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Most pollination ecosystem services studies have focussed on wild pollinators and their
dependence on natural floral resources adjacent to crop fields. However, managed
pollinators depend on a mixture of floral resources that are spatially separated from the
crop field. Here, we consider the supporting role these resources play as an ecosystem
services provider to quantify the use and availability of floral resources, and to estimate
their relative contribution to support pollination services of managed honeybees.
Beekeepers supplying pollination services to the Western Cape deciduous fruit industry
were interviewed to obtain information on their use of floral resources. For 120 apiary
sites, we also analysed floral resources within a two km radius of each site based on
geographic data. The relative availability of floral resources at sites was compared
to regional availability. The relative contribution of floral resources-types to sustain
managed honeybees was estimated. Beekeepers showed a strong preference for eucalypts
and canola. Beekeepers selectively placed more hives at sites with eucalypt and canola
and less with natural vegetation. However, at the landscape-scale, eucalypt was the least
available resource, whereas natural vegetation was most common. Based on analysis
of apiary sites, we estimated that 700,818 ha of natural vegetation, 73,910 ha of canola
fields, and 10,485 ha of eucalypt are used to support the managed honeybee industry
in the Western Cape. Whereas the Cape managed honeybee system uses a bee native
to the region, alien plant species appear disproportionately important among the floral
resources being exploited. We suggest that an integrated approach, including evidence
from interview and landscape data, and fine-scale biological data is needed to study
floral resources supporting managed honeybees.
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INTRODUCTION
Managed honeybees are globally important for crop production (Potts et al., 2010; Klein
et al., 2007) and several studies have assessed the landscape requirements of managed
honeybees (Henry et al., 2012a; Henry et al., 2012b; Naug, 2009; Rogers & Staub, 2013;
Gallant, Euliss & Browning, 2014; Härtel & Steffan-Dewenter, 2014; Sponsler & Johnson,
2015). A critical component that has not been accounted for in these studies is the
putative ecosystem services provided by natural and human-modified landscapes that
support managed pollinators (Millennium Ecosystem Assessment, 2003; Costanza et al.,
1997), especially if they are not contiguous with the crop field where pollination services
are delivered. Such an assessment is essential if an integrated management approach to
pollination services is to be adopted, considering both wild and managed pollinators
(Garibaldi et al., 2013; Melin et al., 2014).
Kremen et al. (2007) proposed a general conceptual model that has been used as a basis
for understanding pollination ecosystem services at a landscape scale (see Kennedy et al.,
2013; Lonsdorf et al., 2009). In essence, this model considers how mobile species, such as
bees, utilise the landscape surrounding the crop and how the ecosystem services they provide
are affected by land-use decisions within that landscape. The model applies over relatively
short distances within spatially contiguous landscapes (Kremen et al., 2007). The inclusion
of managed honeybees into this kind of model adds an additional dimension because
landscape elements may not be contiguous with the farms where pollination services
are provided. Honeybees are moved large distances by beekeepers due to the spatial and
temporal separation of landscapes that have critical floral resources for bees and these may
be separated from the crop fields where the pollination service is required (Gallant, Euliss
& Browning, 2014; Melin et al., 2014). Here we examine the relative importance of natural
and human-modified landscapes for supporting managed honeybees over spatial scales
that extend well beyond the farm level (Fig. 1).
The existing literature supports the idea that natural vegetation is an important resource
for managed honeybees and represents a key supporting ecosystem service to sustain
honeybee populations outside the months when the crop is in flower (Hepburn & Radloff,
1998; Pirk et al., 2015; Naug, 2009). Despite its importance, natural vegetation may not
provide a sufficient supply of pollen and nectar for managed honeybees throughout the
year (Johnson, 1993; Hepburn & Guillarmod, 1991). This constraint may be overcome
in agricultural landscapes where the temporal lack of floral resources in natural and
semi-natural habitats can be compensated by the availability of other plants that have
been introduced through human activity (e.g., crop plants, agricultural weeds). This is
particularly true for honeybees that tend to seek out and utilise large, abundant patches
of floral resources (Steffan-Dewenter & Tscharntke, 2000; Henry et al., 2012b; Visscher &
Seeley, 1982). The availability of mass flowering crops (e.g., oilseed rape) in the landscape
has been positively correlated with high densities of generalist pollinators (Westphal,
Steffan-Dewenter & Tscharntke, 2003). Similarly, alien invasive plants that occur at relatively
high density and abundance can be an important resource for pollinators (Williams et al.,
2011). Notwithstanding the apparent benefits of diverse floral resources (Alaux et al.,
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Figure 1 Supporting ecosystem services for managed pollinators. (A) shows the delivery of pollination ecosystem services within an agricultural landscape (adapted and simplified from Fig. 1 Kremen et al.,
2007) depicted by solid black arrows. In contrast, (B) shows the ecosystem services supporting managed
pollinators and how the landscape elements (natural and human-modified habitats (Millennium Ecosystem Assessment, 2003; Costanza et al., 1997) may be located well beyond the crop field which is depicted
by wide-dashed arrows. Floral resource constraints for managed honeybees may be overcome with artificial feeding (e.g., sucrose, high fructose syrup, pollen cake) (Vanengelsdorp & Meixner, 2010; Keller, Fluri
& Imdorf, 2005) and is depicted as narrow-dashed arrows.
Full-size DOI: 10.7717/peerj.5654/fig-1
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2010a; Alaux et al., 2010b; De Groot, 1952), monofloral resources with a high nutritional
value (e.g., protein rich pollen) may be comparable to polyfloral resources (Di Pasquale et
al., 2013). As a result, even simplified human-modified landscapes can play a significant
role in sustaining both wild and managed pollinators.
An important requirement when analysing the supporting ecosystem services provided
by natural and human-modified landscapes is the spatial location of apiary sites and the
factors that influence the use of apiary sites. Available floral resources delimit the landscape
in which beekeepers operate, but there may be variation in how beekeepers manage
their operational responses to maximise the long-term productivity of hives (Pellet, 1946;
Vanengelsdorp & Meixner, 2010). These responses include the choice of apiary sites as
well as the number of hives that are placed at a particular site (Johannsmeier, 2001). We
consider here that the relative importance of floral resources supporting pollination services
is influenced by a combination of the available landscape and the beekeeper’s operational
response.
We examine managed honeybees in the context of the Western Cape (South Africa)
where the endemic Cape honeybee (Apis mellifera capensis) provides important pollination
services to agriculture, particularly to a significant deciduous fruit industry (Melin et
al., 2014; Johannsmeier, 2001; Allsopp, De Lange & Veldtman, 2008). Within this area, the
migratory beekeepers who provide pollination services utilise a range of spatially dispersed
resources to sustain their hives, including natural vegetation and various human–modified
landscapes, such as stands of eucalypt and canola crop fields.
Within this system, we specifically address the following questions:
1. Which floral resources do beekeepers consider most important for the long-term
productivity and health of their hives?
2. Is beekeeper use consistent with availability of resources in the landscape?
3. What is the relative importance of natural vegetation versus human-modified
landscapes for supporting ecosystem service for managed pollinators?
To answer these questions, we used a socio-ecological approach and collected data from
beekeepers regarding their choice of locations for apiary sites and then undertook site
surveys and spatial analyses of landscape features to determine the availability of floral
resources at apiary sites. The relative availability of resources at apiary sites could then be
compared to the availability of resources in the region.

