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Appendix 1
This Appendix complements the model description in the main 
text and contains the second and third part – Design concepts and 
details – of Grimm et al. ’s (2006) ODD-protocol for the descrip-
tion of individual-based models. The first part of the protocol, the 
Overview, is part of the Methods section in the main text. The 
names of the model parameters appearing in Table A1 are given 
in italics in the text.

Model description – design concepts 

Emergence
Shoot and root biomass and quality dynamics over time emerge 
from the model, as well as the population dynamics of above-
ground herbivores, parasitoids, and hyperparasitoids and below-
ground herbivores and antagonists. Plant and above- and below-
ground herbivore mortality over one growing season also emerge 
from the model.

Sensing
Aboveground herbivores have information on their own body size, 
sex, the shoot biomass they need for survival, shoot quality on 
which their body size depends and whether they are parasitized 
and adult. Aboveground parasitoids have information on their 
own body size, number of remaining eggs, and whether they are 
hyperparasitized and adult. Aboveground hyperparasitoids have 
information on their own body size and whether they are adult. 
Parasitoids and hyperparasitoids have information on the body 
size of the host they emerged from because their own body size 
depends on their host’s body size. 

Interactions
Aboveground herbivore larvae interact with the plant through 
feeding leading to increased shoot quality, reduced shoot biomass 
and induced plant volatile presence. The plant interacts with para-
sitoid adults by increasing their efficiency through the production 
of volatiles. Parasitoid adults kill herbivore larvae before reproduc-
tion, because their offspring destroy the host larva from inside, 
and modify the shoot biomass consumption of their host larvae. 
Hyperparasitoid adults kill parasitoid prematures after parasitism 
of herbivores but before parasitoid reproduction. Root herbivores 
reduce root biomass and root and shoot quality. Belowground an-
tagonists kill root herbivores before reproduction and before they 
can affect the plant.

Stochasticity
All demographic processes (mortalities, reproduction probabili-
ties, sex ratios) and parasitism processes incorporate stochasticity. 

Body sizes are initially drawn from normal distributions. Envi-
ronmental stochasticity is incorporated by drawing the propor-
tion of nutrients that can be extracted by the plant from a normal 
distribution.

Observation 
We record population sizes of aboveground herbivores, parasi-
toids, and hyperparasitoids, as well as belowground herbivores 
and antagonists; root and shoot biomass; root and shoot quality; 
individual body sizes and number of eggs produced for the above-
ground trophic levels.

Model description – details

Initialization
Individuals are created according to initial values of population 
sizes in field experiments (see Initialisation parameters in Table A1). 
Aboveground herbivore, parasitoid, and hyperparasitoid individu-
als are assigned to one list each to facilitate their handling during 
the simulations. Body sizes are drawn from normal distributions 
with mean Average initial body mass of aboveground herbivores and 
corresponding standard deviation (Table A1). The sex of an indi-
vidual is determined by drawing a random number and making 
the individual a female if the random number is smaller than the 
Proportion of females of the respective trophic level and a male oth-
erwise (Table A1). All aboveground individuals initially are in the 
active trophic stage, i.e. hyperparasitoids and parasitoids are adult 
wasps while herbivores start as caterpillars. Parasitoid eggload is 
determined from individual body size:

	 (A1)

where r is the number of eggs, cp,1 and cp,2 are the slope and the 
intercept of the relationship between Number of eggs and own 
head width (Lemasurier 1991), sp is the body size of the parasitoid 
individual, cls,1 and cls,2 are a Factor and an Exponent converting 
body length into body mass (Honek 1993), and chl is the Factor con-
verting head width into body length (Table A1). All input param-
eters are scaled to the specified number of generations per season 
(particularly: maximum number of root herbivore eggs killed per 
antagonist couple lifetime, maximum number of eggs produced 
per female antagonist lifetime, proportional bioturbator effect 
on shoot quality and shoot and root biomass, initial numbers of 
antagonists and root herbivores). Predation mortality of below-
ground herbivore eggs is recalculated to represent mortality per 
antagonist couple:
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where mpred,new is the predation mortality of belowground herbivore 
eggs per antagonist couple, mpred,old is the specified predation mor-
tality of belowground herbivore eggs, manta is the natural mortality 
of antagonists, c is the proportion of antagonist couples equal to 
the proportion of female antagonists or to one minus the pro-
portion of female antagonists (whichever is smaller), antaini is the 
initial number of antagonists and, g is the number of antagonist 
generations per year.

