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Formal Model Article Format

Abstract

We present a formal model for the aphidophagous hoverfly Sphaerophoria scripta, a 
species widely used for biological control of Myzus persicae and other aphids, as well 
as for pollination services. The model is structured for integration within the Animal 
Landscape and Man Simulation System (ALMaSS) to investigate population dynamics 
under variable field conditions, with the overarching aim of improving regulatory risk 
assessments of pesticide impacts on hoverflies. Our approach is individual-based, 
spatially explicit, and operates on a daily time step. The principal model drivers include 
temperature, the spatial and temporal distribution of aphid prey for larvae, and the 
availability of nectar and pollen resources for adult females. Dispersal functions 
are designed to interact dynamically with foraging and oviposition behaviours, with 
daily activity patterns governed by the interplay between reproductive objectives and 
foraging requirements. Key life-history parameters, including egg incubation duration, 
larval instar development, pupariation, adult longevity, and fecundity, were derived from 
available laboratory and field studies. The prototype model defines state transitions, 
developmental thresholds, mortality functions, and foraging-oviposition behaviours, 
and is prepared for calibration and scenario-based application.

Key words: Agroecosystem, aphidophagous hoverfly, biological control, Long Hoverfly, 
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Introduction

Growing recognition of wild pollinators has highlighted their crucial role in 
sustainable agriculture and ecosystem functioning. While most research 
and conservation efforts have historically focused on managed species 
such as the honey bee, wild pollinators contribute significantly to pollina-
tion services and offer additional ecosystem benefits (Garibaldi et al. 2014; 
Rader et al. 2016; Reilly et al. 2024).

Hoverflies (Diptera, Syrphidae), also known as syrphids or flower flies, are 
globally distributed and are among the most important insect pollinators 
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(Wotton et al. 2019; Rader et al. 2020). All adult hoverflies feed primarily on nec-
tar and pollen, although the proportions vary among species (Gilbert 1985b), 
making them frequent floral visitors and effective pollinators. However, hover-
flies also play other essential roles in ecosystems due to the diverse feeding 
habits of their larvae, which can be phytophagous, mycophagous, zoophagous, 
or saprophagous, including both aquatic and terrestrial types. Among these, 
aphidophagous hoverflies are particularly important because their larvae prey 
on aphids and other major crop pests such as thrips and spider mites, provid-
ing a valuable biological control service (Dunn et al. 2020; Pekas et al. 2020).

Given this dual ecological role, pollination by adults and pest control by lar-
vae, we selected Sphaerophoria scripta (Linnaeus, 1758) as a focal species for 
model development. Sphaerophoria scripta is one of the most common aphi-
dophagous hoverflies in Central Europe (Reynolds et al. 2024), typically active 
from May to October with peak abundance in August (Nengel and Drescher 
1991). It occurs in diverse habitats, including open grasslands, flower-rich ur-
ban wastelands (Stubbs and Falk 2012), and agricultural fields (Madureira et al. 
2023, 2024), making it particularly relevant for agroecosystem studies.

This paper follows the formal model structure outlined by Topping et al. 
(2022a). It presents a prototype spatially-explicit agent-based model for 
S. scripta, prior to its full implementation and calibration. The model is intend-
ed for integration into the Animal, Landscape and Man Simulation System 
(ALMaSS) framework (Topping et al. 2003; Topping 2022b), leveraging its spa-
tially detailed, dynamic landscape features while acknowledging its structural 
constraints (Topping and Duan 2024).

Several individual-based models have been developed so far to simulate 
hoverfly population dynamics, particularly focusing on aphidophagous species. 
RePast hoverfly-aphid model (Parry and Bithell 2011) links a spatially explicit 
(super) individual-based aphid model (Parry et al. 2006; Parry and Evans 2008) 
with a simplified hoverfly submodel. Its overall structure is similar to that used 
by Tenhumberg (2004), with the addition of adult female syrphid movement 
across the landscape. However, the landscape is represented in a simplified 
manner, consisting of only two categories: field and field margin. The hoverfly 
submodel is also highly simplified; development is limited to a single transition 
from larva to adult, triggered once a larva consumes a minimum number of 
aphids. Moreover, adult mortality is not included, and larval mortality depends 
solely on aphid availability (larvae die when no aphids are present).

In contrast, movement and foraging are modelled more realistically, incorpo-
rating non-random prey search, oviposition optimisation, and larval predation 
using an exponential function dependent on hoverfly age and aphid density. 
Interactions between adult hoverflies and the landscape are not explicitly mod-
elled, aside from oviposition behaviour and larval predation. Notably, pollina-
tion by adults and its influence on movement and oviposition are not included.

Two other individual-based models focus specifically on Episyrphus baltea-
tus (De Geer, 1776). The ‘Hover-Winter’ model (Arrignon et al. 2007) simulates 
winter survival strategies of adult females, examining how landscape structure 
and climate influence overwintering success. Other life stages are not mod-
elled, and interactions with aphids are absent. Resource acquisition is limited 
to nectar feeding for energy storage. The landscape is represented as a regular 
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grid with 25 m resolution, with cells classified into five functional habitat types; 
forest edges, forest interior, flower-rich semi-natural habitats/field margins, 
open arable fields, and urban/other non-habitat cells.

The SyrFitSources model (App et al. 2025), implemented in NetLogo, ex-
tends the ‘Hover-Winter’ model by simulating the full life cycle of E. bal-
teatus, including interactions with aphids. While development of immature 
stages is driven solely by temperature, aphid availability influences larval 
voracity and, consequently, larval mortality. Adult behaviour is governed by 
resource availability and seasonal dynamics. Adults disperse among hab-
itat patches in search of nectar and pollen, with movement probabilities 
weighted by patch distance and resource attractiveness. Pollen intake reg-
ulates egg maturation, while oviposition rates depend on both nutritional 
status and local aphid density, reflecting resource-based habitat selection. 
The landscape is represented as a network of habitat patches derived from 
raster land-cover data, with each patch characterised by area, habitat type, 
and dynamic resource availability (nectar, pollen, and aphids), updated daily 
based on plant phenology and an aphid population model.

Building on concepts from the models described above, our model of 
S. scripta introduces increased realism, particularly in landscape representa-
tion. It will be integrated into the highly detailed, dynamic landscape simulation 
available in ALMaSS, which operates at a spatial resolution of 1 m2 (Topping et 
al. 2003; Topping and Duan 2024a, b). This integration enables daily simulation 
of vegetation dynamics and resource (pollen and nectar) availability across 
space and time, alongside realistic agricultural management practices. The 
S. scripta model is also designed to run in parallel with the aphid species model 
(Thomsen et al. 2024), which supports the simulation of multiple aphid spe-
cies: Acyrthosiphon pisum (Harris, 1776), Aphis fabae (Scopoli, 1763), Myzus 
persicae (Sulzer, 1776) and Sitobion avenae (Fabricius, 1775). Together, these 
models facilitate the representation of complex trophic interactions between 
prey and predator species within the same landscape, offering a powerful 
framework for exploring ecological dynamics and assessing pesticide risks.

To complement the S. scripta model and capture the broader functional 
diversity of hoverflies, a second model is under development for the species 
Eristalis tenax (Linnaeus, 1758), whose larvae are saprophagous (Ziółkowska 
et al. 2025). Together, these models provide a complementary representation 
of the ecosystem services delivered by hoverflies and support their integration 
into ecological based agricultural management.

Aims and purpose

The model provides a spatially explicit, mechanistic representation of 
S. scripta population dynamics in temperate agricultural landscapes, with 
individual development and survival rates driven by ambient temperature 
and aphid prey density. Its primary purpose is to evaluate hoverfly effica-
cy and resilience under alternative climate and crop-management scenar-
ios. A secondary application is to model a representative non-target spe-
cies within a systems-based environmental risk-assessment framework for 
agrochemicals, particularly pesticides.
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We will implement the model in the ALMaSS framework (Topping et al. 2003; 
Topping 2022b; Topping and Duan 2024) to exploit its 1 m2 resolution, dynamic 
treatment of landscape heterogeneity, and explicit farm-management routines. 
Simulations will typically span 10 × 10 km2 landscapes, run at daily time steps, 
and extend over multi-year to decadal periods. This design captures both sea-
sonal population cycles and longer-term trends in S. scripta abundance.

Theoretical framework and modelling approach

The model aims to represent the development, survival, movement, foraging, 
and reproduction of S. scripta using an individual-based approach within the 
ALMaSS framework. This approach enables a mechanistic simulation of hover-
fly population dynamics in response to key ecological drivers, particularly tem-
perature and prey density, with a level of detail suitable for long-term ecological 
projections and agricultural management scenarios.

As with other published models in ALMaSS (Duan et al. 2022; Ziółkowska 
et al. 2023; Topping and Duan 2025), we use an agent-based modelling frame-
work (Grimm and Railsback 2005). Each hoverfly is represented as a unique 
object that exists within a specific behavioural state and possesses properties 
such as age, developmental stage, location, and aphid intake. These character-
istics evolve and influence transitions between behavioural states, such as the 
shift from feeding to oviposition.

The ALMaSS environment provides a detailed, spatially and temporally dy-
namic representation of agricultural landscapes. This environment includes 
a raster-based land-cover map at 1 m2 resolution, overlaid with polygonal 
habitat data. Landscapes are composed of individual farm units that are 
grouped and classified by type (e.g. arable, grassland, non-crop, mixed, or 
livestock farms), and each farm is governed by tailored crop management 
regimes. These regimes define the timing and probability of farm activities, 
including pesticide application and are structured as pluri-annual crop rota-
tions based on real agronomic practices.

Daily updates to landscape conditions include vegetation growth and weath-
er, both of which affect resource availability. The aphid population dynamics 
could be explicitly simulated (i.e., the model could be linked with the aphid 
subpopulation model of Thomsen et al. 2024) or externally inputted, allowing 
the model to respond to spatio-temporal variation in prey availability. Larval 
development is explicitly linked to aphid prey consumption, as the daily devel-
opmental rate depends on the aphid biomass consumed each day. Larval mor-
tality is not directly tied to prey density. In adults, foraging and reproduction 
are coupled through prey availability, as the daily oviposition rate depends on 
the number of aphids present. In future extensions, this relationship may also 
incorporate pollen and nectar intake by adults.

All life stages of S. scripta—egg, larva, pupa, and adult—are modelled 
individually. Parameters are based on the field and laboratory data on S. scripta 
or similar species within the genus if available in the literature. Interactions 
with the landscape and other individuals are updated daily, enabling realistic 
simulation of individual and population-level dynamics within complex 
agricultural mosaics.
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Overview of processes

The life cycle of this highly migratory syrphid comprises four principal stages, egg, 
larva, pupa and adult. It unfolds over multiple generations between April and No-
vember (and potentially year-round in southern Europe). Overwintering occurs pre-
dominantly at the fully grown larval stage, with individuals remaining inactive in the 
soil or leaf litter. Following spring warming, larvae resume development, pupate, and 
subsequently emerge as adults. Newly emerged adults disperse into open habitats 
and engage in low, erratic flight among grasses while visiting a broad spectrum of 
flowers (Speight 2024). They feed on nectar and pollen from various wild flowers 
(e.g. Achillea, Campanula, Cirsium, Euphorbia or Origanum) (De Buck 1990), thereby 
contributing to pollination in both natural and agricultural ecosystems.

Gravid females locate aphid-infested host plants, ranging from wild her-
baceous species to economically important crops such as Avena, Brassica, 
Cichorium, Lactuca, Triticum and Vicia, as well as apple orchards, on which they 
oviposit (Wojciechowicz-Żytko and Wilk 2023; Speight 2024). Upon hatching, 
larvae immediately search for prey and consume large numbers of aphids. 
Larval development typically spans three instars over several days up to two 
weeks, depending on temperature and prey availability.

Fully grown larvae then harden to create a puparium. This pupal phase en-
dures for approximately one week, during which metamorphosis to the adult 
form occurs (Nengel and Drescher 1991). The overall generation time is quite 
short, supporting multiple generations per year. That is why emerging adults 
may join the current season’s reproductive cohort, mating and producing 
subsequent generations. Throughout its range, from subarctic grasslands in 
Greenland and Fennoscandia to Mediterranean, North African, and high-altitude 
Asian habitats, this species’ flexible phenology and habitat use underscore its 
ecological resilience and importance as both pollinator and biocontrol agent. 
More details about each developmental stage are given below.

Growth and development

Egg

Geographical variation in degree‐day requirements shows that mean thermal 
sums for insect egg development increase from tropical to temperate popula-
tions, reflecting local adaptation to cooler climates (Honĕk 1996). Eggs are laid 
singly on aphid-infested leaves, ensuring freshly emerged larvae immediate 
prey access and minimising egg crowding.

During the egg stage, S. scripta exhibits a clear inverse relationship between 
temperature and developmental duration (Table 1). At 10 °C, egg development 
requires approximately 12 days, whereas at 30 °C, this period is reduced to 
approximately 2.3 days (Nengel and Drescher 1991). Under moderate tempera-
ture conditions (approximately 20 °C), the egg stage typically lasts between 
3 and 6 days (Agarwala et al. 1989; Krsteska 2008). When compared to oth-
er species (Table 1), Sphaerophoria rueppellii (Wiedemann, 1820) shows sim-
ilar thermal responses, with egg durations ranging from 2.9 to 5.5 days when 
temperature decreased from 30 °C to 20 °C (Amoros-Jimenez et al. 2012). 
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Table 1. Summary of thermally induced length of development of subsequent life stages for genus of Sphaerophoria.

Life 
stage

Temperature 
(°C)

Relative 
humidity 

(%)
Type of food Food 

availability
Duration 
(days) Conditions /Notes Species Reference

Egg ≈ 20 3–4 Laboratory temp. Sphaerophoria 
scripta

Krsteska (2008)

10 60–70 12 Sphaerophoria 
scripta

Nengel and 
Drescher (1991)15 6

20 4

25 3

30 ~2.3

20–22 3–4

14–17 5–6 Sphaerophoria 
scripta

Agarwala et al. 
(1989)

22–32 2–3 Laboratory temp. Very 
wide temp range and 

no details on temp 
regime in the lab.

Sphaerophoria 
scripta

Gafarov (1979)

20 50 5.50 Sphaerophoria 
rueppellii

Amorós-Jiménez 
et al. (2012)20 90 3.55

25 50 4.72

25 90 2.93

30 50 3.89

30 90 2.36

20 6–12 Laboratory temp. Sphaerophoria 
cylindrica

Curran (1920)

19.33 4.39 Sphaerophoria 
sulphuripes

Hopper et al. 
(2011)

27.9 ± 1.1 1.96 ± 0.07 Allograpta 
(Sphaerophoria) 

javana

Patro and 
Behera (2002)

16–18 80 6–8 Sphaerophoria 
scripta

Kantyerina 
(1979)18–20 70 4–6

Larva ≈ 20 Myzus 
persicae

Ad libitum 8 50% population 
Laboratory temp.

Sphaerophoria 
scripta

Krsteska (2008)

21 80 Aphis fabae Ad libitum 11 Sphaerophoria 
scripta

Wojciechowicz-
Żytko (2000)

27.1 77.3 Hyalopterus 
pruni

Ad libitum 3.19 ± 0.22 First instar Sphaerophoria 
scripta

Awadallah et al. 
(1980)3.86 ± 0.23 Second instar

6.95 ± 0.38 Third instar

14.00 ± 
0.34

Total

20–22 unknown unknown 4.1 ± 1.0 Third instar Sphaerophoria 
scripta

Nengel and 
Drescher (1991)

≈ 20 Acyrthosiphon 
pisum

unknown 9 Near natural temp. Sphaerophoria 
scripta

Bańkowska 
(1978)

≈ 20 Acyrthosiphon 
pisum

5 larvae/
day

14 Near natural temp. Sphaerophoria 
scripta

Polak (1980)

10 larvae/
day

15

15 larvae/
day

13
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Life 
stage

Temperature 
(°C)

Relative 
humidity 

(%)
Type of food Food 

availability
Duration 
(days) Conditions /Notes Species Reference

Larva 20 larvae/
day

13

30 larvae/
day

13

40 larvae/
day

12

60 larvae/
day

10

14–17 Ad libitum 13–15 Sphaerophoria 
scripta

Agarwala et al. 
(1989)

22–24 Ad libitum 12–15 Sphaerophoria 
scripta

Wnuk and Fuchs 
(1977)

22 Ad libitum 9 Sphaerophoria 
scripta

Laska (1959)

22–32 Ad libitum 9–14 Laboratory temp. 
Very wide temp 

range and no details 
on temp regime 

in the lab.

Sphaerophoria 
scripta

Gafarov (1979)

20 90 Myzus 
persicae

Ad libitum 10.95 Sphaerophoria 
rueppellii

Amorós-Jiménez 
et al. (2012)25 90 8.92

30 90 8.14

20 8.22 High food availability

10.42 Low food availability

≈ 20 16–27 Laboratory temp. Sphaerophoria 
cylindrica

Curran (1920)

19.33 13.50 Sphaerophoria 
sulphuripes

Hopper et al. 
(2011)

27.9 ± 1.1 2.07 ± 0.11 First instar Allograpta 
(Sphaerophoria) 

javana

Patro and 
Behera (2002)2.06 ± 0.15 Second instar

2.18 ± 0.10 Third instar

6.30 ± 0.22 Total

Pupa 15 16 Sphaerophoria 
scripta

Nengel and 
Drescher (1991)20 10

24 7.4 ± 0.5

25 7

30 6

15 15.5 Sphaerophoria 
scripta

Honerk and 
Kocourek (1988)18 11

51 8.2

24 7.9

≈ 20 6–7 Laboratory temp. Sphaerophoria 
scripta

Bokina (2012)

≈ 20 6.35 ± 1.5 Laboratory temp. Sphaerophoria 
scripta

Krsteska (2008)

21 7.8 Sphaerophoria 
scripta

Laska (1959)

14–17 14–15 Sphaerophoria 
scripta

Agarwala et al. 
(1989)
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In contrast, Sphaerophoria cylindrica (Say, 1824) eggs require 6 to 12 days for 
development at approximately 20 °C (Curran 1920), and Allograpta (Sphaero-
phoria) javana (Wiedemann, 1824) demonstrates the shortest egg development 
time, completing this stage in just 1.96 ± 0.07 days at 27.9 °C (Patro and Behera 
2002). Relative humidity appears to play an important role in the development 
of Sphaerophoria eggs as, at 25 °C, S. rueppellii eggs incubated at 90% relative 
humidity hatch in 2.93 days, compared to 4.72 days at 50% humidity (Amorós-
Jiménez et al. 2012).

Larva

The larval stage is the longest and most ecologically significant period of syr-
phid development, as larvae serve as efficient predators of aphids and other 
soft-bodied insects (Dunn et al. 2020). Developmental duration during this 
stage is shaped by a complex interplay of temperature, humidity, and prey avail-
ability. Total larval development in Sphaerophoria ranges from approximately 6 
to 27 days, depending on species and environmental conditions (Table 1).

At moderate temperatures (~20 °C), development of S. scripta typically spans 
8 to 12 days when food is provided ad libitum (Bańkowska 1978; Polak 1980; 
Krsteska 2008). The larval stage comprises three instars with, at 27 °C, the 
first instar lasting approximately 3.2 days, the second 3.9 days, and the third 
6.9 days, accounting for roughly 23%, 28%, and 50% of the total larval duration, 

Life 
stage

Temperature 
(°C)

Relative 
humidity 

(%)
Type of food Food 

availability
Duration 
(days) Conditions /Notes Species Reference

Pupa 22–32 5–7 Laboratory temp. 
Very wide temp range 

and no details on 
temp regime in the 

lab.