METHODS
Study system
The Cape managed honeybee system in South Africa can be defined by the biogeographic
distribution of the Cape honeybee (Apis mellifera capensis) (Fig. S1, Hepburn & Crewe,
1991; Hepburn & Guillarmod, 1991; Hepburn & Radloff, 1998). This endemic species has
adapted to the local environmental conditions and co-evolved with the native flora. Its
distribution predominantly overlaps with the floristically rich Fynbos biome but also
includes some areas of the Nama-karoo, Succulent Karoo, Albany Thicket and Forest
Biomes (Mucina & Rutherford, 2010). Within this system, we focused on the Western
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Table 1 Summary of floral resource-types. A summary of the three main floral resource-types, the source of the data used, and the habitat type
category for each floral resource. We obtained information for floral resources from interviews with beekeepers and land cover type was derived
from available spatial data when mapping BLUs.
Floral resource

Targeted plants

Land cover type

Habitat type

Natural vegetation

Indigenous plant species of succulent
karoo, fynbos, and renosterveld
vegetation

Natural (near pristine)

Eucalypt

Eucalyptus cladocalyx,
E. camaldulensis, and
E. conferruminata
Canola, citrus, clover and lucerne
Brassica napus

Flower-rich vegetation including
plants known to be used by
honeybees such as Erica species [17]
Used National Vegetation Map [34]
Eucalypt stands digitized from aerial
photos
–
16% of arable field boundary
data/layer [38]—see Methods S1

Human-modified (crops)
Human-modified (crops)

Crops (beekeeper dataset)
Canola fields (landscape analysis)

Human-modified (invasive
alien trees)

Cape deciduous fruit industry, an industry valued at US$ 688 million per year (Greef &
Kotze, 2007; Hortgro, 2012; Melin et al., 2014) and that is largely dependent on managed
honeybees for pollination services (Allsopp, De Lange & Veldtman, 2008; Melin et al., 2014).
This service is supplied by an estimated 30,000 managed hives (Allsopp & Cherry, 2004).
Within this system, beekeepers move their hives over hundreds of kilometres to access floral
resources (for honey production, comb build-up, overwintering and swarm trapping) or
to deliver pollination services. They utilise a range of floral resources, including natural
vegetation (fynbos), stands of introduced trees (eucalypt), agricultural weeds (e.g., Echium
plantagineum) and cultivated crops (e.g., canola, citrus, clover, and lucerne), and stock
their apiary sites with between five and 180 hives, depending on the type and extent of floral
resource being used. This study focused on three general floral resource-types (natural
vegetation, eucalypt, and crops/canola, see Table 1) because they are considered most
important by commercial beekeepers (Melin et al., 2014; Johannsmeier, 2001) and spatial
data were available for these resource-types. These three floral resources become available
over a temporal mosaic across the Western Cape. Eucalypt typically becomes available
during summer months (November-February), when there is a shortage of alternative
floral resources (see Fig. 1 in Melin et al., 2014). Fynbos, available all-year-round but
fluctuates with rainfall-seasonality, is typically targeted in winter months (April–August).
Canola typically flowers over the spring months (July–August). From year to year, the
beekeeper may adjust the time hives spend at an apiary site depending on the quality of the
floral resource and the requirements of the colony.

Beekeeper interviews and mapping apiary sites
Beekeepers were selected for one-to-one interviews using purposive sampling (De Vaus,
2002), in which respondents were selected because they were recognised as large commercial
beekeepers (managing more than 600 hives) who provide pollination services to the Western
Cape deciduous fruit industry. Respondents were identified using a snowballing technique
(De Vaus, 2002) whereby beekeepers interviewed were asked to recommend the next
beekeeper. The aim was to obtain a geographically representative sample of 6,000 managed
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hives representing approximately 20% of all hives used for pollination services in the
Western Cape Province.
Six beekeepers were interviewed between June 2012 and October 2013. During the
interviews, each of the beekeeper’s apiary sites were mapped using digital topographic
maps (obtained from National Geo-Spatial Information, South Africa) with a scale of
1:50,000 in ArcGIS 10.1 (ESRI, Redlands, CA, USA).
Semi-structured interviews (Milner-Gulland & Rowcliffe, 2007) comprising open-ended
questions, were used to obtain the following operational data: total number of hives; GPS
coordinates of each apiary site; number of hives at each apiary site; the floral resources
used and availability of floral resources (flowering time).

Assessment of floral resources that beekeepers indicated as being
used
Information was obtained for 6,700 managed hives, representing approximately 22% of
the managed hives in the Western Cape Province. Data for 708 apiary sites (ranging from
26 to 364 apiary sites per beekeeper) was captured across a wide geographic distribution of
the Cape managed honeybee system (Fig. S1).
For each beekeeper, a random selection of 20 apiary sites (giving a total of 120 sites) was
chosen for all further analyses. We tested whether the selected subset of apiary sites was
representative of the full set of apiary sites by carrying out a Pearson’s chi-squared test.
There was no significant difference in the proportion of resource-types between the full
dataset and the subsample (χ 2 = 0.29, df = 2,p = 0.86).

Bee Landscape Unit (BLU) definition and floral resource
classification
The landscape surrounding each site (n = 120) was classified into a BLU (Fig. 2). A BLU
is defined here as the vegetation within a two km radius of an apiary site. Each BLU
comprised 1256 ha and we classified the available floral resources within this area into
three categories (natural vegetation, eucalypt, and canola fields; Table 1). A radius of
two km is consistent with other similar studies (Steffan-Dewenter & Kuhn, 2003; Gallant,
Euliss & Browning, 2014; Henry et al., 2012b) and takes into account a range of factors
that determine honeybee foraging distance, including honeybee health, complexity of the
landscape, floral resource availability and climatic conditions (Gallant, Euliss & Browning,
2014; Steffan-Dewenter & Kuhn, 2003; Beekman & Rathnieks, 2000; Nguyen et al., 2009;
Visscher & Seeley, 1982; Waddington & Holden, 1979; Ghazoul, 2005; Steffan-Dewenter &
Tscharntke, 2000; Steffan-Dewenter, Münzenberg & Bürger, 2002). However, most of these
studies were based in the Northern Hemisphere and were mainly inferred from indirect
methods such as translocation experiments, mark recapture experiments or pollen analysis
(see Table 1 in Zurbuchen et al., 2010). The radius of two km, therefore, may not be ideal
for natural vegetation (e.g., fynbos) alone but it is a reasonable and logistically practical
estimate. The BLUs were mapped in ArcGIS 10.1 using multiple spatial data sources and
approaches (Methods S1). It was not logistically possible to ground-truth the large number
of apiary sites in this study (n = 120) and over such an extensive area (>150,000 ha).
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Figure 2 Bee landscape unit (BLU) and its separation from crop fields. Schematic diagram showing
how the BLU is typically separated from the crop field where the provision of pollination services occurs.
Each BLU is typically composed of a range of floral resources providing essential pollen and nectar which
sustains managed honeybee populations. (Refs for the data in Fig. 2: 1 Allsopp & Cherry (2004), 2 Extracted
from Western Cape AgriStats (2013),3 Melin et al. (2014).
Full-size DOI: 10.7717/peerj.5654/fig-2

However, we used expert knowledge about the landscape surrounding the apiary site from
the beekeeper to guide the digitisation of floral resources.
In finalising the BLU classification, areas unlikely to provide pollen and nectar resources
for honeybees such as major water bodies (e.g., dams) and all other agricultural types (e.g.,
viticulture) were excluded. In addition, the BLU analysis is unlikely to be very effective for
assessing floral resource availability of weeds or private gardens (e.g., in urban areas and
rural farmhouses) which are patchily distributed and because of the lack of suitable land
cover data to estimate landscape availability.

