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How artificial potential field
algorithms can help to simulate
trade-offs in movement
behaviour of reef fishes

Maren Kruse1,2*, Christian Meyer1, Fabian Schneekloth1,3

and Hauke Reuter1,2

1Department Theoretical Ecology and Modelling, Leibniz Centre for Tropical Marine Research
(ZMT), Bremen, Germany, 2Faculty of Biology and Chemistry, University of Bremen,
Bremen, Germany, 3Faculty of Informatics, University of Bremen, Bremen, Germany
Introduction: Space use patterns in fish result from the interactions between

individual movement behaviour and characteristics of the environment.

Herbivorous parrotfishes, for instance, are constrained by the availability of

resources and different predation risks. The resulting spatial distribution of the fish

populationcanstrongly influencecommunitycompositionandecosystemresilience.

Methods: In a novel approach, we combine individual-based modelling (IBM)

with an artificial potential field algorithm to realistically represent fish

movements and the decision-making process. Potential field algorithms,

which are popular methods in mobile robot path planning, efficiently

generate the best paths for an entity to navigate through vector fields of

repellent and attracting forces. In our model the repellent and attracting forces

are predation risk and food availability, both implemented as separate grid-

based vector fields. The coupling of individual fish bioenergetics with a

navigation capacity provides a mechanistic basis to analyse how the habitat

structure influences population dynamics and space utilization.

Results: Model results indicate that movement patterns and the resulting

spatial distributions strongly depend on habitat fragmentation with the

bioenergetic capacity to spawn and reproduce being particularly susceptible

processes at the individual level. The resulting spatial distributions of the

population are more irregularly distributed among coral reef patches the

more the coral reef habitat becomes fragmented and reduced.

Discussion: This heterogeneity can have strong implications for the delivered

ecosystem functioning, e.g., by concentrating or diluting the grazing effort. Our

results also highlight the importance of incorporating individual foraging-path

patterns and the spatial exploitation of microhabitats into marine spatial

planning by considering the effects of fragmentation. The integration of

potential fields into IBMs represents a promising strategy to advance our

understanding of complex decision-making in animals by implementing a

more realistic and dynamic decision-making process, in which each fish
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weighs different rewards and risks of the environment. This information may

help to identify core areas and essential habitat patches and assist in effective

marine spatial management.
KEYWORDS

connectivity, decision-making, diel movements, fish bioenergetics, habitat
fragmentation, individual-based modelling, potential fields
1 Introduction
Movement of organisms is a key issue in naturally

fragmented landscapes (Turchin, 1991; Zollner et al., 1999)

like tropical coastal habitats, and an important link between

individual life history and population dynamics (Nathan et al.,

2008; Morales et al., 2010; McClintock et al., 2014). Also, animal

movement is one of the primary ways that mobile organisms can

adapt to changing environments (Railsback et al., 1999; Smouse

et al., 2010). This makes movement at all different spatial scales

relevant to most current environmental concerns in the marine

realm like coastal development, overexploitation of natural

resources, or increasing degradation of habitats (Nathan

et al., 2008).

Animal movement behaviour is notoriously complex and

generally considered to consist of directed responses to social

and environmental cues, resulting in space use patterns that

represent trade-offs between energy gain, survival, and

reproduction (Davis et al., 2017). Also, the possible

involvement of many different environmental factors such as

predation risk and habitat complexity as top-down controls or

food availability as bottom-up drivers (Roff et al., 2019)

complicate the analysis of potential driving forces and causal

interconnections. Ultimately, animal distribution is often the

result of individual compromises between (habitat-related)

resource availability, predation risk, and competition (Tootell

and Steele, 2016).

With regard to habitat features, fish, for instance, are known

to be responsive to the physical three-dimensional structure and

spatial arrangement (i.e. configuration) of the underlying

seascape and the diversity and extent of the associated benthic

habitats (Hart, 1993; Chapman and Kramer, 1999; McClanahan

and Arthur, 2001; Grober-Dunsmore et al., 2007; Gullström

et al., 2008; Grüss et al., 2011). Especially in coral reefs with their

highly complex architecture habitat structure has been proven to

be an important determinant for species abundances, diversity,

and biomass (Gratwicke and Speight, 2005a; Gratwicke and

Speight, 2005b; Wilson et al., 2006; Alvarez-Filip et al., 2009)

and is thus recommended to be explicitly considered when

investigating fish-habitat relationships (Harborne et al., 2012).
02
The central mechanism by which topographic complexity

influences population level processes is based on the

modulation of interactions among individuals: Encounter rates

between prey and predators, the likelihood of an attack or the

escape probability of prey are altered in dependence on the

habitat structure, e.g. by providing more or less suitable refuges

(Lima and Dill, 1990; Beukers and Jones, 1998; Friedlander and

Parrish, 1998; Jones and Syms, 1998; Overholtzer-McLeod, 2006;

Pratchett et al., 2008; McCormick and Lönnstedt, 2013; Catano

et al., 2016; Roff et al., 2019). Prey organisms may therefore be

reluctant to leave their preferred substratum and cross large gaps

of habitats of low structural complexity such as sand (Chapman

and Kramer, 2000; Turgeon et al., 2010). This behaviour leads to

a continuum of risky and safe areas within a prey’s environment,

also referred to as the ‘landscape of fear’ (Laundré et al., 2001),

which has been demonstrated in terrestrial (Gorini et al., 2012)

as well as marine ecosystems (Wirsing et al., 2008; Madin et al.,

2011; Matassa and Trussell, 2011; Catano et al., 2016). When

making movement decisions habitat features may thus present

physical barriers while others facilitate movement, and an

increasing fragmentation may severely affect how animals use

their space.

By regulating and restricting movements of the individual,

the configuration of the seascape at the same time shapes the

structure and spatio-temporal distribution of the fish population

(Hart, 1993; Bellwood and Hughes, 2001; Nemeth and

Appeldoorn, 2009). However, by constraining a fish’s

movements the seascape has yet another, important effect:

depending on the degree of fragmentation the seascape may

force a foraging fish to not always take the shortest possible path

from shelter to food and vice versa (Hart, 1993). As locomotion

is metabolically costly for fish (Brett and Groves, 1979; Calow,

1985) these detours may have a severe impact on a fish’s energy

budget. All these organism-seascape linkages are likely to be of

particular importance in coral reef systems as heterogeneous

environments with a patchy distribution of different habitat

types from highly complex reef structures to open flat sandy

bottoms (Gil et al., 2017).

To date, surprisingly little is known how habitat structure

and behavioural characteristics of organisms like adult fishes are

interlinked (Beets et al., 2003; Holyoak et al., 2008). This is true
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for marine habitats in general and coral reefs in particular (Levin

et al., 2000; Welsh and Bellwood, 2014) and relates to empirical

as well as modelling studies (Williams et al., 2010). Due to its

complexity, however, it is difficult to empirically capture the full

range of spatial and temporal variability of movement behaviour

(Reuter et al., 2005; Curley et al., 2013) or measure how

environmental changes such as increasing habitat fragmentation

may impact the physiology and viability of individual organisms

(Nisbet et al., 2012). Moreover, for effective protection, it is not

only important to be able to analyse observable patterns but also

to anticipate what will happen to fish populations as a result of

current or future environmental changes (Sutherland, 1998;

Stillman et al., 2015).

It thus seems that empiricism alone does not offer a practical

way to disentangle potential driving forces and simulation

models may build a bridge between experimental studies and

management decisions. When based on behavioural decisions

these models can account for adaptive behaviour like phenotypic

plasticity (Reuter et al., 2008) and elucidate potential

consequences of habitat loss and fragmentation (Sutherland,

1998; Semeniuk et al., 2011). Since animal movement is

inherently an individual-level process (Tracey et al., 2011) and

inter-individual variation omnipresent (Semeniuk et al., 2011),

individual-based models (IBMs, see e.g. Breckling, 2002; Grimm

et al., 2006) are particularly suitable to study small-scale

movement behaviour in heterogeneous environments.

It is critically important to ensure that individuals in the

model are reacting in a way that results in realistic distribution

patterns to be able to estimate population dynamics accurately.

To date, model assumptions of movement processes often lack a

great deal of realism or models do not incorporate condition-

depending movement strategies, which can yield inaccurate and

costly predictions (Grüss et al., 2011). Thus far one of the most

common methods for incorporating movement into ecological

models has been simple or correlated random walk based on

probabilistic jumps into the adjacent cell of a grid (Tischendorf

and Fahrig, 2000; Bartumeus et al., 2005; Codling et al., 2008).

However, the implementation of complex movement behaviours

is beginning to occur (see Hölker and Breckling, 2005; Jopp and

Reuter, 2005; Botsford et al., 2009) with few modelling attempts

having been made in marine ecosystems. IBMs dealing with fish

movements in coastal habitats have largely focused on larval

dispersal (Hinckley et al., 1996; Hermann et al., 2001; Cowen,

2006) and rarely include small-scale migration patterns of

juvenile and adult fishes or more sophisticated vector-based

movement rules in relation to landscape features (Tracey

et al., 2011).

