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Summary 

Newly hatched Atlantic cod (Gadus morhua) larvae face an uncertain future when 
they first enter their marine pelagic habitat. Prior to complete yolk absorption, the 
larvae will have to find food. This process includes the visual encounter, pursuit and 
attack, and capture and digestion of the prey item for utilization to meet energetic 
demands for metabolism and growth. However, food is not always easy to find and it 
is essential for larval survival that they encounter habitats where prey are abundant, 
and that the prey are of edible size. Fast growth ensures short time as small 
vulnerable larvae in a marine habitat consisting of numerous predators. 
This thesis emphasizes the use of individual-based models to explore and understand 
the various mechanisms that determine successful growth and survival through the 
early pelagic life stages of cod (Gadus morhua). We model larval feeding, growth, 
behavior, and survival, under various environmental settings at the spawning and 
nursery grounds along the coast of northern Norway and at Georges Bank located on 
the eastern coast of USA.  
Paper 1 focuses on the assemblage of a mechanistic individual-based model (IBM) 
for larval and early juvenile cod, and the validation of the model by comparing 
observed and modeled data. Validation and forcing data consisted of biological and 
environmental data from a controlled environment (macrocosm). Larval cod are able 
to move up and down in the water column in a prescribed manner by following rules 
of behavior. Vertical behavior elevates larval growth rates, compared to growth 
achieved under random behavior. Maximum growth rates are achieved for larvae in 
environments where prey density exceeded 10 nauplii·L-1. 
The implementation of vertical behavior in IBMs of larval fish was elaborated in 
Paper 2. Strong gradients in pelagic horizontal currents create different dispersal 
patterns of larval fish at different depths. This will in turn have strong effects on the 
integrated survival, growth, and dispersal of larval fish. Adaptive traits differ between 
individuals, are subject to selection, and have implications for the life history success 
of individuals, and emergent properties at the population level. Adaptive behavior in 
coupled IBMs and general ocean models can have significant impact on our 
understanding of life history traits of fish. 
In Paper 3 we test various strategies for vertical behavioral in IBMs. We implemented 
vertical behavior as a property that emerges from the trade off between individual 
state (stomach fullness and size) and the local environment (prey and predators). A 
number of strategies were tested and all proved to increase survival probability 
drastically compared to individuals that moved randomly.  
By implementing the vertical behavior as described in Paper 3 in an IBM, we are able 
to compare observations, and modeled feeding of cod larvae on zooplankton on 
Georges Bank, as described in Paper 4. The model predicts Pseudocalanus spp. to be 
the main prey item for larval cod because of its visibility of in the water column and 
its abundance. The preference for Pseudocalanus agrees with stomach observations. 
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The model also predicts Centropages to be an important prey item. However, with 
the exception of nauplii stages, Centropages is seldom found in stomach samples. 
Centropages may be inaccessible as a prey item because of their behavior or 
morphology.   
In Paper 5 we couple an IBM with a three-dimensional ocean model (ROMS). 
Individual larval cod are allowed to migrate vertically following simple rules while 
being advected horizontally by the simulated currents. Larvae that differ in 
behavioral strategy are released at two major spawning grounds of Northeast Arctic 
cod, Vestfjorden and Moskenesgrunnen in Northern Norway (68ºN) and tracked until 
size 18 mm. Behavior increased larval probability of survival compared to larvae 
passively drifting at fixed depths. Behavior influenced both the local depth 
distribution and the long-term horizontal distribution of larvae.  
The coupled biophysical model is used in Paper 6 to explore the effect of light, prey 
density, temperature, and turbulence on larval growth of Northeast Arctic cod 
through the spawning season. Light has a severe impact on growth of small (5-7mm) 
larvae. Prior to mid April, larval growth is low because of the limited hours of light 
sufficient for feeding. After mid-April, the increase in day length enables high growth 
rates for both 5 and 7mm larvae as long as prey density exceeds 5 nauplii·L-1. This 
suggests that peak spawning time of Northeast Arctic cod occurs when light 
conditions are optimal for larval feeding and growth. 
 
This thesis advocates the use of adaptive behavior as part of individual-based models 
for understanding the mechanisms that drive the dynamics and interactions between 
the ecosystem and its inhabitants. An IBM represents a practical and reliable tool to 
bridge the gap between physical oceanography and biology across a wide range of 
scales. Observations of the biological and physical structure of ecosystems provide 
data necessary for model validation, a requirement for making general ecological 
conclusions based on model results. In light of my work, I believe that this approach 
can reveal new information of life history traits of individuals and their consequences 
on population level, thereby increasing our understanding of ecosystems. 
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Introduction 

”Nogen løsning av spørsmaalet om fiskeriernes vekslinger engang for alle – ved 
en eller anden formel – lar seg ikke oppnaa, og enhver paastand om at ha naadd 
en slik løsning, vil ved nærmere prøvelse vise sig at tilhøre fantasiens verden.” 

”Any solution to the variability in the fisheries once and for all – by some 
formula – is not achievable, and any assertion that a solution has been found, 
will by closer inspection, prove to belong in a world of phantasy.”  (free 
translation)                                                                             

Hjort (1914b) 

For hundreds of years, fishermen have noted the large variability in the annual 

abundance of fish. Scientists have tried to explain why species of fish may explode in 

numbers one year, and be close to depleted the next year. So far, no single 

explanation has been found that solves the enigma of the variance in recruitment, 

however the problem is very much alive in scientific environments. 

The ability to predict recruitment can have major implications for fisheries 

management and exploitation of commercial species, such as Atlantic cod (Gadus 

morhua). Spawning stock biomass was early on regarded as an indicator for the year-

class strength, however with varying degree of success (Bradford & Cabana 1997). 

The spawner-recruit relationship assumes a correlation between recruitment biomass 

and the spawning stock biomass (SSB) or the biomass of eggs (E) (Marshall et al. 

1998, Jennings et al. 2001). MacKenzie et al. (2003) examined the relationship 

between several decades of empirical data of SSB and recruitment of 20 different 

North Atlantic cod stocks. The authors revealed large inter-annual variability of SSB 

and recruitment that occurs within stocks and among stocks of different sizes. The 

variability that makes prediction difficult is due to mechanisms that act at the pre (i) 

and post-spawn (ii) stages:  
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i) Spawning stock biomass is not necessarily proportional to egg production since 

individual fecundity of females is proportional to length and condition (Marshall et 

al. 1998). The quality and number of eggs spawned increases with female condition 

and age (Kjesbu et al. 1992, Kjesbu et al. 1998), hence a population of mainly first-

time spawners have less recruitment potential compared to a wide age and size 

structured population (Marshall et al. 1998). Spawner-recruit models try to reduce a 

multi-dimensional problem to 2 dimensions (SSB and recruitment), and tend to 

ignore variability in pre-recruit mortality. Consequently, the spawner-recruit 

approach fails to explain the large inter-annul variation that is caused by biological 

and environmental mechanisms and their interaction (Ulltang 1996). 

ii)  Egg quality (Marteinsdottir & Steinarsson 1998) and numbers (Marshall et al. 

1998) combined with density-independent abiotic processes (e.g. Pepin et al. 1997) 

has consequences for larval hatching success and larval condition (Marteinsdottir & 

Steinarsson 1998). In addition, the environmental and biological conditions of the 

larval habitat may be of crucial importance for larval survival through the early life 

stages. In fact, the variety of processes that affect larval survival probability from the 

egg to the early juvenile stage is so important that the number of survivors is believed 

to have prognostic value for recruitment (Sundby et al. 1989). Predicting recruitment 

therefore requires an understanding of the early life stages of fish. What identifies 

survivors and what life history they have, may differ between ecosystems, between 

years, and between fish species.  

Survival through the early life stages 

Studies of the early life history of fish focus on ontogenetic changes and the 

interaction between the individual and the environment (Hunter 1981, Chambers & 

Trippel 1997). Many important biotic and abiotic mechanisms (e.g. temperature 

(Otterlei et al. 1999, Ottersen & Loeng 2000), light (Blaxter 1986), turbulence (e.g. 