Calculating regional-level floral resources
To calculate the average available floral resources across the study system (approximately
7,804,891 ha, 60% of the spatial extent of the Western Cape Province, Fig. S1), the total
available area for each floral resource-type (natural vegetation, eucalypt, and canola fields)
was estimated.
The total available area of natural vegetation and canola fields was determined from the
same data and approach used to classify the BLUs. Versfeld, Le Maitre & Chapman (1998)
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estimate of invaded area of eucalypt for the Western Cape was used to calculate the total
extent of eucalypt stands for the study system.
We estimated that the study system was composed of 66.28% natural vegetation, 2.99%
canola fields, and 0.09% eucalypt. Similar to the BLU classification, the remaining land
cover (approximately 30.64%) was excluded because it was composed either of water
bodies and other agricultural types (e.g., viticulture) that is unlikely to provide pollen and
nectar resources for honeybees or floral resources that lacked suitable spatial data (e.g.,
weeds or private gardens).

Data analysis
The analyses were based on three datasets: first, a table giving the number of times (counts)
a floral-resource category was specified by each beekeeper (beekeeper dataset; Data S1);
secondly, a table giving area in hectares of floral resources potentially available to bees,
cross-classified by beekeeper and floral-resource category (landscape dataset; Data S2); and
thirdly, a table was derived from the area of available resource-type adjusted according to
the number of hives associated with the apiary sites (hive adjusted dataset; Data S3).

Assessing proportional floral resource use
To illustrate the different proportional use of resource-types, bipartite networks were
constructed from the contingency table for each dataset using the ‘‘bipartite’’ package
(Dormann, Gruber & Fruend, 2008). All analyses were carried out using the software R
(R Core Team, 2015). Bipartite networks are typically used to describe two-level ecological
interactions e.g., seed–disperser, plant–pollinator and predator–prey systems (Dormann,
Gruber & Fruend, 2008; Memmott, Waser & Price, 2004; Tylianakis, Tscharntke & Lewis,
2007). We use them here in a general network to visualize a beekeeper-floral resource system
(sensu Memmott, Waser & Price, 2004) and to determine the use of floral resource-types
across all beekeepers, quantifying if beekeeper use is consistent with landscape availability.
To determine whether the resources identified by beekeepers was consistent with what
was available in the landscape and hive adjusted dataset, Pearson’s chi-squared tests were
performed on the beekeeper dataset. This provided a test of whether the observed frequency
of each floral resource-type was significantly different from expected. Expected values were
based on: (i) proportions of all three floral resource-types derived from the landscape dataset
(expected probabilities: eucalypt = 0.02, natural vegetation = 0.89 and canola = 0.09); (ii)
the proportions derived from the hive adjusted dataset (expected probabilities: eucalypt =
0.89, natural vegetation = 0.02 and canola = 0.09) (McDonald, 2014; Abu-Bader, 2016).
To determine if BLUs differed in composition from what is generally available in the
region and indicate whether beekeepers exhibit a preference for specific floral resources,
the relative availability of floral resources across BLUs was compared to the average
available floral resources across the whole study system. We did this by performing a
nonparametric rank-sum test to determine whether the BLU sample mean of each floral
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resource-type differed significantly from its corresponding regional average using the
‘‘ICSNP’’ package (Nordhausen, Hannu Oja & Tyler, 2012). To produce the accompanying
figure and calculate the 95% confidence intervals around the BLU sample means we used
packages ‘‘Hmisc’’ (Harrell, 2015) and ‘‘latticeExtra’’ (Sarkar & Andrews, 2013).

Estimating the relative regional contribution of different floral resources
Using the total area of each floral resource category from the map of BLUs we estimated the
relative contribution of natural and human-modified landscapes as resources for managed
honeybee populations. We first divided the total area of each floral resource available
within the BLUs by the total number of hives. Based on the required number of hives
(approximately 30,000 managed hives) needed for pollination services for the Western
Cape deciduous fruit industry, we estimated the supporting ecosystem service contribution
of each floral resource. Although this estimate is a simple extrapolation from area and hive
numbers there are currently a range of methods for mapping and measuring ecosystem
services (Grêt-Regamey et al., 2015).

Compliance with ethical standards
Research ethics clearance involving human participants was granted by the Science Faculty
Research Ethics Committee at University of Cape Town (UCT), reference number: SFREC
34-2012. In accordance with UCT’s Code of research involving human subjects, the nature
of the research was verbally explained before each interview and each participant was
provided with an information sheet outlining the research and provided contact details
if concerns or questions arose following the interview. AM obtained signed consent from
each of the participants prior to each interview. In all cases inputs were coded to retain
the anonymity of the beekeeper and location of their sites and we only provide summary
results in this paper.

RESULTS
Floral resource use as indicated by beekeepers and BLU-analysis
The network figure (Fig. 3A) shows clearly that beekeepers in the Cape managed honeybee
system say they are using proportionally more eucalypts (50%), than natural vegetation
(37%), and canola fields (13%) (Fig. 3A).
Analysis of the resources available to beekeepers within BLUs provided a significantly
different perspective to that provided by beekeepers (χ2 = 2237.60, df = 2, p < 0.001).
Eucalypt was the least available resource (mean across all beekeepers = 168 ha; range
116–264 ha), as they typically occur in small stands across the region whereas natural
vegetation (mean across all beekeepers = 11,221 ha; range 6,855–14,806 ha) was most
common (Fig. 3B).
When the availability of different floral resources was adjusted according to the number
of hives at an apiary site (hive adjusted dataset), eucalypt was found to be of primary
importance (Fig. 3C). This finding was supported by the comparison of the BLUs with the
regional average (T = 59.05, p < 0.001). This significant result was confirmed by Fig. 4A
with the regional mean of eucalypt not falling within the confidence intervals of the BLU
sample mean.
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Figure 3 Beekeeper-floral resource networks. Importance of floral resource-types according to (A) the
beekeeper dataset, (B) the landscape dataset (area in ha), (C) hive adjusted dataset (landscape availability adjusted by number of hives placed at apiaries). For (A) the floral resource-types and beekeepers are
represented by rectangles (top and bottom of each graph). The lengths of the upper rectangles are proportional use of a resource-type considered across all beekeepers. The widths of the ties linking resourcetypes to beekeepers are proportional to the number of times a beekeeper used a particular resource-type.
Interpretation for (B) and (C) is similar to (A), except that (B) is the area of a resource-type available
to bees, rather than counts, and (C) is the area of a resource-type adjusted by hive number. Supporting
ecosystem-services provided by natural vegetation are shown in light grey, whereas contributions provided
by human-modified landscapes (in the form of eucalypt and crops) are shown in dark grey.
Full-size DOI: 10.7717/peerj.5654/fig-3
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Figure 4 The relative availability of floral resources across BLUs compared to the regional average
availability. Each panel represents the main floral resource-types (A–C). Within each panel, we plot the
distribution of the data across the BLU samples. The BLU sample mean is shown as a circle and 95% confidence intervals were estimated using bootstrap methods (20,000 iterations). The estimated regional average is shown as a triangle. We interpret the position (above or below) of the BLU sample mean in relation
to the regional average to determine if more or less hectares are being used across all beekeepers.
Full-size DOI: 10.7717/peerj.5654/fig-4

Table 2 Contribution of supporting ecosystem services. Estimate of the relative contribution of supporting ecosystem services provided by natural and human-modified landscapes to sustain the population
of 30,000 managed honeybee hives in the Western Cape.
Floral resources

Area (ha) within
BLUs

Hectares
per hive

Estimated area
(ha)

Proportion of
study system (%)

