecosystem services is 
paramount to support effective decision-making for 
the sustainable use of natural resources.

Among ecosystem services, regulating services — 
such as climate regulation (Cohn, 2017), pest control 
(Dainese et  al., 2017; Deutsch et  al., 2018; Perennes 
et  al., 2023), water purification (La Notte & 
Dalmazzone, 2018; Wall et al., 2018), and particularly 
pollination (Garibaldi et al., 2016; Hipólito et al., 2018; 
Porto et al., 2020) — are critical to agriculture (Breeze 
et  al., 2016). Pollination is essential as it directly 
influences crop productivity (Tamburini et  al., 2019; 
Bishop & Nakagawa, 2020), stability (Bishop et  al., 
2022), and quality (Fijen et al., 2018). The sustainability 
of agriculture can be improved by integrating the 
management of ecosystem services, such as insect 
pollination, into farming practices. Bees and other 
pollinators significantly enhance agricultural yields 
(Garibaldi et al., 2017), which shows the importance of 
sustainable agricultural practices, aiming to maintain 
and protect these ecosystem services to ensure global 
food security (Rehman et  al., 2022) and economic 
well-being (Hausmann et al., 2016).

Ecosystem services are categorized into four main 
types (Hasan et al., 2020), as follows:

a. Provisioning: Tangible products obtained from 
ecosystems, such as food, fresh water, timber, fiber, 
wood, bioactive molecules, and genes. Examples of 
food are cultivated or noncultivated plants, fodder, and 
animal species that provide meat, milk, and eggs. Other 
products are fisheries and other aquatic organisms, 
biofuels, and hydropower generation.

b. Regulating: Includes climate regulation, pest 
control, water purification, and pollination. This 
category also encompasses the carbon stored over the 
long term in vegetation and carbon taken from the 
atmosphere via photosynthesis. Marine and freshwater 
quality regulation, soil erosion, soil fertility regulation, 
flood regulation and coastal protection, and biological 
nitrogen fixation are other regulating services. One of 
the most important regulating services is pollination, 
whose agents are bees, bats, birds, and other animals 
that pollinate cultivated species or natural vegetation, 
contributing to increased yield, quality, and stability 
of food supply.

c. Cultural: Nonmaterial benefits conquered by 
people through recreation, cognitive development, 
spiritual enrichment, reflection, and aesthetic 
experiences. There are boundaries between these 
services of social and economic aspects, like a landscape 
with aesthetic characteristics appreciated by the 
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people. Nature-based tourism and open-field recreation 
(hiking, angling, cycling, birding, swimming, diving, 
etc.) are also included in this category.

d. Supporting: Services necessary for supporting 
other ecosystem services, like nutrient cycling, soil 
formation, and primary production. Soil formation and 
nutrient cycling are essential for primary production 
and for providing wildlife habitats. This category also 
includes fruit and seed dispersal − an important topic 
for genetic and biological diversity.

Ecosystem services are frequently associated with 
one or more living agents. Mace et al. (2012) remark 
that biodiversity is related to ecosystem services 
through many mechanisms operating at different 
spatial frameworks. Cardinale et  al. (2012) add 
that biodiversity regulates the state, the rates, and 
the stability of ecosystem processes. According to 
Hristov et al. (2020), the pollination service is strongly 
associated with biotic agents, especially bee species, 
as referred to in the review performed by Khalifa et al. 
(2021).

Biocapacity is conceptualized as the amount of 
renewable resources made available by the biosphere’s 
regenerative capacity in a given time frame, usually 
one year (Świąder et  al., 2020). It represents the 
biosphere’s regenerative capacity, an aggregate of 
the production of various ecosystems in a given area, 
mainly arable land, pasture, forest, productive sea, 
and rivers. The biocapacity of the Earth increases 
with a higher biomass productivity per unit of area 
(Sarkodie, 2021; Wackernagel et  al., 2005). It is 
expressed in global hectares (gha) per person, which is 
a standardized unit that represents the average global 
productivity (agriculture, pastures, cultivated forests, 
fisheries, etc.) and the absorptive capacity for waste, 
for instance, the greenhouse gases (GHG). The present 
estimate of the average planetary biocapacity is 1.6 
gha/person (GFN, 2025b).