Sphaerophoria 
scripta

Gafarov (1979)

20 50 8.79 Sphaerophoria 
rueppellii

Amorós-Jiménez 
et al. (2012)20 90 9.14

25 50 5.15
25 90 5.20
30 50 4.90
30 90 4.80
20 5.66 High food availability 

at the larval stage
5.70 Low food availability 

at teh larval stage
≈ 20 5–10 Laboratory temp. Sphaerophoria 

cylindrica
Curran (1920)

19.33 9.77 Sphaerophoria 
sulphuripes

Hopper et al. 
(2011)

27.9 ± 1.1 5.38 ± 0.04 Allograpta 
(Sphaerophoria) 

javana

Patro and 
Behera (2002)

Egg–
adult 
total

≈ 20 17 ± 3 Laboratory temp. Sphaerophoria 
scripta

Krsteska (2008)

14–17 32–36 Sphaerophoria 
scripta

Agarwala et al. 
(1989)

19.33 27.78 Sphaerophoria 
sulphuripes

Hopper et al. 
(2011)

27.9 ± 1.1 14.02 ± 
0.20

Allograpta 
(Sphaerophoria) 

javana

Patro and 
Behera (2002)
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respectively (Awadallah et al. 1980). Among related species, S. rueppellii com-
pletes larval development in 8.1 to 10.9 days under similar thermal and humid-
ity conditions (Amoros-Jimenez et al. 2012), while Sphaerophoria sulphuripes 
(Thomson, 1869) requires 13.5 days at 19.3 °C (Hopper et al. 2011). Allograpta 
(Sphaerophoria) javana again demonstrates the fastest development, complet-
ing all three instars in just 6.3 days at 27.9 °C (Patro and Behera 2002).

Prey availability is a critical determinant of aphidophagous hoverfly larval devel-
opment. At low prey densities, larval development is longer and pupation occurs 
at lower larval weights (Ruzicka and Cairo 1976; Cornelius and Barlow 1980). Po-
lak (1980) demonstrated a clear inverse linear relationship between both aphid 
availability (Equation 1; R2 = 0.87), consumption (Equation 2; R2 = 0.64), and the 
developmental time of S. scripta larvae reared on A. pisum at a temperature of 20 
°C (Fig. 1). Developmental time decreased markedly from approximately 15.5 to 
9 days as the mean number of aphids per day increased from 5 to 60.

	 Equation 1

	 Equation 2

where Dl is larva developmental time, Na is the number of aphids available daily, 
and Nc is the number of aphids consumed daily.

Similarly, S. rueppellii larvae reared on M. persicae at 20 °C developed 
significantly faster under high food availability than under limited prey con-
ditions (8.3 vs. 10.5 days) and pupation occurred at lower larval weights 
(11 vs. 9.3 mg) (Amorós-Jiménez et al. 2012) (Fig. 2). These findings are con-
sistent with broader patterns observed across aphidophagous hoverflies. For 
example, Putra and Yasuda (2006) reported that increased aphid density signifi-
cantly reduced larval development time in both Episyrphus balteatus and Eupe-
odes (Metasyrphus) corollae (Fabricius, 1794). Notably, the effect was prey-spe-
cific; E. balteatus developed more efficiently on A. pisum, whereas E. corollae 
showed faster development on Aphis craccivora (Koch, 1854). Collectively, 
these studies underscore the strong influence of prey availability on hoverfly 
developmental dynamics, particularly under thermally favourable conditions.

Figure 1. Relationship between number of Acyrthosiphon pisum aphids available and con-
sumed daily and developmental time of Sphaerophoria scripta. Based on Polak (1980).
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To date, no published studies have investigated larval longevity under star-
vation conditions in S. scripta. However, Rojo et al. (1996) examined the effects 
of aphid deprivation on larval survival in E. corollae and E. balteatus at various 
ages post-eclosion. In their study, larvae were initially provided with ad libitum 
access to aphids before being subjected to starvation. The results indicate that 
younger larvae exhibit greater sensitivity to starvation than older ones. More-
over, E. balteatus larvae demonstrated a higher tolerance to starvation com-
pared to E. corollae, particularly in later instars (Fig. 3). Based on developmental 
time estimates, approximately 2 days for the first instar, 2 days for the second, 
and 3–4 days for the third in E. corollae (Li and Wu 2023), and 2–3 days, 3–3.5 
days, and 4–6 days respectively for E. balteatus (Mushtaq et al. 2014), the mean 
survival times under starvation could be estimated as 1.0, 1.4, and 2.9 days for 
the first, second, and third instars of E. corollae, and 2.3, 3.5, and 5.8 days for E. 
balteatus. These findings are consistent with those of Ingels et al. (2015), who 
reported that third instar E. balteatus larvae survived an average of 4.6 days 
under starvation when earlier instars had been fed ad libitum, compared to only 
2.9 days when earlier instars had been provided with limited aphid access.

Larvae of Sphaerophoria species are generalist predators, primarily consum-
ing a variety of aphid species. Larvae of S. scripta have been found feeding on 
more than 30 genera of aphids. They have also been observed feeding on psyl-
lids (jumping plant lice) and even lepidopteran larvae (e.g., Pieris brassicae), 
although aphids remain their primary prey (Rojo et al. 2003). Cannibalism has 
also been observed under high-density or food-limited conditions (Bańkowska 
1964), suggesting behavioural plasticity in resource-scarce environments.

S. scripta larvae are aphid-feeding on herbaceous plants, including various 
crop plants, e.g. Avena, Brassica, Cichorium, Lactuca, Triticum, Vicia (Speight 
2010). There is no indication of prey preference in S. scripta; instead, it tends to 
exploit local concentrations of aphids, showing opportunistic foraging. However, 
laboratory tests showed that in Sphaerophoria species, fitness-related parame-
ters of adults may depend on the prey species consumed during their larval stage. 
For example, Amorós-Jiménez and Marcos-García (2020) showed that fecundity 

Figure 2. Consumption of Myzus persicae aphids by Sphaerophoria rueppellii under two 
feeding regimes: low and high food availability. Based on Amorós-Jiménez et al. (2012).
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(number of eggs produced) and fertility (percentage of eggs hatched) in S. ruep-
pellii females were higher when they were fed with Rhopalosiphum padi (Linnae-
us, 1758) and showed the lowest values with Aphis nerii (Fonscolombe, 1841).

Studies indicate that S. scripta larvae need a daily minimum of five A. pisum 
aphids for complete development (Polak 1980). Under conditions close to nat-
ural and at a temperature of approximately 20 °C, S. scripta larvae demonstrat-
ed a wide range of aphid consumption, depending on aphid type. According to 
Krsteska (2008), larvae consumed in total between 300 and 365 individuals of 
M. persicae. In contrast, Bańkowska (1978) reported a mean consumption of 
129 aphids of A. pisum, while Polak (1980) observed a slightly higher consump-
tion of 167–192 aphids on the same aphid species. In comparison, the total 
aphid consumption by the smaller larvae of S. rueppellii was reported to be ap-
proximately 250 individuals of M. persicae (Amorós-Jiménez et al. 2012). Under 
laboratory conditions of 21 °C, S. scripta larvae consumed 190–306 A. fabae 
aphids, considerably less than the larger larvae of E. corollae and E. balteatus 
(400–500 aphids) (Wojciechowicz-Żytko 2000).

Aphid consumption by S. scripta larvae exhibits a pronounced ontogenetic 
increase, with minimal feeding activity observed during the initial 0–30% of the 
larval stage. This is followed by a rapid escalation in predation rates between 
40 and 70–80% of development, culminating in peak consumption, which then 
decreases during the final 20–30% prior to pupation (Fig. 4B). These data in-
dicate a strong positive correlation between larval maturity and predatory effi-
ciency, suggesting that feeding behaviour is tightly regulated by developmental 
stage (Adams et al. 1987; Wojciechowicz-Żytko 2000). Furthermore, interspe-
cific variation in daily consumption rates among Sphaerophoria species, as well 
as differences in aphid prey types, imply that both predator identity and prey 
characteristics influence feeding dynamics (Fig. 4A).

Adams et al. (1987) suggested that hoverfly larvae kill rates in the field pop-
ulations are related to two main determinants of their range, i.e., larval size 
(expressed as body weight) and development rate (expressed as the percent-
age of development achieved). In controlled laboratory experiments, they 
examined the growth and predation dynamics of E. corollae larvae fed on 

Figure 3. Longevity of Eupeodes corollae and Episyrphus balteatus larvae exposed to 
starvation at different developmental days. Before starvation larvae were provided with 
food ad libitum. Based on Rojo et al. (1996).
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S. avenae under two constant temperature regimes (10 °C and 15 °C). Their 
findings revealed that larval growth (Fig. 5A) and aphid kill (Fig. 5B) followed 
a similar exponential trajectory during the initial 75% of larval development, 
underscoring the importance of size as a determinant of predatory capacity. 
In addition, larval growth and aphid kill rates, expressed as mg per 1% of the 
larval stage achieved against developmental age, were closely comparable at 
both temperatures (Fig. 5). This suggests that temperature exerts a propor-
tional influence on development, growth, and predation, allowing for the deri-
vation of a standardised metric, relative kill rate (RKR), defined as the biomass 
of aphids killed per unit of larval biomass per 1% of the larval period. To fur-
ther simplify this approach, mean RKR values can be calculated for each instar 

Figure 4. Average number of aphids eaten (A) daily and (B) in relation to larval devel-
opmental time (expressed as % of time taken from egg hatch to pupation) by syrphid 
larvae from the Sphaerophoria genus. Based on studies of Wnuk and Fuchs (1977), 
Wojciechowicz-Żytko (2000), Amorós-Jiménez R. et al. (2012), and Hopper et al. (2011), 
in which larvae had ad libitum food access.
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based on daily measurements. Adams et al. (1987) advocated for the appli-
cation of this model in field settings, enabling the estimation of daily aphid 
mortality per syrphid larva using field-derived data on predator instar structure, 
mean weights of each larval instar predator, and ambient temperature, as for-
malised in their predictive equation (Equation 3):

	 Equation 3

where kd is an estimated number of aphids killed per larva per day, MRKR is a 
mean relative aphid kill rate for the instar, W1 is the weight of the syrphid larva, 
Wa is a mean aphid weight, and D is the percentage of total larval development 
achieved in one day at the prevailing temperatures. For E. corollae, MRKR val-
ues were 0.29, 0.16, and 0.09 mg × mg-1 × percent-1 for first, second, and third 
instar, respectively.

Although empirical data on the relationship between larval biomass and 
aphid predation are not available for S. scripta, Hopper et al. (2011) investigat-
ed this relationship in four hoverfly species, including S. sulphuripes, under con-
trolled conditions at 19.33 °C. In their study, larval growth was quantitatively 
described using a logistic growth model, which relates the day of development 
to larval fresh weight (Equation 4):

	 Equation 4

where Ml is fresh larva weight and d is day of development.
They further investigated daily aphid biomass kill by larvae (Ba) in rela-

tion to larva fresh weight (Ml) and described it using the linear relationship 
(Equation 5):

	 Equation 5

Figure 5. Growth of Eupeodes (Metasyrphus) corollae larvae (A) and biomass of Sitobion 
avenae killed by E. corollae larvae expressed as mg per 1% of duration of larval stage (B) 
under two constant temperature regimes (10 °C and 15 °C). Based on Adams et al. (1987).
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Findings for S. sulphuripes of Hopper et al. (2011) can be presented in rela-
tion to percentage of the larval stage, instead of day of development, making 
them comparable with results of Adams et al. (1987) for E. corollae (Fig. 6).

Food utilisation in S. scripta is strongly dependent on aphid density. Exper-
imental data from Khan (2016) reveal a Holling Type II functional response 
(Equation 6) in both second and third larval instars, characterised by a rapid 
increase in aphid consumption at low prey densities followed by a decelerat-
ing intake rate that asymptotically approaches a plateau as prey availability 
increases (Fig. 7). This saturation pattern reflects the constraints imposed by 
handling time. Notably, third instar larvae exhibit higher maximum consump-
tion rates than second instars, indicating a greater predatory capacity at more 
advanced developmental stages. In contrast, Polak (1980) assessed food util-
isation across the entire larval period without distinguishing between instars. 
Although prey availability was not stratified by developmental stage, the overall 
consumption pattern similarly conformed to a Holling Type II response (Fig. 7). 

Figure 6. Growth of Sphaerophoria sulphuripes larvae (A) and biomass of Nasonovia rib-
isnigri (Mosley, 1841) killed by S. sulphuripes larvae expressed as mg per 1% of the du-
ration of larval stage (B). Functions were fitted based on data from Hopper et al. (2011). 
Growth of S. sulphuripes larvae was modelled using Gaussian and logistic functions (pa-
rameters provided in Table 2). Biomass of aphids killed was modelled with Equation 5.

Table 2. Parameters of the logistic and Gaussian functions fitted to the data on growth 
of Sphaerophoria sulphuripes larvae from Hopper et al. (2011) (see Fig. 6).

Parameter

Logistic Gaussian

  

a 14.89 14.78

b 0.0665 81.20

c 41.22 33.13

R2 0.92 0.96



15Food and Ecological Systems Modelling Journal 7: е169793 (2026), DOI: https://doi.org/10.3897/fmj.7.169793

Elżbieta Ziółkowska et al.: Hoverfly agent-based model in the ALMaSS

These findings collectively support the conclusion that S. scripta larvae exhibit 
a saturating functional response to increasing aphid density, with developmen-
tal stage influencing the magnitude of consumption. The parameters of the 
fitted models are presented in Table 3.

	 Equation 6

where f denotes the intake rate and R denotes food (or resource) density; a is 
the attack rate (i.e., the rate at which the hoverfly larva encounters food items 
per unit of food density), and h is handling time (i.e., the average time spent on 
processing a food item).

Pupa

During the pupal stage, syrphid larvae undergo metamorphosis into adults. 
This transformation is also temperature-dependent. At 15 °C, pupation requires 
up to 16 days (Nengel and Drescher 1991), whereas at 30 °C, this stage is com-
pleted in approximately 6 days. According to Nengel and Drescher (1991) emer-
gence does not occur at or below 10 °C. Under standard laboratory conditions 
(~20 °C), the pupal stage typically lasts between 6 and 10 days (Krsteska 2008; 
Bokina 2012), providing a relatively short final step before adult emergence. In 
comparison, S. rueppellii pupates in 4.80 to 9.14 days depending on tempera-
ture and humidity (Amoros-Jimenez et al. 2012), S. sulphuripes requires 9.77 

Table 3. Parameters of the Holling Type II response functions fitted to the data on food 
utilisation from Khan (2016) for second and third instars of Sphaerophoria scripta larvae 
reared in 25 °C and fed on Brevicoryne brassicae, and from Polak (1980) for S. scripta 
larvae reared in 20 °C and fed on Acyrthosiphon pisum aphids (see Fig. 7).

Parameter II instar III instar Total larva

a 1.495 1.028 0.820

h 0.031 0.021 0.036

R2 0.92 0.96 0.95

Figure 7. Functional response Sphaerophoria scripta larvae modelled with Holling II re-
sponse curve based on data for II and III instars from Khan (2016) and for larvae in 
general from Polak (1980).
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days at 19.33 °C (Hopper et al. 2011), and A. javana completes pupation in 5.38 
± 0.04 days at 27.9 °C (Patro and Behera 2002). Humidity exerts a minor influ-
ence, with slightly longer durations observed at higher relative humidity levels. 
Food availability during the larval stage seems to have minimal impact on pu-
pal duration in Sphaerophoria species, with only marginal differences observed 
(less than 0.1 day) in S. rueppellii (Amoros-Jimenez et al. 2012).

Planned implementation in the model

The model will consider S. scripta behaviour of all four life stages (i.e., egg, lar-
va with three instars, pupa, and adult) daily. We assume a ratio of 1:1 of females 
to males at the population level and thus, males will not be included in the mod-
el. It is further assumed that all adult females are fertilised; 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). Although some literature references the pupal stage 
as a potential overwintering form for S. scripta, the majority of sources identi-
fy the fully grown larva as the primary overwintering stage. This assumption is 
adopted in the present model. Following emergence from overwintering in ear-
ly spring, larvae resume development and transition into the pupal stage. Upon 
adult emergence, females begin interacting with their environment, engaging in 
dispersal, foraging for nectar and pollen, and reproduction (see section ‘Adults’ 
for further details). Oviposition occurs with eggs laid singly, directly on or in close 
proximity to aphid colonies, ensuring immediate prey access for the hatching lar-
vae. Egg development is governed by temperature and humidity. Upon hatching, 
a 1:1 sex ratio is assumed, and male larvae are excluded from the model.

Figure 8. Sphaerophoria scripta state diagram showing development from egg to adult female. All stages could transi-
tion to state Dying from any other behavioural state due to external messaging. The Overwintering and Migration states 
(dashed lines) only occurs for the last, autumn generation. It is assumed that a proportion of the population migrates, 
whereas the remainder reproduces, producing larvae that subsequently enter overwintering. Additionally, a subset of 
individuals may migrate into the landscape during the subsequent spring.
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Larval development occurs on herbaceous vegetation and aphid-infested 
crops, and is driven by ambient temperature and aphid biomass consumption, 
which is a function of aphid density. Larvae are capable of moving across plant 
surfaces in search of prey. This movement is assumed to be density-dependent; 
in high-density aphid colonies, larvae are likely to remain localised, whereas in 
low-density conditions, they may actively search for prey. Although precise data 
on larval mobility are lacking, movement is generally slow and localised, likely 
limited to several centimetres to tens of centimetres per day, depending on prey 
availability and plant architecture. First instar larvae are less mobile than later 
instars and typically remain near the hatching site. Nengel and Drescher (1991) 
reported that larval voracity and survival increase significantly in later instars, 
correlating with enhanced mobility and prey-handling capacity.

The model assumes that aphid density is provided daily at a spatial resolu-
tion of 10 × 10 metres, consistent with the resolution of the ALMaSS aphid sub-
population model (Thomsen et al. 2024; Duan and Topping 2024), facilitating 
integration between models. Thus, S. scripta larvae and adult females are able 
to sense aphids at this resolution. First instar larvae are assumed to move only 
within the 10 × 10 m grid cell in which they hatched. In addition, we assume that 
their sensing of aphids may be restricted to a smaller surrounding than the 10 
× 10 m grid cell in which they hatched; thus a scaling (fitting) parameter will be 
applied for the calculation of available aphid density and biomass. For second 
and third instars, if aphid density in their current 10 × 10 m grid cell exceeds 
a defined threshold Da, larvae will remain within it. If aphid density falls below 
Da, larvae will initiate active search behaviour, prioritising adjacent cells with 
higher aphid densities. The threshold Da, below which intercellular movement is 
triggered, is treated as a model calibration parameter.

Larvae eventually pupate, entering a non-mobile stage with temperature-de-
pendent development. Pupae develop into adult females, initiating the next gen-
eration. Under favourable conditions, one generation follows another without 
interruption until autumn. The final generation of the season either migrates 
or produces larvae that overwinter in a fully developed state. Each ontogenetic 
stage is associated with a distinct, stage-specific probability of mortality (refer 
to section ‘Mortality’).

Temperature-dependent development of pre-imaginal stages of S. scripta 
was modelled using development rates (inverse of development time, day–1). 
Exploratory analyses indicated that the relationship between temperature and 
development rate differed among life stages. For egg and pupal stages, the de-
velopment rate increases monotonically across the observed temperature range, 
with no evidence of a decline at high temperatures. Consequently, these stages 
will be modelled using linear degree-day models (Equation 7), expressed as:

	 Equation 7

where r(T) is the development rate, T is temperature, a is the thermal sensitivity 
(slope), and T0 is the lower developmental threshold. Linear degree-day models 
are appropriate when the development rate responds linearly to temperatures 
above a threshold and when experimental data do not include temperatures near 
the upper thermal limit. For these stages, the thermal constant (degree-days 
required to complete development) was calculated as the inverse of the slope 
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parameter (Table 4). Note that a linear degree-day model for pupae suggests a 
lower developmental threshold of 3.6 °C; however, confidence intervals are wide 
(-7.5 to 8.0 °C), indicating limited information on low-temperature constraints.

In contrast, larval development exhibited a unimodal response to tempera-
ture, with a clear maximum at intermediate temperatures and reduced devel-
opment rates at higher temperatures. Because larval development is strongly 
influenced by aphid prey availability, model fitting for this stage was restricted 
to experiments conducted under ad libitum food conditions to minimise con-
founding effects of resource limitation. For larvae, a Gaussian thermal perfor-
mance curve (Equation 8) was used to estimate the thermal optimum, as this 
model provides a stable description of unimodal thermal responses when data 
near upper thermal failure are limited.

