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Abstract

Collembola are key soil invertebrates that contribute to decomposition processes
and nutrient cycling in agricultural ecosystems. Folsomia candida, a parthenogenetic
euedaphic species, is widely used as a model organism in ecotoxicological testing, yet
population-level responses to environmental stressors in spatially structured landscapes
remain poorly understood. We present a formal model of F. candida developed using
a subpopulation approach within the Animal, Landscape and Man Simulation System
(ALMaSS). The model integrates stage-structured population dynamics with spatially
explicit landscape processes, incorporating hourly weather data and daily soil
moisture dynamics at 10 by 10 m resolution. Growth, development, reproduction, and
mortality are driven by temperature, soil moisture, and food quality through empirically
parameterised thermal performance curves and dose-response functions fitted to
published experimental data. The model explicitly represents egg, juvenile, and adult life
stages, with stage transitions and vital rates responding non-linearly to environmental
conditions. Soil moisture effects are modelled using a novel integration of ERAS
reanalysis data, soil physical properties, and evapotranspiration to estimate surface
soil water potential. Temperature and moisture effects are combined using a limiting-
factor approach, reflecting current understanding of physiological constraints. The
model is designed for simulations at subpopulation spatial scales of 100 m?, within
landscapes typically 10 km x 10 km, providing a mechanistic framework for exploring F.
candida population dynamics under realistic environmental heterogeneity in agricultural
landscapes. This formal model documentation establishes the theoretical foundation
and empirical basis for subsequent model implementation, evaluation, and application
to questions in landscape ecology and environmental risk assessment.

Key words: Environmental risk assessment, multiple stressors, population dynamics,
population matrix model, spatially explicit model, springtails
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Soil health is essential for sustaining agricultural productivity, regulating bio-
geochemical cycles, and maintaining ecosystem stability and resilience. The
European Union (EU) has published the EU Soil Strategy for 2030, which iden-
tifies soil health as one of its main priorities (European Commission 2021).
Healthy soil is supported by both physico-chemical processes and the organ-
isms that live within it. Collembola are among the most abundant soil inver-
tebrates, with an estimated number of 10° per square metre in the soil and
leaf litter layers of most terrestrial ecosystems (Petersen 1994; Petersen and
Luxton 1982). They maintain soil health by contributing to soil nutrient cycling,
for example, through the fragmentation of organic matter and the regulation
of the microbial community in soil (Fountain and Hopkin 2005; Seastedt 1984;
Snider and Butcher 1973), and by serving as prey for other soil organisms such
as spiders, mites, millipedes, and ants (Chiverton 1986).

Soil-dwelling Collembola are widely used as model species for assessing
the toxicity of chemicals due to their ecological relevance and their distinct ex-
posure pathways compared with earthworms and enchytraeids (OECD 2016).
The euedaphic species Folsomia candida, which reproduces asexually, has
been used as a standard test organism for more than 60 years (Fountain and
Hopkin 2005). Numerous studies have described its life-history responses to
temperature (Roeben et al. 2023; Snider and Butcher 1973), soil moisture (Hol-
mstrup 2019; Wang et al. 2022), dispersal, and feeding ecology (Johnson and
Wellington 1983; van Amelsvoort and Usher 1989), enabling the development
of a detailed population model.

Soil-dwelling Collembola depend strongly on moisture, with soil water content
playing a role as critical as temperature in shaping their life cycle and activity
patterns. To the best of current knowledge, only one population model has explic-
itly incorporated both temperature and soil moisture: a stage-structured model
for Paronychiurus kimi (Collembola, Onychiuridae) (Choi et al. 2006). However,
that model relies on degree-day theory, which could be improved using thermal
performance curves (TPC), and it does not include spatial interaction. An indi-
vidual-based model for Folsomia candida was developed by Meli et al. (2014), in
which spatial interactions are explicitly represented (e.g., food and crowd density
effects), but soil moisture is not incorporated into life-history processes. Other
population models are more limited, typically representing life cycles under con-
stant temperature or without moisture effects, such as Leslie matrix models of
Onychiurus armatus and Hypogastrura denticulata (Longstaff 1977) and degree-
day-based models of Isotoma notahilis and P. kimi, despite the authors noting the
importance of moisture (Choi and Ryoo 2003; Diekkriiger and Roske 1995).

To address these limitations, a Folsomia candida model was developed
within the Animal, Landscape and Man Simulation System (ALMaSS) using the
subpopulation modelling approach (Duan and Topping 2024). The model in-
corporates empirical data on life-stage transitions, reproduction, and mortality
across temperature and soil moisture gradients and accounts for spatial inter-
actions such as movement.

This paper follows the formal model format proposed by Topping et al.
(2022). A formal model is the first step in a standard modelling cycle, followed
by implementation, documentation, evaluation, and testing. Here, the aims and
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purpose of the model, the theoretical framework and modelling approach, the
mathematical formulation and implementation plan, and a discussion of the
data foundations and the model’s framing are provided. The ‘framing the mod-
el’ section is dedicated to explicitly defining the domain of the model’s appli-
cability, such as excluded biological processes; model boundaries due to the
model type or framework; and the implications for use.

