TRACE document: Johnston et al. 2014, Energy budgeit-based model of earthworm populations.

TRACE document

This is a TRACE document (“TRAnsparent and Compnehe model Evaludation”) which
provides supporting evidence that our model preskimt

Johnston, A.S.A., Hodson, M.E., Throbek, P., Alvarg T., Sibly, R.M., 2014. An
energy budget agent-based model of earthworm populans and its application
to study the effect of pesticides. Ecological Modeig.
http://dx.doi.org/10.1016/j.ecolmodel.2013.09.012.

was thoughtfully designed, correctly implementdayroughly tested, well understood, and
appropriately used for its intended purpose.

The rationale of this document follows:

Schmolke A, Thorbek P, DeAngelis DL, Grimm V. 201Bcological modelling
supporting environmental decision making: a stmatégr the future.Trends in
Ecology and Evolutio25: 479-486.

and uses the updated standard terminology and dadwstructure in:

Grimm V, Augusiak J, Focks A, Frank B, Gabsi F,ri&tbn ASA, Kutakowska K, Liu
C, Martin BT, Meli M, Radchuk V, Schmolke A, Thoib®, Railsback SF. 2014.
Towards better modelling and decision support: doenting model development,
testing, and analysis using TRACEcological Modelling

and

Augusiak J, Van den Brink PJ, Grimm V. 2014. Meggualidation and evaluation of
ecological models to ‘evaludation’: a review ofrt@nology and a practical approach.
Ecological Modelling

If this document includ@yperlinks, navigation back and forth along previously choses
works via “ALT” + “«<" or “ALT” + “ —".

Note: The original publication, Johnston et al. (201gjpvides, in the Supplementary
Material, a previous version of the TRACE documaevttjch followed the original TRACE
format and terminology suggested by Schmolke €2af10).



TRACE document: Johnston et al. 2014, Energy budgeit-based model of earthworm populations.

Content
1 PROBLEM FORMUVLATION ......ctttetetttnnieeeenseeerenssersssseessssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssnssssssnnsnne 2
2 IMODEL DESCRIPTION .....itteuiiiteeeertenncreenseeeensseseesssssssssssssssssssssssssssssssssssnssssssssssesssssssssssssessssssssnnsssssnnsnns 3
2.1 PURPOSE ..vvvvvvtturerererererererererererererereseseeeeesssrsssssssssssssssesessssssssssssssessresesesesesesssssssssssssssssssssssesesreerreerererererens 3
2.2 ENTITIES, STATE VARIABLES AND SCALES .vvvvvvvvvvrrrererererereresesesesssesssseessessssssssssssssssssssssssssssssssssssssssrsrereserereeessnen 4
2.3 PROCESS OVERVIEW AND SCHEDULING . ..vvvvvvvvrvrerereserereresesesssssesssssrsessesssssssssssssssssssssssssssssssssssssssererereseresessssren 4
2.4 DESIGN CONCEPTS 11vvvvvvvvessrrrerereresesesesesesesesesssssssssessssssssssssssssssssssssssssssssssssssssssesssesesesssssssssssssssssssssssesessrerens 5
2.5 INITIALIZATION .t tttttteeeeeeeeeetttuaeeeeeeeeeasau e seeesesannaseeesssssssannesessssssssnnnsaeessssssssnnnnnssessnnnnnseesssssssnnnnseesssssssnnnnn 6
2.6 INPUT DATA ... ieeettttt i eeeeeeeteetrtaaaeeeeeeeeasaaaaseesssssanseeesssssssaanaeessssssssnnnnsessssssssnnesessssssnnnnsesesessssnnnnseesessessnnnnn 6
2.7 SUBIMIODELS t1ttuueeeeeeetrttuneaeeeserersstenaeeeessesssanneesssssssnsasessssssssssnnsseesessssssnnneeesssssnneeeessssssssnnseseesssssssnnneesesseses 7
3 DATA EVALUATION ....ctteuiirieenerteenertenseetenseessssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssnnsssssnnsnne 9
4 CONCEPTUAL MODEL EVALUATION ....cttureiirennecerenseerrenseessessesssensessssssessssssesssssssssssssesssnssssssnssesssnssesssnssnns 13
5 IMPLEMENTATION VERIFICATION ....ccuuiiituiiiiienneetrenneerrenssersensesssenssssssnssssssnssssssnssssssssessssssessssnssssssnsssssnnee 14
6 MODEL OUTPUT VERIFICATION .....cctuueiitenneeerenneeerenseeerenssessensessssssssssssssssssnssssssnsssssssssssssssessssnsessssnsssssnnse 15
7 MODEL ANALYSIS.....ccevueerrennnnne eeeesereessseretanteterantaeetanttetanteetanreetantteennteeerantternntsernnssernnnane 17
8 MODEL OUTPUT CORROBORATION .....citteuietennerreeneereesssersesssssessssssssssssssssssssssssssssnssssssssssssssssssssssssssnnes 18
9 REFERENGES ......otteuiiitteniirteenirteeneeteesseresnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssnsssssnnes 23

1 Problem formulation

This TRACE element provides supporting informationon: The decision-making context in which the model
will be used; the types of model clients or stakeholders addressed; a precise specification of the question(s) that
should be answed with the model, including a specification of necessary model outputs; and a statement of the
domain of applicability of the model, including thetent of acceptable extrapolations.

Summary:

The acquisition and expenditure of energy to lifeycle processes depends on a
combination of environment- and organism-specific @nditions. In addition,
exposure of individuals to chemical stress can alta populations dynamics via
physiological pathways. To investigate the sublethaffects of pesticides we
develop and evaluate an energy budget agent-basedde! of the earthworm
Eiseniafetida. E. fetida is used as a model species here due to it's recormded
use in lower tier toxicity tests, and therefore amle quantity of literature data
available for model development at the individualével.