Sundby et al. 1994, MacKenzie & Kiørboe 1995), prey abundance (e.g. Hjort 1914a, 

Cushing 1990), predation (e.g. Øiestad 1985, Bailey & Houde 1989) of importance 
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for survival and growth of larval and juvenile fish have been identified (ICES 1994, 

2005). Still, only limited knowledge of their interaction exists (Nakken 1994, Ulltang 

1996). For nearly 100 years, the early life stages of fish have received much attention 

from fisheries biologist that have explored possible correlations between early life 

stage abundance and recruitment strength and variability (Bailey & Houde 1989, 

Leggett & Deblois 1994, Nakken 1994). A range of hypotheses exist on explaining 

sources of mortality during early life stages and possible variability in survival to 

recruitment, and most are not mutually exclusive. Starvation was proposed by Hjort 

(1914a) to be the main source of mortality for first-feeding larval fish. Cushing 

(1990) (and references therein) extended the ideas of Hjort in his match-mismatch 

hypothesis, and proposed starvation as a significant mortality source for the entire 

pelagic phase of larval and juvenile fish. In addition to the hypothesis of Hjort 

(1914a) and Cushing (1990, 1996), several other theories exists that describe sources 

of mortality through the early life stages of fish. Physical conditions that retain early 

life fish in nursery habitats was highlighted by Iles and Sinclair (1982) in their 

member-vagrant hypothesis as a key element for survival. Physical properties of 

varying scale also modify the properties of a habitat such as aggregation of prey 

patches during calm wind events (Lasker 1975). Patches of prey increases the feeding 

incident while simultaneously decreases the activity level of larval and juvenile fish 

needed to obtain food. Reduced activity level is also believed to reduce larval 

conspicuousness to predators (Munk 1995, Skajaa et al. 2003).  Encounter rate 

between predator and prey (Rothschild & Osborn 1988, MacKenzie & Kiørboe 1995) 

has also been recognized to increase in a dome-shape fashion (MacKenzie & Kiørboe 

2000) with small-scale turbulence both in the laboratory (Kiørboe & MacKenzie 

1995, MacKenzie & Kiørboe 1995) and in natural environments  (Sundby & Fossum 

1990, Sundby et al. 1994, Sundby 1995).  

Despite good feeding conditions through the early life stages, survival is modified by 

mortality rates from predation (Øiestad 1985). Predation pressure varies between 

ecological systems both temporally and spatially (Garrison et al. 2000), and decreases 

with size (Folkvord & Hunter 1986, Miller et al. 1988, Bailey & Houde 1989, 
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Leggett & Deblois 1994, Houde 1997). Thus, the probability of survival through 

ontogenetic stages is closely related to growth rate (Hare & Cowen 1997), size 

(“bigger is better hypothesis”, e.g. Leggett & Deblois 1994), and consequently the 

duration of ontogenetic stages (Houde 1987). When grouped this is usually termed 

the “growth-mortality hypothesis” (Hare & Cowen 1997). 

The mechanisms that regulate recruitment of fish are many and can vary within 

seasons, and between years among ecosystems and among their inhabitants. By 

incorporating currently identified mechanisms important to early life history of fish in 

individual-based models (IBMs), forced by realistic environmental conditions, we are 

able to study their relative importance and their interaction. Individual-based models 

relate the individuals to the environment so that properties and dynamics on 

population level emerge (Grimm & Railsback 2005). This thesis focuses on modeling 

the early life history of cod (Gadus morhua) during the transition from newly hatched 

larva to early juvenile with the intention of increasing our understanding on how 

processes at various scales may operate and differentiate larval cod growth and 

survival.  

Fish species and stocks  

Cod is a highly commercial fish species that lives in discrete stock units along the 

European coast from the Bay of Biscay to the Barents Sea, around Iceland, on the 

east and west coast of Greenland, and from Cape Hatteras to Ungava Bay along the 

east coast of USA (ICES 2005). This thesis focuses on two cod populations: the 

Northeast Arctic (or the Arcto-Norwegian) and the Georges Bank cod stocks. The 

Northeast Arctic cod (NA) is distributed throughout the Barents Sea. Mature 

individuals migrate to the Norwegian coastal areas as far down as 62ºN to spawn 

(Fig. 1 Paper 5). The majority of eggs are found in the Lofoten areas (~68 ºN) in the 

period from late February to early May (Pedersen 1984, Ellertsen et al. 1989). Eggs 

and larvae are then transported northwards with the ocean currents, away from the 
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spawning areas and into the nursery grounds in the Barents Sea. Pelagic juveniles 

settle to the bottom after 5-6 months (40-70-mm) (ICES 2005). 

The Georges Bank cod stock is primarily resident (ICES 2005). Spawning takes place 

at the Northeast Peak on Georges Bank (Fig. 1 Paper 3) during November to May, 

with peak spawning during February and March (ICES 2005). Eggs and larvae drift 

southwesterly with the currents towards the Great South Channel, before they enter 

the nursery grounds on Georges Bank sometime during summer (Lough & Bolz 

1989). Bottom settlement occurs at the size of 40-mm (Lough & Potter 1993). 

Objectives 

Modeling early life history of cod from the Georges Bank and Barents Sea dominates 

the main objectives of this thesis: 

• Develop a mechanistic individual-based model for the early life history of cod 

based on first-principle physics and biology. Use empirical biological and 

environmental data to validate and force the model. Can the model reproduce 

observable patterns in real systems? How does larval behavior affect feeding, 

growth, survival, and interaction with the environment? 

• Integrate the IBM with a general circulation model covering the habitat for the 

Northeast Arctic cod. How does the coupled model system predict larval 

growth under various environmental settings through the spawning season? 

What is the effect of behavior on survival and drift of larval cod? 
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Background 

Computer models provide researchers with a convenient tool for exploring and 

understanding the processes of an ecosystem. Or as stated by Peck (2004); “When a 

researcher builds a simulation model, they have created a world in which they have 

access to all of the laws and components of that world, and the relationships among 

those components.” However, how can we model complex ecosystems?  

Modeling individuals and populations 

A population is a system of individuals that differ in genetics and environmental 

histories (Heath & Gallego 1997, Fuiman et al. 2005). Consequently, variations in 

phenotypical traits such as behavior, growth, size, condition, and survival arise 

(Paper 2, Grimm & Railsback 2005). An important step towards understanding 

properties at the population level is therefore to recognize that individuals have 

different traits. The integrated interactions and properties at the individual level, 

defines the dynamics and properties at the population level (Grimm & Railsback 

2005). These properties are not present at the individual level, but emerge from 

interactions among individuals and the environment (Breckling et al. 2005, Grimm et 

al. 2005).  Further, the differences in genetic coding between spawners of the 

population ensure a large gene pool and thereby genetic differences between their 

offspring, and consequently a wide range of life history strategies. The range of 

strategies between individuals may dampen variability in populations in a fluctuating 

environment and the best strategy may differ between years. Considering the 

differences that exist between individuals it therefore seems logical to model 

ecosystems as a collection of individuals that differ in traits using an individual-based 

model. Information on individual traits is obtainable from measurements, which is a 

major advantage for individual-based models compared to population models 

(Huston et al. 1988).  
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Individual-based models  

Complex systems are classically approached by reductionism; i.e. the system can be 

described by sub-elements or mechanisms (Chalmers 1978). Each mechanism 

represents a process (e.g. metabolic rate, gut evacuation, prey encounter) studied 

experimentally. The general properties of the system can be described when the 

elements of the system are understood. The introduction of computers greatly 

increased the possibilities of understanding complex systems and made it possible to 

perform model analyses difficult to achieve in real life (Getz 1998, Peck 2004). 

Models evaluated against observations may therefore represent a scientific tool that 

can be used to test hypothesis (Peck 2004). The use of individual-based models 

(Huston et al. 1988)  as an experimental system in evolutionary and ecological 

studies has drastically 

increased since the 1990’s 

(DeAngelis & Rose 1992, Grimm 

& Railsback 2005). Individuals 

are represented by their state 

variables, e.g. weight, length, 

stomach fullness, (i-state, 

DeAngelis & Rose 1992), while 

the environment is described 

theoretically or from observations. 

This approach is contrary to the 

classical population models (p-

state,Caswell & John 1990) where size classes defines the structure of the population. 