Biocapacity and ecological footprint calculator 
tools were developed by the Global Footprint Network 
(GFN) and used worldwide in sustainability studies 
(GFN, 2025c). Biocapacity, used together with a 
corresponding ecological footprint, is a measuring 
method for the human impact on the environment, 
depending on natural conditions and prevailing land 
use, farming, and husbandry technologies. Agricultural 
production can generate different forms of pressure on 
biodiversity, ecosystems and their services, chiefly 

changes in land use, water depletion and pollution, 
loss of biodiversity, and greenhouse gas emissions, as 
deeply analyzed by Brunetti et al. (2019).

Biocapacity can be improved by incrementing the 
yield of its components, as conceptualized by Guo 
et  al. (2017), and pollination is one of the factors 
that improve crop yield (Woodcock et  al., 2019), 
consequently expanding the biocapacity (Bilal & Ali, 
2025), while reducing the ecological footprint.

Conceptually, ecological footprint (EF) is closely 
associated with ecosystem services and biocapacity, 
meaning how much of the biosphere’s regenerative 
capacity is occupied by human activities (Schaeffer 
et  al., 2006). Thus, similarly to biocapacity, the EF 
expresses the consumption of renewable resources 
(crops, animal products, timber, fish, etc.), the result 
of the consumption of energy, and the use of built-up 
areas in standardized units of biologically productive 
areas (gha/person).

EF is the total area required to produce food and fiber 
for the consumption of a given population (community, 
municipality, country, world), the resources to absorb 
its waste, and the space for its infrastructure. As people 
consume resources and ecological services from 
different parts of the world, their footprint is the sum 
of these areas, wherever the location is (Wackernagel 
et al., 2005).

In 2024, the calculated global EF was 2.74 gha/
person. Every year, the GFN announces the Earth 
Overshooting Day (EOD) to represent the day of the 
year on which biocapacity was exceeded (GFN, 2025a). 
The first calculation occurred in 1972, and the EOD 
fell on December 30, meaning the global society only 
operated on the negative side for two days. However, 
in 2024, the date was August 1, so the Earth exceeded 
its biocapacity and overdrew for 152 days. Thus, over 
the last 52 years, global society has been inexorably 
crossing, earlier and earlier, the dangerous limits of the 
capacity to regenerate natural resources. To illustrate 
this fact, in 2024, the use of natural resources was 
equivalent to 1.74 planets, 74% above the renewal 
capacity of Earth.

The pollination ecosystem service

A flowering plant can be highly, partially, or not 
dependent on pollination, while some partially or 
not dependent ones can benefit from supplementary 
pollination. According to the IPBES report (Ferrier 
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et  al., 2016), pollinator-dependent crops contribute 
about one-third of global crop production. The 
IPBES estimated that 75% of the globally most 
consumed food crops rely to some extent on animal 
pollination. Moreover, 87 out of the 115 main crops 
grown worldwide depend, to some degree, on biotic 
pollination to produce fruits, grains, and seeds, 
according to Klein et al. (2007). Indeed, nearly 90% 
of wild flowering plant species partially depend on 
biotic-mediated pollination (Ollerton et al., 2011).

Gallai & Vaissière (2009) provided guidelines 
for the monetary evaluation of pollination services. 
Porto et al. (2020) examined 100 articles published in 
scientific journals with that approach and summarized 
the annual economic value of pollination services 
for some crops globally. Furthermore, these authors 
identified the most relevant studies on a global scale, 
and, after updating them for inflation up to 2020 values, 
for the following reports: a) US$206 billion, Costanza 
et al. (1997); b) US$324 billion, Pimentel et al. (1997); c) 
US$210 billion, Gallai et al. (2009); d) US$387 billion, 
Lautenbach et al. (2012); and e) US$195 billion, Bauer 
& Wing (2016). In their conclusion, Porto et al. (2020) 
considered that most of the estimates represent only a 
fraction of the actual global food production attributed 
to animal pollination and can, therefore, be considered 
as an assessment of the gross overall monetary value 
of animal pollination services.

