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A B S T R A C T   

Protective crop covers are used extensively to protect high-value crops from bird and hail damage, however, 
these structures may present challenges for honey bees (Apis mellifera L.), the main pollinators in these systems. 
Some studies have indicated that protective covers result in declines in colony size and resource storage, but few 
replicated field trials exist. To determine the impact of protective cropping structures on honey bee brood 
production and resource storage, 14 honey bee colonies were placed inside and outside of protective covers on 
four blueberry (Vaccinium corymbosum and V. virgatum) farms in northern New South Wales, Australia. We 
measured changes in brood production, pollen and honey storage, hive weight and ambient hive temperature 
fortnightly over a 12-week period. Brood production, pollen and honey storage, and hive weight all displayed 
greater reductions within four weeks of placement under net cover, compared to hives outside of net cover. 
Although brood and honey metrics gradually increased in all hives during the remainder of the 12-week 
monitoring period, hives located under protective netting had relatively smaller gains in brood production 
and pollen storage when compared to hives located outside the protective covering. Hives under protective 
netting that were in the shade and/or whose entrances were facing south were most impacted by the end of the 
monitoring period. Our findings highlight the need for protected crop management strategies to consider 
pollinator health as well as crop pollination needs so that both bee health and pollination services are maintained 
in these systems.   

1. Introduction 

High-value crops such as winter and spring fruiting blueberries 
(Southern highbush (V. corymbosum) and rabbiteye (V. virgatum) are 
commonly grown under netting or semi-transparent covers, which in 
addition to excluding many pests, improves the growing environment 
for increased crop yield and quality (Candian et al., 2019; Hall et al., 
2020). Although blueberries are self-pollinating, greater fruit set and 
quality is achieved when cross pollinated by insects (Cook et al., 2020; 
Kendall et al., 2020), and the inclusion of managed pollinating insects 
within these enclosures is generally required. Protective covers can alter 
light spectrum and intensity, temperature, air movement, and alter the 
visual cues that bees use to navigate when foraging (Collett et al., 2013; 
Evans et al., 2019; Hall et al., 2020). These conditions may influence 
honey bee foraging behaviour, access to resources and colony viability. 

European honey bees (Apis mellifera) are the most commonly used 

insects for pollination in protected agriculture in Australia (AgriFutures 
Australia, 2020). Several morphological and behavioural characteristics 
contribute to honey bee pollination efficiency including a hairy body 
and legs, specialised mouth parts, generalist foraging behaviour and the 
social practice of colony dwelling, unlike the majority of Australian 
native bees (Winston, 1987; Heard, 2016). Managed bees and some flies 
are commonly and effectively used to deliver pollination services to 
protected crops (Howlett, 2012; Dag, 2015; Strange, 2015; Cutting, 
2018; Silva-Neto et al., 2018) however, conditions for optimal foraging 
activity vary greatly amongst insect species (Kendall et al., 2021). 
Bumble bees (Bombus terrestris) and some fly species (Calliphora vicina) 
perform well in cooler conditions (optimal foraging range of <24 to 
<20 ◦C). Activity in cooler conditions may be compatible with some 
winter flowering crops such as blueberry, but these taxa are either not 
present (i.e. Bombus) or present in low numbers (many of the candidate 
fly taxa), in north-eastern Australia (Kendall et al., 2021). Although 
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stingless bees (Tetragonula carbonaria) are present in the blueberry 
growing regions of north-eastern Australia, optimal foraging occurs at 
29–31 ◦C, rendering this species less suitable for winter flowering crops 
(Greco et al., 2011). As a result, honey bees are relied upon to provide 
pollination services for winter flowering blueberries, despite foraging 
conditions being less than ideal (Kendall et al., 2021). 

Brood production and resource storage, and consequently colony 
size, are anecdotally reported to decline under nets on blueberry farms 
(Bee Aware, 2014). To our knowledge, little replicated research has been 
reported on colony health under protected cropping conditions on 
blueberry farms in Australia or globally. Although honey bee health and 
pollination under protected and enclosed environments has recently 
been reviewed and recommendations made to improve pollinator effi
ciency and health, enclosed blueberry crops were not assessed (Hort 
Innovation Australia Limited, 2022). However, research regarding pol
len flow in netted blueberry crops shows a lower diversity of pollen 
deposition on blueberry stigmas under nets, suggesting a reduced di
versity of nutritional resources available to bees in this environment, 
with potential impacts on bee health (Santos et al., 2023). Bees are 
already under threat due to numerous stressors including reduced re
sources from intensive agriculture, and the addition of protective nets 
may amplify the existing threats (Belsky and Joshi, 2020; Sharma et al., 
2020; Willcox et al., 2023). 