Natural vegetation

67,325.22

23.36

700,818

13.0

Eucalypt

1,007.24

0.35

10,485

0.2

Canola fields

7,100.33

2.46

73,910

1.4

When analysing the beekeeper dataset against the hive adjusted dataset we find that
these are significantly different (χ 2 = 1218.10, df = 2, p < 0.001), particularly with regards
to canola (Fig. 3C). As with eucalypt, beekeepers used significantly more canola (Fig. 4B,
T = 59.05, p < 0.001) than the regional average.
In contrast, natural vegetation was used significantly less than the regional average
despite it making up a large proportion (Fig. 3B) of the BLUs (T = 46.16, p < 0.001).
When the landscape availability of natural vegetation was adjusted relative to hive number,
its importance was reduced (Fig. 3C).
Based on the composition of BLUs, the population of managed honeybees in the Western
Cape uses the following areas of floral resources: 700,818 ha of natural vegetation (13% of
study system), 10,485 ha of eucalypt (0.2% of study system), and 73,910 ha of canola fields
(1.4% of study system) (Table 2).
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DISCUSSION
This paper focused on managed pollinators, which may be supported by diverse floral
resources that are spatially dispersed across a broad region far away from the target crop
field. In this situation, the different floral resources become connected through the actions
of beekeepers and this has three important implications for the way ecosystem services for
pollination are conceptualised and evaluated. First, it shifts the scale at which ecosystem
services for pollination are evaluated from the target crop field to a larger geographical
region. Second, it expands the type of ecosystem services being evaluated from provisioning
services for pollination at the level of the crop field to include supporting services provided
by floral resources for managed bees at the landscape and regional scale. Third, it means
that the relative importance of different floral resources to support pollination may be
influenced both by their availability in the region where managed bees occur as well as by
operational responses of beekeepers to the available resources.
Several studies have used beekeeper surveys to identify floral resources (e.g., De Lange,
Veldtman & Allsopp, 2013; Hutton-Squire, 2014; Masehela, 2017) but this study went
further by comparing data from beekeeper interviews with data on the location of apiary
sites relative to the availability of different vegetation types in the region. Our data and
subsequent conclusions could be improved with the incorporation of biological data, e.g.,
honey or pollen sampling. Our results show that diverse floral resources, comprising crops,
natural vegetation and alien eucalyptus trees are all important for supporting managed
honeybees in the Western Cape of South Africa. However, the relative use of different floral
resources by beekeepers was not consistent with what was available in the landscape. Apiary
sites typically had a higher representation of eucalypts than was available in the region
and more hives were located at apiary sites with eucalypts. This evidence of an operational
response to the availability of eucalypts is consistent with the views expressed by beekeepers
that eucalypts are vital for sustaining managed hives for pollination services (Melin et al.,
2014) and confirmed the results of recent surveys of beekeepers (Hutton-Squire, 2014;
Masehela, 2017; Melin, 2016).
The combination of beekeeper surveys and field studies highlights the value of using
more than a single proxy measure (such as beekeeper surveys) to determine floral resources.
Data on the number of hives in relation to the available floral resources provided critical
information on beekeeper operational responses. The ‘hive adjusted’ dataset provided
the most informative results in that it provided a more nuanced measure of what the
beekeepers said relative to what was available in the landscape.

Floral resources required to support managed pollination services
One rationale for studies of ecosystem services is to identify and evaluate those natural
assets that are required to provide services to people (Millennium Ecosystem Assessment,
2003; Daily, 1997) and various models and studies of pollination services have highlighted
the value of natural vegetation adjacent to crop fields (Ricketts et al., 2008; Kennedy et al.,
2013; Garibaldi et al., 2011; Kremen et al., 2007). Assessing the services required to support
managed honeybees can illustrate the value of landscapes that are not contiguous with crops.
This study showed that the largest estimated floral resource area was natural vegetation,
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which also formed a major part of the floral resource mix in BLUs. Nevertheless, results of
surveys showed that beekeepers placed less value on natural vegetation and field data showed
there were fewer hives at apiary sites where natural vegetation predominated. Beekeepers
value eucalypts for honey production and canola as it allows colonies to build-up strength
prior to pollination services (Melin et al., 2014). Beekeeper operational responses reinforced
the view that natural vegetation can support fewer hives than alternative floral resources.
Baseline data on the carrying capacity of natural vegetation to support managed honeybees
for pollination services in unknown. Floral abundance within natural vegetation, such as
fynbos, fluctuates seasonally (Johnson, 1993; Hepburn & Guillarmod, 1991) and there may
be relatively little flowering at certain times despite the large area of natural vegetation
within BLUs. The general perception in the beekeeping literature is that natural vegetation,
such as fynbos, is only marginally productive for commercial beekeeping in South Africa
(Johannsmeier, 2001) but may be targeted for honey production (Johannsmeier, 2005; Melin
et al., 2014). In the current mix of floral resources, natural vegetation plays a supplementary
role when beekeepers have access to eucalypts but what is not clear from this study is whether
natural vegetation provides critical resources at times of year when other resources are not
available. This requires more detailed studies of bee behaviours at apiary sites (Hawkins et
al., 2015; De Vere et al., 2017; Steffan-Dewenter et al., 2017). It should also be noted that in
other systems where managed honeybees occur, natural vegetation may be more productive
than fynbos (for beekeepers) so that supporting services provided by vegetation that is
separated from crop fields should still be evaluated as an ecosystem service.
Human-modified landscapes played a significant role in sustaining a large number of
hives. The relative importance of these different floral resources therefore needs to be
considered when estimating the landscape components required to provide the supporting
ecosystem services for managed honeybees. Our study could only give an approximate
indication of the floral resource requirements to support managed pollination services and
further refinement through fine-scale field-based research is needed to determine what
honeybees are using in the landscape (e.g., see Russo et al., 2013 for detailed plant–pollinator
phenological assessments at the landscape-level). The estimate for each floral resource-type
could be improved by incorporating floral cover (e.g., relationship between plants size and
the number of flowers) and the amount of nectar/pollen provided per flower per plant
(Williams et al., 2011; Saifuddin & Jha, 2014). The flowers that honeybees choose to forage
on may not correspond with the beekeeper’s choice. An analysis of pollen loads collected
by honeybees would provide essential information on how honeybees are actually using
the landscape and if beekeepers are making choices that allow honeybees to save energy by
placing hives close to preferred floral resources.
Of particular interest is that the area of eucalypt needed to support the current number
of hives for managed pollination services is estimated at a little over 10,000 ha. This is
probably an under-estimate due to the exclusion of riverine species of eucalypt in BLUs,
which could not be digitised with any confidence. The results are especially relevant
to regulations regarding invasive Eucalyptus species and invasive species management
programmes which coordinate ongoing clearing of eucalypts in the Western Cape Province
(Van Wilgen et al., 2012).
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It was surprising that beekeepers ranked crop floral resources (different to the target
crop requiring pollination) as the least important resource. Beekeepers are thought to
be shifting towards a greater use of crops such as canola to ‘‘boost’’ managed honeybee
populations before hives are moved to farms for pollination (Melin et al., 2014) and the
estimated use of canola fields (74,000 ha) was almost the same as the currently estimated
area of production of the crop in the Western Cape (78,050 ha) (Crop Estimates Committee,
2015). However, beekeepers expressed concern about the use of pesticides on canola. This
was also noted in other beekeeper surveys in the region (Allsopp & Cherry, 2004) and is
supported by mounting scientific evidence that certain pesticides are harmful to bees (Pettis
et al., 2013; Staveley et al., 2014; Nguyen et al., 2009; Van der Sluijs et al., 2015; Mao, 2013;
Henry et al., 2012b).
An important question to consider in terms of overall sustainability is what would
happen if particular ‘‘supporting’’ resources, such as eucalypt was removed or lost. Would
this constrain crop production in the Western Cape or could hive numbers be sustained
on other resources such as natural vegetation despite its seemingly lower carrying capacity
for managed hives. It is not clear how and if beekeepers would adapt to changes in floral
resource availability, i.e., would beekeepers switch to alternative resources or would such
losses result in decreased profitability and ultimately closure of their business? Conducting
detailed behavioural studies to investigate beekeeper’s responses to changing resource
availability could provide insights into the future direction of the industry and how
it relates to the provision of pollination services. The analyses in this study do not fully
answer this question and it is clear that we are only beginning to understand the importance
of different floral resources for managed honeybees in South Africa and other regions that
are heavily reliant on managed pollinators.
The results of this study are not unique to the South African context. Many agricultural
systems rely on managed honeybees (Klein et al., 2007; Potts et al., 2010) and beekeepers
need to move their hives to access floral resources (e.g., Beekman & Rathnieks, 2000;
Oldroyd, 2007), which may be separated from the crop field where they provide pollination
(Gallant, Euliss & Browning, 2014). The ideas tested here therefore apply generally to
systems where managed honeybees are important for crop pollination. As such, landscape
models which seek to understand and provide a general framework for the conservation
of pollination services, would need to consider the incorporation of floral resources away
from the target crop.
Inclusion of supporting services brings in additional complexity to the management
of ecosystem services for pollination because the managers of land where supporting
services for pollinators are provided may not derive any direct benefit. In addition, the
managed bees being supported at remote locations may provide pollination services to
multiple crops. As a result, the management of floral resources for managed bees may
benefit from studies of other ecosystem services such as water provision where there is a
need to incentivise appropriate land management in water catchments to provide water to
downstream users (Stosch et al., 2017).
An additional complexity that would need to be considered in landscape models
incorporating managed honeybees is the importance of both natural and human-modified