	 Equation 8

where r(T) is the development rate, T is temperature, rmax is maximum rate at op-
timum temperature, Topt is the optimum temperature, and a scales the full curve 
width. The model parameters rmax, Topt, and α were estimated by fitting the model 
to the empirical data, resulting in values of 0.102, 20.583, and 6.705, respectively.

Several alternative non-linear thermal performance models (including Lo-
gan, Lactin, Brière, and Sharpe–Schoolfield formulations) were evaluated for 
all stages. However, these models explicitly estimate upper critical thermal lim-
its and require empirical observations of declining development rates at high 
temperatures to produce identifiable and biologically meaningful parameter 
estimates. Because such declines were not observed for egg and pupal stages, 
and were only weakly represented for larvae, parameters related to upper ther-
mal limits were not statistically identifiable and resulted in unstable estimates. 
Consequently, these non-linear models were not retained for inference.

Upper critical thermal limits (CTmax) could therefore not be empirically esti-
mated from the available data and were treated as calibration parameters in 
subsequent simulations. This modelling strategy ensures that parameter esti-
mates are supported by the experimental data and avoids extrapolation beyond 
the observed temperature range (Fig. 9).

In addition to temperature, the growth of eggs will be influenced by the rela-
tive humidity. The linear degree-day relationship estimated for eggs is assumed 
to be valid for a relative humidity of approximately 65% (as eggs in the study of 
Nengel and Dreschel (1991) were kept in 60–70% relative humidity conditions). 

Table 4. Stage-specific parameter for relationship describing temperature-related development in pre-imaginal stages of 
Sphaerophoria scripta. Functions fitted based on data in Table 1. * For the larval stage, a mean from values reported for 
20 °C in the study of Polak (1980) was taken for model fitting. a – thermal sensitivity (slope), T0 – lower developmental 
threshold, Topt – thermal optimum, K – the thermal constant (degree-days). Confidence intervals (CI) were obtained by 
bootstrap resampling.

Developmental 
stage Model type a [day-1×°C] T0 [°C)] 95% CI [°C] K [degree-days] 95% CI [DD] Topt [°C] R2

Egg Degree-day (linear) 0.0180 6.1 4.6–8.9 55.6 ~50–65 – 0.93

Larva* Gaussian – – – – – 20.6 0.56

Pupa Degree-day (linear) 0.0068 3.6 -7.5–8.0 146.2 ~100–250 – 0.88
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This temperature–humidity combination was therefore used as a reference 
state. Under this assumption, egg development rate can be expressed as a 
temperature-driven baseline rate modified by a humidity-dependent correction 
term (Equation 9):

	 Equation 9

where r(T) is provided by Equation 7 with parameters from Table 4, and 
ΔRH(RH,T) is the correction due to humidity, which is derived from the data on 
S. rueppellii from Amorós-Jiménez et al. (2012) study. The rate of change βT in 
developmental time per 1% relative humidity increase changes with tempera-
ture (Equation 10):

	 Equation 10

Centering the effect at 65% RH, the change in development rate due to rela-
tive humidity can be approximated as:

	 Equation 11

where r(T)=a×(T-T0) is the temperature-driven linear degree-day rate. This for-
mulation allows the combined effect of temperature and humidity on egg de-
velopment to be consistently incorporated into the degree-day framework.

In addition to temperature, the growth of larvae will be influenced by the 
aphid biomass consumed/prey density. In extreme situations, first instar larvae 
will die after one consecutive day of starvation, while the longevity of second 
and third instar larvae under starvation conditions will be set to two and three 

Figure 9. Temperature-related development rate for (A) egg, (B) larva and (C) pupa of 
Sphaerophoria scripta. Stage-specific parameters of fitted models are provided in Table 
4. Input data are provided in Table 1.
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days, respectively. These assumptions are based on the starvation experiment 
conducted by Rojo et al. (1996) on E. corollae, as this species is comparable to 
S. scripta in terms of weight and larval developmental time.

We assume that the dependence on the number of aphids consumed (Fig. 1, 
Equation 2), which shows that larvae require more time to develop at low aphid 
densities, is valid for a temperature of 20 °C (as this was the mean temperature 
in the laboratory during Polak’s experiment; Polak 1980). We therefore assume 
that the measured relationship between larval development and consumed 
aphid biomass is valid at 20 °C and extrapolate the proportional effect of prey 
limitation to other temperatures. If we then assume that in the experiment of 
Polak (1980), larvae were provided with late third instar or adult aphids, which 
weighed ~1.3 mg per individual (Putra and Yasuda 2006), then we can relate 
the development of larvae to aphid biomass consumed (Bc) instead of the num-
ber of aphids consumed (Nc).

To combine the prey limitation with the Gaussian temperature response, 
we define a multiplicative scaling factor f(Bc) (Equation 12) relative to the ad 
libitum biomass Bc

max. We will define Bc
max based on the maximum number of 

aphids consumed in the experiment of Polak (1980) being Nc
max = 16.61 aphids/

day (thus Bc
max = 21.59 mg/day).

	 Equation 12

The combined larval development rate as a function of temperature and con-
sumed aphid biomass is then (Equation 13, Equation 14):

	 Equation 13

	 Equation 14

At Bc = Bc
max, the factor f(Bc) = 1 and r(T, Bc) = r(T), recovering the Gaussian thermal 

performance curve fitted under ad libitum conditions. At lower aphid biomass, 
the development rate will decrease proportionally, reflecting prey limitations. This 
formulation allows larval development to be simulated as a function of both tem-
perature and prey biomass, while explicitly acknowledging that the prey limitation 
effect was measured at 20 °C and extrapolated to other temperatures (Fig. 10).

To account for individual variability, a stochastic component will be incorpo-
rated, allowing developmental duration to fluctuate within ± 10% of the maxi-
mum developmental rate. The total larval developmental period will be parti-
tioned into three instars, allocated as 25%, 25%, and 50% of the total duration, 
respectively, in accordance with Awadallah et al. (1980).

Given that S. scripta larvae are generalist predators, no preference for specif-
ic aphid species is assumed. Larvae are assumed to attack aphids opportunis-
tically, while differences in realised biomass consumption among aphid species 
arise from nutritional quality rather than prey choice. Consequently, the number of 
aphids of various species present within each 10 × 10 m2 landscape grid cell will 
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be converted into total available aphid biomass, using species-specific biomass 
values provided in Table 5. Food utilisation by larvae will be modelled separately for 
each instar using a Holling Type II functional response (Equation 6), with parameter 
values for the second and third instars derived from Table 3. Based on the ob-
served trend in Table 3, where both attack rate and handling time decrease by a fac-
tor of 1.5 between the second and third instars, we will assume a similar reduction 
factor between the first and second instars. Furthermore, since experimental data 
on aphid consumption by S. scripta larvae were obtained from individuals reared in 
isolation within Petri dishes, we introduce an instar-specific perception factor. This 
factor represents the proportion of aphids perceived by larvae at the 10 × 10 m2 
grid cell scale and will be treated as a calibrated parameter.

Using species-specific biomass values from Table 5, aphid counts con-
sumed during larval development of various Sphaerophoria species (Fig. 4) 
can be converted into total aphid biomass consumed. Assuming a linear rela-
tionship between larval body mass and aphid biomass consumption, i.e., that 
consumption scales proportionally with larval weight, we can infer biomass 
consumption patterns across larval development for S. scripta based on data 
from other Sphaerophoria species, provided that larval weights are available. 
These patterns were informed by published studies on S. scripta (Wnuk and 
Fuchs 1977; Wojciechowicz-Żytko 2000), S. rueppellii (Amorós-Jiménez et al. 
2012), and S. sulphuripes (Hopper et al. 2011). To enable cross-species com-
parison, aphid biomass consumption data for S. rueppellii and S. sulphuripes 
were rescaled to S. scripta equivalents using scaling factors of 1.6 and 1.3, 
respectively (Fig. 11). These factors were derived from the relative weights of 
third instar larvae; 17.7 mg for S. scripta, 11.0 mg for S. rueppellii, and 14.0 mg 
for S. sulphuripes. Patterns presented in Fig. 11 are comparable for all aphid 
species except A. fabae, showing total aphid biomass consumption at a level 
of 220–240 mg, when aphids are available ad libitum.

Figure 10. Dependence of Sphaerophoria scripta larval development rate on temperature 
and aphid biomass consumed daily. A family of Gaussian curves describing tempera-
ture-dependent development rate is shown for daily aphid biomass consumption [mg] 
ranging from 1 to Bc

max = 21.59 mg, corresponding to mean larval food intake under con-
stant, non-limiting food conditions in the experiment of Polak (1980), after conversion 
from aphid counts to biomass.
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The empirical pattern of aphid biomass consumption across larval devel-
opment, derived from Wnuk and Fuchs (1997) for S. scripta, was further used 
to fit a Gaussian model describing the relationship between consumption rate 
and the percentage of larval development (Fig. 12, Equation 15). In accordance 
with findings from Adams et al. (1987), this consumption pattern is assumed 
to be independent of the temperature experienced during development. We can 
further use Equation 5 to derive the pattern of larval fresh weight at pupation 
across percent of larval development if food is available at libitum. When aphid 
availability is restricted then larval weight will be scaled accordingly, resulting 
in population-level variability of larval weight at pupation depending on patterns 
of aphid density across the landscape.

	 Equation 15

Table 5. Re-calculation of different aphid species to biomass (in mg). Scaling factors 
were calculated comparing the total number of aphids of different types consumed 
during Sphaerophoria scripta larval development when food was provided ad libitum 
(see Table 6), assuming (after Adams 1987) that under ad libitum food availability, lar-
vae tend to consume a certain aphid biomass during their development regardless of 
the temperature experienced.

Aphid species
Aphid instar

Reference
I II III early III late

Acyrthosiphon pisum 0.07 0.18 0.51 1.27 Putra and Yasuda (2006)

Aphis craccivora 0.03 0.07 0.19 0.48

Aphis fabae 0.04 0.12 0.33 0.82 Recalculated from A. pisum using 
scaling factor from Table 6.Myzus persicae 0.03 0.08 0.24 0.59

Brevicoryne brassicae 0.03 0.09 0.24 0.60

Hyalopterus. pruni 0.07 0.17 0.48 1.21

Nasonovia ribisnigri 0.03 0.07 0.20 0.51

Table 6. Summary of studies providing data on the total number of aphids consumed 
by Sphaerophoria scripta larvae during development. * To calculate the scaling factor, a 
base for Acyrthosiphon pisum was set to 154 aphids (mean value from those reported 
by Bańkowska 1978 and Polak 1980). ** Recalculated from Sphaerophoria sulphuripes 
based on comparison of larvae weights.

Aphid species
Total number of 

aphids consumed Reference
Scaling factor 

(compared 
to A. pisum)*Range Mean

Acyrthosiphon pisum 129 129 Bańkowska (1978) 1.0 (base)

Acyrthosiphon pisum 167–192 179 Polak (1980)

Aphis fabae 190–306 234 Wojciechowicz-Życzko (2000) 1.5

Myzus persicae 300–365 333 Krsteska (2008) 2.2

Brevicoryne brassicae 326 Wnuk and Fuchs (1977) 2.1

Hyalopterus pruni 96–226 162 Awadallah et al. (1980) 1.1

Nasonovia ribisnigri 385** Hopper et al. (2011) 2.5
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where Bcr is aphid biomass [mg] required daily based on the development per-
centage, and Dper is percentage of larval development. An offset of 2.30 is ap-
plied to account for non-zero aphid consumption of one day larvae. In the mod-
el, the developed percentage from the preceding day will be utilised to calculate 
the requisite aphid biomass for the current day.

Figure 12. Gaussian model fitted to the aphid biomass consumption pattern for Sphaero-
phoria scripta generated based on Wnuk and Fuchs (1977).

Figure 11. Aphid biomass consumption patterns for Sphaerophoria scripta generated 
based on published studies on S. scripta (Wnuk and Fuchs 1977; Wojciechowicz-Żytko 
2000), Sphaerophoria rueppellii (Amorós-Jiménez et al. 2012), and Sphaerophoria sul-
phuripes (Hopper et al. 2011). Details of the re-calculation are provided in the text.
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Adults

Diurnal activity

S. scripta is strictly diurnal, with adults active only in daylight hours (Gilbert 
1985a; D’Amen et al. 2013). Like most syrphid pollinators, it visits flowers 
during sunny periods and different hoverfly species tend to forage in sequence 
over the course of a day (D’Amen et al. 2013). According to Gilbert (1985a), 
S. scripta spends 67.4% of the time feeding, 21.7% resting, and 8.7% flying, 
with female hoverflies spending more time feeding than males. Diurnal activ-
ity can be explained in terms of the temporal variation in floral resources and 
physiological limits of the species, which determine when during the day the 
flower-pollinator interactions occur. During the morning, more flowers open 
and pollen and nectar are more abundant, while the amount of nectar secreted 
per flower tends to decrease towards evening (Pleasants and Chaplin 1983). 
Nocturnal activity is absent except during long-distance migration (see Disper-
sal section). In practice, S. scripta is most often observed flying and feeding in 
mid‐morning to afternoon, when temperature and light levels favour flight. Its 
daytime activity leads to a succession of pollinator visits throughout the day 
(D’Amen et al. 2013), partitioning floral resources temporally.

There are no published studies measuring an intrinsic circadian clock in 
Sphaerophoria itself, but data from related hoverflies imply a robust endoge-
nous rhythm. For example, Eristalis hoverflies remained continuously active 
throughout the 12-hour light phase of a 12L:12D cycle, and showed only min-
imal increases in night time activity when lights were briefly turned on; impor-
tantly, this did not shift their next-day activity peak (Thyselius and Nordström 
2016). In that experiment, locomotor activity stayed consistent across the lifes-
pan and was not altered by age or diet. These results indicate that hoverflies 
possess a self-sustained ~24‑h rhythm largely driven by an internal clock. By 
analogy, Sphaerophoria species are presumed to have similar circadian control 
over their daytime activity, with very little spontaneous nocturnal activity in con-
stant conditions. Sphaerophoria do respond to photoperiodic changes over lon-
ger timescales. For example, in the hoverfly S. rueppellii, switching from a short 
day (12L:12D) to a long day (14L:10D) significantly altered development and re-
productive output (Orengo-Green et al. 2022). These experiments showed that 
longer light periods (and higher temperatures) accelerated gonad maturation 
and oviposition in S. rueppellii. Although this study focused on reproduction 
rather than direct activity, it demonstrates that seasonal daylength cues affect 
Sphaerophoria biology (Orengo-Green et al. 2022).

Ambient temperature plays a critical role in modulating the diurnal activity 
patterns of hoverflies. Field observations of syrphid species indicate that activ-
ity is predominantly concentrated within a moderate thermal range of approx-
imately 15–25 °C, with minimal activity recorded below 8–10 °C, suggesting 
a lower thermal threshold near 10 °C (Gilbert 1985). Conversely, peak activ-
ity levels are typically observed at higher temperatures of 20 °C and higher. 
In a field study conducted by Bańkowska (1961), diurnal activity patterns of 
Melanostoma mellinum (Linnaeus, 1758), S. scripta, and Chrysogaster vidua-
ta (Walker, 1852) were examined under sunny, windless conditions with maxi-
mum daily temperatures reaching 28 °C. All three species exhibited a bimodal 
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activity pattern, characterised by an initial peak occurring prior to the daily 
thermal maximum and a secondary peak following the hottest part of the day 
(Fig. 13). Hoverflies remained inactive during early morning hours until ambient 
temperatures rose to approximately 16–17 °C, at which point activity gradually 
increased. However, when temperatures approached 27–28 °C, flight activity 
declined markedly, with individuals seeking shaded microhabitats to mitigate 
desiccation risk. For S. scripta, Bańkowska (1961) identified a thermal optimum 
in the range of 22–24 °C. These findings align with earlier studies on Eristalis 
tenax (Campan 1968, 1973), which also reported temperature-dependent shifts 
in diurnal activity rhythms. Specifically, S. scripta appears to transition from a 
unimodal to a bimodal activity pattern as ambient temperatures exceed ap-
proximately 25 °C, indicating a behavioural adaptation to thermal stress.

Flight activity in hoverflies is further influenced by weather conditions (Bań-
kowska 1964); rain and strong wind halt movement entirely, forcing flies to 
shelter under vegetation, and prolonged rain can result in significant mortality 
(Bańkowska 1961).

Planned implementation in the model

We will incorporate weather effects on hoverfly activity through an hour-
ly weather assessment. Gilbert (1985a) provides the lowest temperatures 
at which different hoverfly species were seen, and temperatures at which 
more than 50% of flies seen were active. Sphaerophoria scripta was omit-
ted, but data for a similar species, E. balteatus, indicates that 50% of the 
population becomes active when the hourly daytime temperature reaches 
12 °C. Furthermore, if we assume that the minimum temperature at which 
E. balteatus was seen active, being 10 °C (Gilbert 1985a), is the minimum 
temperature for activity for S. scripta, and the temperature optimum is 
around 22–24 °C (after Bańkowska 1961), we can model the fraction of the 

Figure 13. Diurnal activity of selected hoverflies, including Sphaerophoria scripta, 
observed in a meadow on a sunny, windless day in mid-May 1958 by Bańkowska (1961).
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S. scripta population being active (Factiv) at specific hourly temperatures (Th) 
during the day with linear functions (Equation 16).

	 Equation 16

With Equation 16, the temperature at which 50% of S. scripta population be-
comes active is 15 °C, thus higher than the one provided by E. balteatus by 
Gilbert (1985a). However, it corresponds well with observations of Bańkowska 
(1961), in which S. scripta started to be active in the morning when tempera-
tures exceeded 16 °C.

This activity is further restricted to daylight hours only (Fig. 14), and to 
specific rainfall and wind conditions (maximum acceptable rainfall Rmax and 
wind speed Wmax, which will be calibrated). Individuals that become active 
at a given temperature are selected randomly from the population, reflect-
ing the influence of varying local microclimatic conditions. In addition, after 
Nangel and Drescher (1991), we will assume that the maximum tempera-
ture for activity is 35 °C (as the temperature in their greenhouse experiment 
varied between 15 and 35 °C).

Knowing when a given hoverfly starts and ceases 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 (htot). The total activity hours 
per day will then be divided into time spent on feeding (hf), resting (hr), and fly-
ing (hm) based on proportions provided by Gilbert (1985a). These proportions 
were derived from instantaneous behavioural observations recorded at the mo-
ment 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 dl (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, following Thyselius’s (2022) study on E. tenax, that activity pattern of 
S. scripta does not change with hoverfly age.

Figure 14. Fraction of hoverfly population being active on two selected days near War-
saw (Poland) in 2009, calculated based on Equation 16: (A) on March 28th, and (B) on 
June 1st. The activity is restricted by the temperature and photoperiod.
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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, 
S. scripta was categorised as a mixed-feeder, feeding similarly frequently on 
pollen and nectar. Nectar serves as a main energy source, needed for flying, 
mate searching, and thermoregulation. Pollen, on the other hand, is required for 
oogenesis in females.

To date, detailed information on the energetics of S. scripta and other hov-
erfly species remains scarce. The most comprehensive analyses of foraging 
energetics are available for E. tenax (Sotavalta and Laulajainen 1961; Gilbert 
1983). Gilbert (1983) quantified the net energy gain of E. tenax during con-
tinuous foraging on Aster flowers as rather low (0.01 W), while Sotavalta and 
Laulajainen (1961) reported an average flight energy consumption rate (Cf) of 
approximately 8.6 × 10–4 mg of sugar per second (after App et al. 2025). When 
converted using an energy density of 17 J/mg for sugar, this corresponds to 
an energy consumption rate of approximately 0.015 W during flight. Sotavalta 
and Laulajainen (1961) (after App et al. 2025) also described E. tenax energy 
consumption rate while resting (Cr) with the following equation (Equation 17):

	 Equation 17

where kr is the scaling parameter [J/(s × mg)] and M is the hoverfly mass [mg].
App et al. (2025) proposed to estimate Cr [W] based on the maximum possi-

ble daily energy gain Emax [J] (which provides an estimate of the upper energetic 
ceiling available to an organism for allocation to flight, maintenance, and repro-
duction within a 24-hour period) and the maximum starvation time tstarvationmax [s] 
(the time an individual is able to survive without feeding) using the following 
equation (Equation 18):

	 Equation 18

where

	 Equation 19

where tflightmax is maximum possible time of flight without feeding, Fat% is per-
centage of fat deposit related to mass, and Efatdensity is the energy density of fat 
(assumed to be 37 J/mg).