Here, we assessed the weight, temperature, colony development and 
resource storage of 14 honey bee colonies on blueberry farms of 
northern New South Wales, Australia. The aim of this study was to 
determine the extent to which protective netting (i.e. anti-bird and anti- 
hail) conditions impact (i) honey bee access to resources, and (ii) honey 
bee colony performance. 

2. Methods 

Southern highbush (V. corymbosum) and rabbiteye (V. virgatum) 
blueberries are grown on over 300 farms throughout Australia, 
excluding the Northern Territory, with the majority located on the New 
South Wales (NSW) north coast. An estimated 23,452 tonnes of blue
berries were produced in Australia during 2020/21, valued at $411.2 M 
(Hort Innovation, 2023). Cultivars grown on the NSW north coast 
include “cultivars: ‘C99–42’ (patented, US20100043109), ‘Snowchaser’ 
(patented US20080196128), ‘Ridley 1111’ (patented, US20110185459) 
and ‘OB1’ and ‘Brightwell’, with most farms growing a combination of 
cultivars to ensure berry production throughout the year (Plant Health 
Australia, 2020). Blueberry crops are usually grown in blocks under 
anti-bird or anti-hail netting, or polythene protected tunnels (Hall et al., 
2020). Winter and spring fruiting blueberry crops are high value and are 
usually grown under protective covers, requiring the inclusion of honey 
bee colonies for pollination from March to October (NSW Department of 
Primary Industries, 2015). In NSW, honey bee colonies are usually 
introduced in March with an initial stocking rate of approximately 2 
hives per hectare at 5% of peak crop bloom, and increasing to approx
imately 10 hives per hectare at the peak of the flowering season, from 
May to September (Goodwin, 2012; Hort Innovation, 2023). 

This study was conducted at four commercial blueberry farms situ
ated on the Mid North Coast of New South Wales, Australia: central Coffs 
Harbour (30◦18′08″S 153◦07′08″E) (n = 1), Macksville (-30◦ 42’ 28.08’’ 
N and 152◦ 55’ 13.044 E) (n = 1), and Woolgoolga (30◦07′S 153◦12′E) (n 
= 2) during the blueberry flowering period from mid May to late August 
2020. A total of 14 bee hives were sampled, including seven under and 
seven outside nets (Table A.1). Sampling occurred prior to hive place
ment on the farm, then fortnightly from late May to late August 2020, 
and involved photographing each frame in the brood box, and recording 
the weight of the hive and the ambient temperature at the hive location. 
Langstroth bee hives were used in the study with a single brood box 
containing between 8 and 10 frames, and a honey super (i.e. box for 
storage of honey). Prior to the commencement of the experiment the bee 
hives had been on a native forest site for approximately three months. At 

placement on the farms, all bee colonies were comparable regarding the 
age of the queen bees, number of bees and frames, health, and the honey 
supers were empty. No supplementary feeding occurred on the blue
berry farms. The weather during the study period was unusually cool 
(daily mean 20.6 ◦C) with higher than average winter rainfall (monthly 
mean 76.4 mm) (Australian Government Bureau of Meteorology, 2020). 
Floral surveys were conducted of the vegetation under net cover and the 
vegetation surrounding the farms during the study period. 

2.1. Farm and surrounding vegetation 

Blueberry varieties grown on the farms in this study are cultivars: 
‘C99–42’ (patented, US20100043109), ‘Snowchaser’ (patented 
US20080196128), ‘Ridley 1111’ (patented, US20110185459), ‘OB1’ 
and the Rabbiteye variety “Brightwell”. In these systems, blueberry 
bushes are grown in row formation approximately 3 m apart with 
approximately 3–4 m at the end of the rows to allow farm machinery to 
drive through and around the rows. At the time of data collection only 
the Southern Highbush varieties were flowering. Several exotic herba
ceous plants with pollen and nectar known to be attractive to honey bees 
were also observed under the nets (Table A.2) (Somerville, 2019). 
Additional floral resources surrounding the farms consisted of native 
and exotic herbaceous plants, shrubs, vines and trees (Table A.2), the 
majority of which possess pollen and nectar attractive to honey bees 
(Somerville, 2019). 

