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Anthropogenic disturbances mainly involve the loss of habitats in tropical regions
where there is also significant population growth. These disturbances also have
an impact on the plant pollination service, which is struggling to be explored in
the Lubumbashi region, where mining interests seem to take priority given
the local connotations and the predominance of players within the sector. The
present study focuses on an analysis of the pollination service and the
interactions maintained between bees and their host plants, in a context of
agricultural impetus through the practice of agroforestry, the benefits of which
supposedly extend from improved yields to efforts to conserve global
biodiversity. Subject to the sampling effort at the limits of the favorable
periods, our results indicate a significant biodiversity of bees, unevenly
distributed among the families Apidae, Halictidae and Megachilidae. The
species Xylocopa albiceps, Nomia speciosana, X. olivaceae and Megachile
torrida dominate the abundance ranks, while more restricted than general
interactions between pollinators and their host plants are recorded.
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1 Introduction

Food underproduction are recurring problems in the tropics (Bationo et al., 2006; FAO,
2016). Crop vyield losses are partly attributable to the deficiency of plant pollination
suppliers. These insects are in turn limited by the lack of food resources, but even more so
by the loss of suitable habitat (Buchmann et al., 1996; Kearns et al., 1998). Incorporating
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trees into degraded plant formations can improve pollination
services by providing floral resources, nesting sites and protection
from adverse weather (Kelly and Elle, 2020). These factors suggest
that the integration of trees and hedgerows could be as effective a
method of pollinator conservation as other pollinator management
systems (Donkersley, 2019). By creating a more welcoming
environment for wild bees and other pollinators, agroforestry
systems support agricultural productivity while helping to
maintain ecological health and promote a sustainable
environment (Pfiffner and Miiller, 2016).

It is evident that pollinating insects, such as bees, have a crucial
link in the regulation of biodiversity through their role in
maintaining ecosystem function. This service is contingent upon
the diversity of floricultural plants, which serve as food resources.
Some research reports have highlighted the co-evolution between
pollinators and flowering plants since the earliest stages of their
divergence. In this mutually beneficial symbiosis, bees obtain nectar
and pollen, while plants gain assured sexual reproduction
(Buchmann et al., 1996; Ollerton et al., 2011).

It's now well known that not all bees exhibit the same feeding
behavior when it comes to choosing the host plants associated with
them. There are generalist bees (Polylectics), just as there are
specialists affiliated to a specific botanical family (Monolectics), but
also Oligolectics who prefer a well-defined genus (Pekkarinen, 1997;
Ritchie et al, 2016; Cane, 2021). It is imperative to analyze the
intrinsic relationship between pollinators and their associated flora.
Knowledge of their distribution according to these functional traits
makes it possible to assess the vulnerability of their livelihoods.
Consequently, this knowledge contributes to the establishment of
related conservation statuses.

The aim of this study is to analyze plant-pollinator interactions,
with regard to the diversity of bees potentially favored by the
practice of agroforestry on the perimeter. In addition, it will
involve: i) characterizing the diversity of wild bees in the
AFODEK perimeter and ii) analyzing the interactions between
the diversity of wild bee fauna and that of flowering plants, and
specifying the type of foraging behavior of the bees collected.

By examining these interactions and relationships, this research
seeks to contribute valuable insights into the benefits of agroforestry
for supporting pollinator diversity and enhancing ecosystem
resilience, Despite the fact that this research was carried out
during the dry season, which is characterized by a scarcity of
floral resources for bees and other pollinating insects.

2 Materials and methods

2.1 Study area

This work was carried out in the agroforestry area known as
“Agro-foréts pour le déeveloppement de Kipushi” (AFODEK in
abbreviation, Figure 1). This area is located on the outskirts of
Lubumbashi, within the territory of Kipushi (Haut-Katanga, DRC).
The project arose from the need for sustainable natural resource
management alternatives in the face of forest dieback and food
security issues.
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The “Agro-foréts pour le developpement de Kipushi”
(AFODEK) project was set up with financial support from the
European Union (DCI-FOOD/2012/294-526). This project was
inspired by the experience of the Hanns Seidel Foundation in
Mampu (Plateaux des Batéekes, DRC). It ran from December 2012
to November 2017. Three organizations, GRET, the Belgian non-
profit Nature+ and the Centre Promotionnel du Paysannat, worked
together to develop a 2,000-hectare agroforestry area in a degraded
savannah zone with low soil fertility.