Against this background, we aim to examine the relationship

between seascape structure and diel movement patterns of

herbivorous parrotfishes in coral reef systems to broaden our

understanding of the factors that influence the abundance and

distribution of this functional group. Parrotfishes are of great

ecological and economic importance from temperate to tropical
Frontiers in Marine Science 03
coastal ecosystems (Hughes et al., 2007; Unsworth et al., 2007;

Lokrantz et al., 2008; Bonaldo et al., 2014; Welsh and Bellwood,

2014) and are found on almost every coral reef worldwide (Hoey

and Bonaldo, 2018; Mumby et al., 2006; Hughes et al., 2007; Russ

et al., 2015; Roff et al., 2019)

To allow for an exploration of causes and mechanisms of

small-scale movements we deem it essential to model and

integrate (i) individual rule-based movement behaviour with

(ii) a spatially explicit representation of the benthic habitats

under consideration of (iii) the energetic trade-offs that are

involved in the movement decision-making process regarding

costs (risk of predation and/or starvation) and benefits (food,

survival, and/or reproduction). To this end, we propose a

spatially-explicit IBM that links the movement decision-

making process of the individual fishes with two main

functional aspects of the seascape we assume to be most

relevant in this context: the habitat-dependent food availability

(as a bottom-up control) and risk of predation (as a top-down

control) due to changing topographic complexity (Christensen

and Persson, 1993; Colgan, 1993).

Conceptually we follow the framework proposed by Nathan

et al., (2008) and implement four basic components (internal

state, motion capacity, navigation capacity, and external factors)

to capture the relevant processes of a parrotfish’s movement

ecology (Figure 1). The dynamic interaction between the fish

and the seascape arises from a fish`s ability to sense changes in

food availability and predation risk in different habitats (Werner

et al., 1983; Colgan, 1993) and adjust its velocity accordingly

(Milinski, 1993). A fish’s motion capacity is thus directly related

to food intake and habitat changes and affects the fish`s energy

budget (internal state) by determining the swimming costs

(Ohlberger et al., 2006). Ultimately, the habitat-dependent

food availability, which controls the possible energy gain,

combined with predation risk as the second modelled habitat

feature decide on the fish`s growth and survival.

To realistically simulate landscape-related movement we

incorporate a vector-based movement algorithm that uses

artificial potential fields. Potential field approaches are

commonly used in computer games and mobile robotics, where

they were first introduced by Khatib (1986) and made popular by

Arkin and colleagues (Arkin et al., 1987; Arkin, 1989). Based on a

physics analogy, these methods treat a (moving) agent as a

charged particle acting under the influence of a dynamic

magnetic (potential) field representing the current structure of

the spatial environment (Connell, 1990; Dudek and Jenkin, 2010).

By assigning charges of various magnitudes to all other objects

and/or locations in this environment (based on prior knowledge),

attractive and repulsive forces are computed navigating an agent

in a particular direction. Analogous behaviour can also be

perceived in nature, when e.g., reef fishes avoid moving through

areas of high predation risk as if ‘repelled’ resulting in the above-

mentioned ‘landscape of fear’ (Laundré et al., 2001; Catano et al.,

2016). Combined with their mathematical elegance and simplicity
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(Raja and Pugazhenthi, 2012) this similarity and flexibility make

artificial potential fields an appealing approach for the exploration

of organismic reactions to landscape structure and its

heterogeneity. In our model, the external factors are

implemented as attractive (food availability) and repulsive forces

(predation risk) thereby acting as the environmental stimuli of the

benthic seascape for a fish to move in a particular direction.

Behavioural traits such as the formation of harems and/or social

groups or territoriality, which are common in reef fish (e.g.,

Mumby and Wabnitz, 2001; Catano et al., 2015) may also

influence movement trajectories of parrotfishes, but were not

included in the focus of this study.

With our model we mainly address the following questions:

(i) How do small-scale behavioural decisions affect key life

history traits such as energy budgets, survival, and the

(bioenergetic) ability to reproduce of the model species? (ii)

How do these individual decisions influence population

dynamics and the spatial distribution as self-organized spatial

structures of model species? (iii) What are potential responses on

the individual as well as the population level to changing

environmental conditions like an increasing habitat

fragmentation? (iv) How does the spatial configuration affect

energetic gains and costs (e.g., growth and survival)?
Frontiers in Marine Science 04
2 Material and methods

In this section, we briefly describe the proposed IBM

coarsely following the Overview, Design Concepts, and Details

(ODD) protocol (Grimm et al., 2006; Grimm et al., 2010; Grimm

et al., 2020). A complete model description with detailed model

flows, equations, and parameterization along with model

validation and the results of the sensitivity analysis is available

in Appendix A1 (complete ODD), Appendix A2 (model flow),

and Appendix A3 (sensitivity analysis).

Our model has been developed using the object-oriented

programming language Java (version 1.8) with the MASON

multi-agent simulation toolkit (see https://cs.gmu.edu/

~eclab/projects/mason/) and it is available at GitHub

(https://github.com/makruse/kitt_model.git). Subsequent

data analysis of model outputs is performed using Python 3

with Jupyter Notebook 5.7.4. The model is designed and

parameterized based on our field observations of the study

system and target organism (unpublished data) as well as the

comprehensive literature data available regarding the life

cycle, bioenergetics, and general ecology of parrotfishes, in

particular the Daisy parrotfish (Chlorurus sordidus) as a

ubiquitous and well-studied member of this functional group.
FIGURE 1

Overview of basic model processes and linkages between model compartments according to the listed components where, how, why … to
move in Nathan et al. (2008). → flow of energy, ⇨ flow of information, ⇢ conditional fluxes of energy or information, ◊ compartment size
depending on individual body length, ♀ applies solely to female individuals.
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2.1 Purpose

To better understand how the seascape configuration influences

small-scale movement decisions of herbivore parrotfishes we

developed a spatially explicit simulation model that represents the

bioenergetics of individual fishes, their diel movement behaviour,

and the resulting population dynamics (Figure 1).

Our specific goals in this study are to assess (i) how trade-offs

between effectively foraging and avoiding the risk of predation at

the individual level may affect individual growth and energy

budgets, as well as the spatial distribution of a population and its

(long-term) survival and (ii) whether different habitat

configurations with a varying degree of fragmentation may

have the potential to enhance or alleviate any of the observed

effects. To this end, we simulate six different scenarios with

varying spatial compositions and configurations of the benthic

seascape (Table 1). The general map structure mimics those of

coral reefs encountered during a field study in Northern

Sulawesi (Indonesia) and scenarios were constructed keeping

the general structure of reef patches with a decrease in cover and

increase in fragmentation.
2.2 Entities, state variables, and scales

Our model encompasses two entities, the individual reef fish

(Appendix A2.1) and the surrounding environment (Appendix

A2.2), and three hierarchical levels, the individual, the

population, and the underlying benthic seascape.
Frontiers in Marine Science 05
The model fishes are programmed generically and are here

parametrized to represent herbivorous parrotfishes with their

coarse life cycle (from post-larval juveniles to adult terminal

phases) and bioenergetics following Hölker and Breckling

(2005). The state variables of individual fishes (e.g., biomass,

length, age) are updated according to a set of rules (behavioural

repertoire) including all main activities a fish exhibits during a

24 h cycle such as moving, feeding, growing, reproducing, and

resting. Each of the behavioural processes is associated with

different energetic gains and costs (in kJ) constituting the

model’s ‘currency’ [following Hart (1993)]. A full description

of all state variables and execution flows can be found in Table

A2.1 and sections Appendix A2.1.1 - A2.1.9.

The virtual environment consists of four principal

components to represent the fish-seascape link with its potential

key drivers (risk of predation and food availability) for movement

decision-making at the spatio-temporal scale of diel movement

behaviour: The seascape (HabitatMap) with its food resources

(FoodMap), predation risk (PredationRiskFactors), and the time of

day (TimeOfDay).

Both, the HabitatMap and the FoodMap are 2D grids of

identical size and resolution and constitute the spatial base for

the simulation. The FoodMap describes habitat-dependent food

resources while the HabitatMap defines the seascape with

different habitat types and depicts information on the habitat-

dependent predation risk (PredationRiskFactors). The abiotic

factor daytime (TimeOfDay) functions as the main controlling

force for a fish’s daily activities (Helfman, 1993; Bellwood, 1995).

Detailed descriptions, state variables, and parameter settings for
TABLE 1 Overview of tested scenarios with six alternative seascape settings (I-VI).

Movement strategy PERCEPTION (movement algorithm based on potential fields)

Basic assumptions:
* Behavioural explicit with adaptive movement decision-making, i.e., individuals can navigate in space and time and adapt their behaviour (i.e., direction of next
movement step and/or swimming speed) to changing environmental conditions (i.e., food availability and predation risk)
• Individuals can sense and respond to (changing) habitat features via their perception range, which serves as an informational window to the surrounding seascape

I. Scenario Default II. Scenario Connected III. Scenario Patchy_80 IV. Scenario Patchy_60 V. Scenario Patchy_40 VI. Scenario Patchy_20

Continuous coral reef
habitat of 0.1 km2 along a
coastline of 0.035 km2

Coral reef habitat of
0.07 km2 surrounded by
sandy bottom patches of
0.03 km2 along a coastline
of 0.035 km2

Coral reef patches of
0.056 km2 separated by
sandy bottom habitat of
0.044 km2 along a
coastline of 0.035 km2

representing a loss of
coral reef habitat of 20%

Coral reef patches of
0.042 km2 separated by
sandy bottom habitat of
0.058 km2 along a
coastline of 0.035 km2

representing a loss of
coral reef habitat of 40%

Coral reef patches of
0.028 km2 separated by
sandy bottom habitat of
0.072 km2 along a
coastline of 0.035 km2

representing a loss of
coral reef habitat of 60%

Coral reef patches of
0.014 km2 separated by
sandy bottom habitat of
0.086 km2 along a
coastline of 0.035 km2

representing a loss of
coral reef habitat of 80%
Habitat types are indicated in blue = coral reef, yellow = sand, and white = mainland (to simulate coastlines).
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all environmental components appear in Table A2.3 and

sections Appendix A2.2.1 - A2.2.4.