Potts et al. (2010) alerted about the global pollinator 
decline, consequently reducing the ecosystem service of 
pollination, with serious consequences for agricultural 
production and food supply, along with environmental 
negative impacts. Dicks et al. (2021) warned that food 
security is closely linked to pollinators, as an estimated 
75% of the food crops depend on biotic pollination, 
especially for fruit production (Singh & Adhikary, 
2021).

Although it is highly benefited from the adequate 
offer of pollination services, agriculture is considered 
one of the main factors responsible for pollinator 
decline because of the expansion of crop cultivation 
and husbandry, and consequent deforestation, besides 
the use of non-selective pesticides (Dicks et  al., 
2016). A  further important factor is the reduction 
or fragmentation of habitat, due to other economic 
activities like industry, infrastructure, and the 
expansion of urbanized boundaries.

The proportion of pollinator-dependent crops 
grown globally is continuously increasing, as reported 
by Aizen et al. (2009). Thus, if potential yield ceilings 
are not approachable due to a deficit of pollination, 
then additional area will be required, as well as more 
seeds, pesticides, fertilizers, energy, and irrigation, to 
adequately supply the food demand, meaning higher 
GHG emissions, turning the climate emergency even 
more severe.

Pollination deficit occurs when inadequate pollen 
transference limits the sexual plant reproduction 
(Smith et  al., 2022). High pollinator demand and 
low pollinator availability mean a crucial pollination 
constraint, reducing the yield of pollinator-dependent 
crops (Webber et  al., 2020). This constraint raises 
concerns regarding potential risks to global food 
security and economic development, where, to a 
high proportion, the economy depends on agriculture 
(Kluser & Peduzzi, 2007).

A supplemental pollination, provided by managed 
bees, might overcome an estimated global yield 
limitation of 34% because modern agriculture 
is becoming increasingly pollinator-dependent, 
according to Sáez et  al. (2022). However, the global 
population of domesticated honeybees is growing more 
slowly than the demand for supplementary pollination 
(Mashilingi, 2022), concomitantly with the worldwide 
decline of wild bees.

There is no doubt that urgent actions are required 
to reverse the present pollinator decline trend. 
Nevertheless, in the meantime, the global society 
should focus on technologies and attitudes to mitigate 
the adverse impact of the pollination deficit. In 
this sense, managed honeybees represent the most 
economically important pollinator for a wide variety 
of crops (Calderone, 2012; Aslan et  al., 2016; Hung 
et al., 2018, 2019; Hristov et al., 2020).

Apis mellifera is the most abundant crop pollinator 
on a global scale (Garibaldi et al., 2012; Hung et al., 
2018). Other species of managed bees, predominantly 
stingless bees (Chévez et al., 2023), are also becoming 
important in overcoming pollination deficit or 
providing pollination in special conditions (Dicks 
et  al., 2021), like closed environment agriculture, as 
mentioned by Dorin et  al. (2018) and Zhang et  al. 
(2022a). Nevertheless, honeybees have been always 
recognized as the most important pollinators for their 
highly developed social behavior, generalist diet, and 
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large populations (Free, 1993; Partap, 2011), being 
widely used for supplementary pollination (Morse 
& Calderon, 2000; Allsopp et al., 2008; Zhang et al., 
2022b).

Moreover, managed bees are good indicators of 
environmental health (Mair et  al., 2023), and all the 
practices to preserve them will benefit feral bees 
which, in turn, will also help reverse the pollinator 
decline, as proposed by Hall & Steiner (2019) and 
Zabala (2019). Then, it is obvious the importance of 
spreading the use of managed bees to surpass the 
limitation on the availability of the ecosystem service 
of pollination, which presently constrains agricultural 
yields as determined by Turo et al. (2024).

