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Abstract
1. Introducing areas of wildflower vegetation within crop fields has been shown 

to enhance pollinator activity and pollination services to crops, and findings in 
Europe showed an interaction effect between floral treatments and landscape 
context. Natural fynbos patches in the South African Cape Floristic Region (CFR) 
are potential reservoirs for beneficial insects that could enhance pollinator popu-
lations and crop pollination in commercial apple orchards. However, the effect of 
proximity to natural habitat and floral enhancement treatments on crop pollina-
tors and yield are yet to be fully tested in southern temperate regions.

2. To elucidate the impact of enhanced floral resources to apple flower visitors and 
crop yield, we established small experimental patches of flowers in non- productive 
areas of commercial apple Malus domestica orchards in the CFR. Experimental or-
chards were embedded in landscapes with varying proportions of natural habitat 
within 1 km. We used pollinator exclusion experiments to determine the benefits 
of insect pollination on apple yield, quality and economic value.

3. We found that the primary pollinator of apple flowers in the region is the endemic 
Cape honey bee, Apis mellifera capensis. Floral plantings enhanced overall pollina-
tor abundance and honey bee flower visitation within the orchards, and positively 
affected apple size and economic value. Increased landscape complexity had a 
significantly positive effect on wild bees but not on honey bees.

4. Synthesis and applications. We demonstrate that presence of floral plantings within 
orchards enhances pollinator activity within apple orchards and apple quality. This 
sustainable management practice may represent a profitable choice for growers, 
which could increase pollination services while reducing reliance on renting hives. 
These practices can indirectly contribute to increased landscape- scale resilience 
and connectivity while also benefiting pollinators within the remaining natural 
habitat.
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1  | INTRODUC TION

Animal pollination is required for most of the world's flowering 
plants (Ollerton et al., 2011) and plays a key role in agroecosystems 
worldwide, where it enhances yield of many crops (Klein et al., 2007). 
Wild insects are highly efficient pollinators of several crops (Rader 
et al., 2016) and provide pollination insurance in the face of Apis 
mellifera (hereafter ‘honey bee’) losses (Potts et al., 2010). However, 
wild insect populations are undergoing a severe global decline in 
both wild and agricultural landscapes (Potts et al., 2016; Seibold 
et al., 2019), where habitat loss, fragmentation and agricultural in-
tensification are significant drivers of pollinator decline (Sánchez- 
Bayo & Wyckhuys, 2019). Many farmers worldwide respond to 
pollinator scarcity by renting beehives (Aizen & Harder, 2009), par-
ticularly honey bees. However, reliance on a single species is inher-
ently risky, given challenges facing honey bees (Breeze et al., 2014; 
Pirk et al., 2014).

Growing evidence suggests that integrating floral resources into 
farms increases both abundance of wild insects and the services 
they provide (Blaauw & Isaacs, 2014; Tscharntke et al., 2012). This is 
usually achieved by sowing mixes of native grassland flower species 
on arable land (Carvell et al., 2004), and, in Europe, it forms part of 
Agri- Environment Schemes (Pywell et al., 2006). Furthermore, the 
effects of floral enhancement areas are moderated by landscape 
structure (Tscharntke et al., 2012), where the effectiveness of local 
management on insect abundance and species richness is higher in 
structurally ‘simple’ landscapes (ones with fairly low proportions of 
semi- natural habitats) than in complex or extremely simplified land-
scapes (Scheper et al., 2013).

While ecosystem services and their management are increas-
ingly well understood in north temperate agroecosystems, they are 
only partially investigated in the global south (Steward et al., 2014). 
Some pollination management studies have been conducted in 
South America and East Asia and Pacific (e.g. Arthur et al., 2010; 
Pérez- Méndez et al., 2020) and previous studies have explored the 
effect of wildflower planting on mango and sunflower in parts of 
South Africa (Carvalheiro et al., ,2011, 2012). Furthermore, the ben-
eficial impact of non- crop floral resources on beneficial arthropods 
communities in apple orchards has been studied in Europe (Campbell 
et al., 2017; Fitzgerald & Solomon, 2004; García & Miñarro, 2014), 
yet similar research from sub- Saharan Africa on apple and other 
crop types is sparse, despite it being an important reservoir of global 
biodiversity and the demanding human food requirements (Steward 
et al., 2014).

Wild pollinators in natural settings have been widely investi-
gated in the insect- rich Cape Floristic Region (CFR) in South Africa 
(e.g. Adedoja et al., 2018; Kehinde & Samways, 2012; Vrdoljak & 
Samways, 2014). However, to our knowledge, the effect of habitat 

enhancement on pollinators in South African apple orchards re-
mains untested. Here we determined what impacts floral planting 
and landscape complexity have on the insect pollinators in South 
African orchards, and whether they are comparable to those in north 
temperate agricultural landscapes. We hypothesise that flower visi-
tor abundance, fruit yield and quality measures, and economic value 
would increase in apple trees adjacent to floral plantings, and that 
these benefits would be greater in orchards surrounded by simple 
landscapes.

2  | MATERIAL S AND METHODS

2.1 | Study site and experimental design

The study was conducted in apple orchards in the Elgin, Grabouw, 
Vyeboom and Villiersdorp (EGVV) pome fruit (apple and pear) grow-
ing region of the Western Cape Province, South Africa, in 2018 
(Figure 1). This region is within the CFR biodiversity hotspot, a 
global centre of terrestrial biodiversity (Goldblatt & Manning, 2000). 
Natural fynbos is a local sclerophyllous vegetation, dominated by 
Proteaceae, Ericaceae and Restionaceae, and especially rich in local 
endemic plant and insect species. The study area contains large 
areas of high conservation value within protected areas such as the 
Kogelberg Biosphere Reserve, as well as in privately owned areas 
(Grant & Samways, 2011; van Schalkwyk et al., 2019). The Western 
Cape region is also a prime zone for agriculture, comprising 93% of 
the total national pome fruit production area.

The study was carried out in 36 commercial apple orchards 
growing the Golden Delicious cultivar. This cultivar makes up 23% 
(5,522 ha) of the total apple planted in South Africa, and is the most 
exported cultivar (Hortgro, 2018). We identified orchards embedded 
in a gradient of natural habitats (NH) within a 1 km radius around 
each experimental orchard (i.e. a 1 km buffer), which ranges be-
tween 8% and 77% of area cover (Figure 1). NH were described using 
the DEA National Landcover 2015 dataset (DEA, 2016) while the 
buffer around the orchards was delineated in the Cape Farm Mapper 
(WCDA, 2017). Percentage NH was calculated as the sum of non- 
agricultural woody, wetland or natural/semi- natural terrestrial land- 
use classes (3, 4, 5, 6, 8 and 9).

To test the benefits of floral planting, we established three 40- m 
long transects in each orchard, perpendicular to the field edge and 
spaced >25 m apart. Along each transect, we created three, evenly 
spaced (14 m apart), 2 m × 1 m floral plots placed in the middle of 
the work row between tractor tyre paths (Figure 1). Floral treat-
ments consisted of (a) a ‘simple’ transect planted with plots of Sweet 
Alyssum Lobularia maritima; (b) a ‘diverse’ transect with plots planted 
with a mixture of 11 different flower species (Table S1); and (c) a 
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control consisting of un- manipulated plots typical orchard manage-
ment (i.e. grass). Lobularia maritima was selected for its relatively 
long flowering period and attractiveness for a broad spectrum of 
pollinators (Gómez, 2000).