Aims and purpose

The F. candida model is a stage-structured population model with spatial in-
teraction on a highly detailed landscape simulation. It is developed using the
subpopulation approach within the ALMaSS framework. This model aims to
represent the species’ life cycle under varying environmental conditions in Eu-
ropean agricultural landscapes. It enables investigation of F. candida popula-
tion dynamics at the landscape scale, particularly in agricultural systems. It can
be further used to study population dynamics in a desired context, for instance,
assessing the population-level impacts of agrochemicals usage, such as pesti-
cides and fertilisers, or the impact of different farming practices.

Theoretical framework and modelling approach

The formal model of F. candida represents development, reproduction, and mor-
tality using a subpopulation approach within ALMaSS. Details of the ALMaSS
framework can be found in Duan and Topping (2024). In brief, the framework
consists of the following components:

1. Static landscape elements include habitat, soil type (based on FAO soil
texture classification), farm type, and other basic physical properties such
as pH, slope, aspect, elevation, and solar radiation.

2. Hourly time-series weather data are input from the ERA5 land reanalysis single
levels dataset, including soil and air temperature, humidity, wind speed, wind
direction, precipitation, and the volumetric water content at 0—7 cm soil layer.

3. Crop management modelling handles farm practices, crop rotation, pesti-
cide application, and environmental pathways.

4. Vegetation growth modelling handles vegetation growth and flower re-
sources (i.e., pollen and nectar).

5. Species modelling. The majority of species models are built as agent-
based models (e.g., Ziétkowska et al. (2023)), while some species models
are built using a subpopulation approach (e.g., Thomsen et al. (2024) and
the present study).

The modelling of surface soil moisture is a novel addition to ALMaSS. The
surface soil moisture is dependent on soil matric potential, which quantifies
the energy status of water retained by the soil matrix. Matric potential is the
fundamental driver of water flow in unsaturated soils, as water flows from high-
er to lower potential. Soil matric potential is the proper scientific term used in
soil physics, however, it is often called soil water potential in ecotoxicology or
ecology. We decided to use soil water potential hereater to be consistent with
the references used in ecotoxicology or ecology.
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Soil water potential governs water movement and reflects the effort re-
quired by soil organisms and plants to extract water (Hillel 2003). It is con-
sidered a more universally comparable measure than water content (i.e.,
mass ratio or relative to water-holding capacity) as it allows comparisons
across different soil types. It should be noted that while soil water potential
represents a negative sub-atmospheric pressure (i.e., lower potential means
more water in soil and represents as a larger negative number), it is common-
ly expressed on a positive scale with a minus sign in front of the units.

Due to challenges associated with the direct estimation of soil water po-
tential, the surface volumetric water content (6, . ) and convert it to soil
water potential (i.e., —10°F, where pF is the logarithm of the absolute value
of soil water potential in centimetres of water (i.e., pF = log10/h|) using soil
water retention curves (SWRC). The SWRC is a fundamental soil property
that defines the relationship between water content and soil water poten-
tial in soil. The SWRC varies among soil types and can be estimated using
soil pedotransfer functions based on readily available soil properties. In this
study, the physics-informed pedotransfer function of Norouzi et al. (2025)
is used, which estimates the entire SWRC from saturation to oven-dry con-
ditions based on five soil properties: sand, silt, clay, organic carbon content,
and bulk density. This model was trained on a comprehensive dataset con-
sisting of 4,200 soil samples well distributed across Denmark.

Landscape is represented as polygons in ALMaSS. Landscape polygons
contain soil-type information, and for each soil type, sand, silt, and clay per-
centages, organic carbon content, and bulk density are retrieved via the soil
mapping database integrated in ALMaSS (Adhikari et al. 2014; Adhikari et al.
2013; Adhikari et al. 2014). These inputs are then fed into Norouzi et al.'s (2025)
pedotransfer function to obtain the corresponding SWRC for each soil sample
(see details in Suppl. material 1: table S1, fig. S1).

Hourly volumetric water content for the 0-7 cm soil layer (6_ . ) is obtained
from the ERAS reanalysis single-level dataset (Hersbach et al. 2023). The na-
tive spatial resolution of the dataset (0.25°, approximately 28 km) exceeds the
typical ALMaSS landscape window (10 km x 10 km). In ALMaSS, landscape
attributes such as slope and elevation are represented at the polygon scale.
Therefore, 6, is redistributed to each polygon based on slope, elevation, and
evapotranspiration. This redistributed soil moisture estimate is applied consis-
tently throughout the model.