Given the lack of direct measurements for S. scripta, we can estimate its 
flight and resting energy consumption using an allometric scaling approach. 
This method applies a mass-dependent scaling law with an exponent b < 1, 
consistent with empirical findings in insect flight energetics. The scaling rela-
tionship is expressed as (Equation 20):

	 Equation 20

where MR is metabolic rate, and M is body mass.
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As data on the body mass of adult S. scripta are scarce (with only one study 
of Belyaev and Farisenkov (2019) mentioning the body mass of males to be 
15.4 mg), we decided to estimate the body mass employing a general allome-
tric scaling approach (Equation 21):

	 Equation 21

where L is body length (mm), and a and b are scaling constants. Using E. bal-
teatus as a reference species, with a reported mean body mass of 22.3 mg 
(App et al. 2025) and S. scripta body length range of 9–12 mm, we assumed an 
allometric exponent b = 3, a commonly accepted value for insects. The scaling 
constant a was derived from the average length and mass of E. balteatus, and 
subsequently applied to the length range of S. scripta (7–12 mm) to estimate 
its body mass. This yielded an estimated weight range of approximately 6.6 mg 
to 33.3 mg for S. scripta, with an average of 16.5 mg. This estimate aligns well 
with the body mass of S. scripta males reported by Belyaev and Farisenkov 
(2019).

Assuming an allometric scaling exponent of approximately 0.85 (which is 
typical for flying insects) in Equation 19, and using a mean body mass of 149 
mg for E. tenax females (based on field-collected specimens, Nicholas et al. 
2018), the predicted flight energy consumption rate Cf for S. scripta, with an 
estimated body mass range of 6.6–33.3 mg (with mean of 16.5 mg), falls be-
tween approximately 0.00106 W and 0.00419 W (with a mean of 0.00231 W).

To estimate the maximum possible daily energy gain (Emax) and, conse-
quently, the resting energy consumption rate (Cr), the maximum starvation time 
(tstarvationmax) and the maximum possible time of flight without feeding (tflightmax) 
need to be assessed for S. scripta. Arringtion et al. (2007) reported tstarvationmax of 
7 days for E. balteatus, while Sotavalta and Laulajainen (1961) reported tflightmax 
of 7 hours for E. tenax. Energy reserves generally scale roughly linearly with 
body mass, assuming similar relative lipid and glycogen storage. Thus, to cal-
culate the total time until reserves are depleted, we can apply a metabolic scal-
ing relationship with an exponent of b = 0.75 (Equation 22):

	 Equation 22

If we further assume that tstarvationmax for E. balteatus is valid for a hoverfly of 
mean body mass of 22.3 mg (App et al. 2025), and tflightmax for E. tenax is valid for 
a hoverfly of mean body mass of 148 mg (Nicholas et al. 2018), then maximum 
starvation and flight times rescaled for S. scripta can be calculated as (assum-
ing mean body mass for S. scripta of 16.5 mg):

•	 tstarvationmax = 7 days × (16.5/22.3)0.75 ≈ 5.6 days
•	 tflightmax = 7 h × (16.5/148)0.75 ≈ 80 min

If we assume that body mass of S. scripta can vary between 6.6 and 33.3 mg 
(see above), we can estimate the maximum possible daily energy gain Emax of 
S. scripta as varying from 14.8 J to 96.1 J depending on body mass (with a 
mean of 43.3 J for a mean body mass of 16.5 mg), assuming fat deposit of 5% 
(the same as in E. balteatus, Hondelmann and Poehling 2007). Thus, the energy 
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consumption rate of S. scripta during resting Cr can be estimated to vary be-
tween 6.1 × 10-5 and 11.8 × 10‑5 W (with a mean of 8.6 × 10-5 W for a mean body 
mass of 16.5 mg).

On the other hand, maximum nectar intake per foraging bout is constrained 
by the crop capacity. Gilbert (1983) provides average and maximum gut vol-
umes for E. tenax of 5.8 and 17.2 µl, respectively. We can predict gut volume for 
S. scripta using an allometric re-scaling approach, applying a metabolic scaling 
relationship with an exponent of b = 0.75, based on the average gut volume 
(11.08 µl) and body mass (148 mg) reported for E. tenax. To simplify practical 
application, we then fitted a linear regression to the scaled values (Equation 23):

	 Equation 23

This equation gives us gut volumes for S. scripta between 1.08 and 3.62 µl 
across a body mass range of 6.6−33.3 mg (with a mean value of 2.14 µl for a 
hoverfly with a body mass of 16.5 mg).

The maximum gut fill can be translated into the maximum energy per gut fill 
Emax(Gv) (reflecting the instantaneous energy intake capacity per feeding event), 
based on nectar sugar concentration (Equation 24):

	 Equation 24

where ρsolution is the density of the sugar solution (depends on concentration, 
~1.0–1.4 mg/ µl), Csugar is the sugar mass fraction (e.g., sugar concentration of 
30% = 0.30 g sugar per g solution), esugar is energy content of sugar (assumed to 
be 17 J/mg), and ηassim is the assimilation efficiency (if all of the energy ingested 
is absorbed, then ηassim = 1).

Assuming a mean gut volume of 2.14 µl (for S. scripta with a mean body 
mass of 16.5 mg), the maximum energy per gut fill Emax(Gv), calculated for a 50% 
sugar concentration (ρsolution = ~ 1.23 mg/µl) and an assimilation efficiency of 1, 
is estimated at 22.4 J.

The observed difference between the maximum possible daily energy gain 
Emax and the maximum energy per gut fill Emax(Gv) is expected because Emax 
integrates longer-term energy reserves (fat), whereas Emax(Gv) reflects only 
short-term carbohydrate intake. For energy-budget modelling, this distinction 
is crucial: Emax(Gv) constrains the instantaneous rate of energy acquisition and 
thus short-term activity patterns, while Emax defines the maximum daily energy 
allocation potential, including contributions from stored reserves. Comparing 
these two metrics allows estimation of gut-filling frequency necessary to 
sustain activity (Emax / Emax(Gv) ≈ 2 gut fills/day in case of S. scripta of 16.5 mg 
body mass feeding on nectar with 50% sugar concentration) and provides a 
framework for modelling trade-offs between feeding, flight, and reproductive 
investment under varying ecological conditions.

Food requirements

Female Sphaerophoria require pollen to mature their ovaries. As in other syr-
phids, newly emerged females are not sexually mature until they have fed on 
pollen (Amorós-Jiménez et al. 2014; Orengo-Green et al. 2022). In S. scripta, for 
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example, laboratory studies found that females given sugar plus pollen mat-
ed and laid hundreds of eggs, whereas females on sugar alone laid no eggs 
(Nengel and Drescher 1991). Pollen nutrition also greatly extended adult lon-
gevity (e.g. mean female lifespan ~31 days with pollen vs ~9.5 days without, 
Nengel and Drescher 1991). Male Sphaerophoria mature their reproductive or-
gans more rapidly. In S. rueppellii, one-day-old males at 25 °C were able to mate 
(though initial matings were infertile) by day 2, and produced fertile matings 
by day 3, while at 20 °C, full maturation took ~5–6 days (Orengo-Green et al. 
2022). These results imply that males rely mainly on carbohydrate (nectar) re-
serves to fuel rapid maturation and mating activity.

To our knowledge, detailed information on the nectar preferences of S. scrip-
ta, particularly regarding sugar concentration preferences, is lacking. Gilbert 
(1981) investigated the sucking and ingestion rates of sugar solutions rang-
ing from 10% to 67% in various hoverfly species, including two aphidophagous 
ones, Syrphus ribesii (Linnaeus, 1758) and Scaeva pyrastri (Linnaeus, 1758). 
For both species, sucking rates are at the level of around 0.3–0.4 µl per second 
for sucrose concentrations between 10 and 50%, and then drops with further 
increase of sucrose concentration (Fig. 15). Sugar ingestion in S. ribesii, on the 
other hand, indicate an optimal energy intake rate at approximately 50% sugar 
concentration (Fig. 15).

Food preferences

Adults are flower-visiting generalists (Madureira et al. 2024). They forage on a wide 
variety of blossoms (especially open, bowl-shaped flowers), feeding on both nectar 
and pollen (Klecka et al. 2018; Villa et al. 2021) (Table 7). In agricultural and ur-
ban habitats they are attracted to flowering plants (e.g. Asteraceae, Apiaceae) and 

Figure 15. The rate of sucking and sugar ingestion in aphidophagous hoverflies. The rate 
of sugar ingestion for Syrphus ribesii was modelled with the constrained Gaussian mod-
el (Equation 27). Based on Gilbert (1981).
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even ornamental gardens (Wojciechowicz-Żytko and Dobińska-Graczyk 2025). For 
example, surveys in olive groves found S. scripta present wherever groundcover 
plants like daisies and plantains were in bloom (Madureira et al. 2024). In green 
spaces and orchards, adults locate flowering shrubs and herb layers and use these 
as sources of carbohydrates and protein. This floral visitation also makes S. scripta 
an important pollinator of various plants (Klecka et al. 2018).

Experiments with floral resources have shown that hoverfly flower choice is 
influenced by flower colour, shape, and abundance. A study on S. rueppellii by 
Gasol et al. (2019) demonstrated that while mating status affected overall for-
aging activity, with mated females moving less than virgins, it did not alter floral 
preferences. Both virgin and mated adults consistently favoured flat, circular, 
white or yellow flowers, indicating that visual floral traits are key determinants 
of foraging behaviour regardless of reproductive condition. In addition, adults 
of Sphaerophoria and other aphidophagous hoverflies possess a relatively 
short, sponging proboscis that is structurally adapted for nectar and pollen 
uptake from open flowers with accessible rewards, rather than from flowers 
with long corolla tubes (Gilbert 1981). This morphological trait underlies their 
preference for shallow-flowered taxa such as Asteraceae and Apiaceae, further 
constraining the set of floral resources effectively used by these species.

Planned implementation in the model

Since foraging movements are intertwined with reproduction and dispersal, we 
treat them under the heading ‘Dispersal’ below.

The amount of pollen, nectar, and sucrose concentration available to S. scrip-
ta 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 devel-
oped within the B-GOOD Horizon 2020 project (Ziółkowska et al., unpublished). 
The framework integrates data on the amount of pollen, nectar, and sugars pro-
duced by a single flower/inflorescence of a given plant species with informa-
tion on flower/inflorescence abundance (i.e. density of flowers/inflorescences 
per unit area), flowering phenology, plant composition of the habitat, and habi-
tat composition and configuration within the landscape. This approach enables 
prediction of the spatio-temporal availability of floral resources across different 
habitat types and landscapes.

The amount of pollen and nectar available to S. scripta in the landscape will 
be limited to those plants visited only by S. scripta. Such a list of plants will be 
available based on analysis of plant-pollinator interactions. Table 7 presents a 
preliminary list of plants visited by S. scripta, which could be further revised by 
additional literature searches and expert knowledge.

When foraging, a hoverfly will perceive the landscape as consisting of patch-
es of different landscape elements. All vegetated patches are attributed dai-
ly with the amount of floral resources provided by different plants composing 
those patches. The local perception range for resources is assumed as 150–
200 m, similar to the perception range for E. balteatus provided by Arrignon et 
al. (2007) based on field observations. Thus, a hoverfly in a given location will 
only sense resources within this perception range. As individual flower posi-
tions are not modelled, floral resource availability in a given location will be 
assessed at the patch level, scaled by the area within the perceptual range.



32Food and Ecological Systems Modelling Journal 7: е169793 (2026), DOI: https://doi.org/10.3897/fmj.7.169793

Elżbieta Ziółkowska et al.: Hoverfly agent-based model in the ALMaSS

Table 7. Example of some plant species visited by Sphaerophoria scripta (Klecka et al. 
2018; Villa et al. 2021; Capela et al. 2025).

Species Genus Family

Achillea millefolium Achillea Asteraceae

Aegopodium podagraria Aegopodium Apiaceae

Agrimonia eupatoria Agrimonia Rosaceae

Allium scorodoprasum Allium Amaryllidaceae

Anethum graveolens Anethum Apiaceae

Anthemis arvensis Anthemis Asteraceae

Anthericum ramosum Anthericum Asparagaceae

Anthriscus sylvestris Anthriscus Apiaceae

Aphanes spp. Aphanes Rosaceae

Aristolochia spp. Aristolochia Aristolochiaceae

Asphodelus spp. Asphodelus Xanthorrhoeaceae

Aster spp. Aster Asteraceae

Borago officinalis Borago Boraginaceae

Brassicaceae spp. Brassicaceae

Calendula officinalis Calendula Asteraceae

Calluna vulgaris Calluna Ericaceae

Calystegia spp. Calystegia Convolvulaceae

Campanula patula Campanula Campanulaceae

Campanula spp. Campanula Campanulaceae

Cardueae spp. Cardueae Asteraceae

Carum carvi Carum Apiaceae

Centaurea cyanus Centaurea Asteraceae

Centaurea jacea Centaurea Asteraceae

Centaurea nigra Centaurea Asteraceae

Centaurea scabiosa Centaurea Asteraceae

Centaurium spp. Centaurium Gentianaceae

Centranthus spp. Centranthus Valerianaceae

Cichorioideae spp. Cichorioideae Asteraceae

Cirsium arvense Cirsium Asteraceae

Cistus monspeliensis Cistus Cistaceae

Clinopodium vulgare Clinopodium Lamiaceae

Convolvulus arvensis Convolvulus Convolvulaceae

Coronilla varia Coronilla Fabaceae

Corrigiola telephiifolia Corrigiola Caryophyllaceae

Crassula Crassula Crassulaceae

Crepis capillaris Crepis Asteraceae

Daphne gnidium Daphne Thymelaeaceae

Daucus carota Daucus Apiaceae

Dracocephalum moldavica Dracocephalum Lamiaceae

Echium spp. Echium Boraginaceae

Echium vulgare Echium Boraginaceae

Epilobium hirsutum Epilobium Onagraceae

Erica cinerea Erica Ericaceae

Erica tetralix Erica Ericaceae

Erigeron annus Erigeron Asteraceae
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Species Genus Family

Eucalyptus spp. Eucalyptus Myrtaceae

Euphorbia spp. Euphorbia Euphorbiaceae

Foeniculum vulgare Foeniculum Apiaceae

Fumaria spp. Fumaria Papaveraceae

Galium mollugo Galium Rubiaceae

Galium verum Galium Rubiaceae

Gentiana cruciata Gentiana Gentianaceae

Geranium spp. Geranium Geraniaceae

Hedera helix Helix Araliaceae

Helianthemum grandiflorum Helianthemum Cistaceae

Helianthemum nummularium Helianthemum Cistaceae

Heracleum sphondylium Heracleum Apiaceae

Hypericum perforatum Hypericum Hypericaceae

Hypericum spp. Hypericum Hypericaceae

Hypochaeris radicata Hypochaeris Asteraceae

Inula salicina Inula Asteraceae

Jasione Jasione Campanulaceae

Juniperus Juniperus Cupressaceae

Knautia arvensis Knautia Dipsacaceae

Lactuca serriola Lactuca Asteraceae

Lamium album Lamium Lamiaceae

Lavandula angustifolia Lavandula Lamiaceae

Leontodon autumnalis Leontodon Asteraceae

Leontodon hispidus Leontodon Asteraceae

Leontodon saxatilis Leontodon Asteraceae

Leucanthemum vulgare Leucanthemum Asteraceae

Linum catharticum Linum Linaceae

Lonicera periclymenum Lonicera Caprifoliaceae

Lotus corniculatus Lotus Fabaceae

Lycopus europaeus Lycopus Lamiaceae

Malva moschata Malva Malvaceae

Malva sylvestris Malva Malvaceae

Medicago lupulina Medicago Fabaceae

Melampyrum nemorosum Melampyrum Orobanchaceae

Mentha spp. Mentha Lamiaceae

Myosotis arvensis Myosotis Boraginaceae

Olea europaea Olea Oleaceae

Origanum vulgare Origanum Lamiaceae

Papaver rhoeas Papaver Papaveraceae

Pastinaca sativa Pastinaca Apiaceae

Pilosella officinarum Pilosella Asteraceae

Pimpinella saxifraga Pimpinella Apiaceae

Pinus pinaster Pinus Pinaceae

Plantago lanceolata Plantago Plantaginaceae

Plantago suma Plantago Plantaginaceae

Poaceae spp. Poaceae Poaceae

Polygonum aviculare Polygonum Polygonaceae

Potentilla argentea Potentilla Rosaceae
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In addition, the daily pollen attractiveness Ph of a given habitat patch h will be 
calculated by multiplying the amount of pollen resources P available to S. scrip-
ta from each plant p in the patch on day d by the plant’s pollen preference score 
ps (Equation 25). 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 pro-
portion of the plant in the habitat patch and the area of the habitat patch. The 
pollen preference score ps of a plant is a pollinator-specific measure defined 
on a semi-quantitative scale from 0 to 3. It is being developed within the Bet-
ter-B Horizon Europe project and is intended to be linked to the floral resource 
models of the ALMaSS modelling framework. The pollen preference score was 
originally developed for bees and is based on documented plant-pollinator inter-
actions, along with the nutritional and chemical properties of pollen, including 
the protein-to-lipid (P:L) and potassium-to-sodium (K:Na) ratios. While pollen 
nutritional traits are known to influence pollen selection in bees, no empirical 

Species Genus Family

Potentilla erecta Potentilla Rosaceae

Potentilla reptans Potentilla Rosaceae

Quercus spp. Quercus Fagaceae

Ranunculus acris Ranunculus Ranunculaceae

Ranunculus bulbosus Ranunculus Ranunculaceae

Ranunculus repens Ranunculus Ranunculaceae

Raphanus raphanistrum Raphanus Brassicaceae

Rhinanthus Rhinanthus Orobanchaceae

Rhinanthus major Rhinanthus Orobanchaceae

Rubus spp. Rubus Rosaceae

Rubus spp. Rubus Rosaceae

Rumex spp. Rumex Polygonaceae

Salvia verticillata Salvia Lamiaceae

Sanguisorba spp. Sanguisorba Rosaceae

Saxifraga aizoides Saxifraga Saxifragaceae

Senecio jacobaea Senecio Asteraceae

Sinapis arvensis Sinapis Brassicaceae

Sonchus arvensis Sonchus Asteraceae

Stellaria graminea Stellaria Caryophyllaceae

Succisa pratensis Succisa Caprifoliaceae

Teucrium chamaedrys Teucrium Lamiaceae

Thymus pulegioides Thymus Lamiaceae

Thymus vulgaris Thymus Lamiaceae

Tribulus spp. Tribulus Zygophyllaceae

Trifolium campestre Trifolium Fabaceae

Trifolium medium Trifolium Fabaceae

Trifolium pratense Trifolium Fabaceae

Ulex gallii Ulex Fabaceae

Ulex minor Ulex Fabaceae

Verbascum chaixii Verbascum Scrophulariaceae

Veronica teucrium Veronica Plantaginaceae

Vicia sativa Vicia Fabaceae

Viola arvensis Viola Violaceae



35Food and Ecological Systems Modelling Journal 7: е169793 (2026), DOI: https://doi.org/10.3897/fmj.7.169793

Elżbieta Ziółkowska et al.: Hoverfly agent-based model in the ALMaSS

studies are currently available that directly link pollen nutritional composition 
to pollen preference in hoverflies. Consequently, for S. scripta, the pollen pref-
erence score is presently derived solely from documented plant-hoverfly inter-
action data, reflecting whether a given plant species is known to be used as a 
pollen source. The integration of additional modifiers relevant to hoverflies (e.g. 
flower colour, floral morphology, or pollen accessibility) is under development 
and will be incorporated into future model versions once sufficient empirical 
evidence becomes available.