This implies that individuals of the population are considered equal in traits. An early 

attempt to use IBM as a tool in ecology was DeAngelis et al. (1979) who explored the 

development of the size-structure of  a largemouth bass cohort over a period of 50 

days. The size-structure of the population was revealed from the state of the 

individuals, and provided results not accessible by the standard structured population 

 

Figure 2 Image of a newly hatched, 2 days post 

hatch, larva of size 4mm. Photo: Arild 

Folkvord. 
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models (Grimm 1999). The DeAngelis et al. model has had extreme influence on the 

development and use of IBMs in ecology and started a whole new family of fish 

population models (Grimm 1999). IBMs have since been used to explore a variety of 

ecological problems, such as the selection of anchovy spawning grounds in Southern 

Benguela (Mullon et al. 2002, Huggett et al. 2003, Parada et al. 2003), the 

recruitment variability of bay anchovy in Chesapeake Bay (Wang et al. 1997), 

growth-dependent mortality of herring (Gallego & Heath 1997), the drift and growth 

of Northeast Arctic cod from the spawning grounds in Lofoten to the nursery grounds 

in Barents Sea (Vikebø et al. 2005), how size-dependent predation controls size-

distribution of larval/juvenile bloater (Coregonus hoyi) in Lake Michigan (Rice et al. 

1993), artificial evolution of behavior and life history traits of Müller's pearlside 

(Maurolicus muelleri) (Strand et al. 2002), and in many other applications.  

An IBM represents organisms and ecosystems that can be manipulated in ways 

difficult to achieve in real life (Peck 2004). Still, model reliability depends on the 

underlying assumptions of the model and the models’ ability to reproduce observable 

patterns. Laboratory experiments where scientists have identified and explored the 

properties of a single, or a multitude of processes, provide information on relevant 

parts of an IBM. As the number of processes included in the model grows, the 

complexity and the room for error increases as well. Elements of a model should 

therefore be limited to the ones thoroughly studied and well documented.  

This thesis presents new approaches on modeling early life stages of cod, which can 

be distinguished into three main components; (i) mechanistic understanding of 

feeding and predation, (ii) the use of environmental and biological data to run and 

validate the IBM, (iii) how individual behavior influences growth, and survival.  

Mechanistic modeling of feeding 

The IBM 

The IBMs presented in this thesis is a blend of earlier model components (Fiksen et 

al. 1998, Fiksen & Folkvord 1999, Fiksen et al. 2002, Fiksen & MacKenzie 2002) 
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combined with a new physiology (Paper 1) and behavioral component (Paper 1, 3, 

4, 5, 6). The IBM contains a mechanistic feeding module, and the tight integration 

with high-resolution environmental data allows for detailed modeling of early life 

history of cod. The IBM is based on physical and biological parameters from 

observations on encounter, pursuit and attack, capture success, ingestion, 

assimilation, metabolism, and growth (Paper 1, 3, 4, 5, and 6). Feeding is estimated 

in a mechanistic fashion (Caparroy et al. 2000, Fiksen & MacKenzie 2002) where 

light (Skartveit & Olseth 1988), visual perception (Aksnes & Giske 1993, Aksnes & 

Utne 1997), and larval size are key mechanisms together with the physical and 

biological characteristics of the prey (contrast, visibility, size, jump angle, and escape 

speed) (Fiksen & MacKenzie 2002).  

Modeling larval foraging 

In most IBMs, capture success of larval fish is a deterministic relation between the 

size of the larvae and the prey, based on empirical stomach content data (Werner et 

al. 1996, Werner et al. 2001, Lough et al. 2005). This implies that capture of a given 

prey item is either a success or a failure, while the mechanistic model estimates 

capture success as a larval-prey size-dependent probability function. Leising and 

Franks (1999) modeled growth and feeding of cod and haddock on Georges Bank 

using an IBM based on work by Laurence (1985). In the model of Leising and Franks 

(1999), larval fish successfully captured prey items when the ratio of prey and 

predator length was above 1/70 and less than 1/10. These values are comparable to 

the ratio between prey and larval cod length observed in gut samples by Munk 

(1997). The model described here was parameterized for cod by Fiksen and 

MacKenzie (2002), and modeled capture success (Paper 4) agree with the observed 

values of Munk (1997).  

The distance a predator is able to perceive and encounter prey items increases with 

prey size (image area), and varies with light intensity, the clarity of the water, and the 

eye sensitivity of the predator. Encounter between prey and predator is then followed 

by pursuit. The pursuit time necessary to reach attack position increases with 
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increasing prey size (Walton et al. 1992). Small predators may therefore visually see 

prey items far away, but pursuit success may fail if pursuit time is long and the prey 

has moved out of perception area.  

Combined, pursuit and capture success varies with depth, light intensity, and with the 

relative length ratio between prey and predator, and the result is a dynamic interaction 

between predator, prey, and the environment (Paper 1-6). When we compared the 

mechanistic model with observations of prey items larval cod were able to capture 

(Lough et al. 2005), only small differences were revealed (Paper 4). This suggests 

that the most important physical and biological characteristics of both prey and 

predator is included in the mechanistic model. Luo et al. (1996) modeled prey 

selectivity of bay anchovy in Chesapeake Bay using a mechanistic model. The model 

setup estimated prey-predator encounter rates in a 3D setting. The visual ability of the 

anchovy, light intensity, water quality, and the size of the prey determined the rate of 

encounter, while a size-dependent function determined prey capture. Modeled prey 

selectivity corresponded with stomach samples. Luo et al. (1996) conclude that 

understanding of fish feeding ecology is best understood by observing the 

environment as seen by the fish.  

Turbulence has long been considered important for encounter rates between prey and 

predator (Rothschild & Osborn 1988, Sundby et al. 1994, MacKenzie & Kiørboe 

1995, Sundby 1995), however most IBM models have ignored light (Fiksen et al. 

1998). In the pelagic realm, light and water quality (turbidity level) shows large 

latitudinal and seasonal variations among ecosystems that influence feeding and 

growth of larval fish (Paper 6, Suthers & Sundby 1996). Newly hatched Northeast 

Arctic cod have a short growth season, but almost continuous light conditions 

(Pedersen et al. 1989), that enable continuous feeding and potentially high growth 

rates. Mechanistic models represent a method for modeling first-principle physics and 

biology of ecosystems as close to the real world as possible, and gives the researcher 

the opportunity to understand how components interact on a detailed level. Of course, 

our ability to correctly parameterize the model (see Fiksen and MacKenzie (2002) for 
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discussion on uncertainty in parameter values) are critical for model reliability and 

validation. New laboratory experiments on visual perception of larval cod would help 

increase the general validity of simulation results.  

Mechanistic modeling of predation on larval cod 

Rice et al. (1993) modeled size-dependent mortality of bloater fish in Lake Michigan 

using an IBM model. The probability of being eaten by the predator alewife (Alosa 

pseudoharengus) decreased with larval size, and survivors were the largest and fastest 

growing individuals. Similarly, Ottersen and Loeng (2000) found significant 

correlation between mean individual length and year-class strength of Northeast 

Arctic cod at the stage of 5 month-old pelagic juveniles, indicating that rapid larval 

and juvenile growth favors high survival.  In Paper 3, 4, and 5 encounter between 

larval cod and predators were simulated mechanistically as a function of the visual 

perception of the predator, the light conditions, and the predator density (Fiksen et al. 

2002). Visibility of larvae to fish predator increases with size, still, the probability of 

the larvae being eaten decreases as larger larvae are able to migrate deeper in the 

water column where predation is minimized (Paper 3-5). Many individual-based 

models include mortality, although the implementation differs. Some models include 

mortality on egg stages (Mullon et al. 2003), starvation (Letcher et al. 1996, Leising 

& Franks 1999, Hinrichsen et al. 2002), size-dependent functions (mortality 

decreases with larval size) (Bartsch & Coombs 2004, Bartsch 2005), as a growth-

related function (faster growing individuals have a higher probability of survival) 

(Gallego & Heath 1997), or as a random function (Gallego & Heath 1997). Modeling 

predation is not an easy task as predation pressure varies spatially and temporally 

within and among ecosystems. On Georges Bank, Garrison et al. (2000) observed 

increased predation pressure from mackerel and herring on cod and haddock larvae in 

years when temperature was high. The predators followed the temperature gradient 

and occasionally overlapped with the distribution of larval cod and haddock and 

caused high predation pressure. Such mortality events may be difficult to model 
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correctly; still, predation is of crucial importance for larval fish survival and should 

be included in IBMs in order to resemble real life history traits. By splitting mortality 

into three components (Papers 3-6), the scientists can explore how predation from 

invertebrates and piscivores, and starvation influences survival in size-structured 

populations. Explicit mechanistic simulations of predation from piscivores on larval 

fish enable us to understand how physical properties of the environment (e.g. 

phytoplankton production decreases visibility in the water column) may influence 

predation rates.  

