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A B S T R A C T

Managers of insect-pollinated orchards face many decisions that can significantly influence crop yields,
including managing pollination through use of beehives or the layout of cultivars in the orchard. Understanding
the relative importance and interactions between these multiple decisions through empirical field trials is
rarely possible, so modeling approaches can provide valuable insights and generate new hypotheses. Based
on kiwifruit (Actinidia chinensis var. deliciosa (A. Chev.) A. Chev. ‘Hayward’), a dioecious fruiting vine, as an
exemplar, we used a spatially-explicit system of differential equations on a lattice to explore the effects of
overlap of male and female flowers, hive placements within the orchard, and orchard layout on the predicted
pollination success. In our model, hive placement and orchard layout influenced the proportion of fruit set
in an orchard more strongly than male and female flowering synchrony. Simulations with hives distributed
evenly around the orchard had the most fruit set, while hives located at a single point resulted in relatively
low fruit set. Our model showed that the effect of hive distribution was more important for fruit production
than planting regime. We have demonstrated how such a model can be used to provide key information for
orchardists to optimize their yields. Our model predicts that while orchard planting decisions are important,
the consideration of hive placement during flowering is likely to have greater influence on final orchard
productivity in functionally dioecious crops.
1. Introduction

Insect-mediated pollination, primarily by managed Western honey
bee (Apis mellifera L.) colonies, is critical for fruit set in many cropping
systems globally, but is particularly vital for functionally dioecious
systems, where pollen must cross from the pollen donor to the pollen
recipient for a successful crop (Klein et al., 2007; Rader et al., 2020).
This type of dependence is common in horticultural crops with partial
or complete self-incompatibility, hybrid seed production, as well as in
systems where male and female flowers are borne on separate plants.
Kiwifruit (Actinidia chinensis) is a dioecious subtropical liana, and a
valuable fruit crop, and growers have to make decisions about the

∗ Corresponding author.
E-mail address: jing.li@csun.edu (J. Li).

number and distribution of male and female vines to be planted. For
pollination, honey bees colonies are typically deployed at a stocking
rate of eight hives per hectare; a service orchardists often pay sig-
nificant amounts for Goodwin (2012), yet placement of hives in an
orchard is largely based on logistical constraints for the beekeeper and
orchardist rather than what is optimal for pollination. In systems such
as kiwifruit, pollination by managed honey bees is seen as crucial owing
to the relative scarcity of wild pollinating species (Garibaldi et al.,
2013; Howlett et al., 2017); potential pollination deficits are mitigated
by paying for the pollination service from honey bees. It is therefore
important for growers to be able to make informed decisions about how
vailable online 30 July 2022
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best to use these managed pollinators, and how that interacts with other
relevant decisions they make in in their orchards.

Models can be used to help understand pollination systems and
support decision-making (Ramos-Jiliberto et al., 2018), especially for
multiple interacting factors where empirical field trials at orchard
scales would be required and almost impossible to fully replicate.
Well-studied systems such as kiwifruit, offer an opportunity to de-
velop models which can be parameterized from the literature, and
then subsequently used to inform models in other systems. Different
model approaches to pollination have been taken over time including
models where pollinators are not specifically taken into account (Le-
scourret et al., 1998a,b), agent-based models (ABM) (Broussard et al.,
2022), and spatially homogeneous pollinator dynamical system ap-
proaches (Peace et al., 2020). A number of models addressing internal
dynamics of A. mellifera populations and their interactions with het-
rogeneous landscapes also have been developed (cf. Table 1 in Joseph
t al. (2020)), but they do not specifically address the relationship be-
ween pollination management (hive placement, sex ratios in dioecious
rops, orchard layout) and pollination efficiency.

Spatial heterogeneity affects pollinator performance, with studies
eporting edge effects (Pisanty and Mandelik, 2015), and that planting
egimes influence both insect behavior (Jay and Jay, 1984) and pollina-
ion success (Testolin, 1991). Additionally, honey bee hive placement
n an orchard can affect pollination success; hives that are positioned
n a single corner perform less well than when distributed evenly
hroughout the orchard (Goodwin, 2012). Given the profound effects
hat landscape configuration can have on pollinator performance and
rop production, it is important to consider how to develop spatially
xplicit mathematical models of pollination.

Broussard et al. (2022) used an ABM framework incorporating
patially explicit flowering and pollinator dynamics to predict fruitset
nd total yield in kiwifruit. ABM approaches are simulation models that
rack individual agents and explore system-level emergent behaviors.
roussard and colleagues tracked individual pollinators as they moved
cross a dynamic orchard, collecting and depositing pollen (Broussard
t al., 2022). While ABMs like this are able to incorporate complex
ndividual-level details, they become computationally expensive and
heir results can be hard to interpret. Dynamical systems offer an
lternative modeling approach, by using aggregate-level perspectives
nd by defining system-level dynamics into differential equations such
s ordinary differential equations (ODEs). While these two modeling
pproaches can yield different predictions, the results when considered
an lead to unique insights. For example, it has been shown that
nalogous models using ODEs and ABM approaches run in parallel
an yield valuable complementary insights into understanding cancer
rowth (Scholl, 2001) and vector-borne pathogens (Shaw et al., 2019,
017).

Here, we use a dynamical systems approach (ODEs) to develop a
patially explicit model with dynamic flowering and pollinator behav-
ors in simulated orchards of realistic size and varying orchard layouts.

e expand the spatially homogeneous model developed by Peace et al.
2020) to a spatially explicit system of differential equations arranged
n a lattice. Moving the previous system of equations to a lattice struc-
ure allows us to better model the heterogeneity inherent in field con-
itions. Movements of bee foragers in the field have been successfully
odeled using Brownian or Lévy movement (Vallaeys et al., 2017),
hich produce symmetrical predictions for bee movement about the
rigin, but these models do not take into account density-dependence.
here is good evidence that bees change their foraging behavior at high

nsect densities through a number of mechanisms including rejection
f recently visited flowers (Giurfa and Núñez, 1992) and decreasing
isit duration to flowers with low resource availability (Keasar et al.,
996), as well as increased traveling distance after visiting several
nrewarding flowers (Harder, 1990; Keasar et al., 1996), which would
esult in density-dependent dynamics. The real-world results of these
2

ynamics have been recorded in kiwifruit, with fruit set declining as
Table 1
Description of model state variables and parameters.