	 Equation 25

The daily pollen attractiveness Ph of a given habitat patch h in a landscape 
will be further scaled by the nectar attractiveness Nh to obtain the daily food 
attractiveness Fh of the patch (Equation 26). Scalars cp and cn, for the pollen and 
nectar attractiveness components, will be calibrated parameters.

	 Equation 26

The daily nectar attractiveness of a given habitat patch Nh will combine the 
total amount of nectar produced by each plant species with the relative prefer-
ence for sucrose concentration, modelled with constrained Gaussian model on 
observed ingestion rates of S. ribesii, a closely related aphidophagous species 
in terms of preferred habitats (meadows, grasslands, crop fields) and egg-lay-
ing preferences (herbaceous plants, crops), across a gradient of sucrose con-
centrations (Equation 27):

	 Equation 27

where Ni is the total nectar amount (mg/day) produced by plant species i in 
a patch, Si is sucrose concentration (%) of nectar from species i, and w(Si) is 
weight assigned to sucrose concentration, modelled by the constrained Gauss-
ian ingestion function I(Si) (Equation 28):

	 Equation 28

	 Equation 29

Parameters a = 179.73, b = 48.84 and c = 21.98 for Equation 29 were derived 
from the best-fit ingestion model (R2 = 0.93) to data on S. ribesii from Gilbert 
(1981) (Fig. 15).

The daily food attractiveness Fh of a patch will be used to drive the long-dis-
tance movement between floral patches (see section ‘Dispersal’ for details).

Furthermore, multiple feeding bouts (i.e., discrete foraging events during 
which the hoverfly fills its gut to its maximum capacity Gv, after which it leaves 
the flower patch or reduces intake until the gut is sufficiently emptied to re-
sume feeding) need to be considered during the day. In reality, hoverflies will 
combine foraging and reproduction and integrate these activities together. 
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From the modelling perspective, this integration is not easy, so we suggest 
viewing this as maximum of Nf feeding bouts where the maximum intake of 
nectar is limited by the gut volume (Equation 23). During a foraging bout, the 
hoverfly will attempt to fill its gut to maximum capacity. Each feeding bout can 
be then translated to the maximum energy per gut fill Emax(Gv), depending on 
sugar concentration in nectar (Equation 24). The actual energy gain during a 
feeding bout will be, however, a difference between potential energy gain per 
bout and the energy loss per bout associated with local foraging movements 
and flower handling (see ‘Dispersal’ section for energy budget details).

Number of feeding bouts actually performed during a day (Nreal) will be re-
stricted by a time spent on each foraging bout ts

bout (which includes time spent 
in local foraging flights within the patch and total flower handling time in the 
bout) and time available for foraging per day (being a fraction of time available 
for all activities daily; see ‘Diurnal activity’ section for details). The time spent 
within a patch will be estimated based on the mean foraging speed (see ‘Disper-
sal’ section), the mean distance between floral units of plant species accepted 
by S. scripta within the patch, and the number of floral units required to obtain 
the assumed nectar intake (i.e., to fill the gut). The nectar reward per floral unit 
will be represented by the mean nectar amount per flower unit across all plant 
species accepted by S. scripta in the patch. This generalisation is necessary 
because the model does not operate at the level of individual plants; thus, the 
specific sequence of floral units visited by an individual cannot be determined.

The daily activity of S. scripta will be simulated as a state-dependent 
sequence of foraging, dispersal, reproduction, and resting, constrained by 
both time budgets and energetic state (see ‘Dispersal’ section for details. 
Foraging will be initiated whenever the current short-term energy level Ecurrent 
falls below a predefined threshold Eforage_threshold, which will be calibrated as a 
model parameter.

Reproduction and oviposition

S. scripta is a highly multivoltine species (Bańkowska 1961). Laboratory and 
field studies have demonstrated that S. scripta can complete a generation in 
approximately 16 days under optimum conditions (Krsteska 2008; Rader et 
al. 2020), enabling several generations to be produced in a single year. Males 
reach sexual maturity a few days after adult emergence. For example, males 
of S. rueppellii kept at 25 °C were capable of copulating by day 2 and could fer-
tilise eggs by day 3. In contrast, those kept at 20 °C required around 6 days to 
achieve successful fertilisation (Orengo-Green et al. 2022). Information on the 
exact number of mating events is lacking for Sphaerophoria species. Nengel 
and Drescher (1991) reported oviposition under greenhouse conditions, but did 
not systematically record the number of matings per female. They only men-
tioned that multiple mating is possible and that the first mating occurs two to 
three days after the female emerges. Multiple mating is common in Syrphinae 
(Rojo et al. 2003). For example, Hondelmann and Poehling (2007) reported two 
to five mating events for E. balteatus under laboratory conditions. Polyandry 
appears to be possible but not necessary, as females can store sperm and lay 
fertile eggs from a single mating for most of their reproductive lifespan (Rojo et 
al. 2003). Nengel and Drescher (1991) reported that S. scripta mating occurs on 
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plants or near prey sources. While there are no direct measurements of mating 
duration for S. scripta, general observations of Syrphinae suggest that copula-
tion times are short (~1–5 minutes), similar to those of E. balteatus (Branquart 
and Hemptinne 2000; Hondelmann and Poehling 2007).

The selection of oviposition sites by aphidophagous hoverflies involves the 
complex integration of visual, auditory, olfactory, and gustatory stimuli (Almo-
hamad et al. 2009; Amorós-Jiménez et al. 2015). However, volatile compounds 
released by aphids and their host plants can elicit oviposition behaviour in fe-
males independently, even in the absence of other sensory inputs (Amorós-
Jiménez et al. 2015). Almohamad et al. (2009) described the oviposition site 
selection process in aphidophagous hoverflies as comprising four stages in-
volving long-range visual cues (e.g. plant patch size and colour), short-range 
cues for aphid detection, olfactory processing of aphid and plant volatiles, and 
gustatory cues such as honeydew to confirm the presence of prey.

S. scripta females lay their eggs individually on leaves or stems close to 
aphid colonies. This trait minimises larval competition and facilitates access to 
prey (Chandler 1968; Rojo et al. 2003). Chandler’s (1968) observations demon-
strated that S. scripta females can distinguish between infested and uninfested 
plants and prefer sites with dense aphid populations. Greenhouse trials by Nen-
gel and Drechsler (1991) confirmed that oviposition is concentrated in canopy 
regions where aphids are abundant. As related species, such as S. rueppellii, 
exhibit similar prey-dependent oviposition patterns (Amorós-Jiménez et al. 
2015; Orengo-Green et al. 2022), this behaviour appears to be conserved with-
in the genus, emphasising the significance of prey availability in oviposition 
site selection. However, the exact relationship between aphid colony size and 
the number of eggs laid is unknown for this species. In his field observations 
of hoverflies ovipositing eggs on Brussels sprouts infested with B. brassicae, 
Chandler (1968) found that Platycheirus peltatus (Meigen, 1822) preferred 
smaller aggregates, Platycheirus scutatus (Meigen, 1822) preferred aggregates 
containing twenty-one to fifty aphids, and S. balteatus and Eupeodes (Syrphus) 
luniger (Meigen, 1822) preferred larger aphid aggregates. Sphaerophoria scrip-
ta showed no evident preference. Wnuk and Starmach’s (1977) observations 
showed that the colony size of A. fabae determined oviposition site selection 
in E. balteatus, E. corollae, and Syrphus vitripennis (Meigen, 1822). In gener-
al, these species selected plants that were more heavily infested with aphids 
(Fig. 16), mainly favouring small and large colonies. No variation in the number 
of eggs laid was observed with medium-sized colonies.

According to Nengel and Drescher (1991), under optimal environmental con-
ditions (i.e. no shortage of pollen or aphid-infested plants for oviposition and 
temperatures ranging from 15 to 35 °C in climatically controlled greenhouse 
cabins), the female S. scripta begins oviposition 5–6 days after adult emer-
gence and lays from 228 to 551 (with an average of 365) eggs during its life-
time. Conversely, when pollen was not provided, no eggs were laid, confirming 
that pollen is essential for egg maturation in hoverflies (Gilbert 2015). Pollen 
availability also impacted female longevity. Females with ad libitum access to 
pollen lived for an average of 31.3 days, while those with no access to pollen 
lived for an average of only 9.5 days. However, Stürken (1964) reported that 
a lack of pollen had no impact on the lifespan of E. corollae, suggesting that 
lifespan depends mostly on carbohydrate supply.
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As females can lay eggs right up until the day they die (Nengel and Drescher 
1991), the oviposition period for S. scripta females lasts around 25–26 days 
under favourable environmental conditions. Therefore, we can conclude that 
S. scripta can lay 9–22 eggs daily (with a mean of around 14 eggs). This is a 
slightly higher daily egg-laying rate than that of S. rueppellii, which can lay from 
two to 15 eggs per day depending on environmental conditions, with a higher rate 
under warmer conditions and a longer photoperiod (Orengo-Green et al. 2022). 
According to Almohamad et al. (2009), some hoverfly species can retain mature 
eggs when aphids are absent; this behaviour is influenced by egg load and age. 
For instance, E. balteatus and S. ribesii females do not waste eggs in the absence 
of hosts and can retain them for weeks. Although there is little specific data on 
egg retention in S. scripta, its ability to lay eggs on aphid-infested plants and its 
multivoltine life cycle suggest that it may possess similar physiological adapta-
tions. This trait would be advantageous in fluctuating environments, as it would 
allow females to delay oviposition until suitable conditions arise.

Aphid density is a key driver of oviposition behaviour in aphid-eating hov-
erflies. In general, females lay more eggs when aphid colonies are abundant 
(Fig. 16) (Wnuk and Starmach 1977). Reproductive output is also affected by 
temperature. While no direct studies are available for S. scripta, a study by Oren-
go-Green et al. (2022) showed that the total number of eggs laid by S. rueppellii 
females was higher when they were reared at a constant temperature of 25 °C 
than at 20 °C, particularly under a longer photoperiod (14L:10D vs. 12L:12D). 

Table 8. Parameters for logarithmic functions describing the relationship between aphid 
colony size (number of aphids per plant) and total number of eggs laid or number of 
eggs laid per plant per day. Based on Wnuk and Starmach (1977), see Fig. 16.

Species
Total number of eggs daily Number of eggs per plant per day

R2

a b a b

E. corollae 10.081 -18.287 0.630 -1.150 0.97

S. vitripennis 10.284 -22.915 0.641 -1.427 0.93

E. balteatus 10.446 -21.322 0.652 -1.333 0.98

Figure 16. The effect of prey density (number per plant) on eggs oviposited per Episyrphus 
balteatus, Syrphus vitripennis and Eupeodes (Metasyrphus) corollae females per day (A) or 
daily per plant (B). Based on Wnuk and Starmach (1977) controlled field experiment. The 
relationships between prey density and number of eggs laid daily or daily per plant follow 
a similar logarithmic function y = a × lnx +b with parameters provided in Table 8.
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Conversely, females reared at a lower temperature lived longer, particularly un-
der a longer photoperiod, and experienced a peak in oviposition earlier than 
those reared at a higher temperature. Bellefeville et al. (2019) investigated the 
impact of temperature on the number of eggs laid by the Silverfly Leucopis 
glyphinivora (Tanasijtshuk, 1958) and the American Hoverfly Eupeodes amer-
icanus (Wiedemann, 1830) when reared under constant laboratory conditions 
of 12, 15, and 18 °C. For the American Hoverfly, the mean number of eggs laid 
increased from around 30 at 12 °C to over 100 at 18 °C, suggesting a peak in 
oviposition at or above this temperature. For the Silverfly, the number of eggs 
increased between 12 and 15 °C and then decreased between 15 and 18 °C.

Oviposition behaviour and daily oviposition rate changes with female age. 
Almohamad et al. (2009) and Sadeghi et al. (2000) note that younger females 
are more selective and lay eggs closer to aphid colonies, while older females be-
come less discriminating and may lay eggs even on uninfested plants. Females 
tend to lay more eggs early in life, likely to maximize reproductive success before 
senescence reduces fecundity. The peak of oviposition in S. rueppellii occurred 
around 10–12 days post adult-emergence, i.e. around one third of the total adult 
lifetime. In a laboratory experiment by Branquart and Hemptinne (2000), daily 
fecundity of E. balteatus also peaked around one third of the total adult lifetime.

Female fecundity may also be connected to the diet during their larval stage. 
In S. rueppellii, individuals that feed on M. persicae and A. nerii had significant-
ly less eggs (25–32) compared to those on a diet on R. padi (50) (Amorós-
Jiménez and Marcos-Garcia 2020). Not only is egg production connected to 
diet, but in the same publication, the authors also showed that Sphaerophoria 
fertility depends on the type of prey consumed by larvae. In this case, a diet of 
M. persicae and A. nerii was associated with much lower fertility (50% and 35% 
respectively), compared to a diet of R. padi (fertility of around 70%). Addition-
ally, Honěk (1993), in his review about intraspecific variation in body size and 
fecundity, studied several species from different orders (Coleoptera, Diptera, 
Ephemeroptera, Heteroptera, and Homoptera) and showed that the number of 
ovarioles increased with insect body weight. The general relationship shows 
a 0.81% increase in ovariole number for each 1% increase in dry body weight.

Planned implementation in the model

Following Honĕk (1993), we assume that the S. scripta potential fecundity (po-
tential total number of eggs to be laid) depends linearly on female mass and 
thus is set at the female’s emergence. As data on individual mass and fecundity 
were not available for S. scripta, we based the linear relationship on the mini-
mum and maximum values reported/estimated in the literature, assuming that 
the minimum reported mass corresponds to the minimum reported fecundity, 
and the maximum reported mass corresponds to the maximum reported fe-
cundity (Equation 30). Regarding fecundity, we take the data from Nangel and 
Drescher (1991). Regarding body mass, we assume a range between 6.6 and 
33.3 mg (see explanation provided in section ‘Foraging’).

	 Equation 30

where FT is the potential fecundity of a female, and Mf is the mass of a female.
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The actual lifetime egg number laid will depend on environmental conditions 
(weather experienced), amount of food (pollen) consumed, as pollen is necessary 
for the maturation of eggs, and availability of oviposition sites (i.e., plants infested 
with aphids). We will further assume that S. scripta females experience enough 
mating events during their lifetime to fertilise all the possible eggs to be laid, i.e., 
the potential fecundity is not decreased because of missed mating. We assume 
a constant pre-oviposition time of 5 days based on Nengel and Drescher (1991).

S. scripta will employ a highly adaptive oviposition strategy; females will pre-
fer to lay eggs in immediate proximity to high-density, young aphid colonies on 
infested leaves, using both prey-derived semiochemicals and plant volatiles to 
locate optimal sites. During local movements, females will prioritise oviposition 
sites with higher aphid densities, as these provide better resources for larval 
development. Females will only lay eggs when the aphid density at a specific 
location (in a 10 × 10 m grid cell at which aphid densities are provided) exceeds 
a predetermined threshold. This behaviour may be influenced by the habitat 
type, but due to the lack of species-specific data and the generalist feeding 
behaviour of S. scripta larvae, we assume a constant threshold, expressed as 
a minimum aphid biomass Ath required for oviposition. Based on Polak (1980), 
five A. pisum aphids (≈1.3 mg each) ensure larval survival, giving a baseline 
threshold of 6.5 mg of aphids. This value will be scaled by a mobility factor ml 
to account for the limited foraging range of first-instar larvae. To replicate nat-
ural field variability, stochastic variation around this threshold will be included.

The probability of oviposition site selection will be modelled using a logistic 
function, which is appropriate for this coarse spatial resolution as it captures 
a biologically plausible threshold-like response: low-density patches are rarely 
selected, probability increases steeply after exceeding the minimum biomass, 
and saturates at high densities. This reflects the adaptive oviposition strategy 
of syrphids while avoiding unrealistic fine-scale selectivity. The function is ex-
pressed as (Equation 31):

	 Equation 31

where A is aphid biomass (mg per 10 × 10 m cell), Ath is the daily biomass 
threshold (6.5 mg × ml / f per cell with stochastic variation), A50 is the biomass 
giving 50% oviposition probability, and k is the steepness parameter.

S. scripta lay eggs individually; however more than one egg can be laid per plant 
if aphid densities are high (Fig. 16B). Furthermore, there may be more than one suit-
able plant for oviposition present in a 10 × 10 m grid cell, for which the aphid den-
sity/biomass is assessed. Thus, in the model, we assume a maximum number of 
eggs laid per 10 × 10 m grid cell, which will be scaled by aphid density/biomass. In 
addition, a female will avoid laying eggs in cells already occupied by eggs or larvae.

The expected daily egg production of a female hoverfly will be modelled as 
a product of baseline oviposition rate and environmental scaling factors re-
flecting temperature and photoperiod. Formally, the daily oviposition rate Ed(t, 
A, T, P), where t denotes the female’s reproductive age in days, A is the aphid 
biomass available at the oviposition site, T is the ambient temperature, and P is 
the photoperiod length in hours, is given by Equation 32:

	 Equation 32
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where the first bracketed term represents the baseline daily oviposition under 
optimal temperature and photoperiod conditions, and fT(T) and fP(P) are scaling 
factors for temperature and photoperiod, respectively.

The baseline oviposition rate will be composed of a prey-dependent term, 
fA(A), and an age-dependent shape function, fage(t) (Fig. 17). The prey-depen-
dent term is a logarithmic function of the aphid biomass A, limited to a maxi-
mum value Amax to avoid unrealistic values, and is expressed as (Equation 33):

	 Equation 33

where the parameters a = 10.270 and b = 20.841 represent averaged coeffi-
cients derived from Wnuk and Starmach (1977) for three hoverfly species: 
E. corollae, S. vitripennis, and E. balteatus (Table 8). As hoverflies in the ex-
periment of Wnuk and Starmach (1977) were provided with plants infested 
with A. fabae, aphid biomass was calculated assuming an average individual 
aphid weight of 0.82 mg (see Table 5). An additional scaling factor may be 
required, as A. fabae appears to be a suboptimal prey species for S. scripta 
larvae. Larvae reared on A. fabae exhibit significantly higher aphid biomass 
requirements to complete development compared to those fed on alternative 
aphid species (see Fig. 11).

Figure 17. Dependence of daily oviposition rate of Sphaerophoria scripta female on its 
reproductive age and aphid biomass at the oviposition site. Modelled by combining 
Equation 33 and Equation 34.

The age-dependent oviposition function, fage(t), describing the temporal pat-
tern of egg-laying over the oviposition period will be modelled using a Gaussian 
(normal) distribution normalized over the oviposition period, Tovip, to ensure that 
total eggs sum to the maximum potential egg number (set to 550 eggs after 
Nangel and Drescher 1991). This is expressed as (Equation 34):

	 Equation 34
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with Z is defined as (Equation 35):

	 Equation 35

where the parameters μ = 8.33 and σ = 5 define the peak and spread of the 
oviposition curve. The peak was set at one-third of the oviposition period, con-
sistent with the pattern observed for S. rueppellii at 25 °C under longer photo-
period (Orengo-Green et al. 2022). The oviposition period was set to 25 days, 
accounting for the mean female lifespan of 31 days with pre- and post-oviposi-
tion periods of 5 and 1 day, respectively (Nangel and Dreschel 1991).

The baseline oviposition rate is valid for the optimal temperature and photo-
period conditions, and thus will be further multiplied by a scaling factor depend-
ing on these variables (Fig. 18). Temperature will influence oviposition through 
the scaling factor fT(T), modelled by a normalised Weibull probability densi-
ty function (PDF). This function was fitted to limited experimental data from 
Orengo-Green et al. (2022), scaled between 20 °C and 25 °C, where the mean 
total egg numbers showed a scaling factor of 0.34 to 1. In addition, the Weibull 
PDF was parameterised with a minimum temperature threshold Tmin = 11 °C 
and assumed an optimum between 25 and 30 °C. The minimum temperature 
threshold was established based on the Coccinella septempunctata (Linnaeus, 
1758) study by Xia et al. (1999), and that of Bellefeville et al. (2019) in which at 
a temperature of 12 °C, some oviposition of L. glyphinivora and E. americanus 
was observed. The temperature scaling function is given by Equation 36:

	 Equation 36

where

	 Equation 37

with shape and scale parameters k = 4.321 and λ = 16.991 estimated from the 
fitting procedure and T' is the temperature that results in the maximum Weibull-
PDF, i.e., the optimum temperature.