For our simulation runs, we used an artificial HabitatMap

designed to represent typical habitat configurations in tropical

coastal environments. The six variants of this map (Table 1)

differ in the size of coral reef patches, which are separated by

areas of sandy bottom. The coral reef habitat was successively

reduced by 20% between scenarios following reported

destruction rates, which can be as high as 69% in one year as

measured on the Great Barrier Reef after a major bleaching event

(Schaffelke et al., 2016). Due to a lack of empirical values with

regard to habitat-related mortality rates and computational

constraints we model the risk of predation as an increment of

the natural mortality rate, which changes depending on the

topographic complexity of each habitat type (Pratchett et al.,

2008; Welsh and Bellwood, 2012a; McCormick and

Lönnstedt, 2013).

The FoodMap holds all relevant information on food

availability implemented as an abstract calorific value for

epilithic algal turf. We consider this abstract level of the food

resource to be sufficient for modelling relevant population

dynamics. Algal turf, which is ubiquitous on coral reefs and

one of the largest sources of primary production in these systems

(Tootell and Steele, 2016), is one of the main food sources of

many parrotfishes (Polunin et al., 1995). It is also, however, a

food source of low energetic value and parrotfish must therefore

continuously feed throughout the day to satisfy their daily

energy demands (Chen, 2002). To incorporate feedback

processes between individual fishes and the algal food

resources we add a regrowth function [following Kelly

et al. (2017)].

We set the spatial resolution (grid cell size) to 1 m so that

1 pixel of both, the HabitatMap and the FoodMap, corresponds

to 1 m2. This reflects the size of a patch that a parrotfish may use

in one feeding bout as well as the typical scale comprising a fish’s

choice of movement to a new food patch according to field
Frontiers in Marine Science 06
observations of short-term foraging ranges of parrotfishes (Nash

et al., 2012; Tootell and Steele, 2016). It also allows the capture of

fish movements in detail as well as the representation a fish’s

interaction with the surrounding environment based on habitat

patchiness or changing spatial distribution of local resources.

The simulated landscape equals a total area of 0.135 km2 (450 x

300 pixel) encompassing typical home range sizes of < 500 m2 of

diurnal herbivores like parrotfishes (Welsh and Bellwood, 2012b;

Green et al., 2015). Time proceeds in discrete time steps at a high

resolution of 1 s to allow for the emergence of habitat-related

movement patterns which have been suggested to only be

discernible at a narrow range of temporal resolutions (Avgar

et al., 2013).
2.3 Process overview and scheduling

2.3.1 Process overview
Our model includes four processes related to a fish’s lifecycle

(moving, growing, reproducing, and feeding) and one involving

the regrowth of food sources (Figure 2). At every time step each

fish can individually evaluate which behaviour is appropriate to

the local surroundings and its energy demands to allow for

short-term behavioural responses to its internal energetic state.

2.3.2 Scheduling
To mimic a fish’s natural behaviour during a 24 h cycle the

scheduling of fish’s activities needed to find a compromise

between a biologically meaningful yet computationally

practical order. To reflect the overriding and predictable

constraint the diel cycle imposes on the behaviour and activity

of fishes (Helfman, 1993) we implement the factor TimeOfDay

(Appendix A2.2.4) which primarily controls a fish’s behaviour

(Appendix A2.1.2). Parrotfishes like C. sordidus as diurnal

herbivores spend on average about 90% of daylight hours

foraging with abruptly starting and stopping to feed at dawn
FIGURE 2

Schematic overview and execution order of main modules and model processes (in italics). Dotted black lines indicate which modules of a fish’s
life loop are part of a certain process. Dashed grey lines and arrows illustrate influencing environmental factors.
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and dusk (Bellwood, 1995). At dusk, they move to boulders or

rocks on the reef slope to sleep (Bellwood, 1995). Though

feeding activity of parrotfish might vary over the course of the

day (Bellwood, 1995; Zemke-White et al., 2002), we use a

simplified, i.e., constant influence of the diel cycle to maintain

efficient model computation. Thus, depending on TimeOfDay

our diurnal model fish either forage, rest or migrate from resting

to feeding habitats or vice versa.

A model fish with the status of active and hungry will move

to search for food based on a spatially informed movement

algorithm (for this we use the concept of potential fields

described below and in detail in Appendix A2.1.3). On a food

cell a fish will deplete the resources according to its body-size-

dependent feeding rate (meanIngestionRate) until it has gained

enough energy to meet its energetic demands (Appendix A2.1.9).

The model uses individual energy budgets for each fish to

describe the partitioning of the ingested energy into metabolic

processes, deposited as new body tissue (including

reproduction), or lost as waste products (Willmer et al., 2005)

In case more energy is consumed than assimilated the fish

will eventually die because of starvation. All assumptions

underlying the allocation and conversion of energy are

detailed in Appendix A1.2 and A2.1.6-A2.1.9 with all related

parameters listed in Table A2.2.

Apart from starvation, a model fish can also die due to

predation (Appendix A2.2.3), senescence (Appendix A2.1.5), or

due to background mortality (Appendix A2.1.4). In the

DEFAULT scenario all types of mortality are implemented to

approximate a total annual mortality rate of 0.3 to 0.4 year-1

without fishing as fishing mortality is not (yet) implemented in

our model.

Individual fishes are referred to either as juveniles

(considered as non-reproductive females), females, or males.

C. sordidus is a protogynous species and we thus include female-

to-male sex change in our model. This is important because

ignoring life history variation in assessing stock dynamics has

been demonstrated to lead to an overestimation of spawning

biomass (Alonzo et al., 2008). Female fishes in their initial phases

can spawn as soon as they have acquired enough energy

resources in their reproduction storage (Appendix A2.1.8).

Spawning can occur during each time step as parrotfishes like

C. sordidus are known to spawn daily and throughout the year

with no clear seasonal patterns (McIlwain and Taylor, 2009).

Following Lewis (1997), Miller et al. (2001) and Miller and

Kendall (2009) and to ensure a stable (self-recruiting) model fish

population over time we assume that two juvenile individuals

per female and spawning event (NumRecruits) settle within the

population after the timespan of a post-settlement age of

120 days had passed [following McIlwain and Taylor (2009)].
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2.3.3 Movement
To navigate through its surroundings a model fish can make

an informed movement decision based on perceived

environmental conditions regarding food availability and

predation risk. At each time step, the actual movement step is

modelled discretely using a vector-based swimming algorithm

based on the step length (defined by the current speed) and the

turning angle (direction). The direction (in degree) is computed

using artificial potential field algorithms (see Appendix A2.1.3

for details) and constrained by a maximum turning range and a

spatial perception range, while the actual speed value (in cm s-1)

is determined by the fish’s current activity and the underlying

habitat type.

To realistically depict a fish’s response toward the seascape

characteristics we incorporate a perception radius for each

relevant habitat feature. This radius functions as a spatial

range, in which a fish will react to a certain feature and

include it in its movement decision. For the risk of predation,

we set the perception range (perceptionRadiusPredation) to 10 m

(Myrberg and Fuiman, 2002). For computational reasons the

inclusion of the dynamic habitat feature food availability in the

decision-making process is limited to the next eight directly

adjacent cells. These neighbouring cells represent the perception

range (perceptionRadiusFood, [m]) of a model fish implying a

reactive distance of 1 m (see Appendix A1.3 and A2.1.3 for

further details). Moreover, fishes are not only known to be able

to sense changes in predation risk or food availability in different

habitats but also to adapt their velocity accordingly (Milinski,

1993). Therefore, a model fish will not only adapt its movement

direction according to the perceived surroundings but also

increase its speed in riskier (i.e., topographically less complex)

and/or low-food habitats (SANDYBOTTOM_SPEED_FACTOR)

and become slower under more favourable conditions, i.e.,

habitats with high structural complexity (Nash et al., 2012;

Nash et al., 2016; Tootell and Steele, 2016) and/or high food

availability. Details on the exact computation of movement steps

appear in Appendix A1.3 and A2.1.3.
2.4 Design concepts

2.4.1 Objectives
The foremost goal of each fish is to ensure its survival by

meeting its energetic requirements. To achieve this objective a

model fish will try to reach the (theoretical) biomass it would

have gained at its current age under ideal conditions based on

the species-specific Von Bertalanffy Growth Function, one of the

most widely used growth curves in fisheries science

(Appendix A2.1.6).
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2.4.2 Emergence and adaptation
All properties on higher integration levels such as population

or the status of the environment result in a self-organised way

from the interaction of the parts on lower levels (see Reuter et al.,

2005, Figure 1). The population level (e.g., population size,

length-, age-, and life-phase distributions) as well as its spatial

distribution arise from the properties of the individual fishes

regarding their ontogenetic development, somatic growth, and

movement behaviour(s) as well as direct interactions with the

underlying seascape structure.