2.2. Netted enclosures 

Netted enclosures were already established on the farms and were 
constructed of wooden poles approximately 4–6 m high over which anti- 
bird netting was stretched to create a taut canopy, extending down the 
sides (Fig. 1a). Entry into the enclosure was through a removable section 
of anti-bird netting. The enclosure space varied between 22744 and 
318732 m3 (Table A.3) and was located on sloping ground. Anti-hail 
netting had been placed on top of three enclosures, in the place of 
anti-bird netting, which resulted in anti-hail netting on the top of those 
enclosures and anti-bird netting on the sides (Table A.1). Anti-bird and 
anti-hail netting was comprised of black or white nylon mesh with 18 
×18 mm and ≤ 8 ×8 mm holes, respectively in a grid pattern (Fig. 1b; 
1c). 

2.3. Hive location 

Bee hives were placed in pairs, one hive inside and the other hive 
outside the net, with attempts made to match the aspect (i.e. hillside or 
valley) on each farm as closely as practicable (Table A.3). Due to plant 
row formation and/or terrain it was not always possible to place the 
hives close together (i.e. one outside and one under net cover) or to place 
the hive under net cover with the entrance facing east or north or to 
receive all day sunlight (Table A.3) (Root, 1978). This resulted in only 
two hives under net cover being placed with the entrance facing 
north/north east and the remaining facing south or west (Table A.3). All 
hives outside net cover were placed with the entrance facing north/
north east and in all day sunlight. 

2.4. Sampling method 

Honey bee access to outside resources was assessed by visual 
observation of individual honey bee foragers exiting the hive and 
immediately attempting to leave the netted area (i.e. nets at the top or 
the side of the enclosure). Upon the forager arrival at the net, the time of 
exit for each bee was recorded using a stopwatch. All net rebounds were 
recorded until the bee was either lost from sight (within the crop or 
simply lost), successfully passed through the net, or abandoned the exit 
attempt. This was conducted on nine days between March and June 
2020 on a total of 21 hives randomly selected within netted blocks 
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across the farm sites. A maximum of 20 bees were recorded from a hive, 
and each hive was assessed once. 

To evaluate variations in resource storage and brood development, 
photographs were taken fortnightly of each side of every frame in the 
brood box. Each photograph was assessed using a grid divided into 15 
equal sections, to allow clear identification of brood area changes 
(Fig. 2). Larvae and capped pupae (without pierced capping) were 
considered the best indication of emerging adults and successful brood 
development (Winston, 1987). Brood data was collected by counting the 
number of cells containing larvae and pupae in each grid section and 
adding the grid counts together to obtain a total number for each frame. 
The total number of cells containing larvae and pupae were divided by 
the total number of cells to obtain a proportion. Stored honey and pollen 
were assessed by the same method. BroodMinder™ (Stoughton, USA) 
weight and temperature sensors were placed under the hive box to re
cord weight and ambient hive temperature on an hourly basis. Hive 
weight and temperature data was processed using the mean value for 
each 24-hour period. When analysing hive weight and temperature, 
brood and resource storage metric data collection days were excluded 
from analysis owing to the temporary weight and temperature changes 
associated with the physical manipulation of hives for monitoring 
purposes. 

At the completion of the study period, brood, honey and pollen in
crease or decline in each hive was calculated by comparison of final and 
initial data. Hive orientation, i.e. the cardinal direction that the entrance 
faced, was recorded for each hive. The distance from the closest edge of 
the net to the hive and the total area under the netted area were also 
recorded for hives located under crop covers. 

2.5. Statistical analysis 

We evaluated the effect of protective covers on the ability of bees to 
manoeuvre through anti-hail and anti-bird netting by measuring the 
number of times bees rebounded when contacting anti-hail or anti-bird 
netting. This metric could only be measured under anti-hail or anti-bird 
netting because the metrics of assessment only applied to the netted 
environment. The control group, i.e. hives outside the netted environ
ment, would have recorded 0 for all metrics, rendering statistical anal
ysis invalid. 

To test the effect of anti-hail or anti-bird netting on the time period 
and the number of times that the bee rebounded from the net when 
attempting to exit the protected cover generalised linear mixed effects 
models (GLMMs) were constructed using the “fitTMB” function in the 
glmmTMB package in R (Brooks et al., 2017; Harrison et al., 2018; R Core 
Team, 2021). We fitted the GLMMS using a poisson distribution, unless 
the data was overdispersed, in which case we used a negative binomial 
distribution. 