Photoperiod effects on oviposition will be incorporated through the scaling 
factor fP(P), which linearly scales oviposition between a minimum photoperiod 
threshold Pmin​ = 11 hours and a maximum threshold Pmax​ = 14 hours as (Equa-
tion 38):

	 Equation 38

and is clipped between fmin and 1 to represent biological constraints on egg 
laying, where fmin is nonnegative and the minimum scaling factor based on pho-
toperiod.

Dispersal

S. scripta is a migratory species (Raymond et al. 2013; Hlaváček et al. 2022) 
and exhibits two distinct scales of dispersal; routine daily movements associ-
ated with foraging and oviposition site selection, and seasonal long‑distance 
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migrations that connect breeding and overwintering areas. Sphaerophoria spp. 
are expected in wild flower patches, as this taxon is typical of dry, open grass-
land habitats (Stubbs and Falk 2002).

Daily movement of adults

Several studies suggest that syrphid flies respond most strongly to landscape 
composition at spatial scales between 500 and 1,500 m (Kleijn and Van Lan-
gevelde 2006; Meyer et al. 2009; Madureira et al. 2023), although species-spe-
cific differences exist. For example, Sphaerophoria spp. appear unaffected by 
the proportion of arable land at any scale (Haenke et al. 2009). Dispersal pat-
terns in syrphids vary, with capture-recapture studies indicating that non-mi-
grant syrphids typically move up to 100 m, occasionally reaching 400 m (Conn 
1976; Wratten et al. 2003); however, gut content analyses over seven-day 
periods provide only net displacement, limiting understanding of their daily 
movement. Foraging behaviour can be context-dependent: Sphaerophoria spp. 
demonstrate cautious, darting flight in response to camouflaged predators like 
Thomisus labefactus (Karsch, 1881) (Araneae, Thomisidae), but not when pred-
ators are overtly visible (Yokoi and Fujisaki 2009).

Perception range in E. balteatus estimated from field observations is 200 m 
(Arrignon et al. 2007).

Long-distance migrations

The timing of migration is a complex phenomenon influenced by a range of 
factors, including endogenous mechanisms such as the circadian clock (Den-
linger et al. 2017) and abiotic factors such as weather conditions (Hlaváček et 
al. 2022). Recent work by Hlaváček et al. (2022) demonstrated that the peak 
migration of S. scripta typically occurs in September and October, with notable 
interannual variability in both timing and sex-specific patterns. In one observed 

Figure 18. Distribution of the scaling factor for Sphaerophoria scripta female daily ovipo-
sition rate due to temperature and photoperiod. Modelled with Equation 36 and Equation 
38. Here fmin is set to 0.2.
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year, females initiated migration earlier than males, although males remained 
consistently abundant throughout the period. In the following year, both sex-
es exhibited synchronous migration. Despite these variations, a female-biased 
sex ratio was consistently observed, with females comprising 64% and 77% of 
migrants across the two years. This pattern may be partially explained by the 
greater fat reserves in females, which can sustain longer flights and enhance 
survival in the harsher climates of higher latitudes (Guo et al. 2019). These 
energy reserves, which would otherwise be allocated to ovarian development, 
may also contribute to enhanced flight capabilities in females.

Planned implementation in the model

We will treat S. scripta as a partially migratory species. Specifically, we assume 
that the proportion of females from the last autumn generation will exhibit mi-
gratory behavior, departing from the local landscape before oviposition. Those 
which stay will lay eggs which hatch into larvae which, in the last stage, will 
start the overwintering. A given female from the autumn generation will initiate 
migration movement with a defined probability pm.

There are two movement types planned for implementation: short-range 
movement and long-range movement. Short-range movement simulates in-
tensive search behavior when the adult hoverfly scans the local surround-
ings in search of food (nectar and pollen) and oviposition sites (aphid prey 
for larvae). Based on foraging speeds reported for honey bees and bumble 
bees (Osborne et al. 2013; Wright 2013, cited in Becher et al. 2016), and 
the assumed 1 m/s foraging speed estimated for E. balteatus by App et al. 
(2025), we assume that S. scripta forages at approximately 0.8–1.2 m/s, de-
pending on individual body mass. This range reflects both its smaller size 
relative to bees and its likely non-linear, cruising search behavior during re-
source exploration. Long-range movement simulates the extensive search for 
a different type of landscape element or vegetation. This movement could 
be part of dispersal behavior as a response to insufficient resources at the 
current location. To estimate the maximum flight speed and potential flight 
range of S. scripta across its body mass range, we applied allometric scaling 
principles derived from Ellington’s (1984) analysis of insect hovering flight. 
Ellington (1984) found that wing loading (q) scales with body mass (q α M 
0.23), while flight speed (V) varies with the square root of wing loading (V α 
q0.5). Collett and Land (1978) measured E. tenax flight behavior and velocities 
in the field as being at least 10 m/s but for short periods of time only. Using 
E. tenax’s mean body mass of 148 mg and allometric scaling principles from 
Ellington (1984), we can estimate S. scripta’s maximum speed when flying to 
range from approximately 6.6 m/s at 6.6 mg to 8.1 m/s at 33.3 mg (with 7.8 
m/s for an mean body mass of 16.5 mg).

To determine whether remaining in a current location for foraging is ener-
getically profitable for S. scripta, the balance (Equation 39) between potential 
energy gain per bout (gut-limited) (Equation 40) and the energy loss per bout 
(Equation 41) associated with local foraging movements (assuming foraging 
flight speed of 1 m) and flower handling will be evaluated:

	 Equation 39
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where:

	 Equation 40

where Emax(Gv) is maximum energy that can be stored in the crop per bout (Equa-
tion 24), ϵf is hoverfly foraging efficiency (fraction of available resources ac-
quired based on visitation and handling, calibrated parameter), rp is perception 
range, Npatch is patch-level nectar production (in mg/m2/day) by plants acces-
sible by S. scripta, ts

bout is time spent in a patch (where ts = time spent in local 
foraging flights within the patch tlocal_fligh + total flower handling time in the bout 
thandle) and hf is time within a day spend on foraging (calculated based on weath-
er conditions and photoperiod, see section ‘Diurnal activity’).

	 Equation 41

where Cf is flight energy consumption rate and Crest is energy consumption 
when resting/handling on flowers (see ‘Foraging’ section).

A patch will be deemed profitable if the daily energy that can be obtained 
from accessible nectar sources exceeds the energy required for local search 
flights within the perceptual range (assuming, for simplicity, that energy gain 
comes only from nectar). This approach ensures that S. scripta preferentially re-
mains in patches where resource availability is sufficient to offset the energetic 
cost of local search, and otherwise engages in long-range movements to locate 
more rewarding habitat. The long-range foraging movement will be restricted by 
a maximum daily dispersal ability and can be carried out in Nf movement bouts. 
This movement is driven by the availability and distance to foraging resources. 
The maximum daily dispersal ability Dtmax (for movements between floral patch-
es) will be calculated from the available daily flight time (hm) and the flight speed 
v. The maximum distance achieved during one bout will be restricted by avail-
able usable energy calculated based on percentage of stomach filling (Table 9).

When dispersing for oviposition sites, a hoverfly will be driven by aphid densi-
ty / aphid biomass updated in a landscape daily with a resolution of 10 × 10 m. 
Within the perception range a hoverfly (the same as for foraging) will be capa-
ble of performing local search movements for cells providing a minimum aphid 
density / aphid biomass needed for larvae to survive (see section ‘Reproduc-
tion and oviposition’). During this local search, energy will be spent in a similar 
way as described above for foraging. If not enough aphids are available locally, 
then hoverfy switches to long-range movement, occurring with similar rules as 
long-range movement for foraging patches.

Table 9. Flight energy budget and flying capacity of Sphaerophoria scripta provided for 
an individual of a mean body mass of 16.5 mg. For local search movement a speed of 
1 m/s is assumed, while for long distance movement the maximum speed of 7.8 m/s. 
The maximum flying speed can only be achieved for short time periods.

Nectar 
glucose [%]

Usable 
energy [J/µL]

Full stomach 
usable energy [J]

Max flight 
time [min]

Local search 
distance [m]

Long movement 
distance [m]

20 0.6 1.3 9.3 558 4352

50 1.56 3.34 24.1 1446 11279
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Dispersal activity will be tracked individually for each hoverfly, both in 
terms of time and energy spent and distance travelled, and once daily lim-
its are reached a hoverfly will suspend its activity for that day. Importantly, 
daily time available for flying (hm) includes long-range movements for both 
foraging and oviposition sites.

In the model, a hoverfly will switch between four behavioral states – forag-
ing, flying/dispersing, reproduction, and resting – according to a state-depen-
dent energy budget. Energy reserves will be represented at the individual level 
and divided into:

1.	short-term energy state (Ecurrent, sugars available in the hemolymph, 
replenished via nectar feeding), and

2.	long-term reserves (Fatreserve, stored fat mobilized only when energy 
balance is negative, assumed to be 5% of the hoverfly’s mass).

The model will simulate daytime activities under time and energetic con-
straints, with behavioral decisions depending on internal energy state, resource 
distribution, and movement costs.

The daily activity budget will be divided based on observations of Gilbert 
(1985a); 67.4% of daylight will be allocated to foraging and within-patch 
flower visits, 8.7% to inter-patch flights, and 21.7% to resting, used only when 
other activities are complete. Time budgets will set upper limits for each ac-
tivity type; actual durations will vary daily based on resource availability and 
behavioral decisions.

Each activity (flying, foraging, reproduction, and resting) will consume energy 
at a rate dependent on body mass. Cost of flying activities will be calculated as 
(Equation 42):

	 Equation 42

where hm is time spend on flying.
During a foraging bout, the hoverfly will attempt to fill its gut to maxi-

mum capacity with the potential energy gain per bout depending on nectar 
sugar concentration (Equation 40). The total daily nectar intake will be con-
strained by gut-emptying time (tempty), determining the maximum number of 
bouts per day (Nmax).

Egg maturation requires pollen ingestion, modelled as a daily pollen intake 
threshold (Pthreshold) before oviposition can begin. Once mature eggs are avail-
able and Ecurrent exceeds an oviposition energy threshold (Eovip), the hoverfly 
switches to searching for oviposition sites.

The energy cost of oviposition will be calculated as (Equation 43):

	 Equation 43

where Neggs,laid is number of eggs laid per day, an Eegg is energy needed for lay-
ing an egg (~0.05–0.2 J/egg, based on lipid- protein content of syrphid eggs; 
estimation from aphidophagous species). Maximum daily egg-laying rate is 
imposed as an additional stopping rule.
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Resting will occur when all other activities are completed or constrained by 
time budgets. The resting metabolic cost will be calculated as (Equation 44):

	 Equation 44

where hr is time spend on resting.
At the end of each day, remaining energy will be computed as (Equation 45):

	 Equation 45

where Egut is energy remaining in the gut (if feeding ended late), Eunused_eggs = (Egg-
smature – Eggslaid) × Eegg, assuming non-laid eggs are reabsorbed and converted 
to fat (similar assumption as in App et al. 2025). Erest_night is overnight resting 
metabolic cost.

Then, the daily fat balance will be updated as (Equation 46):

	 Equation 46

where Fatreserve(t) is the reserve level at the start of day t, and Fatreserve(t+1) is the 
updated level for the following day. When the daily energy balance Eend exceeds 
the threshold Ethreshold, the surplus is stored as fat, increasing Fatreserve. Conversly, 
when Eend is below the threshold, fat reserves are mobilized to cover the deficit, 
decreasing Fatreserve. This formulation ensures that fat reserves function as a 
dynamic energy buffer, capable of both recovery and depletion depending on 
the daily energy balance.

The energy available at the start of the next day will be calculated as (Equa-
tion 47):

	 Equation 47

where αmobil is the fraction of fat that can be mobilized overnight, and Ebaseline 
is the minimum short-term energy level (sugar pool) that a hoverfly naturally 
maintains overnight or at rest, even without recent feeding (it will be a calibrat-
ed parameter).

This structure allows day-to-day feedback, with reproductive output and sur-
vival probability depending on the previous day’s energetic balance.

In the model, a hoverfly will switch between the foraging and oviposition be-
havior once enough energy is gained from nectar consumption and enough pol-
len is consumed for egg maturation. Thus, two thresholds will be introduced, 
one for percentage of filling of the stomach needed for oviposition expressed 
in energetic terms (Eovip_threshold, calibrated parameter), and a second related to 
pollen consumption (Pthreshold). Here we assume that there is a certain amount 
of pollen needed for maturation of a single egg (Pegg, calibrated parameter). 
Thus if, for a given day, we know a daily egg production rate, we know how 
much pollen needs to be consumed to allow the eggs to mature. Only if this is 
achieved, and if enough energy has been obtained, can a female switch to re-
productive behavior. We assume that pollen can be consumed at the same time 
as nectar. As pollen intake rate is unknown, this will be a calibrated parameter 
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in the model, allowing to scale the amount of pollen consumed with the time 
a hoverfly spends in a given location, assuming a certain amount of pollen is 
available within the perception range of a hoverfly.

Four types of dispersal actions will be considered:

1.	Random movement/displacement after adult emergence.
2.	Local (within perception range) movements to search for resources.
3.	Long-range daily movements (summed up to a maximum daily dispersal 

ability) carried out in Nf bouts. This movement is driven by the availability 
and distance to foraging resources (when a hoverfly is in foraging behav-
ior) or by prey availability (when a hoverfly is in reproduction behavior, i.e. 
is looking for oviposition sites).

4.	Movement to a hibernation site.

We plan to represent the movement using the following rules:

1.	At the beginning of each day, the available sugar energy Ecurrent is deter-
mined as the sum of baseline carbohydrate levels and a mobilized frac-
tion of fat reserves (Equation 46), whereas pollen reserves (Pcurrent) are as-
sumed to be minimal due to daily utilisation for egg maturation.

2.	Determine if Ecurrent > Eforage_threshold. If not, foraging for nectar is triggered. For-
aging will continue until gut volume is filled or patch profitability decreas-
es below a minimum threshold. Pollen foraging is triggered when Pcurrent < 
Pthreshold. The two foraging modes alternate depending on current needs.

3.	Evaluate if reproduction goals are achieved (enough nectar/energy and 
pollen). If yes, then egg laying will be triggered if there are eggs to lay.

4.	If egg-laying, evaluate the location for egg-laying potential by evaluating 
the oviposition site selection probability function.

5.	If the oviposition site selection probability function is passed, then lay an 
egg, otherwise determine the current energy level.

6.	If current energy level drops below a minimum threshold, or no eggs to lay, 
search for forage; otherwise, move to a new host area (or stay if egg-lay-
ing is successful).

7.	If there are enough eggs and movement steps left, search for a host 
plant or nectar source and repeat the behaviors.

8.	Activate resting when time budget is reached or no further foraging/
oviposition is profitable.

9.	Calculate the energy level at the end of day.

This behavior requires the specification of two functions, one for oviposition 
site acceptance and one for foraging site acceptance. The first is given by Equa-
tion 31, and the latter is related to assessment of patch profitability (Equation 
39). At each step, the current level of energy Ecurrent is evaluated, i.e., flying energy 
cost is subtracted after each flight (inter-patch or to oviposition sites), and repro-
duction cost is subtracted after each egg laying. Thus, if Ecurrent falls below forage 
threshold during oviposition or dispersal, a hoverfly will switch back to foraging.

The above logic does not include hibernation and migration behaviors. Indi-
viduals from the last autumn generation will be assigned to one of two season-
al strategies, depending on a migration probability (pm): (i) migration mode or 
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(ii) overwintering/hibernation mode, producing a larval overwintering genera-
tion. In migration mode, reproduction is halted; unlaid eggs are reabsorbed, and 
their energy is converted into fat. Foraging is directed exclusively toward sugar 
intake to build long-term energy reserves until a fat threshold is reached. Once 
this threshold and appropriate environmental conditions (e.g., a photoperiod 
threshold) are met, the hoverfly migrates (and is removed from the landscape). 
In overwintering/hibernation mode, individuals continue to follow the standard 
logic, ovipositing until the daily maximum egg-laying potential is reached or 
until energy constraints prevent further reproduction.

Overwintering/hibernation

S. scripta does not typically overwinter as an adult but instead survives win-
ter conditions predominantly during an immature stage. In temperate regions, 
individuals have been reported to overwinter mainly as late third-instar larvae 
buried in soil or leaf litter, resuming development after spring warming (Dusek 
and Laksa 1974). However, this overwintering is likely based on temperature-in-
duced quiescence rather than a true larval diapause, as evidence for larval 
diapause is lacking (Bańkowska 1964). Although facultative diapause at the 
imaginal stage has been reported, adult hibernation is considered ecologically 
unlikely due to the species’ sensitivity to humidity (Bańkowska 1964). Contrari-
ly, other studies have reported overwintering in the pupal stage, primarily within 
the soil, though occasionally on the soil surface or on trees (Kantyerina 1979).

Overwintering larvae of aphidophagous hoverflies, including S. scripta, typi-
cally occupy sheltered terrestrial microhabitats that offer thermal stability and 
protection from environmental stressors. The common overwintering sites are 
within the leaf litter, among grass tussocks, or at the soil-litter interface in hab-
itats such as field margins, hedgerows, and woodland edges. However, in the 
study of Raymond et al. (2014) on immature hoverflies overwintering in agricul-
tural fields, S. scripta larvae were the most common, next to M. mellinum and 
E. balteatus. This suggests that agricultural fields are important overwintering 
sites for aphidophagous hoverflies overwintering in their immature stages. Ray-
mond et al. (2014) suggested that such a choice of overwintering site is prob-
ably mostly driven by the presence of aphid colonies in the crops in autumn.

Larvae are usually found at shallow depths, ranging from the surface to ap-
proximately 3–5 cm into the soil, where decaying plant material or moist detri-
tus provides insulation and high humidity. These microhabitats buffer larvae 
against freezing conditions and may facilitate supercooling or freeze tolerance. 
Bale and Hart (1997) found that overwintering larvae of S. ribesii are strongly 
freeze tolerant; they were able to survive exposures to sub-zero temperatures 
as low as -30 °C, although they were not able to pupate. The lowest tempera-
ture at which, after exposure for short time, larvae were still able to pupate and 
emerge as adults was -20 °C, but survival rate was very low.

Unfortunately, studies on overwintering regulation in Sphaerophoria species 
are rare. Dusek and Laksa (1974) reported offset of S. scripta larvae overwinter-
ing near Olomouc in mid-May 1972. They also classified S. scripta and S. ruep-
pellii as typical inhabitants of field biotopes where aphids are more abundant 
later in the spring. In related Palearctic syrphids, diapause is typically induced 
by environmental cues such as decreasing photoperiod (below ~10–11 h) and 
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declining temperatures, which trigger larval developmental arrest and fat body 
hypertrophy. For instance, in E. balteatus, reproductive diapause is initiated 
during the second and third instars when daylength drops below approximately 
11 h, with overwintering success strongly influenced by temperature and hu-
midity extremes (Hondelmann 2007). Although specific studies on diapause 
regulation in S. scripta are limited, it is likely that this species employs a similar 
photoperiod-mediated diapause strategy.

Planned implementation in the model

In autumn, adult hoverflies preferentially exploit landscape elements with 
dense and structurally complex vegetation—such as field margins, hedgerows, 
woodland edges, meadows, extensively managed grasslands, and agricultural 
fields infested with aphids late in the season—which provide late-season floral 
resources and aphid-infested host plants, while also incidentally offering suit-
able microhabitats for overwintering of late-instar larvae or pupae.