2.2 | Flower visitor observations

Visitation surveys on apple blossoms were conducted on two 
separate days during peak flowering time to determine the ef-
fect of floral planting and landscape complexity on apple pollina-
tors. Observations were carried out between 10:00 and 16:00 hr 
along each transect in dry weather with temperatures 13℃ or 
more and wind speed less than Beaufort scale 5 (<29 km/hr). 
Transects were further divided in five by 8- m long sub- transects, 
which were recorded as independent samples to test if floral visi-
tation decreased towards the centre of the field as seen on other 
crops (Woodcock et al., 2016). Each flower visitor was recorded 
to broad taxonomic groups (e.g. honey bee, other wild bee, hov-
erfly, other fly, beetle, ant, Lepidoptera) and noted only if each 
individual made contact with the flower's reproductive parts 
(hereafter ‘pollinator’). To establish the total floral area of each 
planted plot, we recorded the number of open flowers in the flo-
ral plots twice over the flowering period. The total floral area per 

plot was calculated by multiplying the average area of the flower 
head of each species by the number of flowers of that species 
that were open at the time of recording. The endemic honey bee 
Apis mellifera capensis occurs in the region both in wild and man-
aged population, as bee hives are heavily supplied to orchards 
during the flowering season. To account for the influx of supplied 
honey bees, the number of beehives within a 1 km radius from the 
edge of the orchards was recorded during field surveys and their 
distance to the experimental transects measured from satellite 
imagery.

2.3 | Insect assemblage sampling

To assess differences in beneficial insects between orchards and 
non- crop areas, and test for any interaction between floral treat-
ments and landscape composition, we conducted two rounds of 
pan- trapping between November 2018 and January 2019. Triplicate 
pan traps consisted of 85 mm wide coloured bowls (neon blue, neon 
yellow and bright white) each with a glossy glaze coat acrylic sealer 
to enhance durability and marked with three centrally intersecting 
10 mm wide black guide lines (Wilson et al., 2016). Traps were placed 
in the middle of each floral plot, as well as 5 m into the non- crop 
vegetation opposite to the end of the transect.

F I G U R E  1   Top: the study area 
located in the Western Cape Province 
of South Africa, located about 70 km 
north- west of Cape Town. Locations 
of the 36 experimental orchards are 
categorised by the proportion of natural 
habitat in the 1 km radius: Low (red), 
Medium (yellow) and High (blue). Bottom: 
orchard experimental layout (bottom 
image) with position of floral planting and 
experimental trees
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2.4 | Apple fruit yield and quality

Following Garratt, Breeze, et al., (2014), we carried out pollinator 
exclusion experiments to determine dependence of apple produc-
tion on insect pollination. From the closest tree to the centre of each 
flowering plot (c. 2 m), three accessible branch ends were randomly 
selected, and then randomly assigned to one of three treatments: 
(a) un- manipulated, flowers accessible to wind, insect and self- 
pollination (control treatment); (b) enclosed in a 45 cm × 30 cm mesh 
bag (1 mm) to prevent insect pollinators accessing flowers (bagged 
treatment); and (c) flowers hand- pollinated using pollen collected 
from the orchard's polliniser variety. Prior to manipulation, we re-
corded number of flowers on each branch. Bags were placed before 
flowers opened and removed at the end of the flowering period 
to minimise microclimatic and pest exclusion effects. Overall, 972 
branches from 324 trees were assessed.

Apples were collected immediately prior to harvest and cold 
stored. To assess fruit set, yield and quality, the following variables 
were measured within 2 weeks of storage: maximum width, firm-
ness, fresh weight, number of seeds, number of locules, starch and 
sugar content.

2.5 | Economic valuation

We calculated the market value of pollination based on the esti-
mated crop yield and quality of each pollination treatment, and in 
the presence or absence of floral plantings, using an average of mar-
ket prices for export and local market (Hortgro, 2018). See Table S2 
for calculation details and apple grading criteria.

2.6 | Statistical analyses

Poisson generalised linear mixed- effects models (GLMM) were 
used to investigate the effect of landscape context and floral plant-
ing on abundance of apple flower visitors. We categorised flower 
visitors into two groups: honey bees only, and other visitors (non- 
honey bees), which were treated as two distinct response variables. 
Landscape context (% NH cover in 1 km buffer), floral planting type 
(simple, diverse and control), floral area, distance from orchard's edge 
and hives index (see below) were fixed effects (Table 1). Recorder, 
orchard identities and date were included as random effects in the 
model, the latter to account for repeated observations. Models were 
specified using all possible combinations of all the explanatory vari-
ables and one interaction between landscape and floral area.

We selected the best models as those with the lowest values of 
Akaike's information criterion (AIC, Burnham & Anderson, 2002). 
For all top performing models (ΔAIC < 2), we calculated model 
averaged estimates and unconditional 95% confidence intervals 
(CI) with multimodel inference (Burnham & Anderson, 2002). 
We standardised all the continuous variables and tested for mul-
ticollinearity (VIF < 2; Graham, 2003). Effects were considered 

significant when the 95% CI for parameter estimates did not over-
lap zero.

To account for excess zeros in non- honey bee visitors, we fitted 
GLMMs, zero- inflated GLMMs, and hurdle models with Poisson and 
negative binomial distributions on the conditional models (Brooks 
et al., 2017). The full zero- inflated GLMMs allows both the condi-
tional and zero- inflation models to differ between fixed factors in-
cluded in each model (Brooks et al., 2017).

The same models were fitted to pan trap data, which also had an 
excess of zeros. We performed two separate analyses on pan trap 
catch data: (a) we used the entire dataset to test differences in all 
insect abundance between orchards and non- crop areas and (b) we 
analysed pan trap catches in the orchards alone to elucidate the ef-
fect of landscape context and floral planting on insect abundance. 
The best models were selected as those with the lowest values of 
AIC (Burnham & Anderson, 2002).

To account for the density of managed beehives (A. mellifera 
capensis) that are placed around orchards during flowering time, we 
used number of hives and their distance from the experimental tran-
sects to calculate a ‘hives index’, using the formula:

where Dj is the hives index, Nj is the number of hives in 1 km radius 
and meandistance2 is the mean distance of the hive to the middle ex-
perimental transect. The hives index was used as a random effect in 
analyses.

We evaluated differences between apple yield (fruit set and fruit 
number) among pollination treatments using binomial and Poisson 
GLMMs, respectively. In all models, the manipulated tree identity 
nested within floral transect nested within orchard, and recorder 
were random effects and pollination treatments were fixed effects. 
Using the same model structure, we also tested the effect of land-
scape context, floral planting, their interaction, and distance from 
orchard's edge on fruit set and fruit number of open pollinated 
branches.

Effect of pollination treatments on apple quality firmness, mass, 
width, starch content (square root transformed) and sugar content 
(square root transformed) was evaluated using linear mixed- effect 
models (LMMs). Pollination manipulation unit (branch end) nested 
within tree nested within orchard were random factors and polli-
nation treatment was the fixed factor (Table 1). Effect of landscape 
context, floral planting, their interaction and distance from orchard's 
edge on fruit quality was tested on apples exposed to normal insect 
activity (open pollination), using LMMs. Post- hoc Tukey tests were 
used to assess differences in yield and quality measures between 
pollination treatments.

Model assumptions were verified by plotting residuals against 
fitted values and for each covariate in the model. Statistical anal-
yses were conducted in R version 3.1.2. (R Core Team, 2019) with 
the packages lme4, mumIn and glmmTmB (Barton, 2011; Bates 
et al., 2015; Brooks et al., 2017).

Dj =
Nj

meandistance
2
,
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3  | RESULTS

3.1 | Flower visitor observations

Overall, we observed 6,039 insect individuals on M. domestica in the 
36 apple orchards for a total of 72 hr. Bees were the most abundant 
visitors: 89% of total visitors were wild/managed honey bees, 1% 
were other bees, 4% were hoverflies, 1% were beetles and 4% lepi-
dopterans. Beehive density was consistent across the experimental 
orchards (0.0011 SE ±0.0002).

Honey bee abundance was positively affected by increasing 
distance from the edge of the field, and with increasing floral 
area between orchards rows (Figure 2A; Table 2). Models showed 
a 15% increase in honey bee abundance for every 1 m2 of flo-
ral cover. Proportion of natural habitat within a 1 km radius did 
not have a significant effect on honey bee abundance (Table 2; 
Table S3). Non- honey bee abundance, however, responded posi-
tively to landscape complexity, increasing sharply by 35% with a 
10% increase in natural habitat within a 1 km radius (Figure 2B; 
Table 3; Table S4).

