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Abstract

We present a formal model for Eristalis tenax, the common drone fly, one of the most
widespread syrphid species globally. This model is intended for inclusion in the Animal
Landscape and Man Simulation System as a basis for regulatory assessment of the
effects of pesticides on hoverfly pollinators. We propose to implement the model using
an individual-based approach. The main drivers of the model are temperature, larval
habitat distribution and quality, and nectar and pollen food resources in space and time.
A prototype model description is presented that describes the full model, ready for
implementation. The model considers individuals at all life stages, from egg to adult,
with development from egg to pupa driven by temperature and larval development
also influenced by larval density linked with the larval habitat quality. The model uses
thermal performance curve models to represent the development and survival of the
pupal stage, which is the most critical moment in the life cycle. Movement is modelled
in detail, integrating dispersal, oviposition and foraging. Sources of mortality include
overwintering mortality, slow development, density-dependent mortality at the larval
stage, background mortality and pesticide and farm management mortality. A simple
toxicological model is described as a basis for future expansion.

Key words: Agroecosystem, common drone fly, pollinators, population dynamics,
spatially explicit model, syrphids

Introduction

Hoverflies, with more than 6000 species worldwide, are among the most im-
portant wild generalist pollinator groups, along with bees and bumblebees
(Doyle et al. 2020). Although all hoverflies share the same indirect life cycle
stages (egg, larva, pupa and adult), they can be distinguished by various lar-
val feeding type (phytophagous, mycophagous, zoophagous and aquatic and
terrestrial saprophagous species). Larvae of the genus Eristalis are aquatic
and saprophagous, i.e. they filter feed on microbes in decaying organic matter
and breathe using an elongated anal segment as a respiratory tube (Rotheray
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1993), and can, therefore, potentially be used to degrade manure and other bio-
organic wastes (Ci¢kova et al. 2012; Van Huis 2013). For this reason, Eristalis
species are often found in manure-polluted waters around farms in intensively
managed agroecosystems.

Here, we present a Formal Model of a spatially-explicit agent-based model for
the dronefly Eristalis tenax (Linnaeus, 1758) (Diptera, Syrphidae). The descrip-
tion follows the “Formal Model” format proposed by Topping et al. (2022) and
is the first step in the model cycle before its implementation and calibration.
The model is under development within the Animal, Landscape and Man Sim-
ulation System (ALMaSS) modelling framework (Topping et al. 2003; Topping
2022; Topping and Duan 2024a, 2024b). Therefore, we rely on this system's
features and adapt to the functional limitations imposed by the framework.

There are several existing or under-development individual-based models of
hoverfly population dynamics, all focusing on aphidophagous hoverflies. These
include the RePast hoverfly-aphid model described by Parry and Bithell (2011),
the “Hover-Winter” model by Arrignon et al. (2007) which focuses on the over-
wintering population dynamics of E. balteatus, and the SyrFitSources spatial-
ly-explicit model of E. balteatus (App et al. 2025). However, to our knowledge,
our model of E. tenax is the first spatially explicit individual-based model of a
saprophagous hoverfly, linked with a detailed landscape model that provides a
spatio-temporal assessment of food and habitat resources.

We selected E. tenax for modelling because it is a well-studied, synan-
thropic species that is widespread in temperate and continental climates
around the world (in Europe, Asia, the Americas and Oceania; Francuski et
al. 2014; Sengupta et al. 2016; Howlett and Gee 2019; Harris-Cypher et al.
2023). Adult drone flies are generalist pollinators, feeding on both pollen
and nectar, visiting a wide range of flower colours and sizes (both wild and
cultivated), with a preference for yellow flowers (An et al. 2018; Matouskova
et al. 2023). E. tenax has been investigated as a potential managed crop pol-
linator, which could provide additional pollination services to bees (Howlett
and Gee 2019). Protocols for laboratory rearing and long-term maintenance
of E. tenax for research studies have been developed (Nicholas et al. 2018),
as have attempts to create commercial mass-rearing systems (Upchurch et
al. 2023), not only for commercial pollination but also for biodegradation in
liquid and semi-solid environments (Hurtado 2013).

The E. tenax model is designed to provide a realistic and detailed repre-
sentation of hoverfly pollinators with aquatic and saprophagous larvae in
European agricultural landscapes. The initial application of the model is to
provide a representative of this group for use in a systems-based approach
to regulators risk amendment for pollinators impacted directly or indirectly
by agrochemical use, primarily by pesticides. As such, we have a specif-
ic section in the formal model for the implementation of exposure and ef-
fects of pesticides. The model will be developed in the ALMaSS framework
at spatial scales of typically 100, but up to 2500 km?, with a resolution of
1 m?, and at daily time steps.
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Theoretical framework and modelling approach

As with other published pollinator models in ALMaSS (Duan et al. 2022;
Zidtkowska et al. 2023), we use an agent-based modelling approach (Grimm
and Railsback 2005). Each hoverfly is represented as a separate object of a par-
ticular state with given properties, such as age, location and pesticide loading.

Our model is spatially explicit; thus, the position of each individual hov-
erfly (object) within a landscape is simulated. The ALMaSS modelling envi-
ronment provides a detailed spatio-temporal representation of the landscape
from which individual hoverflies obtain the information necessary to simulate
their behaviour. This representation describes spatial landscape heterogene-
ity through a detailed raster land-cover map with a spatial resolution of 1 m2.
Farmed areas are represented as accurate maps of fields grouped into farm
units of different types (e.g. cattle or arable farms). The temporal compo-
nent of agricultural landscape heterogeneity refers to year-round crop man-
agement, described through individually tailored management plans for each
crop. The cropping system is understood as a pluri-annual crop rotation. Crop
management plans consist of combinations of farm activities (including pes-
ticide treatments), time windows and probabilities of carrying out these ac-
tivities. The temporal component includes weather conditions and vegetation
growth models for all modelled vegetation types and crops; this is all updated
daily. Such an approach gives a highly realistic dynamic landscape simulation
with vegetation growing in response to the weather and the pattern of farm-
ing activities related to each crop, farm and field (Topping et al. 2016). The
resource-providing units are the vital elements of the landscape simulation
for all pollinators simulated within ALMaSS. These define the quantity and
quality of pollen and nectar for each habitat patch in the landscape.

The model will consider the behaviour of all hoverfly life stages daily. The
model"s parameters are based on the field and laboratory data on E. tenax
available in the literature. When the necessary data were not available for
E. tenax, we estimated parameters based on published data from other hov-
erfly species with similar life histories, particularly other species from the
Eristalis genus, such as Eristalis pertinax (Scopoli, 1763) (similar size spe-
cies found in Europe and Asia) and Eristalis arbustorum (Linnaeus, 1758)
(the European drone fly of smaller size, abundant in Northern Hemisphere).
The internal development of E. tenax individuals and interactions with each
other and the environment are covered in each section below.

Framing the model

This section mentions some of the key problems and assumptions asso-
ciated with the design of this model, and its linkage within the social-eco-
logical systems and simulations where it will be used. The model aims to
describe population changes in time and space and does not include all
possible known behaviours unless these significantly influence population
changes, with the aim to balance false inclusions and exclusions (Topping
et al. 2015). Key assumptions are noted here, but for details see the discus-
sion or details of the individual processes below.
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The E. tenax model is built on extensive literature, though many processes
have uncertain parameters and mechanisms, primarily derived from laboratory
studies and other hoverfly species. Key assumptions and simplifications include:

» Thermal Performance: There is limited data for developmental stages,
with a narrow temperature range tested, leading to potential biases in
thermal performance curves.

+ Developmental Stages: Simplified models for egg and larval stages are
used due to insufficient data, with calibration needed for thermal limits.

+ Survival Data: There is sparse data on juvenile survival, with suboptimal
thermal performance curves for the pupa stage. Other mortality drivers
are known but not well quantified.

+ Diet and Behaviour: Hypotheses are based on related species for the diet
(pollen to nectar ratio in daily diet depending on the ovarial development),
assuming equal nutrient value from all pollen and nectar sources.

» Energetic Budget: No simulation of the energetic budget and gut filling is
tracked separately for pollen and nectar.

* Reproduction Parameters: Variability in reproduction is poorly under-
stood, with assumptions made based on laboratory conditions and other
insect species.

+ Larval Habitats: Use of a larval habitat quality index, with assumptions
about density variation.

+ Dispersal: Limited knowledge on the proportion of the population migrat-
ing. The probability of exhibiting migratory behaviour set as a fitted pa-
rameter which, for the sake of simplicity, is assumed to be zero in the first
version of the model.

* Phenology: We assume that the phenology is parameterised for northern
and central Europe, forcing a diapause situation in part of the population,
which may not occur further south.

* Density dependence: We assume that density dependence works through
two mechanismes: the availability of larval habitats and the larval density.

Other decisions are made primarily as a consequence of the available data in
the supporting ALMaSS landscape framework (Topping and Duan 2024a). These
include simplifications regarding the prediction of soil moisture and its calculation
at the patch level and the fact that population genetics and behaviour related to ge-
netic makeup are not considered, even though they may affect population process-
es in the long term. This is a consequence of an important simplification for effi-
ciency: we assume that females can be mated and do not model males individually.

In this formal model, we have defined a simple toxicological model. This descrip-
tion is intended as a starting point only for future carefully developed toxicological
models for regulatory use. Future versions may include expanding the current mod-
el to include sub-lethal effects and more detailed internal toxicology, such as im-
plementing toxicokinetic/toxicodynamic models. The form that these models take
will depend on the regulatory scenarios developed and, in particular, the design of
exposure, which will be affected by the limitations in mapping larval habitats.

Framing the E. tenax model within the social-ecological systems it is a part
of is largely a function of the ALMaSS landscape model and the scenarios de-
signed for the model use. Key elements of this are related to the assumptions
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regarding mapping details, pollen and nectar modelling, and human manage-
ment, particularly farming. A discussion of these is outside the scope of this
formal model. The main exclusion of those drivers that might change the model
within the scope is the potential for different genetic traits and evolution. This
omission is particularly important if local adaptation can alter key mechanisms
represented in the model. However, including genetics will always be problem-
atic due to the potential for seasonal long-distance dispersal.

Overview of processes

The common drone fly E. tenax is one of the most widespread syrphid species
in the world. Due to its highly synanthropic nature, the species is found on all
continents except Antarctica. Still, it is not common in extremely southern lati-
tudes outside the arid areas of Europe, Asia, and Africa. It is especially abundant
near human activity centres (Speight 2018). It is a large hoverfly with the mean
mass of females around 140-150 mg, and males around 110-120 mg (Table 1).
The colour patterns of this species are a clear example of Batesian mimicry with
Apis mellifera. Eristalis spp. do not only mimic honeybees visually but also be-
haviourally during flight and feeding; they also produce a similar buzzing sound.
E. tenax, or the drone fly, as its name suggests, is similar in appearance to male
honey bees (drones) (Heal 1982; Bressin 1999; Golding and Edmunds 2000).

In northern and central Europe, E. tenax exhibits partial migratory behaviour,
characterised by both seasonal migration and overwintering strategies. The ex-
pression of migratory activity is modulated by climatic variables, the spatial-tem-
poral availability of resources and reproductive strategy imperatives (Tomlison
and Menz 2015; Reynolds et al. 2024). The species is not found active in the field
from around October/November to February/March, depending on the region
(Kendall and Stradling 1972; Bressin 1999). As hibernation is mainly controlled
by temperature and photoperiod, it starts earlier and ends later in colder regions
further north compared to warmer regions in southern Europe. However, in Med-
iterranean climates, hoverflies can be found throughout the year (Pérez-Baiién et
al. 2013), but the number of active hoverflies is much lower in winter.

Table 1. Data of Eristalis tenax mass (in mg) at each developmental stage, according to
the collected literature. F — female, M — male; field — individuals collected in the field, lab
- individuals emerged and reared in the laboratory conditions. No data was available for
the larva stage. *Information provided to the authors by Francis Gilbert; sex unspecified.

Egg Pupa Adult Reference
F:144.3 (75-211) Bressin (1999)
M: 108.6 (63-176)
0.184 (0.180-0.189) Hurtado (2013)
F:180.2 F:99.6 M: 90.1 Ludoski et al. (2023)
M: 170.5
F (field): 149 (109-187) Nicholas et al. (2018)

F (lab): 155 (103-191)
M (lab): 122 (94-150)

110.2* Wotton et al. (2019)
249 (+/-4.9) Basley et al. (2018)

F (field): 144.8 (+/- 5.94) | Tomlison and Menz (2015)
M (field): 88.1 (+/- 9.06)
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The development of the dronefly can be categorised into four main life stages:
egg, larva, pupa, and adult. In central and northern Europe, there are usually two
generations, spring/summer and autumn. A spring/summer generation begins in
early spring with the emergence of females that were inseminated in the autumn,
but the eggs did not develop until spring (Gilbert 1986; Bressin 1999; Upchurch
et al. 2023). When the eggs are ready to be laid, a female searches for a suitable
habitat for the larvae: stagnant water of various types (Campan and Campan
1979). The larvae, a type called a “rat-tailed maggot”, are saprophagous and fil-
ter-feed on microbes associated with decomposing organic material, using a si-
phon (the “tail”) to breathe (Kamdem and Otomo 2023). For pupation, the larvae
crawl to a drier area and form a capsule to protect them from the environment
during metamorphosis. The adults of the spring/summer generation mate and
produce the autumn generation, which is much more abundant. As winter ap-
proaches, they begin to seek out moist crevices in rocks or buildings to hibernate
(Bressin 1999). More details about each developmental stage are given below.

Egg

E. tenax eggs weigh around 180-189 ug (Table 1) and are laid side by side, per-
pendicular to the ground, in clusters, near or on the surface of stagnant water
such as reservoirs, liquid manure or sewage. The duration of the egg phase is
affected by temperature and humidity (Bressin 1999), but it is usually very short
(2-3 days; Hartley 1961; Heal 1979; Gladis 1994; Basley et al. 2018; Campoy et
al. 2020), mostly synchronised within one cluster. Egg cluster viability is rather
high, estimated to be 86—100% by Bressin (1999).

Data on temperature-dependent development time at the egg stage were de-
rived from five publications (Table 2). In Upchurch et al. (2023), the test was
carried out at six temperatures, and unpublished data from Kendall (1971) are
available for five temperatures, while in the other three studies, only one tem-
perature (“room temperature”) was used. The data collected follows a quadrat-
ic relationship (Equation 1), as shown in Fig. 1, but there was not enough data
to estimate the thermal performance curve for egg development.

D, (T) = 0.025x T* — 1.421 x T + 20.579 Equation 1

where Degg(T) is the developmental time of the egg stage, and T is temperature.