The model is designed to estimate the effects pfing food supplies, soil temperature, soil
moisture and pesticide applications on earthwormpufadion dynamics. The purpose of the
model is to extrapolate from lower tier toxicity peximents for the OECD recommended
earthworm specieBisenia fetidain order to interpret the sublethal effects ofi¢ants at the
field level. This forms a foundation for the applion of the model in predicting pesticide
(organic and inorganic) effects on earthworm popafs under field conditions. We
synthesise knowledge on the effects of pesticigdesadividual physiology and develop and
evaluate methods for identifying the potential uhdeg physiological parameters toxicity
disrupts. The broader model aim is to act as anpiaterefinement option in current risk
assessments of soil invertebrates (SANCO, 2002; 2010). Thus, stakeholders include relevant
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agrochemical regulators and plant protection prodB®P) developers and risk assessors.
Specific questions addressed by the model are: hijclWphysiological parameters are
affected by toxic stress of different pesticide9?Hdw does imposed stress on specific
physiological parameters within the model transiate changes in growth, reproduction and
survival rates? 3) How do variable background coowk (e.g. temperature, food
availability) interact with toxic stress at the widual level? Environmental variables
considered in the model are food density, soil terature and soil moisture, which together
determine the ecological niche f fetida(Reinecke & Viljoen, 1990; Tripathi & Bhardwaj,
2004 Edwards & Bater, 1992). As E. fetidais of importance in vermicomposting of animal
wastes and is the recommended OECD test specigSHOE84), literature data is available
on individual life cycle processes e.g. growth aedroduction and the variation of these
rates under optimal to limiting environmental cdiodis. Model outputs are compared to
literature data to assess the models applicakalstya potential foundation for generating
useful tools for predictive toxicology. Althoughteapolations to the field level are possible
when toxic stress is absent, literature data isamatlable for validating field applications of
pesticides for this species. Thus, the model isecutlly applicable at the laboratory scale only,
and outputs on growth and reproduction are evaluateer short periods of chemical
exposure (< 56 days) and recorded at regular tieessIn addition, data on two pesticides,
copper oxychloride and chlorpyrifos, are used tal@e the models ability to predict
sublethal effects at the individual level. Extragi@n to different pesticides is readily
achievable given data on the dose-response resatiosm between chemical concentration and
growth and/or reproduction outputs. Future applcest of the model will be within an
ecotoxicological framework, simulating field app@lions of pesticides on the population
dynamics of ecologically relevant earthworm species

2 Model description

This TRACE element provides supporting information on: The model. Provide a detailed written model
description. For individual/agent-based and othistuktion models, the ODD protocol is recommended a
standard format. For complex submodels it shoutdugte concise explanations of the underlying ratien
Model users should learn what the model is, homoitks, and what guided its design.

Summary:

Here we present the complete model description. i$ identical to the one given in
Johnston et al. (2014), but nevertheless includecte because it is relatively short
and allows to keep all supplementary information inone document.

The model description follows the ODD (Overview,siggn concepts, Details) protocol for
describing individual-based modé{Srimm et al., 2006; Grimm et al., 2010). The model was
implemented in NetLogo 5.0 (Wilensky, 1999), a fesdtware platform for implementing
individual-based models. The NetLogo code has Imeade available in the Supplementary
Material of Johnston et al. (2014).

2.1Purpose

The purpose of the model is to simul&senia fetidapopulation dynamics under varying
environmental conditions representative of thosmentered in the field and investigate how
energy budgets can be used to investigate howcpkestiachieve their physiological effects.
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2.2 Entities, state variables and scales

This ABM comprises a number of individual E. fetida individuals and a model landscape
consisting of two-dimensional 0.01 m?* patches of soil. Individuals are characterized by life
cycle stage (cocoon, juvenile or adult), mass and energy reserves, and landscape patches by
food density, soil temperature, soil moisture and pesticide concentration. The model proceeds
in discrete daily time-steps. Metabolic calculations are in units of energy per unit time

(kJ/day).
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- > | Growth I

~
~
~
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~3 | Energy Reserves

Figure 1. Structure of the energy budget model for adult E. fetida, with the thickness of arrows indicating
priorities for energy allocation from food. Cocoons and juveniles are also in the model though cocoons do not
grow and juveniles do not reproduce. Energy remaining after allocation enters the energy reserves which may be
used for other functions when food is limited.

2.3 Process overview and scheduling

Each individual in the ABM has its own energy buddére energy budget model includes
algorithms for how energy uptake and expenditureatlilife cycle processes based on
fundamental principles of physiological ecologydagenerally follows the methodology of
Sibly et al. (2013). Individuals assimilate enefgym ingested foodlfgestion and Energy
Uptakg and expend available energy on maintenama&ntenancg growth Growth) and
reproduction Reproductiohin the order of priority outlined in Fig. 1. Td@vailable energy

is limited by the amount of food an organism cagest, whilst mass and temperature have
scaling effects on individual metabolic rates (Bnoat al., 2004). Maintenance is essential
for the survival of an individual, and thus hasffipriority for energy allocation. Juveniles
grow until sexually mature, and thereafter adultefgrentially allocate energy to
reproduction before growth. If energy remains afeggroduction and/or growth, energy is
stored in the energy reserves as glycogen (Byz&9dy7), which may be used to pay
maintenance costs when food is limitéshérgy Reserves and Starvabion

Juveniles and adults move randomly in the landscape (Movement), assimilating a fixed
proportion of energy from ingested food that fuels life cycle processes and survival. Feeding
by individuals depletes landscape patches and the food density changes accordingly. Cocoons
cannot feed or move but pay maintenance costs from energy reserves until they are fully
developed at the end of the temperature-dependent incubation period, when they hatch as
juveniles (Sousa et al., 2010). Juveniles transform to adults once they reach a body mass
threshold for sexual maturity (Ma, 1984; Springett and Gray, 1992). Food was provided in the
same amounts as in the experiment being simulated, and food densities in landscape patches
depleted as individuals ingested food. When food was not available, energy reserves were
used to cover maintenance costs. Once the energy reserves are depleted to a critical level
individuals catabolise energy from tissue to meet maintenance demands (Survival). Pesticides
were applied in the ABM at the concentrations and times specified in the experiment being
simulated. Individuals experiencing these concentrations were affected as indicated by



TRACE document: Johnston et al. 2014, Energy budget agent-based model of earthworm populations.

potential ‘toxicity submodels’. Fig. 2 gives an overview of processes occurring at the adult
stage in each time-step under different feeding conditions.
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Figure 2. Partial energy flow diagram of E. fetida adults within the ABM, showing the processes (rectangles)
each individual goes through per time step, with diamonds indicating decision points. Energy reserves are used
for maintenance and reproduction in starving individuals.

2.4 Design concepts

Basic Principles.Key processes in the model determine how energysuwuaoption and
expenditure direct life cycle processes in respotseenvironmental and pesticide
exposure. Individual energy budgets follow fundatakrmrinciples of physiological
ecology (Sibly and Calow, 1986) and scale with botiss and temperature according to
known allometric laws (Sibly et al., 2013). Pestes achieve their effects by imposing
stress on specific physiological parameters folimyvia dose-response relationship
obtained from toxicity data.