TA B L E  1   Explanatory variables included in the mixed- effects models with subcategories, which were used as sublevels in the analysis

Explanatory variables Subcategories Details Question addressed

Fixed factors

1. Landscape context Proportion (%) of natural habitat occurring within a 
1 km radius from the orchard

Effect of natural habitat in the surrounding 
landscape on flower visitor abundance and 
consequent fruit yield and quality

2. Floral planting type 3 by 40 m long transects per orchard, each sown 
with three 2m×1m sown plots placed in the 
middle of the orchard's workrow:

Simple = transect with plots sown with Sweet 
Alyssum Lobularia maritima

Diverse = transect with plots sown with a mixture 
of 11 different flower species (Table S1).

Control = unmanipulated control transect with 
plots of grass or typical orchard management

Effect of the type of floral resources within 
orchards on flower visitor abundance and 
consequent fruit yield and quality

3. Floral area Floral cover area in each planted plot, measured 
in m2

Effect of enhanced floral resources within 
orchards on flower visitor abundance and 
consequent fruit yield and quality

4. Distance from 
orchard's edge

Sub- transectA
Sub- transectB
Sub- transectC
Sub- transectD
Sub- transectE

The three experimental transects (2. floral planting 
type) were divided in 8 m long sub- transects 
where A is by the field edge (5 m) and E is in the 
middle of the orchard (40 m)

Flower visitor abundance was collected 
independently in each transect

Edge effect on floral visitation

5. Pollination treatment Bagged
Open
Hand

Open Control = unmanipulated control flower 
buds

Bagged = flower buds covered in 1 mm mesh bags
Hand Pollination = flower buds were hand 

pollinated with pollen collected from the 
orchard's pollinisers

Effect of pollinators on fruit yield and quality

6. Position of 
experimental tree

Edge
Middle
End

Location of the experimental trees along each 
transect

Edge = by the edge of the field
Middle = in the middle of the transect
End = far end of the transect, towards the middle 

of the field
The location of the experimental trees 

corresponded to the position of the three floral 
plots

Effect of distance from orchard's edge on 
fruit set and fruit number of open pollinated 
branches

Random factors

1. Hives index Number of hives/square mean distance from 
experimental transect

2. Date Dates in which data were collected

3. Recorder Recorder's name

5. Tree identity ID number of trees with manipulated branches

6. Orchard identity Name of experimental orchards
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3.2 | Insect assemblage sampling

Pan trap catches comprised Halictidae, Megachilidae and Colletidae 
species belonging to Apidae (A. mellifera capensis 11.7% of total 
catch) and Syrphidae. The model with a significant effect of floral 
area and landscape context best explained the variation of insect 
abundance inside the orchards (Table 4a; Table S5a). Furthermore, 
pan traps inside the orchards had about 43% less insects than those 
in the non- crop area (Table 4b; Figure 2C; Table S5b).

3.3 | Apple fruit yield and quality

A total of 1,680 fruits were collected from the exclusion experiments 
out of a total of 972 manipulated branches. Fruit set depended on 
pollination treatment (χ2 = 151.49, p < 0.001), and the post- hoc 
Tukey test revealed a significant difference between all pollination 
treatments (Figure 3A).

Open pollination conditions resulted in a fruit set of 44% while 
excluded flowers and hand pollinated flowers resulted in a 20% 

F I G U R E  2   Relationship between (A) 
honey bee abundance per transect and 
floral area, (B) non- honey bee abundance 
per transect and landscape context and 
(C) all insect abundance per catch and 
the habitat in which pan traps were 
placed (Work row = inside the orchards, 
Non- crop area = non cultivated area just 
outside the orchard edge). Confidence 
intervals are indicated by the shaded areas

(a)

(b)

(c)

Variable ß SE

95% confidence interval

Lower limit Upper limit

Intercept 1.401 0.227 0.955 1.848

Distance edge 0.067 0.028 0.011 0.124

Floral area 0.143 0.070 0.004 0.282

Flower simple −0.089 0.037 −0.163 −0.016

Flower diverse −0.056 0.097 −0.248 0.135

Landscape 0.213 0.178 −0.136 0.564

Note: Estimates whose unconditional 95% confidence intervals do not overall zero are shown in 
bold.

TA B L E  2   Logged model- averaged 
estimates (β) of explanatory variables with 
unconditional ±SE and 95% unconditional 
confidence intervals for Poisson GLMM 
models explaining the abundance of 
honey bees flower visitors per transect 
in the apple orchards of the CFR, South 
Africa (see Table S3 for all candidate 
models)



     |  7Journal of Applied EcologyRATTO eT Al.

and 49% fruit set, respectively (Figure 3A). Fruit number was sig-
nificantly greater following hand pollination and open pollination 
compared to pollinator exclusion (χ2 = 559.72, p < 0.0001), which 
yielded on average less than one fruit per branch end (0.5 SE ±0.06; 
Figure 3B). Landscape complexity, floral planting and distance from 
orchard edge did not affect the fruit set and fruit number of naturally 
pollinated branches.

Exclusion experiments showed that pollination treatment had a 
significant effect on all quality measures (Table 4). Open pollinated 
apples were on average 8.6% heavier and 4.7% bigger than apples 
from pollinator excluded branches (Figure 3C,D; Table 5). Hand pol-
linated apples had a significantly greater number of seeds than open 
and excluded apples (Figure 3E; Table 5). Sugar content of fruits that 
had been isolated from flower visitors was significantly lower than in 
those under open pollination (Figure 3F) and was below the 11.7% 

threshold for Class 1/2 apples. Finally, open pollinated apples adja-
cent to greater floral area cover were significantly bigger (χ2 = 5.44, 
p = 0.019). We found that apples on trees adjacent to floral plant-
ings were on average 1 mm larger than those with no floral plantings 
nearby, yielding about 10% more Class 1 size apples (≥60 mm).

3.4 | Economic value of pollination services

Fruit number, weight and proportion of Class 1 Golden delicious ap-
ples were substantially higher in the open treatment compared to 
the closed treatment. Gross return of the open treatments increased 
by R170 328 per ha (c. $9,000). This translates into a total added 
gross return across South Africa of R 941 m (c. $50 m). Hand pollina-
tion yielded a potential increase in gross return of approximately R52 
000 (c. $2,800) per ha, suggesting a potential pollination deficit of 
R287 m ($15,200) on a national scale. The increased potential gross 
economic value attributable to floral plantings was calculated to be 
about R4 160 per ha (c. $220).

4  | DISCUSSION

This is the first study to quantify the impact of floral enhancement 
on apple orchard insects and on both yield and quality of this eco-
nomically important crop in South Africa. Our results suggest that 
creating small floral patches in non- productive areas of apple or-
chards can support wild and managed pollinators and increase crop 
quality of adjacent apple flowers. Region- specific studies are vital to 
inform conservation and management strategies, as even the same 
crops may respond differently to farm management in different 
agro- ecological contexts (Kehinde et al., 2018).

Consistent with previous research (Carvalheiro et al., 2012; 
Kennedy et al., 2013), beneficial insects responded positively to ad-
dition of floral resources inside the orchards. This is likely due to 
the additional foraging resources supporting pollinator persistence 
(Roulston & Goodell, 2011). However, in contrast with observa-
tions in other temperate regions (e.g. Garratt, Breeze, et al., 2014; 
Garratt, Truslove, et al., 2014), most visits to apple flowers were 
carried out by the endemic honey bee A. mellifera capensis. This is 
surprising given the great diversity of bee species inhabiting the CFR 
(Kuhlmann, 2005) and that apple flowers in more biodiversity poor 
regions are visited by a wider variety of species (Blitzer et al., 2016; 
Martins et al., 2015). Given that honey bee visits accounted for 
89% of the total visits, wild bees may be affected in their foraging 
behaviour and by the competition with high densities of managed 
honey bees (Mallinger et al., 2017), and be outcompeted on apple 
flowers.

