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Abstract

Almond is one of the world’s most economically valuable crops and many varieties require cross pollination for optimal fruit
set. For this reason, western honey bee (Apis mellifera L.) hives are often placed in almond orchards. However, little is known
about the usage of almond and other pollen sources by individual hives during almond bloom. Here, we investigated the timing,
identity and quantity of pollen collection associated with almond floral abundance and spatial location of individual hives by
sampling 440 individual pollen tray samples and counting 45,072 pollen grains from 13,200 pollen pellets collected from 80
individual hives across the flowering season in Victoria, south-eastern Australia. A large proportion of hives collected non-
almond pollen in addition to almond pollen (63/80 = 79%). The weight of almond pollen collected by the hives at each sam-
pling time was positively related to the number of concurrently open almond flowers. However, non-almond pollen richness
and abundance was not related to the number of almond flowers but had a positive relationship with the weight of almond pol-
len collected. There was no relationship between the distance among hives and identity of pollen collected. Yet, three plant
families in the study area were found to account for a high percentage of the non-almond pollen collected, Euphorbiaceae,
Fabaceae and Asteraceae. Understanding crop and non-crop pollen collection could inform honey bee diet needs and identify
the plant species of importance to inform best practice bee management during almond flowering.

© 2022 The Authors. Published by Elsevier GmbH on behalf of Gesellschaft für Ökologie. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Most almond (Prunus dulcis Mill.) crops rely on pollina-
tors to produce marketable nuts (Cunningham et al., 2002).
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As most almond varieties are self-incompatible, cross-polli-
nation between at least two compatible varieties is necessary
to obtain high yields (Ballester et al., 1998; Wirthensohn et
al., 2011). Honey bees (Apis mellifera L.) are the most com-
mon managed pollinator used to provide pollination services
for almond and several other high value crops (Breeze et al.,
2011; Gallai et al., 2009; Klein et al., 2007; Southwick &
Southwick Jr 1992). Their importance as managed
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pollinators is a result of their generalist flower-visiting
behaviour across a large number of crops, social behaviour
with high worker recruitment, colony availability throughout
the year and ease of management and transport (Calderone,
2012; Olesen et al., 2010).

Honey bee individuals can exhibit different foraging
behaviours due to age, experience and genetic characteris-
tics, resulting in some individuals collecting more or less
pollen/nectar thanothers (Hunt et al., 1995). As a highly
eusocial species, flower visitation and pollen collection may
also be guided by nutrient needs at the colony level (Hen-
driksma et al., 2019), colony strength (Chaand et al., 2017)
or by the colony location in relation to non-crop habitat
(Guzman et al., 2019). This means that although honey bees
are generalists, they may alter their foraging behaviour in
response to the availability or identity of floral resources sur-
rounding a farm in which they are placed for crop pollina-
tion (Kwak & Jennersten 1991; Requier et al., 2015;
Williams & Kremen, 2007). For example, when non-crop
resources (weeds and wildflowers) are available near less
attractive crop flower options, honey bees may switch to
non-crop resources (Girard et al., 2012; Pettis et al., 2013).
Although some studies have quantitatively evaluated the
relationship between crop and non-crop floral resource col-
lection during crop flowering (Fijen et al., 2019; Guzman et
al., 2019; Woodcock et al., 2013), it is still unclear what
governs resource collection by individual honey bee hives
when colonies are inserted into mass flowering crops.

Pollen richness and abundance collected by honey bee
colonies can vary over a given season, depending on floral
resource availability and selection by honey bees (Decourtye
et al., 2010; Odoux et al., 2012; Requier et al., 2015).
Although pollen resources in mass-flowering crops may be
abundant in a given season, monocultures lack pollen diver-
sity and a lack of natural or semi-natural habitats can result
in a lack of diversity of floral resources available overall
(Decourtye et al., 2010; Rader et al., 2014). Given that a
diverse and balanced diet of pollen nutrients is required to
maximise brood production in honey bees (Brodschneider &
Crailsheim 2010; Schmickl & Crailsheim 2004), the nutri-
tional requirements of honey bees can be compromised in
agriculturally intensive monocultures (Naug, 2009).