Melin et al. (2018), PeerJ, DOI 10.7717/peerj.5654

14/23

landscapes. One of the main conclusions of our study is that human-modified components
of the landscape (eucalypt stands) can play an integral role in supporting managed
honeybees (Melin et al., 2014; De Lange, Veldtman & Allsopp, 2013; Johannsmeier, 2001).
Again, this result is not unique within the South African context but adds to a growing
body of literature that shows how human-modified landscapes benefit both managed
pollinators (Rollin et al., 2013; Sponsler & Johnson, 2015) and wild pollinators in the
absence of natural vegetation (Samnegárd, Persson & Smith, 2011). How one balances
the value of these ‘‘novel ecosystems’’ with conservation programmes (e.g., invasive species
management programmes) is much debated but options for management of these systems
are available (Murcia et al., 2014; Hobbs et al., 2014; Hobbs, Higgs & Harris, 2009; Hobbs,
Higgs & Harris, 2014). In most studies to date, the main focus has been on contribution
from natural habitats (Samnegaard et al., 2011). Some models using managed honeybees
have also considered the importance of ‘‘indirect’’ ecosystem services provided by natural
vegetation away from where the pollination service is delivered (Mouton, 2011). A critical
result of our study, however, is the recognition that several different floral resources
provided by natural and/or human-modified landscapes may be spatially dispersed across
a region and the way in which beekeepers manage hives determines the landscape use of
managed pollinators (Fig. 1).

CONCLUSIONS
This paper improves our understanding of honeybee landscape ecology and the floral
resources needed to support managed honeybees. Existing conceptual models focus on
landscapes surrounding the target crop but this study showed how managed pollinators
are moved around a greater area and the need to consider a complex range of factors
such as: social factors (e.g., beekeeper’s preference), ecological factors (e.g., the type of
floral resources available), spatial factors (e.g., the landscape distribution of apiary sites),
behavioural (e.g., bee foraging) and biological (e.g., plant phenology). Incorporating such
factors has important implications for managed honeybees because each floral resourcetype requires its own set of management or conservation interventions. These should be
incorporated in a broader understanding of how to sustain pollination services. Ultimately,
the practical value of estimating the relative contribution of floral resources needed to
sustain managed pollinators is that it could inform land managers in maintaining and
conserving the current level of floral resources (see Gallant, Euliss & Browning, 2014) or
increase the extent of available floral resources by creating suitable habitats (Kremen &
Ostfeld, 2005). Since many systems across the world rely heavily on managed pollinators,
and these pollinators are subject to similar types of beekeeper operational practices utilizing
natural and human-modified landscapes away from target crop fields, the results presented
here are an important first step towards recognising the need to expand current landscape
ecosystem service models.

Melin et al. (2018), PeerJ, DOI 10.7717/peerj.5654

15/23

ACKNOWLEDGEMENTS
We wish to thank the Western Cape beekeepers whom AM interviewed for participating
in this research, giving generously of their time and providing essential information on
managing honeybees. We also wish thank Dr. Mark Difford who provided helpful statistical
consultation, Chris Broderick for assistance with digitising eucalypt and ground-truthing
of canola fields, Dr. MG Wallace, Western Cape Department of Agriculture for providing
agricultural spatial data, Fahiema Daniels for providing spatial data and GIS support, and
Regional AgriSA officers for canola production data. This study was part of the Global
Pollination Project in South Africa.

ADDITIONAL INFORMATION AND DECLARATIONS
Funding
Annalie Melin received financial support from the Global Environmental Facility/United
Nations Environment Programme/Food and Agricultural Organisation Global Pollination
Project and the Honeybee Forage Project funded by the Department of Environmental
Affairs through SANBI’s Invasive Species Programme. Annalie Melin also received support
for university fees from the Ernst & Ethel Eriksen Trust and the Cape 300 Foundation.
Mathieu Rouget is supported by the South African Research Chairs Initiative of the
Department of Science and Technology and National Research Foundation of South Africa.
Jonathan F. Colville is supported by a National Research Foundation RCA-fellowship (grant
no. 91442). The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Global Environmental Facility/United Nations Environment Programme/Food and
Agricultural Organisation Global Pollination Project.
Department of Environmental Affairs, SANBI’s Invasive Species Programme.
Ernst & Ethel Eriksen Trust.
Cape 300 Foundation.
South African Research Chairs Initiative of the Department of Science.
Technology and National Research Foundation of South Africa.
National Research Foundation RCA-fellowship: 91442.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Annalie Melin conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, approved the final draft.

Melin et al. (2018), PeerJ, DOI 10.7717/peerj.5654

16/23

• Mathieu Rouget and Jonathan F. Colville conceived and designed the experiments,
analyzed the data, authored or reviewed drafts of the paper, approved the final draft.
• Jeremy J. Midgley approved the final draft.
• John S. Donaldson conceived and designed the experiments authored or reviewed drafts
of the paper, approved the final draft.

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):
Research ethics clearance involving human participants was granted by the Science
Faculty Research Ethics Committee at University of Cape Town (UCT) (Ethical application
reference number: SFREC 34-2012).

Data Availability
The following information was supplied regarding data availability:
The raw data are provided in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.5654#supplemental-information.