Honey bee abundance was not influenced by the isolation from 
natural habitat in the surrounding landscape. Conceivably, they are 
less dependent on floral and nesting resources in the immediate 
surroundings due to hive supplementation, their relative resilience 
to agricultural intensification and ability to move greater distances 

TA B L E  3   Logged estimates (β), SE and 95% confidence intervals 
of the fixed effects included in the best model (zero- inflated 
Poisson model) explaining the abundance of non- honey bee flower 
visitors per transect in the apple orchards of the CFR, SA (see 
Table S5 for all candidate models)

Variable ß SE

95% confidence 
interval

Lower 
limit Upper limit

Intercept −1.929 0.418 −2.749 −1.109

Landscape 3.000 0.820 1.392 4.607

Distance edge — — — — 

Floral area — — — — 

Note: Estimates whose unconditional 95% confidence intervals do not 
overall zero are shown in bold.

TA B L E  4   Logged estimates (β), SE and 95% confidence intervals 
of the fixed effects included in the best model (Negative binomial, 
ΔAIC < 2), explaining the abundance of beneficial insects in pan 
trap catches across (a) apple orchards and surrounding non- crop; 
and (b) pan trap catches within the orchards in the Cape Floristic 
Region, South Africa (see Table S5 for all candidate models.)

Fixed effect ß SE

95% confidence 
interval

Lower 
limit Upper limit

(a)

Intercept −0.066 0.266 −0.588 0.454

Habitat— orchard −0.575 0.104 −0.780 −0.370

Landscape 1.389 0.569 0.273 2.504

(b)

Intercept −1.12 3.13 −1.74 −0.50

Floral area 4.26 1.64 1.03 7.5

Landscape 2.02 6.89 0.81 3.3

Bold values indicate statistical significance (p < 0.001).
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compared to smaller bees (Kleijn et al., 2015). Conversely, landscape 
complexity was a strong predictor of non- honey bee pollinator abun-
dance on apple flowers, with greater activity in orchards surrounded 
by higher proportions of natural habitat. This is supported by a large 
body of research showing the negative effect of isolation from natural 
habitat on wild pollinators (Garibaldi et al., 2011; Kennedy et al., 2013). 
The steep effect of natural habitat on non- honey bee species within 
the orchards can be explained by their reduced ability to disperse 
due to their smaller body size compared to honey bees (Greenleaf 
et al., 2007). Contrary to the findings of Scheper et al. (2013), we 
found no significant interaction effect between landscape complexity 
and floral enhancement practices. This may be due to a lack of strong 
contrast between our landscape categories with simple and complex 
landscapes following a continuum rather that a defined contrast.

Wild bees in pan traps were positively affected by floral planting 
within orchards. This is consistent with existing evidence that the ef-
fectiveness of practices such as floral enhancement is more strongly 
related to local ecological contrast than landscape context (Marja 
et al., 2019). These enhanced habitats may play a key role as for-
age and refuge resources and support the long- term persistence of 
beneficial insects and the ecosystem services they provide to crops.

Exclusion of flower visitors to apple greatly reduced fruit set 
and number, confirming the high dependence of apple on animal- 
mediated pollination (Garratt, Breeze, et al., 2014; Garratt, Truslove, 
et al., 2014) and providing evidence of the crucial importance of in-
sect pollination for apple production in South Africa. When com-
paring open and pollen supplementation treatments, we found a 
potential pollination deficit in seed number, which is positively re-
lated to other quality measures such as size and shape (Buccheri & 
Vaio, 2005).

We found that insect abundance, but not yield measures, was 
enhanced by floral planting in orchard systems as suggested else-
where (Campbell et al., 2017). This may be because, following flo-
ral enhancement practices, a time lag of two or more years is often 
needed to allow populations of service- providing insects to build 
up before any effect on yield can be detected (Kleijn et al., 2019). 
Despite this, we found that added floral resources within the or-
chards increased apple size even with relatively small- scale floral 
treatments, which has significant consequences for orchard man-
agement. While fruit number and size deficits can be partly managed 
by adjusting the thinning regime, the potential increase in apple size 
may result in a substantial economic return for a relatively low cost. 

F I G U R E  3   Effect of pollination treatment on: (A) apple fruit set per branch; (B) fruit number per branch; (C) fruit weight measured in 
grams; (D) fruit size measured as the maximum length (mm), (E) seed number and (F) percentage of sugar content. The medians, 1st and 3rd 
quartiles for the three treatments are shown. Error bars represent upper and lower quartiles. Mixed- effect models show that pollination 
treatment had a significant effect on all quality measures, different letters above bars represent significant differences

(a) (b)

(c) (d)

(e) (f)
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Multi- year, full orchard- scale experiments are required to assess the 
optimal amount of floral resources needed at orchard level and to 
elucidate the full benefits of enhanced floral resources on measur-
able yield and quality effects.

The lack of landscape effect on the measured production vari-
ables is in keeping with the meta- analysis of Herbertsson et al. (un-
published/under review), who found no clear link between plant 
reproductive success and landscape simplification at a global scale. 
Presumably, a modest effect of landscape complexity on floral visi-
tation is further diluted by a modest level of pollination deficit, pro-
ducing an effect of landscape simplification on reproductive success 
that is too small to be detected.

4.1 | Conservation and management implications

We demonstrate here the ability of added floral resources to en-
hance pollinator activity within apple orchards and increase apple 
size. Yet in- field management practices, including floral enhance-
ment, are often the least preferred by farmers (Kleijn et al., 2019). 
Growers may be reluctant to add floral resources to the orchards 
due to the costs involved and the belief that the coexistence of 
crop and non- crop flowers would lead to competition and reduce 
the efficiency of their pollination investment (M. Addison, pers. 
comm.). This could pose a potential barrier in adopting these 
sustainable practices, which have been demonstrated to be ef-
fective elsewhere in the world for the enhancement of regulat-
ing ecosystem services (Winfree et al., 2007). Here, we found no 
evidence of competition, and the plantings facilitated pollination 
by increasing abundance of beneficial insects inside the orchards. 
Our study provides context- specific evidence against this belief, 
and by disseminating the results to the farming community, it may 
contribute to changing the growers’ attitude to these manage-
ment practices.

Furthermore, our results confirmed the high economic value of 
insect pollination in apple production, as seen in previous studies 
(Garratt, Breeze, et al., 2014; Garratt, Truslove, et al., 2014; Geslin 
et al., 2017) and show a potential gross return attached to floral 
planting of about R4 160 per ha (c. $220). Our estimates are not to be 
taken as a full cost– benefit analysis as they do not take into account 
direct costs such as the cost of establishment and maintenance of 
floral plantings. However, providing estimates of the potential eco-
nomic returns of habitat enhancement practices and the absence of 
risk to production may raise interest among growers and increase 
the adoption of these practices.

Currently, apple production in South Africa is highly dependent 
on managed endemic honey bees, where virtually all orchards are 
supplemented at a density of c. 2 hives per ha (Allsopp et al., 2008). 
This exposes the industry to a substantial risk in a system where 
the bee keeping is already under stress (Pirk et al., 2014). Habitat 
loss caused by climate change, the increasing frequency of fires and 
eucalyptus removal reduces important foraging resources for wild 
and managed bees throughout the year (Adedoja et al., 2019; De 
Lange et al., 2013), and pathogens and diseases are known stressors 
for bee keepers (Allsopp, 2004). Increasing managed pollinator effi-
ciency through the augmentation of in- farm floral resources could 
reduce the number of hives required per unit area of orchard. Thus, 
reducing unsustainable demands on the bee- keeping industry, re-
ducing hive hiring costs and, most importantly, making pollinations 
services more resilient to variable climatic regimes by reducing sys-
tem exposure to future stresses and shocks. Greater insect diversity 
may intensify behavioural interactions between wild and managed 
bees and increase pollination efficiency as in other crop systems 
(Greenleaf & Kremen, 2006). Furthermore, the endemic A. mellifera 
capensis favours many of the local fynbos flowers over apple flowers 
as pollen and nectar sources (Addi et al., 2006), hence enhancing 
orchard floral resources might encourage managed bees to forage in 
orchards for longer instead of moving into the fynbos.