We examined the effect of netting on bee ability to exit the netted 
enclosures by conducting three separate GLMMs using the response 
variables number of rebounds, exit time (seconds), and exit success (yes 
or no). The same fixed effect (net type) was used for all three models. 
Variation due to location in the response metrics were accounted for by 
nesting the farm location as a random effect. Post-hoc comparisons were 
undertaken using Tukey’s comparisons via the emmeans package (Lenth 
et al., 2023). 

To test the effect of anti-hail or anti-bird netting on bee hive metrics, 
GLMMs in R were also used as above, with a beta distribution and the 
same approach to dispersion and assumption checking (Brooks et al., 
2017; Harrison et al., 2018; R Core Team, 2021). The effect of netting on 
brood development and pollen and honey storage was determined by the 
fixed effect of net (i.e. with net or without net) with the response vari
ables of the proportion of larvae, pupae, pollen and honey. Variation due 
to location in the response metrics were accounted for by nesting indi
vidual hives as a random effect. Variability in the responses among 
weeks were accounted for by nesting the individual hive identifier, hive 
size (i.e. number of frames in brood box), net, and week as random ef
fects. Post-hoc comparisons were undertaken for pollen storage using 
Tukey’s comparisons via the emmeans package (Lenth et al., 2023). No 
post-hoc comparison was undertaken for larvae, pupae and honey due to 
no significant differences being identified. 

Due to variation in the number of frames per hive and the duration of 
hive placement on farms, we assessed the effect of netting and temper
ature on final hive weight by comparing the percentage weight change 
for each hive from the start until the conclusion of monitoring. Per
centage weight change was used as the response variable with the net (i. 
e. with net or without net) and its interaction with mean temperature as 

Fig. 1. a. Netted blueberry crop at Coffs Harbour with anti-hail net roof and anti-bird net sides; b. Anti-bird netting with 18 ×18 mm holes; c. Anti-hail netting with 
≤ 8 ×8 mm holes. 

Fig. 2. Illustration of brood frame, with grid used to assess the number of cells 
containing larvae (light grey-coloured), capped pupae (dark grey-coloured), 
stored pollen (orange-coloured) and capped honey (yellow-coloured). 
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the explanatory variables. Where the interaction between net and mean 
temperature was not significant an additive model was fitted, using two- 
way analysis of variance (ANOVA). Model assumptions were checked as 
appropriate, for all metrics analysed. All analyses were carried out in R 
4.2.2 (R Core Team, 2021) and RStudio 2022.12.0 (RStudio Team, 
2020). 

Hive location, i.e. placement on farm regarding aspect and cardinal 
direction of the entrance, was not analysed because not all paired hives 
faced the same cardinal direction. The space under the nets and the 
distance from the edge of the net to the hive location were not analysed 
due to the great variation that occurred for these measurements. 

3. Results 

3.1. Access to outside resources 

Forager bees attempting to leave the netted area took significantly 
longer (estimate = 0.43, Standard Error (SE) = 0.11, p = 0.0001) to pass 
through anti-hail net (Mean (M) = 12.65, SE = 1.11 sec) than through 
anti-bird net (M = 9.08, SE = 0.56 sec) (Fig. 3; Appendix Output 1). Bees 
contacted and rebounded from the net on significantly more occasions 
(estimate = 0.76, SE = 0.16, p =<0.0001) when exiting anti-hail netting 
(M = 8.98, SE = 1.31) when compared to anti-bird netting (M = 4.60, SE 
= 0.38) (Fig. 3; Appendix Output 1). Bee success in exiting anti-hail 
netting (M = 31.46, SE = 0.05 %) was significantly less (estimate =
0.35, SE = 0.12, p = 0.004) than bee success in exiting the anti-bird 
netting (M = 50.73, SE = 0.03 %) (Fig. 2; Appendix Output 1). These 
results indicate a trend of increased time and attempts, with decreased 
exit success with anti-hail netting, when compared to anti-bird netting. 

3.2. Brood response metrics 

Although a greater mean proportion of larvae and pupae was 
observed in hives with no net cover when compared to hives with net 
cover, the difference was not significant, regardless of the week of the 
study (Fig. 4; Tables A.4; A.5; Fig A; Appendix Output 2). 