EmergenceVariation in food availability between patchessas from the random movement
and feeding of individuals in the landscape. Papadedynamics emerge from differential
energy allocation amongst individuals which is etiéel by food availability, soil
temperature, soil moisture and pesticide conceotrafReinecke and Viljoen, 1990;
Tripathi and Bhardwaj, 2004; Edwards and Bater2}99

Interaction. Individuals need mates (any other adult as eamimsoare hermaphrodite
(Dominguez et al., 2003)) present in the same paialeproduce. Adults and juveniles
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interact indirectly by competing for food within tghes, and both affect patches by
depleting food.

StochasticityMovement and background mortality are random arspjuyeniles and adults,
with specified probability density functions.

ObservationPopulation density, stage class structure (cogoeenile, adult) and individual
body masses and reproduction were recorded.

2.5Initialization

Simulations were initialised with individuals ramdly distributed in the landscape.
Landscape size and earthworm numbers, life cy@gest and body masses followed the
experiments being replicated, outlined in detadéstion2.2

Table 1.Default parameter values for the energy budget inwitle reference to literature data sources

Symbol Definition Value Unit Reference Notes
Ae Assimilation efficiency 0.50 --- Hobbelen and van p. 376 (see 3 Data Evaluation)
Gestel (2007)

B, Taxon-specific 967 kJ/day Meehan (2006) Calculated from Table 33f

normalization constant and Eq. 4 (see 3 Data
Evaluation)

E Activation energy 0.25 eV Meehan (2006) p. 880

E. Energy content of tissue 7 kJ/g Peters (1983) b. 23

Es Energy cost of synthesis 3.6 kJ/g Sibly and Calow  Calculated from p. 54-55

(1986)
Ex Energy content of food 21.2 kJ/g Wang et al. (2011) p. 173
IGmax  Maximum ingestion rate 0.70 g/dayl/g Neuhauser.et al Derived/re-calculated from Fig.
(1980) 6, p. 96 (see 3 Data Evaluation)

h Half saturation 3.5 g/0.01 Neuhauser et al.
coefficient m? (1980)

Mg Mass at birth 0.011 g Gunadi et al. (2002)  Derifrech Table 1, p. 18 and

Fig. 1, p. 19
M, Mass of cocoon 0.015 g Hartenstein et al. Derived mean from Fig. 5, p.
(1979) 333

Mp Mass at sexual maturity 0.25 g Gunadi et al. (2002perived from Table 1, p. 18 and

M, Maximum  asymptotic 0.50 g Gunadi et al. (2002) Fig. 1, p. 19
mass

rs Growth constant 0.177 ddy Gunadietal. (2002) Fig. 1, p. 19 fitted to Eq.(See

3 Data Evaluation)

Fm Maximum rate of energy 0.182 kJ/g Tripathi and Derived from p. 281 (see 3 Data
allocation to day Bhardwaj (2004) Evaluation)
reproduction

To Incubation period 23 days Reinecke et al. (1992) blerg, p. 1298

Thret Reference temperature 298.15 kelvins Tripathi and p. 280

Bhardwaj (2004)

2.6Input data

The model does not utilize any input data for repnting external driving factors.
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2.7 Submodels

Species-specific parameters were derived fromitdeture forE. fetidaas shown in Table 1.
Where data were not available fiér fetidaclosely related species were used. For example,
the assimilation efficiency estimated by Hobbeled aan Gestel (2007) was faumbricus
rubellus which we suggest is similar fd&. fetidagiven its epigeic feeding strategy and
additional support provided i8 Data Evaluation A number of assumptions about the
metabolism of individuals were necessary for matisielopment and these are described in
the following sections. Further details of parametalculations are available i8 Data
Evaluation The following sections describe the energy budgetiel, outlined in the above
sections and in Fig. 1, in terms of metabolic orgaton at the individual level.

Maintenance

The basal metabolic rat®)(is the level of metabolism below which an orgamisannot
survive (Fry, 1971; Calow and Sibly, 1990), and is used here as a measure of maintenance
costs. Costs of movement, small in earthworms, heme included in maintenancB. is
known to scale with body masl) as a power law and temperatui@, (measured in grams
and kelvins respectively, according to the equation

B=BEM:E|.-"4E—E.-"'?{T Eq. 1
whereB, is a taxon-specific normalization constavit* is the scaling with body mass®*"
is the exponential Arrhenius functiol, is the activation energy is the Boltzmann’'s

constant (8.62 x 10eV K™) (Table 1) (Peters, 1983; Gillooly et al., 2001; Brown and Sibly,
2012). In what follows it is sometimes conveniemtonsider effects of temperature relative

-E |1 1)
to a reference temperaturge.IThe effect of temperature is then givendsy (T Trer J :

Ingestion and energy uptake
Variation in food density affects the rate of inty@s of food up to an asymptote according to
a type II functional response (Holling, 1959; Ricklefs and Miller, 2000), so that:

X

Ingestion ratex -
|_‘?E+.5i’]l

where X is food density (g/0.01%nandh is a constant that shows how quickly the response
curve reaches its maximum as food density incredsgsstion rate is also proportional to
the surface areav®®) of an individual as the search rate depends enfdbd gathering
apparatus (Kooijman andetz, 1984; Pilarska, 1977) and to temperature, giving:

i(‘:_;-\
Ingestion rate= I, e * T "'-'E'J‘J,L M2/3 Eq. 2
mex (K+X)

wherelGnax is the maximum ingestion rate recorded of aH. ¢etidaunder optimal feeding
conditions (g/day/g) (Table 1). Ingestion rate isasured in g/day and this is converted into
kJ/day depending on the energy content of the fAéidr ingestion, food is processed by the
digestive system and a proportion, assimilatiortieficy, becomes available for allocation to
the various functions shown in Fig. 1. The valuehaf assimilation efficiencyA¢) (Table 1)
depends on diet but not body mass (Hendriks, 1999).

7
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Growth

After expenditure to maintenance and, at the astalie, to reproduction, individuals allocate
remaining energy to somatic growth. The maximumwginorate of an individual under
optimal conditions is assumed to follow the vontBlanffy (1957) growth equation:

1/3 ,
M=Mm[1—[1—[:::—;] ) e B33 Eq. 3a

where M, and My, denote mass at birth and maximum mass respectasdlyr; is the

Bertalanffy growth constant, obtained by fitting .E2p to data recording the increase in
individual biomass over time under optimal condisoThe maximum growth rate per time-
step is obtained from:

£(';_;‘
AM = e © \T "'-'E'IJ(M;,{E M — M) Eq. 3b

(Sibly et al, 2013). The energy costs of growth determined from the new mass calculated
from Eg. 3b and the energy costs of productién Es) (Table 1). Eq. 3b shows how the
maximum rate at which resources can be allocatedrovth changes as an individual
increases in mass. If insufficient energy is ald@ao support maximal growth, growth rate
is reduced accordingly.