REFERENCES
Abu-Bader SH. 2016. Using statistical methods in social science research with a complete
SPSS guide. Second Edition. Oxford: Oxford University Press.
Alaux C, Brunet J-L, Dussaubat C, Mondet F, Tchamitchan S, Cousin M, Brillard
J, Baldy A, Belzunces LP, Le Conte Y. 2010b. Interactions between Nosema
microspores and a neonicotinoid weaken honeybees (Apis mellifera). Environmental
Microbiology 12(3):774–782 DOI 10.1111/j.1462-2920.2009.02123.x.
Alaux C, Ducloz F, Crauser D, Le Conte Y. 2010a. Diet effects on honeybee immunocompetence. Biology Letters 6(4):562–565 DOI 10.1098/rsbl.2009.0986.
Allsopp MH, Cherry M. 2004. An assessment of the impact on the Bee and Agricultural
industries in the Western Cape of the clearing of certain Eucalyptus species using
questionnaire survey data. Pretoria: Agricultural Research Council—Plant Protection
Research Institute, 1–58.
Allsopp MH, De Lange WJ, Veldtman R. 2008. Valuing insect pollination services with
cost of replacement. PLOS ONE 3(9):e3128 DOI 10.1371/journal.pone.0003128.
Beekman F, Rathnieks M. 2000. Long-range foraging by the honey-bee, Apis mellifera L.
Functional Ecology 14:490–496 DOI 10.1046/j.1365-2435.2000.00443.x.
Crop Estimates Committee. 2015. The Crop Estimates Committee’s revised area estimate
and second production forecast of winter crops. Pretoria: DAFF.
Costanza R, Arge R, De Groot RS, Farberk S, Grasso M, Hannon B, Limburg K, Naeem
S, Neill RVO, Paruelo J, Raskin RG, Suttonkk P. 1997. The value of the world’s
ecosystem services and natural capital. Nature 387:253–260 DOI 10.1038/387253a0.

Melin et al. (2018), PeerJ, DOI 10.7717/peerj.5654

17/23

Daily GC. 1997. Nature’s services: societal dependence on natural ecosystems. Washington,
D.C.: Island Press.
De Groot AP. 1952. Amino acid requirements for growth of the honeybee (Apis mellifera
L.). Cellular and Molecular Life Sciences 8(5):192–194 DOI 10.1007/BF02173740.
De Lange WJ, Veldtman R, Allsopp MH. 2013. Valuation of pollinator forage services provided by Eucalyptus cladocalyx. Journal of Environmental Management
125:12–18 DOI 10.1016/j.jenvman.2013.03.027.
De Vaus D. 2002. Surveys in social research. London: Taylor & Francis.
De Vere N, Jones LE, Gilmore T, Moscrop J, Lowe A, Smith D, Hegarty MJ, Creer
S, Ford CR. 2017. Using DNA metabarcoding to investigate honey bee foraging
reveals limited flower use despite high floral availability. Scientific Reports 7:1
DOI 10.1038/s41598-016-0028-x.
Di Pasquale G, Salignon M, Le Conte Y, Belzunces LP, Decourtye A, Kretzschmar
A, Suchail S, Brunet J-L, Alaux C. 2013. Influence of pollen nutrition on honey
bee health: do pollen quality and diversity matter? PLOS ONE 8(8):e72016
DOI 10.1371/journal.pone.0072016.
Dormann CF, Gruber B, Fruend J. 2008. Introducing the bipartite Package: analysing
Ecological Networks. R News 8/2:8–11.
Gallant AL, Euliss NH, Browning Z. 2014. Mapping large-area landscape suitability for
honey bees to assess the influence of land-use change on sustainability of national
pollination services. PLOS ONE 9(6):e99268 DOI 10.1371/journal.pone.0099268.
Garibaldi LA, Steffan-Dewenter I, Kremen C, Morales JM, Cunningham SA, Carvalheiro LG, Chacoff NP, Dudenhöffer J-H, Greenleaf SS, Holzschuh A, Isaacs
R, Krewenka K, Mandelik Y, Mayfield MM, Morandin LA, Potts SG, Ricketts T,
Szentgyörgyi H, Viana BF, Westphal C, Winfree R, Klein AM. 2011. Stability of
pollination services decreases with isolation from natural areas despite honey bee
visits. Ecology Letters 14(10):1062–1072 DOI 10.1111/j.1461-0248.2011.01669.x.
Garibaldi LA, Steffan-Dewenter I, Winfree R, Aizen MA, Bommarco R, Cunningham
SA, Kremen C, Carvalheiro LG, Harder LD, Afik O, Bartomeus I, Benjamin F,
Boreux V, Cariveau DP, Chacoff NP, Dudenhöffer J-H, Freitas BM, Ghazoul J,
Greenleaf SS, Hipólito J, Holzschuh A, Howlett BG, Isaacs R, Javorek SK, Kennedy
CM, Krewenka K, Krishnan S, Mandelik Y, Mayfield MM, Motzke I, Munyuli T,
Nault BA, Otieno M, Petersen J, Pisanty G, Potts SG, Rader R, Ricketts T, Rundlöf
M, Seymour C, Schüepp C, Szentgyörgyi H, Taki H, Tscharntke T, Vergara
CH, Viana BF, Wanger TC, Westphal C, Williams NM, Klein AM. 2013. Wild
pollinators enhance fruits set of crops regardless of honey bee abundance. Science
339(6127):1608–1611 DOI 10.1126/science.1230200.
Ghazoul J. 2005. Response to Steffan-Dewenter et al.: questioning the global pollination
crisis. Evolution 20(12):652–653 DOI 10.1016/j.tree.2005.09.006.
Greef P, Kotze M. 2007. Subsector study: deciduous fruit. Pretoria: The National Agricultural Marketing Council, 1–58.
Grêt-Regamey A, Wiebel B, Kienast F, Rabe S-E. 2015. A tiered approach for mapping
ecosystem services. Ecosystem Services 13:16–27 DOI 10.1016/j.ecoser.2014.10.008.

Melin et al. (2018), PeerJ, DOI 10.7717/peerj.5654

18/23

Harrell FE. 2015. Hmisc: Harrell Miscellaneous. R package version 3.16-0. Available at
http:// cran.r-project.org/ package=Hmisc.
Härtel S, Steffan-Dewenter I. 2014. Ecology: honey bee foraging in human-modified
landscapes. Current Biology 24(11):524–526 DOI 10.1016/j.cub.2014.04.052.
Hawkins J, De Vere N, Griffith A, Ford CR, Allainguillaume J, Hegarty MJ, Baillie L,
Adams-Groom B. 2015. Using DNA Metabarcoding to identify the floral composition of honey: a new tool for investigating honey bee foraging preferences. PLOS
ONE 10(8):e0134735 DOI 10.1371/journal.pone.0134735.
Henry M, Beguin M, Requier F, Rollin O, Odoux J-F, Aupinel P, Aptel J, Tchamitchian
S, Decourtye A. 2012a. Response to comment on a common pesticide decreases
foraging success and survival in honey bees. Science 337(6101):1453–1453
DOI 10.1126/science.1224930.
Henry M, Fröchen M, Maillet-Mezeray J, Breyne E, Allier F, Odoux J-F, Decourtye A.
2012b. Spatial autocorrelation in honeybee foraging activity reveals optimal focus
scale for predicting agro-environmental scheme efficiency. Ecological Modelling
225:103–114 DOI 10.1016/j.ecolmodel.2011.11.015.
Hepburn HR, Crewe R. 1991. Portrait of the Cape honeybee, Apis mellifera Capensis.
Apidologie 22:567–580 DOI 10.1051/apido:19910601.
Hepburn HR, Guillarmod AJ. 1991. The Cape honeybee and the fynbos biome. South
African Journal of Science 87(1–2):70–73.
Hepburn HR, Radloff SE. 1998. Honeybees of Africa. Berlin: Springer.
Hobbs RJ, Higgs E, Hall CM, Bridgewater P, Chapin FS, Ellis EC, Ewel JJ, Hallett LM,
Harris J, Hulvey KB, Jackson ST, Kennedy PL, Kueffer C, Lach L, Lantz TC, Lugo
AE, Mascaro J, Murphy SD, Nelson CR, Perring MP, Richardson DM, Seastedt TR,
Standish RJ, Starzomski BM, Suding KN, Tognetti PM, Yakob L, Yung L. 2014.
Managing the whole landscape: historical, hybrid, and novel ecosystems. Frontiers
in Ecology and the Environment 12(10):557–564 DOI 10.1890/130300.
Hobbs RJ, Higgs E, Harris JA. 2009. Novel ecosystems: implications for conservation and restoration. Trends in Ecology and Evolution 24(11):599–605
DOI 10.1016/j.tree.2009.05.012.
Hobbs RJ, Higgs ES, Harris JA. 2014. Novel ecosystems: concept or inconvenient reality?
A response to Murcia others. Trends in Ecology and Evolution 29(12):645–646
DOI 10.1016/j.tree.2014.09.006.
Hortgro. 2012. Key deciduous fruit statistics 2012. Paarl, South Africa: Available at http:
// www.hortgro.co.za/ market-intelligence-statistics/ key-deciduous-fruit-statistics/ .
Hutton-Squire JP. 2014. Historical relationship of the honeybee (Apis mellifera) and
its forage; and the current state of beekeeping within South Africa. MSc thesis,
Stellenbosch University. Available at http:// hdl.handle.net/ 10019.1/ 96092.
Johannsmeier M.F. 2001. Beekeeping in South Africa. Third Edition Revised. Pretoria:
Agricultural Research Council of South Africa, Plant Protection Research Institute.
Johannsmeier MF. 2005. Beeplants of the South-Western Cape. Nectar and pollen sources of
honeybees. Pretoria: Agricultural Research Council of South Africa, Plant Protection
Research Institute.