Modeling the environment in IBMs 

The environment (larval habitat) describes the theater where the early life histories 

are played out, and represents a key element of an IBM. The fluctuating and changing 

environment is challenging to model in a reliable way, which can result in differences 

between the modeled and the actual habitat of interest. Studies of advection, 

dispersal, and distribution of larval fish (e.g. Hare et al. 1999, Fox et al. 2006) may 

not require a detailed description of the prey fields, but is required when modeling 

feeding ecology (Paper 1, 4). In most models the habitat is an assemblage of the 

ocean currents, temperature, turbulence, and prey fields, where variables are 

theoretically based (e.g. Paper 5, Hinckley et al. 1996, Werner et al. 2001), or a 

combination of theoretical and observed values (Paper 1, 3, 4, 6, Lough et al. 2005). 

An excellent example of the latter approach is the model of Bartsch et al. (2004, 

2005). Bartsch et al. (2004, 2005) derived monthly egg production of Calanus 

finmarchicus based on the long-term observations of the number of females from 

Continuous Plankton Recorder  (CPR) data, and satellite data of sea surface 

temperature and chlorophyll a concentration. The result was weekly average spatial 

distribution of prey suitable for mackerel in the North Atlantic. Zooplankton models 

provide an efficient way of to estimate larval prey abundance in time and space 

(Paper 6, Huse 2005). However, such models may be difficult to validate, as 

observations over large areas are needed. Still, oceanographic models encounter the 
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same problem, but model results have been verified by testing modeled data at 

specific stations were sampling are conducted (e.g. Vikebø et al. 2005). Most model 

experiments use data to validate the model (Wang et al. 1997, Voss et al. 1999), but 

environmental and biological observations are seldom used to force the model (Paper 

1, 3, 4). The re-simulation of the macrocosm experiment (Folkvord et al. 1994) used 

observed values of zooplankton, temperature, wind speed, and modeled light to 

epitomize the habitat, and enabled a direct comparison between modeled and 

observed stomach content and growth (Paper 1). Paper 4 modeled growth and prey 

selectivity of larval cod on the Georges Bank using data on the distribution and daily 

variation of four species, 13 stages each, of prey. This allowed for a detailed 

comparison between observed and modeled stomach content, and in my opinion, 

extensive use of data increases the validity and viability of a model.  

Scientific sampling procedures, e.g. 10m strata MOCNESS samples 6 times a day 

(e.g. Lough et al. 2005), do not necessarily resemble the fine scale details of the water 

column as experienced by larval fish (Pepin 2004). The data used in Paper 3 and 4 

were obtained by following a drifter deployed at 13 m depth for several days (Lough 

et al. 2005). The idea was that the trajectory of the drifter and the larval cohort 

corresponded, and consequently water samples along the drift trajectory would 

resemble the environment as experienced by the members of the cohort (Lough et al. 

2005). Horizontal currents differ with depth, and the drift at 13 m may not have been 

appropriate to describe the drift of the larval cohort. Pepin (2004) warns about the 

relatively low probability of sampling the same water parcel twice, thereby deducing 

assumptions of growth and predation by using samples from different parcels 

containing both zooplankton and larvae, but which essentially have experienced 

different ecological settings. Video plankton recorder (VPR) based studies may open 

up new possibilities for modeling the habitat of larval fish correctly (Davis et al. 

1992, Gallager et al. 2004). The VPR is moved through the water column at the speed 

of larval fish and digitally records plankton composition of the water column, as 

experienced by larval fish. A computer scans the digital pictures of the water and 

automatically recognizes prey species and sizes. VPR increases our ability to 
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understand the environmental composition as seen through the eyes of larval fish. 

VPR data can enforce a new, efficient method for modeling the environment more 

correctly, and perhaps increase our knowledge of small-scale processes effect on 

larval feeding and growth.  

Implementing behavior in individual-based models 

Coupled bio-physical models (Paper 6) generate dispersal patterns of individual 

members of populations in realistic flow fields. This opens up possibilities for 

bridging the gap between oceanography and biology (Paper 2, Vikebø et al. 2005). 

Spatial and temporal variability in the distribution of prey, light, turbulence, and other 

environmental cues, enforce larval fish to locate habitats for feeding while 

simultaneously avoiding predators. During the last few years, coupled models have 

been used extensively to model the effect of large-scale ocean currents on population 

dynamics of fish species around the world. Much effort has been put into model 

efforts to investigate how eggs and larvae drift passively with the prevailing currents 

from spawning grounds to nursery habitats, and how variability in current systems 

may affect egg and larval survival and recruitment (e.g. Werner et al. 1993, Hare et 

al. 1999). Huggett et al. (2003) modeled passive drift of anchovy eggs and larvae in 

the southern Benguela. Based on model results, the authors concluded the eggs and 

larval products that reach the nursery habitats successfully originate from the areas 

where the majority of spawning occurs. However, they also concluded that the model 

reproduced observable patterns when active swimming of the larvae was included. 

The same conclusion was reached by Werner et al. (1993) when they modeled drift of 

cod and haddock larvae on Georges Bank. Number of individuals to reach the nursery 

grounds on Georges Bank increased when directional swimming was included. 

Anchovy eggs and larvae in the southern Benguela was also explored by Parada et al. 

(2003). Here, the authors included buoyancy of the eggs and larvae, and tested for 

differential transport success of eggs and larvae from the spawning grounds to the 

nursery habitats. Parada et al. (2003) concluded that density played a significant role 
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in transport success. Studies like Huggett et al. (2003), Werner et al. (1993), and 

Parada et al. (2003) are fascinating and may help researchers understand underlying 

strategies of choice of spawning grounds and timing of the spawning. Still, larval fish 

do exhibit vertical behavior (Ellertsen et al. 1984, Lough & Potter 1993, Leis et al. 

2006) which could be included in coupled bio-physical models (Paper 2, 5) and 

increase our understanding of dispersal and drift of eggs, larvae, and early juvenile 

fish. Vikebø et al. (2005) showed that large variation arise in transport trajectories of 

particles located just a few meters away in the vertical. Strong gradients of horizontal 

ocean currents can have significant impact on the drift of particles. This was 

illustrated by modeling efforts by Fox  et al. (2006). The spawning grounds of plaice 

in the eastern Irish Sea are close to the nursery habitats and settlement grounds. Fox 

et al. (2006) revealed that when larval and juvenile plaice exhibited vertical behavior 

synchronized to the tides, the number of individuals to reach the nursery grounds 

increased. Paper 2 and 3 suggests that environmental (e.g. light, prey, predators) and 

physiological (e.g. size, stomach fullness) cues could be used as mechanisms to drive 

the behavior of larval fish. This thesis shows that flexible behavior of larval fish 

significantly increases the probability of larval fish survival (Paper 3, 5), growth 

(Paper 1, 3, 4), and dispersal (Paper 5), and represents an important element of 

IBMs that needs further research.  

Main findings and future perspectives 

• Modeled foraging of first-feeding larval cod suggests that prey density of 

10 nauplii·L-1 is sufficient for the larvae to grow at their physiologic 

maximum rate at temperatures 6-10ºC in early May (Paper 1, 6). The 

implementation of stomach as a larval state variable in the IBM improved 

the model bioenergetics, and proved important as an energy reserve during 

the early hours of the night (Paper 1). 

• Larval cod on Georges Bank favors Pseudocalanus spp. as prey item 

because of its visibility and abundance in the water column. Centropages 
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was modeled as a potentially preferred prey item, however Centropages 

spp. is seldom found in stomach samples with the exception of nauplius 

stages (Paper 4). This indicates a negative selection for this prey item 

• Flexible individual behavior motivated through environmental cues and 

individual states (Paper 2, 3) have significant impact on growth (Paper 1, 

3, 5), and survival (Paper 3, 5), and on dispersal patterns (Paper 5). 

• Day-length limit feeding and growth for newly hatched larval cod in 

Lofoten in Northern Norway prior to mid-April. By mid-April, day-length 

has increased considerably and the IBM suggests high growth at prey 

densities above 5 nauplii·L-1 (Paper 6). Time of season, day-length, and 

water temperature have major impact on growth and survival of larval cod 

in northern Norway (Paper 6). 