Soybean development and reproduction

Soybean − Glycine max (L.) Merrill – a species that 
presents countless and varied uses − is the fourth most 
important crop at the global level. Soybean grains 
contain about 20% oil and over 35% protein, which 
characterizes it as a highly valuable oil and protein-
producing crop worldwide, according to Qin et  al. 
(2022) and Martignone et al. (2024). In 2025, estimates 
of world soybean production reached 420 million tons, 
produced on about 150 million hectares (United States, 
2025a). Brazil (40%), USA (28%), Argentina (12%), and 
China (5%) are the top soybean producers, comprising 
85% of the total production. Other countries with 
significant soybean production are India, Paraguay, 
Canada, Russia, Ukraine, and Bolivia. The expectation 
is that the demand for soybean will continue to grow in 
the forthcoming decades, highlighting the importance 
of increasing its sustainable yield, to avoid undesirable 
area expansion (Gazzoni & Dall’Agnol, 2018).

Soybean cultivars can either hold a determinate or 
an indeterminate growth habit. Determinate cultivars 
stop their vegetative growth at the beginning of the 
reproductive phase, while indeterminate ones continue 
to grow during part of this phase. The blooming period 
of soybean responds to several genetic, physiological, 
management, and environmental factors. The 
determinate cultivars usually flower for 15 days, and 
indeterminate ones bloom for up to 30 days, overlapping 
with pod set and pod filling stages (Gazzoni, 2016). 
A  longer blooming period (indeterminate cultivars) 
furnishes more resources to bees visiting soybean 
flowers.

Information in the scientific literature states that 
soybean is a naturally cleistogamic, self-pollinating 
plant (Gazzoni, 2016). Therefore, when the flower 
opens, the pollination cycle has been completed 
(Ellatar et al., 2021). Though several authors mentioned 
self-pollination, the occurrence of cross-pollination 
was also recorded. The pioneer studies indicated 
cross-pollination rates on soybean to be from 0.04% to 
3.62% (Woodhouse & Taylor, 1913; Woodworth, 1922; 
Cutler, 1934; Riede, 1935). However, at the same time, 
beekeepers often reported that honeybees produce 
significant amounts of soybean honey (Hambleton, 
1936; Milum, 1940; Johnson, 1944; Pellett, 1947, 1976; 
Davis, 1952; Jaycox, 1970), indicating active foraging 
for nectar and pollen collection on soybean flowers. 
Additionally, van der Linden (1981) reported that 97% 
of honey samples analyzed in Iowa contained soybean 
pollen, indicating that bees were largely foraging on 
soybean.

With the alarming evidence of the decline of 
pollinators, the interest in maintaining bees and 
the necessity for improved yield and agricultural 
sustainability has increased. Many authors reported 
increases of soybean yield from 8% to 35% by the action 
of pollinators (Chiari et al., 2005, 2013; Milfont et al., 
2013; Santos et al., 2013; Blettler et al., 2018; Santone 
et al., 2022; Gazzoni & Barateiro, 2023). Additionally, 
a meta-analysis carried out by Garibaldi et al. (2021) 
pooled together data from 23 contrasts (open field, 
enclosures with and without bee hives, etc.), obtained 
in five soybean-growing countries (Argentina, Brazil, 
Cameron, Uruguay, and the United States), indicating 
that soybean yield improvement reached 21% average, 
surpassing genetic and other management strategies 
employed in Brazil, Argentina, and the USA to get 
higher yields.

Some authors reported that the low number of pods, 
associated with the previous number of flowers, might 
be attributed to a pollination deficit, thus reducing 
soybean yield (Free, 1993; Delaplane & Mayer, 2000). 
In a controlled environment, only 33% of the soybean 
flowers were pollinated up to 3.5 hours after the onset 
of the light photophase, contrasting with 58% at 6.5 
hours after the artificial dawn (Robacker et al., 1983). 
Forrester et al. (2024) found large populations of bees 
in soybean fields, verifying that temperature had no 
significant effect on bee activity, but bee activity 
differed significantly between soybean varieties, 
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suggesting that soybean attractiveness to honeybees 
might be dependent on varietal characteristics. These 
results are a sound indication that pollination continues 
after the anthesis of the flower, a cue for the success of 
supplementary pollination.