Melin et al. (2018), PeerJ, DOI 10.7717/peerj.5654

19/23

Johnson SD. 1993. Climatic and phylogenetic of determinants in the Cape flora flowering
seasonality. Journal of Ecology 81(3):567–572 DOI 10.2307/2261535.
Keller I, Fluri P, Imdorf A. 2005. Pollen nutrition and colony development in honey
bees: Part I. Bee World 86:3–10 DOI 10.1080/0005772X.2005.11099641.
Kennedy CM, Lonsdorf E, Neel MC, Williams NM, Ricketts T, Winfree R, Bommarco
R, Brittain C, Burley AL, Cariveau DP, Carvalheiro LG, Chacoff NP, Cunningham
SA, Danforth BN, Dudenhöffer J-H, Elle E, Gaines HR, Garibaldi LA, Gratton C,
Holzschuh A, Isaacs R, Javorek SK, Jha S, Klein AM, Krewenka K, Mandelik Y,
Mayfield MM, Morandin LA, Neame LA, Otieno M, Park M, Potts SG, Rundlöf
M, Saez A, Steffan-Dewenter I, Taki H, Viana BF, Westphal C, Wilson JK, Greenleaf SS, Kremen C. 2013. A global quantitative synthesis of local and landscape
effects on wild bee pollinators in agroecosystems. Ecology Letters 16:584–599
DOI 10.1111/ele.12082.
Klein AM, Vaissière BE, Cane JH, Steffan-Dewenter I, Cunningham SA, Kremen C,
Tscharntke T. 2007. Importance of pollinators in changing landscapes for world
crops. Proceedings of the Royal Society B: Biological Sciences 274(1608):303–313
DOI 10.1098/rspb.2006.3721.
Kremen C, Ostfeld RS. 2005. A call to ecologists: measuring, analysing, and managing ecosystem services. Frontiers in Ecology and the Environment 3:540–548
DOI 10.1890/1540-9295(2005)003[0540:ACTEMA]2.0.CO;2.
Kremen C, Williams NM, Aizen MA, Gemmill-Herren B, Lebuhn G, Minckley RL,
Packer L, Potts SG, Roulston TH, Steffan-Dewenter I, Vázquez DP, Winfree R,
Adams L, Crone EE, Greenleaf SS, Keitt TH, Klein AM, Regetz J, Ricketts T. 2007.
Pollination and other ecosystem services produced by mobile organisms: a conceptual framework for the effects of land-use change. Ecology Letters 10(4):299–314
DOI 10.1111/j.1461-0248.2007.01018.x.
Lonsdorf EV, Kremen C, Ricketts T, Winfree R, Williams NM, Greenleaf SS. 2009.
Modelling pollination services across agricultural landscapes. Annals of Botany
103(9):1589–1600 DOI 10.1093/aob/mcp069.
Mao W. 2013. Honey constituents up-regulate detoxification and immunity genes in the
western honey bee Apis mellifera. Proceedings of the National Academy of Sciences of
the United States of America 110(22):8842–8846 DOI 10.1073/pnas.1303884110.
Masehela TS. 2017. An assessment of different beekeeping practices in South Africa
based on their needs (bee forage use), services (pollination services) and threats
(hive theft and vandalism). PhD thesis, Stellenbosch University. Available at http:
// hdl.handle.net/ 10019.1/ 100915.
McDonald JH. 2014. Handbook of biological statistics. Third Edition. Baltimore: Sparky
House Publishing.
Melin A. 2016. An assessment of the floral resources used to support managed honeybees
and its implications for understanding ecosystem services related to crop pollination.
PhD Thesis, University of Cape Town.

Melin et al. (2018), PeerJ, DOI 10.7717/peerj.5654

20/23

Melin A, Rouget M, Midgley J, Donaldson J. 2014. Pollination ecosystem services in South African agricultural systems. South African Journal of Science
110(11/12):25–33 DOI 10.1590/sajs.2014/20140078.
Memmott J, Waser NM, Price MV. 2004. Tolerance of pollination networks to species
extinctions. Proceedings of the Royal Society B: Biological Sciences 271:2605–2611
DOI 10.1098/rspb.2004.2909.
Millennium Ecosystem Assessment. 2003. Ecosystems and their services. In: Ecosystems
and human well-being: a framework for assessment. Washington, D.C.: World
Resources Institute, 49–70.
Milner-Gulland EJ, Rowcliffe JM. 2007. Conservation and sustainable use: a handbook of
techniques. Oxford: Oxford University Press.
Mouton M. 2011. Significance of direct and indirect pollination ecosystem services to
the apple industry in the western cape of South Africa. MSc thesis, Stellenbosch
University. Available at http:// hdl.handle.net/ 10019.1/ 6830.
Mucina L, Rutherford MC. 2010. The vegetation of South Africa, Lesotho and Swaziland,
Strelitzia 19. Pretoria: South African National Biodiversity Institute.
Murcia C, Aronson J, Kattan GH, Moreno-Mateos D, Dixon K, Simberloff D.
2014. A critique of the novel ecosystem concept. Trends in Ecology and Evolution
29(10):548–553 DOI 10.1016/j.tree.2014.07.006.
Naug D. 2009. Nutritional stress due to habitat loss may explain recent honeybee colony
collapses. Biological Conservation 142(10):2369–2372
DOI 10.1016/j.biocon.2009.04.007.
Nguyen BK, Saegerman C, Pirard C, Mignon J, Widart J, Thirionet B, Verheggen
FJ, Berkvens D, De Pauw E, Haubruge E. 2009. Does imidacloprid seed-treated
maize have an impact on honey bee mortality? Journal of Economic Entomology
102(2):616–623 DOI 10.1603/029.102.0220.
Nordhausen K, Hannu Oja SS, Tyler DE. 2012. ICSNP: tools for multivariate nonparametrics. Package version 1.0-9. Available at http:// cran.r-project.org/ package=ICSNP.
Oldroyd BP. 2007. What’s killing American honey bees? PLOS Biology 5(6):e168
DOI 10.1371/journal.pbio.0050168.
Pellet FC. 1946. The honeybee as a pollinating agent. In: Grout RA, ed. The hive and the
honeybee. Hamilton: Dadant and Sons, 221–232.
Pettis JS, Lichtenberg EM, Andree M, Stitzinger J, Rose R, Vanengelsdorp D.
2013. Crop pollination exposes honey bees to pesticides which alters their
susceptibility to the gut pathogen Nosema ceranae. PLOS ONE 8(7):e70182
DOI 10.1371/journal.pone.0070182.
Pirk CWW, Strauss U, Yusuk A, Demares F, Human H. 2015. Honeybee health in
Africa—a review. Apidologie 47(3):276–300 DOI 10.1007/s13592-015-0406-6.
Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, Kunin WE. 2010. Global
pollinator declines: trends, impacts and drivers. Trends in Ecology & Evolution
25(6):345–353 DOI 10.1016/j.tree.2010.01.007.
Ricketts T, Regetz J, Steffan-Dewenter I, Cunningham SA, Kremen C, Bogdanski
AK, Gemmill-Herren B, Greenleaf SS, Klein AM, Mayfield MM, Morandin