Start and end of overwintering will be primarily driven by photoperiod, with tem-
perature factor acting as an additional trigger which may fasten the onset and off-
set of hibernation. Thus, a threshold date HSdate after which the start of hibernation 
is mandatory will be applied. This threshold will be set as day in the year at which 
the photoperiod falls below a certain number of hours (Phstart). However, if S. scripta 
larva experience cold temperatures earlier, the start of overwintering will come ear-
lier. Thus a certain number of days (Hdays) with minimum night temperatures below 
a threshold (Thstart) will be required to initiate hibernation of S. scripta. Hdays, Thstart 
will be initially set to 5 days and 12° C, respectively, and Hdate will be set as date 
corresponding to photoperiod of 11 h (assumed after E. balteatus).

Offset of hibernation will also be related to photoperiod and temperature. 
A certain number of days (Edays) with maximum day temperatures above a 
threshold (Thend) will be required; however, emergence will also be restricted by 
date, not being earlier than a given day (Edate) corresponding with photoperiod 
of Phend. Edays and Thend. It will be initially set to 5 days and 10° C, respectively, 
and Edate will be set as date corresponding to photoperiod of 11 h.

As no data on distribution of individual larvae entering and leaving the hiber-
nation sites is available, we will assume this process to follow a non-linear sat-
uration function, with fast initial increase and gradual slowdown (Equation 48):

	 Equation 48

where CA(t) is cumulative percentage of individuals entering and leaving habi-
tat site, and k (rate constant) and t (time in days) are parameters which will be 
fitted in the calibration process.

Mortality

Mortality of egg-to-pupa stages

The mortality of aphidophagous hoverflies during its immature stages is gener-
ally high, although exact rates depend on species, and vary depending on habi-
tat conditions, prey availability, and natural enemies. Like other aphidophagous 
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syrphids (e.g. E. balteatus, E. corollae), S. scripta experiences its greatest 
losses during the egg and early larval stages. Survival rates documented by 
Nengel and Drescher (1991) were 33.1 ± 8.1% from oviposition to third instar, 
53.5 ± 9.7% from third instar to pupation, and 80.6 ± 9.7% from pupation to adult 
emergence. These losses are primarily due to predation by ants, lacewings, la-
dybirds, spiders, and other generalist predators, as well as intraguild predation 
by other aphid predators, including syrphid larvae (Rojo et al. 2003). Additional 
mortality arises from egg desiccation, failure to hatch, and parasitism.

Although no specific studies on S. scripta are available, the study of 
Amorós‑Jiménez et al. (2012) on S. rueppellii shows that mortality in Sphaero-
phoria species is primarily driven by temperature and humidity. Relative humid-
ity is a particularly critical determinant of mortality of egg and larval stages; at 
50% relative humidity, larval mortality reached 100% across all tested tempera-
tures (20 °C, 25 °C, 30 °C), and egg mortality was significantly higher than at 
90% RH, exceeding 80% at some temperature-humidity combinations. In con-
trast, pupal mortality was largely unaffected by humidity, suggesting that the 
pupal stage is more tolerant of desiccation. Temperature also had an impact; 
higher temperatures (30 °C) led to a notable increase in pupal mortality, regard-
less of humidity conditions. Impact of mortality in egg and larva stages was 
less pronounced, especially at high relative humidity of 90%.

Aphid type and density seems to be important factor determining mor-
tality at larval stages of aphidophagous hoverflies. Increasing mortality of 
larvae with decreasing aphid density was reported for E. balteatus (Putra 
and Yasuda 2006). Interestingly, when comparing high and low prey avail-
ability, Amorós‑Jiménez et al. (2012) reported no significant effect on larval 
or pupal mortality; larvae experienced 25% mortality under both regimes, 
and pupal mortality ranged from 5–15%. In addition, Amorós‑Jiménez and 
Marcos‑García (2020) found that larvae reared on R. padi and M. persicae 
attained higher survival rates (70% and 74%, respectively), whereas those fed 
on A. nerii survived at only ~40%.

Another important source of mortality in aphidophagous hoverflies is par-
asitism. Under certain conditions, field data suggest that the impact of par-
asitoids on hoverfly populations can be substantial and, in some cases, po-
tentially severe, particularly in intensively managed agricultural landscapes 
(Sommaggio et al. 2014). Despite this, a comprehensive understanding of 
the dynamics between aphidophagous hoverflies and their parasitoids re-
mains limited, especially with respect to species-specific effects and popu-
lation-level consequences.

Parasitoids of aphidophagous hoverflies such as S. scripta primarily attack 
the preimaginal stages, including larvae and pupae. Many parasitoid taxa ex-
ploit Syrphinae hosts as koinobiont endoparasitoids, laying eggs in or on early 
larval instars and allowing the host to continue developing for some time be-
fore the parasitoid larva consumes it from within (Schneider 1969; Rotheray 
1981, 1984). Consistent with this mode of parasitism, studies by Wnuk (1974) 
and Wnuk and Wojciechowicz (1993) indicate that parasitization does not mea-
surably reduce the feeding capacity of syrphid larvae during their development. 
Instead, parasitoids primarily affect hoverfly populations by preventing suc-
cessful adult emergence, thereby exerting a delayed but negative effect on fu-
ture syrphid population sizes. The host ultimately dies prior to adult emergence, 
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and the adult parasitoid emerges from the host puparium. This mode of ac-
tion is characteristic of several Ichneumonidae, such as Diplazon laetatorius 
(Fabricius, 1781), widely regarded as one of the most frequent and ecologically 
important syrphid parasitoids (e.g., Schneider 1969; Rotheray 1984; Jankow-
ska 2004; Sommagio et al. 2014). Other parasitoid families associated with 
aphidophagous syrphids include Pteromalidae (e.g., Pachyneuron Walker, 1833 
species), which often attack later instar larvae or pupae as pupal parasitoids, 
and Encyrtidae (e.g., Syrphophagus aeruginosus Dalman, 1820), which also 
emerge from the puparium (e.g., Schneider 1969; Rotheray 1984; Jankowska 
2004; Sommagio et al. 2014). In contrast to koinobionts, some parasitoids ma-
nipulate host development differently, but in all cases the outcome for the host 
is mortality before adulthood.

Parasitoids locate syrphid hosts using chemical cues associated with 
aphid colonies and the host itself. Volatile aphid-derived odours guide par-
asitoids to infested plants, while contact cues on the larval cuticle trigger 
ovipositor insertion. Final host acceptance and oviposition appear to depend 
on internal cues, likely from larval haemolymph (Rotheray 1981, 1984). Field 
surveys of parasitoid impact on syrphid larvae and pupae report highly vari-
able parasitism rates, reflecting both temporal variation and ecological con-
text (e.g. country, crop type, and landscape complexity). In a three-year study 
of parasitoids of aphidophagous hoverflies on cabbage vegetables in Po-
land, Jankowska (2004) documented substantial interannual variation, with 
overall parasitism rates ranging from 14.4% to 46.4%. D. laetatorius was the 
most frequent parasitoid, reaching parasitism levels of up to 21.7%. Similarly, 
Wnuk and Wojciechowicz (1993), also working in Polish cabbage systems 
infested by B. brassicae, reported that 27–40% of syrphid larvae were para-
sitised. Very high parasitism pressure has been recorded in cereal systems; 
in maize crops in Poland, Krawczyk et al. (2011) found that total parasitism 
ranged from 32.8% to 84.4%, with Pachyneuron grande (Thomson, 1878) as 
the dominant parasitoid. Comparable patterns were observed in a three-year 
study in northeastern Italy by Sommaggio et al. (2014), where Pachyneuron 
species dominated intensively managed maize fields, while Diplazon species 
were more prevalent in wheat and extensive habitats. In that study, parasit-
ism rates varied from 32% in extensive habitats to 48% in wheat and up to 
78% in maize, highlighting the strong influence of crop type and landscape 
simplification on parasitism pressure. High parasitism levels have also been 
documented outside Europe. On lettuce farms in Iran, Mohammadi-Khoram-
abadi et al. (2016) found that Enizemum ornatum (Gravenhorst, 1829), D. lae-
tatorius, and Pachyneuron formosum (Walker, 1833) parasitized 45.0%, 14.0%, 
and 1.83% of syrphid larvae, respectively. In a two-year survey of lettuce and 
broccoli crops in Argentina, Díaz Lucas et al. (2020) reported parasitism rates 
ranging from 8% to 100%. D. laetatorius was recorded in both crops, whereas 
Pachyneuron species were found exclusively in broccoli, further supporting 
crop-specific differences in parasitoid assemblages and host exploitation.

Unfortunately, none of the published studies focus exclusively on Sphaero-
phoria species. Typically, field surveys collect all aphidophagous hoverflies 
present in a study system, rear them under laboratory conditions, and record 
the parasitoids that emerge. In many cases, parasitism rates are reported per 
parasitoid species rather than per host species. When host-specific data are 
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available, the number of Sphaerophoria individuals examined is often very 
small compared to other hoverfly species, particularly E. balteatus. Conse-
quently, parasitism rates reported for aphidophagous hoverflies are difficult to 
extrapolate directly to S. scripta. Nevertheless, parasitoid species repeatedly 
recorded from Sphaerophoria hosts across different studies provide valuable 
qualitative information on host-parasitoid associations. An overview of parasit-
oids reported for Sphaerophoria species, together with their mode of action and 
the developmental stages attacked, is therefore presented in Table 10.

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 all the immature stages of S. scripta, this background mortality probability 
will depend on both temperature and humidity and will be calculated based 
on the polynomial regression models fitted to the mortality data on immature 
stages of S. rueppellii (Amorós‑Jiménez et al. 2012) (Fig. 19, Equation 49).

	 Equation 49

The effects of aphid species and prey density on larval mortality will not be 
included in the model directly. The influence of aphid species has only been 
investigated for a limited number of taxa (R. padi, M. persicae, and A. nerii), and 

Table 10. Parasitoids of Sphaerophoria spp., mode of action, and stages attacked.

Parasitoid species Family Mode of action Stage attacked Reference

Diplazon laetatorius 
(Fabricius, 1781)

Ichneumonidae 
(Diplazontinae)

Larval endoparasitoid Late larva → adult 
emerges from puparium

Sommaggio et al. (2014); 
Rotheray (1984); Schneider 

(1969)

Diplazon pectoratorius 
(Gravenhorst, 1829)

Ichneumonidae 
(Diplazontinae)

Larval endoparasitoid Larva → puparium Rotheray (1984)

Diplazon tetragonus 
(Thunberg, 1822)

Ichneumonidae 
(Diplazontinae)

Larval endoparasitoid Larva → puparium Rotheray (1984)

Diplazon signatus 
(Fabricius, 1781)

Ichneumonidae 
(Diplazontinae)

Larval endoparasitoid Larva → puparium Schneider (1969)

Enizemum ornatum 
(Gravenhorst, 1829)

Ichneumonidae Larval endoparasitoid Larval instars Sommaggio et al. (2014); 
Rotheray (1984)

Promethes monticola 
(Förster, 1869)

Ichneumonidae Larval endoparasitoid Larva → puparium Schneider (1969)

Syrphophilus bizonarius 
(Gravenhorst, 1829)

Ichneumonidae Larval endoparasitoid Larva → puparium Sommaggio et al. (2014)

Pachyneuron formosum 
(Walker, 1833)

Pteromalidae Pupal endoparasitoid 
/ ectoparasitoid

Pupa (occasionally late 
larva)

Sommaggio et al. (2014); 
Schneider (1969)

Pachyneuron grande 
(Thomson, 1878)

Pteromalidae Pupal endoparasitoid Pupa Sommaggio et al. (2014); 
Krawczyk et al. (2011)

Syrphophagus aeruginosus 
(Dalman, 1820)

Encyrtidae Larval–pupal 
endoparasitoid

Larva → puparium Sommaggio et al. (2014); 
Krawczyk et al. (2011)

Cheiloneurus boldyrevi 
(Trjapitzin, 1963)

Encyrtidae Pupal endoparasitoid 
/ hyperparasitoid

Pupa Sommaggio et al. (2014)

Trichosteresis foersteri 
(Kieffer, 1907)

Ceraphronidae Larval endoparasitoid Larva → puparium Sommaggio et al. (2014); 
Schneider (1969)

Lygocerus sp. (Förster, 1869) Ichneumonidae Larval endoparasitoid Larva → puparium Schneider (1969)



54Food and Ecological Systems Modelling Journal 7: е169793 (2026), DOI: https://doi.org/10.3897/fmj.7.169793

Elżbieta Ziółkowska et al.: Hoverfly agent-based model in the ALMaSS

remains uncharacterised for other aphid species. Furthermore, unlike findings 
reported for other aphidophagous syrphids such as E. balteatus, the effect of 
aphid prey density on larval mortality in Sphaerophoria species has not been 
confirmed. In the only study conducted on S. rueppellii, no significant relation-
ship was observed. We will, however, include a density-dependent mortality fac-
tor refelecting the competition among larvae and possible cannibalism. Density 
dependence will be introduced by limiting the number of S. scripta that could 
be present in a surrounding of any larva, to a fixed number of larvae. Additional 
larvae will be removed from the simulation (died because of food limitation, or 
eaten). The size of the surrounding will be defined separately for each larval 
instar, reflecting their increasing mobility with age.

Figure 19. Impact of temperature and relative humidity (RH) on mortality of immature stages of Sphaerophoria rueppellii:  
(A) egg, (B) larva, (C) pupa. Points represent measurement data from experiments of Amorós-Jiménez et al. (2012). 
Lines represent the fitted polynomial regression models (Equation 49) with parameters presented in Table 11.

Table 11. Parameters of the polynomial regression models for Sphaerophoria rueppellii 
mortality at different life stages. Models were fitted based on data from Amorós‑Jiménez 
et al. (2012).

Developmental 
stage a1 a2 a3 a4 a5 a6 R2

Egg 0.422 -19.94 -0.0074 -0.0001 -0.015 339.7576 0.95

Larva 0.021 -2.2875 -0.0199 -0.0001 0.0247 162.6233 0.99

Pupa 0.105 -4.7375 -0.0016 0 0.0057 57.2263 0.99
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Parasitism-induced mortality and landscape dependence

In addition to the background and density-dependent mortality, parasitism-in-
duced mortality will be incorporated as a distinct process acting on immature 
stages of S. scripta. Aphidophagous hoverfly parasitoids typically oviposit into 
late larval instars, but host mortality is delayed, with parasitised larvae continu-
ing to feed, grow, and pupate normally before dying at or shortly before adult 
emergence. To reflect this biology, parasitism will not be implemented as an 
immediate stage-specific mortality factor.

Parasitism will be modelled as a two-step process. Individuals reaching sus-
ceptible larval stages (late second and third instars) are assigned a baseline 
daily parasitism probability (ppara0), derived from cumulative parasitism rates 
(Ppara) observed over n days of larval susceptibility (Equation 50):

	 Equation 50

Because species-specific parasitism rates for S. scripta are largely unavail-
able, the cumulative parasitism rate used in the model will be based on values 
reported for D. laetatorius, one of the most common and consistently reported 
parasitoids of Sphaerophoria species (Table 10). In the three-year field study by 
Jankowska (2004), a substantial fraction of the aphidophagous hoverfly larvae 
collected belonged to the Sphaerophoria species (11% in 1993, 48% in 1994, 
and 35% in 1995), making this dataset one of the strongest empirical datasets 
for this genus. Across the study period, D. laetatorius exhibited a mean para-
sitism rate of 21.7%, which will therefore be used as the reference cumulative 
parasitism rate (Ppara) for parameterising parasitism pressure in the model. This 
parameter will subsequently be refined during the model calibration phase to 
ensure consistency with observed population dynamics under field conditions.

The effective daily parasitism probability (pparaL) will be then adjusted for 
landscape-dependent variation (Equation 51):

	 Equation 51

where (L) is a dimensionless modifier reflecting habitat complexity (L > 1) in 
simplified landscapes, (L < 1) in complex landscapes. Parasitised larvae devel-
op normally, with no reduction in aphid consumption, and all parasitised individ-
uals experience mortality at the pupal-adult transition, representing successful 
parasitoid development and emergence from the host puparium.

This formulation allows parasitism-induced mortality to be incorporated as a de-
layed-lethal process, mechanistically distinct from background mortality defined in 
Equation 49, while enabling modulation of parasitism risk by landscape structure.

Pesticide responses

To simulate pesticide responses in S. scripta, we adopt a modelling framework 
analogous to that used in the development of the ApisRAM honey bee colo-
ny model (Duan et al. 2022). Pesticide exposure can occur through the con-
sumption of contaminated nectar, contact, and overspray. By considering these 
three exposure pathways, we provide an accurate representation of how model 
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hoverflies may encounter pesticides in contaminated environments. PB(t) is 
used to represent the accumulated pesticide burden for the individual until day 
t. PB(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 repre-
sented by PN(t) which is calculated by Equation 52.

	 Equation 52

where PI(t) is the new contamination from intake, PC(t) is from the contact ex-
posure and Po(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 PI(t) and is assumed to move directly to the hoverfly’s body (PN(t)).

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; i.e., we assume that the pesticide is absorbed into 
the hoverfly’s body once, with separate parameters for contact and overspray.

Contact exposure specifically pertains to foraging adults and occurs when a 
hoverfly touches a contaminated plant surface during foraging. The amount of 
pesticide transferred to the body through contact is controlled by two user-de-
fined parameters as shown in Equation 53.

	 Equation 53

where PS 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. SC  is 
the absorption rate that determines the amount of pesticide PS 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 when the pesticide is being 
sprayed. When the overspray happens, the contaminated pesticide amount (PO) 
going to the hoverfly’s body is calculated using Equation 54.

	 Equation 54

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

To determine the effect of the pesticide body burden, the initial model only 
considers acute mortality. To do this requires three parameters. The first is 
a threshold for effect, Pt, above which there is a daily probability of mortal-
ity Pm. 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 implement-
ing 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 will be a number of other mortalities considered in the model, an im-
portant one being the daily background mortality of adult hoverflies. How-
ever, empirical data on adult background mortality under natural conditions 
remain scarce. The only available estimates for Sphaerophoria species 
derive from laboratory-based studies, where survival was assessed under 
controlled conditions, often as part of unrelated experimental treatments. 
For instance, Violi et al. (2025) evaluated various marking techniques for 
S. rueppellii to support mark-release-recapture studies aimed at enhancing 
biological control strategies. In this study, Kaplan-Meier survival analysis of 
the untreated control group revealed a steady decline in survival probability 
over time. The mean lifespan of control females was 5.4 days, with the lon-
gest-lived individual surviving 12 days.

Despite these findings, extrapolating laboratory-derived survival data from S. 
rueppellii to estimate background mortality in S. scripta would not be reliable 
due to interspecific differences, limited sample size (n = 10), and the absence 
of natural mortality factors such as predation and environmental stressors. 
Consequently, the model will employ a generalized daily background mortality 
rate for adult females, treated as a calibration parameter.

Overwintering mortality will be assessed once, at the conclusion of the over-
wintering period, prior to adult emergence. Given the limited knowledge regard-
ing mortality dynamics during overwintering, this parameter will also be incor-
porated as a model input.

Additionally, mortality associated with agricultural management practic-
es will be considered. Immature stages of S. scripta occur either on aphid-in-
fested plants (eggs and larvae) or in the soil/near the plant base (pupae). 
Mortality risk depends on both the spatial location of the stage and its tem-
poral overlap with specific crop operations. Eggs and larvae are only sus-
ceptible during the main aphid season, when they feed within colonies on 
crop plants, whereas pupae may be affected by soil-disturbing operations ir-
respective of aphid presence. Based on these considerations, Table 12 sum-
marises the mortality probabilities assigned to each agricultural activity for 
the different immature stages. These values are expert-derived estimates 
in the absence of species-specific data and will be further refined during 
model calibration. Note that in ALMaSS, pesticide applications are often 
treated in detail, and their implementation will be considered on a case-by-
case basis when applying the model.
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Discussion

We propose a mechanistic, stage-structured model of S. scripta population 
dynamics that synthesizes temperature-dependent development, prey-specif-
ic larval survival, adult nutritional ecology, foraging behaviour and movement 
into a unified, modular framework. The model presented here is grounded in a 
relatively substantial body of literature. However, many of the processes incor-
porated remain characterised by uncertain parameter values or mechanisms. 
Much of the information informing the model derives from laboratory stud-
ies and, in several cases, from studies of other hoverfly species, rather than 
S. scripta itself. Thus, some crucial information about the species is still miss-
ing or uncertain, and here we outline some of the thinking behind our choices.