Input
The nutrient pool is raised by a constant amount each time step 
(Nutrient supply in Table A1) and subsequently depleted by plant 
growth (see submodel plant growth below). 

Submodels
The scheduling of the processes tracks the natural sequence of 
events wherever possible (Fig. A1). The order of the individuals 
on the aboveground herbivore, parasitoid and hyperparasitoid 
lists is randomized before demographic and trophic processes are 
applied to them. In the following, the submodels of ABBE are 
described in detail following the sequence of processes in Fig. 
A1.

Plant growth
Each time step, root and shoot biomass are updated separately by 
adding the extractable proportion of the nutrient pool (Nutrient 
uptake efficiency of root in Table A1) multiplied with a factor con-
verting nutrients into biomass. This converting factor can differ 
for root and shoot biomass (Conversion efficiency root and shoot in 
Table A1). The extractable proportion is drawn from a normal dis-
tribution with mean equal to the specified extractable proportion 
and standard deviation equal to 10% of the mean to introduce 
environmental stochasticity. Roots and shoots are independently 
modelled and do not shift with respect to external factors such as 
nutrients or herbivory in the model. This is due to the lack of spe-
cific data quantifying the interaction between nutrient availability 
and herbivory on root-shoot ratio shifts for the set of species our 
parameterization was based on. Our validation shows that such 
extra complexity is not needed in the model, because the current 
version can already explain the observed shoot and root biomass 
values (Fig. 2). For explicit tests of the implications of root-shoot 
ratio shifts for model results, future model versions may incorpo-
rate and contrast alternative hypotheses and expert guesses on the 
interactive effect of herbivory and nutrient availability on root-
shoot ratio shifts.

Bioturbator effect
Bioturbator presence leads to a proportional increase of shoot 
quality, root biomass and shoot biomass of the plant depending 
on the parameters Proportional bioturbator effect on shoot quality, 
root biomass, and shoot biomass, respectively (Table A1). If shoot 
quality is increased to a value greater than 1, it is set to 1.

Shoot herbivore mortality
For each herbivore individual, a random number is drawn from a 
uniform distribution between 0 and 1. If this random number is 

smaller than the Natural mortality of aboveground herbivores (Table 
A1) then the individual is removed from the simulation.

Shoot herbivore size update
If shoot quality is 1, individual shoot herbivore body size is drawn 
from a normal distribution with mean Average initial body mass of 
aboveground herbivores and the respective standard deviation (Ta-
ble A1). If shoot quality is smaller than 1, mean and standard 
deviation are first multiplied with the Body mass proportion on low 
quality plants (average and SD, Table A1) to represent the negative 
effect of lower shoot quality on herbivore body size.

Volatile induction
If at least one aboveground herbivore individual is present, plant 
volatiles are induced resulting in an increase of the Parasitism suc-
cess probability of the aboveground parasitoid (Volatile-induced 
parasitism success probability increase in Table A1).

Shoot quality update
If at least one herbivore individual is present, shoot quality is in-
creased by Shoot quality increase due to aboveground herbivores (Ta-
ble A1). If shoot quality is increased to a value greater than 1, it 
is set to 1.

Parasitoid mortality
For each parasitoid individual, a random number is drawn from a 
uniform distribution between 0 and 1. If this random number is 
smaller than the Natural mortality of aboveground parasitoids (Table 
A1) then the individual is removed from the simulation.

