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ORIGINAL RESEARCH ARTICLE

Diversity of pollen sources used by managed honey bees in variegated landscapes
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Sciences, University of Cape Town, Rondebosch, South Africa; dDepartment of Ancient Studies, Stellenbosch University, Stellenbosch, South
Africa; eCIRAD, UMR PVBMT, La R�eunion, France

(Received 14 December 2018; accepted 16 December 2019)

Honey bees are the most economically important crop pollinator worldwide. They depend on a diversity of pollen for
reproduction and colony growth. However, the influence of landscape composition on diversity and quantity of pollen
collection by honey bees remains largely unexplored, particularly in variegated landscapes. Pollen on honey bees was
trapped from 41 hives across ten sites in the Western Cape, South Africa during summer. Sampled hives were near
eucalyptus trees surrounded by a high percentage of natural vegetation. Hives could therefore potentially be presented
with a diverse range of flowers. To obtain a measure of relative abundance and representation of plant taxa pollen sam-
ples were collected at hives, sorted by color, weighed and DNA barcoded. Landscape analysis was performed to esti-
mate the relative availability of the main floral resource-types and how this influenced the composition of pollen
collected. Overall, eucalyptus made up the largest portion (�49%) of pollen loads, the remainder was composed of 31
other taxa (12% native and 39% alien plants). An increase in the area of eucalyptus resulted in an increased as well as
the relative amount of eucalyptus and natural pollen collected. Conversely, an increase in the area of eucalyptus
resulted in a decrease in alien plant pollen and vice versa. Our results provide important quantitative evidence that
shows the amount and diversity of pollen used by honey bees in summer appears to be disproportionately met by
human-modified landscapes; whereas, natural vegetation, despite its large extent and diversity, performs a lower-level
role during this season.
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Introduction

Honey bees (Apis spp.) are the most economically
important crop pollinator worldwide (Klein et al.,
2007), although other bees (Garibaldi et al., 2013;
Kremen et al., 2002) and insects (Rader et al., 2016)
also play an important role. Given honey bees’ role as a
major pollinator, it is surprising how little is known
about the floral resource use by managed hives (Gallant
et al., 2014; Requier et al., 2015; Steffan-Dewenter
et al., 2017). Honey bees are generalist pollinators and
forage on a range of plant species when collecting nec-
tar and pollen (Keller et al., 2005b). Aronne et al.
(2012) showed honey bees’ selection of floral resources
appeared to be based primarily on their pollen require-
ments rather than nectar. This has also been shown for
non-Apis bees (Saifuddin & Jha, 2014; Wcislo & Cane,
1996). Requier et al. (2015) found honey bees used
relatively more species for pollen than for nectar.
These studies indicate that high floral diversity is needed
to meet honey bee pollen requirements (see also Alaux
et al., 2010; Di Pasquale et al., 2013). Pollen provides an
important source of protein, and shortages can limit lar-
val rearing and colony growth (Mclellan, 1976; Scofield

& Mattila, 2015). Little is known about the composition
of honey bee diet, especially for pollen, particularly in
intensive agricultural systems and areas under intensive
land use change, that are frequently utilized by honey
bees (Aronne et al., 2012; Requier et al., 2015; Steffan-
Dewenter et al., 2017). This is despite extensive
research having been undertaken on pollen quality and
the general dietary requirements of honey bees (Altaye
et al., 2010; Pirk et al., 2010).