Furthermore, the resulting performance and processes of the

individual such as the movement pattern or mortality are not

modelled directly but emerge from the specific state of an

individual and the status of its direct environment. Concerning

movement, this includes a fish’s energetic level and relevant

habitat information (resource level) while regarding mortality,

its current age, possible failure to keep a minimum energetic level

or the time spent on a particular habitat combined with the

habitat-related predation risk can be decisive.

In the context of specified behaviour, a fish is capable of

making adaptive decisions based on its internal state and the

status of the environment. For instance, a fish will increase its

feeding rate the more its energetic state diverges from the desired

state. This behaviour follows Godin (1981) as fish are known to

be able to increase their average feeding rate with increased

hunger levels. Furthermore, fish enhance the chance of survival

by adapting their direction of the next movement step to the

most favourable position regarding predation risk and/or

food availability.
2.4.3 Sensing
Information on the environment influences the activity a

model fish executes. However, through the implementation of a

perception range the information, that a fish can perceive, is

restricted to the local environment. Individual fishes also ‘know’

their internal states such as the energetic or reproductive state.

Both, the environmental and internal information are then

considered in the decision for a specific activity.
2.4.4 Stochasticity
Stochastic events in our model include the selection of

swimming speed and choice of movement direction when the

fish is moving at RANDOM as well as life phase transitions and

whether a fish will die due to predation or natural causes like

diseases. Furthermore, during initialization the initial age and

position on the habitat grid are assigned randomly to each fish as

well as the initial standing crop to each grid cell of the food map

(Appendix A1.4.5 and A2.2.2). Any recruit that enters the

simulation after a spawning event will also be placed randomly

on the simulation grid. Moreover, the order in which individual

fishes and their scheduled activities are processed is

generated randomly.
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2.4.5 Observation
Our model keeps track of the fate of the individual fish

including location and energetic state. On the population level,

the model calculates the total abundance and biomass, the

abundances and biomass grouped by life phase (juveniles,

females, males), as well as age- and size-frequency

distributions at regular pre-defined intervals. On the

environmental level, it records the number of fish visits that

occur in each habitat cell over a predefined period to allow for an

analysis of habitat use patterns and spatial distributions of fishes

across the simulated seascape (Table A2.3).
2.5 Initialization

The initialization process starts with the habitat grid as the

virtual environment for the fish population. During initialization

each grid cell is assigned a habitat type based on an external input

file and a random food value within the limits of its habitat type.

This is followed by the calculation of the potential field based on

habitat type and resource level. Due to computational constraints,

the habitat grid is initially occupied with a population of 50

randomly placed individuals, whose initial age distribution is

derived stochastically from (arbitrary) probabilities given for

each maturity state. The other individual state variables like

biomass and body length are then computed accordingly based

on the implemented formulas and assumptions summarized in

Appendix A2.1. A simulation starts at 8 hrs and DAYTIME as

TimeOfDay, when parrotfish usually start feeding.
2.6 Input data

The model has been constructed modularly with different

input files specifying the general setting, the simulated species,

and the environment. Each of these files can be replaced to

automatically run different scenario configurations. Input

files are:
• a configuration file specifying general simulation settings

(duration of simulation run, initial population size,

further input files, etc.)

• a. png using a predefined colour code to specify the

habitat configuration of the underlying seascape

• a. xml file with key life history parameters to specify

simulated fish species
2.7 Model validation

Our model is parametrized, tested, and validated following a

hierarchically structured validation approach (Reuter et al., 2011;
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Kubicek et al., 2015). For parametrization, we mainly use

information from three different sources: Experimental data,

expert knowledge including own field observations of the study

system and target organism (unpublished data), and calibration.

Most of the parameter values are directly obtained from published

field studies on parrotfish and reef ecosystems, while parameters

concerning the recruitment rates and habitat-dependent predation

risks are estimated based on available literature regarding general

reproduction patterns of reef fish and overall natural mortality

rates, respectively. We further set the values of the pathfinding

weighing factors, for which presently no data is available, based on

studies regarding the relative importance of different habitat-

related drivers for fish movement and our expert knowledge of

the study system gathered during several years offield research. To

assist parametrization and calibration of parameter values which

are highly uncertain (no data available or known to be difficult to

estimate) or to which we suspect model outputs to be highly

sensitive we conduct a sensitivity analysis (Reuter et al., 2011). To

do this, we identify the most susceptible parameters of each main

model process (food availability, movement, energy gain and loss,

reproduction, and survival), cover the biologically plausible range

of each of these parameters by varying each parameter one at a

time by ± 10%, and simulate all potential combinations with three

different seeds each (i.e., three replicates per parameter

combination). We then evaluate the effects of changing

parametrization on population metrics like total biomass,

abundance, and life-phase ratios as critical model outputs.

To assess the validity of our model and its parameter

settings, i.e., the robustness, precision and reliability of model

results (Reuter et al., 2011) we inspect the energetic state of the

individual fish process by process and by defined variables that

can be compared to available independent data such as the body

weight and length. These quantities contain information relative

to growth, reproduction, and survival we aim to interpret

concerning habitat-dependent movement behaviour and space

use patterns. On the population level, we assess the (long-term)

population structure that emerge from the interactions of the

individuals regarding abundances, biomass, age-distributions,

life phase composition and reproduction frequency and compare

them to published field observations. Our model validation is

further assisted by an appropriate choice of output plots

monitoring population dynamics.

By performing this consistency check of key processes and

dynamics on different hierarchical levels we ensure that the

system behaviour we intend to represent has been captured

correctly and results are reliable within the applied conceptual

system (Reuter et al., 2008). Based on this data reconciliation and

visual inspection of model outputs with results from the

literature we then choose the parameter set that can reproduce

a realistic population structure for our subsequent simulation

experiments. Details on model validation and results of our

sensitivity analysis can be found in Appendix A3.
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2.8 Simulation experiments

To assess whether and how individual development and

population dynamics are influenced by individual capabilities

to interact with the environment and/or habitat settings

(habitat configuration and level of fragmentation) we conduct

a series of simulation experiments: We test six different

scenarios (Table 1) with each factor combination replicated

three times. Each replicate simulation is run for a time limit of

30 years and a maximum population size of 175 individuals

(for computational feasibility). The time period modelled

encompasses several generations thereby allowing for

conclusions on a population level. The evaluation of a

simulation run starts from Year 10 as the first year in which

the number and life-phase ratios of model fishes is comparable

to those of parrotfish populations observed in field studies (see

Appendix A3 for details).
3 Results

3.1 Fish abundances, biomass, and life
phase composition

There are substantial differences in the total abundance,

biomass, and life phase compositions of model fish populations

among simulations under different scenarios (Figure 3). While the

two scenarios Connected (connected reef habitat of 0.07 km2) and

Patchy_80 (reef habitat patches of 0.056 km2) differ relatively little

compared to model results of the Default scenario (continuous

reef habitat of 0.1 km2), both the scenarios Patchy_40 (reef habitat

patches of 0.028 km2) and Patchy_20 (reef habitat patches of

0.014 km2) show a high and increasing decline in fish abundance

(Patchy_40 = ~40%, Patchy_20 = ~90%, Figure 3A) and biomass

(Patchy_40 = ~45%, Patchy_20 = ~85%, Figure 3B). Fish

populations under the scenario Patchy_60 (reef habitat patches

of 0.042 km2) initially develop similarly to theDefault scenario but

begin to decline in biomass and abundance from Year 15 onwards

and level off at a value of 85% (abundance and biomass).

Of all simulated scenarios the Initial Phase (IP):Terminal

Phase (TP) ratio varies strongest in scenario Patchy_20 with

values as high as 4.3:1 and as low as 0.2:1 (Figure 3C).

Populations thus change from being strongly female-

dominated to more male-dominated during the simulation

period and eventually oscillate between 3.2:1 and 1.1:1. In all

other scenarios the IP : TP ratio is rather stable throughout the

simulation period and settles at a value of about 1.4:1 indicating

a balanced ratio between female and male model fishes with a

slight tendency to an increased number of females.

Initial-phase females, which control recruitment and thus

have a key function in regulating model population dynamics,

have a mean body length of about 16.0 cm (Figure 3D). Again,
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the value varies most strongly in the Patchy_40 and Patchy_20

simulations but is similar across all other simulations suggesting

that in these scenarios female fishes can still acquire enough

energy to maintain their individual growth.

Total abundances in the Default scenario with on average

150 ± 10 fishes (Figure 4A) are comparable to those of the

scenarios Connected (150 ± 9 fishes, Figure 4B) and Patchy_80

(148 ± 14 fishes, Figure 4C), but approximately 15% higher

compared to Patchy_60 from Year 15 onwards (125 ± 31 fishes,

Figure 4D), about 2-fold higher compared to Patchy_40 (88 ± 38

fishes, Figure 4E), and about 9-fold higher than under scenario

Patchy_20 (17 ± 6 fishes, Figure 4F).