Reproduction

Reproduction is assumed to take priority over ghoimtadults, because in the absence of a
sexual partner, earthworms grow larger (Neuhauseal.e 1980). Energy allocated to
reproduction by adults goes directly to the producbf an egg until oviposition inside a
cocoon (note this is a slight simplification sirt€efetidacan insert more than one egg into a
cocoon). The maximum rate of energy allocationeproduction per day increases linearly
with adult mass (Mulder et al., 2007):

—E |2 2 )
AR = r eT(?_T-’E'fJM Eq. 4

wherery, is the maximum rate of energy allocation to repaithn per unit of adult mass
(kJ/g/day). The energy cost of producing a hatchlist M. (Ec + E) (Table 1) and the

hatchling’s energy reserve content is initidily E;, which is utilized for maintenance during
the incubation period.

Energy reserves and starvation

If any assimilated energy remains after expenditmaelevant life processes (Fig. 1) it is
stored in an individual’'s energy reserves. Enemgystored as glycogen (Byzova, 1977),
costingEs = 3.6 kJ to store 1g with an energy contenEof 7 kJ (Siblyand Calow, 1986;
Peters, 1983). When energy is not available frogested material, maintenance costs are
taken from energy reserves, allowing individualsstovive for some time under starvation
(Sousa et al, 2010; Gunadi et al., 2002). Furthermore, as evidence supports the assumption
that reproduction continues even when food is Ingit(Reinecke and Viljoen, 1990), the
energy reserves are assumed to be utilized foodeption above a threshold of 50% of an

individual’s maximum energy reserves, taken’;a%c (e.g. Peters, 1983). If food limitation

8
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continues and the energy reserves decline below &08& individual's maximum energy
reserves, individuals are considered to be in & sif starvation. Under these conditions
tissue is catabolised to cover maintenance cosssiltmg in net weight loss (Gunadi and
Edwards, 2003); individuals die if their mass falls to that at birth (M) following Reinecke
and Viljoen (1990).

Movement

On the basis that Kobétva et al. (2010) found movement i fetidaindividuals to be
random, we modelled individual movements as randamdirection from a uniform
distribution between -99and 90 ° and distance travelled as 0.5 patcheinpeistep.

Survival

The survival of individuals living in field populans is determined by the availability of

energy resources to maintain life cycle processasgaide temperature and soil moisture
specific mortality rates. Individuals die of statiea if their energy resources are depleted,
and additional mortality rates were imposed using tegression equation derived from
Presley et al. (1996):

Mortality Rate (%) = 12.7 — 0.0018M— 0.0861T + 0.00000%BM + 0.000147T? Eq. 5

whereSMis soil moisture (%) and is soil temperature (K). Individual adults and joiles
die according to Bernoulli processes with daily tality rates given by Eq. 5.

3 Data evaluation

This TRACE elements provides supporting informationon: The quality of numerical and qualitative data
used to parameterize the model, both directly aweérsely via calibration, and of the observed pastghat
were used to design the overall model structurés €hitical evaluation will allow model users tosass the
scope and the uncertainty of the data and knowledgehich the model is based.

Summary:

Energy budget parameters forE. fetida have been directly derived from relevant
literature data. As much of the data does not direty relate to energy
equivalents, calculations were necessary to transfa the literature data in to
compatible units. The parameters represent energycguisition and expenditure
under optimal and constant environmental conditions In suboptimal conditions,
environmental variables (e.g. food availability) Imit energy ingestion and
subsequent allocation to life cycle processes. Meidls used to parameterize the
dose-response relationship between pesticide cont@tion and physiological
parameters is also outlined below.

Where parameter values have not been directly thkemthe literature data source in Table
1, calculations were necessary to obtain a bestatst.

Assimilation efficiency,

Assimilation efficiency determines how much enefigyn the ingested food (determined by
IGmaxand Ex; Table 1) becomes available for expenditure to metabolic processes (Fig. 1). As

E. fetidafeeds on resources high in organic matter, theralssion efficiency is assumed to
be relatively high. Here we follow Hobellen and v@astel (2008) who used a valueAyf=
50% for the epigeic specids rubellus.This is less than the value of 70% recordedLfor

9
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rubellus eating alder leaves by Dickschen and Topp (1987), but we consider it realistic as the
energy content of cow manure, a common food of E. fetida in the conditions simulated here,
1s much higher than that of plant material.

Normalization constant for maintenance, By
Regression analysis of earthworm data by Meehan (2006 p. 881) yielded

In(B) = 5.70 4+ 0.71In(M) — 0.25/xT Eq. 8

in the notation of Eq. 1, where B is measured in J/hour and M in mg. Evaluated at M =1 g
and T = 298.15 K (25 °C) gives B = 0.0577 kJ/day, which can be used to yield a By value of
967 kJ/day.

Ingestion Rate, 1G .y

The maximum ingestion rate (IGn,x) was calculated from growth data of individual E. fetida
recorded by Neuhauser et al. (1980) (Fig. 6, p. 96) under varying densities of cow manure.
Calculations are shown in Table 2. Earthworms continued to growth for 8 weeks at each food
ration, and so it is assumed that ingestion occurred until day 56. Thus, the mean amount of
food ingested (g) per day at each food ration is calculated as original food ration (g)/56 days
(column 2, Table 2). The mean biomass (g) of individuals (column 3) was taken from Fig. 6
of Neuhauser et al. (1980). Individual ingestion rates were re-calculated for 1g individuals
(column 4, Table 2), as all metabolic rates scale with mass, which gives a value for IGy,ax of
0.70 g/(day/g) (Table 1).

Table 2. Calculations for the estimation of maximum ingestion rate (IG,,) in g/day for Eisenia fetida.
Derived from Neuhauser et al., 1980.

Food Ration (g) Ingested food (g/day) Mean individual Ingestion rate
biomass (g) (g/(day/g))
5 0.089 0.21 0.42
10 0.179 0.30 0.60
15 0.268 0.42 0.64
20 0.357 0.51 0.70

Half Saturation Coefficient, K

The maximum ingestion rate (/Gma.x) was calculated from growth data of individual E. fetida
recorded by Neuhauser et al. (1980) (Table 2). The data follow a Holling Type II response
curve in which the value of the half saturation coefficient (/) corresponds to the food ration at
which ingestion is half its maximum, here calculated as 3.5 g (Fig. 3).
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Figure 3. Ingestion rates for E. fetida under varying food densities (derived from Neuhauser et al., 1980), with
the fitted curve representing the Holling Type II functional response.