Larva

The larva is saprophagous, called a rat-tailed maggot and is typical for syrphids,
with a characteristic telescoping siphon that helps the larva breathe in its oxy-
gen-deprived, organic-rich habitat. There are three subsequent larval stages in de-
velopment, divided by moulting periods. Very high mortality at the beginning of the
firstinstar larva stage is caused by difficulty in finding a suitable part of the habitat
(Hartley 1961; Campoy et al. 2020). Another critical moment within a life cycle is the
end of the third larval instar (Campoy et al. 2020). During this phase, the larva chang-
es habitat to find a drier place, more suitable for pupation and metamorphosis.
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Table 2. Summary of thermally induced length of development of subsequent life stages
of Eristalis tenax. * Data from Kendall (1971), unpublished, were received via personal
communication with Francis Gilbert.

Stage Length (days) Temperature (°C) Reference

Eggs 4 12 Upchurch et al. (2023)
2.8 16.5
1.8 21.5
2 24
1.4 25.5
1.2 30
1.5 20-25 (room temperature) Dolley et al. (1933)
2 Room temperature Gladis (1994)
2 25 Campoy et al. (2020)
9 8 Kendall (1971) unpublished*
12.8
8.8 12
10
2 21
2.8
1.9 22
2
2.9
1.8 24
2.6
Larvae 28 20 (different densities and different Hurtado (2013)
30 experiments)
32
28
29
33
19
25
31
16 19 (different diets) Kamdem and Otomo (2023)
16
21
14
15
17
11.3 21 Basley et al. (2018)
14 22 Dolley et al. (1933)
14 25 Campoy et al. (2020)
86 8 Kendall (1971) unpublished*
55 12
16 22-24
20
22
Pupa 8-10 25 Perez-Banon et al. (2013)
7 25 (different colouration of broods) Heal (1989)
8
8
7
7
30-44 10-12
17 17
25 15
47 10 (different colouration of broods)
36
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Stage Length (days) Temperature (°C) Reference
Pupa 52 9 (different colouration of broods)
49
12 18
27 14 (different colouration of broods)
27
25
12 19
17 16
7 26
29 13
12 20 (different densities and different Hurtado (2013)
12 experiments)
13
14
14
14
9
8
8
6 19 (different diets) Kamdem and Otomo (2023)
9
7 25 Campoy et al. (2020)
7-8 22 Ludoski et al. (2023)
8 22 Dolley et al. (1933)
54 10 Dankova et al. (2023)
26 12
14 17
11 23
8 25
44 8 Kendall (1971) unpublished*
52
55
28 12
33
37
39
41
44
1 22-24
13
14

The larva crawls using the pseudopodia (Buckton 1895) even several metres to
find an optimal place for pupation (Hurtado 2013), and this movement can be quite
rapid (>1 m/min) (Wilson et al. 2009). Larval development in E. tenax is tempera-
ture-dependent (Ottenheim et al. 1996; Hurtado 2013). It can also be impacted
by the larval density and habitat quality, i.e., under nutritional stress, the larval de-
velopmental time increases (Equation 2), and the survival decreases (Equation 3)
(Hurtado 2013; Fig. 2). These relationships may be described by linear functions:

D, (L)=0.158x L, + 15.673 Equation 2
S,l(L) = -0.475x L, + 74.350 Equation 3

where D,
survival and L is density of larvae.

is the developmental time of the larval stage, S, _is the larval

larva
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Figure 1. Relationship between temperature and egg development time of Eristalis tenax
based on data from Table 2. Fitting quadratic equation to the data provides a model for
egg developmental time and temperature (Equation 1; R? = 0.85).
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Figure 2. Dependence of Eristalis tenax larval developmental time and survival on larval den-
sity measured as number of larvae per slurry solution. Fitting linear equations to the data
provides models for developmental time and larval density (Equation 2; R? = 0.99), and sur-
vival and larval density (Equation 3; R? = 0.91). Based on Hurtado (2013). * Slurry solution:
75 g of pig slurry mixed with 200 ml of water in 10.5 x 10.5 x 5 cm container of 0.5 | volume.

Density-dependent larval development in Eristalis species was earlier demon-
strated by Kobayashi (1979), who investigated Eristalis cerealis (Fabricius, 1805)
and found that, akin to E. tenax, larval development time in E. cerealis is prolonged
under conditions of nutritional stress, accompanied by a concomitant decline in
survival rates (Fig. 3). Furthermore, Kobayashi (1979) reported that nutritional
limitations negatively affect larval biomass and body length in E. cerealis (Fig. 4).

Data on temperature-dependent larval development time (including stag-
es 1-3) were derived from six publications (Table 2, Fig. 5). In two of them,
larval development was tested in the normal thermal range, and additionally,
it was tested either under different larval density conditions or food condi-
tions. In three papers, only one temperature was used for the tests. Unpub-
lished data from Kendall (1971) provide the only available information across a
broader temperature range. The data collected follows a quadratic relationship
(Equation 4), as shown in Fig. 5, but there was not enough data to estimate the
thermal performance curve for larva development.

Food and Ecological Systems Modelling Journal 6: 152847 (2025), DOI: 9
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Figure 3. Dependence of Eristalis cerealis larval developmental time and survival on lar-
val density measured as number of larvae per medium solution. Fitting linear equations
to the data provides models for developmental time and larval density (R? = 0.99), and
survival and larval density (R? = 0.91). Based on Kobayashi (1979). * Medium solution:
Best among tested, barnyard-based diet provided in 20 x 30 x 5 cm container.
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Figure 4. Dependence of Eristalis cerealis larval weight and body length on larval density
measured as number of larvae per medium solution. Fitting quadratic equations to the
data provides models for weight and larval density (R? = 0.99), and body length and
larval density (R? = 0.95). Based on Kobayashi (1979). * Medium solution: Best among
tested, barnyard-based diet provided in 20 x 30 x 5 cm container.
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Figure 5. Relationship between temperature and larval development time of Eristalis te-
nax based on data from Table 2. Fitting quadratic equation to the data provides a model
for larval developmental time and temperature (Equation 4; R? = 0.82).
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Data on temperature-dependent larval development time is also available for
a species of similar biology, Eristales arbustorum (Linnaeus, 1758), a European
drone fly (Fig. 6; Ottenheim et al. 1996). E. arbustorum is a smaller hoverfly
than E. tenax (9—11 mm length compared to 12-16 mm length of E. tenax). It
appears to exhibit a shorter developmental duration at its thermal optimum (14
days versus 18 days) and a higher thermal optimum for development relative to
E. tenax (27.0 °C versus 23.6 °C; according to Equations 4 and 6).

We found no data on the developmental time for individual instars for
E. tenax. Such data is available for Eristalinus arvorum (Fabricius, 1787), an
Asian hoverfly with saprophagous larva. E. arvorum is smaller than E. tenax
(8-10 mm adult length compared to 12-16 mm adult length of E. tenax) and
has a slightly shorter larval developmental time (11 days compared to 14 days
at 25 °C for E. tenax) (Cao et al. 2022). The total larval developmental time for
this species at 25 °C was divided into three instars: 31% for the 1t instar, 36%
for the 2" instar and 38% for the 3 instar (Cao et al. 2022).

D, (T)=0.272x 1"~ 12.886 x T+ 170.493 Equation 4
D . (T)=0.043x T* — 2.136 x T'+ 40.680 Equation 5
Dy, (T) = 0.032x T* — 1.728 x T'+ 37.361 Equation 6
where D and D, is the developmental time of the larva stage for males

and females, respectively, and T is temperature.

Pupa

The pupal weight is approximately 170-180 mg, with males being smaller than
females (Table 1). It is an inactive stage, the duration of which depends on tem-
perature. Some authors identify this stage as one of the most critical moments
within the life cycle (Campoy et al. 2020), with mortality depending on temperature
(Darikova et al. 2023). Two particularly vulnerable transitions within this stage in-
clude (1) the emergence of the pupal spiracles, a process that frequently fails and
may compromise successful development, and (2) adult eclosion followed by wing
expansion, which is also prone to failure (personal communication with F. Gilbert).

Temperature-dependent pupal development time data were derived from nine
publications, four of which reported data from the wide thermal range (Table 2).
Thermal performance curves for pupal development time were estimated using a
set of models provided by the rTPC R package (Padfield et al. 2024) as described in
Padfield et al. (2021). Such an estimation required the use of an inverse of develop-
ment as the dependent variable. Table 3 shows the estimations of critical thermal
minimum (CT, ), and critical thermal maximum (CT,__ ) across tested models. The

graphical representation of the five best-performing models is shown in Fig. 7.

Planned implementation in the model

The model will consider E. tenax behaviour of all four life stages (i.e., egg, larva with
three instars, pupa and adult) on a daily basis. We assume a ratio of 1:1 of females
to males at the population level (following Ibrahim 1976, who investigated a large
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Figure 6. Relationship between temperature and larva development time of Eristalis ar-
bustorum based on data from Ottenheim et al. (1996). Eristalis arbustorum, European
drone fly, has a similar biology to Eristalis tenax although is smaller (9-11 mm length
compared to 12-16 mm length of Eristalis tenax). Fitting a quadratic equation to the
data provides models for developmental time and temperature, separately for males
(Equation 5; R? = 0.97) and females (Equation 6; R? = 0.99).

Table 3. Parameters of the thermal performance curves fitted to the inverse of pupa
developmental time for Eristalis tenax. CT,, . .. CT . - critical thermal minima

and maxima for the pupa stage. Model abbreviations follow convention used in rTPC R
package (Padfield et al. 2024).

Model abbreviation CT CT

Dpupa_min Dpupa_max
beta_2012 5.9 65.9
briere2_1999 4.6 40.8
delong_2017 5.0 53.8
flinn_1991 -10.6 60.6
gaussian_1987 5.5 46.5
hinshelwood_1947 20.1 58.4
joehnk_2008 4.6 324
kamykowski_1985 6.9 29.4
Irf_1991 6.4 31.6
modifiedgaussian_2006 4.8 47.2
oneill_1972 5.2 45.6
ratkowsky_1983 6.8 48.1
rezende_2019 0.1 31.5
thomas_2012 5.1 35.9
weibull_1995 5.2 1.7

field-sample of saprophagous hoverfly pupae of Eristalinus taeniops (Wiedemann,
1818) and thus, males will not be included in the model. It is further assumed that all
adult females are fertilized; therefore, mating behaviour is not explicitly modelled,
although it is implicitly incorporated into the timing of the reproductive process.
The development will be modelled according to the life-stage state machine
and transition path (Fig. 8). Following emergence from hibernation in spring
or arrival via migration, adult fertilised females begin interacting with their
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Figure 7. Relationship between temperature and pupa development time of Eristalis tenax according to four best-per-
forming thermal performance curve models presented in Table 3: (A) briere2_1999, (B) joehnk_2008, (C) Irf_1991, and (D)
ratkowsky_1983. The input (measured) data are presented as black dots. Performance of the models was similar with
R? of 0.81 for briere2_1999, Irf_1991, and ratkowsky_1983 (0.81); and of 0.74 for joehnk_2008. Names of the thermal
performance curves models after Padfield et al. (2024).

environment. This interaction includes dispersing in search of food resources,
foraging for pollen and nectar, and reproducing (see section "Adults" for more
details). Eggs are laid in clutches near a suitable habitat for the larvae, and their
only behaviour is temperature-dependent development. The eggs hatch into lar-
vae. On hatching, we assume that 50% are male and these are then removed
from the model. Larval development occurs in stagnant water and depends on
temperature and larval density (which is derived from larval habitat quality). The
third larval instar crawls out onto dry land. We assume that this movement is
rapid and takes place within one day. The length of the movement will be drawn
from a uniform distribution with a maximum distance of D, meters, and a mini-
mum distance of 1 meter from the edge of the water body. As the exact move-
ment capabilities of E. tenax larvae are not known, we assume D, to be 10 m,
subject to adjustment during the model calibration phase. The larvae transition
into immobile pupae, and their development is temperature-dependent. The
pupae eventually develop into adult females, forming the first, spring/summer
generation. These spring/summer-generation adult females mate and produce
a more abundant autumn generation, which subsequently hibernates. At each
developmental stage, there is a probability of mortality (see section “Mortality”).

In the model, the temperature-dependent development on the egg stage
will be modelled using a quadratic function (Equation 1) fitted to the data for
E. tenax (Fig. 1) with an optimum at T, = 26.9 °C, at which the maximal develop-
mental speed of 1.5 days is reached. Unfortunately, there was not enough data
available to calculate the critical minimum (CT and maximum (CT

egg_min) egg_max)
temperatures for egg development. Thus, these values will be calibrated.
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Figure 8. Eristalis tenax state diagram showing development from egg to adult female. All stages could transition to state
Dying from any other behavioural state due to external messaging. The Hibernation and Migration states (dashed lines)
only occurs for the second, autumn generation. It is assumed that a proportion of the population enters hibernation,
while the remainder undertakes migration. Additionally, a subset of individuals may migrate into the landscape during
the subsequent spring.

We will combine the dependence of larval development time on both tem-
perature and larval density. The temperature dependence will be modelled us-
ing a quadratic function (Equation 4) fitted to the data for E. tenax (Fig. 5) with
an optimum at T_, = 23.6 °C, at which the maximal developmental speed of
18.1 days is reached. Unfortunately, there was not enough data available to cal-
culate the critical minimum (C_ . . ) and maximum (CT,_ . ) temperatures
for larval development. Thus, these values will be calibrated.

We will assume that the dependence on larval density (Fig. 2), which shows
that larvae require more time to develop at higher larval densities, is valid for a
temperature of 20 °C (as this was the constant temperature in the laboratory
during Hurtado's (2013) experiment). We will use a linear equation fitted to the
three data points from Hurtado (2013) (i.e., development times measured for
densities of 20, 60 and 100 larvae in a 10.5 x 10.5 x 5 cm container; Fig. 2) and
a data point derived from the study of Ottenheim et al. (1996) by calculating
the developmental time at 20 °C from Equation 5. In the study by Ottenheim
et al. (1996), a maximum of 20 individuals of E. arbustorum were reared in 18
x 13 x 4.5 cm containers. As E. tenax is 1.3 times larger than E. arbustorum
(12-16 mm length compared to 9-11 mm length of E. arbustorum), it can be
assumed that the maximum larval density of E. arbustorum tested by Otten-
heim et al. (1996) corresponds to 15.4 larval densities of E. tenax. Furthermore,
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considering that the containers used for larval rearing in both studies by Hurta-
do (2013) and Ottenheim et al. (1996) were similar in terms of depth, and that
Eristalis larvae stay close to the water surface to breathe, we can assume that
the reported densities are related to the water surface area of the containers,
i.e. 0.011 m? in the study by Hurtado (2013) and 0.0234 m? in the study by
Ottenheim et al. (1996). We can then recalculate the densities reported in both
studies to the number of larvae per m? of water surface and fit a linear equation
relating larval density to development time at 20 °C (Equation 7).