3.3. Resource storage metrics 

From hive establishment in blueberry orchards, the mean change in 
the proportion of pollen stored in bee hives both under nets and outside 
of the nets initially decreased. However, by week 9 of the study, the 
hives with no net cover contained significantly (p = 0.0019) greater 
proportion of stored pollen (M = 1.51, SE = 2.09 %) than the hives with 
net cover (M = 0.42, SE = 0.42 %) (Fig A.1; Appendix Output 2). By 
week 11 of the study period, the proportion of stored pollen in hives with 

no net cover (M = 2.33, SE = 4.38 %) was also significantly greater (p =
<0.0001) than in hives with net cover (M = − 0.12, SE = 0.90 %) (Fig. 5; 
Appendix Output 2). Overall, a significant greater (estimate = 0.51, SE 
= 0.22, p = 0.02,) proportion of pollen was stored in hives without net 
cover than in hives with net cover. 

Although the mean proportion of stored honey decreased in all hives 
regardless of net cover, the greatest mean decrease occurred in the hives 
with no net cover, but this change was not significant (Tables A.4; A.5). 

3.4. Weight and temperature metrics 

Placement of bee hives under net cover resulted in a significant 
decrease in bee hive weight (F(1, 8) = 26.92, estimate = − 30.48, SE =
6.18, p = 0.0008; Fig. 6, Fig A.2; Table A.6; Appendix Output 3). The 
decrease occurred from week 3 and the overall mean hive weight 
decreased by − 17.1 (SE = 5.21) %. However, hives without net cover 
increased mean weight by 13.4 (SE = 2.49) % by week 11 (hive obser
vation event 5) of the study period (Fig A.2; Table A.6). By week 11 of 
the study, there was a mean difference of 30.5 (SE = 6.18) % between 
the weight of hives under and outside of net cover. No significant effect 
was found for mean ambient temperature in explaining hive weight 
changes (F(1, 8) = 1.95, estimate = − 0.59, SE = 0.61, p = 0.34; Fig A.3; 
Appendix Output 4), even though mean daily ambient hive temperature 
was lower for hives with net cover (M = 16.56, SE = 0.61 ◦C) than for 
hives without net cover (M = 17.15, SE = 0.45 ◦C). No significant 

Fig. 3. Bee exit time (mean seconds), rebound incidents (mean number) and 
percentage of bees that successfully exited the netted environment. The number 
of bees in sample is shown as n. Significance is denoted by different letters (i.e. 
a and b) and p < 0.05. Error bars represent standard error. 

Fig. 4. Total mean change in the proportion (%) of larvae and pupae in bee 
hives without net cover and under net cover during the study period. Number of 
hives in sample is shown as n. Significance is denoted by different letters and p 
< 0.05. Error bars represent standard error. 

Fig. 5. Mean change in the proportion of stored pollen in bee hives located 
without net cover and under net cover during each observation period of the 
study period. The number of hives in sample is shown as n. Significance is 
denoted by different letters (i.e. a, b and c) and p < 0.05. Error bars represent 
standard error. 
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interactions were found for hive weight change between net and 
ambient mean temperature explanatory variables. 

4. Discussion 

In this study, we found that anti-hail and anti-bird netting adversely 
impacted honey bee access to outside resources, was detrimental to 
colony performance, and reduced hive weight, thereby filling a knowl
edge gap regarding the long term viability of colonies in this environ
ment. Although floral resources were available under the nets, some 
forager bees sought resources outside nets. The process of trying to exit 
the net cover resulted in bees contacting the net and rebounding. This 
behaviour, particularly in response to anti-hail netting, was time 
consuming as it took bees longer to exit anti-hail net relative to anti-bird 
netting and some bees were unable to exit the nets, likely due to the 
smaller hole size. This extra activity is likely energy consuming, and 
potentially damages the bee’s wings (Visscher and Dukas, 1997; Dukas 
and Dukas, 2011). Further, as honey bee workers undergo a range of 
physiological changes to switch from hive duties to foraging at 
approximately 25 days of age (Seeley, 1982; Winston, 1987; Page and 
Fondrk, 1995), the longer time away and/or failure to return by a large 
proportion of forager bees will result in underage bees taking on the 
activity, depleting the hive of bees available for brood care, hive 
maintenance and temperature control activities (Winston, 1987; Eckert 
et al., 1994). Forager bees that remained in the netted enclosure are 
required to forage in challenging conditions due to the height of the 
blueberry plants (i.e. touching the roof in some enclosures), which limits 
the space available for the bees to fly over the rows for flower detection 
and navigation (Burnett et al., 2022). Additionally, anti-bird and 
anti-hail netting can alter visual cues such as the quality of sunlight and 
transmission of ultraviolet light that bees require for foraging (do 
Amarante et al., 2011; Evans et al., 2019). 