• Modeling early life history of cod using a mechanistic individual-based 

model in combination with detailed environmental data revealed 

information on the interactions between biotic and abiotic processes 

important for larval growth and survival. Models allow us to explore how 

processes and mechanisms influence larval growth and survival in an 

ethical, reliable, and affordable way. Virtual experiments can be repeated, 

and each single process can be turned on and off, thereby revealing its true 

effect on the system as a whole. 

In conclusion, understanding the functional relationships between physical and 

biological properties of ecosystems is a challenging task where individual-based 

models can suffice as a valuable tool. However, the strength of an IBM rests on our 

knowledge on the mechanisms and processes that compose the model in the first 

place. Experiments and observations provide valuable information that modelers may 

utilize. In future perspectives, it is tempting to hope that models, such as IBMs, can 

be used to predict recruitment strength of fish populations. If we understand what 

causes variability in year-class strength, we can take measures and precautions to 
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manage and sustain the populations and the fisheries. The study of early life history 

may prove to be a viable way to understand ecosystem dynamics and for preservation 

and management of marine habitats. Such knowledge seems ever more important 

when faced with climatologic changes and increasing interest in exploration for oil in 

marine habitats. It is therefore necessary to strive for knowledge of marine 

ecosystems, not only for exploitation of resources but also for the sake of 

preservation. 
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Abstract  

Individual based models (IBMs) integrate behavioural, physiological, and 

developmental features and differences among individuals. Building on previous 

process-based models, we developed an IBM of larval cod (Gadus morhua L.) that 

included foraging, size-, temperature- and food-limited growth, and environmental 

factors such as prey-field, turbulence, and light. Direct comparison between larval 

fish IBMs and experimental studies are lacking. Using data from a macrocosm study 

on growth and feeding of larval cod, we forced the model with observed temperature 

and prey-field and compared model predictions to observed distribution, diet, size-at-

age, and specific growth rates. We explored implications of habitat selection rules on 

predicted growth rates. We analyze the sensitivity of model predictions by the Latin 

Hypercube Sampling method and individual parameter perturbation. Food limitation 

prevented larvae from growing at their physiological maximum, especially in the 

period 5-17 days post hatch (DPH). Active habitat selection had the potential to 

enhance larval growth rates. The model predicted temperature-limited growth rates 

for first-feeding larva (5-20 DPH) when prey density is > 5 nauplii L-1. After the age 

20 DPH, maximum modelled growth required a diet of copepodites. Simulated 

growth rates were close to observed values except for the period just after the start of 

exogenous feeding when prey density was low.  

Keywords: individual based model, macrocosm, growth rates, sensitivity, larval cod 
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Introduction  

Individual based models, IBMs, are an important tool that can integrate from 

individual level properties of environmental exposure, behaviour and physiology to 

population level characteristics of larval fish growth, survival and spatial distribution 

(Grimm & Railsback 2005). Presently, there are many attempts to develop coupled 

biophysical models where IBMs of larval fish are embedded in general circulation 

models (Werner et al. 2001, Hinrichsen et al. 2002, Lough et al. 2005). However, 

direct comparisons between model predictions and the observed growth patterns or 

feeding habits of larvae in natural or semi-natural environments are rare. Therefore, 

direct comparisons between model predictions and observations of larval fish 

feeding, growth and spatial distribution are warranted. Such efforts may strengthen 

our confidence in predictions from large-scale physical-biological coupled models. 

Controlled environments in macrocosms or landlocked fjords provide a balance 

between the realism of a natural habitat and the tractability of the laboratory 

(Folkvord et al. 1994). Information on the environmental conditions and larval 

properties from such studies can be used as forcing data to drive individual based 

models.  

In the pelagic realm, vertical environmental gradients are typically much stronger 

than horizontal gradients. Therefore, when implementing IBMs into circulation 

models, accurate representation of the vertical distribution is important for predicting 

the exposure of larvae to environmental factors. Also, the horizontal dispersal of 

larvae often depends on their vertical positioning (Vikebø et al. 2005). However, little 

information exists on criteria for habitat selection of larval cod. This is particularly so 

for larvae facing trade-offs between food availability, temperature, advection, and 

predation risk. Here, we present a mechanistic model of foraging and growth of cod 

larvae. The feeding processes are adopted from Fiksen and MacKenzie (2002), while 

our formulation of assimilation and transformation of energy from prey to larval 

tissue and growth is new. It incorporates the empirical models developed by Finn et 

al. (2002) and Folkvord (2005). Explicit simulations of the macrocosm experiment by 
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Folkvord et al. (1994) allows for direct comparison between model predictions and 

observed properties of the larvae in a monitored, near predator-free environment. We 

compare modelled and observed growth and diet of larvae for the first 42 days of 

their life. In addition, we explore the effects of habitat selection by the larvae on 

realized growth rates in the pond. 

Biological background - The macrocosm experiment  

This model effort uses observed temperature and prey density from a macrocosm 

experiment (Folkvord et al. 1994) as forcing. Observations of larval growth and 

weight at dates are compared with model predictions. Below we provide a brief 

summary of the Folkvord et al. (1994) experiment. 

Sampling 

In spring 1983, larval cod (Gadus morhua) were released in five cohorts separated by 

ten days intervals into the 5.5 m deep naturally enclosed 63 000 m3 Hyltropollen 

(Folkvord et al. 1994). Fish larvae were 5 days post hatch (DPH) at the day of release 

and still at the yolk-sac stage. A total of 40 000 larvae samples were collected 

between 20 March and 3 May 1983, and 4354 larvae were individually measured. 

The environment was monitored by weekly measurements of temperature (Fig. 1a) 

and zooplankton biomass (Fig. 1b) at one meter intervals from the surface to the 

bottom (Folkvord et al. 1994). Observations of zooplankton and temperature are 

available to day 42 (47 DPH) of the experiment.  

The environment 

An average turbulent dissipation rate was estimated using the mean wind field 

obtained from the Meteorological institute in Norway for a nearby station (Flesland), 

and the empirical relationship between wind and turbulence from Mackenzie and 

Leggett (1993). Both temperature and zooplankton concentrations showed strong 

vertical and temporal variation (Fig. 1). Initially, strong vertical gradients 

characterized the hydrography after a cold weather period with patches of ice at the 
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surface. By mid-April most of the gradients had eroded and the water column was 

mixed (Fig. 1a).  

Prey 

In late March, total zooplankton biomass was very low at the surface, but increased 

towards the bottom (Fig.1). As time passed, the zooplankton became distributed 

homogenously in the water column. Prey types available in the pond were nauplii and 

copepodite stages of Calanus finmarchicus, rotifers, and harpacticoids. Rotifers were 

an important prey item for first feeding larvae (Folkvord et al. 1994). A peak in 

abundance of rotifers occurred in the beginning of April (33 L-1 at the surface). Total 

prey density rarely exceeded 10 L-1 with an average close to 6 L-1 (Folkvord et al. 

1994). Mean, standard deviation, minimum and maximum values, for the period 20th 

of March to May 1st, of rotifers were 1.0±5.0 L-1 (0.0-33 L-1), nauplii  2.1±1.7 L-1 

(0.1-8.3 L-1 ), copepodites 0.6±0.4 L-1 (0.1-1.9 L-1), harpacticoids 0.5±1.0 L-1 (0.0-5.8 

L-1), and miscellaneous 1.7±2.2 L-1 (0.3-13.6 L-1). 

The sampling only separated between nauplii and copepodites. To obtain smaller 

incremental step between size classes of prey, we divided the C. finmarchicus data 

into the developmental stages NI-NVI for nauplii and CI-CIV for copepods (Table 1). 

We assumed an exponential decrease in numbers between stages, where prey 

concentrations and prey size spectra corresponds to estimated densities of nauplii and 

copepodites (Table 1). 

Model description 

The model description follows the outline recommended by Grimm and Railsback 

(2005) (PSPC+3).  

Purpose 

This IBM simulates early life history of larval cod based on environmental factors 

and underlying processes that we believe are important. Each process is formulated 

and parameterized from laboratory experiments conducted on larval cod (Fiksen & 
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MacKenzie 2002). The combination of these processes describes mechanistically 

how larval cod encounter, capture, and ingest food and use the energy for growth. 

The main purpose is to evaluate model performance in a well-studied semi-natural 

situation. 