The main aim of this initiative was to reduce deforestation and
improve food security in Haut-Katanga by using agroforestry for
the sustainable production of charcoal. As a result, more than 350
hectares of Acacia auriculiformis agroforestry plantations were
established in 2017 as part of the AFODEK project. In addition,
an NGO called CAPAK was set up to represent the 133 agroforestry
farmer families and manage the agroforestry zone by helping
farmers to implement agroforestry in accordance with the
technical itinerary (Boldrini et al., 2017).

Each participant in the project is given 12 hectares of land on
which to grow food crops by planting trees (A. auriculiformis). The
synergy of these woody plants will greatly benefit soil fertilization,
as well as charcoal production in the medium term.

2.2 Sample preparation and taxonomic
identification of material

The biological materials consisted of specimens of pollinating
insects, mainly wild bees, and the host plants on which these
pollinating insects gathered. Bees are insects of the Hymenoptera
order (Michener, 2007; Eardley et al., 2010). The pollinating insects
in this study concerns all wild bee species, including a few
specimens of honeybees (Apis mellifera) captured accidentally.
The second type of biological material analyzed was the plant
community, which was essentially herbaceous. Most of these are
weeds that grow on the edges of fields and in fallow fields.

The specimens collected were pinned, labeled, identified and
encoded in a database that reproduces the capture site and the
specific nomenclature.

Sampling started at the beginning of 26 April 2021, which
corresponds to the transition period between the rainy season and
the dry season in the Lubumbashi region, as defined by Koppen
(Bultot, 1954). Unfortunately, this does not correspond to the period of
maximum flowering, as the majority of flowering plants fruit gradually.

Sampling consisted of capturing bees according to the vigorous
sampling protocol, using swath nets with free 60-centimetre
transects and 9 colored cups (3 white, 3 blue and 3 yellow) which
were placed at each morning pass and collected in the afternoon at
the end of the site visit (Westphal et al., 2008, see also Vereecken
etal., 2021; Figure 2). The host plants were identified in the field, or
brought back to the Lubumbashi herbarium for a more accurate
comparison with the flora of Central Africa.

As the AFODEK perimeter was subdivided into sites, the
sampling plan was oriented in relation to each of them, so that
each site was sampled in such a way as to detect its wild bee fauna
and associated host flora.
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FIGURE 1

Study area. All sites are located within the same perimeter of land use (acacia plantation plots and agricultural fields). We subdivided the sites in

accordance with the main axis of the perimeter.

As for the active trap, this involves ambushing insects by
moving them down with a net, either in full flight or placed on
a flower.

The taxonomic determination of the bee specimens collected
refers to the key to the genera and sub-genera of bees in sub-
Saharan Africa (Eardley et al, 2009). As several specimens of
regional bees could not be identified at the species level, some of
them were classified as “morpho-species” on the basis of
morphological similarities within identical genera. Nevertheless,
we had a quick comparison with some materials from Royal

Museum for central Africa (RMCA, Belgium) and online
repertories to identify bee species (Eardley et al, 2010; Ascher
and Pickering, 2020; Tshibungu et al., 2023).

2.3 Analysis of pollinators diversity and
their interactions with the local flora

The data relating to the pollinating insect fauna were processed
in RStudiol.1. 463, so as to bring out the accumulation curve, by
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FIGURE 2

Pollinator species accumulation curve for the AFODEK perimeter. Observations reach a plateau at 30 species, indicating a considerable

sampling effort.
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going through the “reshape2”, “vegan” and “BiodiversityR”
packages (Gotelli and Colwell, 2001; Wickham, 2017; Oksanen,
2019). The “reshape2” package, through the “dcast” and “melt”
functions, formed the basis of the statistical processing. The (di-)
similarity was first analyzed by grouping the sites using non-metric
multidimensional scaling. The (di-)similarity was first analyzed by
grouping the sites using non-metric multidimensional scaling. We
then used ANOSIM analysis to obtain information on the similarity
of species diversity within the perimeter. The diversity of insect
pollinators was thus calculated using the Shannon, Simpson and
Pielou indices (Borcard et al., 2018).

3 Results

3.1 Characterization of the diversity of
pollinating insects in the perimeter of the
AFODEK project

We sampled a total of 114 specimens of pollinating insects,
mainly wild bees, across the 11 sites that make up the AFODEK
perimeter. The accumulative curve obtained for the whole group
shows that the sampling effort was significant, reaching a maximum
of 30 species (Figure 2).

In terms of specific rank abundance, there are a maximum of 11
top species accounting for % of the dataset, while the top four
species account for just over half (51.8%) of overall abundance.
These include X. albiceps, Nomia speciosana, Xylocopa olivaceae
and Megachile torrida.