The slope (S) is expressed in degrees and ranges from 0 to 90, with high-
er numbers indicating steeper terrain. S, denotes the slope at the polygon
scale, and S, represents the aggregated slope across all polygons within a
landscape. Elevation (H) varies by location and may take negative values where
terrain lies below the sea level, with lower values corresponding to lower-lying
areas in the landscape. H_,  denotes polygon-level elevation, H, ., the mini-
mum elevation within the landscape, and H, ., the aggregated elevation across
all polygons within a landscape. As water accumulates in flatter and lower-ly-
ing areas, terrain slope and elevation are used to redistribute soil moisture ac-
cordingly. Volumetric evapotranspiration (Bevpr Mm%’ m?) negatively relates to the
6.,... The volumetric water content at the polygon level (Refined 6
defined as follows:

surface_polygon) IS
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Evapotranspiration (ET) depends on crop types and weather (Allen et al.
1998). It is estimated as a multiplication of K_(crop coefficient) and ET (refer-
ence crop evapotranspiration) using a crop coefficient approach.

ET = K, + ET, (2)

Crop coefficient (K) holds an exponential relationship with leaf area index
(LAI) (Al-Kaisi et al. 1989; Jia and Wang 2021). We generalise the relationship
between K_and LAl in the form of Equation 3, where parameters a, b, and c are
crop dependent. If there is available data on measured K_ and measured LAI,
these three parameters will be easily fitted. For example, values of these three
parameters for maize are 1.059, -1, and —0.488, and for apple orchard are 0,
0.1141 and 1.0665. If such data are not available for the interest of the crop,
default values of 1.1, —1.1 and —1.5 will be used as parameters a, b, and c in ac-
cordance with the Wisconsin irrigation scheduler workbook (Nielmeyer 2022).

K.=a+bx ec*LAI (3)

Reference crop evapotranspiration (ET,) can be calculated with the Pen-
man—Monteith equation (Allen et al. 1998), but here we will use an average
value of ET based on the agroclimatic regions. For example, Denmark is rec-
ognised as a temperate region with characteristics of humid and sub-humid
(Danish Agriculture Food Council 2000), the average ET, when the temperature
is lower than 10 °C is 1.5 mm/day, from 10 °C to 30 °C is 3 mm/day, and above
30 °Cis 5.5 mm/day (Allen et al. 1998). Combining Equations 2 and 3, we have:

(L1—11e ™84 x 1.5, if T <10°C
ET =1 (1.1 —1.1e '541) x 3.0, if 10°C < T < 30°C (4)
(L1—-1.1e ™54 x 5.5, if T >30°C

Covert evapotranspiration into a volumetric unit.

ET
Hevpt = (m * Apolygon) /(Apolygon * 007m) (5)

The structure of the model encompasses three key life history components of
F. candida: growth and development, reproduction, and mortality. Growth and
development are influenced by temperature, soil moisture, and the food condi-
tions (i.e., the availability and quality of food resources). Reproduction occurs
parthenogenetically and is determined by temperature and soil moisture con-
ditions. Mortality is influenced by temperature, soil moisture, and predation.
These components and their associated environmental drivers are described
in detail in the sections below.

Agricultural and Environmental Modelling 8: €184962 (2026), DOI: 5
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Growth and development

Folsomia candida is a euedaphic collembolan species that inhabits the upper
soil layers, typically within the top 5 cm of the soil profile. Its life cycle compris-
es three stages: egg, juvenile, and adult. Under suitable temperature and soil
moisture conditions, eggs hatch at age day 0, and the age of each individual
increases by one day thereafter. Both hatching success and hatching time are
influenced by temperature and soil moisture. After hatching, juveniles begin
feeding immediately. As they consume sufficient food, they undergo succes-
sive moults, each marking the transition to the next instar. Following six moults,
juveniles reach sexual maturity and become adults. Adults continue moulting
throughout life but without further morphological change.

Temperature, soil moisture, and food conditions determine growth and devel-
opment in animals. However, the interactions among these factors remain poorly
understood. It is therefore assumed that the total development rate (r,, ) at
each life stage is limited by the most restrictive of the temperature-dependent
and soil-moisture-dependent development rates. This reflects the principle that
favourable moisture cannot compensate for temperatures that already impose
strong physiological constraints. The plausibility of this assumption was evaluat-
ed by visualising development rates across all combinations of temperature and
soil moisture (Suppl. material 1: figs S2-S4). The limiting development rate is
subsequently scaled by the food score, as expressed in Equation 6.

Tdev,total = fOOd score X min (rdev,temperaturea T dev,soil moisture) (6)

Temperature

The development rate of each life stage is characterised using a thermal per-
formance curve based on the Lobry—Rosso-Flandrois model (LRF) (Rosso et
al. 1993). The LRF curve describes the relationship between temperature (T)
and biological development rate (r), defined in Equation 7. The curve is charac-
terised by four key parameters: the thermal optimum (tom) at which the perfor-
mance rate r is maximal (r __), and maximum temperature (t__), optimal tem-

max:

perature and minimum temperature (t ).

max:

(T - tmua:) X (T - tmin)2 (7)

T = Pmaz X
max (topt - tmin) X ((topt - tmin) x (T - topt) - (topt - tmaw) X (topt + tmin —2Xx T))

Hatching time from 4 to 24 °C was compiled from Fountain and Hopkin
(2005), Holmstrup (2019), and Roeben (2023). Eggs fail to hatch above 28 °C,
and the optimal temperature for hatching success is 21 °C (Fountain and Hop-
kin 2005). Development rate from oviposition to hatching (r, ;. ,,...) Was calcu-
lated as the reciprocal of hatching time (d™).