TA B L E  5   Effect of pollination treatment on apple quality measures. Means ± SE, Chi- square and p value were extracted from the linear 
mixed- effects models

Quality measure
Pollinator 
exclusion

Open 
pollination

Hand 
pollination df χ2 p value Significant difference

Width (m) 57.41 ± 0.9 60.10 ± 0.59 60.43 ± 0.58 1672 32.78 <0.0001 Hand > Bagged
Open > Bagged

Mass (g) 92.28 ± 4.1 100.25 ± 2.5 102.6 ± 2.5 1672 16.79 <0.0001 Hand > Bagged
Open > Bagged

Sugar (%) 11.62 ± 0.01 13.69 ± 0.02 11.61 ± 0.02 1672 1,035.2 <0.0001 Hand > Open
Open > Bagged

Starch (%) 24.60 ± 0.22 29.26 ± 0.18 31.47 ± 0.17 1672 14.45 <0.0001 Hand > Bagged
Open > Bagged

Firmness 8.7 ± 0.1 8.38 ± 0.1 8.28 ± 0.1 1672 30.35 <0.0001 Bagged > Hand
Bagged > Open

Seed number 2.17 ± 0.26 3.26 ± 0.24 4.41 ± 0.24 1672 302.82 <0.0001 Hand > Bagged
Open > Bagged
Hand > Open

Number of Locules 5.30 ± 0.07 5.38 ± 0.09 5.28 ± 0.18 1672 6.49 =0.03 Open > Hand
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Ultimately, adopting biodiversity- friendly practices in orchards 
at a landscape level can have the double benefit of contributing to 
increased landscape- scale resilience and connectivity for pollinators 
within the remaining natural habitat (Driscoll et al., 2013) and en-
hancing crop productivity and profitability.

ACKNOWLEDG EMENTS
We thank all growers representatives (Corner Farm, De Rust Estate, 
Dennegeur, Kaapschön, Texel, Thandi, Montieth Trust, Eikenhof, 
Bellview, Oak Valley, Cortina, Moreson Trust, Crookes Brothers, 
Bellview, Green Oaks, Lakeview, Loufontein, Moovwater & Bersdale, 
Cobius Theron, Veybosch, Elands River, Boomerang) and pack 
houses (Fruitways, KROMCO, Two- a- Day), the field and laboratory 
assistants (Jurie Theron, Alheit du Toit, Sthembiso Gumede, Esmarie 
Vivier, Rouxlyn Roux, Marthlin Samuels, Ntambwe A Mayombo, 
Muhammed Nizaar Gardee, Deidré Odendaal, Andrew Jackson, 
Pienaar du Plessis, Karla Haupt, Kelly Vlieghe, Kim Daniels). This 
study was supported by the project Valuing Orchard and Integrated 
Crop Ecosystem Services (VOICES), a BBSRC GCRF Foundations 
award to W.K., M.J.S., R.G., J.S.P. and S.M.S. (Grant number BB/
P023274/1).

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

AUTHORS'  CONTRIBUTIONS
W.K., M.J.S., R.G., J.S.P., S.M.S. and P.S. conceived the research, P.S. 
oversaw the data collection, F.R. analysed the data with input from 
P.S., W.K. and S.M.S.; All authors contributed to ideas and interpre-
tation of results; F.R. led the writing of the manuscript with input 
from all authors. All authors gave final approval for publication.

DATA AVAIL ABILIT Y S TATEMENT
Data available via the Dryad Digital Repository https://doi.
org/10.5061/dryad.jq2bv q890 Ratto et al., 2021

ORCID
Fabrizia Ratto  https://orcid.org/0000-0001-8411-4379 
James Stephen Pryke  https://orcid.org/0000-0003-3148-5744 
Rene Gaigher  https://orcid.org/0000-0003-4100-8634 

R E FE R E N C E S
Addi, A., Phillipson, P., & Hepburn, H. R. (2006). Floral resources of Apis 

mellifera capensis in the fynbos biome in the Eastern Cape Province, 
South Africa. African Entomology, 14(1), 153– 159. Retrieved from 
https://journ als.co.za/conte nt/ento/14/1/EJC32660

Adedoja, O. A., Kehinde, T., & Samways, M. J. (2018). Insect- flower inter-
action networks vary among endemic pollinator taxa over an eleva-
tion gradient. PLoS One, 13(11), 1– 17. https://doi.org/10.1371/journ 
al.pone.0207453

Adedoja, O., Kehinde, T., & Samways, M. J. (2019). Time since fire strongly 
and variously influences anthophilous insects in a fire- prone land-
scape. Ecosphere, 10(9). https://doi.org/10.1002/ecs2.2849

Aizen, M. A., & Harder, L. D. (2009). The global stock of do-
mesticated honey bees is growing slower than agricultural 

demand for pollination. Current Biology, 19(11), 915– 918. https://doi.
org/10.1016/j.cub.2009.03.071

Allsopp, M. (2004). Cape honeybee (Apis mellifera capensis Eshscholtz) 
and varroa mite (Varroa destructor Anderson & Trueman) threats to 
honeybees and beekeeping in Africa. International Journal of Tropical 
Insect Science, 24(01), 87– 94. https://doi.org/10.1079/IJT20041

Allsopp, M. H., de Lange, W. J., & Veldtman, R. (2008). Valuing insect 
pollination services with cost of replacement. PLoS One, 3(9), https://
doi.org/10.1371/journ al.pone.0003128

Arthur, A. D., Li, J., Henry, S., & Cunningham, S. A. (2010). Influence of 
woody vegetation on pollinator densities in oilseed Brassica fields in 
an Australian temperate landscape. Basic and Applied Ecology, 11(5), 
406– 414. https://doi.org/10.1016/j.baae.2010.05.001

Barton, K. (2011). MuMIn: Multi- model inference. R package version 1.0.0. 
Retrieved from https://cran.r- proje ct.org/web/packa ges/MuMIn/ 
index.html

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). lme4: Linear 
mixed- effects models using Eigen and S4. R package version, 1(1– 8).

Blaauw, B. R., & Isaacs, R. (2014). Flower plantings increase wild bee 
abundance and the pollination services provided to a pollination- 
dependent crop. Journal of Applied Ecology, 51(4), 890– 898. https://
doi.org/10.1111/1365- 2664.12257

Blitzer, E. J., Gibbs, J., Park, M. G., & Danforth, B. N. (2016). Pollination 
services for apple are dependent on diverse wild bee communi-
ties. Agriculture, Ecosystems and Environment, 221, 1– 7. https://doi.
org/10.1016/j.agee.2016.01.004

Breeze, T. D., Vaissière, B. E., Bommarco, R., Petanidou, T., Seraphides, 
N., Kozák, L., Scheper, J., Biesmeijer, J. C., Kleijn, D., Gyldenkærne, 
S., Moretti, M., Holzschuh, A., Steffan- Dewenter, I., Stout, J. C., 
Pärtel, M., Zobel, M., & Potts, S. G. (2014). Agricultural policies ex-
acerbate honeybee pollination service supply- demand mismatches 
across Europe. PLoS One, 9(1). https://doi.org/10.1371/journ 
al.pone.0082996

Brooks, M. E., Kristensen, K., van Benthem, K. J., Magnusson, A., Berg, 
C. W., Nielsen, A., Skaug, H. J., Mächler, M., & Bolker, B. M. (2017). 
Modeling zero- inflated count data with glmmTMB. BioRxiv, 132753. 
https://doi.org/10.1101/132753

Buccheri, M., & Vaio, C. D. (2005). Relationship among seed number, 
quality, and calcium content in apple fruits. Journal of Plant Nutrition, 
27(10), 1735– 1746. https://doi.org/10.1081/PLN- 20002 6409

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel 
inference: A practical information- theoretic approach. Springer- Verlag.