D,,,(T=20°C, L) = 0.002x L, + 14.966 Equation 7

ol
where D, is the developmental time of the larval stage, L, is larva density and
T is temperature.

By linking Equation 4 and Equation 7, we will then create a family of quadratic
curves (Fig. 9), parameterised so that their values reached at the temperature
20 °C match the larval density dependence (Equation 8).

e T L) = 0272 x T* — 12,886 x T'+ 0.002 x L, + 163.886 ~ Equation 8

In addition, an individual variation will be included around a maximal de-
velopmental speed (+/- 10%). The total developmental time for larvae will be
divided into three instars using the proportions reported by Cao et al. (2022)
for E. arvorum.

The duration of the pupal stage (inversion of developmental rate) will be relat-
ed to the temperature using a thermal performance curve model of the Lobry—
Rosso—Flandrois (LRF; Irf_1991). This model named by Ratkowsky and Reddy
(2017) was proposed to represent microbial growth by Lobry et al. (1991) and
Rosso et al. (1993). The four parameters in the model represent three cardinal
temperatures (the maximum temperature at which development can occur 7,__,
the minimum development temperature T__, and the optimum development tem-
perature Topt) and the specific growth rate at the optimum (Uopt). U, is indepen-
dent of the three cardinal temperatures, and T is the temperature (Equation 9).

(T - Tma:c)(T - Tmin)2

r(T)=u
( ) ot (Topt - Tmin)[(Topt - Tmm)(T - Topt) - (Topt - Tmaz)(Topt + Tmin - 2T)]

Equation 9

Among similarly performing thermal performance curves we selected the
LRF model as it was previously proposed to describe growth and temperature
relationships in the agent-based model of another pollinator, the green-veined
white butterfly Pieris napi (Topping and Duan 2025). After fitting the LRF model
to our data, the parameters T_, T _, T and U, Were set to 2.16 °C, 26.00 °C,

min’ " opt’ " max

31.59 °C and 0.13, respectively.

Adults
Diurnal activity

E. tenax is a strongly diurnal insect, with abundance varying throughout the day
and tending to peak around midday, more or less coinciding with temperature
and light (Bressin 1999; Thyselius 2022). Gilbert (1985a) also suggested a peak
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Figure 9. Dependence of Eristalis tenax larva developmental time on temperature and
larva density. A family of quadratic curves for the developmental time is shown for larva
densities from 30 to 9091 larvae per m? of water surface as presented in Table 4.

of feeding (on nectar) at around midday for E. tenax. It is possible that a trade-off
has to be taken between the amount of nectar available and the energy needed to
go and get it. Adult hoverfly activity appears to be driven by an internal circadian
rhythm rather than external light. More detailed analyses showed that the activity
of E. tenax males was influenced by time of day, but also by temperature and to
some extent by light (the number of males increased with time and temperature,
while light seemed to have a weak negative relationship with the number of flies),
whereas the activity of females appeared to be influenced only by time of day
(Bressin 1999). Thyselius (2022) showed that E. tenax activity remains robust in
ageing hoverflies and found no difference in activity between females and males.

In the laboratory, hoverflies fly in the thermal range between 8 and 29 °C
(Bressin 1999). Gilbert (1985a) reported that the lowest temperature at which
E. tenax was observed was 10 °C, and the lowest temperature at which more
than 50% of the flies were active was 11 °C. A similar temperature of 10 °C
as critical for activity was also reported for male E. tenax in Canadian field
studies (Wellington and Fitzpatrick 1981). According to the laboratory study
by Kato (1943) (after Bressin 1999), certain ambient temperatures are required
for E. tenax to become active: cleaning starts at 8 °C, crawling at 12 °C and
normal activity at 15 °C. However, E. tenax has also been observed flying at
lower temperatures of 4.5 °C in November and December in Japan (Kato 1943,
after Bressin 1999), and at temperatures between 5-10 °C and under windy
conditions (> 30 km/h) in New Zealand (Howlett et al. 2013). The observations
may indicate that E. tenax is able to use solar radiation for temperature reg-
ulation (Bressin 1999). Flies tended to stop foraging and seek shade at tem-
peratures above 30 °C (Jarlan et al. 1997). This is consistent with the findings
of Kikuchi (1965) (after Bressin 1999). He observed that E. tenax appeared at
ambient temperatures between 16 and 20 °C, reached maximum abundance at
25-28 °C and declined in numbers at temperatures above 28 °C.
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Table 4. Developmental time of Eristalis tenax larva at 20 °C for larvae developing at
different densities per m? of water surface. Relative density D_is a density of larvae
ina10.5 x 10.5 x 5 cm container as used in the study of Hurtado (2013). Density L
is a density per m? of water surface recalculated from relative densities assuming
that D = 0.011 x D. " Minimum and maximum densities of Eristalis species found
in sewage settling ponds in Egypt from the study of Mahmoud (1997). 2 Minimum
and maximum densities of Eristalis species found in sewage settling ponds in Egypt
from the study of lbrahim (1976).  Densities and developmental times at 20 °C
corresponding to relative densities of 20, 60 and 100 used in the study of Hurtado
(2013) are given for comparison.

Relative density (D) Density (L ) [m? of water surface] = Developmental time [at 20 °C]

0.3 30° 15.0
1.4 1302 15.2
2.8 250 15.4
5.5 500 15.9
7.4 650’ 16.2
10.3 9402 16.7
11.0 1000 16.8
20.08 1818 18.3
60.0° 5455 25.0
100.0° 9091 31.6

These observations are aligned with Campan"s (1968, 1973) findings that
E. tenax exhibits a shift in diurnal activity rhythm in response to elevated tem-
peratures. Specifically, as ambient temperatures increase, the species reduces
its overall activity, resulting in a transition from a unimodal to a bimodal activity
pattern. In Campan"s (1968) study, under low-to-moderate temperature condi-
tions (14-25 °C), E. tenax visits to manure followed an unimodal distribution,
with peak activity aligning closely with the daily thermal maximum. However,
at higher temperatures (26-37 °C), the activity pattern became bimodal: the
first peak occurred earlier in the day, before the thermal maximum, while the
second peak occurred after the hottest period. Campan (1973) also observed
that seasonal temperature fluctuations affect the frequency of unimodal ver-
sus bimodal activity days throughout the year.

It was observed (Gilbert 1985a) that E. tenax spends 79.3% of the time feed-
ing, 13.1% resting and 0.6% flying, and that female hoverflies spent more time
feeding than males.

Planned implementation in the model

We incorporate weather effects on hoverfly activity through an hourly weather
assessment. Based on Gilbert (1985a), we assume that 50% of the population
becomes active when the hourly daytime temperature reaches 11 °C, and 100%
of the population is active when the temperature reaches 15 °C (as per Kato
1943, after Bressin 1999). This enables the calculation of the fraction of the
population that is active (F,_, ) at specific hourly temperatures (T,) during the

)
activ:
day, assuming a linear relationship (Equation 10).

F  (T)=125%xT, - 875 Equation 10

activ h

Food and Ecological Systems Modelling Journal 6: €152847 (2025), DOI: 17



Elzbieta Zidtkowska et al.: Formal Model for the hoverfly Eristalis tenax agent-based model

This activity is further restricted to daylight hours only (Fig. 10), and to
specific rainfall and wind conditions (maximum acceptable rainfall R__ and
wind speed W__ which will be calibrated). Individuals that become active at
a given temperature are selected randomly from the population, reflecting
the influence of varying local microclimatic conditions. From Equation 10
we can calculate the minimum temperature for activity to be 7 °C, which
is consistent with the range of temperatures provided in the literature. In
addition, after Jarlan et al. (1997), we will assume that the maximum tem-
perature for activity is 30 °C.

Knowing when a given hoverfly starts and ends to be active during the
day (based on temperature, rainfall and wind profiles during the day), we
can calculate the total number of activity hours per day (h, ). The total activ-
ity hours per day will then be divided into time spent on feeding (h,), resting
(h) and flying (h ) based on proportions provided by Gilbert (1985a). These
proportions were derived from instantaneous behavioural observations re-
corded at the moment of first sighting, with the aggregated data interpreted
as representative of the species” energy budget. For the purposes of this
study, we assume that "feeding" time includes all local movements within
the flower patch, whereas "flying" time covers movements between flower
patches. This would imply that there is a local movement distance threshold
d, (to be calibrated) above which a movement bout is considered to be long
enough to allow a hoverfly reaching flight speed to find a new flower patch
(see "Dispersal” for details). We further assume, after Thyselius (2022), that
the activity pattern of E. tenax does not change with the hoverfly's age.

Foraging

Gilbert (1985b) analysed dietary preferences (estimated feeding-time-budgets)
of hoverflies based on field observations and categorised hoverflies according
to the proportion of time spent feeding on nectar versus pollen. In this study,
E. tenax was categorised as a mixed-feeder, feeding on both pollen and nectar.
Hoverflies participate in pollination as a result of the pollen getting stuck to
their hairs. When foraging, dipterans use visual cues for long distances and
olfactory ones for short distances (Willmer 2011).

To our knowledge, there is only limited information on the energetics of
E. tenax and other hoverflies. Existing studies focus on examining the diets
of hoverflies by analysing dissection of their intestines or their excrements
(which allows identification of the pollen types ingested; e.g. Halloway
1976; Irvin et al. 1999), pollen transport by hoverflies (Lucas et al. 2018), or
impact of type of food consumed on hoverfly"s performance (i.e., longev-
ity, activity or survival; i.e., Pinheiro et al. 2015; Thyselius and Nordstrom
2016). The only detailed analyses of energetics of the foraging behaviour
of E. tenax was presented by Sotavalta and Laulajainen (1961) and Gilbert
(1983). Gilbert (1983) found that the energy gain while foraging on Aster
is low (0.01 W) and that when continuously foraging on Aster nectar, the
hoverflies can fill their crop in about 75-220 min, assuming the average
and maximal crop volumes of 5.8 and 17.2 pl respectively. Gilbert (1983)
suggested that E. tenax can thus make a sizeable energetic profit, even at
low nectar availabilities.
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Figure 10. Fraction of hoverfly population being active on two selected days near Warsaw (Poland) in 2009, calculated
based on Equation 10: (A) on March 27%, and (B) on June 27t". The activity is restricted by the temperature and photoperiod.

Food requirements

Both E. tenax males and females usually eat pollen at the beginning of their
life because adults emerge with immature reproductive organs and gam-
etes, and pollen proteins are essential for maturation (Gilbert 1986). Subse-
quently, females consume more pollen than nectar because it is needed for
egg maturation (Gilbert 1985b). Males that hover have been found to have
their abdomen partly filled with air, probably to reduce their mass and save
energy, and tend to feed on nectar only (Gilbert 1986). These distinct food
requirements between female and male hoverflies were confirmed by sever-
al studies on the gut content of hoverflies in which the amount of pollen was
larger in the gut content of gravid females compared to non-gravid females
and males (Haslett 1989; Irvin et al. 1999; Villa et al. 2021).

The detailed study of the gut contents in Rhingia campestris (Meigen,
1822) hoverfly (body length of 8—=11 mm, wingspan of 12-18 mm) showed
a relationship between diet and the degree of ovarian development in fe-
males. Females switch from nectar to pollen feeding during the maturation
of ovaries and back to nectar feeding once eggs are laid (Haslett 1989; Fig.
11). For females, nectar-feeding is thus associated with mating and ovipo-
sition, activities that have substantial energy costs (Gilbert 1986). Based on
personal observation, Haslett (1989) suggested that a similar pattern can
be observed in other hoverfly species, including E. tenax.

Food preferences

E. tenax forage on a wide range of flowers. Flower choice is made according to
the nutritional value of the pollen provided by the flower and according to the
colour of the petals (Bressin 1999).

E. tenax exhibits distinct floral preferences influenced by the colour, size, and
UV properties of flowers. Studies have shown that yellow is the most preferred
colour for both landing and proboscis extension, with larger yellow flowers be-
ing particularly attractive (Matouskova et al. 2023). The preference for yellow
is so strong that it triggers landing regardless of UV reflection, while proboscis
extension is specifically triggered by yellow colours that absorb blue and UV
light (Lunau and Wacht 1994; Lunau and Wacht 1997; An et al. 2018). Despite
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Figure 11. Relationship between ovarial development and diet of adult female hoverfly
Rhingia campestris. Points are means from a minimum of 4 flies. Vertical lines represent
standard error (based on Haslett 1989). *Ovarial stages considered: (1) the germarium,
(2) the newly formed follicle, spherical in shape, the oocyte within is not visible, (3) the
oocyte is distinct from the nurse cells within the slightly ovate follicle, but forms less
than 10% of the total follicular volume, (4) the oocyte occupies between 10% and 20% of
the follicle, which is now distinctly oval in shape, this stage represents the onset of yolk
deposition, (5) the oocyte (with yolk) occupies 20%-30% of the follicle, (6) the oocyte
occupies 30%-50% of the follicle, (7) the oocyte occupies 50%-75% of the follicle, (8)
the oocyte occupies up to 90% of the follicle, yolk deposition is near completion, (9) the
mature egg, occupying nearly the entire follicle, the egg is more opaque than at earlier
stages and is longer and thinner, (10) the eggs have been discharged and the ovaries
have shrunk and appear rather degenerate.

their ability to learn to land on other colours, E. tenax still shows a significant
preference for yellow and UV-absorbing colours over UV-reflecting ones. Ad-
ditionally, these flies tend to avoid dark colours, except for yellow, and prefer
bright colours for landing (An et al. 2018). The spectral sensitivity of their pro-
boscis reaction is finely tuned to a small range of wavelengths (520-600 nm),
which aligns with the yellow colour of pollen and floral guides in natural flowers
(Wacht et al. 1996). This innate preference for yellow and the limited ability
to condition their proboscis reflex to other colours suggest that E. tenax has
evolved specific perceptual dimensions for yellowness and blueness, optimiz-
ing their foraging efficiency on yellow flowers (An et al. 2018).

In the case of E. tenax, the plant-pollinator interactions were analysed us-
ing different methods: direct visual observations (Cowgill 1991; Hoffmann
2005; Klecka et al. 2018; Ouvrard et al. 2018; Plume et al. 2024), analysis of the
gut content (Irvin et al. 1999), analysis of pollen carried by hoverflies on their
body (e.g., Holloway 1976) or DNA metabarcoding (Lucas et al. 2018). Based
on these publications, a summary of plants visited by E. tenax is presented in
Table 5. The table does not distinguish between plants visited by female and
male hoverflies, as according to Klecka et al. (2018) differences in flower pref-
erences between sexes in E. tenax are negligible.
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Table 5. Summary of plant species visited by Eristalis tenax.