In conclusion, studies showed that even though 
soybean can be considered a self-pollinated crop, 
it is not entirely cleistogamic, and the stigma of the 
soybean flower remains receptive for a time lapse 
of several hours after the flower anthesis, allowing 
for a successful biotic pollination, notably by bees. 
Accordingly, many authors classified soybean as a 
crop partially dependent on pollinators, implying that 
an improvement of the crop yield can be achieved by 
entomophilic pollination (Klein et  al., 2007; Gallai 
et al., 2009; Giannini et al., 2015, 2020; Bergamo et al., 
2021). Soybean cultivars that were cropped according 
to the best location for their maturity group seemed to 
elicit the most intense bee/flower interactions, which 
can be associated with volatile emissions to guide 
the pollinators, according to Erickson (1984). These 
results suggest that soybean flowers actively attract 
honeybees for pollination, and that cross-pollination is 
likely to occur before flowers are self-pollinated later 
in the day (Erickson, 1984).

Honey bee waggle dances recorded during soybean 
bloom showed that honey bees preferred soybean fields 
for foraging over other habitat types (Lin et al., 2022). 
In Brazil, Chiari et  al. (2005) found higher soybean 
yields in a comparison between caged plots without 
honey bees to one with a beehive inside (51%–57%) 
and to uncaged plots (48%); they repeated the study 
(Chiari et  al., 2013), and the increases of yield were 
38% (caged plot with beehive/without beehive) and 
41% (open plot/caged plot without beehive). Milfont 
et al. (2013) obtained increases of up to 18% of soybean 
yield, comparing different strategies for favoring 
soybean pollination by bees. Based on a three-year 
study, Gazzoni & Barateiro (2023) found soybean 
yield increases ranging from 8% to 18%, with 13% 
overall average.

In Argentina, Blettler et  al. (2018) observed 18% 
yield increase due to bee pollination of soybean flowers. 
Garibaldi et al. (2021) performed a meta-analysis of 16 
papers retrieved from the literature using the keywords 
“soybean” and “pollinator”. These authors observed 
21% average yield increase. Such a figure surpasses 
genetic and other management strategies to obtain 
increased soybean yield in Brazil, Argentina, and in 

the USA. In their results, these authors pointed to a 
large distribution of rates of yield increases, reaching 
up to 57.7%, showing the availability of solid scientific 
data to support the close association between soybean 
yield and bee pollination.

In the long run, the collection of soybean nectar by 
honeybee populations will result in a sound payback 
for soybean growers by considerably increasing 
soybean yield. Overall, it is essential to remember that 
the biocapacity of the Earth increases with a higher 
productivity per unit of area (Wackernagel et al., 2005), 
which is a comprehensive example of the importance 
of the soybean yield increases by supplemental 
pollination to expand the biocapacity and reduce the 
ecological footprint, while helping to assure the food 
security and mitigate the climate change.

Public and private institutions in Brazil are 
encouraging soybean producers to continuously 
improve technologies and develop even more 
sustainable production systems. In this context, the 
harmonious integration of wild or managed bees 
with soybean farms is paramount because soybean 
production is getting constantly closer to native bee 
repositories or managed apiaries (Gazzoni, 2016). 
In addition, beekeepers place their beehives close 
to farms, allowing honeybees to forage on soybeans 
(Gazzoni, 2016) to obtain higher honey production.

Soybean cropping closer to natural habitats shows 
higher yields (Kremen et  al., 2002; Morandin & 
Winston, 2006); and, according to Klein et al. (2007), 
this is one of the main attributes attracting diverse 
pollinators in higher abundance. However, a set of 
good practices needs to be implemented, before 
harmoniously integrating soybean cultivation with 
feral or managed bees.