As mentioned above life phase compositions vary little

throughout the simulation period under the Default scenario

with on average 28 ± 6 fishes in the juvenile phase, 69 ± 7 in

their (female) initial phase (IP), and 53 ± 10 in their (male)

terminal phase (TP). Very similar compositions can be found

in simulations under the scenario Connected (28 ± 6 juveniles,

69 ± 7 IPs, 54 ± 8 TPs) and Patchy_80 (29 ± 7 juveniles, 68 ± 8 IPs,

52 ± 9 TPs). Ratios under the scenario Patchy_60 start to deviate

from the Default scenario after ~15 years (23 ± 10 juveniles, 58 ±

19 IPs, 43 ± 9 TPs) with a tendency to more female dominated

populations as fewer individuals reach their terminal phase.
Frontiers in Marine Science 10
Proportionally even fewer male fishes are present in the

simulations under scenario Patchy_40 (16 ± 10 juveniles,

44 ± 22 IPs, 28 ± 10 TPs). As mentioned above under scenario

Patchy_20 proportions of life phases are highly variable with on

average 3 ± 2 juveniles, 6 ± 3 IPs, and 8 ± 3 TPs.
3.2 Mortality rates and reproduction
frequencies

Total annual mortality rates (Figures 5A–F) change little

between scenarios (Default = 0.278 ± 0.071, Connected = 0.259

± 0.065, Patchy_80 = 0.271 ± 0.067, Patchy_60 = 0.270 ± 0.080,

Patchy_40 = 0.272 ± 0.104), except for scenario Patchy_20 with

0.347 ± 0.248. In addition, little variability can be observed in the

relative contribution of the different types of mortality, which

range on average between 0.105-0.131 (Mnat), 0.116-0.130 (Mpred),

and 0.032-0.085 (Mage). In contrast to mortality rates, there is

considerable variation in the reproduction frequency among the

different scenarios from on average 20 to 24 reproduction events

per year (Default = 24.0 ± 4.1, Connected = 23.7 ± 4.4, Patchy_80 =

23.5 ± 5.6, Patchy_60 = 20.7 ± 8.8), to values as low as 2 to 12

(Patchy_40 = 11.5 ± 6.8, Patchy_20 = 2.1 ± 1.2). With relatively
A B

DC

FIGURE 3

Comparison of key population characteristics of simulation runs under different scenarios: (A) total abundance, (B) total biomass (C) life phase
composition (IP : TP), and (D) mean body length of (female) fishes in their initial phase (IP). Standard deviation is indicated as shaded areas
around the mean.
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stable mortality rates across scenarios and declining reproduction

frequencies, which cannot compensate losses due to mortality,

populations will inevitably collapse and eventually become extinct.

As female fishes are mostly able to maintain their individual

growth (with the exception of scenario Patchy_20, see above), but

increasingly lack the energy to reproduce, the modelled systems

seemingly become more and more food-limited. Moreover,

reproduction seems to be the model process most susceptible to

an increasing fragmentation and loss of habitat, rather than

affecting population survival due to a growing risk of predation.
3.3 Individual space use and spatial
distribution of the fish population

Individual movement trajectories over 20 min differ

noticeably across scenarios (Figure 6) and the shape of the

short-term foraging range changes with the availability and
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distribution of coral reef habitat: As the coral reef habitat

increases the more circular the movement becomes

(Figure 6A). Consequently, the linear distance travelled

increases in dependence on the area of sandy bottom a fish

has to cross to reach more favourable coral reef habitat patches

(Figures 6B–F). In the examples shown in Figures 6A–F the

distances travelled during a 20 min period increase from

approximately 40 m in continuous reef habitat to 75 m in a

highly fragmented reefscape, which corresponds to an increase

of ~190%.

The emerging patterns of the spatial distribution of modelled

fish populations are not uniform among the tested scenarios

(except the Default scenario with only one habitat type,

Figure 7A) but reflect the distribution and configuration of the

coral reef patches of the underlying seascape (outlined in light

grey, Figure 7B). While the monthly space use pattern under the

scenario Connected (Figure 7B) appears relatively homogenous

among coral reef patches, the frequency of visits is concentrated
A B

D

E F

C

FIGURE 4

Abundances and life phase composition of model fish populations at different points in time during a simulation under different scenarios:
(A) scenario Default, (B) scenario Connected, (C) scenario Patchy_80, (D) scenario Patchy_60, (E) scenario Patchy_40, and (F) scenario
Patchy_20. Bars indicate mean values (± standard deviation (SD)) and are subdivided into life phases (JUV = juveniles, IP = (female) initial phases,
TP = (male) terminal phases).
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among certain patches in all other scenarios. Under the scenario

Patchy_60, for instance, some patches in the upper region are

heavily frequented (Figure 7D) with > 8000 visits per cell, a

tendency that is even more pronounced under scenario

Patchy_40 with values of > 9500 visits per cell (Figure 7E).

This pattern is also well visible in the visit frequency per grid cell

(normalized for one fish) shown in the histograms of

Figures 7A–F. While under scenario Default, Connected, and

Patchy_80 the number of visits per grid cell range between 0-80,

the visit frequency increases by one order of magnitude under

the scenarios Patchy_40 , Patchy_60 , and Patchy_20 .

Interestingly, under all scenarios except Default and Connected

some of the coral reef patches are hardly visited at all throughout

the period of one month. In general, however, space use patterns

seem to be driven by the characteristics of the underlying

habitat structure.
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4 Discussion

Our simulation experiments reveal substantial differences on

both the individual and population level between the six

scenarios tested (Default, Connected, Patchy_80, Patchy_60,

Patchy_40, and Patchy_20), in which the underlying coral reef

habitat is increasingly fragmented and successively reduced by a

rate of 20%. Based on annual rates of coral reef destruction,

which can be as high as 69% (Schaffelke et al., 2016), our

scenarios thus represent situations, that may occur in coral

reef systems throughout relatively short periods of a few years

or less. While the scenarios Default, Connected, and Patchy_80

show similar developments, the scenarios Patchy_40 and

Patchy_20 deviate strongly in their results with Patchy_60

exhibiting intermediate trends. In general, our findings reflect

the outcomes of empirical studies in various aspects and
A B
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FIGURE 5

Annual mortality rates (in black) and reproduction frequency (grey dashed line) of model fishes during a simulation under different scenarios:
(A) scenario Default, (B) scenario Connected, (C) scenario Patchy_80, (D) scenario Patchy_60, (E) scenario Patchy_40, and (F) scenario
Patchy_20. Values are mean values (± standard deviation (SD)) of replicated simulation runs.
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elucidate the potential of seascape characteristics to guide and

constrain the movement of herbivorous fishes.
4.1 Population dynamics

The modelled fish populations respond as expected to the

manipulation of habitat configurations and degree of

fragmentation regarding abundance, biomass, and overall

survival. Population size declines gradually among scenarios

along with food-rich and safer coral reef habitats. A loss of

reef habitat by 80% (scenario Patchy_20) corresponds to a

reduced fish abundance by almost 90% compared to the

scenarios Default and Connected. Apart from the loss of the

coral reef itself, the subsequent decline in parrotfishes may have

further adverse effects on the ecosystem functioning as

parrotfishes are important bioeroders and structuring forces
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for benthic communities (Bellwood, 1995; Bonaldo et al., 2014;

Welsh and Bellwood, 2014). By keeping turf algae in a cropped

state parrotfish provide an open substrate for enhanced coral

recruitment and thereby have the potential to mediate coral-

algal dynamics (Mumby et al., 2006; Hughes et al., 2007; Russ

et al., 2015; Tootell and Steele, 2016; Roff et al., 2019). A change

in these complex interrelations may further alter an ecosystem’s

ability to respond to disturbances (Bellwood et al., 2004).

Interestingly, the decline in model population size is mainly

caused by a reduced reproduction frequency rather than an

increase in predation mortality (except scenario Patchy_20) and/

or starvation. This decrease can be caused by both the reduced

total number of females and a decrease in energy gain due to the

reduction of food-rich coral reef habitat. As predation mortality

in our model is determined by habitat complexity combined

with the time spent on risky habitats and a fish can react to

changing predation risk by changing its movement direction and
A B
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C

FIGURE 6

Individual movement trails of a (female) model fish in its initial phase over a 20 min time period and under different scenarios: (A) scenario
Default, (B) scenario Connected, (C) scenario Patchy_80, (D) scenario Patchy_60, (E) scenario Patchy_40, and (F) scenario Patchy_20. Blue
areas = coral reef habitat, yellow = sandy bottom, white area = coastline. Darker shades of a colour indicate higher food availability and circular
areas illustrate the fish’s perception radius.
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thereby reduce the time spent on riskier habitats, it seems

plausible that predation mortality does not increase

significantly among scenarios. However, as indicated by

predation mortality rates under scenario Patchy_20 increasing

distances moved over low complexity and riskier habitats will

inevitably result in increased exposure to predation, as was also
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demonstrated in field experiments of different herbivore fishes

including C. sordidus (Madin et al., 2010; Madin et al., 2011).