When considering pollen collection by managed
honey bees, two important aspects need to be consid-
ered. Firstly, managed hives are moved around by bee-
keepers across large distances (Stokstad, 2007),
targeting seasonally available floral resources (Beekman
& Ratnieks, 2000; Melin et al., 2018; Oldroyd, 2007;
Smart et al., 2018). Secondly, due to honey bees forag-
ing at large scales (>2 km) (Couvillon, Sch€urch, et al.,
2014a; Steffan-Dewenter & Kuhn, 2003), assessing floral
resource availability requires consideration within larger
landscape units which encompasses a range of floral
resources surrounding the hives (Melin et al., 2018).
Large-scale agricultural landscapes are typically com-
posed of a mixture of native and alien flora in varying
proportions and availability (H€artel & Steffan-Dewenter,
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2014). Pollen collected by honey bees varies depending
on this composition and floral abundance (Keller et al.,
2005a, 2005b); although there are other influencing fac-
tors such as weather conditions and/or phenology
(Hepburn & Crewe, 1991). In addition to available
resources in the landscape, beekeepers’ operational
responses are a major factor (Melin et al., 2018).
Beekeepers’ assessment and selection of apiary sites are
typically based on an informal inspection of the abun-
dance and availability of suitable forage (Johannsmeier,
2001) that will ensure the long-term productivity and
health of their hives (Sponsler & Johnson, 2015). This
ultimately delimits the landscape and resources bees
will forage on. Therefore, landscape composition (i.e.
vegetation types) represents a proxy for a real-world
representation of a beekeepers perspective (Melin
et al., 2018; Smart et al., 2018), and it has been shown
to be correlated with floral cover (Donkersley et al.,
2014; Requier et al., 2015; Richardson, et al., 2015a;
Saifuddin & Jha, 2014).

Understanding pollen collection by honey bees from
native plant species can be compounded by the pres-
ence of co-occurring alien plants, many of which may be
invasive. Alien plants have become ubiquitous across
many regions, often transforming landscapes and displac-
ing natural vegetation (Didham et al., 2005; Levine et al.,
2003). Bee species are attracted to alien plants because
they can occur in relatively high densities, exhibit mass
floral displays, yield large amounts of nectar and have
flowers that are functionally simple (Stout & Morales,
2009). Consequently, alien plants are known to disrupt
mutualistic relationships by altering pollinator visitation
away from native plants (Gibson et al., 2013). Many
alien plants may, however, bridge a phenological gap for
bees, particularly if there are seasonal fluctuations in
the floral availability of native plants (Morandin &
Kremen, 2013; Stout & Morales, 2009). In Canada, an
increase in the availability of mass flowering crops such
as canola resulted in a rapid increase in managed hive
numbers (Vanengelsdorp & Meixner, 2010). Similarly,
alien plant species, occurring at relatively high densities,
will almost certainly have a similar augmentative effect,
because of their functional similarity offering large nec-
tar rewards and floral displays (sensu Tiedeken & Stout,
2015; Stout & Morales, 2009). Several studies have
shown that that in simplified landscapes honey bees
compensate for shortages in native plants by making dis-
proportionate use of abundant floral resources such as
mass-flowering crops, agricultural weeds, and alien
plants which are available for short-periods (Couvillon,
Fensome, et al., 2014; Donkersley et al., 2017; Henry
et al., 2012; Otto et al., 2016; Smart et al., 2017;
Sponsler & Johnson, 2015). Requier et al. (2015), how-
ever, found that although abundant floral resources,
such as mass-flowering crops, met honey bees’ nectar
requirements, they required a diversity of plants to
meet their pollen requirements.