Species
Acer pseudoplatanus
Achillea millefolium
Aegopodium podagraria
Agrimonia eupatoria
Anethum graveolens
Anthriscus sylvestris
Ballota nigra
Borago officinalis
Brassica type
Buddleja type
Calendula arvensis
Calendula officinalis
Calluna vulgaris
Capsella bursa-pastoris
Carum carvi
Centaurea cyanus
Centaurea jacea
Centaurea nigra
Centaurea scabiosa
Cichorium intybus
Cirsium arvense
Cirsium palustre
Clematis vitalba
Convolvulus arvensis
Crataegus monogyna
Crepis capillaris
Daucus carota
Erica cinerea
Erica tetralix
Eupatorium cannabinum
Filipendula ulmaria
Foeniculum vulgare
Galium type
Glebionis segetum
Hedera helix
Helianthemum nummularium
Heracleum sphondylium
Hypericum perforatum
Hypochaeris radicata
Juncus type
Hypochaeris radicata
Knautia arvensis
Lapsana communis
Lamium album
Lamium purpureum

Lavandula angustifolia
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Genus
Acer
Achillea
Aegopodium
Agrimonia
Anethum
Anthriscus
Ballota
Borago
Brassica
Buddleja
Calendula
Calendula
Calluna
Capsella
Carum
Centaurea
Centaurea
Centaurea
Centaurea
Cichorium
Cirsium
Cirsium
Clematis
Convolvulus
Crataegus
Crepis
Daucus
Erica
Erica
Eupatorium
Filipendula
Foeniculum
Galium
Glebionis
Hedera
Helianthemum
Heracleum
Hypericum
Hypochaeris
Juncus
Hypochaeris
Knautia
Lapsana
Lamium
Lamium

Lavandula

doi.org/10.3897/fmj.6.152847

Family
Sapindaceae
Asteraceae
Apiaceae
Rosaceae
Apiaceae
Apiaceae
Lamiaceae
Boraginaceae
Brassicaceae
Scrophulariaceae
Asteraceae
Asteraceae
Ericaceae
Brassicaceae
Apiaceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Ranunculaceae
Convolvulaceae
Rosaceae
Asteraceae
Apiaceae
Ericaceae
Ericaceae
Asteraceae
Rosaceae
Apiaceae
Rubiaceae
Asteraceae
Araliaceaes
Cistaceae
Apiaceae
Hypericaceae
Asteraceae
Juncaceae
Asteraceae
Dipsacaceae
Asteraceae
Lamiaceae
Lamiaceae

Lamiaceae
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Species Genus Family
Leontodon autumnalis Leontodon Asteraceae
Leontodon hispidus Leontodon Asteraceae
Leontodon saxatilis Leontodon Asteraceae
Leucanthemum vulgare Leucanthemum Asteraceae
Ligustrum vulgare Ligustrum Oleaceae
Lonicera periclymenum Lonicera Caprifoliaceae
Lotus corniculatus Lotus Fabaceae
Lotus pedunculatus Lotus Fabaceae
Matricaria perforata Matricaria Asteraceae
Mentha aquatica Mentha Lamiaceae
Origanum vulgare Origanum Lamiaceae
Oxalis pes-caprae Oxalis Oxalidaceae
Pastinaca sativa Pastinaca Apiaceae
Persicaria amphibia Persicaria Polygonaceae
Pilosella officinarum Pilosella Asteraceae
Plantago lanceolata Plantago Plantaginaceae
Potentilla type Potentilla Rosaceae
Ranunculus acris Ranunculus Ranunculaceae
Ranunculus repens Ranunculus Ranunculaceae
Rubus fruticosus agg. Rubus Rosaceae
Scabiosa columbaria Scabiosa Dipsacaceae
Senecio jacobaea Senecio Asteraceae
Silene albescens Silene Caryophyllaceae
Silene dioica Silene Caryophyllaceae
Sinapis arvensis Sinapis Brassicaceae
Sonchus arvensis Sonchus Asteraceae
Sonchus asper Sonchus Asteraceae
Succisa pratensis Succisa Caprifoliaceae
Taraxacum officinale agg. Taraxacum Asteraceae
Thymus pulegioides Thymus Lamiaceae
Thymus vulgaris Thymus Lamiaceae
Trifolium pratense Trifolium Fabaceae
Trifolium repens Trifolium Fabaceae
Urtica dioica Urtica Urticaceae
Vicia cracca Vicia Fabaceae

Planned implementation in the model

Since the foraging movements are intertwined with reproduction and dispersal,
we consider foraging movement under the heading "Dispersal" below.

Following Haslett (1989), we assume that a female hoverfly switches the
ratio of pollen to nectar in her daily diet depending on her behavioural state, and
that she can forage on pollen and nectar at the same time (from the same hab-
itat patch if both resources are available). Thus, depending on the behavioural
state, the female will have a specific foraging goal expressed in terms of the
ratio of pollen to nectar. During ovarian development and egg maturation, the
female will feed mainly on pollen (foraging goal 90:10 pollen to nectar ratio),
whilst during mating and oviposition, the female will feed mainly on nectar
(foraging goal 20:80 pollen to nectar ratio).
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We further assume (following Gilbert 1983) that E. tenax can make a sizeable
energetic gain even at low nectar availability, thus replenishing the energy lost
during flight very quickly. Therefore, we do not intend to model the energetic bud-
get of the hoverfly (linking energy losses with flying and mating activities and ener-
gy gains with nectar foraging). Instead, the percentage of gut filling will be tracked
in the model separately for pollen and nectar resources (according to the foraging
goals). We assume that the gut volume (G corresponds to maximum crop vol-
umes measured by Gilbert (1983), i.e., vary between 5.8 and 17.2 pl, depending on
the hoverfly's mass (M). Here, a linear relationship between gut volume and mass
will be assumed (Equation 11), considering the mass range of females from 109 to
187 mg (as measured for hoverflies from the field; Nicholas et al. 2018).

G (M) = 0.13x M~ 8.16 Equation 11

We further assume that the hourly rate of food (pollen or nectar) intake r, in
hoverflies is limited and depends on the gut volume (i.e., it can be represented
as a fraction of the gut volume). Knowing the number of daily foraging hours,
we can calculate the maximum daily food intake (Equation 12) and, hence, the
maximum fraction of the gut which can be filled within a day. Thus, by changing
r., we can change the minimum time it takes for a hoverfly to reach its reproduc-
tion goals (see "Reproduction” for details).

F . =rX%hxG(m) Equation 12

max

where F__ is the maximum daily food intake, h,is the number of daily foraging
hours, and r, is the maximum hourly rate of food intake (0 <r, < 1) to be calibrated.

The maximum daily food intake F__ will be a sum of pollen and nectar in a
proportion in line with the current foraging goal. The amount of pollen and nectar
needed to completely fill the gut, and thus the maximum daily food intake (F__),
will be calibrated to the amount of resources available in the environment, such
that when resources are low, it is much more difficult to reach a full gut than when
resources are high. This calibration will take into account the reproductive goals
(see "Reproduction" below) as these are associated with certain levels of gut filling.

The amount of pollen and nectar available to E. tenax from each habitat
patch in the landscape per day will be modelled in ALMaSS using the floral
resource models. The floral resource models have been developed within the
B-GOOD Horizon 2020 project (Ziétkowska et al., unpublished). The framework
integrates data on the amount of pollen, nectar and sugars produced by a sin-
gle flower/inflorescence of a given plant species with information on flower/
inflorescence abundance (i.e. density of flowers/inflorescences per unit area),
flowering phenology, plant composition of the habitat and habitat composition
and configuration within the landscape. This approach makes it possible to pre-
dict the spatio-temporal availability of floral resources within different habitat
types and across different landscapes.

The amount of pollen available to E. tenax in the landscape will be limited to
those plants visited only by E. tenax. Such a list of plants will be available based
on analysis of plant-pollinator interactions. Table 5 presents a preliminary list
of plants visited by E. tenax, which could be further revised by additional litera-
ture searches and expert knowledge. In addition, the daily pollen attractiveness
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P, of a given habitat patch h will be calculated by multiplying the amount of
pollen resources P available to E. tenax from each plant p in the patch on day
d by the plant's pollen preference score p_(Equation 13). The amount of pollen
resources produced by plant p on day d in habitat patch h results from the daily
pollen production of the plant, the proportion of the plant in the habitat patch
and the area of the habitat patch. The pollen preference score p_ of a plant is
a pollinator-specific measure on a semi-quantitative scale (from 0 to 3), calcu-
lated on the basis of plant-pollen interactions and the nutritional and chemical
properties of a pollen (i.e. protein to lipid ratio and potassium to sodium ratio).
The pollen preference score p_ is being developed in the Better-B Horizon Eu-
rope project and will be linked to the floral resource models in ALMaSS.

P, = prm X p, Equation 13

The daily pollen attractiveness P, of a given habitat patch h in a landscape
will be further scaled by the nectar attractiveness N, modified by a scalar c (to
be calibrated) to obtain the daily food attractiveness F, of the patch (Equation
14). To our knowledge, detailed information on the nectar preferences of E. te-
nax, particularly regarding sugar concentration preferences, is lacking. Gilbert
(1981) investigated the ingestion rates of sugar solutions ranging from 10% to
67% in various hoverfly species, including E. tenax. While complete data were
available for Syrphus ribesii (Linnaeus, 1758), indicating an optimal energy in-
take rate at approximately 50% sugar concentration, the data for E. tenax were
incomplete. However, the available results suggest that E. tenax exhibits lower
ingestion rates compared to S. ribesii, ranging from 0.31-0.35 pl/s for 20-30%
solutions and declining to 0.04 pl/s at 67% concentration. Given the limited
empirical data, we assume that the daily nectar attractiveness of a given patch
h is proportional to the total daily nectar production of all plant species within
that habitat that are visited by E. tenax. This assumption can be changed later
when more information on E. tenax nectar preferences is available.

F, =P xNxc Equation 14

Reproduction and oviposition

E. tenax exhibits bivoltinism, producing two generations annually (Gilbert 1986;
Bressin 1999; Upchurch et al. 2023). Although details on number of mating
events are lacking for E. tenax, insights can be drawn from related species.
For instance, Gladis (1993, 1994b) investigated the reproductive behaviour of
Helophilus pendulus (Linnaeus, 1758), another hoverfly species with sapropha-
gous larvae. The study demonstrated that females of H. pendulus are capable
of multiple mating events. Under controlled laboratory conditions, individual
females underwent up to three copulation-oviposition cycles. Following the
third cycle, reproductive activity declined. While occasional copulation was still
observed, it was not accompanied by complete egg development, suggesting a
reduction in reproductive potential after successive mating cycles.

Mating can last from seconds to hours. Males hover and wait or search for
passing females with which to mate. Several authors have reported that male
hovering activity is timed to coincide with female activity, as it is energetically
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demanding (Thyselius 2022). In Eristalis spp., the eggs are not immediately
fertilized but are stored in the female spermathecae. The sperm are nourished
by the secretions of the female"s special tube glands. These glands are partic-
ularly well developed in E. tenax, in which the sperm of the autumn (second)
generation of females are nourished throughout the winter, and the eggs are
not fertilized until the spring (Gilbert 1986). After hibernation, E. tenax females
require a certain number of days for the development of their ovaries and mat-
uration of eggs. This pre-oviposition period could vary considerably, from 10 to
even 38 days, with a mean around 20 days (Table 9).

E. tenax lays eggs in clutches. The total reproductive potential (the total num-
ber of eggs) of a female, and the number and size of clutches differ consider-
ably (Table 9). Honék (1993) found a linear relationship between fecundity and
adult female dry weight, and between number of ovarioles and adult female dry
weight for oviparous insects, including Diptera. Although E. tenax was not cov-
ered in this study, data were included for another hoverfly, Metasyrphus corollae
(Fabricius, 1794) (Scott and Barlow 1984). Gladis (1993, 1994b) identified a
consistent pattern in the reproductive behaviour of H. pendulus. Females typ-
ically deposited eggs in two to three (or more) adjacent clutches on the same
day, with occasional additional egg deposition occurring the following day. The
initial oviposition generally took place approximately one week after mating.
Subsequent mating events occurred immediately following oviposition, with in-
tervals between mating and the next oviposition ranging from 10 to 14 days. In
contrast, E. tenax exhibits more variable inter-oviposition intervals, ranging from
2 to 12 days (see Table 9). As egg maturation within the ovaries is a gradual
process, these intervals allow the female to accumulate sufficient nutrients and
energy reserves. At the population level, in the lab conditions, Upchurch et al.
(2023) found that the peak of egg production in E. tenax occurs around the 5t
(22% of total egg production) and 8™ (20%) weeks of the hoverfly"s life. The vari-
ability in E. tenax reproduction parameters depends on various factors, including
energy reserves, nutrient availability and environmental factors (Gladis 1994).

During oviposition, E. tenax females are attracted by the odour of manure,
stagnant water, decaying matter, etc. (Bressin 1999). On farms, females can lay
eggs in cracks in the walls of septic tanks and even on the dry crust of slurry.
Studies of larval densities in different types of media are scarce. Eristalis eggs
are laid in clutches and hatch more or less synchronously within a clutch (Glad-
is 1994), resulting in a patchy appearance of larvae and making it difficult to
obtain useful density measurements. In the study by Mahmoud (1997), mean
monthly Eristalis larval densities varied from about 3 to about 60 (with a mean
of about 24) larvae per 900 cm? surface area in a gravel-bed hydroponic sys-
tem in Abu-Attwa (Egypt), where the water was 30 cm deep, (approximately 30
to 650, mean 275, larvae per m? of water surface). In a much more extensive
study by Ibrahim (1976), Eristalis larval densities were investigated in eight dif-
ferent habitat types at 22 study sites throughout Egypt. The highest mean and
maximum larval densities of approximately 300 and 940 larvae per m2 of water
surface, respectively, were found in drain water bodies (Fig. 12).

Study of Campan and Campan (1979) showed that the approach to the ovi-
position site in E. tenax involves a complex interplay of olfactory and visual
cues, with different behaviours and reactivities at various stages of ovarian
development. The hoverflies response to the smell of manure varied with the
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Figure 12. Eristalis larval densities in different microhabitats across 22 study sites in Egypt (based on lbrahim 1976).

stage of oocyte development. Immature females were repelled by the smell,
developing females were indifferent, and mature females were attracted to it.
The field observations of Campan and Campan (1979) showed that egg-laying
in E. tenax is not typically performed during a single flight. The study suggests
that the approach to the oviposition site involves multiple visits over several
days. During these visits, the flies perform various activities such as flying
over the manure, exploring the site, and adopting preparatory postures before
finally laying eggs. This sequence of behaviours reflects a gradual approach to
the egg-laying site, rather than a single, direct flight. In addition, Campan and
Campan (1979) observed that not all females that explored the oviposition site
ended up laying eggs. Many females performed exploratory behaviors, but then
flew away without laying eggs. In addition only a small percentage of marked
females returned to the manure site, and those that did often performed the
same type of visit multiple times before laying eggs.