Structure 

We simulated growth for a period of 5-47 days post hatch for 160 individual cod 

larvae in a closed macrocosm with no predators, assuming no mortality, and no 

interactions among individual larvae. Behavioural responses to changes in the 

environment were restricted to vertical movements with a spatial resolution of one 

meter and a temporal resolution of one hour. 

Processes 

Sub-models govern the interaction between the environmental forcing (temperature, 

turbulence, and zooplankton density) and the dynamic state variables weight, 

stomach content, and length. These states are updated once every hour (Fig. 2). A key 

element is the mechanistic foraging sub-model combined with a stomach as a state 

variable. Ingested mass or energy results from the successful completion of sequential 

processes; encounter, approach, and capture (Fiksen & MacKenzie 2002). The 

foraging processes are iterated for all prey types and size categories (Fig. 2). 

Holling’s disc equation (Holling 1966) ensures that the total time spent handling prey 

reduces available search time. Stomach fullness and body mass determine whether 

growth is only temperature-dependent, or also food limited. 

Concepts 

An important and difficult topic for larval fish modelling is the behavioural 

positioning of the larvae in environmental gradients. We expect strong selection 

pressures on habitat selection in larval fish since the pelagic environment is typically 

characterized by strong vertical gradients of variables related to growth (temperature, 

prey concentrations, light, turbulence), predation risk (distribution and search 
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efficiency of predators), and the probability of being advected out of favourable areas 

(Werner et al. 1993, Vikebø et al. 2005). Here, we explore the consequences of four 

different vertical behavioural rules; (1) larvae move along the depth where maximum 

abundance of larvae were observed during assessment (ObsD), (2) larvae follow the 

depth of highest temperature (HighT), (3) larvae move along the depth with highest 

prey biomass (HighP), and (4) larvae find the depth that yields the highest growth 

rate (HighG). We also included a simulation of larvae without active selection; i.e. 

larvae that move randomly up or down the water column. Our null hypothesis was 

that individuals with a strategy would grow faster than individuals moving randomly 

in the water column. To test this we recorded average weight at age and depth 

distribution of 100 individuals for 32 days with random vertical positioning. All 

larvae were initialized with start weight 58 μg. 

Initialization 

We used observed data at each of four dates (26, 31 March, 6, and 10 April) to 

describe the initial population weight distribution. For each date (11, 16, 22, 26 

DPH), we draw 160 (maximum number of larvae sampled at 16 DPH) individual 

weights randomly from the observations, to yield averages of 58±9, 112±22, 234±48, 

and 410±87 μg, respectively. Using the four start dates and 160 individuals, 

simulations were repeated for the four rules. This resulted in 2560 individual 

realizations.  

The simulation initiated on April 10 was run until 47 DPH, and was compared with 

final observations from the pond on day 49, the final day of  Folkvord et al. (1994) 

experiment. This provides us with as many direct comparisons between predictions 

and observations as possible, and allows for identifying under which environmental 

conditions the model failed.  

 

 



 44 

Input 

Observed (Folkvord et al. 1994) prey density and turbulence are input to the foraging 

processes, and temperature for the growth processes. We modelled light as a function 

of date, time of day and latitude. 

Sub-models 

The IBM was written as an object-oriented Fortran 90 code, which allows for 

tracking properties for every individual. Following is a detailed description of the 

various sub-models. 

Larval feeding processes  

Prey encounter rate, pursuit success and capture success determine larval feeding 

success. We applied the detailed and mechanistic model by Fiksen and MacKenzie 

(2002), based on earlier developments (MacKenzie & Kiørboe 1995, Aksnes & Utne 

1997, Caparroy et al. 2000). This model predicts (1) prey encounter rates as a 

function of prey characteristics, larval size, ambient light, turbulence, and prey 

density, the probability that (2) prey detects the approaching larvae and escapes (Psa), 

(3) that prey are advected out of the larva’s perception range due to turbulence (Psp), 

and (4) that prey are successfully captured and ingested (Pca). Prey ingestion is 

limited by stomach capacity, while the prey items that compose the diet is estimated 

from all prey items captured within the last time-step. Predictions from this model 

generated larval prey size-selectivity in agreement with observations by Munk 

(1997). Key variables and parameter values are defined in Table 2. Visual foragers 

depend on light. Light conditions Eb vary with time of day h and depth z, and is a 

function of the surface light, Eo, and the diffuse light attenuation k (Table 2).  Surface 

light is calculated according to time of the day, latitude (60ºN), and day of the year 

(here 20 March - 2 May 1983). 
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Respiration rates  

Routine respiration rate of larval cod was thoroughly estimated by Finn et al. (2002). 

Routine respiration R (μg•ind-1h-1), varies with dry-weight body mass (w [mg]) and 

temperature (T [oC]) as 

)T088.0exp(w1038.2R 9.010 ⋅⋅= −  (1) 

Respiration rates were measured in light and darkness (Finn et al. 2002). Higher 

values occurred in light than darkness, indicating that the values from darkness were 

closer to resting respiration. In the present model, we have applied the averaged value 

for R. The metabolism is elevated by a factor of 2.0 (Lough et al. 2005) when light 

conditions are suitable for foraging (visual range ]mm[0.1≥ ) and the larvae are active.  

Size- and temperature-limited growth rate  

If the larvae ingest more food than they can process and assimilate, then size- and 

temperature-dependent physiological processes will limit their growth. We applied 

the model derived from extensive laboratory rearing experiments on coastal cod by 

Otterlei et al. (1999) and Folkvord (2005) to find larval specific growth rates (SGR, 

%•d-1) under such conditions: 

32 )ln()ln()ln(),( wdwcwbaTwSGR +−−=  (2) 

where SGR  is the specific growth rate in percent per day, expressed as a function of 

temperature (T ) and dry mass ( w , mg), and 

0.0112Td 0.0965T,c 0.074T,b 1.79T,1.08a ===+=  (Folkvord 2005). The SGR  can 

be expressed as specific growth rate g per time-step ((dt, day-1) 

dtSGRg /)1)100/ln(( += ).  

Larval state variables and food limited growth  

Larvae are characterized by the state-variables body mass (w, dry weight), and by the 

stomach fullness (s). The maximum energy content of the stomach (s) is set to 6.0 % 
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of the total weight, which corresponds to observations of stomach content and size of 

cod larvae on the Georges Bank (E. Broughton, NFSC, Woods Hole, personal 

communication) and to the upper limit of ingested material used by Lough et al. 

(2005). The amount of food in the stomach and the growth potential of the larvae 

determine whether growth is maximal (size- and temperature limited) or food-limited.  

The mass (or energy) D required to sustain maximal growth within each time step is 

given by 

ARgwdtD /)( +=          (3)  

Here, A  is the assimilation efficiency equal to 0.75, correcting for energy losses 

through feces and specific dynamic action (Kiørboe 1989). The stomach then acts as 

a reactor and dynamic storage where mass is withdrawn depending on potential 

growth. The stomach fullness is a function of previous state st, digested material D 

and ingestion i:  

iDss tt +−=+1   (4) 

The change in body mass dw within each time-step is then given by, 

⎩
⎨
⎧

>−
≤

=
t

t

sDifRsA
sDifgw

dt
dw  (5)          

This is where growth becomes either food- or temperature limited. If stomach content 

st can supply the matter and energy required D (D ≤ st) then growth proceeds at 

maximum rate. Otherwise, if D > st then what is in the stomach is processed and 

turned into body mass. The predicted growth rates of larval cod under various 

temperatures, body mass and prey ingestion rates are presented in Fig. 3. This 

approach integrates solid laboratory studies on larval cod growth and metabolism and 

a simple, but reasonable representation of mass and energy flow through the larvae. 

The model predicts that growth drops linearly with food availability below a 

threshold that depends on both temperature and larval weight (Fig. 3c). It captures the 

general view that food requirements are higher when growth rates are high, and acts 
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as an interpolation between the food-satiated growth pattern observed by Folkvord 

(2005) and the starving case of Finn et al. (2002) (Fig. 3b). 

Sensitivity analysis 

Trust in model predictions is gained through validation and testing of the IBM. 

Comparison between simulation results and observations may increase confidence in 

the hypotheses formalised in the model, depending on its ability to match observed 

patterns. In addition, the importance of sub-models in a complex model can be 

analysed through sensitivity analyses. If small changes in parameter values generate 

large responses, the model is sensitive to the parameter. 