Flower dynamics

Variable Meaning

𝑚(𝑡) Number of open male flowers at time 𝑡
𝑓 (𝑡) Number of open female flowers at time 𝑡

Parameter Meaning

𝐵𝑚 Number of male buds
𝐵𝑓 Number of female buds
𝑡𝑚 Peak day of male flower opening rate
𝑡𝑓 Peak day of female flower opening rate
𝜎𝑚 Spread of male flowering period
𝜎𝑓 Spread of female flower period
𝜏𝑚 Life span of male flowering
𝜏𝑓 Life span of female flowering

Pollinator dynamics

Variable Meaning

𝑃𝑚1 Pollinators with high pollen loads
𝑃𝑚2 Pollinators with medium pollen loads
𝑃𝑚3 Pollinators with low pollen loads
𝑃𝑓 Pollinators carrying no pollen

Parameter Meaning

𝜌 Pollinators per 1000 flowers
𝛼 Search rate
𝛽 Handling time
𝛿 Preference to remain on male flowers
𝜀 Preference to remain on female flowers
𝑝1 Percent chance to set fruit from a single 𝑃𝑚1 visit
𝑝2 Percent chance to set fruit from a single 𝑃𝑚2 visit
𝑝3 Percent chance to set fruit from a single 𝑃𝑚3 visit
𝐷 Pollinators’ maximum dispersal rate between cells
𝐻 Half dispersal rate pollinators’ density
𝑛 The Hill coefficient (indicator of steepness of density-dependence

dispersal rate)

distance from male vines is increased (Testolin, 1991). To simulate
the movement of bees in accordance to observations in the literature,
we used density-dependent stochastic movement between neighboring
cells parameterized by Holling Type-II functions (Holling, 1965, 1966).

Using this ODE lattice model, we explored the relative effects of
different orchard layouts (placement of functionally male and female
plants; a decision made when the orchard is established and can only
be changed by regrafting) and honey bee hive placement configurations
(a decision made annually by growers and beekeepers) on predicted
pollination success.

2. Material and methods

Using kiwifruit as a model for functionally dioecious crops, we
developed and analyzed a mathematical model of pollination dynamics
that incorporates key features of plant biology and insect behavior on a
1-hectare orchard. In our previous work (Peace et al., 2020), we built a
spatially homogeneous model, where bees could visit either floral sex,
with different classes of pollinator corresponding to different loading of
viable pollen on the insect body. To build on this model and take into
account the spatial heterogeneity of the orchard layout and location
of beehives, we first divided the orchard into a lattice of 100 by 100
cells; each cell is one meter by one meter. In each cell we assume all
conditions for both flower and pollinator are homogeneous. However,
conditions across different cells may vary. We first present the model
that we used to model the pollination dynamics in one cell without
considering the insect movements, then we extend it to include insect
movements among cells, to present the full model over the lattice.
Table 1 describes the model state variables and parameters.
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2.1. Pollination dynamics in one cell of the lattice

Similarly to the model of Peace et al. (2020), at any given cell, with-
out considering any insect movement across cells yet, the pollination
dynamics can be described with a combination of flowering dynamics
and pollinator dynamics.

2.1.1. Flowering dynamics
We track the number of male and female flowers that have opened

using the following differential equations,

𝑑𝑀
𝑑𝑡

=
𝐵𝑚

√

2𝜋𝜎2𝑚
𝑒
−
(𝑡 − 𝑡𝑚)2

2𝜎2𝑚 , (1a)

𝑑𝐹
𝑑𝑡

=
𝐵𝑓

√

2𝜋𝜎2𝑓
𝑒
−
(𝑡 − 𝑡𝑓 )2

2𝜎2𝑓 , (1b)

here 𝑡𝑚 and 𝑡𝑓 are the times when the opening rates are highest
nd 𝜎𝑚 and 𝜎𝑓 are the variations in these rates of opening. With the
ssumption that each flower is open only for a fixed amount of time,
e can determine the number of currently open male flowers (𝑚(𝑡)) and

emale flowers (𝑓 (𝑡)) using the following expressions:

(𝑡) =

{

𝑀(𝑡) −𝑀(𝑡 − 𝜏𝑚), if 𝑡 > 𝜏𝑚,
𝑀(𝑡), elsewhere,

(2a)

𝑓 (𝑡) =

{

𝐹 (𝑡) − 𝐹 (𝑡 − 𝜏𝑓 ), if 𝑡 > 𝜏𝑓 ,
𝐹 (𝑡), elsewhere,

(2b)

where 𝜏𝑚 and 𝜏𝑓 are the numbers of days that male flowers and female
flowers remain open.

2.1.2. Pollinator dynamics
Pollinator dynamics are modeled with differential equations that

divide the pollinator population into sub-compartments based on their
pollen load. Pollinators can have a high, medium, or low pollen load
(denoted as 𝑃𝑚1, 𝑃𝑚2, and 𝑃𝑚3 respectively) or be carrying no pollen
(denoted as 𝑃𝑓 ). These four states were chosen to represent zero,
and three points along an exponential decay curve seen in the litera-
ture (Broussard et al., 2021), in accordance with the base model (Peace
et al., 2020).