The goal of this study was to investigate the quantity and
identity of almond and non-almond pollen collected by
honey bees at different stages of the almond flowering sea-
son and the extent to which the spatial location of individual
hives influences the identity of pollen collected. Specifically,
we asked three research questions:

1. How much almond pollen do honey bees collect in relation to almond
floral abundance and does the quantity collected vary at different
stages of almond flowering?

2. What is the quantity and identity of non-almond pollen collected by
individual honey bee hives in almond orchards?

3. To what extent is the non-almond pollen collected by honey bees
related to the spatial location of the hives in the apiaries?
Materials and methods

Study site

The study was conducted in two large almond orchards,
“Narcooyia” (2,375 hectares with 220 to 240 trees per hect-
are) and “Lake Powell” (1,200 hectares with 220 to 240
trees per hectare) near Lake Powell, Victoria, in south-east-
ern Australia (- 34.733747, 142.927534) in 2017 (Fig. 1). In
our study area, each orchard was formed by several blocks
of almond trees within a large orchard property, and each
orchard had one apiary (i.e. a beekeeper’s stock of hives)
distributed in several hive sites (i.e. a collection of those
hives in a particular location). We collected data at three dif-
ferent sites, two in the Narcooyia apiary (NC02 and NC06,
20 hives from each site from a total of 96 hives); and one
site in the Lake Powell apiary (LP20; 40 hives used for data
collection from a total of 71 hives). The three hive sites sam-
pled were at the edges of different almond blocks. The hives
were grouped into clusters of 2 to 4 hives placed next to
each other (<0.2 m) and the distance between each cluster
was 2-2.5 m. Distance between blocks was 5-6 m and
orchards were separated by the same distance as where one
orchard’s block ended the other orchard’s block began.
Non-almond floral resources were present within the orchard
boundaries in a few scattered patches and some individual
weeds along the almond tree rows. In addition, there were
large areas of natural habitats on the boundaries on the north
side of the orchards, adjacent to Lake Powell, Carpul Wild-
life Reserve and the semi-natural vegetation along the Mur-
ray River. NC02 was the closest hive site to this area (0.7
km), while NC06 was set 1 km away and LP20 was set
2 km away (Fig. 1).

To identify the plant species present in semi-natural vege-
tations within our study region and land use types around
the study sites, land use types were converted into land
cover categories polygons modified from the Victorian Land
Use Information System (Morse-McNabb et al., 2017),
using QGIS version 3.12 and satellite imagery derived from
Bing Aerial via the OpenLayers plugin http://www.open
layers.org). For each apiary site (NC02, NC06 and LP20), 1,
2.5, and 5 km radius buffers were then created, and these
were intersected with plant observation records obtained
from the Atlas of Living Australia (2022) and land cover
polygons to derive plant species lists and percentage of land
cover types at each scale (see Appendix A: Fig. 1 and Table
1 and 2).
Almond flower abundance over the season

Almond orchard bloom can vary depending on the tem-
perature and variety but generally lasts for 2 to 4 weeks (Hill
et al., 1985; Rattigan & Hill 1986). Almond flowers start to
appear on the trees in late July to early September in

http://www.openlayers.org
http://www.openlayers.org


Fig. 1. (A) Location of Lake Powell in the State of Victoria, Australia. The green line indicates the boundaries. The large non-crop floral
resources area is shaded in green, and the three boxes are the hive sites with approximately 2 km between them. At the Narcooyia apiary we
took samples from two adjacent hive sites: (B) NC02 with 29 hives used for data collection and (C) NC06 with 11 hives used for data collec-
tion. (D) At the Lake Powell apiary (hive site LP20) we collected data from 40 hives. The boxes (B), (C) and (D) are a magnification of the
hive positioning within the hive sites. Each red, blue and yellow box represents a cluster of hives (composed of two to four hives). In this
figure, we only highlighted (writing the names) the hives that we used for pollen collection in each cluster. Distance between clusters of hives
varied between 2-2.5m and the nearest hive site to the non-almond floral resource area was NC02 located 1km away.
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Australia (Hill et al., 1985). In our study orchards, the
almond plantings consisted of three almond varieties: Non-
pareil, Carmel and Price. Early and late stages of orchard
bloom normally have fewer available flowers as the Price
variety flowers first, followed by the Nonpareil and then the
Carmel. During our study year, the almond trees bloomed
from 10 August to 3 September with the peak bloom around
21 August when the whole orchard was in bloom.