Among the several good practices, the most 
important ones are linked to pest control, as chemical 
pesticide usage may directly affect bees visiting 
soybean flowers, or nesting/foraging on neighboring 
sites (Walker & Wu, 2017). This way, adherence to the 
recommendations of the Integrated Pest Management 
(IPM) practices and the strict observance of the 
technologies for pesticide application are considered 
utmost for the harmonious integration of bees and 
soybean cultivation. In parallel, soybean stinkbug-
tolerant cultivars were developed (Block platform) 
(Embrapa, 2025), reducing the use of pesticides, 
facilitating the integrated pest management, and 
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increasing the harmony and coexistence with bees. 
Cultivars with this technology show improved yield 
and good quality seed, alongside less foliar retention 
and green stems, in comparison with the standard 
for yield and development cycle, when growing in 
the same environmental conditions and subjected 
to a similar stinkbug population (Arias et  al., 2022). 
Moreover, in the areas with Block technology, the 
insecticide application can be delayed or even not used, 
considering the high-tolerance of plants to stinkbug 
damage, thus reducing possible adverse impacts of 
pesticides on bees visiting soybean flowers or nesting/
foraging in the vicinity.

In Brazil, the government of Paraná state, Brazil, 
was the first one to officially adopt a protocol of 
good practices, to allow of bees and agriculture 
integration, to guide extension, technical assistance, 
and phytosanitary regulation agency activities (IDR-
Paraná, 2024). The protocol was also adopted by 
private and third-sector institutions as a directive for 
their technical assistance.

Supplementary pollination and 
reduction of GHG emissions

Due to the severe impact of climate change on food 
production (Leal Filho et al., 2022), it is no surprise that 
the FAO Food Price Index (FFPI) averaged 127.1 points, 
in March 2025 (FAO, 2025), which is up 2.0 points (1.6 
percent) from the January level, and 27.1 points over 
the baseline (2014 - 2016 = 100). The surge in the FAO 
index indicates the urgent need for prompt actions 
from governments and the whole society, to guarantee 
food security for all in the coming years and decades.

To overcome the food price rise, one of the possible 
solutions is to increment the ecosystem service of 
pollination and implement supplementary pollination 
on dependent and benefitted crops, aiming to increase 
crop yields without any additional land area, and 
using the same amount of inputs (seeds, fertilizers, 
pesticides, energy, etc.) that would be used without the 
application of this technology.

The required good practices, especially integrated 
pest management (IPM) and all its tactics (biocontrol, 
insect-pest-tolerant genotypes, no spraying insecticides 
during blooming period), higher use of bioinputs, and 
correct pesticide application technology will safeguard 
the feral pollinators, especially bees, providing a 
further increase of the pollination service. Carnevalli 

et al. (2024) published the implementation of the IPM 
technology results in Paraná state, Brazil, from 2014 
to 2024. The results indicated a reduction of 53% of 
insecticide application for pest control (1.7 applications 
for IPM adopters versus 3.6 for nonadopters), with an 
equivalent (53%) reduction of application costs, with 
growers harvesting equivalent soybean yields in both 
situations. Additionally, the authors observed a delay of 
26 days for the first insecticide application (47 versus 
73 days), which is essential to avoid insecticide 
application during soybean blooming, escaping from 
adverse effects upon bees visiting soybean flowers.

The nongovernmental organization Solidaridad 
calculated the GHG emissions of 50 soybean farms 
located in the region called MATOPIBA in Brazil 
(Balanço…, 2022). According to its base scenery, the 
estimated total emissions were 0.97 t CO2-equivalent 
ha-1 per year, not considering land use change (LUC). 
The average soybean yield for the monitored farms 
was 3,480 kg ha-1, with estimated emissions of 
0.28 Mg CO2-equivalent Mg-1 of soybean produced.

The emission rate associated with LUC for soybean, 
using the BR-LUC approach (Embrapa Meio Ambiente, 
2025), was calculated to be 2.3 Mg CO2 ha-1 per year, 
as an average for Brazilian conditions (Garofalo et al., 
2022).