We assume that pollinators completely load up on pollen with
a visit to a male flower and deposit some pollen with a visit to a
female flower. Empirical data show that pollen dehisces throughout
the morning in kiwifruit, becoming limited in the afternoon (Goodwin,
1987; Hopping, 1990; Oh et al., 2020; Chen et al., 1996). This results
in pollen availability being highest between 900 and 1300, broadly
overlapping with the period of highest insect activity (Malaboeuf et al.,
1995; McKay, 1978; Goodwin, 1987; Macfarlane and Ferguson, 1983).
Within this 4-hour window, pollen does not appear to be limiting, but
is limiting thereafter (Goodwin, 1987). To account for the biological
reality that male pollen availability is abundant but limited (which
cannot be captured accurately in the dynamic model), we limit the
period of active foraging per day to four hours, approximating the win-
dow of abundant pollen availability and bee activity (Goodwin, 1987).
Fig. 1 depicts the movement of pollinators between the compartments.
Pollinators that have just visited a male flower have a high pollen load
𝑃𝑚1. These pollinators can either visit another male flower and remain
in compartment 𝑃𝑚1, or visit a female flower, deposit some pollen and
thus be transferred into compartment 𝑃𝑚2. Pollinators in compartment
𝑃𝑚2 with a medium pollen load can either visit a male flower, acquire
more pollen, and be transferred into compartment 𝑃𝑚1, or visit a female
flower, deposit some pollen, and be transferred into compartment 𝑃𝑚3.
Similarly, pollinators in compartment 𝑃 with a low pollen load can
3

𝑚3
either visit a male flower, acquire more pollen, and be transferred into
compartment 𝑃𝑚1 or visit a female flower, deposit all their pollen, and
e transferred into compartment 𝑃𝑓 . Pollinators in compartment 𝑃𝑓 ,

without any pollen, can either visit a female flower and remain in
compartment 𝑃𝑓 , or visit a male flower, acquire a full load of pollen,
and be transferred into compartment 𝑃𝑚1.

We used the same definitions introduced in our previous work
Peace et al., 2020) of the total rate at which the pollinators visit
ale and female flowers, and floral constancy (honey bees have a
reference to visit flowers of the same sex as the one they previously
isited McKay, 1978; Howpage, 1999; Jay and Jay, 1984; Goodwin and
teven, 1993; Peace et al., 2020). The number of pollinators in each
ompartment can be tracked using the following system of differential
quations:

𝑑𝑃𝑚1
𝑑𝑡

=
(

𝛼(𝑓 + 𝑚)
1 + 𝛼𝛽(𝑓 + 𝑚)

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Total visitation

rate

×

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

(

1 −
(

𝑓
𝑓 + 𝑚

)𝜀)

(𝑃𝑚2 + 𝑃𝑚3 + 𝑃𝑓 )

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

female to male

−

(

1 −
(

𝑚
𝑓 + 𝑚

)𝛿
)

𝑃𝑚1

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

male to female

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

,

(3a)
𝑑𝑃𝑚2
𝑑𝑡

=
(

𝛼(𝑓 + 𝑚)
1 + 𝛼𝛽(𝑓 + 𝑚)

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Total visitation

rate

×

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

(

1 −
(

𝑚
𝑓 + 𝑚

)𝛿
)

𝑃𝑚1

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

male to female

−
(

1 −
(

𝑓
𝑓 + 𝑚

)𝜀)

𝑃𝑚2

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

female to male

−
(

𝑓
𝑓 + 𝑚

)𝜀
𝑃𝑚2

⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟
moves from

female to female

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

, (3b)

𝑑𝑃𝑚3
𝑑𝑡

=
(

𝛼(𝑓 + 𝑚)
1 + 𝛼𝛽(𝑓 + 𝑚)

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Total visitation

rate

×

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

(

𝑓
𝑓 + 𝑚

)𝜀
𝑃𝑚2

⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟
moves from

female to female

−
(

1 −
(

𝑓
𝑓 + 𝑚

)𝜀)

𝑃𝑚3

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

female to male

−
(

𝑓
𝑓 + 𝑚

)𝜀
𝑃𝑚3

⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟
moves from

female to female

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

, (3c)

𝑑𝑃𝑓

𝑑𝑡
=
(

𝛼(𝑓 + 𝑚)
1 + 𝛼𝛽(𝑓 + 𝑚)

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Total visitation

rate

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

(

𝑓
𝑓 + 𝑚

)𝜀
𝑃𝑚3

⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟
moves from

female to female

−
(

1 −
(

𝑓
𝑓 + 𝑚

)𝜀)

𝑃𝑓

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

female to male

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

,

(3d)
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Fig. 1. Structure and flow diagram of bee pollinator compartments inside a cell of the lattice model. Solid blue lines depict visits to a female kiwifruit flower. Dashed red lines
depict visits to a male flower.
Fig. 2. An illustration of four types of kiwifruit orchards discussed in the model, with blue cells comprised solely of male plants, yellow cells comprised solely of female plants,
nd green cells with a 50:50 mix of male and female. The subfigures (a)-(c) only use only 8 by 8 cells as examples here. The subfigure (d) uses 8 by 12 cells as an example. For
he 1-ha lattice of 100 by 100 cells, the remaining cells in the ‘‘Point’’ orchard layout (a), are all occupied by female flowers. However, the remaining cells in the ‘‘Male Row’’,
‘Uniform’’, and ‘‘One-in-Eight’’ orchard layouts are repetitions of the illustrated subsets here.
here 𝛼 is the search rate, 𝛽 is the handling time, 𝛿 and 𝜖 are the polli-
nator’s preference to remain on male and female flowers respectively.
The incorporation of Eqs. (2) into the system of differential equations
for the pollinator model (3) results in a system of ordinary differential
equations when 𝑡 ≤ min{𝜏𝑚, 𝜏𝑓 }, before any open flowers begin to close,
followed by a system of delayed differential equations with a single
delay 𝜏 = min{𝜏𝑚, 𝜏𝑓 } when min{𝜏𝑚, 𝜏𝑓 } ≤ 𝑡 ≤ max{𝜏𝑚, 𝜏𝑓 }, and then
by a system of delayed differential equations with two fixed delays, 𝜏𝑚
and 𝜏𝑓 . This model tracks the number of open male and female flowers
(𝑚, 𝑓 ) and the number of pollinators of each type (𝑃𝑚1, 𝑃𝑚2, 𝑃𝑚3, 𝑃𝑓 ) as
hey visit male and female flowers in one cell, when the pollinators’
ovements between cells are not yet considered.

.2. The full model: extension to the lattice

To fully capture the pollination dynamics within the entire orchard,
e then extended the flower and pollinator dynamics from one cell to

he lattice that models the entire orchard. First we denote each cell with
𝑖, 𝑗) which is located at the 𝑖th row and 𝑗th column of the lattice. In
ur study, we compared four different orchard layouts: ‘‘Point’’, ‘‘Male
4

Row’’, ‘‘Uniform’’, and ‘‘One-in-Eight’’ (see Fig. 2). We also studied
eight possible bee hive arrangements around the orchard (see Fig. 3).