Almond buds and flowers were counted on the same day
that pollen sampling occurred. Counts of opened flowers
were conducted on tagged branches. A total of 60 branches
were selected on 6 August 2017 including all the three varie-
ties (Carmel, Nonpareil and Price), there was no loss due to
seasonal damage. Bud and bloom counts were taken from
tagged branches for a total of 11 sampling days, on alternate
days (every 48 h) starting 12 August 2017 and finishing 1
September 2017.
Sample collection

Each ten-frame, Langstroth-type hive contained between
6.5 and 9 frames (with approximately 3,000 honey bees per
frame) and were all managed and owned by the same com-
mercial beekeeper. All the hives were placed into almond
orchards 7 days before anticipated flowering. At each apiary,
48 h before the first pollen collection, we fitted Nuplas com-
plete pollen traps� over the entrance of the hives in order to
let them to acclimatise. After this initial 48 h, the tray of pol-
len pellets was emptied and fitted again, and we waited
another 48 h with the pollen tray actively collecting pollen to
remove the first pollen sample (on 12 August). Then we col-
lected the pollen samples on alternate days (every 48 h) dur-
ing bloom between 12 August and 1 September 2017, i.e.
eleven sampling days. Sampling occurred in the mornings
before temperatures rose above 13°C. To reduce stress due to
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pollen being removed from the bees, hives were divided into
two groups of forty (20 in each apiary). Hives in each group
were matched based on their number of frames so that an
equal amount of hives containing between 6.5 to 9 frames of
bees were present in both groups. The first 7 days of pollen
pellet collection (from 12 to 18 August) were taken from the
first group of 40 hives (Group A) and the remaining 14 days
of data collection (from 20 August to 1 September) were col-
lected from the second group of 40 hives (Group B). A total
of 440 individual pollen tray samples from 80 hives were col-
lected across the flowering season.
Pollen analysis

After pollen pellets were collected from the pollen traps,
samples were taken to the laboratory and divided into two
sub-samples for each hive: almond pollen pellets and non-
almond pollen pellets. We identified each pellet as either
almond or non-almond pollen by colour and then weighed
almond and non-almond pollen sub-samples. Sub-samples
combined had a mean § SD weight of 15.55 g § 24.97 g.
The samples were stored frozen until further processing and
were dried in a dehydrator before acetolysis. This last step
allowed us to remove any remaining water that could react
with the acids.

For each sample from the hives, the sub-samples with
non-almond pollen pellets were crushed, homogenized and
0.5 g were separated to perform acetolysis following the
method outlined by Jones (2014). After acetolysis, for each
sample, two slides were mounted swabbing the bottom of
the tube with Fuchsin gelatine to stain the pollen grains and
increase the contrast for identification. In order to standard-
ize the counting and identification of species in each sample,
we used a slide grid and counted pollen grains in transects.
We chose the two transects by setting a "cross" counting the
middle square (where the transects met) only once. In total,
45,072 non-almond pollen grains were counted under a
microscope with a mean § SD of 112 § 66 pollen grains
per slide. Non-almond pollen grains were identified to fam-
ily level (67% of the pollen grains) or to genus level (33%)
using a pollen reference collection, and existing identifica-
tion keys (Erdtman, 1986; Moore & Webb 1978; Salgado-
Labouriau, 1973).

As we distinguished the pollen grains of almond by col-
our prior to acetolysis, we conducted additional validation
steps to ensure that the colour deemed to be almond pollen
pellets contained pollen exclusively from almond flowers.
To do this, we combined the sub-samples of almond pollen
from different hives within a group and randomly chose 25
pollen pellets. We did this for each group, totalling 50 sam-
ples. These samples were processed and counted with the
same methods as the non-almond sub-samples. For all pol-
len pellet samples assumed to be almond pollen, at least
98.5% of the pollen grains were exclusively almond
(Appendix A: Table 3).
Statistical analysis

Quantity of almond pollen collected by honey bee
hives at different stages of almond flowering season