The onset of oviposition marks the attainment of sexual maturity. Time to first
oviposition across 4 to 26 °C was collected from published studies (de Lima et al.
2021; Fountain and Hopkin 2005; Holmstrup 1994; Roeben et al. 2023; Snider and
Butcher 1973). As no reproduction occurs at 0 °C or 30 °C, the juvenile-to-adult
development rate (1, ...,) Was set to zero at those extremes. Otherwise, it
was calculated as the reciprocal of the time to first oviposition (in days).

Agricultural and Environmental Modelling 8: €184962 (2026), DOI: 6
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The end of the reproductive period corresponds to the cessation of egg-laying.
The time to last oviposition between 4 and 26.6 °C was obtained from Grégoire-Wi-
bo (1983) and Roeben et al. (2023), who used comparable methods. Reproduction
does not occur at 0 °C or 30 °C, so the adult-to post-productive development rate
(7 i postreproduction) WaS SEt 10 zero at these temperatures and elsewhere calculated
as one divided by the interval between first and last oviposition (in days) (Fig. 1).
Parameter estimates for the LRF curves are summarised in Table 1.

Table 1. Fitted parameters of LRF thermal performance curve for each life stage transition.

r... (per day) t . (°C) Tt (°C) t .. (°C)
- 0.127 28.0 26.8 -5.15
T venile—adi 0.0561 30.0 21.7 -5.53
0.0109 30.0 30 -0.661

rad«ltﬂposr—reproducrion

(a) Egg to juvenile
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(c) Adult to post-reproductive adult
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N N > "1/,.],@- S

Temperature (°C)
Figure 1. Development rate across a range of temperatures for life stage transition (a)
from egg to juvenile; (b) from juvenile to adult; and (c) from adult to post-reproductive
adult. Data is presented as a mean value, as the original paper suggests, and blue solid
lines show the fitted LRF model.

Soil moisture

Collembola prefer moist habitats, and euedaphic species are particularly sen-
sitive to soil moisture. At constant optimal temperature, development generally
ceases below a moisture threshold. A three-phase model, reparameterised for
both eggs to juveniles and juveniles to adults, was constructed to capture F.
candida'’s response to soil moisture.
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A three-phase model (Equation 8) fitted to data from Holmstrup (2019) de-
scribes the daily development rate from egg to hatching across soil moisture
conditions. Because available data for development from egg to juvenile are
limited, a linear relationship between soil moisture and juvenile-to-adult devel-
opment is assumed. The lower bound of the x-domain is defined as zero, which
also applies to other equations involving soil water potential. Based on the
data, a constant rate of 0.084 when soil water potential ranges from 0 to 0.11
MPa is used. The dataset and model fitting process can be found in Section 7.

0.084,0 < z < 0.11 — MPa
ratecggsjuvenite = § —0.0153z + 0.0873,0.11 < 2 < 1.88 — M Pa (8)
0,z > 1.88— MPa

A similar approach is used to model the development of F. candida from
juvenile to adult under varying soil moisture conditions. Due to limited available
data, it is assumed that the relation between soil moisture and development
from juvenile to adult is also linear. A full life-cycle experiment conducted un-
der three distinct soil moisture conditions contributed to the model fitting (Xie
2023). Additional studies indicate that cessation of reproduction beyond 96
kPa (Wang et al. 2022), so the development rate from juvenile to adult is set to
zero above this threshold.

0.0520,0 < x < 0.00262 — MPa
rate juvenite—saduit = 4 —0.427z + 0.0531, 0.00262 < x < 0.096 — MPa )
0, x> 0.096 — MPa

Data on the time to last oviposition at different soil moisture levels are un-
available. Therefore, a constant development rate (rate, dulispostrepro svetion) OF 0.052
per day is adopted from rate, for 0 to 0.096 -MPa, with the rate set to
zero under drier conditions.

uvenile—adult

Food availability and quality

Food availability and quality influence the growth, development, and repro-
duction of F. candida and therefore shape its population dynamics (Booth
and Anderson 1979; van Amelsvoort and Usher 1989). Common food sourc-
es for F. candida are fungus spores, organic matter, and plant litter (Bakonyi
1989; Kaneda and Kaneko 2002; Ponge 1991; Rusek 1998). The availabil-
ity of these sources depends strongly on temperature and soil moisture,
as they control microbial metabolism, fungal growth, and carbon mineral-
isation (Curtin et al. 2012; Talley et al. 2002). Food availability (A) is the
product of a temperature response (T) and soil moisture response (SM)
(Equations 10-12).