Honey bees (Apis mellifera capensis) in the Western
Cape Province of South Africa are indigenous, locally
endemic (Hepburn & Radloff, 1998) and an important
pollinator of native plant species (Johnson, 2004) and
crops (Johannsmeier, 2001; Melin et al., 2014). In add-
ition, A.m. capensis has evolved with the native flora and
Mediterranean type climate (Hepburn & Crewe, 1991;
Hepburn & Guillarmod, 1991). Beekeepers manage this
indigenous honey bee species and are reliant on a range
of seasonally available floral resource-types, such as nat-
ural vegetation, crops, agricultural weeds and stands of
alien Eucalyptus (eucalypt) trees to provide year-round
floral resources to maintain their hives (Johannsmeier,
2005a; Melin et al., 2014). Typically, hives remain at an
apiary site for several months until they are either
moved to another mass flowering resource or to pro-
vide pollination services to crops such as deciduous fruit
(Melin et al., 2014). Beekeepers argue that eucalypt
trees, which may be invasive under certain conditions
(e.g. riparian zones), are a primary resource for managed
hives (Melin et al., 2018). Specifically, beekeepers target
eucalypts in summer (December to February) where
stands of relatively high densities of trees produce mass
floral displays and offer substantial quantities of nectar
needed for high honey yields and pollen of high protein
content (Johannsmeier, 2001, 2005b; Nicolson, 2011).
There is limited empirical evidence to show that honey
bees actually forage primarily on eucalypts when other
forage types are available, particularly as summer is a
period of high brood production increasing the require-
ment for pollen (Keller et al., 2005a). Several studies
have shown that seasonality has a strong effect on honey
bee foraging and their use of floral resources (Couvillon,
Fensome, et al., 2014; Couvillon, et al., 2015; Couvillon,
Sch€urch, et al., 2014b; Park & Nieh, 2017; Steffan-
Dewenter et al., 2017). In some systems, summer has
been shown to be the most challenging season for honey
bees (Couvillon, Fensome, et al., 2014; Couvillon, et al.,
2015; Couvillon, Sch€urch, et al., 2014b). In addition, bee-
keepers target specific resources, based on their oper-
ational responses, at particular times of the year which
introduces an additional dimension (Beekman &
Ratnieks, 2000; Melin et al., 2014; Oldroyd, 2007; Otto
et al., 2016; Smart et al., 2017).

We examined the composition of pollen collected by
honey bees, using DNA barcoding techniques, during
summer when beekeepers place their hives at apiaries
where eucalypts are present, seemingly to target euca-
lypts as the primary resource. Specifically, we investi-
gated the following questions: (1)Which plants do honey
bees collect pollen from during summer, a period when
the availability of native floral resources is considered
low? (2) Does landscape availability of floral resource-
types determine the relative proportion of pollen col-
lected by honey bees? (3) Do honey bees collect pollen
mostly from eucalypts even though there may be other
floral resource-types available at the same site?
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These questions should allow us to better under-
stand honey bee landscape ecology at a finer-scale and
how the different floral resource elements are utilized
by honey bees within variegated landscapes selected
by beekeepers.

Materials and methods

Study area and site selection

The research area extends across the southwestern
part of the Western Cape Province, South Africa
(Figure 1), an area with a high agricultural demand for
pollination services from managed honey bees (Melin
et al., 2014). To sustain honey bees for the remainder
of the year, beekeepers utilize a range of floral resour-
ces (Melin et al., 2014). The study area has a winter-
rainfall Mediterranean-type climate (Schulze, 1997).

Ten sites (Figure 1) were selected and were com-
posed of varying proportions of Eucalyptus cladocalyx (an

invasive alien tree species targeted and utilized by bee-
keepers) and natural vegetation (mostly fynbos) within a
2 km radius. All study sites were separated by >4 km.
This study was conducted from mid-January to mid-
February 2014 during the peak flowering time for
E. cladocalyx.

Landscape-scale classification of floral resources

We conducted a landscape-scale classification of the
two floral resource-types: native vegetation and euca-
lypts surrounding each site (Table S1). We were unable
to include other aliens (e.g. agricultural weeds) because
they are patchily distributed in many landscapes and
because of the lack of suitable land cover data to esti-
mate availability. We estimated the land cover of each
floral resource-type within a 2 km radius, a distance
used in other honey bee studies aimed at understanding
their use of available floral resources (Gallant et al.,

Figure 1. The location of the ten study sites in the Western Cape Province, South Africa where pollen traps were placed on hives.
Study sites are depicted as S1–S10; where “S1” refers to study site 1.
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2014; Henry et al., 2012; Melin et al., 2018; Steffan-
Dewenter & Kuhn, 2003; Steffan-Dewenter &
Tscharntke, 2000).

Using multiple spatial data sources, the area of both
floral resources-types was mapped and estimated using
ArcGIS. To estimate the spatial extent of natural vege-
tation the national vegetation map of South Africa was
used (Mucina & Rutherford, 2010). This map does not
distinguish other land cover types. To only retain areas
that have not been transformed we excluded forestry,
major water bodies (e.g. dams) and urban areas using
the National Landcover Map (South African National
Biodiversity Institute, 2009) and all types of agriculture
were identified using a map of cultivated areas in the
Western Cape (Department of Agriculture Forestry &
Fisheries, 2011). To estimate the area of eucalypts, on-
screen digitizing of color aerial photographs was con-
ducted (obtained from National Geo-Spatial Information
(South Africa) taken between 2008 and 2011 at a scale
of 1:50 000), and validation from beekeepers. Eucalypts
were relatively easy to differentiate from other vegeta-
tion types, fynbos is typically low-growing shrub
whereas eucalypts tend to grow tall and in woodlots
surrounding or near homesteads.