To model the movements of the pollinators from cell to cell in the
lattice, we assume that

1. The probability of a pollinator moving out of a cell is density
dependent (which is modeled by a Hill function.).

2. After leaving the previously occupied cell, the pollinator will
randomly land in one of the 8 neighboring cells (or 5 or 3 if
an edge or a corner, respectively).

3. After landing inside a new cell, the pollinator will then visit
flowers based on their preference for male flowers (𝑀) or female
flowers (𝐹 ).

4. All bees will return to their hives at the end of each day and
there is no carry-over of pollen from day to day.

Let 𝑇 (𝑖,𝑗) denote the total number flower at cell (𝑖, 𝑗) at a given time 𝑡,

(𝑖,𝑗) (𝑖,𝑗) (𝑖,𝑗)
𝑇 = 𝑓 + 𝑚 . (4)
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and denote 𝑃 (𝑖,𝑗) the total number pollinator at cell (𝑖, 𝑗) at a given time
𝑡,

𝑃 (𝑖,𝑗) = 𝑃 (𝑖,𝑗)
𝑚1 + 𝑃 (𝑖,𝑗)

𝑚2 + 𝑃 (𝑖,𝑗)
𝑚3 + 𝑃 (𝑖,𝑗)

𝑓 . (5)

For an interior cell (𝑖, 𝑗), the population dynamics of the pollinators are
governed by the following system of impulsive differential equations,
during each day, for 𝑡 ≠ 𝑛𝑇 where 𝑇 is the length of active foraging
period in hours per day.

𝑑𝑃 (𝑖,𝑗)
𝑚1
𝑑𝑡

=
(

𝛼𝑇 (𝑖,𝑗)

1 + 𝛼𝛽𝑇 (𝑖,𝑗)

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
Total visitation

rate

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

(

1 −
(

𝑓 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝜀)

(𝑃 (𝑖,𝑗)
𝑚2 + 𝑃 (𝑖,𝑗)

𝑚3 + 𝑃 (𝑖,𝑗)
𝑓 )

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

female to male

−

(

1 −
(

𝑚(𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝛿
)

𝑃 (𝑖,𝑗)
𝑚1

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

male to female

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

−2𝐷
𝐴(𝑖,𝑗)

(

𝑃 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝑛

𝐻𝑛 +
(

𝑃 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝑛 𝑃
(𝑖,𝑗)
𝑚1 +

𝑖+1
∑

𝑙=𝑖−1

𝑗+1
∑

𝑘=𝑗−1
𝐷

𝐴(𝑙,𝑘)

(

𝑃 (𝑙,𝑘)

𝑇 (𝑙,𝑘)

)𝑛

𝐻𝑛 +
(

𝑃 (𝑙,𝑘)

𝑇 (𝑙,𝑘)

)𝑛 𝑃
(𝑙,𝑘)
𝑚1

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
movements between adjacent cells

, (6a)

𝑑𝑃 (𝑖,𝑗)
𝑚2
𝑑𝑡

=
(

𝛼𝑇 (𝑖,𝑗)

1 + 𝛼𝛽𝑇 (𝑖,𝑗)

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
Total visitation

rate

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

(

1 −
(

𝑚(𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝛿
)

𝑃 (𝑖,𝑗)
𝑚1

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

male to female

−
(

1 −
(

𝑓 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝜀)

𝑃 (𝑖,𝑗)
𝑚2

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

female to male

−
(

𝑓 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝜀

𝑃 (𝑖,𝑗)
𝑚2

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

female to female

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

−2𝐷
𝐴(𝑖,𝑗)

(

𝑃 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝑛

𝐻𝑛 +
(

𝑃 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝑛 𝑃
(𝑖,𝑗)
𝑚2 +

𝑖+1
∑

𝑙=𝑖−1

𝑗+1
∑

𝑘=𝑗−1
𝐷

𝐴(𝑙,𝑘)

(

𝑃 (𝑙,𝑘)

𝑇 (𝑙,𝑘)

)𝑛

𝐻𝑛 +
(

𝑃 (𝑙,𝑘)

𝑇 (𝑙,𝑘)

)𝑛 𝑃
(𝑙,𝑘)
𝑚2

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
movements between adjacent cells

, (6b)

𝑑𝑃 (𝑖,𝑗)
𝑚3
𝑑𝑡

=
(

𝛼𝑇 (𝑖,𝑗)

1 + 𝛼𝛽𝑇 (𝑖,𝑗)

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
Total visitation

rate

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

(

𝑓 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝜀

𝑃 (𝑖,𝑗)
𝑚2

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

female to female

−
(

1 −
(

𝑓 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝜀)

𝑃 (𝑖,𝑗)
𝑚3

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

female to male

−
(

𝑓 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝜀

𝑃 (𝑖,𝑗)
𝑚3

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

female to female

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

−2𝐷
𝐴(𝑖,𝑗)

(

𝑃 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝑛

𝐻𝑛 +
(

𝑃 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝑛 𝑃
(𝑖,𝑗)
𝑚3 +

𝑖+1
∑

𝑙=𝑖−1

𝑗+1
∑

𝑘=𝑗−1
𝐷

𝐴(𝑙,𝑘)

(

𝑃 (𝑙,𝑘)

𝑇 (𝑙,𝑘)

)𝑛

𝐻𝑛 +
(

𝑃 (𝑙,𝑘)

𝑇 (𝑙,𝑘)

)𝑛 𝑃
(𝑙,𝑘)
𝑚3

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
movements between adjacent cells

, (6c)

𝑑𝑃 (𝑖,𝑗)
𝑓

𝑑𝑡
=
(

𝛼(𝑇 (𝑖,𝑗))
1 + 𝛼𝛽𝑇 (𝑖,𝑗)

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
Total visitation

⎡

⎢

⎢

⎢

⎢

⎢

⎢

(

𝑓 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝜀

𝑃 (𝑖,𝑗)
𝑚3

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

−
(

1 −
(

𝑓 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝜀)

𝑃 (𝑖,𝑗)
𝑓

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
moves from

⎤

⎥

⎥

⎥

⎥

⎥

⎥

(6d)
5

rate ⎣ female to female female to male ⎦
−2𝐷
𝐴(𝑖,𝑗)

(

𝑃 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝑛

𝐻𝑛 +
(

𝑃 (𝑖,𝑗)

𝑇 (𝑖,𝑗)

)𝑛 𝑃
(𝑖,𝑗)
𝑓 +

𝑖+1
∑

𝑙=𝑖−1

𝑗+1
∑

𝑘=𝑗−1
𝐷

𝐴(𝑙,𝑘)

(

𝑃 (𝑙,𝑘)

𝑇 (𝑙,𝑘)

)𝑛

𝐻𝑛 +
(

𝑃 (𝑙,𝑘)

𝑇 (𝑙,𝑘)

)𝑛 𝑃
(𝑙,𝑘)
𝑓

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
movements between adjacent cells

.