To analyse the relationship between the quantity of
almond pollen collected and the abundance of almond flow-
ers we constructed a linear mixed effects model in the
“lme4” package in R (Bates et al., 2014) taking the total
almond pollen weight as response variable; almond floral
abundance as a fixed factor, and collection day and apiary
identity as random factors (Table S4). The models were fit-
ted using the lmer function and the statistical significance
was tested using a likelihood ratio test comparing the model
with and without the fixed factor using the R package “car”
(Fox & Weisberg 2018). Then, we performed a Kruskal-
Wallis test for the comparison of the quantity (weight) of
almond pollen collected at early, mid and late season. We
used the data from the first 3 days (12, 14, and 16 of
August), the 3 days in the middle of the season (20, 22 and
24 of August) and the last 3 days (28 and 30 of August, and
1st of September) of almond pollen collected between those
three periods (n = 120 for each group). We then performed
Dunn’s test as a post hoc analysis to determine which pairs
of groups differed significantly.
Quantity and identity of non-almond pollen
collected by honey bee hives at different stages of
almond flowering season

We constructed six different models (Appendix A: Table
4), with the total non-almond pollen abundance, richness,
and weight as response variables; either almond floral abun-
dance or almond pollen weight as fixed factors, and collec-
tion days and apiary identity as random factors. For these
models we tested (i) non-almond pollen abundance as a
function of almond floral abundance and almond pollen
weight; (ii) non-almond pollen richness as a function of
almond floral abundance and almond pollen weight; and (iii)
non-almond pollen weight as a function of almond floral
abundance and almond pollen weight, using linear mixed
effects models with lmer function in the “lme4” package in
R (Bates et al., 2014). The statistical significance was tested
using a likelihood ratio test comparing the model with and
without the fixed factor using anova function in the R pack-
age “car” (Fox & Weisberg 2018).

To understand the differences in the identity of pollen col-
lected between individual hives, we built an interaction
matrix for the hives that collected non-almond pollen where
the rows represented the different hives and the columns the
pollen morphotypes identified. A pollen transport network
was built based on this matrix, and we calculated six indices
at the node level (hives and morphotype pollen) that cap-
tured distinct topological properties of the nodes in the
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network, focusing exclusively on hives: 1) degree, express-
ing the number of interaction partners (in this case, plant
species) that each hive is linked to in the network; 2) spe-
cies-level specialization d’, which quantifies how interaction
frequencies of given hives deviate in relation to the avail-
ability of interaction partners (in this case, plant species) in
the network, with higher values indicating higher specializa-
tion in determined resources (Bl€uthgen et al., 2006); 3) spe-
cies strength (s) is the sum of the proportions of interactions
performed by a given hive/pollen morphotype across all its
hive/pollen morphotypes; 4) betweenness centrality (bc)
quantifying to what extent a hive lies on the shortest path
between other pairs of hives, thus indicating the importance
of a hive as a network connector; 5) closeness centrality
(cc), which quantifies the proximity of a hive to all other
hives in the network (i.e. hives sharing a number of plant
species with other hives). Species with high cc values can
have a large influence on other hives and vice versa and are
useful for identifying important hives (Jord�an et al., 2006);
6) partner diversity calculated as the exponential Shannon
diversity and interpreted as a measure of generality of inter-
actions, it is a weighted version of degree, down-weighting
rare interactions (Dormann, 2011). All species-level indices
were quantified by the function species level () in bipartite
package version 2.14 (Dormann et al., 2008) in R (R Devel-
opment Core Team 2019). In order to understand how hive
level indices are determined by almond floral abundance,
we performed linear models including indices at the nodes
level (hives) as response variables and almond floral abun-
dance as fixed effects. The linear models were fitted using
the lm function and tested using ANOVA likelihood test
with anova function.

Lastly, we performed a Kruskal-Wallis test for the com-
parison of the quantity (weight) of non-almond pollen col-
lected at different time periods of the flowering season. We
used the data from the 3 different groups (early, mid and late
season, n = 120 for each group). Post hoc comparisons
(Dunn’s test) were applied.
Spatial location of the hives and similarity in non-
almond pollen collection