With regard to the sampling effort, all specimens of the
order Hymenoptera were collected, belonging to 3 families of
bees (Apidae, Megachilidae and Halictidae) and 1 family of
wasps (Crabonidae).

The diversity of the insect pollinators varies from one site to
another (Figure 3). According to the Shannon index, it is highest at
site Y with 20 species out of a total of 66 specimens, while the lowest

10.3389/frbee.2024.1394670

diversity is recorded at site E with 2 species out of 4 specimens. The
Simpson index show that 89.1% of the time a new species will be
found at location Y. The probability of encountering a new species
is also high at sites C and F, with almost % of the observations.
Finally, it is lower at site E with a proportion of 37.5%, i.e. just over
1/3 probability of observing a new species.

The Pielou index shows maximum equitability at sites A, B, D
and I, and relatively low equitability at sites C, E, F, H, J, and Y,
where the abundance of one or more species dominates the total of
pollinating insects.

The ANOSIM analysis showed no significant difference
between the sites (ANOSIM: 0.38; p = 0.02). Except for some
specific features observed in some of the sites, such as site Y,
which has a high specific variability, the different sites within the
AFODEK perimeter have a rather similar specific pollinator
composition. The analysis of the specific composition of the bees
was a validation of the spatial distribution of the sites as perceived
within the perimeter (Figure 4). There was a clustering of 3 sites to
the east and 7 to the west, with a stress value indicating a good fit
(stress < 0.2) of the model. In general, the dispersal of the sites
appears to be significant, although the remoteness of most of them
is emphasized. The exceptions are the pairs of sites E and H in the
west, and [ and Y in the east, whose similar composition imposes a
quasi-superposition on the graph. In terms of specific differences
between sites, the observed overall replacement (Bsor) seems to be
due more to the replacement of species between sites than to their
turnover (Figure 3).

3.2 Pollinator-plant interactions and
typology of foraging behavior in the
AFODEK perimeter

All the bees collected were reported on 9 plant species, divided
into 4 botanical families (Asteraceae, Fabaceae Faboidae and
Mimosoidae, Lamiaceae and Verbenaceae) (Table 1).
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Groups of sites with respect to specific pollinator assemblages. NMDS analysis confirms the separation between sites east and west of the AFODEK

perimeter, some of which are almost superimposed by similarity.
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FIGURE 4

Insect pollinator diversity indices for the AFODEK perimeter. (1) Diversity within each site is relatively high, with a higher probability of observing
a new species at site Y and a low specific evenness at site E. (2) Overall substitution is better explained by species replacement between sites.
The metric Bser represents a measure of total dissimilarity, and its partitioning into its two major components: (i) species replacement among
sampling units, i.e., turnover: Bsim; and (ii) species loss/gain, i.e., nestedness: Bsne; following the formula Bser =Bsim + Bsne (Baselga, 2010;

Legendre, 2014).

Of all the host plants recorded, the highest interaction score
went to Tithonia diversifolia, which was associated with 22 species
of pollinator identified, followed by Haumaniastrum robertii with
6 species, Aspilia kotschyi with 4 species, Vernonia fasciculata with
3 species and finally, Haumaniastrum villosum, Lantana camara
and Acacia polyacantha, each with one pollinator species
sampled (Figure 5).

In terms of the specialization of pollinating insects, N.
speciosana appears to be the most generalist bee species, with 5
different host plants. In view of the foraging behavior of the

Frontiers in Bee Science 05

pollinating insects, it would appear that these pollinators are
distributed as follows (Table 2). On the basis of the interaction
analyses, it appears to exist a low connectivity (0.15) within the
network, which justifies the low number of observed interactions
compared to the number that could potentially be expected, and low
nestedness (13.72), with the minority of pollinator species
interacting within the few niche components supported by
generalist species. Finally, a vulnerability of about 1.67 was
recorded, which corresponds to an average of about 2 pollinating

species per host plant.
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TABLE 1 Host plant botanical families and associated pollinator
species richness.

N°®  Species Familly N of
pollinators
(#Species)

1 Tithonia diversifolia Asteraceae 22

2 Haumaniastrum katangense | Lamiaceae 6

3 Aspilia kotschyi Asteraceae 4

4 Vernonia fasciculata Asteraceae 3

5 Haumaniastrum villosum Lamiaceae 1

6 Lantana camara Verbenaceae 1

7 Acacia polyacantha Fabaceae Mimosoidae 1

8 Crotalaria pumilla Fabaceae Faboidae 1

9 Crotalaria spinosa Fabaceae Faboidae 1

Tithonia diversifolia appears to interact with a maximum number of pollinating insects.