Planned implementation in the model

Following Honék (1993), we assume that the E. tenax potential fecundity (po-
tential total number of eggs to be laid) depends linearly on the female's mass
and thus is set at the female's emergence. As data on individual mass and
fecundity were not available for E. tenax, we based the linear relationship on
the minimum and maximum values reported in the literature (Tables 1, 9), as-
suming that the minimum reported mass corresponds to the minimum report-
ed fecundity, and the maximum reported mass corresponds to the maximum
reported fecundity (Equation 15). Female mass data were taken from the field
measurements of Nicholas et al. (2018) (Table 1). As field data on fecundity
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was not available for E. tenax, we decided to use fecundity data measured in
the laboratory from Hurtado (2013), as the percentage of ovipositing females in
this study was much higher than in Campoy et al. (2020) (Table 9).

NTcgg = 8.782 * Mff 867.244 Equation 15
where NTegg is the potential fecundity of a female, and M, is the mass of a female.

After hibernation (autumn generation) or emergence (spring/summer gener-
ation), a female enters a pre-oviposition period. We will divide the pre-oviposi-
tion period into two distinct phases: (1) the time required for ovary development
and (2) the time required for egg maturation (at the beginning of which mating
occurs). The duration of these phases will be tracked separately. This tracking
can be achieved by monitoring when a female hoverfly accumulates a specific
amount of nutrients (i.e., floral resources) in its gut (i.e., achieves the “reproduc-
tion goals”). This artificial construct ensures a consistent tracking mechanism
for the gut content associated with each clutch produced by a female.

We assume that the “egg maturation” phase must be repeated for each
clutch, while ovary development occurs only once during a female's lifetime.
Following the findings of Gladis (1993, 1994b), we hypothesise that, as in H.
pendulus, mating in E. tenax may occur multiple times, on the day following
previous oviposition event. Consequently, mating events are considered an in-
tegral part of the “egg maturation” phase. Thus “egg maturation” phase will
start with the mating event and end with the oviposition event. Both processes
depend on nutrient accumulation, with ovary development requiring a one-time
nutrient threshold and egg maturation requiring a nutrient threshold for each
clutch. We assume that the same foraging-based resource counter (linked to
the rate of gut filling) can be applied to each clutch implying that the target
clutch size remains unchanged over time and does not vary with the age of the
female. This is a simplifying assumption, as empirical evidence from Campoy
et al. (2019) indicates that fecundity in E. tenax may vary with age. For the
purposes of our model, we further assume that each oviposition event results
in the deposition of a single clutch of eggs. According to Gladis (1993, 1994b),
oviposition in H. pendulus typically concludes with the laying of two to three (or
more) clutches of eggs, all deposited on the same day and in close proximity.
To simplify our modeling framework, these multiple clutches are treated as a
single oviposition unit, and thus considered as one clutch.

Following Honék (1993), we assume that the nutrient threshold P_,_ for the
“ovary development” phase depends linearly on the female's mass, as the big-
ger the female, the more ovaries it has, and the more nutrients she needs to
accumulate for the ovary development. We further assume that each female,
depending on her mass, has a certain minimum and maximum target number
of eggs per clutch to oviposit, which correspond with the minimum and maxi-
mum nutrient thresholds, P and P needed for the maturation of eggs.

Nutrient thresholds P_,_, Pegfnm and Pegzrgnax will be expressed as percentages of
female"s gut filled with pollen, and set during the calibration process.

The actual clutch size will vary from the targeted maximum due to environ-
mental factors such as spatial and temporal distribution of floral resources
and weather conditions that influence daily foraging activities, and thus the

daily intake of nutrients needed for the maturation of eggs (see "Foraging"
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section for details). These factors, along with the potential fecundity of the
female, will determine the number of clutches produced. Under permitting
weather conditions, the hoverfly female will gather a certain amount of pollen
per day (from various resource patches reached in multiple movement bouts)
depending on the availability of food resources around its location. She will
continue feeding on pollen until the minimum nutrient threshold P, . is
achieved and the probability of continuing foraging p, is above zero or until the
maximum nutrient threshold P, is achieved. The probability of continuing
foraging p;, or, in other words, the willingness to continue foraging will be set
to 1 until the optimal duration of maturation of eggs period (DMOpt) is reached
and will drop afterwards to reach zero when the maximum duration of matura-
tion of eggs period (D, ) is reached (Fig. 13). The optimal and maximum du-
ration of maturation of eggs period, Dot and D,, ., will be initially set based
of reproductive parameters of E. tenax measured in the laboratory conditions
(Table 9). The shape of the probability curve will be calibrated to derive dis-
tributions of egg-laying patterns. The calibration of nutrient thresholds and
probability p, distribution will need to consider the duration of the pre-oviposi-
tion period, intervals between clutches, and egg clutch size, representing the
field/laboratory situation (Table 9). Here, we assume that the period needed
to develop the ovaries can be calculated by identifying the patterns of the du-
ration of pre-oviposition periods and the interval between clutches.

Once the maturation of eggs is finished (according to the rules described
above), the female will move to the egg-laying habitat, and the oviposition
will be triggered. As this is an energetically demanding activity, it is only
triggered if enough nectar is collected in the gut (nutrient threshold N_, is
reached; to be calibrated). If not, the female will continue feeding on nectar
till the required amount is reached. The size of a clutch will depend on the
percentage of the gut filled with the pollen, assuming the linear relationship.
We assume that if the size of a clutch is smaller than the maximum clutch
size, the remaining egg load is “lost” (i.e. we assume the phenomenon of
egg resorption in E. tenax). This means that the total number of eggs laid
by a female in all clutches may differ from her potential fecundity. Once the
clutch has been laid, foraging activity is resumed and the reproductive be-
haviour is repeated until no eggs remain to be laid.

For oviposition, a map of larval habitats is needed, as eggs are laid close to
these habitats. We will assume that each patch in a landscape is characterized
by a maximum density of E. tenax larvae L, _, which corresponds to a maxi-
mum egg density E,__, above which a clutch oviposition is no longer possible.
Unfortunately, studies on the effect of habitat type and quality on Eristalis larval
densities are very scarce and practically limited to laboratory studies analyzing
the survival and development time of larvae cultured in different growing me-
dia. In addition, it is very difficult to properly map possible larval habitats in a
landscape because Eristalis larvae are quite versatile and can adapt to different
environments as long as there is sufficient organic matter for them to feed on.
They can be found in drainage ditches, lagoons and manure pits on farms, stag-
nant water of various origins, compost heaps or rooting vegetation. Therefore,
instead of directly mapping Eristalis larval habitats, we propose to characterize
each landscape element by a larval habitat quality index L , based on a general
classification of landscape elements according to their suitability as habitats
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Figure 13. Probability of Eristalis tenax continuing pollen feeding during the maturation
of eggs period. D, D, — optimum and maximum duration of the maturation of eggs
period, respectively. Maturation of eggs period here is understood as a time needed to
gather enough pollen resources for the maturation of eggs forming one clutch. Together
with the time needed to develop the ovaries, it forms the pre-oviposition period (see the
"Reproduction” section for details).

for Eristalis larvae (Table 6), but also taking into account the moisture condi-
tions resulting from the properties of the soils and the local topography, as well
as the current meteorological conditions (i.e. the deviation of the precipitation
regime from normal conditions). Thus, the larval habitat quality index L,of a
habitat patch p will be calculated as a combination of larval habitat score h_
defined based on habitat classification in terms of suitability as a larval habitat,
and soil moisture score m_ (averaged across the patch area), modified by the
precipitation regime score p_at day d (Equation 16).

E?:l ms

Lyp=hs X ——— X psd Equation 16
n

The soil moisture score m_ (initially ranging from 1 to 5, with 1 representing
very low soil moisture and 5 representing very high soil moisture) will be calcu-
lated for each pixel of a raster map of the landscape, and then averaged over all
n pixels of a given habitat patch to represent the patch-level value. The score will
be derived from the soil moisture proxy model by integrating three components,
initially with equal weights: slope, total available water of a soil, and solar radi-
ation (as proposed in Brown 2016). Slope is inversely related to soil moisture
in the model, as the steeper the slope, the more runoff and the less water infil-
tration. Solar radiation is an alternative measure of aspect and may serve as a
proxy for varying levels of potential evapotranspiration during a growing season
(Jensen and Haise 1963; Nikolaou et al. 2023). Solar radiation is also inversely
related to soil moisture in the model. Total available water (TAW), or plant-avail-
able water, quantifies the amount of water available to plants that the soil can
hold (de Melo et al. 2023). The bigger the TAW, the wetter the soil and better
plant growth conditions. TAW values for different soil particle-size classes (ac-
cording to FAO 2006) used in ALMaSS will be defined based on the soil textural
triangle of TAW predicted by the FAO method by de Melo et al. (2023) (Table 7).
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Table 6. Habitat classification in terms of suitability as a larval habitat. Larval habitat
types (A, B, and C) will have assigned larval habitat scores (initially from 1 to 3). Each
column provides the list of ALMaSS habitat types assigned initially to each larval habitat
type. The habitat types are defined as Types of Landscape Elements (Topping and Duan
2024a) using the names provided here preceded by tole_. The tole_ types not mentioned
in this table are assumed to be in the category of zero as not suitable as larval habitat.

Low (A) Medium (B) High (C)
Garden YoungForest DeciduousForest
Parkland MixedForest Pond
UrbanPark NaturalGrassWet DrainageDitch
ConiferousForest DrainageDitch Stream
RiversidePlants ForestAisle Fields in animals and vegetable farms
Wasteland WoodlandMargin Marsh
PermPastureTussockyWet
FarmYoungForest
OFarmYoungForest
PitDisused

Fields in all other farm types

Table 7. Total available water (TAW) for different soil particle-size classes (according
to FAO 2006) used in ALMaSS. TAW ranges were obtained from soil textural triangle of
TAW predicted by the FAO method by de Melo et al. (2023).

gmg;:: FAO texture code Description ﬁ:::i:;;f(‘xs\:g-[hnﬂ;j:g
1 S Sand (unspecified) 0.02-0.08
2 LS Loamy sand 0.06-0.14
3 SL Sandy loam 0.14-0.24
10 SC Sandy clay 0.14-0.18
4 SCL Sandy clay loam 0.16-0.20
12 C Clay 0.14-0.24
13 HC Heavy clay 0.14-0.24
7 CL Clay loam 0.18-0.28
8 L Loam 0.20-0.28
11 SiC Silty clay 0.24-0.28
6 SiCL Silt clay loam 0.24-0.30
5 SiL Silt loam 0.28-0.36
9 Si Silt 0.36-0.40

We assume that the habitat patches that are potentially suitable for E. te-
nax larval development (Table 6) may differ in terms of topography and soil
properties, which influence the occurrence of microhabitats suitable for larval
development within the patches. This can be further modified by the current
meteorological conditions, i.e., if the precipitation regime is wetter or drier than
normal, expressed by the precipitation regime score p_in Equation 15. The
precipitation regime score p_ will be derived from the Standardized Precipita-
tion Index (SPI) (McKee et al. 1993), which measures precipitation anomalies
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(deviations from the mean) at a given location, based on a comparison of ob-
served total precipitation amounts for an accumulation period of interest (e.g.
1, 3, 12, 48 months), with the long-term historical precipitation record for that
period. It is a commonly used indicator for the detection and characterization
of meteorological droughts. Here, we will use the short-term SPI (i.e., calculat-
ed for shorter accumulation periods) because it can be used as an indicator of
immediate effects such as reduced soil moisture, and flow in smaller streams
and ponds. Relative scores of SPI values will be used to modify the larval habi-
tat quality, taking into account drier or wetter hydrological conditions as normal
(Table 8). Raster maps of SPI (spatial resolution of 0.25°, temporal resolution
of 10 days) can be obtained from the European Drought Observatory of the Co-
pernicus programme (https://drought.emergency.copernicus.eu/).

The larval habitat quality index L (initially from 0 to 30) will be linked to
maximum larval density L, _ via a linear relationship, i.e., assuming a linear
relationship between minimum and maximum larval densities observed in the
field and (see Table 4) and larval habitat quality (Equation 17).

Le Y
Ldm,w’p(Lq’p) _ [Ap % d( fieldmaz) d(fieldmin)

Lymaz — Lamin X (Lgp — Lemin) + Lagsietamin)) x 7 EQuation 17
where A is area of habitat patch p, L,y @A Ly, @re minimum and
maximum larval densities per m? possible to be reached in larval habitats
of different qualities (e.g., with different amount of organic matter), and
L,.,and L . are minimum and maximum values of larval habitat quality.
Ly tietaminy and L tietama) will be initially set at 30 and 940 larvae per m? (ac-
cording to studies by Ibrahim 1976 and Mahmoud 1997, which examined
the densities of Eristalis species larvae in different microhabitats across
Egypt; see Table 4), but may be changed in the future calibration process or
if new field data become available. A scalar r will be used (0 <r < 1) to scale
down the larval density values, as the densities measured in the field were
not obtained using a random sampling method (i.e. sampling was targeted
to those microhabitats or parts thereof where larvae were observed), and
thus their direct conversion to densities per unit area of an entire habitat
patch would result in a (rather significant) overestimation. Scalar r will be
set during the calibration process.

Table 8. The classification scheme for the Standardized Precipitation Index (SPI) (ac-
cording to the European Drought Observatory; hitps://drought.emergency.copernicus.
eu/data/factsheets/factsheet_spi.pdf) with proposed relative scores ps applied to mod-
ify the larval habitat quality.

Range of SPI values Precipitation regime Relative score (p,)
<-2 Extremely dry 0.5
2--1.5 Very dry 0.7
-1.5--1 Moderately dry 0.9
-1-1 Normal precipitation 1
1-1.5 Moderately wet 1.1
1.5-2 Very wet 1.5
=22 Extremely wet 2

>
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Table 9. Reproductive parameters of Eristalis tenax across different studies.