For the cells in the edge, we have the population dynamics of the
pollinators will be governed by a similar system to that in Eq. (6), ex-
cept the double sum will be replaced with the followings: ∑𝐸

𝑙=𝑊
∑𝑁

𝑘=𝑆 =

𝑊 = 𝑖, 𝐸 = 𝑖 + 1, 𝑆 = 𝑗 − 1, 𝑁 = 𝑗 + 1, for a cell (not at corner)
on the left (west side)
edge (𝑖, 𝑗),

𝑊 = 𝑖 − 1, 𝐸 = 𝑖, 𝑆 = 𝑗 − 1, 𝑁 = 𝑗 + 1, for a cell (not at corner)
on the right (east side)
edge (𝑖, 𝑗),

𝑊 = 𝑖 − 1, 𝐸 = 𝑖 + 1, 𝑆 = 𝑗 − 1, 𝑁 = 𝑗, for a cell (not at corner)
on the top (north side)
edge (𝑖, 𝑗),

𝑊 = 𝑖 − 1, 𝐸 = 𝑖 + 1, 𝑆 = 𝑗,𝑁 = 𝑗 + 1, for a cell (not at corner)
on the bottom (south side)
edge (𝑖, 𝑗),

𝑊 = 𝑖, 𝐸 = 𝑖 + 1, 𝑆 = 𝑗 − 1, 𝑁 = 𝑗, for the cell on the
top left corner (𝑖, 𝑗),

𝑊 = 𝑖 − 1, 𝐸 = 𝑖, 𝑆 = 𝑗 − 1, 𝑁 = 𝑗, for the cell on the
top right corner (𝑖, 𝑗),

𝑊 = 𝑖, 𝐸 = 𝑖 + 1, 𝑆 = 𝑗,𝑁 = 𝑗 + 1, for the cell on the
lower left corner (𝑖, 𝑗),

𝑊 = 𝑖 − 1, 𝐸 = 𝑖, 𝑆 = 𝑗,𝑁 = 𝑗 + 1, for the cell on the
lower right corner (𝑖, 𝑗).

𝐴(𝑖,𝑗) is the adjacent matrix which records the relative probabilities of
the pollinators at a given cell moving to one of the neighboring cells.
More Specifically,

𝐴(𝑖,𝑗) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1
8 , for an interior cell (𝑖, 𝑗) which has 8 neighboring cells,
1
5 , for a boundary not a corner

cell (𝑖, 𝑗) which has 5 neighboring cells,
1
3 , for a corner cell (𝑖, 𝑗) which has 3 neighboring cells.

Under our fourth assumption, when a new day starts, all pollinators
will return to the orchard without carrying any pollen. Therefore, at
the beginning of each active period of any given day, we assume all
pollinators start with 𝑃𝑓 . Thus we have when 𝑡 = 𝑛𝑇 ,

𝑃 (𝑖,𝑗)
𝑚1 (𝑡) = 0, 𝑃 (𝑖,𝑗)

𝑚2 (𝑡) = 0, 𝑃 (𝑖,𝑗)
𝑚3 (𝑡) = 0, 𝑃 (𝑖,𝑗)

𝑓 (𝑡) = 𝑃𝑓0, (7)

here 𝑃𝑓0 is the total number of pollinators with initial start status at
𝑓 .

At each cell, the flower dynamics is still governed by the following
elayed differential equation system

(𝑖,𝑗)(𝑡) =

{

𝐹 (𝑖,𝑗)(𝑡) − 𝐹 (𝑖,𝑗)(𝑡 − 𝜏𝑓 ), if 𝑡 > 𝜏𝑓 ,
𝐹 (𝑖,𝑗)(𝑡), elsewhere,

(𝑖,𝑗)(𝑡) =

{

𝑀 (𝑖,𝑗)(𝑡) −𝑀 (𝑖,𝑗)(𝑡 − 𝜏𝑚), if 𝑡 > 𝜏𝑚,
𝑀 (𝑖,𝑗)(𝑡), elsewhere,

𝑑𝐹 (𝑖,𝑗)

𝑑𝑡
= 𝑂𝑓 𝑒

−
(𝑡 − 𝑡𝑓 )2

2𝜎2𝑓 ; 𝑂𝑓 = 𝜃𝑓𝐵
(𝑖,𝑗)
𝑓 , (8)

𝑑𝑀 (𝑖,𝑗)

𝑑𝑡
= 𝑂𝑚𝑒

−
(𝑡 − 𝑡𝑚)2

2𝜎2𝑚 ; 𝑂𝑚 = 𝜃𝑚𝐵
(𝑖,𝑗)
𝑚 , (9)

where 𝐹 (𝑖,𝑗)(𝑡) and 𝑀 (𝑖,𝑗)(𝑡) are the numbers of flowers that have opened
p to time 𝑡 at cell (𝑖, 𝑗). Whereas 𝑓 (𝑖,𝑗)(𝑡) and 𝑚(𝑖,𝑗)(𝑡) are the total
umber of opened flowers at a given time 𝑡 at cell (𝑖, 𝑗). 𝐵𝑚 =

∑

𝑖,𝑗 𝐵
(𝑖,𝑗)
𝑚

nd 𝐵𝑓 =
∑

𝑖,𝑗 𝐵
(𝑖,𝑗)
𝑓 are the total number of male and female buds

(flowers) in a given season.