10.3389/frbee.2024.1394670

4 Discussion

4.1 Diversity of pollinating insects in the
AFODEK perimeter

The results obtained in terms of pollinator diversity indicate a high
level of diversity, provided that each site was sampled twice during the
study period. In fact, the agroforestry perimeter extends over 2000 ha,
with a total of 30 species recorded, suggesting a significant potential
for diversity (Lomolino and Weiser, 2001; He and Legendre, 2002). As
sampling was carried out beyond the favorable period, the level of
sampling could be justified by the temporal and progressive
homogenization of flowering, as floristic composition has an impact
on wild bee diversity (Potts et al., 2003; Carrie, 2016). The present
study revealed a considerable diversity of bees foraging on T.
diversifolia flowers, extending beyond the period when several
plants appeared to share pollinating insects. This appears to be an
example of competitive effects, as described by Paul et al. (2024).

Xylocopa albiceps

Nomia speciosana

Xylocopa olivaceae

Lipotriches langi
Lipotriches vulpina
Megachile acculeata

Megachile torrida
Thyreus meripes
Xylocopa erythrina
Amegila arcana
Amegila vanderysti
Bembix spp
Lipétriches dentipes
Megachile gratiosella
Amegilla sp
Megachile ianthotera
Nomia somalica
Thyreus bransiana

Xylocopa flavorufa

Amegila plumipes

Apis mellifera
Braunsapis sp
Gronoceras praetextum
Heriades spiniscutis
Megachile adeloptera
Megachille congruens
Me hile gratiosa

Megachile sp
Pseudapis sp
Pseudoanthidium truncantum

FIGURE 5

Tithonia diversifoliaa

Aspilia kotschyi

Haumaniastrum robertii

Vernonia fasciculata

Haumaniastrum vilosum

Lantana camara

Acacia polyacantha
Crotalaria pumila

Crotalaria spinosa

Bipartite pollinator-plant network of 30 pollinating insect species (blue boxes) and pollen from 9 host plants (red boxes—on top) across the AFODEK perimeter.
The links between crops and pollinators are represented by grey lines, the number of which reflects the intensity of interactions, while the width of the nodes is

proportional to interaction strength.
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TABLE 2 Foraging behavior of the pollinating insects; there are more
species with restricted interactions than there are generalists.

N° Specialization Pollinators

1 Monolectic o Amegilla plumipes,

o Amegilla vanderysti,

o Apis mellifera,

o Bembix spp,

e Braunsapis sp

o Gronoceras praetextum,
o Heriades cf. spiniscutris,
o Megachile acculeata,

o Megachile adeloptera,

o Megachile congruens,

o Megachile ianthoptera,
o Megachile sp,

o Megachile torrida,

o Megachile gratiosa,

o Megachile gratiosella,

o Pseudapis sp,

o Pseudoanthidium truncatum
o Thyreus bransiana,

o Thyreus meripes,

o Xylocopa flavorufa,

«  Xylocopa olivaceae,

2 Oligolectic o Amegilla arcana,
o Amegilla sp

o Xylocopa albiceps

3 Polylectic o Lipotriches langi,

o Nomia dentipes,

o Nomia speciosana,
o Nomia vulpina,

o Xylocopa erythrina

Of all pollinator species, carpenter bees belonging to X. albiceps
(n = 20) and X. olivaceae (n = 15) were the most abundant. This
dominance of carpenter bees on the perimeter seems to support the
benefit of introducing trees for more nesting sites and floral resources.
Carpenter bee nests in dead tree stems, digging tunnels for egg laying
(Hurd, 1958; Vicidomini, 1996; Keasar, 2010). In addition to a wide
range of food resources, tolerance to high temperatures, etc.,
carpenter bees also require a wide availability of nesting niches
(Steffan-Dewenter et al., 2006; Keasar, 2010; Tarakini et al., 2021).

In addition to these carpenter bees, N. speciosana (n = 19), a
common bee in the region, and M. torrida (n = 4) complete the
ranks of abundant pollinators in the area.

It is worth noting that diversity at site Y may correspond to the
abundance of bees collected, although distributional evenness is low.
However, the diversity at site Y appears to be consistent as there is
still a relatively high probability of finding a new species after
each observation.