Melin et al. (2018), PeerJ, DOI 10.7717/peerj.5654

21/23

LA, Ochieng A, Potts SG, Viana BF. 2008. Landscape effects on crop pollination services: are there general patterns? Ecology Letters 11(5):499–515
DOI 10.1111/j.1461-0248.2008.01157.x.
Rogers SR, Staub B. 2013. Standard use of Geographic Information System (GIS)
techniques in honey bee research. Journal of Apicultural Research 52(4):1–48
DOI 10.3896/IBRA.1.52.4.08.
Rollin O, Bretagnolle V, Decourtye A, Aptel J, Michel N, Vaissiére BE, Henry M.
2013. Differences of floral resource use between honey bees and wild bees in an
intensive farming system. Agriculture, Ecosystems & Environment 179:78–86
DOI 10.1016/j.agee.2013.07.007.
Russo L, Debarros N, Yang S, Shea K, Mortensen D. 2013. Supporting crop pollinators
with floral resources: network-based phenological matching. Ecology and Evolution
3(9):3125–3140 DOI 10.1002/ece3.703.
Saifuddin M, Jha S. 2014. Colony-level variation in pollen collection and foraging
preferences among wild-caught bumble bees (Hymenoptera: Apidae). Environmental
Entomology 43:393–401 DOI 10.1603/EN13261.
Samnegárd U, Persson AS, Smith HG. 2011. Gardens benefit bees and enhance pollination in intensively managed farmland. Biological Conservation 144:2602–2606
DOI 10.1016/j.biocon.2011.07.008.
Sarkar D, Andrews F. 2013. latticeExtra: extra graphical utilities based on lattice. R package version 0.6-26. Available at https:// cran.r-project.org/ web/ packages/ latticeExtra/ .
Sponsler DB, Johnson RM. 2015. Honey bee success predicted by landscape composition
in Ohio, USA. PeerJ 3:e838 DOI 10.7717/peerj.838.
Staveley JP, Law SA, Fairbrother A, Menzie CA. 2014. A causal analysis of observed
declines in managed honey bees (Apis mellifera). Human and Ecological Risk
Assessment 20(2):566–591 DOI 10.1080/10807039.2013.831263.
Steffan-Dewenter I, Danner N, Keller A, Ha S. 2017. Honey bee foraging ecology: season
but not landscape diversity shapes the amount and diversity of collected pollen.
PLOS ONE 12(8):e0183716 DOI 10.1371/journal.pone.0183716.
Steffan-Dewenter I, Kuhn A. 2003. Honeybee foraging in differentially structured
landscapes. Proceedings. Biological Sciences/The Royal Society 270:569–575
DOI 10.1098/rspb.2002.2292.
Steffan-Dewenter I, Münzenberg U, Bürger C. 2002. Scale-dependent effects
of landscape context on three pollinator guilds. Ecology 83(5):1421–1432
DOI 10.1890/0012-9658(2002)083[1421:SDEOLC]2.0.CO;2.
Steffan-Dewenter I, Tscharntke T. 2000. Resource overlap and possible competition
between honey bees and wild bees in central Europe. Oceologia 122:288–296
DOI 10.1007/s004420050034.
Stosch KC, Quilliam RS, Bunnefeld N, Oliver DM. 2017. Managing multiple catchment
demands for sustainable water use and ecosystem service provision. Water 9:1–21
DOI 10.3390/w9090677.
R Core Team. 2015. R: a language and environment for statistical computing. Vienna: R
Foundation for Statistical Computing. Available at http:// www.r-project.org/ .

Melin et al. (2018), PeerJ, DOI 10.7717/peerj.5654

22/23

Tylianakis JM, Tscharntke T, Lewis OT. 2007. Habitat modification alters the
structure of tropical host-parasitoid food webs. Nature 445(7124):202–205
DOI 10.1038/nature05429.
Van der Sluijs J, Amaral-Rogers V, Belzunces L, Bijleveld van Lexmond MF, Bonmatin
J, Chagnon M, Downs C, Furlan L, Gibbons D, Giorio C, Girolami V, Goulson
D, Kreutzweiser D, Krupke C, Liess M, Long E, McField M, Mineau P, Mitchell
E, Morrisey C, Noome D, Pisa L, Settele J, Simon-Delso N, Stark J, Tapparo A,
Van Dyck H, Van Praagh J, Whitehorn P, Wiemers M. 2015. Conclusions of the
Worldwide Integrated Assessment on the risks of neonicotinoids and fipronil to
biodiversity and ecosystem functioning. Environmental Science Pollution Resources
22(1):148–154 DOI 10.1007/s11356-014-3229-5.
Vanengelsdorp D, Meixner MD. 2010. A historical review of managed honey bee populations in Europe and the United States and the factors that may affect them. Journal
of Invertebrate Pathology 103(Suppl(2010)):S80–S95 DOI 10.1016/j.jip.2009.06.011.
Versfeld DB, Le Maitre DC, Chapman RA. 1998. Alien invading plants and water
resources in South Africa: a preliminary assessment. Report No. TT 99/98. South
Africa.
Visscher PK, Seeley T. 1982. Foraging strategy of honeybee colonies in a temperate
deciduous forest. Ecological Society of America 63(6):1790–1801.
Waddington KD, Holden LR. 1979. Optimal foraging: on flower selection by bees. The
American Naturalistaturalist 114(2):179–196 DOI 10.1086/283467.
Western Cape AgriStats. 2013. Western Cape Agricultural Commodity and Infrastructure Census. Western Cape Department of Agriculture, South Africa. Available at
http:// www.elsenburg.com/ gis/ apps/ agristats/ .
Westphal C, Steffan-Dewenter I, Tscharntke T. 2003. Mass flowering crops enhance pollinator densities at a landscape scale. Ecology Letters 6(11):961–965
DOI 10.1046/j.1461-0248.2003.00523.x.
Van Wilgen B, Forsyth GG, Le Maitre D, Wannenburgh A, Kotzé JDF, Van de Berg
E, Henderson L. 2012. An assessment of the effectiveness of a large, nationalscale invasive alien plant control strategy in South Africa. Biological Conservation
148(1):28–38 DOI 10.1016/j.biocon.2011.12.035.
Williams NM, Cariveau DP, Winfree R, Kremen C. 2011. Bees in disturbed habitats
use, but do not prefer, alien plants. Basic and Applied Ecology 12(4):332–341
DOI 10.1016/j.baae.2010.11.008.
Zurbuchen A, Landert L, Klaiber J, Müller A, Hein S, Dorn S. 2010. Maximum foraging
ranges in solitary bees: only few individuals have the capability to cover long foraging
distances. Biological Conservation 143(3):669–676 DOI 10.1016/j.biocon.2009.12.003.

Melin et al. (2018), PeerJ, DOI 10.7717/peerj.5654

23/23