Growth Constant, g

The growth constant was obtained by least-squares regression fit of the von Bertalanffy
growth equation (Eq. 4a) to data from Gunadi et al. (2002) at 20 °C, giving rz = 0.15 (Fig. 4).
The Arrhenius function was used to correct this to 0.177 at 25 °C, considered the optimal
temperature for development of E. fetida (Tripathi and Bhardwaj, 2004).
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Figure 4. von Bertalanffy growth curve (line) fitted to growth data from Gunadi et al. (2002) (points), yielding a
value for rB of 0.15 at 20 °C (R* = 0.97).

Maximum rate of allocation to reproduction, r,

Tripathi and Bhardwaj (2004) (p. 281) recorded a maximum cocoon production of 4.4 per
individual per month with an average 3 hatchlings emerging from each cocoon. This gives a
reproduction rate of 13.2 hatchlings per individual per month and 0.44 hatchlings individual '
day™. Taking the energy costs of producing one cocoon as M,(E, + E;) = 0.159 k], this
gives a value for energy allocated to reproduction by an average individual as 0.07 kJ day™".
Taking 0.385 g as the average adult mass gives r,, = 0.182 kJ/g day.

DOS€-I"€Sp01’lS€ curves

The model is designed to simulate laboratory baedcology experiments from the
literature, typical of lower tier risk assessmeResticide applications are simulated by
applying a chemical concentration to each patcthatspecified concentration and time/s.
Individuals experience the patch concentration amtact and the effect of this concentration
persists unchanged for the duration of the experimihe physiological effects of a pesticide
were identified using toxicity submodels (Tabledhich were evaluated using data from the
experiment being simulated. We converted individuamass and cocoon production values
during different treatment concentrations in eaalecstudy to percentages of the control
value, to identify the reduction in sublethal enidipdue to chemical exposure. The data was
then generally well fitted by exponentially dedfigicurves, of the form:

R(C) = e®*O) Eq. 9
whereR(C)is the effect at a specific concentrati@) (ecorded as % compared to contkol,

is a chemical-specific coefficient calculated bygressing log (%trait compared to
control/100) against chemical concentrati@) i mg/kg. Eq. 9 represents the dose-response
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relationship between chemical concentration andieaci/cle trait (growth or reproduction),
presented in Fig. 5. However, the toxicity data sdowt specify which physiological
parameter was affected by exposure to result irobserved response in that life cycle trait
and as the type of physiological response impdspbpulation’s response, we wanted to
identify this.
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Figure 5. Modelling dose-response curves. Curves fittedkfieamental laboratory data for a, c, e & g: growth
and b, d & f: reproduction, for a & b: copper oxiaride by Helling et al. (2000); ¢ & d: chlorpyrgdoy Zhou

et al. (2007), e & f: chlorpyrifos by Zhou et &0(.1) and g: copper oxychloride by Maboeta et24104). B
values for regression curves in a, b, c, d, egf&e: 0.81, 0.73, 0.65, 0.99, 0.92, 0.96 and f&SPectively.
Reproduction and growth data are represented egugtion in life cycle trait compared to the cohtroder
different concentrations. Regression coefficier®rmining these curves are used to investigatputeive
metabolic pathway for each pesticide.

To find the most likely physiological parametereafied in each case study we investigated
the various possibilities, here called toxicity sudalels Inspection of Fig. Al indicates that
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chemicals can affect ingestion, assimilation, neiahce, growth or reproduction, the rates
of which are governed by physiological paramet&fs,,,, Ae, By, 75 Or 1, respectively
(Table 1). Here, we investigate four potential ¢ibyi submodels, describing how altering
specific physiological parameters modifies indiatlgrowth and reproduction rates (Table
3). The four submodels tested here were selectetheibasis that modifying the specific
parameters has effects on growth and reproducioultsneously, rather than one metabolic
rate alone. This was done by supposing that theniclaé-specific toxicity coefficientk)
obtained by fitting Eq. 9 to the data shown in Figdetermines the relationship of the
chemical concentrations with a physiological par@meather than with the life cycle trait,
calculated as:

_ Po ko)
P=ile Eqg. 10

whereP, is the parameter value at concentratiGh @, is the parameter value under control
conditions as indicated in Table 1 akds the toxicity coefficient determining the dose-
response relationship. Effects on the sublethalpeimds growth and reproduction then
emerge from model simulations. For example, a dedh the value of the parameié,,, ..
with increasing chemical concentration would redunckvidual ingestion, thus reducing the
amount of energy available for allocation to metabprocesses. Following the preferential
allocation principles for earthworms this woulddea reduced growth but have little impact
on reproduction as adults allocate energy prefaigntto reproduction before growth
Toxicity submodel T4 requires an increase in thielevaf the maintenance parameBgrto
eliminate/detoxify the toxin or repair damage (eatthan a decline as in toxicity submodels
T1-T3 which follow the dose-response curves in Bjg Here we assumed that above a
concentration of 100 mg/kg there is a linear refahip betwee®, andC so that:

By = By controts If C < 100;

By = By contror X 0.01 C, if C > 100.

Table 3.Tested toxicity submodels used to identify the jbiggical pathways disrupted by
pesticides. In each case the specified physiolbpge@meters were affected according to dose-

response curves parameterised as in Figl&3,,is maximum ingestion rate,, is maximum rate

of energy allocation to reproductiory, is the von Bertalanffy growth constant adlis a taxon-
specific normalization constant used for calcutptimintenance rates.

Toxicity Parameter Predicted Observations in Adult Life Cyck Traits
Submodel

T1 1G,y0x Growth more reduced than reproduction

T2 1G o & Ty Growth and reproduction similarly reduced

T3 T & Tp Reproduction more reduced than growth

T4 B, Growth more reduced than reproduction or acceldrate

weight loss under resource limitation

4 Conceptual model evaluation

This TRACE elements provides supporting information on: The simplifying assumptions underlying a
model’s design, both with regard to empirical kneeide and general, basic principles. This critical@ation
allows model users to understand that model desiga not ad hoc but based on carefully scrutinized
considerations.

13
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Summary:

The conceptual model is represented in Figure 1 and. The design concepts
underlying model design are presented in section 2/odel description. Further
information regarding simplifying assumptions is presented in section 3, Data
evaluation.