On meta-analysis of supplementary pollination 
studies with A. mellifera in soybean farms, Garibaldi 
et al. (2021) found a range of yield increases from 6.4% 
to 57.7%. Several other authors found results showing 
soybean yield gains about 15% to 25% (Monasterolo 
et al., 2015; Blettler et al., 2018). Studies conducted at 
Embrapa Soja (Chiari et al., 2005; Gazzoni & Barateiro, 
2023) resulted in yields from 8% to 57.74% higher than 
those in the absence of honeybee pollination. This 
way, 20% soybean yield increase may be considered a 
fair estimation, quite close to the 21% average reported 
by Garibaldi et al. (2021). Hence, 20% soybean yield 
increase will be applied in the following exercise to 
estimate the reductions of GHG emissions using the 
supplementary pollination technology.

If an increase of 20% of the soybean yield is 
achieved, then 20% less area is necessary to obtain the 
same production. In other words, a 20% higher soybean 
production from the same land area is possible. In 
both cases, there is no need to incorporate additional 
areas, meaning there is no impact of land change 
use. Just for theoretical considerations, expanding 
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this rationale to the whole Brazilian soybean area 
of 47,450,000 ha cultivated in the 2024/2025 season 
(Conab, 2025), about 9.5 Mha could have been saved, 
if supplementary pollination would have been used in 
the whole Brazilian soybean area, avoiding emissions 
of 21.8 Mt of CO2-equivalent, according to the study of 
Garofalo et al. (2022).

More GHG emissions can be avoided by using the 
supplementary pollination on soybean. The data for the 
following calculation, come from the monitoring by 
Solidaridad (Balanço…, 2022), which found emissions 
of 0.28 Mg CO2-equivalent Mg-1 of soybean produced.

On the 2024/2025 soybean season, the Brazilian 
soybean yield average was 3,527 kg ha1 (Conab, 2025), 
resulting in 0.987 Mg CO2-equivalent ha-1 emissions. 
Considering the yield increase of 20%, the soybean 
productivity would be 4,232 kg ha-1. However, no 
changes in the production system are needed for 
this improved yield, meaning that the same amount 
of inputs and the same practices would be used, 
consequently resulting in the same GHG emissions. 
Yet, the proportional emissions would be reduced to 
0.233 Mg CO2-equivalent Mg-1 of soybean. That is a 
conservative approach because, if it is considered 
that, for integrating bees into soybean production, the 
grower should fully adopt the IPM recommendations, 
then 53% reduction of insecticide application will 
occur (Carnevalli et  al., 2024), reducing the GHG 
emissions associated to the insecticide production and 
transportation, and also to its application in the field.

From the economic, social, and environmental 
standpoints, other positive externalities are associated 
with this technology usage. As the increase in the yield 
does not imply changing the production system, the 
production cost is the same, even with a higher yield, so 
the net income for growers would improve. In addition, 
by observing the good practices recommended for the 
harmonic integration of managed bees and agriculture, 
the feral pollinators and the general biodiversity will 
also benefit and improve the availability of ecosystem 
services.

Concluding Remarks

Based on the above review and the demonstration 
of a real opportunity to reduce GHG emissions, thus 
mitigating climate change, some active actions should 
be directed at target stakeholders. In the private sector, 

an intense communication campaign focused on 
growers should be conducted regarding the awareness 
of the economic, social, and environmental benefits of 
the ecosystem service of pollination. At the same time, 
growers and beekeepers should receive training on the 
established good practices to integrate their activities 
harmoniously.

The implementation of public policies is the 
responsibility of the government. First, technology 
generation to amplify the soybean case to an expanded 
crop area should be supported, followed by an intense 
campaign of communication and technology transfer. 
Besides, governments should encourage growers and 
beekeepers to integrate their activities, using tools 
like credit lines or certifications like a “bee-friendly 
crop”, to adequately communicate crop management 
good practices to the market and the consumers / civil 
society.
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