Finally, we used Procrustes analysis to evaluate the con-
gruence between the abundance of pollen grains collected
and the spatial location of each hive. We built two matrices,
one for non-almond pollen grain abundance with the hives
in the first column and the plant families in the first row, and
a distance matrix with the latitude and longitude for the
same hives. We did that for all the 63 hives in which we
found non-almond pollen. For the Procrustes analysis
between the two matrices, we first performed a Principal
Component Analysis (PCA) based on Euclidean distances,
and pollen abundance data was Hellinger-transformed prior
to PCA (Legendre & Gallagher 2001). Procrustes analysis
uses uniform scaling (expansion or contraction) and rotation
to minimize the sum of the squared residuals between two
matrices, resulting in the statistic m2 (Gower, 1975; Peres-
Neto & Jackson 2001). This statistic describes how close the
two data configurations match, i.e. the degree of congruence.
To perform this analysis, we used the R package “vegan”
(Oksanen, 2015) with the procrustes function. To evaluate
the significance (non-randomness) of the observed m2 statis-
tic we used the Protest permutation test (protest function;
10000 permutations; Oksanen, 2015).
Results

Quantity of almond pollen collected by honey bees
at different stages of almond flowering season

The weight of almond pollen collected by honey bees from
a single hive had a positive relationship with number of
almond flowers at the time of pollen sampling (x21,
440 = 50.40, P < 0.0001, Fig. 2A). Moreover, the weight of
almond pollen collected by the hives significantly varied
throughout the season (x22, 360 = 118.02, P < 0.0001,
Fig. 3A). For example, 70.44% of the pollen weight was col-
lected in the first three days of data collection (early- flower-
ing); 24.03% of the pollen was collected in the middle three
days of the sampling period (mid-flowering) and 5.51% of
the pollen was collected in the last three days of the sampling
period (late-flowering; P < 0.0001 for all comparisons). A
greater number of flowers blooming at the beginning of the
season (see Appendix A: Fig. 2), most likely explains why
almond pollen collection was greater in this period.
Quantity and identity of non-almond pollen
collected by honey bees at different stages of
almond flowering season

In contrast to the weight of almond pollen, the weight of
non-almond pollen collected by honey bees was not related
to the number of almond flowers blooming (see Appendix
A: Fig. 3A) but had a positive relationship to the weight of
almond pollen collected during the flowering season (x21,
440 = 21.02, P < 0.0001, Fig. 2B). We found a total of 18
morphospecies distributed in 9 families (see Appendix A:
Fig. 4). The abundance and richness of these morphospecies
also had a positive relationship with the weight of almond
pollen collected (x21, 440 = 9.24, P = 0.002; x21, 440 = 5.88,
P = 0.01, respectively), however, there was a very low effect
in both models (Fig. 2C, D). Abundance and richness of
non-almond pollen was not related to almond floral abun-
dance (x21,440 = 0.32, P = 0.56; x21,440 = 0.28, P = 0.59,
respectively, see Appendix A: Fig. 3B and C)

From the 80 hives analysed in this study, we found non-
almond pollen grains in 63 hives (79%), but the collection of



Fig. 2. (A) The estimated weight of almond pollen collected by honey bees in relation to the almond flower abundance (x2 = 50.40, P <

0.0001). (B) The weight of non-almond pollen according to the weight of almond pollen grains (x2 = 21.02, P < 0.0001), and (C) abundance
and (D) richness of non-almond pollen collected by honey bees according to the weight of almond pollen (x2 = 9.24, P = 0.002; x2 = 5.88,
P = 0.01, respectively). The almond floral abundance values represent the mean number of almond flowers per branch. Each dot represents a
value (n=440) originated from individual pollen tray samples collected from each hive across the flowering season. The regression line shows
the relationship between the variables and the grey shaded area around each regression line are the confidence intervals (95 %). The values
annotated in each figure represent the R square and regression line equation.
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non-almond pollen was relatively low for most hives overall
(0.03% - 17.94%, see details at hive level in Appendix A:
Fig. 5, 6, 7, 8, 9, 10 and 11). For example, 52.29% of the
non-almond pollen was collected in the early-flowering stage,
18.96% during mid-flowering and 28.75% during late-flower-
ing (Fig. 3B). The collection of non-almond pollen differed
between early- and mid-flowering stages, and early- and late-
flowering stages of the season (P < 0.0001 for both), but not
between the mid- and late-flowering stages (P = 0.33).
None of the calculated indices at the node level were sig-
nificantly correlated with the number of almond flowers
throughout the season (see Appendix A: Fig. 12). Although
there was no correlation with almond flower abundance,
some bee hives had a greater number of interactions with a
greater number of plant species, for example, while hive
LP29 had a degree = 1, the degree for hive LP58 was 10.
The other indices like specialization d’, species strength,
and partner diversity all had very similar values (please see