A=Ar x Agu (10)
1,20°C < T < 30°C
Ar = 0.6,5°C < T < 20°C (11)

0.2,T <5°C or T > 30°C

Agricultural and Environmental Modelling 8: €184962 (2026), DOI: 3
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1, soil moisture < 0.005 — M Pa
Agyr = ¢ 0.6, 0.005 < soil moisture < 0.72 — M Pa (12)
0.2, sotl moisture > 0.72 — M Pa

Depending on food sources, food quality (g)) is assigned a weight (w) reflect-
ing its relative contribution to the overall diet quality. Nutritional quality relative
to Baker's yeast (q,)), which is 1 in the laboratory baseline (van Amelsvoort and
Usher 1989). Fungus spores (q,,) and organic matter (q,,,) are assigned as 0.6,
and plant litter (g,,) is 0.2. These scores are adapted based on the previous
studies where Baker's yeast-fed F. candida gave the best results in reproduc-
tion and growth, indicating it is a good quality food source (van Amelsvoort
and Usher 1989), whereas fungus spores show intermediate results in moulting
rate and egg-laying rate compared with yeast-fed springtail (Booth and Ander-
son 1979). Plant litter shows low food quality (low nutrition), although it de-
pends on plant species (van Amelsvoort and Usher 1989); it is assumed that all
plant litter has lower food quality and lower nutrition than fungus spores and
yeast. A dimensionless food score is introduced to integrate availability and
quality in this model.

Food score = Z A xw; x q; (13)

with weights w, summing to one, and i denotes the food type (Baker’s yeast,
fungus spores, organic matter, or plant litter).

Reproduction

Folsomia candida reproduces via parthenogenesis, with males rarely present
in laboratory culture or the field. Once juveniles reach sexual maturity, typically
at the sixth instar, females begin laying eggs in batches. Batch size depends
on the animal’s age, food availability, and environmental conditions (Booth and
Anderson 1979; Roeben et al. 2023; Snider and Butcher 1973; van Amelsvoort
and Usher 1989). Age-specific variation in batch size, although document-
ed, is not incorporated in the present model due to limited data across envi-
ronmental gradients.

In this model, the total reproduction rate (rrep,mta,) is determined by tempera-
ture, soil moisture, and food conditions. These components are modelled in-
dependently, and the minimum of the temperature-driven and moisture-driven
reproduction rates is taken as the total reproductive rate rate (Equation 14). The
plausibility of this assumption was evaluated (see Suppl. material 1: fig. S5).

Trep,total = Food score x min (Tatev‘ep,tempemturm Taterep,soil moisture) ('I 4)

Temperature

Total fecundity, defined as the lifetime number of eggs laid per female,
varies with temperature. Although oviposition rate typically increases
early in the reproductive period and declines towards its end (Snider and
Butcher 1973), the available data are limited to only two temperatures. Con-

Agricultural and Environmental Modelling 8: €184962 (2026), DOI: 9
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sequently, a constant daily reproduction rate is assumed at each tempera-
ture. An LRF thermal performance curve was fitted to fecundity data from C.
Grégoire-Wibo (1983), Roeben et al. (2023), Snider and Butcher (1973). The
daily reproduction rate is calculated as total fecundity divided by the total
number of reproductive days. Fitted parameters are listed in Table 2, and the
fitted curve is illustrated in Fig. 2.

Table 2. Fitted parameters of the LRF thermal performance curve for the reproduction rate.

r...(per day) t . (C) t, (°C) t . (°C)
reproduction rate 5.58 29.3 18.8 1.51

temperature

Reproduction rate per day

Temperature (°C)
Figure 2. The fitted LRF thermal performance curve for reproductive rate. Reproduction
rate calculated as total fecundity per female divided by total reproductive days. Data is
presented as a mean value, as the original paper suggests, and the blue solid line shows
the fitted model.

Soil moisture

Reproduction is strongly influenced by soil moisture. Empirical studies show
that egg production declines under even moderate drought stress and ceas-
es completely under medium-dry conditions (Wang et al. 2022). However, few
studies report actual egg counts; most report the number of juveniles. To avoid
bias, only studies that report actual egg counts were used to calculate the re-
production rate as a function of soil moisture.

Reproduction rate (1, ., noswr) 1S Calculated as the number of eggs produced
during the experimental period divided by the number of reproductive days. Be-
cause experimental duration constrains observed reproductive periods, raw re-
production rates tend to be overestimated. A correction factor (a) was therefore
applied by comparing the temperature-derived maximum rate (i.e,a=r

max_tempera-
e’ Trep, soil moisture = 9-98/12.16 = 0.46). The data used to construct the reproduction
function were obtained from an experiment conducted at 20 °C (Xie 2023). The
model is structured as a three-phase model to capture key moisture-dependent

dynamics, defined as follows.