Ecological Modelling 472 (2022) 110074J. Li et al.

h
‘
e

2

p
i
a
t
(

𝑌

Fig. 3. The range of bee hive placement arrangements compared in a model of pollination dynamics. The full 100 by 100 cell-sized lattice for the kiwifruit orchard is represented
ere using simplified 8 by 8 cell diagrams, and each bee indicates a location for a beehive(s). In ‘‘8-in-1’’, all eight beehives are placed in a single location. In ‘‘4-in-2-Adj’’,

‘4-in-2-Opp’’, and ‘‘4-in-2-Side’’, four beehives are placed in each location indicated by a bee. In ‘‘2-in-4-Corner’’, ‘‘2-in-4-Side’’, and ‘‘2-in-4-OppSides’’, two beehives are placed in
ach location indicated by a bee. In ‘‘1-in-8-Equal’’, one bee hive is placed in each location indicated by a bee.
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.3. Measuring pollination

At each cell, we define the visit that results in transitioning a
ollinator from group 𝑃𝑚1 to 𝑃𝑚2 as a type one visit, the visit that results
n transitioning a pollinator from group 𝑃𝑚2 to 𝑃𝑚3 as a type two visit,
nd the visit that results in transitioning a pollinator from group 𝑃𝑚3
o 𝑃𝑓 as a type three visit (see Fig. 1). We then define fruit set at cell
𝑖, 𝑗) for a day 𝑡 denoted by 𝑌 (𝑖,𝑗)(𝑡) as

(𝑖,𝑗)(𝑡) = 1 − (1 − 𝑝1)
𝑣(𝑖,𝑗)1 (𝑡) × (1 − 𝑝2)

𝑣(𝑖,𝑗)2 (𝑡) × (1 − 𝑝3)
𝑣(𝑖,𝑗)3 (𝑡), (10)

where 𝑣(𝑖,𝑗)𝑛 (𝑡) for 𝑛 = 1, 2, 3 represents the total number of type 𝑛 visits
that each flower has received at the time of closing (day 𝑡), and 𝑝𝑛
represents the percentage chance that a single visit will fully pollinate
a flower to set fruit, for each visit type 𝑛. The total predicted yield at
cell (𝑖, 𝑗), denoted 𝑌 (𝑖,𝑗)

𝑇 , is the fruit set for each day multiplied by the
number of female flowers closing on that day, summed over all the
days,

𝑌 (𝑖,𝑗)
𝑇 =

∑

𝑡
𝐷𝐹𝐶 (𝑖,𝑗)(𝑡) ∗ 𝑌 (𝑖,𝑗)(𝑡), (11)

where 𝐷𝐹𝐶 (𝑖,𝑗)(𝑡) denotes the daily number of female flowers closing at
day 𝑡 in cell (𝑖, 𝑗). The total predicted yield proportion over all days at
cell (𝑖, 𝑗), denoted 𝑌 (𝑖,𝑗)

𝑃 , is the number of flowers closing on each day
multiplied by the fruit set for that day divided by the total number of
female flowers. In our calculation we use the number of total female
flower buds,

𝑌 (𝑖,𝑗)
𝑃 =

∑

𝑡
𝐷𝐹𝐶 (𝑖,𝑗)(𝑡) ∗ 𝑌 (𝑖,𝑗)(𝑡)

𝐵(𝑖,𝑗)
𝑓

. (12)

Thus, the overall total predicted yield in the orchard, denoted 𝑌𝑇 ,
is

𝑌𝑇 =
∑

𝑖,𝑗

∑

𝑡
𝐷𝐹𝐶 (𝑖,𝑗)(𝑡) ∗ 𝑌 (𝑖,𝑗)(𝑡), (13)

and the overall total predicted yield proportion in the orchard, denoted
𝑌𝑃 , is

𝑌𝑃 =

∑

𝑖,𝑗

∑

𝑡
𝐷𝐹𝐶 (𝑖,𝑗)(𝑡) ∗ 𝑌 (𝑖,𝑗)(𝑡)

∑

𝐵(𝑖,𝑗)
𝑓

. (14)
6

𝑖,𝑗 𝐷
.4. Parameterization

All model parameters are listed in Table 2. Most parameters were
lready parameterized in our previous model, with a sensitivity analysis
onducted for them (Peace et al., 2020). We have three new parameters
n the extended model, 𝐷, 𝐻 , 𝑛, whose values are assumed as there
as insufficient empirical data to estimate them. The range of dispersal
alues (D) were parameterized by using the maximum flight speed of
oney bees (30 km/h) (Wenner, 1963) to inform the upper bounds
nd the value which would result in bees reaching the edge of the
-ha orchard within the 4-hour foraging period to inform the lower
ound. The default value was chosen as the value that resulted in
hich bees reached the edge of the 1-ha orchard within a 30-minute

oraging bout. The range of the half-dispersal rate pollinator’s density,
hich is defined as the pollinator per thousand flowers density at
hich the pollinator reaches its half of the maximal dispersal rate, is
ssumed to be one bee per 1000 flowers to 1000 bees per 1000 flowers
encompassing the range of pollinator densities observed in the field
lus one order of magnitude) (Goodwin, 1987). The baseline value is 10
ees per 1000 flowers, a density commonly encountered, and above the
alue required for adequate pollination, meaning there is likely to be
esource competition. The Hill coefficient which indicates the steepness
f density-dependence dispersal rate is included for generality, and we
hoose 𝑛 = 1 for simplicity, owing to lack of sufficient data to support
n alternative.

In our previous work (Peace et al., 2020), on the spatially ho-
ogeneous base model we conducted a global parameter sensitivity

nalysis using Latin Hypercube Sampling with the statistical Partial
ank Correlation Coefficient technique to investigate parameter uncer-

ainty. While this parameter sensitivity analysis did not include the
hree new parameters (𝐷, 𝐻 , and 𝑛), it provides insight for all other
arameters. In particular, it showed that the percentage of female
lowers 𝐵𝑓∕(𝐵𝑚 + 𝐵𝑓 ), the total number of buds (𝐵𝑚 + 𝐵𝑓 ), and the
ee density (𝜌) have the most significant positive effect on the total
redicted yield. The pollinators’ preference to remain on female flowers
𝜖), the male flowering period (𝜎𝑚), and the pollinator’s preference to
emain on male flowers (𝛿) are the next most important parameters
ncreasing the predicted yield. Furthermore, pollinator handling time
𝛽) is the only parameter with a strongly negative effect on the total
redicted yield. For this extended model we explore various ranges of

and 𝐻 in Appendix.
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Table 2
Model parameters, base values and ranges used in simulations. Parameters were parameterized by Peace et al. (2020), except the new parameters 𝐷, 𝐻 , 𝑛.