The available data were insufficient to estimate detailed thermal perfor-
mance curves for the developmental stages of S. scripta. As a result, tempera-
ture-dependent development of eggs and pupae were modelled using linear de-
gree-day relationships fitted to development rates, reflecting the approximately 
linear response observed within the experimentally tested temperature range. 
For both stages, data at higher temperatures are lacking, precluding reliable 
estimation of upper thermal limits. In the pupal stage, the degree-day model 
suggests a lower developmental threshold of 3.6 °C; however, the associat-
ed confidence interval is wide (-7.5 to 8.0 °C), indicating limited information 
on low-temperature constraints and substantial parameter uncertainty. In con-
trast, larval development showed a unimodal response to temperature and was 
therefore modelled using a Gaussian function fitted to development rates under 
ad libitum feeding conditions. Although this approach better reflects the biolog-
ical expectation of an optimal temperature, the larval stage remains the most 
uncertain due to sparse, heterogeneous data. Notably, the primary focus of 
most existing studies was not the exploration of temperature effects on devel-
opment, but rather the influence of diet or other ecological factors. These stud-
ies often employed single temperatures or narrow thermal ranges, limiting their 
utility for modelling thermal responses. In addition, although for modelling the 
temperature-dependent development of larvae, we included only results from 
studies in which aphids were provided ad libitum, the studies differed in terms 
of other laboratory settings, resulting in quite a variability of obtained results for 

Table 12. Agricultural activities that have non-zero probability of mortality in immature stages of Sphaerophoria scripta.

Activity Egg mortality Larva mortality Pupa mortality Notes

Harrowing 0 0 0.5 Soil disturbance can affect pupae; eggs/larvae 
absent before sowing

Ploughing 0 0 0.5 Soil disturbance pre-sowing; eggs/larvae absent

Stubble cultivator 0 0 0.5 Post-harvest soil disturbance; affects pupae

Autumn roll 0 0 0.5 Soil compaction/rolling can crush pupae

Autumn sowing 0 0 0.3 Minor impact on pupae near surface

Bed forming 0 0 0.3 Soil preparation may disturb pupae

Bulb harvesting 0 0 0.3 Soil disturbance; pupae may be affected

Harvest 0 0 0.2 Minor impact on soil/lower plant pupae

Mechanical weeding 0.3 0.3 0.2 Direct disturbance of leaves/aphid colonies; minor 
pupae disturbance
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the same temperatures. Given that the larval stage appears particularly sensi-
tive to environmental variability, uncertainties in thermal parameters may dis-
proportionately influence predictions of larval development duration.

Larval development in aphidophagous hoverflies is strongly dependent on 
aphid prey availability. In our model, we assume that prey limitation impacts 
larval development additively across temperatures. However, the only available 
empirical data linking prey density and S. scripta larval development were ob-
tained at 20 °C (Polak 1980). We extrapolated these findings to other tempera-
tures, recognising that this may not hold true universally. Larvae may exhibit 
greater sensitivity to prey limitation near thermal extremes, with reduced sensi-
tivity at temperatures closer to their thermal optimum.

Aphid consumption patterns during larval development were drawn from 
studies on various Sphaerophoria species reared on different aphid species. To 
facilitate comparisons, we developed a recalculation method converting aphid 
densities to biomass consumed. Further, we rescaled daily aphid biomass con-
sumption by other Sphaerophoria species to match S. scripta, based on inter-
specific comparisons of larval mass. These results support the statement by 
Adams et al. (1987) that aphidophagous hoverflies require a specific biomass 
intake for pupation under ad libitum conditions. However, an exception was 
noted when S. scripta larvae were fed on A. fabae, suggesting that certain aphid 
species may be nutritionally suboptimal, necessitating higher consumption to 
achieve pupation thresholds. This aligns with the concept of essential and al-
ternative prey types, as documented in other aphidophagous predators such as 
ladybirds (Evans et al. 1999; Berkvens et al. 2010).

Empirical data on juvenile survival for S. scripta are sparse. For this reason, 
we adopted temperature and humidity-related mortality functions fitted to data 
from S. rueppellii (Amorós‑Jiménez et al. 2012). However, these data are lim-
ited to three temperatures (20, 25, 30 °C) and two humidity levels (50%, 90%), 
restricting confidence in predictions beyond these conditions. Additionally, no 
significant effect of prey availability on larval mortality was reported for S. ruep-
pellii, in contrast with findings for other hoverflies (e.g. E. balteatus, Putra and 
Yasuda 2006). The limited design of the S. rueppellii study, which considered 
only two prey regimes, may partly explain this discrepancy. No other studies 
have explored Sphaerophoria larval mortality under varying prey densities. 
While Polak (1980) examined larval development at a range of aphid densities, 
mortality data were not reported. Therefore, the first model version excludes 
prey density effects on mortality, pending the availability of suitable data.

Other mortality factors, including overwintering losses, are poorly doc-
umented. S. ribesii larvae are known to be strongly freeze tolerant (Bale and 
Hart 1997), but no temperature-dependent survival functions could be de-
fined for S. scripta. Similarly, background mortality in adults remains insuffi-
ciently quantified, and thus, for model implementation, both will be defined as 
parameters requiring fitting.

The floral preferences of Sphaerophoria species are not well charac-
terised. While our model includes flowering plants documented as pollen 
and nectar sources for S. scripta in plant-pollinator interaction databases, 
quantitative information on the relative importance of specific floral traits 
(e.g. colour or shape) and pollen nutritional requirements remains limited. 
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Experimental evidence from S. rueppellii indicates that hoverfly foraging is 
influenced by visual floral traits such as colour, shape, and flower abundance 
(Gasol et al. 2019), but these effects could not yet be parameterised for 
S. scripta. Consequently, we assumed that all documented flowering species 
were equally important, with patch attractiveness driven primarily by resource 
quantity. In the case of nectar, a preference for sucrose concentrations near 
50% was included (modelled with Gaussian function), based on S. ribesii 
(Gilbert 1981), in the absence of data for S. scripta.

Several foraging and energy budget parameters were estimated through 
allometric scaling from other hoverflies. Stomach volume (Gilbert 1983) and 
flight and resting energy costs (Sotavalta and Laulajainen 1961) were estimat-
ed and rescaled based on results for E. tenax, while flight speeds were inferred 
using allometric relationships from Ellington (1984). Although this introduces 
uncertainty, the scarcity of species-specific studies necessitated such an ap-
proach. Notably, a similar rescaling strategy was applied by App et al. (2025) in 
modelling of E. balteatus.

Reproductive parameters of S. scripta are likely shaped by energy reserves, 
nutrient intake, environmental conditions, and prey availability for larvae. Yet, 
these mechanisms remain largely unquantified. Patterns of daily egg pro-
duction were derived from S. rueppellii and rescaled to the maximum egg 
production of S. scripta inferred from Nengel and Drescher (1991). No direct 
data are available on how larval prey availability affects adult reproduction in 
S. scripta, so we assumed patterns similar to those of other aphidophagous 
hoverflies (i.e., E. balteatus, S. vitripennis, E. corollae; Wnuk and Starmach 
1977). Pollen availability is known to constrain egg production, as Nengel and 
Drescher (1991) reported no oviposition without pollen access. Our model 
implements a simplified approach by requiring daily pollen intake above a 
threshold to start reproductive behaviour, as the relationship between pollen 
quantity and daily egg output is unknown.

Dispersal functions were designed to integrate with foraging and oviposition 
behaviours, with daily activities driven by reproductive and foraging objectives. 
These depend on resource distributions and are limited by S. scripta movement 
abilities. Model calibration will therefore focus on evaluating behavioural pa-
rameters in relation to the spatial and temporal resource patterns generated 
by the landscape model. Such alignment is essential to ensure that emergent 
population dynamics realistically reflect field conditions.

Given the ecological significance of migration for S. scripta, we assume that 
females of the autumn generation may exhibit migratory behaviour with a cer-
tain probability. However, as the primary objective of the current model is to in-
form 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 interpreta-
tion of local risk dynamics.

While the model lacks some of the detailed parameterisation characteristic 
of other ALMaSS models, it provides a dynamic framework capable of respond-
ing to variations in weather, habitat configuration, and resource availability. This 
first formal implementation serves as a structured synthesis of current eco-
logical knowledge, intended for refinement through post-deployment calibra-
tion using a pattern-oriented modelling (POM) approach. Our prior work has 
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demonstrated POM’s utility in improving realism and predictive accuracy in in-
dividual-based models of beneficial insects. This model represents a robust 
starting point for iterative development, designed to facilitate scenario analy-
ses of pesticide effects within managed landscapes.

Framing the model

This section outlines the key assumptions and limitations associated with the 
design of this model and its integration within social-ecological systems simu-
lations. Following Topping et al. (2015), the model aims to describe population 
changes in time and space without including all possible known behaviours, 
seeking to balance false inclusions and exclusions by focusing on processes 
that significantly influence population dynamics.

The S. scripta model synthesises extensive literature, though many pro-
cesses involve uncertain parameters and mechanisms, primarily derived 
from laboratory studies and other hoverfly species. The model embodies 
several critical assumptions and simplifications that constrain its applica-
bility and interpretation.

Domain of applicability

This model is designed to simulate the population dynamics of aphidophagous 
hoverflies in temperate European agricultural landscapes, with specific focus 
on responses to environmental variability, resource availability, and pesticide 
applications. The parameterisation using S. scripta data makes it most directly 
applicable to multivoltine syrphid species with similar ecological traits; gener-
alist aphid predators during larval stages, polylectic adult pollinators, and fac-
ultative migrants capable of multiple generations per year.

The phenology in the present model is parameterised primarily for north-
ern and central European conditions, where part of the S. scripta population 
is expected to overwinter at immature stages. However, evidence from emer-
gence-trap studies in agricultural landscapes in south-western and central-west-
ern France demonstrate that S. scripta commonly overwinters as pre-imaginal 
stages and emerges locally in spring (Raymond et al. 2014). These regions are 
characterised by a continental Mediterranean climate, suggesting that similar 
overwintering strategies are likely in other southern European regions, such as 
northern Italy. Consequently, while the general life-cycle structure implemented 
in the model remains applicable, direct application to Mediterranean regions 
requires reparameterisation of overwintering intensity and phenology to reflect 
local climatic conditions.

The ALMaSS framework constrains the model to landscapes typically span-
ning 100 km2, operating at 1 m2 spatial resolution with daily time steps over 
multi-year to decadal periods. This scale captures local population dynamics, 
seasonal migration patterns, and landscape-level resource heterogeneity, but 
may not fully represent large-scale metapopulation processes or continental 
migration networks that characterise some hoverfly species. The daily time 
resolution is appropriate for capturing development, mortality, and movement 
decisions but cannot resolve within-day behavioural sequences or circadian 
rhythms in foraging activity.
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Key biological processes and data limitations

Thermal performance and development

The sparse data available for the thermal performance relationships in this model 
mean that care must be taken in overinterpreting temperature-related scenarios, 
especially if they include extreme temperatures not likely to be well supported by 
the stage-specific functions used here (linear degree-day models for egg and pupal 
stages, and a Gaussian thermal performance function for larval development).

Survival and mortality data

Sparse data exists on juvenile survival, with information only available for the 
related species S. rueppellii. Other mortality drivers are known but not well 
quantified. Critically, the impact of prey availability on larval mortality is not 
included in this version of the model due to insufficient data supporting the re-
lationship between prey density and mortality for Sphaerophoria species, unlike 
findings for other aphidophagous hoverflies such as Episyrphus balteatus.

Cross-species parameter estimation

Many behavioural and physiological patterns are inferred based on data from other 
species within the genus (such as S. rueppellii) or at the broader level of aphidoph-
agous hoverflies. While such cross-species extrapolation introduces uncertainty 
where species-specific adaptations may differ significantly from generic patterns, 
many key traits relevant to population dynamics (e.g. larval aphid predation, pollen 
dependence for egg maturation, and general phenology) are broadly conserved 
within aphidophagous Syrphinae. Consequently, this approach also enhances the 
generality of the model, allowing S. scripta to serve as a representative of the aphi-
dophagous hoverfly guild. Species-specific refinements can be readily implement-
ed through reparameterisation as additional empirical data become available.

Energetic budget and allometric scaling

The model simulates daytime activities under time and energetic constraints, 
with behavioral decisions depending on internal energy state, resource distribu-
tion, and movement costs. However, several physiological and behavioural pa-
rameters, including flight and resting energy expenditure, gut volume, and flight 
speed, were estimated using allometric scaling approaches. These estimates 
were derived by comparing body mass or body length of S. scripta with those of 
closely related syrphid species, introducing compound uncertainties from both 
the scaling relationships and the source data.

Migration and dispersal

Limited knowledge exists regarding the proportion of populations exhibiting 
migratory behaviour. The probability of exhibiting migratory behaviour is set as 
a fitted parameter which, for the sake of simplicity, is assumed to be zero in the 
first version of the model. This eliminates important population processes that 
could influence both local dynamics and pesticide exposure patterns.
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Density dependence mechanisms

The model assumes that density dependence operates through two primary mech-
anisms, the availability of larval habitats and aphid prey availability. This simplified 
representation may miss other important density-dependent processes such as 
interference competition, disease transmission, or habitat modification effects.

Population genetics and local adaptation

The model assumes genetically uniform populations with fixed physiological 
and behavioural parameters. However, S. scripta populations across Europe 
likely exhibit local adaptations to climate, host plants, and agricultural prac-
tices. Genetic variability in thermal tolerance, development rates, or pesticide 
resistance could influence population responses to environmental stressors. 
Additionally, the model excludes gene flow between populations, which in high-
ly mobile species like S. scripta could rescue local populations from pesticide 
impacts or introduce maladapted genotypes.

Complex foraging decisions and flower constancy

While the model incorporates nectar concentration preferences and pollen require-
ments, it simplifies the complex cognitive processes underlying pollinator foraging. 
Real hoverflies may exhibit flower constancy, learning, or risk-sensitive foraging 
that optimises energy gain while minimising predation risk. The model treats each 
foraging decision independently, potentially missing emergent patterns where 
experience influences subsequent choices or where local depletion of resources 
creates spatial foraging patterns not captured by simple attractiveness functions.

Detailed trophic interactions

The model focuses on aphid-hoverfly dynamics but simplifies the broader food 
web context. Sphaerophoria scripta larvae coexist with other aphid predators (lady-
birds, lacewings, parasitoids), and these interactions may involve both competition 
and niche complementarity. In structurally complex habitats, spatial and temporal 
partitioning of aphid resources, differences in prey stage use, and behavioural spe-
cialisation can promote complementary predator effects, potentially enhancing 
aphid suppression rather than reducing prey availability. Similarly, adult hoverflies 
interact with other pollinators in ways that may involve resource competition or fa-
cilitation, depending on floral diversity and landscape context, and they themselves 
serve as prey for spiders, birds, and other predators. Although such multi-trophic 
and complementary interactions are not explicitly represented in the current mod-
el, they may generate indirect effects whereby pesticide impacts on co-occurring 
predator or pollinator communities secondarily influence hoverfly populations.

Microclimate and fine-scale habitat heterogeneity

The ALMaSS landscape simulation uses a combination of raster and patch 
representations to map the homogeneous landscape polygons (patches) onto 
a raster map. This means that, despite 1 m2 resolution, the model treats cells 
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forming landscape polygons as spatially uniform. However, hoverflies respond 
to microclimatic variation within fields, seeking thermal refugia, exploiting 
boundary effects, or concentrating in resource-rich patches. Larvae may pref-
erentially occupy specific positions on plants (leaf undersides, stem bases) 
that offer protection from adverse weather or natural enemies. This fine-scale 
heterogeneity could create population refugia during adverse conditions not 
represented in the current framework.

Detailed metamorphosis and physiological constraints

The model represents development as smooth, temperature-dependent 
transitions between life stages. In reality, metamorphosis involves com-
plex physiological reorganisation that may be disrupted by environmental 
stressors. Nutritional stress during larval development can affect adult 
body size, longevity, and fecundity in ways more complex than simple linear 
relationships. Similarly, the model assumes successful development given 
adequate thermal conditions, missing potential failures during critical de-
velopmental windows.

Pathogen dynamics and immune responses

While basic background mortality is included, the model excludes explicit rep-
resentation of pathogen dynamics. Viral pathogens associated with other pol-
linators, such as black queen cell virus, sacbrood virus, and deformed wing 
virus, have been detected in Eristalis hoverflies (Bailes et al. 2018), suggesting 
that some syrphids can carry pathogens shared with bees; however, these vi-
ruses have not been documented in aphidophagous species. Fungal epizootics 
affecting syrphids have not been reported (De Wint et al. 2024). Microbial as-
sociations have been observed in other syrphid species (e.g., saproxylic Mal-
lota dusmeti; Sánchez-Galván et al. 2017), but their relevance to aphidopha-
gous taxa is unclear. Overall, evidence of pathogen-driven epizootics affecting 
natural aphidophagous hoverfly populations or demographic rates is extremely 
limited and understudied. Consequently, the population-level consequences of 
such pathogen interactions, and their potential modulation by environmental 
stressors, remain poorly quantified and are not captured by the model’s simple 
mortality functions.

Philosophical boundaries

Individual variation and population heterogeneity

The model represents individuals as identical except for stochastic varia-
tion in development timing. Real populations exhibit substantial variation 
in body size, metabolic rates, behavioural tendencies, and stress tolerance 
that could influence population resilience. By standardising individuals, 
the model may miss emergent properties arising from population hetero-
geneity, such as differential survival of stress-tolerant phenotypes during 
adverse conditions.
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Deterministic development and stochastic reality

Thermal performance curves imply predictable development given environ-
mental conditions. However, development rates exhibit substantial individual 
variation even under identical conditions, and environmental fluctuations may 
have non-linear effects on developmental outcomes. The model’s deterministic 
approach may underestimate population variability and resilience mechanisms 
that arise from developmental asynchrony.

Spatial discreteness and movement behaviour

The grid-based landscape representation treats space as discrete cells with 
defined boundaries. Hoverfly movement likely occurs along continuous gradi-
ents of resource quality and environmental conditions. This discretisation may 
create artificial barriers to movement or miss important edge effects where 
landscape elements meet. Additionally, the model assumes individuals can 
accurately perceive resource quality within their detection radius, potentially 
overestimating the efficiency of resource location.

Additive stress and synergistic effects

The model assumes that multiple stressors (temperature, humidity, pesticides, re-
source limitation) combine in predictable, largely additive ways. However, synergis-
tic interactions are common in biological systems, where the combined effect of 
multiple stressors exceeds the sum of individual effects. For example, temperature 
stress might increase pesticide susceptibility, or resource limitation might reduce 
detoxification capacity, creating non-linear responses to environmental challenges.

Implications of model framing

These simplifications reflect deliberate choices, balancing biological realism 
against parameter availability and computational feasibility. The extensive use 
of allometric scaling and cross-species parameter estimation highlights data 
limitations for this ecologically important but understudied species. Many key 
processes rely on assumptions derived from related species or theoretical con-
siderations rather than empirical data specific to S. scripta.

For risk assessment applications, the model provides a framework for com-
paring relative risks across management scenarios rather than predicting ab-
solute population outcomes. It is most valuable for identifying critical life stag-
es vulnerable to pesticide exposure, evaluating how landscape composition 
influences population persistence, assessing the effectiveness of refuge areas 
in maintaining viable populations, and comparing the population-level conse-
quences of different agricultural practices.

The model is less appropriate for predicting precise population abundances, 
assessing extinction probabilities in specific landscapes, evaluating long-term 
evolutionary responses to agricultural intensification, or extrapolating to hov-
erfly species with substantially different life histories (e.g., univoltine species, 
specialist predators, or non-migratory forms).
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By acknowledging these boundaries explicitly, we position the model 
as a structured hypothesis about hoverfly population dynamics that can 
guide both risk assessment and future research priorities. The frame-
work’s value lies not in perfect biological representation, but in providing a 
quantitative tool for exploring how environmental variability and manage-
ment practices interact to influence pollinator and biocontrol services in 
agricultural landscapes.
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