Our findings build upon research by Evans et al. (2019) who assessed 
the performance of honey bee colonies in kiwifruit (Actinidia chinensis 
var. chinensis “Zesy002”; commonly known as Gold kiwifruit) orchards, 
under and outside of protective nets. An acute loss of forager bees and 
changes in forager behaviour occurred under net cover and bees were 
roughly three times less likely to return after their first trip outside the 
hive. Consequently, the number of adult bees in hives under nets rapidly 
declined, with colonies losing on average 1057, SE = 274 of their bees in 
under two weeks, compared to an average gain of 117, SE = 422 bees in 
uncovered orchards over the same period (Evans et al., 2019). Kiwifruit 

flowers are recognised as unattractive to bees and lack nectar, unlike 
blueberry flowers which contain nectar attractive to bees (Małgorzata, 
2021), but do contain comparable crude pollen of 14 % to blueberry 
13.9 %, with both lacking an essential amino acid (Clark and Lintas, 
1992; Somerville, 2005; Goodwin et al., 2013). 

Honey bee colony brood production is influenced by numerous fac
tors including feedback from foragers regarding the abundance and di
versity of resources (Di Pasquale et al., 2016). Limited diversity of 
resources under the nets and the potential loss of forager bees, may 
diminish the hive population through a combination of perceived dearth 
of resources, starvation and brood death (Winston, 1987; Evans et al., 
2019). Nutritionally stressed honey bees produce less royal jelly of 
poorer quality, which further diminishes the colony through reduced 
larval and pupal survival (Winston, 1987; Meikle et al., 2020). All of 
these factors may explain the decrease, although not significant, in the 
proportion of larvae produced, and survival of that larvae to the pupae 
stage, in the hives established under nets on blueberry orchards. Sig
nificant increases or decreases in brood production may have occurred 
with a larger sample size and over a long study period, and the trend we 
observed suggests that a decline would occur. The production and sur
vival of fewer larvae under nets would result in fewer nurse bees 
emerging, and over time further reduce colony size. 

We also found a trend of reduced storage of pollen in the bee hives 
under net cover, particularly in the later weeks of the study, and sur
prisingly, a trend, although not significant, of greater honey storage in 
the hives under net cover. The primary floral resource available to the 
bee under nets were Southern Highbush (V. corymbosum) varieties which 
provide nectar and low-protein pollen (Somerville, 2019). Previous 
research indicates that honey bees will predominantly forage for nectar 
on highbush blueberry and collect minimal pollen (Dogterom and 
Winston, 1999; Bobiwash et al., 2018). Although not confirmed, our 
finding of reduced pollen and increased honey storage in hives under 
nets was potentially due to the bees preferentially foraging for nectar, 
rather than pollen, when provided primarily with blueberry flowers. 
However, the hives outside of the net cover had limited access to blue
berry but unrestricted access to a wide range of floral resources, 
particularly later in the study when more plants were flowering, 
including high-quality pollen sources (Table A.2) and this may explain 
the increased pollen storage (Dogterom and Winston, 1999; Bobiwash 
et al., 2018). 

Hive weight was negatively impacted by net cover despite an in
crease in honey storage observed by the end of the study period. In 
contrast, hives with no net cover gained weight through the study period 
even though honey stores decreased. The reduced honey storage in hives 
with no net cover is surprising, but it is important to consider the 
simultaneous increase in brood production and larval survival that 
consequently increased colony mass, requiring resources during the 
unusually cool and wet winter period (Huang, 2010; van der Zee et al., 
2015; Stabentheiner et al., 2021). 