Hive selection and pollen collection

At each study site, five hives were selected with the
strongest foraging force. This was determined by
observing those with highly active foragers and based
on the beekeepers’ detailed knowledge of the hives (i.e.
productivity). Plastic pollen traps (BeeWare, Centurion,
South Africa) were attached to the entrance of each of
these hives. When honey bees return to the hive, the
pollen pellets are knocked off their corbicula (the pollen
basket on their hind legs), and collected in a pollen trap
tray (Dietemann et al., 2013). The pollen was collected
over hot and sunny days, with no chance of rain. The
trays were emptied after 3 days and placed into plastic
bags and stored on ice until they were transferred to a
�20 �C freezer.

At some sites, honey bees bypassed the trap
entrance resulting in little or no trapped pollen (<2 g).
This was noted for six sites, and these traps were
excluded from the analysis. All sites, however, had a
minimum of at least three successful pollen traps with
>2 g pollen; this was considered to adequately capture
natural variation. Overall, pollen was successfully
trapped from a total of 41 hives (mean total wet weight
per trap: 47.41 g; range: 2.04–198.11 g).

Pollen trap sampling and color sorting of pellets

From each pollen trap, a 1 g sample was randomly taken.
For each sample, the pollen pellets were sorted by color
(Kirk, 1994; Pettis et al., 2013) and then each color cat-
egory (ranging from pale pink to orange) was weighed
(wet weight) to provide a measure of relative abundance

of pollen. Each pollen pellet color category (Table S2;
n¼ 204) was DNA barcoded to provide taxonomic
identification. DNA barcoding techniques overcome the
shortcomings of microscopic morphological identifica-
tion (Park & Nieh, 2017; Steffan-Dewenter et al., 2017)
which requires extensive botanical expertise, is labor-
intensive and may not provide the desired taxonomic
resolution (Galimberti et al., 2014).

DNA barcoding pollen

DNA was extracted from each pollen pellet color cat-
egory using the CTAB method (Justesen et al., 2002).
The ribulose-bisphosphate carboxylase region was
amplified using the rbcLa-F primer (Levin et al., 2003)
and the rbcLa-R primer (Kress & Erickson, 2007). The
approved and standard two-locus DNA barcode regions
for land plants are rbcL and matK (CBOL Plant Working
Group et al., 2009; Lahaye et al., 2008). RbcL alone typ-
ically provides adequate discrimination for family, genus
and sometimes species identification (Parmentier et al.,
2013; von Cr€autlein et al., 2011). The advantage of using
only the rbcL region is it is easy to amplify, sequence
and align. In addition, sequence databases historically
used this region and therefore they are the most abun-
dant DNA sequences in GenBank (regions such as ITS2
do not yet have enough records in GenBank, see
Richardson, et al., 2015a).

PCR reactions were carried out in 10 ml reactions
consisting of 1� KAPA Taq Ready Mix, 1.2mg/ml BSA,
0.2 pmol of each primer and 10–20 ng of DNA template.
For the plastid region the following thermocycler pro-
gram was used: initial denaturation at 95 �C for 5min,
followed by 40 cycles of 95 �C for 30 s, 50 �C for 40 s,
72 �C for 50 s, with a final extension step of 72 �C for
5min. Sequencing was performed using the Big Dye
Terminator kit V3 (Applied Biosystems) by following
the manufacturer’s instructions. Electrophoresis was
performed on a 3730XL Genome Analyzer (Applied
Biosystems) (Central Analytical Facility, Stellenbosch,
South Africa).