 

Sensitivity analysis of the IBM was performed using a Monte Carlo simulation where 

parameter values are randomly selected from a distribution. We implemented this 

method using the Latin Hypercube Sampling (LHS, Rose (1981), Rose et al. (1991b)) 

and used it to determine the contribution of parameter variation to prediction error 

(Bartell et al. 1986). First, we assigned a specific distribution for all parameters 

included in the error analysis. The nominal value for each parameter defines the mean 

value of the distribution. Then we drew values randomly from the distributions to 

create a set of parameter values in each model realization. 

A typical approach to sensitivity analysis in IBMs’ is the individual parameter 

perturbation method (IPP) where each variable/parameter in the model is varied 10±  

or %20±  between simulations. Model results (weight in this case) with and without 

this change determine the impact of the change in variable value. Although this 

method leaves us with an indication of the sensitivity of that particular variable, the 

results can be biased if different processes behave in a non-linear fashion and 

interaction exists between variables (Gardner & O'Neill 1981). We included the IPP 

approach as a companion to the error analysis.  
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The Monte Carlo error analysis combined with the LHS approach have been used by 

several authors (Rose et al. 1991a, Letcher et al. 1996, Megrey & Hinckley 2001). In 

general, these studies found the methods to provide similar results for linear models. 

We applied the error analysis to the IBM model in two steps by varying (1) 6 of the 

external (environmental) variables, and (2) 10 of the internal variables.  

We assumed a normal distribution of both internal and external parameters by 

defining a mean, minimum, and maximum value of each parameter (Table 3). Each 

parameter distribution was sampled 300 times. During sensitivity analysis of the 

internal parameters, the environmental variables are not kept constant, but vary 

according to observations. Internal and external parameter analysis resulted in two 

datasets of size 300 times 11 and 7 (parameters and simulated larval weight), 

respectively. These datasets were further analysed statistically by simple correlation 

analysis (Pearson). Correlation between parameters and model results determines the 

individual contribution from each parameter to model variance. We repeated the 

analysis for two sizes of larval cod (5 and 11 mm). 

Results  

Sensitivity analysis 

The Monte Carlo sensitivity analysis revealed interesting properties of the model. In 

particular, growth rates were sensitive to variance in certain variables, which differed 

for large and small larvae (Table 3). For small larvae (5mm), prey density strongly 

influences growth. The range of prey density varied between 0.8-10 nauplii L-1 

depending on choice of vertical rule. Estimated prey concentration within edible size 

range depended on larval size  and vertical rule (Table 4), with very low values for 

age 5-22 DPH larvae (0.4-6 nauplii L-1). For small larvae, the prey size category 

available for capture is limited to rotifers and small nauplii (NI-NIII, Table 1). The 

sensitivity of the internal parameters revealed that small changes in prey escape speed 

and larval attack speed can increase or decrease the range of possible prey items 

(Table 3). In a food-limited situation, this is critical to maintain high growth rates. 
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Larger larvae (11mm) are unaffected by variation in prey density, as long as the 

values exceeded 2-3 nauplii L-1 (Table 4), and variance in growth is explained almost 

solely by the changes in temperature (r2=0.98, Table 3). This situation also explains 

why parameters related to foraging efficiency are sensitive for small but not larger 

larvae. Similarly, gut size is important for larger larvae, since maintaining growth 

during night is occasionally dependent on stomach capacity. Variation in surface 

light, beam attenuation, and extinction coefficient, does not influence the result at all, 

mainly because light conditions limit foraging only at sunset and at night. The pond is 

shallow so that light is not the important limiting factor is has been shown to be in 

models of cod in marine environments (Lough et al. 2005).  

Comparison between simulation runs with a 10% increase in parameter values (IPP) 

produces low impact on the simulated weight over 48 hours. The growth difference 

was generally lower than 1 %, with the exception of the attack speed of the larvae, 

and the prey escape speed for small larvae. 

Vertical behaviour and growth rates 

Behavioural conduct in a spatial environment affects the potential growth rates for 

small larvae, even in a pond of only 5 m depth. Modelled growth and ingestion rates 

for a 5mm larva vary considerably between depths (Fig. 4a,c). One of the rules 

applied for habitat selection is related to growth (HighG), and therefore modelled 

habitat selection becomes dependent on stomach fullness, temperature, and prey 

density (Fig. 5 and 6). Larvae adapting to rule HighG achieve highest growth rates.  

Larvae of size 5mm are mechanistically restricted to forage on rotifers and copepod 

nauplii, compared to 8mm larvae that are capable of capturing copepodites. This 

results in large depth-dependent differences in growth rates for the two sizes of larval 

cod (Fig. 4) that experience the same habitat. Growth rates are mainly temperature-

dependent for 8mm larva, while growth of a 5mm larva depends on the correct choice 

of habitat. Given the relatively low prey concentrations found in the pond (Table 4), a 

small increase (1-2) in nauplii (NI) L-1 increase the growth rates considerably for 

small larvae, especially at the onset of feeding (Fig. 5). The minimum prey density 
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necessary to obtain purely temperature-dependent growth rates was analysed by 

increasing the prey concentration of nauplii (NI) in the macrocosm from 1 to 10 L-1 

(Fig. 6). Prey density > 10 nauplii L-1 enables small (5mm) larvae to encounter and 

capture enough prey to sustain the energetic demands of temperature-dependent 

growth (Fig. 6), although at 25 DPH growth is food-limited, and the larva needs to 

switch to or include copepodites in the diet to sustain optimal growth rates. 

Otherwise, the larva is eventually limited by the encounter rate, and ceases to capture 

enough prey. To determine the effect of the mechanistic submodel, we modelled 

growth where foraging is gape limited and where upper prey length to predator length 

ratio is maximum 8%. Corresponding growth increases equal to an increase in prey 

density of 2 nauplii L-1 (Fig. 5). 

Average observed growth rates for the population age 5-25 DPH, were 12.7 1d% −  

(Folkvord et al. 1994), while simulated growth rates depended on the choice of 

vertical behavioural rule; 9.1, 10.5, 10.7, and 11.2 1d% −  for ObsD, HighT, HighP, and 

HighG respectively (Fig. 7). Simulated growth rates for larval age 5-22 DPH were 

lower than observed, but the difference diminished after 22 DPH as the simulated 

larvae increased in size, and grew close to observations (Fig. 7 and 8). 

Diet 

Gut analysis of larval cod revealed a diet consisting of rotifers and nauplii for the first 

20 DPH (Folkvord et al. 1994), then switched to a diet composed mainly of 

copepodites (90% of the energy and 20% of the prey items in the stomach, Fig. 9, 

upper left panel). Nauplii are the most abundant prey in the pond, which is also 

reflected in simulated gut contents (Fig. 9). After day 20, the larger larval size opens 

up for a wider range of prey items and the importance of copepodites increases (Fig 

9). 
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Rules compared to random walk 

Weight at age varied for larvae following different rules, and all rules perform better 

than the random movement strategy (Fig. 10a). Larvae moving according to rule 

HighP and HighG did best. The vertical movement during 32 days for a larva 

following rule HighG varies considerably over time (Fig. 10b). The frequent vertical 

repositioning is related to stomach dynamics – which habitat has maximum growth 

rates depends on stomach fullness, temperature and prey abundance (Fig. 10c). The 

vertical position of the larva follows the depth where prey abundance satiates 

maximum growth at the highest possible temperature (Fig. 10c and Fig. 1a,b), while 

the average depth for the random walk converges towards an average of 2.5 m (Fig. 

10c).  