Limitations to our study included variation regarding hive size (i.e. 
number of frames), and farm size, aspect and topography, vegetation 
abundance and density both on and off the farm, and climate, despite 
close geographic location. Hive location regarding the cardinal direction 
of the hive entrance, the number of hours of sunlight on each hive and 
hive aspect (i.e. whether the hive was located in a gully or on the top or 
side of a hill), also varied due to farm management circumstances 
outside of our control. Although no discernible pattern was observed 
regarding any correlation to the metrics previously described, 3 (out of 
7) hives under net cover were either partially shaded or fully shaded by 
plants for periods throughout the day and 2 of these hives displayed the 
greatest decline in all metrics. While we aimed to standardize the 
management conditions on each farm, the study was conducted on 
different, commercial farms, hence plant size and planting formation 
under the nets varied considerably. For example, the farms varied in the 
distance between blueberry plant height and net cover. Although such 
variations are representative of real conditions under which pollination 

Fig. 6. Mean weight change (%) in bee hives with net (n = 6) and no net cover 
(n = 5) on blueberry farms. Mean weight change for individual hives are dis
played as an unfilled circle on the plot (not all individual hives appear on plot 
due to overlapping of some recorded weights). Weight for one hive under and 
two hives outside net cover were excluded due to technical issues with the 
BroodMinder™ sensors. The number of hives in sample is shown as n. Signifi
cance is denoted by different letters (i.e. a and b) and p < 0.05. Error bars 
represent standard error. 
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by managed honey bees commonly occurs, maintaining uniform con
ditions outside and under net cover would enhance accuracy of results. 

5. Conclusion 

This study shows that the performance and long term viability of bee 
colonies is compromised by protective netting environments. Bees take 
more time to exit netting and hence have less time to forage and this is 
impacting brood metrics. Additionally, the protected cropping envi
ronment can exacerbate the effect of challenging weather conditions on 
brood production, and the anticipated increase of extreme weather 
events due to climate change may emphasise this vulnerability. Our 
findings highlight the need for crop management strategies to consider 
pollinator resilience and ensure that colony strength and pollination 
services can be maintained in these systems. Stronger bee colonies will 
provide more effective pollination services which is an asset for growers 
and consumers and in the longer term, supports food security. 
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Skaug, H.J., Mächler, M., Bolker, B.M., 2017. glmmTMB balances speed and 
flexibility among packages for zero-inflated generalized linear mixed modeling. R. J. 
9, 378. 

Burnett, N.P., Badger, M.A., Combes, S.A., 2022. Wind and route choice affect 
performance of bees flying above versus within a cluttered obstacle field. PLoS One 
17, e0265911. 

Candian, V., Pansa, M.G., Santoro, K., Spadaro, D., Tavella, L., Tedeschi, R., 2019. 
Photoselective exclusion netting in apple orchards: effectiveness against pests and 
impact on beneficial arthropods, fungal diseases and fruit quality. Pest Manag Sci. 
Chichester. UK: Wiley, Chichester, UK, pp. 179–187. 

Clark, C.J., Lintas, C., 1992. Chemical composition of pollen from kiwifruit vines. N. Z. J. 
Crop Hortic. Sci. 20, 337–344. 

Collett, M., Chittka, L., Collett, T.S., 2013. Spatial memory in insect navigation. Curr. 
Biol. 23, R789–R800. 

Cook, D.F., Deyl, R.A., Mickan, B.S., Howse, E.T., 2020. Yield of southern highbush 
blueberry (Vaccinium corymbosum) using the fly Calliphora albifrontalis (Diptera: 
Calliphoridae) as a pollinator. Aust. J. Entomol. 59 (2), 345–352. https://doi.org/ 
10.1111/aen.12455. 

Core Team, R., 2021. Vienna: R foundation for statistical computing, Vienna, Austria. R: 
A Lang. Environ. Stat. Comput. 

Cutting, B.T., 2018. Managed bumble bees are viable as pollinators in netted kiwifruit 
orchards. N. Z. Plant Prot. 71, 214–220. 

Dag, A., 2015. Bee pollination of crop plants under environmental conditions unique to 
enclosures. J. Apic. Res. 47, 162–165. 

van der Zee, R., Gray, A., Pisa, L., de Rijk, T., 2015. An observational study of honey bee 
colony winter losses and their association with varroa destructor, neonicotinoids and 
other risk factors. PLoS One 10, e0131611. 

Di Pasquale, G., Alaux, C., Le Conte, Y., Odoux, J.-F., Pioz, M., Vaissière, B.E., 
Belzunces, L.P., decourtye, A., 2016. Variations in the availability of pollen resources 
affect honey bee health. PloS One 11 e0162818-e0162818.  

Dogterom, M.H., Winston, M.L., 1999. Pollen storage and foraging by honey bees 
(Hymenoptera:Apidae) in Highbush Blueberries (Ericaceae), cultivar "Bluecrop". Can. 
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