Agricultural and Environmental Modelling 8: €184962 (2026), DOI: 10
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—131.69x + 12.51) * a, 0.00262 < & < 0.096 — MPa, where a =0.46 (15)

12.16 x a,0 < = < 0.00262 — M Pa, where a = 0.46
Trep,soil moiture — (
0,z > 0.096 — MPa

Mortality

Mortality in the model arises from three components: temperature stress,
soil-moisture stress, and predation. The total daily mortality rate is assumed to
be the sum of these independent components (additive mortality). Mortality is
recalculated as the death rate per day for each life stage. Mortality is expressed
as a daily death-rate increment; individuals die when their accumulated death
value reaches one.

Temperature

Temperature-induced mortality differs among life stages. Egg mortality (hatchabil-
ity) at different temperatures reflects the viability of eggs incubated under those
conditions. While animal age can influence hatchability, available data are limited to
only three temperatures, which is insufficient to establish meaningful patterns. As
aresult, the effect of animal age on hatchability is excluded from the model. Hatch-
ability is modelled using a three-parameter log-logistic function (Equation 16).

1—c¢
¢ T exp(b(log() — 1og(e)))

Parameters b, ¢ and e are the slope, lower limit of the response variable, and
median lethal temperature, respectively. Data used to fit this model combines
various studies, including Fountain and Hopkin (2005), Jensen et al. (2020),
Snider and Butcher (1973), Xie et al. (2024), and Xie (2023). The daily death
rate was calculated as one minus hatchability divided by hatching time, where
hatching time was estimated from the LRF thermal performance curve for
egg-to-juvenile development (Equation 1; Table 1).

At excessively high temperatures, juveniles fail to reach adulthood; mortality
is set to the inverse of lifespan (i.e., one divided by the number of days lived). Un-
der optimal temperatures, juveniles reach maturity without mortality, so the daily
death rate is zero. At intermediate temperatures that produce partial survival, the
daily death rate is calculated as the proportion of individuals that died divided by
the time to first oviposition among survivors. Two distinct temperature—mortality
relationships emerged for temperatures below 20 °C and above 20 °C (Roeben et
al. 2023; Snider and Butcher 1973; Wehrli et al. 2024). Each was fitted separately
using quadratic (Equation 16) or log-logistic forms (Equation 17).

y= (16)

y=azx?+bz+c (17)

The adult mortality rate is calculated as the inverse of the time interval be-
tween the first oviposition and death. Data from multiple studies were fitted to
a log-logistic temperature—mortality function (Roeben et al. 2023; Snider and
Butcher 1973; Wehrli et al. 2024).

The functions and their fitted parameters for each life stage are summarised
in Table 3 and visualised in Figs 3 to 5.
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Table 3. Fitted functions on the effect of temperature on mortality at each life stage.

Life stage Functions Fitted functions

Egg Log-logistic 0.9869
=0.0131
¥ = OO 131,25 (log () — 10g(26.76)))

Juvenile  Quadratic and {7.98 x 1075%% + 1.36 x 107%x + 2.99 x 1073, x < 20°C
y =

Log-logistic 0.9953 o
0.0047 + o omtiog 0 o)) X = 20 C

Adult Log-logistic 0.9993
= —0.000747
y * T exp(237.83(log(x) — log(31.40)))
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Figure 3. The fitted three-parameter log-logistic function for death rate per day versus
temperature at the egg stage. Data is presented as an original data point (blue solid
dot). For 15,21, and 26 °C, the hatchability is from different instars (Snider and Butcher
1973). The red solid line shows the fitted model.
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Figure 4. The fitted models of temperature effect on death rate at juvenile phases (a)
when temperature is below 20 °C and (b) when temperature is above 20 °C (incl. 20 °C).
Data is presented as a mean value, and the red solid line shows the fitted model.
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Figure 5. The fitted three-parameter log-logistic function for death rate per day versus

temperature at the adult stage. Data is presented as a mean value, and the red solid line
shows the fitted model.

Soil moisture

Soil moisture-induced mortality is modelled using log-logistic functions for
eggs and adults (Equation 16) and by adapting the function from the egg stage
for the juvenile stage due to lack of data. Mean values from Fig. 3 in the paper
of Holmstrup (2019) were used to fit the egg mortality function.

Empirical data on juvenile mortality under varying soil moisture are limited.
Only one life-cycle experiment is available (Xie 2023), which showed complete
juvenile survival between 0.00262 and 0.0147 MPa. Mortality is therefore set to
zero within this range. For drier conditions, the egg-stage moisture—mortality
function is used as a conservative estimate, recognising that juveniles are typ-
ically more drought-tolerant than eggs.

For adults, data on soil moisture on F. candida covering its whole life do not
exist to the best of current knowledge. Mortality data from chronic exposure
studies (i.e., exposure duration over one week), in which animals were exposed
to varied drought at the adult stage and adult mortality was measured only at
the end of the experimental period (Wang et al. 2023; Wang et al. 2022). The
daily death rate was therefore calculated as mortality divided by exposure du-
ration. A log-logistic curve was fitted to these data.

The fitted parameters are summarised in Table 4 and visualised in Figs 6 to 7.