Parameter Meaning Units Base value Range References

𝛼 Search rate 1/(day × flower) 480 120–3600 Broussard et al. (2022)
𝛽 Handling time Days 0.0011 0.00013–0.0094 McKay (1978), Macfarlane and Ferguson (1983),

Vaissière et al. (1996) and Goodwin et al. (2013)
𝛿 Preference to remain on male flower – 0.0634 0–1 McKay (1978), Jay and Jay (1984), Goodwin and

Steven (1993), Howpage (1999) and Broussard
et al. (2022)

𝜀 Preference to remain on female flower – 0.0725 0–1 McKay (1978) and Broussard et al. (2022)
𝐵𝑚 Number of male buds Flower 600 000 300 000–900 000 Brundell (1975) and Testolin (1991)
𝐵𝑓 Number of female buds Flower 600 000 300 000–900 000 Brundell (1975)
𝑡𝑚 Peak day of male flower opening Day 6 2–9 Brundell (1975), Costa et al. (1993), Howpage

(1999) and Gonzalez et al. (1994)
𝑡𝑓 Peak day of female flower opening Day 6 2–9 Brundell (1975), Costa et al. (1993), Howpage

(1999) and Gonzalez et al. (1994)
𝜎𝑚 Spread of male flowering period 2.5 0.5–5.5 Brundell (1975), Howpage (1999) and Gonzalez

et al. (1994)
𝜎𝑓 Spread of female flower period 2 1–4 Brundell (1975), Howpage (1999) and Gonzalez

et al. (1994)
𝜏𝑚 Life span of male flowering Day 4 3–5 Goodwin (1987)
𝜏𝑓 Life span of female flower Day 5 3–7 Hopping (1990), Goodwin and Steven (1993) and

González et al. (1995)
𝜌 Pollinators per 1000 flowers Pollinators/1000

flowers
6 1–20 Goodwin (1987) and Testolin (1991)

𝑝1 Percent chance to set fruit from single
type one visit

0.66 0.25–0.75 Broussard et al. (2022)

𝑝2 Percent chance to set fruit from single
type two visit

0.55 0.1–0.65 Broussard et al. (2022)

𝑝3 Percent chance to set fruit from single
type three visit

0.22 0–0.5 Broussard et al. (2022)

𝐷 Pollinators’ maximum dispersal rate
between cells

Per time 1500 500–2500 Assumed

𝐻 Half dispersal rate pollinators’ density Pollinators/1000
flowers

10 1–1000 Assumed

𝑛 The Hill coefficient (indicator of
steepness of density-dependence
dispersal rate)

1 Assumed
Fig. 4. Proportion of fruit set in simulated kiwifruit orchards with differing planting
regimes and bloom synchronies, under the assumption that the peak opening day of
female flowers is on day six. Dots represent the average fruit set across all eight bee
hive placements, and bars represent the range. The total number of male and female
flowers was identical across the four scenarios.

2.5. Model simulations

We programmed the simulations in Matlab (MATLAB) using differ-
ential equation solvers ode45 with initial conditions such that 0% of
pollinators were 𝑃 , 𝑃 , and 𝑃 , and 100% of pollinators were 𝑃 at
7

𝑚1 𝑚2 𝑚3 𝑓
Fig. 5. Proportion of fruit set in simulated kiwifruit orchards with differing planting
regimes and bee hive placements. Dots represent the average performance of each
orchard layout at each hive placement configuration across a range of bloom synchrony
values, while bars represent the range. The total number of male and female flowers
was identical across the four scenarios.

time 𝑡 = 0 for an orchard of sample of one ha in size. Parameter values
for the total number of flower buds 𝐵𝑚 (male) and 𝐵𝑓 (female) along
with the number of pollinators per 1000 female flowers 𝜌 were used
to determine the total number of pollinators for each simulation. The
simulations were performed in a high performance computing cluster
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Fig. 6. Heatmaps for the predicted fruit set on a 1-ha ‘‘Male Row’’ kiwifruit orchard with four different bee hive placements. A: ‘‘8-in-1’’; B: ‘‘4-in-2-Opp’’; C: ‘‘2-in-4-OppSides’’;
D: ‘‘1-in-8-Equal’’. The total number of male and female flowers was identical across all hive placement scenarios.
based on CentOS Linux 7, with OpenLava 3.2.0 load scheduling facility;
simulation runs were parallelized with a custom script written in R (R
Core Team, 2020) using the foreach package (Microsoft and Weston,
2020).

3. Results

Like Peace et al. (2020), our model predicted that fruit set decreased
with decreasing overlap of male and female kiwifruit cultivars. In addi-
tion, we found that different orchard layouts affected fruit set alongside
synchrony, with the commonly-used ‘‘Male Row’’ layout outperforming
all other layouts (Fig. 4). For the three layouts that would potentially
be used by orchardists (excluding the extreme layout ‘‘Point’’), the
variation in fruit set between layouts was smaller than the variation
in fruit set between different hive placement regimes.

Overall, the effect of synchrony was less than the effects of both hive
setup and orchard layout (Fig. 5), although our values were constrained
to a possible mismatch of only three days. With less synchrony, the
potential for fruit set decreases further, but in these extreme scenarios
better pollination is unlikely to make up for the lack of synchrony.

Placing all hives in a single location resulted in the lowest fruit set
across all three field-realistic orchards, while distributing hives evenly
around the orchard resulted in the highest fruit set. Of the intermediary
8

designs, breaking hives into four clusters performed nearly as well
as eight, and placing two groups of hives, one on either side of the
orchard, performed nearly as well. The combination of pulsing and
diffusion resulted in each hive effectively pollinating a limited radius
from its placement location; the extend of white shown in the figures
displaying the spatial pattern of fruit set indicates areas with very
low fruit set (Fig. 6). The 4-in-2-Opp and 8-in-1 and layouts resulted
in negligible fruit set across approximately 1/6 and 1/3 and of the
orchards respectively (roughly equivalent to a 15%–30% decline in
yield).