5 Implementation verification

This TRACE elements provides supporting informationon: (1) whether the computer code implementing
the model has been thoroughly tested for programraimors, (2) whether the implemented model peroas
indicated by the model description, and (3) how sh&ware has been designed and documented todgrovi
necessary usability tools (interfaces, automatibrexperiments, etc.) and to facilitate future ifiatéon,
modification, and maintenance.

Summary:

In order to ensure that the computer code implemenhg the model works

according to its specification in the ODD model desiption, a series of tests has
been performed. These tests included syntax checkjrof the code, visual testing
through NetLogo interface, the use of print statemets and spot tests with agent
and patch monitors to check against calculations irExcel, stress tests with
extreme parameters values and environmental varialkls, chemical exposure and
concentrations and independent code reviews.

The model was thoroughly tested to verify that tiedel behaves as expected. Initial model
testing focused on the underlying components of ¢hergy budget model on which

individual life histories depend. Alongside cheakirmetabolic rates under different

conditions against Excel spread-sheets, we altemdponents that produce predictable
changes in output. For example, if the reproductisimmodel is removed individuals grow to
a larger size. More general testing used informafiom the literature on mortality at

different temperatures, life-spans, maximum repctida rates and carrying capacities of
field populations, to verify overall model perfornte. Major tests conducted due to
problems occurring during model development ardired below. Print statements (display
of key variable values) and spot checks with bagend and patch monitors (manually
checking of agent or patch-specific variables jpaeistep) were used to check the correct
implementation of metabolic algorithms (e.g. masd &emperature relationships) and agent-
patch interactions (e.g. depletion of patch foodsttees equivalent to the ingested food
density of agents per time-step). The model codefwdher independently checked for bugs.

Growth

Under parameterisation (3. Data evaluation) thevr@wonstant parameter was taken as 0.15
without the consideration of temperature effects this value. Thus, when growth
simulations were conducted for verification agaiiitsrature data recorded at 25 °C growth
was under-predicted. The growth constant was coedeto 0.177 under 25 °C using the
Arrhenius function, which when tested against glounder 20 °C (Gunadi et al., 2002) and
25 °C (Reinecke and Viljoen, 1990) produced a bédiitéo the data. This further provides a
consistent set of parameters, relevant to theaeéertemperature 25 °C (Table 1).

Reproduction
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Initially, cocoons were assumed to contain 3 ovin\an energy content Gi(M.(E, + E;)).
Adults thus had to obtain the associated amounerdrgy to reproduce. Yet cocoon
production under variable feeding conditions sutgyéisat once food becomes a limiting
factor adults produce cocoons containing only 1novéurther model testing against the
cocoon production experiments conducted by Reinegice Viljoen (1990) under variable
food densities showed that depositing cocoons sithle ova gave a better fit to the data.

Starvation

Little information exists on the metabolism of &avbrms under starvation. Thus, it was
necessary to use the available data to determieearg metabolic algorithms. Initially, the
loss of mass under starvation was assumed to falownverse relationship to the growth
equation (Eq. 3b). Yet, closer inspection and ngstigainst weight loss data from Gunadi et
al. (2002) showed this to be over-predicted. Ashiagal metabolic rate (BMR) represents the
minimum energy requirement for survival under lingt food conditions, weight loss was
assumed to be proportional to the energy costsMiR B

Software

The model has been implemented in NetLogo (Wilerd€§9), a free software platform. The
program is available in the Supplementary Matesfalohnston et al. (2014). After installing
NetLogo 5.0, which is available for all major optarg systems, users can run our model and
use the graphical user interface and an integrageldto perform simulation experiments
(“BehaviorSpace”, Wilensky and Shargel, 2002). @iegelopers of NetLogo always provide
transition guides to new version of NetLogo, andefkeold versions for download.
Modifications of the program require knowledge athbgo.

6 Model output verification

This TRACE elements provides supporting informationon: (1) how well model output matches observations
and (2) how much calibration and effects of envinental drivers were involved in obtaining good fits
model output and data.

Summary:

In this section it is described how many and whiclparameters were inversely
determined via calibration. As the energy budget pameters in Table 1 were all
directly calculated from literature data sources, nformation on these parameters
are confined to section 3, Data evaluation. Here,ethils on the modelling of the
toxicity submodels are presented. To inversely datmine the most plausible
toxicity submodel (by altering physiological paraméers according to the dose-
response relationships in section 3, Data evaluati we set up the model as in
the corresponding empirical study and evaluated themodel output against
several patterns observed in the respective laboraty populations (following
“Pattern-Oriented Modelling (POM)” and “Akaike Info rmation Criterion
(AIC)".

Calculations for evaluating the fit of the four eotial toxicity submodels (Table 3) to
literature data on growth and reproduction aregesl in the following section. The model
was simulated for each experiment using the diffetexicity submodels. In each submodel,
the specified parameter values were altered acoprdi the dose-response curves obtained
by the data in Fig 5. The value of that parameteten control conditions (0 mg/kg) was the
value estimated in Table 1. For example, in toxisitbmodel T1 the value dt;,,,, at O
mg/kg is 0.70 g/(day/g) (Table 1), whilst if a cheat is reported to have an effect of e.g.
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50% in Fig 5 the value will be altered to 0.35 gfd® Model simulation outputs of mean
individual biomass (g) and number of cocoons predutor each toxicity submodel are
compared to the experimental data of the respestiudy to evaluate the goodness of fit. We
follow the generally methodology of Anderson (206&) model selection. Initially, sum of
square values for the respective submodel fits nowth and reproduction data were
calculated (Table 4).

Table 4. Sum of squares calculated for model outputs ofi getential toxicity submodel compared to
the literature data in each case studyG@ogrowth andR: reproduction.

Toxicity Helling et al. (2000) Maboeta et  Zhou et al. (2007) Zhou et al. (2011)
Submodel al. (2004)
G R G G R G R
T1 0.30 300.4 1.067 0.174 2624 0.015 600.9
T2 0.88 139.9 1.067 0.158 36.55 0.025 374.6
T3 0.13 38.92 1.067 0.014 3.83 0.002 2.27
T4 0.90 228.5 0.018 0.193 623.4 0.043 376.4

In order to account for the difference in scalesasoeed (number of cocoons, individual
biomass), sum of square values required normalissng that each variable is equally
weighted by their respective variance. Table 5 gmts normalised sum of square values
along with variance ratios between growth and repction data.

Table 5. Sample size, standard deviations, variances atiosraf variances between growth and
reproduction values.