Table 4. Fitted functions on the effect of soil moisture conditions on mortality at each

life stage.
Life stage Function Fitted functions
Egg Log-logistic 0.956

¥ =0.044 +

1+ exp(—51.3(log(x) — log(1.34)))

Juvenile Adapted from 0,x < 0.0147 — MPa
the egg stage y= 0.956
99 9 0.044 + 1+exp(—51.3(log(x)—log(1.34))) * x> 0.0147 — MPa
Adult Log-logistic 0.99984
gieg y = 0.00016 +

1 + exp(—1.62(log(x) — log(16.07)))
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Figure 6. The fitted three-parameter log-logistic function for death rate per day versus
soil moisture at the egg stage. Data is presented as a mean value, and the red solid line
represents the fitted model.
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Figure 7. The fitted three-parameter log-logistic function for death rate per day versus
soil moisture at the adult stage. Data is presented as the mean. The red solid line shows
the fitted model. The black circles are data points that are used to fit the model.

Predation

Collembola form a key prey group for numerous soil predators, including spi-
ders and centipedes (Chiverton 1986; Frampton 1988). Due to insufficient
data to parameterise mechanistic predator—prey dynamics, predation is mod-
elled as a fixed percentage of individuals removed daily from each life stage.
This predation fraction will be estimated during model calibration. Although
predation likely varies across habitats and seasons, a constant rate is applied
in the present version due to a lack of data.

Dispersal

Euedaphic species, especially parthenogenetic species, have poor dispersal
capacity. Becoming parthenogenetic instead of dispersing might be the strat-
egy for them to tackle the changing environment (Ponge 2020). Therefore, dis-
persal is modelled simply. Juvenile F. candida is largely sedentary, and the for-
aging range of adults scales with body size, with a 2 mm adult typically moving
up to 20 cm (Johnson and Wellington 1983). For simplicity, only adults disperse
in the model. Dispersal occurs by random movement into the eight surround-
ing grid cells. Dispersal of adults only occurs when population density is over
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10° per square metre (Petersen 1994; Petersen and Luxton 1982) or the food
score is less than 0.008 (assuming plant litter is the only food source and food
availability is lowest, which is 0.04).

Handling of missing soil water potential data

Studies of temperature effects on Folsomia candida often only mentioned that
the experiment carried under controlled humidity (i.e., air humidity). In soil-
based experiments, moisture is frequently reported as gravimetric or volumet-
ric water content rather than soil water potential. In other cases, F. candida is
reared on moist plaster, where the moisture condition is reported as "water is
added regularly to maintain saturation’. When water-potential data are missing,
assumptions must be made. We assumed that animals experienced optimal
soil water potential (approximately 1.8 -kPa) in cases mentioned above. This ap-
proach ensures consistency across datasets used for model parameterisation.

Integration of temperature and soil moisture effects

Temperature and soil moisture jointly shape physiological performance in soil
invertebrates. In this model, the combined effects of temperature and moisture
are represented using a limiting-factor approach in which the realised rate is the
minimum of the temperature-driven and moisture-driven rates. This reflects the
idea that extreme drought cannot be compensated for by optimal temperature,
and vice versa. The true interaction between temperature and soil moisture in
F. candida remains poorly quantified. Potential synergistic, antagonistic, or ad-
ditive effects are not well resolved in the literature. In the absence of mecha-
nistic data, the minimume-rate approach provides a conservative approximation
while avoiding structurally unjustified interaction terms.

Response to extreme temperature

The model predicts complete mortality when soil temperature exceeds approx-
imately 32 °C, whereas soil moisture exerts a comparatively minor influence
within most of its range. However, natural soils exhibit substantial microcli-
matic heterogeneity, and individual springtails may occupy cooler or moister
microsites within soil aggregates or pore spaces. Microhabitats may buffer ex-
posure to temperature extremes, allowing survival even when surface or bulk
soil temperatures exceed lethal thresholds.

Explicit representation of microclimatic could improve biological realism but
would require spatial resolutions far finer than the 1 m? grid used in ALMaSS.
While desirable for future mechanistic studies of soil arthropod thermal ecology,
such fine-scale resolution is beyond the scope of landscape-scale modelling.

Stage-specific daily death rate under temperature and soil moisture

Differences in available data between temperature and soil moisture effects
result in distinct approaches for modelling the daily death rate for juveniles
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and adults. The juvenile daily death rate derives from full life-cycle experi-
ments. Under excessively high temperatures, juveniles never reach adulthood,
and the daily death rate is defined as the inverse of lifespan. Under optimal
temperatures, all juveniles mature, and the daily death rate is zero. Interme-
diate temperatures yield partial mortality, calculated as deaths divided by
time to first oviposition among survivors. The soil-moisture-dependent daily
death rate for juveniles is based on sparse data; complete survival is observed
between -0.00262 and -0.0147 MPa (Xie 2023). Mortality is therefore as-
sumed to be zero within this range and follows the egg-stage function under
drier conditions — which is a conservative assumption, as juveniles are typ-
ically more drought-tolerant than eggs.