4.2 Interaction network and foraging
typology of pollinating insects

The interaction network obtained in this study shows that
certain plants, such as T. diversifolia, have a more complex
interaction network involving most of the pollinating insects
observed than others. Furthermore, T. diversifolia appears to be
more competitive than the majority of native plants, which remain
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naive to this exotic species and even divert pollination suppliers, not
to mention the subtlety of its presence in habitats (Shackleton et al.,
2019; Rai et al., 2023). This species’ invasiveness was illustrated by
its colonization of urban roadsides in Lubumbashi region, to
disadvantage of native plants (Sikuzani et al., 2018). The floral
phenology of this species, which dominates the majority of native
plants and is maintained well beyond the flowering season of most
native plants, would partly justify its attraction to some pollinators.

The pattern of interactions observed in this study seems to
confirm the preferential relationships between pollinators and their
host plants, in accordance with the order of specialization within
pollination syndromes. Indeed, according to Fontaine et al. (2006),
generalist pollinators interact primarily with specialist plants, just as
generalists interact with each other. By analyzing plant-pollinator
relationships, this network of interactions outlines the foraging
behavior of these insects, with the majority of generalists considered
to be “polylectic”, as they visit different flowers with no precise
taxonomic link (Ritchie et al., 2016). The most common generalists
recorded in this study include N. speciosana, Lipotriches vulpina,
L. langi, L. dentipes and Xylocopa erythrina. Alongside the generalist
pollinators are the specialists, in order of importance. These are
“oligolectics”, which limit pollen collection to a particular floral
taxon, while “monolectics” specialize in a single genus or species,
although the latter remains controversial (Cane, 2021).

From the above, the scarcity of oligolectic and monolectic
pollinators in the agroforestry perimeter could be related to floral
phenology, while polylectic insects would have had to adapt to new
hosts, thus broadening their food resource spectrum (Biella et al,
2019; Janovsky and Stenc, 2023). It could also be that the apparently
weak interactions of specialist pollinators are the result of food
resource availability relationships. In this respect, specialist
pollinators have been shown to benefit from the presence of pollen
close to their nesting sites, while generalists are subject to competition
for food resources (Buchmann et al., 1996; Paton, 1996; Wojcik, 2021).

Somehow this implies a change of foraging behavior of other
pollinating insects. This was also observed at all sites within the
AFODEK perimeter, particularly at sites C, D, E, F and ], where we
observed strong pollination activity by A. mellifera, which foraged on
most of the plant species encountered, in the case of Haumaniastrum
katangense, a native plant species and indicator of copper in the soil
(Ilunga Kabeya et al., 2018). Clearly, at a time of year when there is a
marked lack of floral resources, this observation indicates an impact
on the survival of solitary bee populations. The change in foraging
behavior of certain pollinators that have proved to be generalists is a
function of the phenophase that characterizes plant formations in the
Haut-Katanga region. The causal agent is bushfire, and the dry season
is punctuated and severe, lasting 6 months. Local bees, such as A.
mellifera, need to be flexible in their feeding behavior.

4.3 Impact of agroforestry on the
conservation of insect pollinator diversity
in the AFODEK perimeter

With regard to the contribution of agroforestry to plant and
animal biodiversity, it should be noted that A. auriculiformis is one
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of the host plants involved in the conservation of pollinator
biodiversity, given the size of the AFODEK perimeter. It seems
clear that the application of agroforestry practices has a great impact
in promoting the diversity of floral resources in this formerly
degraded area (Boldrini et al., 2017).

Indeed, the degraded landscape that preceded the introduction
of agroforestry may not have been conducive to pollinator diversity,
as floristic decline increased (Simanonok and Burkle, 2019).
Evidence of the interdependence between pollinators and
flowering plants gives way to considering a positive influence of
agroforestry on increased floristic diversity and associated
pollinator fauna (Jose, 2012; Bentrup et al.,, 2021; Udawatta et al.,
2021; Santos et al., 2022).

The results obtained in this study regarding the interaction
network support the existence of an inextricable link between
pollinator species richness and surrounding flora diversity. Kearns
et al. (1998) consider that the state of relative degradation of a site is
an essential determinant of insect pollinator diversity. Thus, the
proliferation of agroforestry plots within the perimeter and the
introduction of new plant species is likely to promote a
demographic explosion of these insect pollinator populations,
which will subsequently benefit perimeter agriculture (Ulyshen
et al., 2023).

It should also be noted that the restoration of woody cover is
accompanied by the availability of nesting sites for pollinators in
all their diversity (Brown et al., 2020). Clearly, carpenter bees in
this perimeter find shelter from the elements in addition to
reproductive lodges (Pfiffner and Miller, 2016). As A.
auriculiformis trees can be harvested for charcoal after a decade,
they promote a diversity of nesting sites for a variety of pollinating
insect behaviors.
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