Parasitoid reproduction and body size update
Aboveground parasitoids reproduce if they can successfully para-
sitise a herbivore individual. Every herbivore can potentially be 
parasitized by every parasitoid. Parasitoids and herbivores meet 
in randomized order. Parasitism is successful if the parasitoid is 
an adult female that still has at least one egg remaining and that 
is assigned a random number smaller than the Parasitism success 
probability (Table A1). The successful parasitoid will lay Number of 
eggs per host eggs or all its remaining eggs, whichever is the smaller 
value. Every egg gives rise to a juvenile parasitoid whose body mass 
depends on the body mass of its host including stochastic varia-
tion:

sp = (rnd · 2 · cs,CI + (cs – cs,CI)) · sh

where rnd is a random number from a uniform distribution be-
tween 0 and 1, cs is the slope of parasitoid Body mass per host body 
mass (R. Soler unpubl.), cs,CI is the 95% confidence interval of this 
slope (R. Soler unpubl.), and sh is the body mass of the above-
ground herbivore serving as host. Once a parasitism attempt was 
successful, the herbivore cannot be parasitised anymore, but the 
parasitoid can parasitise other herbivores if it still possesses eggs. 

Shoot herbivore consumption of shoot biomass
Before shoot herbivores affect shoot quality (see submodel Shoot 
quality update above), the amount of shoot biomass that one 
aboveground herbivore is removing in its lifetime (shoot portion) 
is determined as Maximum amount shoot biomass eaten per shoot 
quality unit divided by shoot quality. If shoot quality is 0, the shoot 
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portion is equal to the whole shoot biomass. Parasitised herbivores 
remove a shoot portion reduced by the Proportional consumption 
reduction due to parasitism (Table A1), non-parasitized herbivores 
remove the shoot portion. If the shoot biomass is smaller than the 
shoot portion, shoot biomass is set to 0 and the current herbivore 
dies as well as those herbivores that did not have their shoot por-
tion yet. 

Shoot herbivore mortality through parasitism
Parasitised herbivores die after consumption (but before reproduc-
tion). After consumption, the status of the surviving herbivores 
(that were neither parasitised nor suffered from food shortage) 
changed from caterpillar to adult.

Hyperparasitoid mortality
For each hyperparasitoid individual, a random number is drawn 
from a uniform distribution between 0 and 1. If this random 
number is smaller than the Natural mortality of aboveground hy-
perparasitoids (Table A1), then the individual is removed from the 
simulation.

Hyperparasitoid reproduction incl. body size update
For every hyperparasitoid adult female, the individual number of 
eggs is determined as Number of eggs per adult body mass times 
individual body mass (J. A. Harvey unpubl., Table A1). As long as 
a hyperparasitoid has remaining eggs, it gets the chance to lay an 
egg into each juvenile parasitoid, meeting the parasitoids in rand-
omized order. Hyperparasitism is successful if a random number 
from a uniform distribution between 0 and 1 is smaller than the 
Hyperparasitism success probability (Table A1) and the parasitoid is 
not yet hyperparasitised. If hyperparasitism is successful, a juvenile 
hyperparasitoid is created with body mass

sh = cph,1 · sp + cph,2

where cph,1 and cph,2 are the slope and the intercept of the relation-
ship of hyperparasitoid Body mass per host body mass (Table A1), 
and sp is the body mass of the parasitoids.

Parasitoid mortality through hyperparasitism
Hyperparasitised parasitoids die through parasitism before they 
can reproduce but after they affected herbivores.

Hyperparasitoid adult mortality
Hyperparasitoid adults die after the hyperparasitism process re-
gardless of whether the hyperparasitism was successful or not. Hy-
perparasitoid juveniles become adults.

Parasitoid adult mortality
Parasitoid adults die at the end of each time step regardless of 
whether parasitism was successful or not. Parasitoid juveniles be-
come adults and obtain an individual number of eggs depending 
on their body size based on Eq. A1.

Plant mortality due to shoot herbivory
If shoot biomass is smaller than Minimum proportion of initial 
shoot biomass for plant survival (Table A1) multiplied with initial 
shoot biomass, the plant dies regardless of root biomass.

Antagonist mortality
The population size of belowground antagonists is reduced ac-
cording to the Natural mortality of belowground antagonists (Ta-
ble A1) including demographic stochasticity. Antagonists have 
only two generations per year instead of 4 generations of all other 
trophic levels. Therefore, mortality is applied only every second 
model time step for antagonists while it is applied at every time 
step for all other trophic levels.