Pre- . Mean Mean Interval
% of L Oviposition  Female ' Mean number
L oviposition . . number of | Mean number = number of | between
ovipositing X period longevity of eggs/ Reference
females period (days) (days) femnale clutches/ | of eggs/ clutch = eggs/first | clutches
(days) female clutch (days)
200.85 Upchurch et
(196.4-207.1) al. (2023)
66.6 21(1529) | 6.6(1-26) | 46(18-72) 366 (90-775) = 2(1-5) 201 (60-265) | 6.4(2-12) | Hurtado
(2013)
31 26 (19-38) 191 (61-1737) 4 (2-8) Campoy et
al. (2020)
10 60 3000 Dolley et al.
(1933)
14 upto 120 Gladis
(1994)
51 100-200 Heal (1979)
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Daily distances of adults

Drone flies begin their adult stage with obligatory dispersal, during which they leave
their place of emergence and virtually never return (Wellington and Fitzpatrick
1981). Males are territorial, but only in the summer generation and not in the au-
tumn generation. This territoriality means “an increasing attachment to one partic-
ular site, e.g. a few leaves and flowers of one plant”. Territorial area is from one site
of 0.36 m? to several sites scattered over 500 m? (Wellington and Fitzpatrick 1981).

Only limited information on distances travelled daily by hoverflies is avail-
able. In the capture-recapture studies, non-migrant syrphids travelled distances
of up to 400 m (most flies dispersed up to 100 m after release) (Conn 1976;
Wratten et al. 2003) with a speed of 12-18 km/h (Aubert et al. 1969). In a field
study of Wratten et al. (2003), distances travelled by Melanostoma fasciatum
(Macquart, 1850) (New Zealand hoverfly species of 6—=7 mm length), Episyr-
phus balteatus (De Geer, 1776), and M. corollae (United Kingdom hoverfly spe-
cies of 6-10.25 mm and 7-10.5 mm length, respectively) from a Phacelia strip
were investigated (Fig. 14). This study was based on analysing the gut contents
of hoverflies caught in traps placed at different distances from the food source.
Thus, what was actually measured was the displacement from the food source,
from which it is difficult to infer the actual distance travelled by the hoverflies
per day, especially as the traps were only emptied every seven days.

Collett and Land (1978) measured the E. tenax fight behaviour and velocities
in the field as being at least 10 m/s but for short periods of time only. However,
only flies that are already airborne can reach these speeds; they are likely to fly
much slower between flowers during foraging. Golding and Edmunds (2000)
measured the time droneflies (E. tenax, E. pertinax, E. arbustoeum and E. nemo-
rum) spend on individual flowers and the time spent on flying between flowers,
finding that it was more similar to that of honeybees than to the times of other
hymenopterans and dipterans. The time spent on individual flowers depended
on the flower type and varied between 5 to 16 seconds. The time spent flying
between flowers also depended on flower type and varied between 1.3 to 3.7
seconds (but mostly around 1.5 seconds).
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Figure 14. Displacement from a Phacelia strip of hoverflies Melanostoma fasciatum
(New Zealand species) and Episyrphus balteatus and Metasyrphus corollae (United King-
dom species) (based on Wratten et al. 2003). Results from a field experiments in which
hoverflies were caught in traps located at certain distances from the Phacelia strip. The
traps were emptied every 7 days.

Francuski et al. (2014) studied the landscape genetics of E. tenax in a spatial-
ly heterogeneous landscape of Durmitor Mountain (Montenegro). Their sampling
points covered a broad range of altitudes and vegetation structures, from decidu-
ous and coniferous forests to alpine meadows). They found a lack of population
structure in the studied area, suggesting that E. tenax dispersal ability is sufficient
to establish gene flow over a network of habitats involving the whole study area.
The observed lack of isolation by geographical distance suggests that dispersal
ability is not the key factor determining distributions of E. tenax at the spatial scale
studied (15 x 15 km). Similar studies on E. tenax populations conducted on even
larger spatial scales, encompassing populations from the Central-Eastern Mediter-
ranean (Francuski et al. 2013a) and along a north-south European gradient from
Finland through Switzerland to Serbia (Francuski et al. 2013b), also demonstrat-
ed the absence of large-scale geographic structuring. Therefore, it seems that the
species is restricted in its distribution by the availability of suitable habitat rather
than the ability of a species to disperse between available habitat patches.

Long-distance migrations of the autumn generation

Adults are capable of extensive, long-distance migration (Bailes et al. 2018) and
can fly continuously over distances for at least 75 km across the open ocean
(Krémar et al. 2010). In Europe, they can migrate north to avoid hot summers before
returning south in autumn (Francuski et al. 2014; Francuski and Milankov 2015).
A comprehensive review by Reynolds et al. (2024) consolidates robust evidence
for long-distance migration of E. tenax in Europe, North America, and Oceania. De-
spite the classification of E. tenax as a weakly migratory species by Hlavacek et
al. (2022), long-term observational studies, such as the 12-year investigation by
Aubert et al. (1976) and the extensive 50-year monitoring programme in Germa-
ny led by Gatter (Gatter 1976; Gatter et al. 1990, 2020), underscore the ecological
relevance of migratory behaviour in this species. Further supporting this migratory
capacity, Hawkes et al. (2022) demonstrated the potential for long-distance pollen
transport by E. tenax, indicating functional connectivity between distant habitats.
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Tomlison and Menz (2015) explored partial migration in hoverflies, linking
migratory propensity to physiological traits such as metabolic rate, thermal tol-
erance, and rates of water loss. Their findings suggest that most individuals
possess the physiological capacity for migration, with inter-individual variation,
particularly among females, potentially reflecting differential adaptation to ther-
mal environments and reproductive strategies. However, the relative proportion
of migratory versus resident individuals within populations remains unknown.
Reynolds et al. (2024) propose that this ratio is likely modulated by complex
interactions between seasonal temperature regimes and photoperiodic cues.

Planned implementation in the model

We will treat E. tenax as a partially migratory species. Specifically, we assume that
the proportion of females from the autumn generation will exhibit migratory be-
haviour, departing from the local landscape after mating. A given female from the
autumn generation will initiate migration movement with a defined probability P

We will distinguish between local movements within the flower patch (con-
sidered under "feeding time") and movements between floral patches (consid-
ered under "flight time"; see "Diurnal activity" for more details). The former type
of movement will not be tracked in the model. The maximum daily dispersal
ability D, (for movements between floral patches) will be calculated from the
available daily flight time (h ) and the flight speed v achieved by E. tenax hover-
flies already in the air (Equation 18). Dispersal activity will be tracked individual-
ly for each hoverfly, both in terms of time spent and distance travelled, and once
daily limits are reached a hoverfly will suspend its activity for that day.

e — P, XV Equation 18
We assume mean v being set to 10 m/s, as measured by Collett and Land
(1978). In addition, an individual variation will be included around this mean
speed (+/- 10%).
Four types of dispersal actions will be considered:

1. Random movement/displacement after the emergence.

2. Local daily foraging movements (summed up to a maximum daily disper-
sal ability) carried out in N_bouts. This movement is driven by the availabil-
ity and distance to foraging resources.

3. Movement to a larval habitat once the female is ready for oviposition (i.e.,
foraging goals have been achieved). This movement is driven by the avail-
ability, attractiveness and distance to larval habitats, subject to local daily
foraging movements providing sufficient resources.

4. Movement to a hibernation site, subject to local daily foraging movements
providing sufficient resource.

We plan to represent the movement using the following rules:
1. Determine the reproduction state of the female, i.e., mating, develop-

ment of ovaries, egg maturation or oviposition. The reproduction state
is updated daily depending on the foraging status and can be switched
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if certain reproduction goals are achieved (see “Reproduction” section
for details).

2. If reproduction goals are not achieved, then foraging activity is triggered. De-
pending on the state, the foraging goal is set, i.e., during mating and oviposi-
tion, the foraging goal is a 20:80 pollen-to-nectar ratio, whilst, during the de-
velopment of ovaries and egg maturation, it is a 90:10 pollen-to-nectar ratio.
Foraging movement is continued till the reproduction goals are achieved.

3. If reproduction goals are achieved, then the availability and attractiveness
of larval habitat (possibility of oviposit) should be evaluated.

4. If the attractiveness of larval habitats is enough for oviposition, lay a clutch;
otherwise, move to the larval habitat. Searching for larval habitat will contin-
ue until the attractiveness of larval habitat is enough for oviposition.

5. Once a clutch is laid, the current reproductive potential is assessed, and if
any eggs are left to lay, then continue the behaviours on the following day;
otherwise, die.

The flow diagram for this behaviour is described in Fig. 15. This behaviour re-
quires the specification of four functions: one for setting the forage goal, the sec-
ond for determining the forage status (in relation to reproduction goals), the third
for accepting a habitat patch for foraging, and the fourth for larval habitat accep-
tance. The function for setting the forage goal is expressed in terms of the ratio
of pollen to nectar. Two foraging goals are possible, either 90:10 or 20:80 pollen
to nectar ratio, depending on the behavioural state of the female (see "Foraging"
for details). The function for determining the forage status tracks the percentage
of gut filling in terms of pollen and nectar (see "Foraging" for details).

The function for determining accepting a given patch for foraging at a given
food attractiveness is given by a probability function between two thresholds
such that a hoverfly will not accept a given patch for foraging below F, a mini-
mum food attractiveness threshold (e.g. 0), and the probability of accepting a
patch for foraging then increases linearly to an upper threshold F,. The values
for the probabilities at F, and F, would be given as F, and Frp The food at-
tractiveness value to drive this function will come from Equation 15. Given the
frequent movement of hoverflies between patches, we assume that the proba-
bility of leaving a given habitat patch (p, ) increases over time with the base
probability inversely related to the food attractiveness of the patch (Equation
19). Consequently, patches with higher food attractiveness will have longer oc-
cupancy times compared to those with lower food attractiveness, compelling
hoverflies to move more frequently when patches are less resource-rich.

Pponets F) = p, + kxtx F! Equation 19

where p, is the base probability of leaving the habitat, k is a constant that deter-
mines how the probability increases with htime, t is the time spent in the habitat
patch, and F, is the food attractiveness of the patch.

The function for determining clutch laying at a given habitat patch is given
by a probability function between two thresholds that clutch is not laid below
L, a minimum larval habitat attractiveness L_ (e.g. 0), and the probability of
laying a clutch then increases linearly to an upper threshold L,. The values for
the probabilities at L, and L, would be given as L, and L, and will be calibrated.
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Figure 15. Overview of behavioural decisions related to foraging and egg clutch-laying movement of Eristalis tenax. Each
move also uses up the distance allocation for the day, which when used will result in stopping movement for the day
(hibernation and migration behaviour not included, see text).

The larval habitat attractiveness value L, to drive this function will come from
larval habitat quality (Equation 16) modified by factor ¢ (0 < ¢ < 1) indicating the
presence of other clutches in the same habitat patch p (Equation 20).

L =L xc Equation 20

Factor c¢ allows to account for density-dependent oviposition, as clutch-
size optimality models (e.g., Iwasa 1984; Wilson and Lessells 1994) suggest
that insects may avoid laying clutches in areas with high egg densities to
reduce competition for food and space for their offspring and to reduce the
risk of predation. We are unaware of any studies that confirm that such strat-
egy exists in saprophagous flies, so this factor will be set to 1 in the initial
version of the model. Other settings may be used to test the effect of densi-
ty-dependent oviposition on the results of the model, or if new evidence be-
comes available for saprophagous hoverflies.

Fig. 13 does not include hibernation and migration behaviours. These be-
haviours are triggered by the assessment of the reproduction state. After mat-
ing, if this is the autumn generation, the female initiates hibernation or migration
movement. In case of hibernation, the behaviour follows the same procedure as
Fig. 15 but replacing "larval habitat" with "hibernation habitat" and "lay egg clutch”
with "enter the hibernation state". Once in hibernation, the female switches the
state to the development of ovaries only after the emergence from hibernation. If
it is the spring/summer generation, the female goes directly from mating to the
development of ovaries. In the case of migration, a female is assumed to leave
the landscape and is consequently removed from the modelled population. There
is a certain probability Prig of a certain female migrating instead of overwintering.
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Overwintering/hibernation

Part of the autumn (second) generation of E. tenax not migrating, overwin-
ters. These individuals are predominantly adult females that have been in-
seminated and subsequently enter a facultative reproductive diapause. This
diapause phase is characterized by a cessation of ovarian development and
a marked hypertrophy of the fat body (Hondelmann and Poehling 2007; Tom-
linson and Menz 2015; Campoy et al. 2022). Overwintering males are rare,
as most die in the autumn (Kendall and Stradling 1972). Hibernation lasts
from late autumn to early spring. In nature, fertilised females hibernate in
groups (up to 20 individuals) in dark and humid places such as caves or
crevices in rocks and buildings. These provide shelter from adverse climatic
conditions in winter, i.e. stable humidity and temperature conditions that are
less affected by the wide variations in air temperature outside. Laboratory
experiments by Bressin (1999) showed that overwintering E. tenax hover-
flies are water-stressed, so selecting overwintering sites with high humidity
allows them to limit water losses, as does overwintering in clusters. Thus,
certain high levels of humidity (Kendall and Stradling 1972) and darkness are
required for a site to be suitable for overwintering. The relative humidity of
hibernacula observed by Bressin (1999) was over 90%.

It appears that both the onset and termination of overwintering are primar-
ily controlled by temperature, although day length may also play a role, with
decreasing photoperiod inducing overwintering and increasing photoperiod
signalling the time to leave the site (Siuda 1963, after Bressin 1999; Moog and
Ernst 1978; Davenport 1992). However, daylight is not itself the trigger; it acts
as a secondary stimulus to prevent flies from leaving hibernacula too early if
the temperature is high enough (Bressin 1999).

In Scotland, Bressin (1999) observed that the onset and end of hibernation
were not short periods but extended over several weeks (Figs 16, 17). While
some individuals began hibernation in mid-September, others were still active,
feeding and foraging until mid-November. The increase in the number of hover-
flies settling in the overwintering site corresponded to a decrease in tempera-
ture. Under laboratory conditions, hoverflies enter hibernation at 8-10 °C (Bres-
sin 1999). In Scotland, the number of overwintering E. tenax began to decline
sharply from mid-February, corresponding to a significant rise in temperature.
Bressin (1999) suggested that a sustained high temperature (i.e. for at least
a few days) is required. This suggestion is supported by the slow response of
crevice temperatures to outside temperatures. Different "trigger” ambient tem-
peratures for the end of hibernation have been reported in the literature. Bressin
(1999) reported 13 °C in Scotland, while Siuda (1963) reported a much lower
temperature of 5 °C in Poland.