PCR products of samples that yielded mixed
sequence signals indicated the presence of multiple pol-
len grains (multiple plant sources were detected) post-
collection, these samples were cloned using the pGEM
T-easy vector system (Promega). The clones were
screened and those showing the presence of an insert
were sequenced as described above, but using vector
specific primers.

Analysis

Data preparation

Resulting DNA sequences were edited and aligned using
BioEdit v 7.5.0.2. (Hall, 1999). Specifically, quality trim-
ming was performed manually by removing on average
20 bases from the 50 and the 30 ends of the sequence
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to remove noise and low quality base calls (quality
value <30).

In order to determine the genetic diversity within
our samples, a neighbor-joining tree was constructed to
group sequences that were most similar (Figure S1)
using MEGA version 6 (Tamura et al., 2007) and the
tree was edited in Mr Ent version 2.5 (Zuccon &
Zuccon, 2013).

To compile a list of plant taxa, we searched genetic
sequence databases: GenBank (Benson et al., 2012) and
BOLD (The Barcode of Life Data System, Ratnasingham
& Hebert, 2007) using BLAST (Basic Local Alignment
Search Tool, Madden, 2002) to identify sequenced taxa
and assign a taxonomic rank (Table S3). Identification of
the sequenced taxa was based on the highest BLAST
scores (based on the degree of similarity) and �98%
identity between the query sequence and database
matches (see Valentini et al., 2010; Wilson et al., 2010).
If the results between the two genetic database
searches provided different ranks, the higher taxonomic
rank was selected. Sequences that returned scores
below 98% were assigned to the highest taxonomic
rank such as the tribe or family. This method resulted
in sequenced taxa only being assigned to the rank of
genus and above.

If a sample could be assigned to two or more genera,
additional information such as occurrence data, flower-
ing times and recorded pollen use by honey bees in the
region (Addi et al., 2006; Bromilow, 2010; Goldblatt &
Manning, 2000; Johannsmeier, 2000, 2005a; van Wyk &
van Wyk, 1997) was used to putatively assign the sam-
ple to a genus or genera in some instances (Table S3;
see Laube et al., 2010).

Quantifying diversity and abundance of pollen loads

Using the final plant taxa dataset, the diversity of pollen
loads across the ten study sites was summarized. The
abundance (proportion was calculated from pollen
weight recorded for each taxon across sites) was used
to determine which taxa were most collected across
sites; the abundance of each plant taxon was ranked in
decreasing order of importance.

Assessing the influence of landscape availability on pol-
len collection

The plant taxa found in the pollen loads were grouped
into three main floral resource-types: native plants;
eucalypts; and other aliens (e.g. planted alien trees, agri-
cultural weeds). We were unable to categorize 6% of
total pollen collected (labeled as “unresolved”) and
therefore excluded from further analysis.

Due to our sampling design, the three floral
resource-types at each site sum to a constant of 100%
and therefore are considered compositional data. The
constant-sum properties of compositional data mean
that an increase in one data point results in an equal

decrease in the other part(s). This can lead to spurious
correlations (Pawlowsky-Glahn & Egozcue, 2006) and
therefore should be treated as a single multivariate
response (Jack et al., 2016). We follow Aitchison’s
approach (Aitchison, 1982, 2003) for dealing with con-
tinuous proportions and transform our floral resource-
types using the additive log-ratio (alr). This approach
allows us to analyze the relative variation between floral
resource-types, rather than absolute variation (Jack
et al., 2016; Pawlowsky-Glahn & Egozcue, 2006). In the
alr-transformation “other alien” arbitrarily serves as the
denominator to the other floral resource-types, though
any of the resource-types in the composition could be
used as the denominator and provide the same results
(Jack et al., 2016). Any zero values on the boundary of 0
or 1 are replaced with a small positive constant (Ferrari
& Cribari-Neto, 2004; Smithson & Verkuilen, 2006).

Following alr-transformation, the compositional pol-
len data was reduced to two variables, representing
“native/other alien” and “eucalypt/other alien.” For each
variable, we ran a linear mixed-effects model (LMM),
examining the effect landscape availability of natural
vegetation and eucalypts at each site has on the relative
proportion of pollen collected by honey bees. We con-
sidered available natural vegetation and available euca-
lypts as fixed factors, whereas we nested hives within
sites, and considered site as a random factor.