Fig. 3. The average weight of (A) almond and (B) non-almond pollen collected by the 40 hives on each sampling day throughout the almond
flowering season.
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Appendix A: Table 5 for all values per hive) for all the hives,
but betweenness centrality and closeness centrality showed
almost the same value for all the hives, indicating that hives
had a similar impact and importance in connecting different
parts of the network.

Some plant species in the network (Fig. 4) had a greater
degree value indicating the number of connections they
established with the hives. Euphorbiaceae sp1 and Acacia
sp2 had a degree = 61, and consequently a higher species
strength value suggesting that hives depend more on this
species than Proteaceae sp2 which had a degree = 1, for
example. These two pollen morphotypes were used by 96%
of the hives that collected non-almond pollen (Appendix A:
Table 6). Additionally, a pollen type from the Asteraceae
family (Taraxacum sp.) was linked to 63% of the hives with
a higher value of species strength as well, and this last spe-
cies is considered a weed in the study area.
Hive location and similarity in non-almond pollen
collection

The distance among hives was not related to non-almond
resource collection, demonstrated by a lack of significant
correlation between the two ordinations (r = 0.14,



Fig. 4. Pollen transport network based on interactions between plant species (circles) and hives (boxes). The thickness of lines (grey) repre-
sents the abundance of non-almond pollen grains collected from each plant species by each hive. Plant species and hives formed seven differ-
ent modules indicated by each colour. Plants and hives within the same cluster have a dense connection between them, but a sparse
connection between nodes in different clusters. Hives in the same cluster not necessarily are close to each other in the study area, i.e., hives
NC40, NC46, NC58, NC57, NC56 and NC53, from the same hive site, were strongly associated with the four plant species coloured in the
same colour. However, the purple colour shows that hives of two different apiaries LP52 and NC8 were the ones that established strong inter-
actions with the species Myrtaceae sp and Acacia sp1.
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m2 = 0.97, P = 0.48, see Appendix A: Fig. 12). This sug-
gests that even hives close to each other did not collect the
same pollen types, so it is likely that other factors are influ-
encing pollen collection over time.
Discussion

Almond pollen collection by managed honey bee hives in
flowering almond orchards was positively related to the
number of almond flowers blooming and varied across the
flowering season. This suggests that the bees are responding
to almond floral abundance over the course of the short flow-
ering season. This tight relationship is very likely due to the
large number of almond flowers being offered, much higher
than any other in the 500 m around the beehives. It remains
to be seen whether bees also disproportionally look for this
pollen due to its nutritional qualities (Loper & Berdel 1980;
Todd & Bretherick 1942).

While several studies have shown considerable temporal
variation in honey bee pollen harvest over a given season
(Decourtye et al., 2010; Proesmans et al., 2019; Wratten et
al., 2012), our study shows that most hives collected a range
of different pollen types and almond pollen was the most
abundant during the season. We found 21.25% (n = 17) of
the hives in our study exclusively collected almond pollen
throughout the season. Of the remaining hives (n = 63)
which collected both almond and non-almond pollen, at
least 82% of the total pollen brought to the hives was from
almond flowers, but these results could not be explained by
their relative spatial position in relation to each other. Even
though the collection of non-almond pollen was relatively
low for most hives overall, the abundance of non-almond
pollen found in hives across the flowering season was higher
at early- and late-flowering.

The availability of many different types of pollen is
thought to support a balanced and nutritional diet for honey
bees (Di Pasquale et al., 2013; Schmidt, 1984), even in a
mass-flowering environment with an abundance of the same
crop as a resource (Alaux et al., 2010; Requier et al., 2015).
As single species monocultures may compromise the nutri-
tional needs of bees potentially affecting bee longevity and
colony health (Branchiccela et al., 2019; Brodschneider &
Crailsheim 2010; Di Pasquale et al., 2016; Mattila & Otis
2006), a diversity of pollen can result in greater colony
strength by way of decreasing its nutritional stress (Filipiak
et al., 2017) and increasing resistance against the effects of
parasites (Huang, 2012).