Campbell, A. J., Wilby, A., Sutton, P., & Wäckers, F. L. (2017). Do sown 
flower strips boost wild pollinator abundance and pollination ser-
vices in a spring- flowering crop? A case study from UK cider apple or-
chards. Agriculture, Ecosystems and Environment, 239, 20– 29. https://
doi.org/10.1016/j.agee.2017.01.005

Carvalheiro, L. G., Seymour, C. L., Nicolson, S. W., & Veldtman, R. 
(2012). Creating patches of native flowers facilitates crop pol-
lination in large agricultural fields: Mango as a case study. 
Journal of Applied Ecology, 49(6), 1373– 1383. https://doi.
org/10.1111/j.1365- 2664.2012.02217.x

Carvalheiro, L. G., Veldtman, R., Shenkute, A. G., Tesfay, G. B., Pirk, C. 
W. W., Donaldson, J. S., & Nicolson, S. W. (2011). Natural and within- 
farmland biodiversity enhances crop productivity. Ecology Letters, 
14(3), 251– 259. https://doi.org/10.1111/j.1461- 0248.2010.01579.x

Carvell, C., Meek, W. R., Pywell, R. F., & Nowakowski, M. (2004). The 
response of foraging bumblebees to successional change in newly 
created arable field margins. Biological Conservation, 118(3), 327– 339. 
https://doi.org/10.1016/j.biocon.2003.09.012

DEA. (2016). South African National Land Cover (SANLC) 2014 and 2018 
Change Assessment Datasets. Retrieved from https://egis.envir on-
ment.gov.za/sa_natio nal_land_cover_datas ets#

De Lange, W. J., Veldtman, R., & Allsopp, M. H. (2013). Valuation of pol-
linator forage services provided by Eucalyptus cladocalyx. Journal of 

https://doi.org/10.5061/dryad.jq2bvq890
https://doi.org/10.5061/dryad.jq2bvq890
https://orcid.org/0000-0001-8411-4379
https://orcid.org/0000-0001-8411-4379
https://orcid.org/0000-0003-3148-5744
https://orcid.org/0000-0003-3148-5744
https://orcid.org/0000-0003-4100-8634
https://orcid.org/0000-0003-4100-8634
https://journals.co.za/content/ento/14/1/EJC32660
https://doi.org/10.1371/journal.pone.0207453
https://doi.org/10.1371/journal.pone.0207453
https://doi.org/10.1002/ecs2.2849
https://doi.org/10.1016/j.cub.2009.03.071
https://doi.org/10.1016/j.cub.2009.03.071
https://doi.org/10.1079/IJT20041
https://doi.org/10.1371/journal.pone.0003128
https://doi.org/10.1371/journal.pone.0003128
https://doi.org/10.1016/j.baae.2010.05.001
https://cran.r-project.org/web/packages/MuMIn/index.html
https://cran.r-project.org/web/packages/MuMIn/index.html
https://doi.org/10.1111/1365-2664.12257
https://doi.org/10.1111/1365-2664.12257
https://doi.org/10.1016/j.agee.2016.01.004
https://doi.org/10.1016/j.agee.2016.01.004
https://doi.org/10.1371/journal.pone.0082996
https://doi.org/10.1371/journal.pone.0082996
https://doi.org/10.1101/132753
https://doi.org/10.1081/PLN-200026409
https://doi.org/10.1016/j.agee.2017.01.005
https://doi.org/10.1016/j.agee.2017.01.005
https://doi.org/10.1111/j.1365-2664.2012.02217.x
https://doi.org/10.1111/j.1365-2664.2012.02217.x
https://doi.org/10.1111/j.1461-0248.2010.01579.x
https://doi.org/10.1016/j.biocon.2003.09.012
https://egis.environment.gov.za/sa_national_land_cover_datasets#
https://egis.environment.gov.za/sa_national_land_cover_datasets#


     |  11Journal of Applied EcologyRATTO eT Al.

Environmental Management, 125, 12– 18. https://doi.org/10.1016/j.
jenvm an.2013.03.027

Driscoll, D. A., Banks, S. C., Barton, P. S., Lindenmayer, D. B., & Smith, 
A. L. (2013). Conceptual domain of the matrix in fragmented land-
scapes. Trends in Ecology & Evolution, 28(10), 605– 613. https://doi.
org/10.1016/j.tree.2013.06.010

Fitzgerald, J. D., & Solomon, M. G. (2004). Can flowering plants enhance 
numbers of beneficial arthropods in UK apple and pear orchards? 
Biocontrol Science and Technology, 14(3), 291– 300. https://doi.
org/10.1080/09583 15041 00016 65178

García, R. R., & Miñarro, M. (2014). Role of floral resources in the 
conservation of pollinator communities in cider- apple orchards. 
Agriculture, Ecosystems and Environment, 183, 118– 126. https://doi.
org/10.1016/j.agee.2013.10.017

Garibaldi, L. A., Steffan- Dewenter, I., Kremen, C., Morales, J. M., 
Bommarco, R., Cunningham, S. A., Carvalheiro, L. G., Chacoff, N. 
P., Dudenhöffer, J. H., Greenleaf, S. S., Holzschuh, A., Isaacs, R., 
Krewenka, K., Mandelik, Y., Mayfield, M. M., Morandin, L. A., Potts, 
S. G., Ricketts, T. H., Szentgyörgyi, H., … Klein, A. M. (2011). Stability 
of pollination services decreases with isolation from natural areas 
despite honey bee visits. Ecology Letters, 14(10), 1062– 1072. https://
doi.org/10.1111/j.1461- 0248.2011.01669.x

Garratt, M. P. D., Breeze, T. D., Jenner, N., Polce, C., Biesmeijer, J. C., & 
Potts, S. G. (2014). Avoiding a bad apple: Insect pollination enhances 
fruit quality and economic value. Agriculture Ecosystems & Environment, 
184, 34– 40. https://doi.org/10.1016/j.agee.2013.10.032

Garratt, M. P. D., Truslove, C. L., Coston, D. J., Evans, R. L., Moss, E. D., 
Dodson, C. H., Jenner, N., Biesmeijer, J. C., & Potts, S. G. (2014). 
Pollination deficits in UK apple orchards. Journal of Pollination 
Ecology, 12(August, 2013), 9– 14.

Geslin, B., Aizen, M. A., Garcia, N., Pereira, A. J., Vaissière, B. E., & 
Garibaldi, L. A. (2017). The impact of honey bee colony quality 
on crop yield and farmers’ profit in apples and pears. Agriculture, 
Ecosystems & Environment, 248(September 2016), 153– 161. https://
doi.org/10.1016/j.agee.2017.07.035

Goldblatt, P., & Manning, J. (2000). Cape plants. A conspectus of the 
Cape flora of South Africa. Strelitzia, 9, 1– 743.

Gómez, J. M. (2000). Effectiveness of ants as pollinators of Lobularia 
maritima: Effects on main sequential fitness components of the 
host plant. Oecologia, 122(1), 90– 97. https://doi.org/10.1007/PL000 
08840

Graham, M. H. (2003). Confronting multicollinearity in ecological. 
Ecology, 84(11), 2809– 2815.