Analyses were performed using the software R (R
Core Team 2015, version 3.2.3), using packages:
“compositions” (van den Boogaart et al., 2014), “lme4”
(Bates et al., 2015), “ggplot” (Wickham, 2009), and
“ggtern” (Hamilton, 2015).

Results

Diversity and abundance of pollen loads

A total of 32 plant taxa were represented in pollen
loads across the study sites: nine were native, 16 were
alien (one eucalypt, 15 other aliens) and six we were
unable to categorize (denoted as “unknown”)
(Table S2).

There was a clear ranking in the taxa; the dominant
four (> 5% total abundance) (Figure 2) were eucalypts,
two other alien genera (Plantago and Cirsium) and one
native genus (Erica). Overall, eucalypts made up the larg-
est portion (on average �49%) of pollen loads, whereas
the remaining 51% was composed of 31 other taxa
(12% native and 39% other aliens).

Relationship between use of a floral resource-type
and the landscape availability

Natural vegetation made up on average 65% of the area
surrounding apiary sites and was the dominant floral
resource-type (mean ¼ 818 ha; range 374–1178 ha)
across the study sites, whereas eucalypts made up the
smallest (mean ¼ 16 ha; range 3–73 ha), representing
approximately <2%. The remaining area (e.g. forestry,
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major water bodies, and urban areas), represented on
average 34% of the study sites (mean ¼ 423 ha;
range 70–873 ha).

Although natural vegetation was estimated as the
largest area in surrounding the landscape, the model
results show that the effect of available natural vegeta-
tion resulted in a small increase in the relative propor-
tion of “native/other alien” and the “eucalypt/other
alien” pollen (Table 1). However, the effect of available
eucalypt was stronger on both the relative proportion
of “native/other alien” and “eucalypt/other alien” pollen.
The ternary plot (Figure 3) illustrates the observed pro-
portional abundance of the three floral resource-types
found in pollen loads relative to model predictions.
Modeled fitted lines indicate how predicted relative pro-
portions of pollen vary for a given change in the avail-
able area (while holding eucalypt or natural vegetation
constant at their mean value) (Figure 3). Using the fitted
line for available natural vegetation (TrafoNatVeg), we
see that as the area of natural vegetation increases, the

relative amount of other alien pollen decreases from
�67% to 18%, eucalypt pollen increases from �29% to
81% and native pollen increases only marginally from
�6% to 11%. For the fitted line for available eucalypt
(TrafoEucalypt), we see that as the area of eucalypts
increases, the relative amount of native (�6% to 26%)
and eucalypt (�43% to 67%) pollen increases and other
alien pollen decreases (�51% to 8%). From the trend
line, where eucalypt availability is �67%, we see a
marked increase in the relative proportion of natural
pollen, and a sharp decrease in alien pollen.

High variation in the proportion of different floral
resources used was seen (Figure 3; for example, sites 3
and 9) among hives within the same site. This indicates
that the same landscape can be exploited in different
ways by different hives.

Discussion

This study provides insights into the floral resources
used by honey bees in variegated landscapes. Through
the application of color sorting, pollen weighing, and
DNA barcoding, we address the question of what floral
resources managed honey bees are foraging on and
how much they use, particularly during the summer
months. Sampled hives were located near eucalypt trees
surrounded by a high percentage of natural vegetation.
Hives could therefore potentially be presented with a
diverse range of flowers. This study also provides the
first empirical evidence of pollen collection by honey
bees in South Africa at a large spatial scale using mul-
tiple apiary sites. The results have important implica-
tions for the management of floral resource use by

Figure 2. Rank abundance of plant taxa, identified using DNA barcoding and with abundance derived from pollen weight, found in pol-
len loads across all study sites. The three main floral resource-types include eucalypts (dark grey), alien taxa (red), native taxa (blue),
and the unresolved taxa given as unknown (green).