In general, total annual mortality rates, which change

relatively little between scenarios and vary between averages of

28% (scenario Default) and 35% (scenario Patchy_20), compare

very well to those reported by Gust et al., (2002) with annual
A B
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C

FIGURE 7

Cumulated visits of fishes to each habitat cell illustrating the monthly space use patterns on the population level for the six different scenarios
(A-F). Shown are heatmaps and histograms of visit frequency per grid cell (normalized for one fish), both based on representative data of
Month 1 at Year 20 of the simulation period. The underlying patches of coral reef habitat are outlined in light grey, gird cells of type MAINLAND
are indicated in white (heatmaps). Histograms display visit frequency to the habitat cells CORALREEF and SANDYBOTTOM (without MAINLAND
cells) and proportions of the two habitat types are indicated by dashes lines.
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mortality estimates ranging from 28% to 43% for C. sordidus

populations. Also, sex composition ratios (IP : TP) ranging from

3.2:1 to 1.1:1 within the different scenarios are in a similar order

of magnitude as values reported for unfished populations of

C. sordidus from 4.75:1 on the mid-shelf to 1.48:1 on the outer

shelf of the Great Barrier Reef (Gust, 2004).

The reason that model fishes do not experience mortality

from starvation (as an emergent property) in our simulation

experiments is likely to be caused by the low density of the model

population, which is 4- to 6-fold lower than observed in the field

(due to computational constraints, see Appendix A3.2).

However, model results clearly show that even though female

fishes can maintain their individual growth, they increasingly

lack the energy reserves to be able to reproduce, indicating a

growing food limitation of the model system. As reproduction is

known to be the most metabolically demanding activity in the

lives of fishes (McBride et al., 2015) it is not surprising that

reproduction proves to be the model process most susceptible to

changes in habitat configuration and composition, and hence

food availability. These findings are in accordance with field

studies of C. sordidus made by Tootell and Steele, (2016), in

which individual energy reserves decreased with algal turf

resources suggesting that resource availability is an important

factor determining the physiological condition of this species.

Moreover, a decreased reproductive output will not only have

implications for the persistence of the local population but may

also negatively affect the neighbouring population by a reduced

supply of recruits. Apart from having a direct influence on the

number of offspring a female may produce, empirical evidence

exists that the amount of energy a female has available to invest

into egg production will also affect egg quality, and this in turn

the offspring’s fitness (Bagenal, 1969; Crespi and Semeniuk,

2004; Berg and Fleming, 2017).
4.2 Movement behaviour and space
use patterns

To better understand the consequences of population

distributions and the constraints on ecosystem functions it is

important to determine how individual fishes use the space when

foraging and what factors may influence their movement

decisions and hence their mobility (Nash et al., 2012). In the

scenarios examined linear distances travelled per unit time grow

longer (up to 190%) and the shape of the foraging range is more

elongated (see Figure 6) the more fragmented the coral reef

habitat becomes. This behaviour change is also found in nature

as, when habitat fragmentation increases, individual fishes will

have to travel over larger areas per unit of time to reach suitable

foraging sites, to maintain their energy intake rates. Our findings

are in accordance with field studies of parrotfish foraging

behaviour by Nash et al. (2012), in which high levels of coral

cover corresponded to more compact and circular short-term
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foraging ranges for two common parrotfish species, Scarus niger

and S. frenatus.

The implications of this change in foraging behaviour can be

2-fold. Firstly, the longer the distances an individual fish has to

swim the higher its energetic costs. Moreover, a fish will also

increase its swimming speed when moving over an unfavourable

habitat (Milinski, 1993), which further adds to its energy

expenditure. With more energy spent on swimming longer

distances (Figure 6), the fish has less energy left to invest in

somatic growth and/or reproduction. Differences in surplus

energy may also have consequences for processes such as

tissue repair and maintenance or defence against predators

and the trade-offs between movement, growth, and

reproduction are often at the expense of the reproductive

output (Goldstein et al., 2017). Thus, habitat fragmentation is

most likely to strongly influence the energy budgets of female

fishes and their spawning frequency as shown by our model

results and discussed above.

Secondly, with changing spatial dimensions of their foraging

range individual fishes will cover different areas during their

daily routines. Hence, parrotfishes seem to be able to make

small-scale changes in their movement behaviour in response to

the loss of coral reef habitat and their control of algal turf growth

might be reduced and/or occur over different spatial ranges. This

has also been observed in the field by Gil et al., (2017), who

showed in their investigation of herbivory in French Polynesia

that the fragmentation of refuge habitat resulted in a reduction

of the consumer’s control of food resources.

Concerning the structuring force of herbivore organisms, a

change in individual space use patterns becomes even more

relevant on the level of the population as the consequences of

grazing depend in part on spatial abundance patterns (Mumby

et al., 2006; Paddack et al., 2006). Model outputs reveal that the

spatial distributions of fish populations (emergent as the

cumulative behaviour of the individuals and illustrated above

as the average number of visits per cell cumulated over one

month) closely reflect the seascape arrangement. By

concentrating their foraging activity within the coral reef

patches model fishes graze in a spatially constrained manner.

Model results are thus in accordance with recent findings over

similar spatial scales by Madin et al. (2019): Their daytime

remote video surveys demonstrated that herbivorous fishes

spend dramatically more time closer to the shelter of reef

patches than in the adjacent sand flat habitat. In their study,

no herbivores were observed beyond rather small distances of

7.5 m and grazing intensity was hence highest close to the reef.

By 15 m from the reef, no grazing by herbivores could be

recorded. As indicated by our simulation results these field

observations also suggest the existence of a behavioural

constraint that spatially restricts herbivore foraging patterns.

Intriguingly, our simulation experiments also show that with

an increasing habitat fragmentation coral reef patches are less

equally frequented with an intensified foraging effort on specific
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patches and others rarely visited throughout the duration of one

month. This concentration of foraging effort again has

implications for the ecosystem function provided by the

parrotfishes, as the grazing pressure will be more intensive in

some patches and substantially lower in others. Furthermore, the

irregular usage of different reef patches may also have

consequences concerning the social relationships among

individual parrotfishes as it can affect encounter rates with

conspecifics and/or competitors. Thereby the ‘effective’

distance between individuals may be much larger than their

physical distance, a landscape property detailed in the much-

debated concept of ‘landscape connectivity’ (Taylor et al., 1993;

Taylor et al., 2006). However, as density-related processes are

not yet explicitly considered in our model further simulation

experiments and model adaptations will be necessary in the

future to investigate this aspect more thoroughly. Nonetheless

based on our findings and as stated by others (e.g., Nash et al.,

2012) it appears advisable to incorporate behavioural flexibility

when representing herbivory in time and space. The more

accurate our estimates the more we will be able to better

understand how coral cover might be affected on a local scale

or why shifts in community compositions occur.
4.3 Landscape of fear

Risk effects are known to alter habitat and space usage of prey

organisms (Madin et al., 2012; Manassa et al., 2013; Madin et al.,

2019) and can be visualized in the model of the ‘landscape of fear’

established by Laundré et al., (2001). In this model the relative levels

of predation risk that a prey organism experiences in different areas

of its environment are represented as peaks and valleys (Laundré

et al., 2010).We incorporate this concept in ourmodel using a novel

approach that combines individual-based modelling with artificial

potential field algorithms: To this end, we translate the peaks and

valleys of the (habitat-related) predation risk into a potential field

map in which a growing risk of predation is represented as

increasingly repellent areas. As ample evidence exists that

predation risk correlates with habitat types and characteristics

such as topographic complexity (Lima and Dill, 1990; Jones and

Syms, 1998; Chapman and Kramer, 2000; Overholtzer-McLeod,

2006; Pratchett et al., 2008; Turgeon et al., 2010; McCormick and

Lönnstedt, 2013; Catano et al., 2016; Roff et al., 2019), we correlate

the habitat structure with the perceived risk of predation. This

information is then used by the individual fishes and included in the

decision-making process for the direction of the next movement

step. In our simulation experiments, individual fishes react to

elevated predation risk by avoiding risky areas and/or by less

tortuous movement paths to minimize the time spent on riskier

habitats. Our results thus support empirical studies showing that

spatial areas of high risks are less likely to be grazed and areas of

lower risks are at elevated risk of disproportional high grazing
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intensity (Madin et al., 2010). As suggested by Laundré et al. (2001)

behavioural responses to different levels of predation risk may

therefore have more far-reaching consequences for the systems

under consideration than the actual killing of individuals by the

predators. However, evidence also exists that while the loss or

fragmentation of refuge habitat reduces consumer control of

resources, greater resource densities may counteract this effect by

altering landscapes of fear of consumer species (Gil et al., 2017).

Furthermore, habitat degradation may also lead to an increase

rather than a decline in resource density as bleached corals, for

instance, are known to become over-grown with turfing algae

(Diaz-Pulido and McCook, 2002; O’Brien and Scheibling, 2018).