Grant, P. B. C., & Samways, M. J. (2011). Micro- hotspot determination 
and buffer zone value for Odonata in a globally significant bio-
sphere reserve. Biological Conservation, 144(2), 772– 781. https://doi.
org/10.1016/j.biocon.2010.11.008

Greenleaf, S., & Kremen, C. (2006). Wild bees enhance honey bees’ pol-
lination of hybrid sunflower. Proceedings of the National Academy 
of Sciences of the United States of America, 103(37), 13890– 13895. 
https://doi.org/10.1073/pnas.06009 29103

Greenleaf, S. S., Williams, N. M., Winfree, R., & Kremen, C. (2007). Bee 
foraging ranges and their relationship to body size. Oecologia, 153(3), 
589– 596. https://doi.org/10.1007/s0044 2- 007- 0752- 9

Hortgro. (2018). Key deciduous fruit statistics. Retrieved from https://
www.hortg ro.co.za/marke ts/key- decid uous- fruit - stati stics/

Kehinde, T., & Samways, M. J. (2012). Endemic pollinator response to 
organic vs. conventional farming and landscape context in the 
Cape Floristic Region biodiversity hotspot. Agriculture, Ecosystems 
and Environment, 146(1), 162– 167. https://doi.org/10.1016/j.
agee.2011.10.020

Kehinde, T., von Wehrden, H., Samways, M., Klein, A.- M., & Brittain, C. 
(2018). Organic farming promotes bee abundance in vineyards in 
Italy but not in South Africa. Journal of Insect Conservation, 22(1), 61– 
67. https://doi.org/10.1007/s1084 1- 017- 0038- 4

Kennedy, C. M., Lonsdorf, E., Neel, M. C., Williams, N. M., Ricketts, T. H., 
Winfree, R., Bommarco, R., Brittain, C., Burley, A. L., Cariveau, D., 
Carvalheiro, L. G., Chacoff, N. P., Cunningham, S. A., Danforth, B. N., 
Dudenhöffer, J.- H., Elle, E., Gaines, H. R., Garibaldi, L. A., Gratton, 
C., … Kremen, C. (2013). A global quantitative synthesis of local and 
landscape effects on wild bee pollinators in agroecosystems. Ecology 
Letters, 16(5), 584– 599. https://doi.org/10.1111/ele.12082

Kleijn, D., Bommarco, R., Fijen, T. P. M., Garibaldi, L. A., Potts, S. G., & van 
der Putten, W. H. (2019). Ecological intensification: Bridging the gap 
between science and practice. Trends in Ecology & Evolution, 34(2), 
154– 166. https://doi.org/10.1016/j.tree.2018.11.002

Kleijn, D., Winfree, R., Bartomeus, I., Carvalheiro, L. G., Henry, M., Isaacs, 
R., Klein, A.- M., Kremen, C., M'Gonigle, L. K., Rader, R., Ricketts, T. 
H., Williams, N. M., Lee Adamson, N., Ascher, J. S., Báldi, A., Batáry, 
P., Benjamin, F., Biesmeijer, J. C., Blitzer, E. J., … Potts, S. G. (2015). 
Delivery of crop pollination services is an insufficient argument for 
wild pollinator conservation. Nature Communications, 6(May), 7414. 
https://doi.org/10.1038/ncomm s8414

Klein, A.- M., Vaissière, B. E., Cane, J. H., Steffan- Dewenter, I., 
Cunningham, S. A., Kremen, C., & Tscharntke, T. (2007). Importance 
of pollinators in changing landscapes for world crops. Proceedings of 
the Royal Society B: Biological Sciences, 274(1608), 66, 95– 96, 191. 
https://doi.org/10.1098/rspb.2006.3721.

Kuhlmann, M. (2005). Diversity, distribution patterns and endemism of 
Southern African bees (Hymenoptera: Apoidea). In B. A. Hube, S. 
Bernhard, J. Bradley, & L. Karl- Heinz (Eds.), African biodiversity (pp. 
167– 172). Springer.

Mallinger, R. E., Gaines- Day, H. R., & Gratton, C. (2017). Do managed 
bees have negative effects on wild bees? A systematic review of the 
literature. PLoS One, 12, e0189268. https://doi.org/10.1371/journ 
al.pone.0189268

Marja, R., Kleijn, D., Tscharntke, T., Klein, A. M., Frank, T., & Batáry, P. 
(2019). Effectiveness of agri- environmental management on polli-
nators is moderated more by ecological contrast than by landscape 
structure or land- use intensity. Ecology Letters, 22(9), 1493– 1500. 
https://doi.org/10.1111/ele.13339

Martins, K. T., Gonzalez, A., & Lechowicz, M. J. (2015). Pollination ser-
vices are mediated by bee functional diversity and landscape con-
text. Agriculture, Ecosystems and Environment, 200, 12– 20. https://
doi.org/10.1016/j.agee.2014.10.018

Ollerton, J., Winfree, R., & Tarrant, S. (2011). How many flowering 
plants are pollinated by animals? Oikos, 120(3), 321– 326. https://doi.
org/10.1111/j.1600- 0706.2010.18644.x

Pérez- Méndez, N., Andersson, G. K. S., Requier, F., Hipólito, J., Aizen, M. 
A., Morales, C. L., García, N., Gennari, G. P., & Garibaldi, L. A. (2020). 
The economic cost of losing native pollinator species for orchard 
production. Journal of Applied Ecology, 57(3), 599– 608. https://doi.
org/10.1111/1365- 2664.13561

Pirk, C. W. W., Human, H., Crewe, R. M., & VanEngelsdorp, D. (2014). A 
survey of managed honey bee colony losses in the Republic of South 
Africa -  2009 to 2011. Journal of Apicultural Research, 53(1), 35– 42. 
https://doi.org/10.3896/IBRA.1.53.1.03

Potts, S. G., Biesmeijer, J. C., Kremen, C., Neumann, P., Schweiger, O., & 
Kunin, W. E. (2010). Global pollinator declines: Trends, impacts and 
drivers. Trends in Ecology & Evolution, 25(6), 345– 353. https://doi.
org/10.1016/j.tree.2010.01.007

Potts, S. G., Imperatriz- Fonseca, V., Ngo, H. T., Aizen, M. A., Biesmeijer, 
J. C., Breeze, T. D., Dicks, L. V., Garibaldi, L. A., Hill, R., Settele, J., 
& Vanbergen, A. J. (2016). The assessment report of the intergov-
ernmental science- policy platform on biodiversity and ecosystem 
services on pollinators. Pollination and food production. Nature, 
540(7632), 220– 229. https://doi.org/10.1038/natur e20588

Pywell, R. F., Warman, E. A., Hulmes, L., Hulmes, S., Nuttall, P., Sparks, T. 
H., Critchley, C., & Sherwood, A. (2006). Effectiveness of new agri- 
environment schemes in providing foraging resources for bumblebees 

https://doi.org/10.1016/j.jenvman.2013.03.027
https://doi.org/10.1016/j.jenvman.2013.03.027
https://doi.org/10.1016/j.tree.2013.06.010
https://doi.org/10.1016/j.tree.2013.06.010
https://doi.org/10.1080/09583150410001665178
https://doi.org/10.1080/09583150410001665178
https://doi.org/10.1016/j.agee.2013.10.017
https://doi.org/10.1016/j.agee.2013.10.017
https://doi.org/10.1111/j.1461-0248.2011.01669.x
https://doi.org/10.1111/j.1461-0248.2011.01669.x
https://doi.org/10.1016/j.agee.2013.10.032
https://doi.org/10.1016/j.agee.2017.07.035
https://doi.org/10.1016/j.agee.2017.07.035
https://doi.org/10.1007/PL00008840
https://doi.org/10.1007/PL00008840
https://doi.org/10.1016/j.biocon.2010.11.008
https://doi.org/10.1016/j.biocon.2010.11.008
https://doi.org/10.1073/pnas.0600929103
https://doi.org/10.1007/s00442-007-0752-9
https://www.hortgro.co.za/markets/key-deciduous-fruit-statistics/
https://www.hortgro.co.za/markets/key-deciduous-fruit-statistics/
https://doi.org/10.1016/j.agee.2011.10.020
https://doi.org/10.1016/j.agee.2011.10.020
https://doi.org/10.1007/s10841-017-0038-4
https://doi.org/10.1111/ele.12082
https://doi.org/10.1016/j.tree.2018.11.002
https://doi.org/10.1038/ncomms8414
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1371/journal.pone.0189268
https://doi.org/10.1371/journal.pone.0189268
https://doi.org/10.1111/ele.13339
https://doi.org/10.1016/j.agee.2014.10.018
https://doi.org/10.1016/j.agee.2014.10.018
https://doi.org/10.1111/j.1600-0706.2010.18644.x
https://doi.org/10.1111/j.1600-0706.2010.18644.x
https://doi.org/10.1111/1365-2664.13561
https://doi.org/10.1111/1365-2664.13561
https://doi.org/10.3896/IBRA.1.53.1.03
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1038/nature20588