Table 1. Coefficients (±SE) for the linear mixed effects models
examining the effect landscape availability of natural vegetation
(TrafoNatVeg) and eucalypts (TrafoEucalypt) at each site has
on the relative proportion of pollen collected by honey bees.

Model term

Floral resource-types

Native/other aliens Eucalypts/other aliens
Constant �4.188 (1.722) �2.412 (1.998)
TrafoNatVeg

(green line)
0.032 (0.027) 0.035 (0.031)

TrafoEucalypts
(orange line)

0.573 (0.289) 0.407 (0.336)

The green and orange lines represent predicted changes in the rela-
tive proportions of the resource-types and are depicted in Figure 1.
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beekeepers, especially as alien plants were dispropor-
tionately used. This is particularly pertinent during the
summer, especially in variegated landscapes that include
large areas of surrounding natural vegetation. Given
high colony losses in the region (IPBES, 2016; Pirk et al.,
2014), securing summertime floral resources is vital for
supporting managed honey bees (IPBES, 2016; Melin
et al., 2018; Smart et al., 2017). Summer floral resour-
ces are related to improved health for over-wintering
colonies (Smart et al., 2016) and build-up prior to
deciduous fruit pollination in spring (Melin et al., 2014).
Securing summertime floral resources relates to poten-
tial solutions proposed in the recent IPBES report
which suggests strengthening existing ecological infra-
structure to support managed pollinators (IPBES, 2016).
DNA barcoding of pollen provided a measure of the
diversity of plants collected by honey bees. It was pos-
sible to identify most pollen sources at the genus-level,
which was adequate for addressing the specific eco-
logical questions in this paper. Coupled with color sort-
ing and weighing of pollen, this approach provides a
fairly robust quantitative measure of the relative abun-
dance of floral resource-types collected by honey bees.
For some taxa, where only family-level could be deter-
mined, a priori knowledge was required of the plants’
occurrence, flowering times and recorded use by honey
bees (Laube et al., 2010; Valentini et al., 2010) to infer

putative taxonomic identification. Additional approaches
could be used to expand the scope of the results, espe-
cially where species-level identification is important
(CBOL Plant Working Group et al., 2009; Lahaye et al.,
2008); For example using various barcoding regions
alongside high-throughput sequencing (i.e. metabarcod-
ing). Such methods are particularly effective for assess-
ing polyfloral samples (Gous et al., 2017; Sickel et al.,
2015). Pollen metabarcoding as a technique does not,
however, provide a quantitative measure of the relative
abundance of floral resource-types (Richardson et al.,
2015a; 2015b), as required in this study.

Overall our results show that eucalypt forms a large
component (�49%) of pollen loads across sites,
whereas the remainder was composed of 31 other plant
taxa in varying amounts. The results in part support the
hypothesis that pollen loads should comprise mostly of
eucalypt, and corroborate findings in Melin et al. (2018)
and Johannsmeier (2000), showing that human-modified
landscapes play an important role in supporting man-
aged honey bees. We found that an increase in area of
eucalypt resulted in an increase in the relative amount
of eucalypt and natural pollen collected. Conversely, an
increase in area of eucalypt resulted in a decrease in
alien pollen (e.g. weeds). Despite the importance of
eucalypt, our results emphasize that pollen loads at the
site and hive-level were not always dominated by

Figure 3. Ternary plot of proportions of the three resource-types found in honey bee pollen loads at each site across hives. The
right-hand side of the triangle shows eucalypt to be read off the horizontal axis lines, whereas other aliens are read off axis lines slop-
ing diagonally down to the left and native from axis lines sloping diagonally up to the left. Observations are depicted as circles where
each distinct color represents hives at a site (1–10). Model predicted values are given as red crosses. The lines (green¼ native vegeta-
tion; orange¼ eucalypt) show the predicted changes in the relative proportions of the resource-types, from the observed minimum
(dot end) to the observed maximum (arrow end).
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eucalypts. Some hives made a distinct selection for alien
plants choosing their pollen over eucalypt. This
response may be attributed to rapid temporal changes
in resource availability. Similar rapid temporal changes
in pollen collection have been reported in agricultural
landscapes in Europe (Park & Nieh, 2017; Steffan-
Dewenter et al., 2017) and North America (Richardson
et al., 2015a). Throughout a season honey bees may
exploit any species within their foraging range from
their hive which offers easily obtainable pollen and nec-
tar (Couvillon, Sch€urch, et al., 2014b; Van der Moezel
et al., 1987). The analyses in this study do not provide
answers to why specific resources were chosen or
dominated in pollen loads. The data do, however,
underscore that eucalypts do not necessarily dominate
honey bee foraging and pollen collection at a time when
other alien and native plant species are available.