Helling et al. (2000) Maboeta et  Zhou et al. (2007) Zhou et al. (2011)
al. (2004)
G R G G R G R

Sample 54 5 30 24 6 6 6

Size
Standard  0.185 5.90 0.068 0.041 7.31 0.05 7.77
Deviation
Variance 0.034 34.80 0.0046 0.002 53.5 0.003 60.37

Ratio 1 1018 0.0046 1 32227 1 24582

Sum of square values for growth and reproductica egere combined and normalized in

a2
&
each case study bi;{;‘ , Whereg; is the normalized difference between the liteatlata

and model output (sum of squares) ands the sample size (Table 5), for growth and
reproduction, presented &$ values for each toxicity submodel in Table 6.

Table 6. Normalizeds” values for combined growth and reproduction inhee&se study compared to
the respective toxicity submodels.
Toxicity Helling et al. (2000) Maboeta et  Zhou et al. (2007) Zhou et al. (2011)

Submodel al. (2004)
T1 0.065 7.73 0.0085 0.0033
T2 0.044 7.73 0.0053 0.0034
T3 0.010 7.73 0.0005 0.0002
T4 0.062 0.13 0.0071 0.0046

AlCc values, expressed adiCc = nlog(6?) + 2n’' (n—nr—l)' wheren’ is the number of

parameters, here represented by the number ofitioxigefficients used in the simulations,
are calculated in Table 7 for ti&#* values in Table 5. Numbers of parameters wereitwo
toxicity submodels T2 & T3 and one in the case bi&I'T4. The difference between toxicity
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submodels4;) was calculated a&;= AlICc; — AIC,,;, WwhereAlC,,;, is the minimum value
of AICc, to identify the best performing model (Anders2a08) (Table 7). Best performing
models are represented by values of zero, andasiorg values show increasing variance
between model outputs and the literature data.

Table 7. AICc and Ai values for each toxicity submodel and case stukg, best performing model
represented by Ai value of zero. * indicates the best performingdityx submodel for a given case study.
Toxicity  Helling et al. (2000) Maboeta et al. (2004) Zhou el. (2007)  Zhou et al. (2011)

Submodel  AlCc Al AlCc Ai AlCc Ai AlCc Al
T1 -159.2 108.3 63.5 122.6 -140.9 82.7 -66.2 30.7
T2 -180.1 87.4 65.8 124.9 -152.8 70.8 -62.9 34
T3 -267.5 o* 65.8 124.9 -223.6 o* -96.9 o*
T4 -162.0 105.5 -59.1 o* -146.3 77.3 -62.2 34.7

When adequate food was provided effects of botlpeopxychloride and chlorpyrifos on
growth and reproduction were best described by @sipg physiological parameters
1, andrg were affected, using toxicity submodel T3. Wheondavas limited, increasing
weight loss at higher concentrations was best testry toxicity submodel T4. Table 8
gives evidence ratioE£Rs) for each toxicity submodel and case study. HRegaquantify the
level of evidence for supporting an alternative eiday comparing the outputs with the best
performing model. Here, Table 8 shows that the adpsnst all toxicity models but the best
performing being better are very high, with evidematios > 1811. Higher values provide
less support for a model.

Table 8.Evidence ratio ER) values for each toxicity submodel. Values traestaow well the models
fit the experimental data, with highER values representing less support.

Helling etal. Maboeta et al. Zhou et al. Zhou et al.
Food (2000) (2004) (2007) (2011)
Toxicity Availability Optimal Limited Near optimal Near optimal
Submodel Sample Size 59 30 30 12
T1 16, 33 x16° 4.1 x 16° 9.1 x 10’ 4.6 x 10
T2 1G, . & T, 9.5 x 106° 1.3 x 167 2.4 x 16° 2.4 x 10
T3 ey 1 1.3 x 167 1 1
m= B 8.1 x 16° 1 6.1 x 1d° 3.4 x 10
T4 B,

7 Model analysis

This TRACE elements provides supporting informationon: (1) how sensitive model output is to changes in
model parameters (sensitivity analysis), and (2y fwell the emergence of model output has been sl

Summary:

The sensitivity of the model to the values of itsgrameters is presented in Table
9. The model was run with the parameter values ofable 1 (N=100) and again
with parameter values increased one at a time by ¥ (N=100) and changes in
model outputs (adult biomass, juvenile biomass ana@ocoon production per
adult) are shown in Table 9. Also shown in Table @re the sensitivity of the model
to the baseline values of the environmental variables varied individually; these

were soil temperature: 25 °C; soil moisture: 60%; and food density: 20g per

patch.
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All simulations were run for one year under thédfistudy conditions outlined in Johnston et
al. (2014).The sensitivity analysis shows the model to be galyerobust to changes in
parameter values (sensitivities < 1) (Table 9). @dkput variables were most sensitive to
parameters affecting temperature relationshipsh attivation energy (sensitivities 1.09 —
1.18), the reference temperature (-0.95 — 1.42) samidtemperature (-0.52 — 0.48) having
most impact. An increase in activation energy redumaintenance costs, making more
energy available for higher growth and reproductiates, whilst an increase in the reference
temperature alters the Arrhenius function. All eammental variable values vyielded
sensitivities in the range -1 to +1. These ressltew the importance of temperature for
earthworm population dynamics.

Table 9. Sensitivity analysis showing ratio of % changesniean output variables to 10% changes in
parameter values, with standard errors. Thus $etist between -1 and +1 represent changes inutsitp
between -10% and +10% of baseline values respéctive

Output Variables
Adult Juvenile Cocoons per

Parameter Biomass Biomass Adult
Assimilation efficiency A¢) 0.03 £0.08 0.02+0.14 0.04 £0.09
Taxon-specific normalization constai,) 0.12 £0.10 0.09 +0.08 0.18 £+0.14
Activation energy ) 1.09 +0.31 1.18 +0.19 1.17+1.11
Energy content of tissu&) 0.12 £0.11 -0.41 +0.19 0.04 £0.12
Energy cost of synthesikd 0.13 +£0.11 -0.01 +0.03 -0.06 +0.12
Energy content of food) -0.06 +0.04 0.08 +0.07 0.11 +0.08
Maximum ingestion ratdG,,,) -0.26 +0.09 0.01 +0.09 -0.10 +0.11
Half saturation coefficienth) 0.01 £0.02 0.01 +0.06 0.03 £0.05
Mass at birth ¥1,) -0.02 +0.06 -0.01 £0.16 -0.10 +£0.04
Mass at sexual maturityv,) 0.07 x0.09 0.26 £0.11 0.01 +0.09
Maximum asymptotic weight\{,) 0.03 £0.07 0.35+0.12 -0.05 +0.10
Mass of cocoonl,) 0.19 £0.13 -0.08 +0.01 -0.10 +0.18
Growth constantrg) -0.02 +0.10 0.08 +0.12 0.08 £0.10
Maximum rate of energy allocation to reproductia) ( 0.02 £0.07 0.01 +0.09 0.03 £0.01
Incubation periodTy) 0.02 +0.03 0.01 £0.10 -0.02 +0.08
Reference temperatur@d) 1.42 +0.13 -0.95 +0.13 1.03 +1.04
Environmental Variable