12  |    Journal of Applied Ecology RATTO eT Al.

in intensively farmed landscapes. Biological Conservation, 129(2), 
192– 206. https://doi.org/10.1016/j.biocon.2005.10.034

R Core Team. (2019). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. Retrieved from https://
www.R- proje ct.org/

Rader, R., Bartomeus, I., Garibaldi, L. A., Garratt, M. P. D., Howlett, B. 
G., Winfree, R., Cunningham, S. A., Mayfield, M. M., Arthur, A. D., 
Andersson, G. K. S., Bommarco, R., Brittain, C., Carvalheiro, L. G., 
Chacoff, N. P., Entling, M. H., Foully, B., Freitas, B. M., Gemmill- 
Herren, B., Ghazoul, J., … Woyciechowski, M. (2016). Non- bee insects 
are important contributors to global crop pollination. Proceedings 
of the National Academy of Sciences of the United States of America, 
113(1), 146– 151. https://doi.org/10.1073/pnas.15170 92112

Ratto, F., Steward, P., Sait, S. M., Pryke, S. J., Gaigher, R., Samways, M. 
J., & Kunin, W. (2021). Data from: Proximity to natural habitat and 
flower plantings increases insect populations and pollination services 
in South African apple orchards. Dryad Digital Repository, https://doi.
org/10.5061/dryad.jq2bv q890

Roulston, T. H., & Goodell, K. (2011). The role of resources and risks in 
regulating wild bee populations. Annual Review of Entomology, 56(1), 
293– 312. https://doi.org/10.1146/annur ev- ento- 12070 9- 144802

Sánchez- Bayo, F., & Wyckhuys, K. A. G. (2019). Worldwide de-
cline of the entomofauna: A review of its drivers. Biological 
Conservation, 232(September 2018), 8– 27. https://doi.org/10.1016/j.
biocon.2019.01.020

Scheper, J., Holzschuh, A., Kuussaari, M., Potts, S. G., Rundlöf, M., Smith, 
H. G., & Kleijn, D. (2013). Environmental factors driving the effec-
tiveness of European agri- environmental measures in mitigating pol-
linator loss: A meta- analysis. Ecology Letters, 16(7), 912– 920. https://
doi.org/10.1111/ele.12128

Seibold, S., Gossner, M. M., Simons, N. K., Blüthgen, N., Ambarl, D., 
Ammer, C., Bauhus, J., Fischer, M., Habel, J. C., Linsenmair, K. E., 
Nauss, T., & Penone, C. (2019). Arthropod decline in grasslands 
and forests is associated with drivers at landscape level. Nature, 
574(February), 1– 34. https://doi.org/10.1038/s4158 6- 019- 1684- 3

Steward, P. R., Shackelford, G., Carvalheiro, L. G., Benton, T. G., Garibaldi, 
L. A., & Sait, S. M. (2014). Pollination and biological control research: 
Are we neglecting two billion smallholders. Agriculture and Food 
Security, 3, 1– 13. https://doi.org/10.1186/2048- 7010- 3- 5

Tscharntke, T., Tylianakis, J. M., Rand, T. A., Didham, R. K., Fahrig, L., 
Batáry, P., Bengtsson, J., Clough, Y., Crist, T. O., Dormann, C. F., 
Ewers, R. M., Fründ, J., Holt, R. D., Holzschuh, A., Klein, A. M., Kleijn, 
D., Kremen, C., Landis, D. A., Laurance, W., … Westphal, C. (2012). 
Landscape moderation of biodiversity patterns and processes 

-  eight hypotheses. Biological Reviews, 87(3), 661– 685. https://doi.
org/10.1111/j.1469- 185X.2011.00216.x

van Schalkwyk, J., Pryke, J. S., Samways, M. J., & Gaigher, R. (2019). 
Complementary and protection value of a Biosphere Reserve buffer 
zone for increasing local representativeness of ground- living arthro-
pods. Biological Conservation, 239(May), https://doi.org/10.1016/j.
biocon.2019.108292. 108292

Vrdoljak, S. M., & Samways, M. J. (2014). Agricultural mosaics main-
tain significant flower and visiting insect biodiversity in a global 
hotspot. Biodiversity and Conservation, 23(1), 133– 148. https://doi.
org/10.1007/s1053 1- 013- 0588- z

WCDA. (2017). CapeFarmMapper 2.0.5 User manual. Retrieved from 
https://gis.elsen burg.com/apps/cfm/docs/CapeF armMa pper%20
2.0.5%20Use r%20Man ual.pdf

Wilson, J. S., Jahner, J. P., Starley, L., Calvin, C. L., Ikerd, H., & Griswold, 
T. (2016). Sampling bee communities using pan traps: Alternative 
methods increase sample size. Journal of Insect Conservation, 20(5), 
919– 922. https://doi.org/10.1007/s1084 1- 016- 9914- 6

Winfree, R., Williams, N. M., Dushoff, J., & Kremen, C. (2007). 
Native bees provide insurance against ongoing honey bee 
losses. Ecology Letters, 10(11), 1105– 1113. https://doi.
org/10.1111/j.1461- 0248.2007.01110.x

Woodcock, B. A., Bullock, J. M., McCracken, M., Chapman, R. E., Ball, S. 
L., Edwards, M. E., Nowakowski, M., & Pywell, R. F. (2016). Spill- over 
of pest control and pollination services into arable crops. Agriculture, 
Ecosystems & Environment, 231, 15– 23. https://doi.org/10.1016/j.
agee.2016.06.023

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Ratto, F., Steward, P., Sait, S. M., 
Pryke, J. S., Gaigher, R., Samways, M. J., & Kunin, W. (2021). 
Proximity to natural habitat and flower plantings increases 
insect populations and pollination services in South African 
apple orchards. Journal of Applied Ecology, 00, 1– 12. https://
doi.org/10.1111/1365- 2664.13984

https://doi.org/10.1016/j.biocon.2005.10.034
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1073/pnas.1517092112
https://doi.org/10.5061/dryad.jq2bvq890
https://doi.org/10.5061/dryad.jq2bvq890
https://doi.org/10.1146/annurev-ento-120709-144802
https://doi.org/10.1016/j.biocon.2019.01.020
https://doi.org/10.1016/j.biocon.2019.01.020
https://doi.org/10.1111/ele.12128
https://doi.org/10.1111/ele.12128
https://doi.org/10.1038/s41586-019-1684-3
https://doi.org/10.1186/2048-7010-3-5
https://doi.org/10.1111/j.1469-185X.2011.00216.x
https://doi.org/10.1111/j.1469-185X.2011.00216.x
https://doi.org/10.1016/j.biocon.2019.108292
https://doi.org/10.1016/j.biocon.2019.108292
https://doi.org/10.1007/s10531-013-0588-z
https://doi.org/10.1007/s10531-013-0588-z
https://gis.elsenburg.com/apps/cfm/docs/CapeFarmMapper 2.0.5 User Manual.pdf
https://gis.elsenburg.com/apps/cfm/docs/CapeFarmMapper 2.0.5 User Manual.pdf
https://doi.org/10.1007/s10841-016-9914-6
https://doi.org/10.1111/j.1461-0248.2007.01110.x
https://doi.org/10.1111/j.1461-0248.2007.01110.x
https://doi.org/10.1016/j.agee.2016.06.023
https://doi.org/10.1016/j.agee.2016.06.023
https://doi.org/10.1111/1365-2664.13984
https://doi.org/10.1111/1365-2664.13984