An equally important contribution (�39%) from
other alien plants, mostly comprised of weeds (see also
Johannsmeier, 2000), was seen at more than half the
study sites. Weeds frequently occur in large patches,
although these can be highly variable in terms of avail-
ability (Melin et al., 2014). Honey bees are generalists
and likely to use a range of floral species at any one
time (Keller et al., 2005a). In addition, it is thought that
honey bees may select certain floral species for pollen
to enable them to derive essential nutrients (e.g. amino
acids) based on the needs of the colony (De Groot,
1953; Roulston & Cane, 2000). Nicolson (2011) indi-
cated that honey bee colonies whose diet was com-
prised solely of eucalypt pollen, which may be rich in
protein but deficient in essential amino acids, would not
do well. A polyfloral diet has been shown to improve
honey bee immunity against parasites and diseases
(Alaux et al., 2010; Di Pasquale et al., 2013).

Our results showed that native plants played a lower
level (�12%) role and landscape availability of natural
vegetation did not influence pollen collection. This was
despite the substantial amounts of pristine or near-pris-
tine natural vegetation surrounding apiaries. Landscape
composition has been shown to influence honey produc-
tion and colony size (Odoux et al., 2014; Sande et al.,
2009) in other regions, and is therefore considered an
informative measure. However, the measure of the spa-
tial extent we used may not have adequately accounted
for floral abundance (see Jha et al., 2013). Floral abun-
dance within natural vegetation (fynbos) is considered
relatively low during the summer months (Hepburn &
Guillarmod, 1991; Johnson, 1993). Although Addi et al.
(2006) found during summer, honey bees in eastern
(aseasonal rainfall) fynbos utilized five native species
accounting for �51% of pollen collected per day.

Conclusions

The main outcome of our study shows that pollen used
by managed honey bees in summer is disproportionately
met by human-modified landscapes, whereas, natural

vegetation, despite its large extent, performs a lower-
level role. This provides additional support that natural
vegetation in summer may not provide sufficient forage
for maintaining high numbers of managed honey bee
colonies. This implies that the Western Cape managed
honey bee industry could be susceptible to losses of
alien plants through invasive clearing programs.

However, it remains to be tested whether honey
bees are resilient to losses of the most rewarding floral
resource (eucalypts) and if such losses would impact on
sustaining the number of managed hives required for
crop pollination services or merely reduce the augmen-
tative effect in terms of honey production. A possible
way to test if managed honey bees are resilient to the
loss of eucalypts would be to conduct a planned, fully
crossed experiment and place hives in areas where
there are no eucalypts vs areas with many eucalypts
(also taking into account the abundance of eucalypts vs
other aliens plants, such as agricultural weeds) and
evaluate the effect on pollen collection and honey pro-
duction (quantitatively and/or qualitatively).

The practical challenge of maintaining the current
availability of alien plants is another matter, e.g. weeds
which are typically regarded as a nuisance in agriculture
and urban gardens and are likely to be removed or con-
trolled. Finding a balance between an alien plant being a
major hindrance and achieving a beneficial presence for
pollinators would require farmers to adopt “lower-
intensity” farming practices.

Beekeepers utilize a native honey bee species in the
Western Cape, but they target areas that are rich in
alien flora, and in these areas, honey bees are collecting
pollen mostly from alien plants. Assuming this to be a
successful strategy, then it raises interesting questions
about sustaining managed honey bees for agriculture.
The results suggest that if one needed to increase the
population of hives, one could support an increase from
relatively small areas of high value resources, i.e. small
areas of eucalyptus already do a disproportionate job of
supporting the industry.
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