To be able to evaluate potentially counteracting effects due to

resource availability by our model, it will be necessary to include

further habitat types and/or scenarios with diverging properties as

food density and predation risk change in the same direction

in the two implemented habitat types CORALREEF and

SANDYBOTTOM. Two other aspects would have been

particularly interesting to explore, and we believe they are

promising future extensions of our model: the interaction

between conspecifics to depict social organisation such as

territorial behaviour or harem formation, and the inclusion of a

predator species to model consequences of individual prey-predator

interactions. Parrotfish are known to display social behaviour and

male parrotfishes commonly hold female harems in territories or

gather in mixed-sex groups (Mumby and Wabnitz, 2001; Afonso

et al., 2008; Catano et al., 2015). These social factors appear to have

an impact on the size of home range excursions (Welsh et al., 2013)

and group fish have shown to conduct larger movements than

territorial fish (Afonso et al., 2008). Depending on the behavioural

strategy space use pattern of the fishes could therefore differ and

might ultimately alter the survival rate of a population in highly

fragmented habitats. Moreover, the explicit modelling of conspecific

interaction would allow us to depict the potential reliance on

proximity of (male) conspecifics to initiate a spawning event

(Sancho et al., 2000). Given that the IP : TP ratios in the

scenarios with very high habitat fragmentation (Patchy_40,

Patchy_20, see Figure 3) indicate populations to be more female

dominated, reproductive events could potentially become rarer and

might further stress the sensitivity of reproductive processes

towards habitat fragmentation. Inclusion of a predator species

would allow for an investigation of patterns reflecting individual

prey encounters with individual predators (i.e., acute predation

risk). Under increasing acute predation risk parrotfish like

C. sordidus have been shown to take significantly shorter

excursions highlighting the decisive influence of prey-predator

interactions on herbivoremovement behaviour (Madin et al., 2012).

Due to its structure and modular composition, the above-

mentioned adaptations are relatively easy to implement in our

model. Moreover, the integration of artificial potential field

algorithms offers a simple mechanism to include directional

decisions based on habitat configurations as our results indicate.
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The possibility to adapt the model to a wide range of (reef) fish

species via the life-history related parameters combined with the

option to specify habitat configurations via custom habitat maps

further allow for an evaluation of various local settings and

scenarios. Our model thereby provides a generic approach that

incorporates a new way of representing how real individuals may

decide on (movement) actions.
5 Conclusions

Although what a fish perceives is undoubtedly complex, in

this study we focus on (habitat-dependent) food availability and

predation risk as the main drivers for individual movement

decisions to better understand the driving influence of the

underlying seascape. Both habitat components are known to

play a fundamental and important role in shaping the spatial

distribution of fish populations. Model results indicate that

individual space use patterns and the resulting spatial

distributions of the population are more irregularly distributed

among coral reef patches the more the coral reef habitat becomes

fragmented and reduced. This heterogeneity can have strong

implications for the delivered ecosystem functioning, e.g., by

concentrating or diluting the grazing effort. Our results also

highlight the importance of incorporating individual foraging-

path patterns and the spatial exploitation of microhabitats into

marine spatial planning: Since the ability of marine reserves to

provide protection largely depends on the consistent use of the

protected area by the individual fishes (Kramer and Chapman,

1999) conservation strategists and managers need to identify core

areas and essential habitats. They may also benefit from

information about the consequences of changing landscape

structures on movement behaviour to maintain effective reserves.

By providing population dynamics over long time periods

(years) and at a high spatial (1 m2) and temporal resolution (up

to 1 s) combined with the potential to simulate future scenarios

we believe our model can provide valuable insights into the

spatio-temporal variability of local herbivore populations. Our

model further incorporates individual differences in movement

behaviour and may assist in understanding the interactions of

individual properties and the properties of the environment.

Moreover, by combining individual-based modelling with

artificial potential field algorithms our model integrates a more

realistic and dynamic decision-making process, in which each

fish weighs different rewards and risks of the environment.

Ultimately, our findings may help to disentangle the complex

mechanisms that characterize movement decision-making

processes in fishes and the gained information may add to the

efficient management of reef fish populations.
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management. Eds. J. Lobón-Cerviá and N. Sanz (Sussex: John Wiley & Sons
Ltd.), 179–199.

Beukers, J. S., and Jones, G. P. (1998). Habitat complexity modifies the impact of
piscivores on a coral reef fish population. Oecologia 114, 50–59. doi: 10.1007/
s004420050419

Bonaldo, R. M., Hoey, A. S., and Bellwood, D. R. (2014). The ecosystem roles of
parrotfishes on tropical reefs. Oceanogr. Mar. Biol. Annu. Rev. 52, 81–132. doi:
10.1201/b17143-3

Botsford, L. W., Brumbaugh, D. R., Grimes, C., Kellner, J. B., Largier, J.,
O’Farrell, M. R., et al. (2009). Connectivity, sustainability, and yield: Bridging
the gap between conventional fisheries management and marine protected areas.
Rev. Fish. Biol. Fish. 19, 69–95. doi: 10.1007/s11160-008-9092-z

Breckling, B. (2002). Individual-based modelling potentials and limitations. Sci.
World J. 2, 1044–1062. doi: 10.1100/tsw.2002.179

Brett, J. R., and Groves, T. D. D. (1979). “Physiology energetics,” in Fish
physiology. Eds. W. Hoar, D. Randall and J. Brett (New York: Academic Press),
279–352.

Calow, C. P. (1985). “Adaptive aspects of energy allocation,” in Fish energetics.
Eds. P. Tytler and P. Calow (Dordrecht: Springer). doi: 10.1007/978-94-011-7918-
8_1

Catano, L. B., Gunn, B. K., Kelley, M. C., and Burkepile, D. E. (2015). Predation
risk, resource quality, and reef structural complexity shape territoriality in a coral
reef herbivore. PloS One 10, e0118764. doi: 10.1371/journal.pone.0118764

Catano, L. B., Rojas, M. C., Malossi, R. J., Peters, J. R., Heithaus, M. R.,
Fourqurean, J. W., et al. (2016). Reefscapes of fear: Predation risk and reef
hetero-geneity interact to shape herbivore foraging behaviour. J. Anim. Ecol. 85,
146–156. doi: 10.1111/1365-2656.12440

Chapman, M. R., and Kramer, D. L. (1999). Gradients in coral reef fish density
and size across the Barbados marine reserve boundary:effects of reserve protection
and habitat characteristics. Mar. Ecol. Prog. Ser. 181, 81–96. doi: 10.3354/
meps181081

Chapman, M. R., and Kramer, D. L. (2000). Movements of fishes within and
among fringing coral reefs in Barbados. Environ. Biol. Fishes 57, 11–24. doi:
10.1023/A:1004545724503
Frontiers in Marine Science 18
Chen, L.-S. (2002). Post-settlement diet shift of chlorurus sordidus and scarus
schlegeli (Pisces: Scaridae). Zool. Stud. 41, 47–58.

Christensen, B., and Persson, L. (1993). Species-specific antipredatory
behaviours: effects on prey choice in different habitats. Behav. Ecol. Sociobiol. 32,
1–9. doi: 10.1007/BF00172217

Codling, E. A., Plank, M. J., and Benhamou, S. (2008). Random walk models in
biology. J. R Soc. Interface 5, 813–834. doi: 10.1098/rsif.2008.0014

Colgan, P. W. (1993). “The motivational basis of fish behaviour,” in The
behaviour of teleost fishes. Ed. T. J. Pitcher (London: Chapman & Hall), 31–56.

Connell, J. H. (1990). Minimalist mobile robotics (San Diego: Academic Press).

Cowen, R. K. (2006). Scaling of connectivity in marine populations. Science 311,
522–527. doi: 10.1126/science.1122039

Crespi, B., and Semeniuk, C. (2004). Parent-offspring conflict in the evolution of
vertebrate reproductive mode. Am. Nat. 163, 635–653. doi: 10.1086/382734

Curley, B. G., Jordan, A. R., Figueira, W. F., and Valenzuela, V. C. (2013). A
review of the biology and ecology of key fishes targeted by coastal fisheries in south-
east Australia: Identifying critical knowledge gaps required to improve spatial
management. Rev. Fish. Biol. Fish. 23, 435–458. doi: 10.1007/s11160-013-9309-7

Davis, K., Carlson, P. M., Lowe, C. G., Warner, R. R., and Caselle, J. E. (2017).
Parrotfish movement patterns vary with spatiotemporal scale.Mar. Ecol. Prog. Ser.
577, 149–164. doi: 10.3354/meps12174

Diaz-Pulido, G., and McCook, L. (2002). The fate of bleached corals: patterns
and dynamics of algal recruitment.Mar. Ecol. Prog. Ser. 232, 115–128. doi: 10.3354/
meps232115

Dudek, G., and Jenkin, M. (2010). Computational principles of mobile robotics
(Cambridge: Cambridge University press).