4. Discussion

We found that there were effects of both orchard type and hive
placement on predicted pollination success. For the unrealistic ‘‘Point’’
layout, where all male flowers occur in a small corner of the simulated
1-ha orchard, changing the location of hives was unable to bring
yield up to economical levels. For the typical orchard configurations
encountered in kiwifruit (i.e., excluding ‘‘Point’’), hive placement had a
larger effect than planting regime. This finding is potentially good news
for orchardists, as it is much more straightforward to change where
hives are placed in an orchard than to change the existing planting
arrangement. The latter requires a considerable investment of both time
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Fig. 7. Proportion of fruit set in simulated kiwifruit orchards with differing planting
regime, hive placements, and a bee’s maximum dispersal rate ranging from 500 to
2500. Dots represent the average fruit set across all eight hive placements, and bars
represent the range of eight hive placements.

Fig. 8. Proportion of fruit set in simulated kiwifruit orchards with differing planting
regime (‘‘Male Row’’ and ‘‘Uniform’’), eight bee hive placements, and half dispersal
rate pollinator’s density ranging from 0.001 to 1 (plotted in Log scale). Dots represent
the average fruit set across all eight hive placements, and bars represent the range of
eight hive placements.

and money (both direct expense and loss of income) while plants are
grafted and growing.

The hive placements we examined were focused on delivering hives
to the perimeter of the orchard as, while it may be recommended
to distribute hives throughout the orchard for best results (Goodwin,
2012), growers and beekeepers are often constrained by logistics and
capacity to this time-consuming task at a critically busy time of year.
We examined the effects of deploying the recommended eight hives/ha
in eight different of placements at either one, two, four, or eight sites
surrounding the orchard. Of note is that several placements produced
very similar results to the theoretical best placement (‘‘1-in-8-Equal’’–
hives at 8 locations around the orchard). All the options for four
hive drop sites (‘‘2-in-4-Corner’’, ‘‘2-in-4-Side’’, ‘‘2-in-4-OppSides’’) per-
formed similarly to ‘‘1-in-8-Equal’’, yielding economical returns, as did
9

‘‘4-in-2-Side’’, where two groups of four hives were dropped on opposite
sides of the orchard. This result is of particular importance as it would
yield the most pollination success for the least beekeeper effort. Our
model has shown significantly utility in being able to predict optimum
and near-optimum scenarios that could make a substantial economic
benefit for growers.

A possible shortcoming of our approach is that our model results in
circular ‘spheres of influence’ for each hive or hive group. In reality,
this pattern is likely to be somewhat elliptical, probably because of the
preference for bees to work down rows rather than across them (Free,
1966; Boerma and Moradshahi, 1975; Jay and Jay, 1984; Evans et al.,
2011). However, in an experiment where male flowers were removed
from all but one vine (a setup similar to our ‘point’ orchard), fruit set
was arranged approximately circularly around the male vine (Testolin,
1991), indicating that bees are foraging equally in all directions. This
being the case, our model suggests that there is a benefit to having
hives distributed around the perimeter of the orchard, and that more
locations is generally better, but they do not need necessarily to be
deployed as single hives to achieve the majority of the benefit.

The similar performance of several of the orchard layouts may
be partly due to our model incorporating a rate of diffusion, which
led to full coverage of the orchard by bees under most scenarios
(see also the discussion in the Appendix). If there are real-world
factors that decrease this movement of bees through a 1-ha block,
more divergence in fruit set between layouts might be experienced.
For example, in crops prone to wind damage, individual blocks can be
smaller than 1-ha and separated by large wind-breaks. Other orchards
utilize netting between rows which might modify pollinator movement,
or have orchards planted in irregular sized blocks that alter the distance
pollinators need to travel to reach the entire block. Our model did
not account for varying pollinator numbers due to competing bloom
outside the orchard, or in fact any wider context for the 1-ha block. The
power of this model lies in its ability to generate new hypotheses about
optimal pollination scenarios and to consider the relative importance of
multiple different factors at once.

Additionally, we found that optimal hive placement can partially
compensate for poor bloom synchrony—a key concern not only for
kiwifruit growers, but also for producers of functionally dioecious crops
more generally. Bloom synchrony in any given season is a combination
of the characteristics of the cultivars and their response to the environ-
mental conditions they have experienced, factors which are beyond the
control of the orchardist during flowering. In contrast, hive placement
(and density Peace et al., 2020) can be rapidly altered in response to
observations of conditions, and thus limit losses.

Both ABM and ODE models have provided useful insights into key
decisions made by orchardists that potentially have a large economic ef-
fect. Incorporating spatial-positioning information is particularly valu-
able because of the importance of space and time in pollination. Intu-
itively we found that hive placement in the orchard has a very large
influence on fruit production, which is fortunate as it is an easily
managed variable (compared with plantings of long-lived perennial
plants). It is likely that future models will be able to incorporate more
realistic foraging by pollinators using this template, and will be able to
reveal further insights into methods to optimize pollination.
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Appendix

To better support our parameterization on 𝐷 and 𝐻 , we also simu-
lated the model system with varying values for 𝐷 and 𝐻 respectively.
The results of varying D values ranging from 500 to 3000 are presented
in Fig. 7. The average proportion of fruit set across eight hives place-
ments increases with the maximal pollinator’s dispersal rate. When D
= 1500, the predicted range for fruit set is above 80% for both ‘‘Male
Row’’ and ‘‘Uniform’’. Such prediction confirms our selection of the D
value in the model simulation. Fig. 8 presents the results of proportion
of fruit set in simulated orchards with differing planting regime (‘‘Male
Row’’ and ‘‘Uniform’’), eight hive replacements, and half dispersal rate
pollinator’s density ranging from 0.001 to 1. The average proportion
of fruit set across eight hives placements decreases with increasing half
dispersal rate pollinator’s density. When H = 0.01, the predicted range
for fruit set is above 80% for both ‘‘Male Row’’ and ‘‘Uniform’’. This
prediction supports the choice of the H value in our model simulation
in Section 3.
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