Planned implementation in the model

The landscape features that hoverflies are looking for in the search for hiberna-
tion places are types of landscape elements connected with rocks and caves,
forest edges (tree bark and crevices), hedgerows and shrubs with dense veg-
etation providing good hiding spots, and single-housing settlement areas with
gardens, particularly those with dense vegetation.
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Figure 16. Cumulative percentage of Eristalis tenax individuals arriving at the hiberna-
tion site as a function of the number of days since the beginning of hibernation peri-
od. Based on field observations of Bressin (1999) of hoverflies hibernating in different
rooms of ruins of Newark Castle (Scotland) in winter 1997/1998.
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Figure 17. Cumulative percentage of Eristalis tenax individuals leaving the hibernation
site as a function of the number of days since the end of hibernation period. Based on
field observations of Bressin (1999) of hoverflies hibernating in different rooms of ruins
of Newark Castle (Scotland) in winter 1997/1998.

A certain number of days (H,, ) with minimum night temperatures below a
threshold (Th_,_,) will be required to initiate hibernation of E. tenax. The distri-
bution of the number of individuals entering the hibernation state will be im-
plemented according to field data from Bressin (1999) (Fig. 16). In addition,
to account for the effect of photoperiod, a threshold date H_,_ after which the
hibernation is mandatory will be applied. Based on field observations of Bressin
(1999),H_ , Th___ will be initially set to 5 days and 10 °C, respectively, and H

days’ start

will be set to 1¢t of November.

date
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Emergence from hibernation will also be related to temperature. A certain
number of days (Edays) with maximum day temperatures above a threshold
(Th,,,) will be required; however, emergence will also be restricted by date, not
being earlier than a given day (E,, ). The distribution of the number of individ-
uals leaving the hibernation state will be implemented according to field data
from Bressin (1999) (Fig. 17). Based on field observations of Bressin (1999),
E,,.and Th,, will be initially set to 5 days and 10 °C, respectively, and E,, will

be set to 10" of February.

Body size dependence

It has been shown that developmental environments with low nutrient quality or
quantity (i.e. nutritional stress) cause increased duration of preimaginal stages,
decreased survival, and reduced adult size and fecundity in many dipteran species
(Stearns 1992; Gleiser et al. 2000). For example, nutritional stress in Drosophila
melanogaster caused a 20% reduction in viability, a 70% increase in total egg-to-
adult development time, and a 50% reduction in adult weight (Kolss et al. 2009).
Hurtado (2013) demonstrated that both larval developmental medium (with con-
stant larval density) and larval density can impact the duration and survival of larval
stage, as well as mass of adults in E. tenax, confirming that nutritional stress can
occur in this species and impact larva's survival and mass of adults. When tested
with pig slurry as a rearing medium, mass of female E. tenax adults decreased
significantly with increasing larval density (Fig. 18; Equation 21).

M(L,) = -0.175x L, + 29.833 Equation 21

where M, is mass of a female and L, is larval density.

Planned implementation in the model

From Ludoski et al. (2023), we know that the pupa mass is linearly related to the
adult female mass. Thus, if we know that the nutritional stress impacts larval
and pupal mass, then we can assume that it directly affects adults mass with-
out calculating the intermediate masses. This is possible since pupal mass is
not used directly in the model.

In the model, mass variability will be introduced at the larval stage in the
sense that different larval habitats will be assigned different qualities (see
section "Reproduction and oviposition"). The quality of larval habitats will be
expressed as possible maximum larval densities, and if those are reached, fur-
ther eggs will not be laid in these habitats. The impact of larval density L, on
the mass of adult female M, will be determined according to Hurtado (2013)
(Fig. 18; Equation 21). This relationship will be scaled to the maximum larval
density associated with the habitat (Equation 22):

) % Ldmaz,h X Mfmaw

My(La) = (a+bx Ly Equation 22

L dmaxztotal

where a, and b are from a linear regression fitted to Fig. 18 (Equation 21),L, .
is the maximum larval density per habitath, L, isthe maximum larval den-
sity for all habitats, and M, _ is the maximum adult female mass.
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Figure 18. Dependence of Eristalis tenax adult dry weight on larval density measured as
number of larvae per slurry solution. Fitting linear equation to the data provides model
for female mass and larval density (Equation 21; R? = 0.99). The difference between dry
weight of adult male at different larval densities was not significant. Based on Hurtado
(2013). * Slurry solution: 75 g of pig slurry mixed with 200 ml of water in 10.5 x 10.5
x 5 cm container of 0.5 | volume.

Mortality of the egg-to-pupa stages

Information on egg survival for E. tenax is scarce, but the egg cluster viability is
rather high, estimated to be about 86—100% by Bressin (1999). There is also limited
information on larval survival, but it seems that this is impacted mostly by the tem-
perature (Heal 1989; Ottenheim et al. 1996), and to a lesser degree by larval density
and food/environment type (Hurtado 2013). The data summarising the depen-
dence of larval survival on the temperature are presented in Table 10 and Fig. 19.

There was sufficient data to estimate the thermal performance curve for
pupal survival, based on three publications: Heal (1989), Hurtado (2013) and
Darkova et al. (2023) (Table 10). Thermal performance curves for pupal surviv-
al were estimated using 24 models with rTPC R package (Padfield et al. 2024)
as described in Padfield et al. (2021). Table 11 shows the estimation for those
models for which it was possible. The graphical representation of four best-per-
forming models is shown in Fig. 20.

Planned implementation in the model

Background mortality will be defined separately for the egg-to-pupa stages.
This mortality is a daily probability applied at the start of each daily time step.
For the egg stage, due to limited data inputs, the daily background mortality will
be drawn from a uniform distribution from a range between O and p,_ ., where
P meqq (Dased on Bressin 1999) is calculated as (Equation 23):

(P,)" = 0.14 Equation 23

where d in the developmental time of the egg stage (in days).
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Table 10. Summary of survival of subsequent life stages of Eristalis tenax.

Temperature
conditions [°C]
Egg variable
Larva 12

20
21
20
20
20
20
Low (<10 °C)
High (> 20 °C)
Pupa 25

25

25

25

25

25

25

25

11

17

15

10

9

18

14

14

19

10

14

16

9
12.5

26

20

23

25

12

17

25

12

17

25

12

17

25

12

17

25

23

23

10

10

Stage

Survival [%]

86-100
121
81.2
83.3
90.0

80
65.8
74.4
32.5
67.5
94.6
87.7
75.6

71
43.5
92.1
100
93.1
98.3
82.2
88.2

58
35.6
81.3
60.9
87.5
90.9

75
100
68.9
68.6
93.3
60.7
92.5
95.1
85.7
56.8
76.1
48.6
71.9

95
65.9
78.7
79.7
66.7
85.5
87.5
354
85.6
86.8

30

2.5

Species

E. tenax
E. arbustorum

E. tenax
E. tenax
E. tenax

E. tenax

E. tenax

E. tenax
E. tenax
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Table 11. Parameters of the thermal performance curves fitted to the pupa mortality for
Eristalis tenax. CTy, . v CTyupe max — Critical thermal minima and maxima; T,, . ., —
thermal optima for mortality. Model abbreviations follow the convention used in rTPC R

package (Padfield et al. 2024).

MOdeI cTM[.‘.\upa_min TMpupa_op! CTMpupa_max
briere2_1999 0 26 40
delong_2017 -2 19.1 42.6
gaussian_1987 -2.8 19.2 41.2
joehnk_2008 4 19.5 31.4
kamykowski_1985 0.9 24.7 29.5
lactin2_1995 6.7 22.8 26
Irf_1991 5.0 19.1 33.1
oneill_1972 -3.2 19.3 40.5
pawar_2018 -27.9 21.1 34
quadratic_2008 5 19.1 33
ratkowsky_1983 2.5 19.2 35.8
thomas_2012 -9.1 21.3 271
weibull_1995 6.6 18.3 52.1
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Figure 19. Dependence on Eristalis larva survival on temperature, based on Table 10.
The black dots are based on the data from Table 10 with the exclusion of values report-
ed by Heal (1989). The grey dots and dashed regression line is based on all the data
presented in Table 10. Here we assume that survival reported by Heal (1989) for “low”
and “high” temperature conditions depict the situation for 10 and 20 °C, respectively.

For the larva stage, the daily background mortality p
the temperature and the larval density (Equation 24).

will depend on both

mlarva

Equation 24

— X
pmllu"ua pml(w vat pm/lu'vuLd

The temperature-dependent mortality p__ will be calculated based on the lin-
ear relationship from Fig. 19, taking into account data from Ottenheim et al. (1996),
Hurtado (2013), Basley et al. (2018), and Kandem et al. (2024) (Equation 25).
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Figure 20. Relationship between temperature and pupa survival of Eristalis tenax according to four best-performing mod-
els presented in Table 11: A) briere2_1999, (B) lactin2_1995, (C) Irf_1991, and (D) ratkowsky_1983. The input (measured)
data are presented as black dots. The input (measured) data are presented as orange dots. Performance of the models
expressed as R was 0.11 for briere2_1999, 0.15 for lactin2_1995, 0.30 for ratkowsky_1983, and 0.31 for Irf_1991. Names
of the thermal performance curves models after Padfield et al. (2024).

S, (T) = 816x T~ 85.50 Equation 25
where S, is larva survival, and T is temperature.
The larval density-dependent mortality p_,. ..
the linear relationship presented in Equation 3.
The daily background mortality (inverse of survival) in the pupa stage will be
related to the temperature using a thermal performance curve model of the Lob-
ry—Rosso—-Flandrois (LRF; Irf_1991) (same as the pupal growth). The four param-
eters in the model represent three cardinal temperatures (the maximum and min-
imum temperatures T, and T, . at which pupa can survive, and the optimum

Smin
temperature TsOpt) and the specific rate at the optimum (U is independent

).U
Sopt: Sopt
of the three cardinal temperatures, and T is the temperature (Equation 26).

will be calculated based on

(T = Tomax) (T = Tmin)”
(Tsopt = Temin) [(Tsopt — Tsmin) (Ts — Tsopt) — (Tsopt — Tsmax) (Tsopt + Tsmin — 2T')]

Spupa(T) = Usopt Equation 26

After fitting the LRF model to our data, the parameters T, ., T. , T_ and

Smin’ " Sopt’ * Smax

USOm were set to 5.01 °C, 19.08 °C, 33.14 °C and 89.80, respectively.

Pesticide responses

Research on the effects of pesticides in Eristalis hoverflies remains limited,
with existing studies primarily focusing on neonicotinoids due to their wide-
spread agricultural use and well-documented risks to pollinators. Despite regu-
latory bans or restrictions on several neonicotinoids within the European Union,
these compounds continue to be a central focus of ecotoxicological research,
owing to their environmental persistence and ongoing use in certain regions.
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In E. tenax, imidacloprid has been shown to exert stage- and route-specific toxic
effects. Larvae are particularly sensitive to environmentally relevant concentrations,
exhibiting dose- and time-dependent mortality, along with biochemical indicators
of neurotoxicity and oxidative stress (Kamdem et al. 2024). In contrast, Basley et
al. (2018), who investigated the effects of another neonicotinoid, thiamethoxam,
reported that chronic exposure reduced larval survival only at high concentrations,
with no significant behavioural effects observed in adults. Adult E. tenax appear to
exhibit relatively high oral tolerance to imidacloprid compared to bees, with sub-
lethal effects on feeding and survival emerging only at elevated doses (Nagloo et
al. 2023). These effective doses exceed typical environmental concentrations, sug-
gesting that adverse effects may only arise under extreme or cumulative exposure
scenarios. However, when imidacloprid is administered directly to the brain, even
sublethal concentrations can impair neural processing in motion-sensitive visual
neurons, disrupting direction selectivity and contrast sensitivity, functions essential
for flight and navigation (Rigosi & O"Carroll, 2021). Although such exposure routes
are not environmentally realistic, these findings underscore the vulnerability of pol-
linator visual systems to cholinergic pesticides and highlight the need for further
investigation into sublethal neurophysiological effects in non-bee pollinators. More
recently, Martins et al. (2024) extended this line of research to another syrphid spe-
cies, Eristalinus aeneus (Scopoli, 1763), demonstrating that imidacloprid exposure
can also impair survival and behaviour in this ecologically important pollinator.

To date, the effects of insecticides beyond neonicotinoids on E. tenax remain
largely unstudied, representing a critical gap in our understanding of the spe-
cies" ecotoxicological sensitivity. This is particularly concerning given the wide
array of insecticidal compounds currently used in agricultural landscapes. Find-
ings from studies on neonicotinoid exposure suggest that E. tenax may exhibit
toxicological responses that differ from those observed in bees, underscoring
the importance of including hoverflies in environmental risk assessments.

To simulate pesticide responses in E. tenax, we adopt a modelling frame-
work analogous to that used in the development of the ApisRAM honey bee
colony model (Duan et al. 2022). Pesticide exposure can occur through the
consumption of contaminated nectar, contact, and overspray. By considering
these three exposure pathways, we provide an accurate representation of how
model hoverflies may encounter pesticides in contaminated environments.
P,(t) is used to represent the accumulated pesticide burden for the individual
until day t. P,(t) is updated by all three exposure paths and is used to calculate
the stress caused by pesticide exposure. The new pesticide exposure on day t
is represented by P, (t) which is calculated by Equation 27.

P (t) = P(t) + P(t) + P,(t) Equation 27

where P(t) is the new contamination from intake, P () is from the contact
exposure and P (t) is from the overspray exposure.
Intake exposure pathway

Foraging hoverflies may be exposed by collecting pollen and nectar from con-
taminated flowers. The pesticide amount in the consumed resource is repre-
sented by P(t) and is assumed to move directly to the hoverfly"s body (P,(1)).
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Overspray and contact exposure pathways

The overspray exposure pathways are only relevant to any hoverfly stage pres-
ent at the moment of pesticide spraying. Contact exposure can occur when a
mobile stage moves in a contaminated area. In both cases, a simple one-time
absorption model is used here, i.e., we assume that the pesticide will be ab-
sorbed into the hoverfly"s body once, which is controlled by a parameter for
contact and overspray separately.

Contact exposure specifically pertains to foraging adults and occurs when
a hoverfly touches a contaminated plant surface during its foraging activities.
The amount of pesticide transferred to the body through contact is controlled
by two user-defined parameters as shown in Equation 28.

P, = sSP Equation 28

where P_is the pesticide amount per square meter on the plant surface, S is a
constant representing the area of the hoverfly that is in contact with the surface.
Here, we might imagine that foot, abdomen, and wing contact could occur. s, is
the absorption rate that determines the amount of pesticide P_ that will be trans-
ferred to the body. This implementation does not consider foraging time, but both
parameters can be adjusted to make this approach more or less conservative.

Overspray exclusively occurs when hoverflies (adults or larvae) are active in
a field where simultaneous pesticide spraying occurs and/or where drift occurs
in the adjacent area. Two parameters, starting time and ending time, for a pes-
ticide spray event are used to control whether overspray can happen. Overspray
can only occur if a hoverfly is in the exact location and when the pesticide is be-
ing sprayed. When the overspray happens, the contaminated pesticide amount
(P,) going to the hoverfly"s body is calculated using Equation 29.