Friedlander, A. M., and Parrish, J. D. (1998). Habitat characteristics affecting fish
assemblages on a Hawaiian coral reef. J. Exp. Mar. Biol. Ecol. 224, 1–30. doi:
10.1016/S0022-0981(97)00164-0

Gil, M. A., Zill, J., and Ponciano, J. M. (2017). Context-dependent landscape of
fear: algal density elicits risky herbivory in a coral reef. Ecology 98, 534–544. doi:
10.1002/ecy.1668

Godin, J. J. (1981). Effect of hunger on the daily pattern of feeding rates in
juvenile pink salmon, oncorhynchus gorbuscha walbaum. J. Fish. Biol. 19, 63–71.
doi: 10.1111/j.1095-8649.1981.tb05811.x

Goldstein, E. D., D’Alessandro, E. K., and Sponaugle, S. (2017). Fitness
consequences of habitat variability, trophic position, and energy allocation across
the depth distribution of a coral-reef fish. Coral Reefs 36, 957–968. doi: 10.1007/
s00338-017-1587-4

Gorini, L., Linnell, J. D. C., May, R., Panzacchi, M., Boitani, L., Odden, M., et al.
(2012). Habitat heterogeneity and mammalian predator-prey interactions.
Mammal Rev. 42, 55–77. doi: 10.1111/j.1365-2907.2011.00189.x

Gratwicke, B., and Speight, M. R. (2005a). The relationship between fish species
richness, abundance and habitat complexity in a range of shallow tropical marine
habitats. J. Fish. Biol. 66, 650–667. doi: 10.1111/j.0022-1112.2005.00629.x

Gratwicke, B., and Speight, M. R. (2005b). Effects of habitat complexity on
Caribbean marine fish assemblages. Mar. Ecol. Prog. Ser. 292, 301–310. doi:
10.3354/meps292301

Green, A. L., Maypa, A. P., Almany, G. R., Rhodes, K. L., Weeks, R., Abesamis, R.
A., et al. (2015). Larval dispersal and movement patterns of coral reef fishes, and
implications for marine reserve network design. Biol. Rev. 90, 1215–1247. doi:
10.1111/brv.12155

Grimm, V., Berger, U., Bastiansen, F., Eliassen, S., Ginot, V., Giske, J., et al.
(2006). A standard protocol for describing individual-based and agent-based
models. Ecol. Model. 198, 115–126. doi: 10.1016/j.ecolmodel.2006.04.023

Grimm, V., Berger, U., DeAngelis, D. L., Polhill, J. G., Giske, J., and Railsback, S.
F. (2010). The ODD protocol: A review and first update. Ecol. Model. 221, 2760–
2768. doi: 10.1016/j.ecolmodel.2010.08.019

Grimm, V., Railsback, S. F., Vincenot, C. E., Berger, U., Gallagher, C., DeAngelis,
D. L., et al. (2020). The ODD protocol for describing agent-based and other
simulation models: A second update to improve clarity, replication, and structural
realism. J. Artif. Soc. Soc. Simul. 23, 7. doi: 10.18564/jasss.4259

Grober-Dunsmore, R., Frazer, T. K., Lindberg, W. J., and Beets, J. (2007). Reef
fish and habitat relationships in a Caribbean seascape: The importance of reef
context. Coral Reefs 26, 201–216. doi: 10.1007/s00338-006-0180-z
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Turgeon, K., Robillard, A., Grégoire, J., Duclos, V., Donald, L., and Kramer,
D. L. (2010). Functional connectivity from a reef fish perspective: behavioral
tactics for moving in a fragmented landscape. Ecology 91, 3332–3342. doi:
10.1890/09-2015.1

Unsworth, R. K. F., Taylor, J. D., Powell, A., Bell, J. J., and Smith, D. J. (2007).
The contribution of scarid herbivory to seagrass ecosystem dynamics in the indo-
pacific. Estuar. Coast. Shelf Sci. 74, 53–62. doi: 10.1016/j.ecss.2007.04.001

Welsh, J. Q., and Bellwood, D. R. (2012a). Spatial ecology of the steephead
parrotfish (Chlorurus microrhinos): an evaluation using acoustic telemetry. Coral
Reefs 31, 55–65. doi: 10.1007/s00338-011-0813-8

Welsh, J. Q., and Bellwood, D. R. (2012b). How far do schools of roving
herbivores rove? A case study using Scarus rivulatus A Case study using Scarus
rivulatus. Coral Reefs 31, 991–1003. doi: 10.1007/s00338-012-0922-z

Welsh, J. Q., and Bellwood, D. R. (2014). Herbivorous fishes, ecosystem function
and mobile links on coral reefs. Coral Reefs 33, 303–311. doi: 10.1007/s00338-014-
1124-7

Welsh, J. Q., Goatley, C. H. R., and Bellwood, D. R. (2013). The ontogeny of
home ranges: evidence from coral reef fishes. Proc. R Soc. B Biol. Sci. 280, 1–7. doi:
10.1098/rspb.2013.2066

Werner, E. E., Gilliam, J. F., Hall, D. J., and Mittelbach, G. G. (1983). An
experimental test of the effects of predation on habitat use in fish. Ecology 64, 1540–
1548. doi: 10.2307/1937508

Williams, A. J., Little, L. R., Punt, A. E., Mapstone, B. D., Davies, C. R., and
Heupel, M. R. (2010). Exploring movement patterns of an exploited coral reef fish
when tagging data are limited. Mar. Ecol. Prog. Ser. 405, 87–99. doi: 10.3354/
meps08527

Willmer, P., Stone, G., and Johnston, I. (2005). Environmental physiology of
animals (Malden: Blackwell Publishing Ltd).

Wilson, S. K., Graham, N. A. J., Pratchett, M. S., Jones, G. P., and Polunin, N.
(2006). Multiple disturbances and the global degradation of coral reefs: are reef
fishes at risk or resilient? Glob Change Biol. 12, 2220–2234.

Wirsing, A. J., Heithaus, M. R., Frid, A., and Dill, L. M. (2008). Seascapes of
fear: evaluating sublethal predator effects experienced and generated by
marine mammals. Mar. Mammal Sci. 24, 1–15. doi: 10.1111/j.1748-
7692.2007.00167.x

Zemke-White, L. W., Choat, J., and Clements, K. (2002). A re-evaluation of the
diel feeding hypothesis for marine herbivorous fishes.Mar. Biol. 141, 571–579. doi:
10.1007/s00227-002-0849-y

Zollner, P. A., Lima, S. L., and Haute, T. (1999). Search strategies for landscape-
level interpatch movements. Ecology 80, 1019–1030. doi: 10.1890/0012-9658(1999)
080[1019:SSFLLI]2.0.CO;2
frontiersin.org

https://doi.org/10.1007/s00360-005-0024-0
https://doi.org/10.1890/0012-9658(2006)87[1017:COPRSF]2.0.CO;2
https://doi.org/10.1007/s00338-006-0112-y
https://doi.org/10.1111/j.1095-8649.1995.tb01914.x
https://doi.org/10.1201/9781420065756.ch6
https://doi.org/10.1016/S0304-3800(99)00124-6
https://doi.org/10.5897/IJPS11.1745
https://doi.org/10.1016/j.ecolmodel.2005.02.014
https://doi.org/10.1016/j.ecoinf.2007.03.010
https://doi.org/10.1002/ecm.1336
https://doi.org/10.1007/s00227-015-2728-3
https://doi.org/10.3354/meps206193
http://theconversation.com/how-much-coral-has-died-in-the-great-barrier-reefs-worst-bleaching-event-69494
http://theconversation.com/how-much-coral-has-died-in-the-great-barrier-reefs-worst-bleaching-event-69494
http://theconversation.com/how-much-coral-has-died-in-the-great-barrier-reefs-worst-bleaching-event-69494
https://doi.org/10.1098/rstb.2010.0078
https://doi.org/10.1093/biosci/biu192
https://doi.org/10.1006/anbe.1998.0896
https://doi.org/10.2307/3544927
https://doi.org/10.2307/3544927
https://doi.org/10.1023/A:1008177324187
https://doi.org/10.1007/s00442-015-3418-z
https://doi.org/10.1007/s10651-010-0138-8
https://doi.org/10.2307/1941099
https://doi.org/10.1890/09-2015.1
https://doi.org/10.1016/j.ecss.2007.04.001
https://doi.org/10.1007/s00338-011-0813-8
https://doi.org/10.1007/s00338-012-0922-z
https://doi.org/10.1007/s00338-014-1124-7
https://doi.org/10.1007/s00338-014-1124-7
https://doi.org/10.1098/rspb.2013.2066
https://doi.org/10.2307/1937508
https://doi.org/10.3354/meps08527
https://doi.org/10.3354/meps08527
https://doi.org/10.1111/j.1748-7692.2007.00167.x
https://doi.org/10.1111/j.1748-7692.2007.00167.x
https://doi.org/10.1007/s00227-002-0849-y
https://doi.org/10.1890/0012-9658(1999)080[1019:SSFLLI]2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080[1019:SSFLLI]2.0.CO;2
https://doi.org/10.3389/fmars.2022.1037358
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	How artificial potential field algorithms can help to simulate trade-offs in movement behaviour of reef fishes
	1 Introduction
	2 Material and methods
	2.1 Purpose
	2.2 Entities, state variables, and scales
	2.3 Process overview and scheduling
	2.3.1 Process overview
	2.3.2 Scheduling
	2.3.3 Movement

	2.4 Design concepts
	2.4.1 Objectives
	2.4.2 Emergence and adaptation
	2.4.3 Sensing
	2.4.4 Stochasticity
	2.4.5 Observation

	2.5 Initialization
	2.6 Input data
	2.7 Model validation
	2.8 Simulation experiments

	3 Results
	3.1 Fish abundances, biomass, and life phase composition
	3.2 Mortality rates and reproduction frequencies
	3.3 Individual space use and spatial distribution of the fish population

	4 Discussion
	4.1 Population dynamics
	4.2 Movement behaviour and space use patterns
	4.3 Landscape of fear

	5 Conclusions
	Data availability statement
	Author contributions
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