Some hives interacted with a greater number of plant spe-
cies than other hives as illustrated in the network, but they
all performed a very similar role connecting different parts
of the network. The connections established with plant
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species could be related to the positioning of these hives in
the study site, as some were closer to semi-natural areas than
others (i.e. 0.7 km and 1 km to semi-natural habitat for
NC02 and NC06 and 2 km for LP20) and proximity of hives
to non-almond floral resources could lead to a greater num-
ber of interactions due to colony sharing information (Seeley
& Visscher 1988). However, LP20,was the greatest distance
from semi-natural areas, yet had a greater number of hives
collecting non-almond pollen (36), followed by NC02 (22)
and NC06 (6). Interestingly, the number of plant species
recorded in the area was also greater around LP20 within all
the different buffer sizes (1 km = 1 species, 2.5 km = 136
species, and 5 km = 378 species) comparing to NC02 and
NC06 (1 km = 1 and 0, 2.5 km = 118 and 55, 5 km = 314
and 306, respectively). Therefore, despite other studies
reporting the relationship between crop pollen collection
and distance between crop and hives (Cunningham et al.,
2016), greater research is needed at a greater number of sites
to test this.

There was no correlation between the distance among hives
and the pollen resources recorded at each hive. Therefore,
hives in close proximity may forage for different resources
depending on their needs. However, betweenness and close-
ness centrality presented very similar values for all hives, sug-
gesting that they are doing similar things within the network.
In the network, some hives from the three hive sites were con-
nected to the same nodes, which means that the distance of
0.7 km-2 km to the non-crop vegetation may not be a limiting
factor. Furthermore, as per optimal foraging theory, animals
normally make decisions to minimize energy expenditure and
maximize the intake of resources (MacArthur & Pianka
1966). Yet, foraging decisions in social animals can be more
complicated as group benefits are an important consideration
(Kay, 2002) and when analysing at colony level, these can
vary from individual benefits (Hendriksma et al., 2019).
Therefore, while our study was not designed to test the effect
of distance to non-crop vegetation nor nutritional intakes, the
position of the hives in relation to non-crop floral resource
may be important and some hives may vary in their nutri-
tional needs over time (Donkersley et al., 2017), resulting in
pollen collections from different plant species.

We found that one of the most collected pollen morpho-
types, like Taxaracum sp., is considered to be a weed in the
study area yet was of significant importance to bees, being the
main supplier of non-almond resources for hives such as
“LP66”. Several native plant species found in our study were
also regularly used as a pollen source for the bees, such as Aca-
cia species and morphotypes of the Euphorbiaceae family. This
could be related both to the abundance of these species during
the almond blooming season and/or their high nutritional value
(Frias et al., 2016) as semi-natural areas, species-rich grass-
lands and hedgerows are known to offer a valuable resource
despite being less abundant than a mass-flowering crop (Crox-
ton et al., 2002; €Ockinger & Smith 2006).

Our study limitations highlight issues that require further
research. First, a greater number of apiary sites at different
distances to non-almond floral resource are needed to test
the premise that the resource collected by the hives is being
impacted by the distance to the non-almond floral resource
area. Second, this study would have benefited from addi-
tional data on the plant community in the study area, includ-
ing plant community composition, spatial location and
nutritional benefit to bees. This may help to understand the
mechanisms underlying visitation and/or collection of pollen
from particular plant species. Finally, higher resolution data
on pollen species identity, and honey bee hive health metrics
such as hive weight and reproduction metrics, would inform
potential trade-offs among the factors impacting individual,
colony and apiary scale pollen collection.
Conclusions

Non-crop floral resources are collected by honey bees
even during the bloom of a highly attractive crop. Some
non-almond floral resources were used by a greater number
of hives as shown in the pollen-transport network. However,
future research is needed to determine the relationship
between non-crop floral resources being collected, the dis-
tance between hives and non-crop vegetation, and colony
health. Honey bee hive placement for crop pollination
should take into consideration the presence of non-crop veg-
etation surrounding the orchard as bees are using alternative
floral resources. This may be an important factor to support
honey bee diet needs and their performance as crop pollinat-
ing agents.
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