P, = sSa Equation 29

where S represent a proportion of the body surface, as for Equation 28, a is the
pesticide spraying application rate, s, is the absorption rate for overspray.

Toxicology

To determine the effect of the pesticide body burden, the initial model only con-
siders acute mortality. To do this requires three parameters. The first is a thresh-
old for effect, P, above which there is a daily probability of mortality P_. The third
threshold D is the daily decay rate of the pesticide in the hoverfly's body. This
approach will implement a first model for implementing pesticide effects and
assumes that an ALMaSS or equivalent landscape model is available to generate
the pesticide concentration in the nectar and vegetation, as well as overspray.

Other mortalities

There are a number of other mortalities considered in the model, the important
one being the daily background mortality of adult hoverflies. Little is known
about the background mortality of adult hoverflies under natural conditions.
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Parasites on adults appear to be rare, but fungi of the genera Entomophthora
and Enipusa are responsible for some mortality (Gilbert 1986). E. tenax can be
also parasitised by wasps, Aspilota ruficornis, Rhembobius bifrons, and Rhem-
bobius quadrispinus (Reemer et al. 2009), but little is known about the mortality
rates. Hoverflies are also preyed upon by many animals such as birds, toads,
wasps, etc., and by carnivorous plants (e.g. the sundew, Drosera rotundifolia)
(Gilbert 1986). To some extent, adult hoverflies may be protected from preda-
tors by their resemblance to wasps or bees, but attacks by wasps are frequently
observed (Bressin 1999). Nagloo et al. (2023), who investigated the acute and
chronic toxicity of imidacloprid on adult E. tenax reared in laboratory condi-
tions, reported that mortality in the control group increased from 0 to 20% with
the duration of the experiment. This range of values will be used to adjust the
background adult mortality in the model.

With regard to pre-imaginal stages, staphylinid beetles are recognised as natu-
ral enemies of syrphid flies and may prey on their egg clutches (Gladis 1994a). In
mass-rearing experiments of E. tenax conducted by Gladis (1994a), several small
staphylinid species, including Aleochara brevipennis, Aleochara lanuginosa, and
Philonthus politus, were documented feeding on E. tenax larvae. These mortalities
are, however, included in the general mortality rates of the egg-to-pupa stages.

The overwintering mortality test is carried out only once, at the end of the
overwintering period (before emergence). Overwintering mortality may be relat-
ed to severe winter conditions or predation. Siuda (1963) reported that the spi-
der Tegenaria domestica preys on overwintering females of E. tenax. Certainly,
dead hoverflies are often found entangled in spider webs in hibernacula (Bres-
sin 1999). As little is known about the exact mortality rates during hibernation,
this mortality would be an calibrated parameter in the model.

Mortalities will also be associated with management events. We hypothe-
sise that if E. tenax eggs or larvae are present in the field, particularly within
slurry deposits, at the time of soil cultivation, their probability of survival is min-
imal. Consequently, we assume 100% mortality for these stages during cultiva-
tion events. This assumption is based on the mechanical disruption of the soil
structure by most cultivation methods, including light harrowing, which typical-
ly penetrates to depths of 2—5 cm, and the disturbance of technological lines
by heavy machinery, where slurry tends to accumulate and larval development
may occur. We do not expect E. tenax eggs or larvae to be present in the field
during harvest, as these stages are associated with liquid environments. There-
fore, mortality due to harvest operations is considered negligible. For pupae
which use dry land, mortality values for soil cultivation can be parameterised
using data for the ground beetle Bembidion lampros (Thorbek and Bilde 2004),
and incorporated into the model for sensitivity testing. We do not expect E. te-
nax pupae to be present in the field during harvest. Other managements could
be considered on a case-by-case basis as needed when applying the model.
The potential impacts of various agricultural practices on E. tenax population
dynamics can be evaluated using the model, and sensitivity analyses can be
conducted to assess the robustness of these assumptions.

Finally, we assume that the mortality of non-diapause stages will occur
with the onset of winter (here, we assume December 1%t) or with negative
temperatures lower than a minimum temperature threshold (MinT), initially
assumed to be -10 °C.
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TheE. tenaxmodelis based onarelatively large body of literature; however, many pro-
cesses have uncertain parameter values and/or mechanisms. Information comes
primarily from laboratory studies and, in some cases, from other hoverfly species.
Thus, some crucial information about the species is still missing or uncertain.

The available data were insufficient to estimate the thermal performance
curves for all developmental stages of E. tenax. Only the pupa stage had enough
data relating developmental time with temperature, but the temperature range
tested was narrow and did not exceed 26 °C. This limitation likely biased the
fitting of the thermal performance curves and the determination of thermal op-
tima and maxima for the pupa development. Indeed, the thermal performance
curve model of the Lobry—Rosso—Flandrois predicted a thermal optimum of 26
°C, the highest temperature for which pupa development data were available. In
addition, the primary aim of the collected studies relating developmental time
with temperature was not to investigate the effect of temperature variation on
development or to determine optimal thermal conditions. Instead, these stud-
ies often focused on the effects of diet or population density on development
(with the goal of finding the optimal conditions for rearing E. tenax in the lab-
oratory). They thus were typically conducted at a single temperature or over a
limited temperature range; similarly, studies examining the impact of tempera-
ture on phenotypic variation tested only a narrow range of temperatures. Thus,
the effects of temperature on egg and larval development were explained by
a quadratic relationship. For both the egg and larval stages, the thermal mini-
mums and maximums for development need to be calibrated. Due to the brief
duration of the egg stage (typically 1-4 days), the impact of limited empirical
data on the accuracy of phenological predictions for this stage is anticipated to
be minimal. In contrast, the larval stage is longer and more sensitive to environ-
mental variability; therefore, uncertainties in thermal parameters may affect the
predicted duration of larval development more significantly.

The available data on the survival of juvenile stages, particularly for the egg
and larva, is limited. A thermal performance curve linking survival and tempera-
ture could only be fitted for the pupa stage. However, the fit was suboptimal
due to the narrow range of temperatures tested and the availability of multi-
ple measurements only at selected temperatures, which were associated with
treatments involving stable temperatures but varying other conditions.

Unfortunately, there is limited data available regarding the diet of adult hov-
erflies in relation to different behaviours. According to Gilbert (1985b), who cat-
egorised hoverflies based on their dietary preferences, E. tenax feeds on both
pollen and nectar, with females consuming more pollen than nectar. However,
this study did not link dietary preferences with hoverfly behaviour. Therefore,
we hypothesise that the dietary preferences of female E. tenax will follow the
pattern observed in R. campestris (Haslett 1989), where the switch between
pollen and nectar preferences was related to the degree of ovarian develop-
ment in females. In our model, the behaviour of female E. tenax is driven by
“reproductive goals,” which set the daily “foraging goals,” i.e., the proportions
of pollen to nectar in a daily diet. During ovarian development and egg matura-
tion, females will primarily feed on pollen, while during mating and oviposition,
they will mainly feed on nectar. We propose to initially set the proportions of
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pollen to nectar linked to these behaviours based on the study of gut content
in R. campestris (Haslett 1989). However, these proportions could be adjusted
during the calibration process or as new data for the species become available.
Furthermore, the relationship between nutrient intake and the development of
ovaries and egg maturation is not fully understood. We do not know the ex-
act amount of pollen or proteins required to mature a certain number of eggs.
Thus, in the first version of the model, we assume that all pollen from preferred
plants provides the same amount of nutrients and is equally beneficial. The
same assumption applies to nectar, as there is no information on nectar pref-
erences in E. tenax. In addition, we propose to track separately the amount of
nutrients needed for ovary development and egg maturation. Although this sep-
aration is artificial, it allows a consistent tracking mechanism for the gut con-
tent associated with each clutch produced by a female. It can also be applied
regardless of the hoverfly"s generation.

In the initial version of the model, we do not plan to simulate the energetic
budget of the hoverfly, which would link energy losses with flying and mating ac-
tivities and energy gains with nectar foraging. Instead, the model will track the
percentage of gut filling separately for pollen and nectar resources, according
to the foraging goals. This simplified approach is necessitated by the limited
data available on the energetic demands of hoverflies. Based on literature infor-
mation (Gilbert 1983), we assume that the energy needed for flying and mating
activities is easily regained even on low-rewarding plants, and if any nectar is
available, it is enough for the females (the males consume mostly nectar, but
we do not model males). Thus, females rely mainly on having enough pollen to
ensure their eggs" maturation, which is tracked in the model.

The variability in E. tenax reproduction parameters can depend on various
factors, including energy reserves, nutrient availability, and environmental con-
ditions (Gladies 1994). However, the detailed mechanisms remain poorly un-
derstood. The reproduction parameters available for E. tenax were mostly mea-
sured under laboratory conditions, typically with stable food and temperature
settings. Consequently, whether the same or greater variability exists under
field conditions is unclear. Additionally, no studies have compared the repro-
duction parameters between the spring/summer and autumn generations. In
the model, total potential fecundity is assumed to depend linearly on the mass
of the female, following the general relationships described by Honék (1993),
but mechanisms included allow the actual fecundity to be reduced by a scarcity
of floral resources and unfavourable environmental conditions.

While there are existing models of clutch size for insects, particularly in relation
to optimal foraging theory (e.g., Skinner 1985; Wilson and Lessells 1994), none
have been developed specifically for hoverflies, to our knowledge. These models
consider factors such as a female"s ability to recognize the presence of existing
clutches or eggs in a given larval habitat to avoid excessive competition among
larvae or the ability to delay oviposition until better environmental conditions arise,
thereby increasing the survival chances of their progeny. These mechanisms have
not been investigated in saprophagous hoverflies. Therefore, we have made some
assumptions that may be modified as new data for the species become available.

We assume that the availability of floral resources and environmental (weath-
er) conditions significantly impact the clutch size and fecundity of female
E. tenax. In the model, the probability of laying a larger clutch is assumed to
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decrease over time. This assumption reflects the female"s decreasing willing-
ness to continue feeding to gather more nutrients for egg maturation, aiming to
reduce the risk of predation and increase the survival chances of the progeny.
Additionally, we assume that if the clutch size is smaller than the maximum
allowed, the remaining egg load is “lost.” This assumption is based on the phe-
nomenon of egg resorption. Egg resorption is a mechanism known in many
insects and allows energy conservation for maternal survival and future repro-
duction by facilitating the maturation of new oocytes (Rosenheim et al. 2000).
Although not reported for saprophagous hoverflies, this mechanism exists in
many aphidophagous hoverfly species, where the absence of aphids on host
plants can lead to egg resorption by adult females (Schneider 1969; Branquart
and Hemptinne 2000; Orengo-Green et al. 2022).

Developing the formal model for E. tenax presented two significant challeng-
es linked with modelling of the availability and quality of larval habitats, and
dispersal. In the model, the availability and quality of larval habitats, along with
the availability of floral resources, are critical limiting factors that regulate pop-
ulation dynamics at the landscape level. Therefore, accurately assessing these
factors is crucial for the model"s performance. Given the difficulty in mapping
the exact locations of larval habitats at the landscape level due to their diversity
and E. tenax adaptability to different environments, we propose characterizing
each landscape element by a larval habitat quality index. This index is linked to
larval density estimates obtained from field data and influences the attractive-
ness of a patch in the female's oviposition selection process. The proposed
index is based on a general classification of landscape elements according to
their suitability as habitats for Eristalis larvae, derived from literature, and an
assessment of moisture conditions influenced by soil properties, local topog-
raphy, and current meteorological conditions. We assume that potential larval
microhabitats may vary in abundance within the same habitat type (e.g., wet
grassland) depending on actual wetness conditions, which fluctuate over time.
This mechanism produces a pattern of maximum possible larval densities that
changes over space and time, allowing for the introduction of year-to-year vari-
ation in E. tenax population dynamics, observable in the field. The larval hab-
itat quality index can be refined as more data become available, for example,
by linking real larval densities with factors such as the chemical or nutritional
characteristics of the rearing media.

The larval habitat quality values are scaled based on the minimum and maxi-
mum larval densities observed in the field. However, due to limited data on field
larval densities, it was not feasible to adapt these minimum and maximum val-
ues for each habitat or landscape element type. Eristalis eggs are laid in clutches,
resulting in a patchy distribution of larvae, which complicates obtaining accurate
density measurements. Consequently, field measurements must be taken with
care and cannot be directly extrapolated to represent densities for the entire hab-
itat. This is particularly important as the model incorporates larval density-depen-
dent mechanisms related to survival and growth, which are linked to adult mass.

Designing dispersal functions is challenging because they need to be in-
tegrated with foraging and oviposition behaviours. In our approach, daily be-
haviour is driven by reproductive goals, which are linked to foraging goals. The
achievement of these goals depends on the spatial and temporal distribution
of floral resources and is constrained by the movement capabilities of E. tenax.
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During the calibration stage, it is essential to carefully evaluate the behaviours
of E. tenax. This evaluation will focus on the parameters implemented in the
hoverfly model and their interaction with the detailed patterns provided by the
landscape model. The landscape model offers spatial and temporal patterns
of resources, making it crucial for the level of detail in both model components
to be aligned. This alignment ensures that emergent patterns accurately reflect
the real-world dynamics of E. tenax populations.

Given the ecological significance of migration for E. tenax, we assume
that females of the autumn generation may exhibit migratory behaviour with
a certain probability. However, as the primary objective of the current model
is to inform risk assessment, the probability of migration will be set to zero
in the first version of the model. This simplification is intended to prevent
the confounding and dilution of potential pesticide effects, thereby enabling
clearer interpretation of local risk dynamics.

Overall, the E. tenax model proposed lacks some of the details characteristic
for other ALMaSS models; nevertheless, it should provide a dynamic model that
can respond to variations in weather, habitat configuration, and resource availabil-
ity. Importantly, this formal model represents a foundational implementation that
is intended to be refined through a post-deployment calibration phase. Calibra-
tion will be conducted using a pattern-oriented modelling (POM) approach, which
employs multiple empirical patterns to iteratively guide model selection, struc-
ture, and parameterisation. Based on our prior experience with individual-based
models for other beneficial insects, we have found POM to be particularly effec-
tive in addressing initial data limitations and enhancing both model realism and
predictive capacity. The current formal model serves as a structured synthesis of
available ecological and biological knowledge of the species, designed to sup-
port future refinement and application. Rather than offering a definitive represen-
tation, it provides a robust starting point for iterative development and validation.
As such, it establishes a baseline framework against which pesticide-induced
effects can be evaluated under carefully constructed scenario analyses.
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