Soil TemperatureT) 0.48 £0.15 -0.52 +0.09 0.25 +0.22
Soil Moisture M) 0.01 0.10 0.01 +0.08 0.02 +0.01
Food Density X) -0.17 +0.08 0.13 +0.09 -0.09 +0.03

8 Model output corroboration

This TRACE elements provides supporting informationon: How model predictions compare to independent
data and patterns that were not used, and prejeratti even known, while the model was developed,
parameterized, and verified. By documenting modepuat corroboration, model users learn about ewden
which, in addition to model output verification,dicates that the model is structurally realisticthat its
predictions can be trusted to some degree.

Summary:

A number of patterns on the individual life cycle pocesses and population
dynamics of E. fetida have been identified as reproducing well the availde
literature data. The studies used to evaluate modebutput use variable
laboratory conditions (e.g. temperature, food dengy). The energy budget model
is parameterized with data relating to optimal envionmental conditions, and so
good model fits to variable conditions show our moel to realistically represent
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E. fetida physiology. Good model fits to sublethal effects of the pesticides copper
oxychloride and chlorpyrifos further show the methods for identifying how
chemicals achieve their effects. At the population level, good fits to population
density, biomass and stage structure show the potential of the model to
extrapolate to more natural conditions. Simulation details of all results are
available in Johnston et al. (2014).

Individual life cycle processes

Comparisons of model outputs with literature data on growth and reproduction are presented
in Figs. 6 & 7. Simulation of Gunadi et al.’s (2002) experiment shows a good match to data in
both the increasing phase (optimal food) and the descending phase when individuals lost
body mass because the food supply was depleted (Fig. 6a). ). Model predictions of mass loss
during starvation are less accurate in Figs 6b and c, but the discrepancies are in opposite
directions, so it would not be possible to fit both datasets well.

0.5

0.4

A 20 40 60 80 100 120 140 160 180

Mean Individual Biomass (g)

04 50 4 100 4 150
10g 50g 25¢g

Time (days)

Figure 6. Comparison between model outputs (lines) and recorded growth data (points) from a) Gunadi et al.
(2002) b) Gunadi & Edwards (2003) and c) Reinecke & Viljoen (1990). Arrows indicate the time and amounts

of food supplied.

Reinecke & Viljoen (1990) recorded the reproduction rate of E. fetida under optimal (20g
cow manure every 10 days) and limiting conditions (Fig. 7). Model outputs for reproduction
under both optimal and limiting food conditions fit the experimental data well.
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Figure 7. Comparison between reproduction data (number obau produced by 10 individuals in 10-day
intervals) from the a) control group with optimaktling conditions (20g cattle manure every 20 dagsl) b)
experimental group with limiting food conditions Reinecke & Viljoen (1990) (points) and model siatidns
(lines). Arrows indicate the time and mass of feagplied.

Figure 8 and 9 shows growth and reproduction daté& f fetidafrom experimental studies
under various exposures of copper oxychloride anldrgyrifos together with the outputs
from the best performing toxicity submodel simwas run under the same conditions.
Simulation of the Helling et al. (2000) experimshbws good model fits to growth data (Fig.
8a, b) and reproduction data (Fig. 9a) under cbattd maximum concentrations, although at
intermediate concentrations experimental respormkesot increase monotonically with
concentration. However these results are genenadly predicted by submodel T3 in which
the parameters controlling allocation of energygtowth and reproduction are directly
affected. Effects of copper oxychloride on growihMaboeta et al. (2004) (Fig. 8c) were not
explained by imposing stress on physiological patans directing the allocation of energy
(IGmax T8, Tm)- AS the authors in this case study gave a higtsitleof 20 adulte. fetidaa
limited supply of food at the beginning of theirpeximent there were minimal changes in
biomass in the control treatment, indicating thaérgy ingestion was restricted. The data
shows an increase in weight loss with chemical entration, explained by our energy
budget model as the catabolisation of tissue foremsing maintenance requirements. This
mechanism is described by submodel T4, resultingenmodel outputs presented in Fig. 8d
which capture the span of the response. Growthmtatented by Zhou et al. (2007) (Fig. 8e)
shows great variation in individual biomass betwieatment concentrations of chlorpyrifos,
with the standard errors for each treatment ovprtap Yet, based on the mean biomasses
recorded the model provides a reasonable fit tgtbesth data (Fig. 8f) and a good fit to the
reproduction data (Fig. 9b).
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Figure 8. Comparison of experimental toxicity data (left-hand panels) and model simulations of toxicity
experiments (right hand panels). (a, b) the effects of copper oxychloride (Helling et al. 2000) modelled using
submodel T3; ¢, d) copper oxychloride (Maboeta et al. 2004) using T4; and (e, f) chlorpyrifos (Zhou et al. 2007)
using T3.

Zhou et al. (2011) provided the same experimental conditions as Zhou et al. (2007) and
recorded mean individual biomass and cocoon production after 56 days exposure as shown in
Fig. 9 ¢ & d. Submodel T3 again provides a good fit to the data.
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Figure 9. Comparison of model simulations (lines) with toxicity submodel T3 on reproduction (a, b & d) and
growth (c) data (points) recorded after 56 days exposure to copper oxychloride (a) and chlorpyrifos (b, ¢ & d)

from a) Helling et al. (2000), b) Zhou et al. (2007) and ¢ & d) Zhou et al. (2011).

Population dynamics
Patterns of seasonal changes in population density and biomass (Fig 10) are generally well
predicted by the model, although adult density and biomass and cocoon density (Figs 10c, d
& g) are slightly underestimated in spring. The higher cocoon densities observed in spring
may be due to higher temperatures occurring within the manure heap under high population

densities, not considered in the model.
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Figure 10. Comparison between (left-hand panels) field pdpmiadensity data and (right-hand panels)
population biomass data from Monroy et al. (200#gsped line) and model simulations (solid linesphwi
standard errors. a,b: total population; c,d: adults; e,f: juveniles; g: cocoons. Juveniles here comprise the
hatchlings, juveniles and preclittelates that warented separately in the field.
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