Adult temperature-dependent mortality is derived from full life-cycle studies
(Roeben et al. 2023; Snider and Butcher 1973; Wehrli et al. 2024), where the dai-
ly death rate is calculated as the inverse of the interval between first oviposition
and death. Soil-moisture-dependent mortality is inferred from chronic exposure
experiments on adults (Wang et al. 2022; Wang et al. 2023), where mortality is
measured only at the end of exposure. The daily death rate is therefore mortal-
ity divided by exposure duration.

Together, these adaptations reflect the limitations of available empirical data
and the need for pragmatic modelling assumptions.

Domain of applicability

This model is designed to simulate population dynamics of Folsomia candida
at spatial scales ranging from 100 to 1000 m?, using daily time steps for simu-
lations of up to five years. It explicitly represents eggs, juveniles, and adults and
requires inputs for initial population density, daily soil temperature (top 7 cm),
soil moisture (top 7 cm), and dimensionless food scores.

The model assumes linear effects of soil moisture on development from
egg to juvenile and from juvenile to adult. Although non-linear effects may oc-
cur, current empirical data do not support more complex functions. The model
also assumes no long-distance dispersal, and predation is implemented as a
fixed consumption rate for all life stages. The predation rate is assumed to
be constant, which might not be the case in reality. Additionally, food quality
and availability are simplified as a score rather than mechanistic diet dynam-
ics. It does not include explicit predator dynamics or long-term evolution (e.g.,
drought or heat tolerance). The model is explicitly tailored for F. candida, a par-
thenogenetic, opportunistic species with rapid reproduction under favourable
conditions. It may be less representative of specialist or sexually reproducing
springtails. However, with sufficient life-history data, the modelling framework
could be adapted to other species.

Key biological processes not included

The model does not incorporate physiological acclimation, i.e., the reversible
adjustment of physiology to prevailing temperature or soil moisture regimes,
although acclimation can enhance stress tolerance in Collembola (Wehrli et al.
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2024). All parameterisations use data from experiments in which specimens
were not pre-acclimated to stress or sub-stress conditions.

Processes such as evolutionary adaptation and genetic variation are not includ-
ed due to a lack of empirical data and the desire to avoid structural overcomplexity.

The model considers temperature and soil moisture intensively but only
considers a rather simple food modelling. Although vegetation decomposition
strongly influences available food resources, decomposition is not mechanisti-
cally linked to food score in the present version.

Philosophical boundaries

The model is built on a population-matrix framework with explicit spatial struc-
ture. Spatially explicit matrix models are uncommon and represent an inno-
vation within development in modelling spatially distributed subpopulations
(Duan and Topping 2024). The philosophical boundaries of the model arise
from three main sources: the intrinsic limitations of matrix models, the as-
sumptions embedded in the model design, and the constraints imposed by the
ALMaSS framework with which it is integrated.

Because matrix models aggregate individuals into classes, this approach
cannot capture individual variability arising from genetic or environmental het-
erogeneity, nor can it represent emergent behaviours that result from interac-
tions among individuals. Furthermore, the use of thermal performance curves
assumes that development is fundamentally predictable under given environ-
mental conditions, potentially overlooking stochastic elements that contribute
to population resilience, such as the interplay between individual health and
developmental processes. Finally, the ALMaSS spatial framework further con-
strains environmental heterogeneity by assuming uniform conditions across
each grid cell, thereby treating space as discrete rather than continuous.

Implication of model framing

Many exclusions in this formal model are not just a form of simplification but
rather a balance between biological realism and data availability. The model
is intended for exploring population-level consequences of multiple stressors
in agricultural landscapes. Outputs include population growth rates, spatial
distribution, equilibrium population size, or recovery of the population. These
outputs should be interpreted as indicators of relative risk rather than absolute
estimates of abundance. The model is thus primarily designed for comparing
the relative impacts of different scenarios.

The EFSA Good Modelling Practice guidelines (2014) caution against mod-
elling F. candida for use in the regulatory environmental risk assessment of
plant protection products, as it does not represent natural soil communities
well. However, this species remains highly relevant within ecotoxicological
testing frameworks. F. candida is widely used in standardised laboratory and
higher-tier tests (i.e., micro- or mesocosm experiments), including those con-
ducted under environmentally realistic conditions, where it serves as a sensi-
tive and well-characterised test organism. In this context, the model can be
used to improve the interpretation and prediction of results of ecotoxicological
experiments. This species is also found in agricultural and disturbed habitats
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(Fountain and Hopkin 2005) and has been used as an indicator of soil quality
(Nelson et al. 2011). With adaptation, the model could be extended to addition-
al species with comparable ecology and available datasets.

Despite its integration within ALMaSS, the model can be implemented in any
landscape modelling framework capable of supplying temperature, soil mois-
ture, and soil classification data. The model structure is flexible and could be
extended to incorporate elements such as explicit competition, predation, or
pollutant exposure.
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