Antagonist reproduction
Antagonist reproduction depends on the number of eggs of the 
root herbivore that are successfully acquired. Every antagonist 
couple attempts to kill root herbivore eggs until either the root 
herbivore eggs are all dead or the Maximum number of below-
ground herbivore eggs killed per antagonist couple lifetime (Table A1) 
is reached (whichever happens first). The killing is successful if a 
random number drawn from a uniform distribution between 0 
and 1 is smaller than the per couple predation mortality of root 
herbivore eggs. This mortality is derived from the Predation mor-
tality of root herbivore eggs (Table A1) by applying Eq. A2. The 
number of antagonist couples is calculated as the product of the 
current number of antagonists and the Proportion of female antago-
nists or one minus this proportion (whichever is smaller; Table A1). 
The antagonists produce one new offspring if a random number 
drawn from a uniform distribution between 0 and 1 is smaller 
than the ratio of the Maximum number of eggs per female lifetime 
and the Maximum number of belowground herbivore eggs killed per 
antagonist couple lifetime (Table A1). Since one antagonist genera-
tion corresponds to two root herbivore generations, antagonists 
can attack root herbivores twice during one generation, but their 
offspring is collected until the end of one antagonist generation. 
Then, all old antagonists die, and the new offspring represents the 
new adult population.

Root herbivore predation mortality
If the killing attempt of the antagonists as described in the previ-
ous section is successful, the population size of the root herbivores 
is reduced by one.

Root herbivore mortality
Since the literature estimates of the Natural mortality of the root 
herbivores includes egg predation (Table A1)(Hughes and Mitch-
ell 1960), natural mortality has to be recalculated excluding egg 
predation mortality:

where mr,new is the natural mortality of root herbivores exclud-
ing egg predation, mr,old is the Natural mortality of root herbivores 
including egg predation, and mpred,old is the Predation mortality of 
eggs (Table A1). The population size of root herbivores is reduced 
according to this new root herbivore mortality including demo-
graphic stochasticity. 

Root herbivore consumption of root and effect on root and shoot 
quality
The remaining root herbivores decrease the root biomas according 
to the Proportional root biomass decrease per individual (Table A1):

bro,new = bro,old – nr · crro · bro,old
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where bro,new and bro,old are the root biomass after and before root 
herbivory, Nr is the population size of root herbivores, and crro is 
the Proportional root biomass decrease per individual. When at least 
one root herbivore is present, root and shoot quality are decreased 
by the Proportional root and shoot quality decrease (Table A1).

Plant root-herbivory mortality
If root biomass is smaller than Minimum proportion of initial root 
biomass for plant survival (Table A1) multiplied with initial root 
biomass, the plant dies regardless of shoot biomass.

Shoot herbivore reproduction
For each adult female shoot herbivore, a random number is drawn 
from a uniform distribution between 0 and 1. If this random 
number is smaller than the Reproduction probability of an adult 
(Table A1), the herbivore produces offspring. The number of off-
spring depends on its own body mass:

rh = csr,1 · sh + csr,2

where rh is the number of offspring of the herbivore, csr,1 and csr,2 

are the slope and the intercept of the relationship between Number 
of eggs and own body mass (Table A1)(Gilbert 1984), and sh is the 
body mass of the herbivore. For each offspring, the sex is deter-
mined by drawing a random number from a uniform distribution 
between 0 and 1. If this number is smaller than the Proportion 
of female shoot herbivores, the offspring is female. Every offspring 
obtains the Average initial shoot herbivore body mass as body mass. 
The parents die after having produced the offspring.

Root enemy reproduction
The number of root herbivore couples is determined as the prod-
uct of the number of root herbivores and the Proportion of females 
or one minus the Proportion of females (whichever is smaller; Table 
A1). Each root herbivore couple can potentially produce Number 
of eggs per female lifetime (Table A1) number of eggs. If a random 
number drawn for every egg from a uniform distribution between 
0 and 1 is smaller than the Egg viability (Table A1), one offspring 
is produced. The adults die after reproduction and offspring be-
come adults.
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Figure A1. Scheduling of the main processes in the simulation model ABBE. Processes occur aboveground (white boxes), belowground 
(black boxes), or both above- and belowground (grey boxes).
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Figure A2. Overview of the treatment combinations tested in the simulation experiments. Treatments were presence (black boxes) and 
absence (white boxes) of the trophic levels named in the flow diagram on the left. Arrows indicate interactions.