Discussion  

Sensitivity analysis suggests that small changes in parameters or variables do not 

create large differences in simulation results (Table 3). This reassures us that the 

model is robust within the parameter space, possibly with the exception of the prey 

jump speed and the cod attack speed (Table 3) for small larva. The IBM uses the ratio 

between larva attack speed and prey escape speed (1/10), as discussed by Fiksen and 

MacKenzie (2002) in the calculation of the capture success. Larval attack speed of 10 

SL•s-1 and prey escape speed of 100 lp•s-1 are based on intermediate values from 

experiments (see Fiksen and Mackenzie 2002 for details). An increased ratio results 

in an increased capture success (restricted by the gape limitation of the larva), and 

vice versa. However, the selected ratio simulates a prey preference size of 5% of 

larval body length (Fiksen & MacKenzie 2002) and agrees well with observations by 

Munk (1997). This indicates that the chosen velocity values are sensible. Although, 

an improved version of this IBM would gain realism by including differences 

between prey species, e.g. contrast of prey to the background and difference in escape 

speed between species. 
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Smaller larvae are sensitive to changes in prey density, which is not surprising as 2-4 

nauplii per litre seems to be the minimum values needed for larvae to sustain 

metabolism. Model results predict that larvae are able to grow at 2-5 %•d-1 at quite 

low prey density (2 nauplii L-1, Fig. 5), although growth after 25 DPH at this prey 

density is severely limited. When we increased the prey density to 10 nauplii L-1 the 

larvae achieved high growth rates for the first 25 DPH (500 µg). As the body size of 

the larva reaches 1000 µg, it seems that optimal growth is only viable to sustain if the 

diet includes copepodites (Fig. 5).  

Light did not limit foraging in the pond, except for a short period at night (22 pm -2 

am), although food-limited growth through this period is avoided if larva keeps a full 

stomach.  

Early life history (growth and survival) of larval cod is determined from the larvas’ 

interaction with the physical and biological properties, such as turbulence (Sundby et 

al. 1994, MacKenzie & Kiørboe 1995, 2000), light (Aksnes & Giske 1993, Aksnes & 

Utne 1997, Fiksen et al. 1998), temperature (Otterlei et al. 1999, Sundby 2000, 

Folkvord 2005), ocean transport (Werner et al. 1993, Vikebø et al. 2005), prey 

abundance (Cushing 1990, Beaugrand et al. 2003), and predators. Larval cod may be 

able to utilize its environment by adaptive vertical positioning. Model simulations 

indicate that active vertical behaviour in the pond does influence growth rates (Fig. 7 

and 8), and is especially important for the first 5-25 DPH days of feeding. This is not 

necessarily true in general, but is of importance in our model setup where food 

abundance is limited and spatially distributed. Simulations indicate a 2% difference in 

daily specific growth rate between rules for a pond of only 5 meters depth. The 

simple rules may not be very applicable to natural conditions, but indicate the 

potential gain of being flexible and actively seek patches of prey to optimize its 

growth rate, particularly when stomach fullness is dropping (Fig. 10c). We have used 

weight and growth rate as fitness measure for comparison between rules. This was a 

natural choice as mortality was not included in the model and the experimental 

habitat was predator free, although Folkvord et al. (1994) did observe an increased 
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size-selective cannibalism as the experiment evolved. We are currently exploring the 

use of more sophisticated behavioural rules in situations with multiple trade-offs 

between growth, predation risk, drift trajectories and dispersal (Kristiansen et al. in 

prep., Fiksen et al. subm., Vikebø et al. subm.). 

In natural environments, the larva has to consider the trade-off between foraging and 

risk from predators. In the near predator free pond, Folkvord et al. (1994) observed 

that larvae aggregated along the bottom for the first week after release, before 

gradually dispersing throughout the water column (Fig. 1). The dispersal 

corresponded to a period of low prey concentration and probably the end of yolk sac 

utilization. Larval cod that are able to maximize growth (HighG) avoid areas of low 

prey density (Fig. 10b, Fig. 1b). They also tend to find the depths where prey 

densities are able to sustain high growth rates at depths of high temperature (Fig. 10, 

Fig. 1a).  Small larvae are therefore able to grow fast, but their energy storage is low 

(Fig. 10c). It is also evident from the model results that even simple rules outperform 

random vertical behaviour (Fig. 10a). For the larvae to obtain growth rates 

comparable to what Folkvord et al. 1994 observed, it would therefore be tempting to 

say that the larvae would need some form of strategy. Information on to what extent 

larval cod are able to optimize the water column in this fashion and to migrate 

vertically is limited. Grønkjær and Wieland (1997) observed vertical distribution of 

small larvae (4-5 mm) in the Baltic Sea. The Baltic Sea is characterized by low-

density surface water, making the eggs neutrally buoyant below the halocline (>45 

m). Larval cod are visual feeders, and food and light at the depth of hatching is 

limited, causing the larvae to swim upward, closer to the surface, in order to forage. 

This behaviour is observed from the onset of first-feeding (2-5 DPH), and indicates 

the ability of small larvae to be able to adequately assess the environment. Larval 

behaviour is probably connected to the environmental gradients, especially the 

gradient of light in a water column. Light is essential for detecting prey, but also for 

larval exposure to predators. As the larvae grow in size they develop a diel vertical 

migration pattern based on the trade-offs between feeding and the risk to predation 

(Lough & Potter 1993). Larval cod on the Georges Bank, larger than 9 mm, seem to 
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follow a diurnal cycle, moving into the surface layer (upper 20 m) at night and into 

deeper water (35 m) at day (Lough & Potter 1993, Lough et al. 1996). This vertical 

behaviour is probably initiated when larvae reach 6-8 mm (Lough & Potter 1993).  

Folkvord et al. (1994) observed that the larvae fed mainly on rotifers and nauplii 

(80% of the stomach content) for the first 20 DPH, then they switched to a diet of 

larger copepodites, contributing up to 90 % of the energy and 20% of the prey 

number in the stomach at day 48 post hatch (Fig. 9a). Both simulations and 

observations indicate that nauplii are the main prey species for smaller larvae. A 

striking difference between observations and simulations is the high numbers of 

rotifers found in the gut-analysis. This bias between observations and simulations 

could stem from underestimated sampling of rotifers, perhaps caused by patchy 

distribution of rotifers, not captured by the sampling routines. In addition, alternative 

prey such as ciliates may have been present in the pond, but not detected in the 

sampling. Alternatively, the encounter rate with small prey is severely underestimated 

in the model, but it is difficult then to point out exactly which element of the feeding 

model is biased. Rotifers could also be detected at larger distance and encountered 

more frequently than anticipated due to their movement pattern.  

After day 20, the simulated larvae are able to capture and digest larger copepodites, 

but the level of copepodites in the stomach is lower in simulations compared to 

observations. Abundance of copepodites in the pond could have been higher than 

sampling data reveal, or perhaps larvae in the pond actively select larger prey. 

The foraging model is biased towards the prey with the highest encounter rate, given 

that the size of the prey is feasible to capture for the larva. Larvae in natural 

conditions are often size selective and favor larger prey (McLaren & Avendaño 1995, 

Munk 1995, 1997) if food is plentiful. Here, the mechanistic model merely includes 

passive selection resulting from the physical and biological characteristics between 

the prey and the predator, some of which include functions of size. 
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An energy source for the larvae at the onset of exogenous feeding was phytoplankton. 

Dinoflagellates in combination with rotifers was observed by Theilacker and 

McMaster (1971) to provide anchovy larvae with enough energy to grow at a 

physiological optimal rate. Fossum and Ellertsen (1994) observed the dominance of 

phytoplankton in gut analysis of larval cod in Lofoten (Norway) for the first 2-3 days 

after start of feeding. Folkvord et al. (1994) observed “green guts” in the stomach 

analysis, indicating active foraging on phytoplankton. This extra energy source could 

be vital for survival during the critical first days after hatching as simulations with the 

observed zooplankton field was to low to provide the necessary amount of prey of the 

correct size range for the larvae to grow at a comparable rate to observations. It seems 

that the ability of larvae to utilize potential energy of e.g. protozoan (von Herbing & 

Gallager 2000), and phytoplankton (Pedersen et al. 1989, Van der Meeren 1993, 

Lough & Mountain 1996) in food limited areas may be crucial for first feeding cod 

larvae.  

Simulated and observed growth rates differ considerably for the first 17 days (22 

DPH). One obvious error concerning this comparison is that the IBM does not 

account for size-dependent mortality. It is probable that size-dependent mortality 

removed the smallest individuals in the pond, especially regarding the low prey 

availability. The overall mortality to metamorphosis (12 mm) was very low (60%), 

however most effective during the first two weeks of the experiment (Folkvord et al. 

1994). From the starvation control experiment, Folkvord et al. (1994) found that 90% 

of the total mortality occurred between day 15 and day 20. Difference between model 

results and observations are partly explained by the combination of an extra energy 

source in phytoplankton and size-dependent mortality. After 22 DPH, there is strong 

resemblance with model and experimental data, suggesting that the model is capable 

of simulating larval growth, given the correct input data. 

In conclusion, the use of IBMs as tools for bringing knowledge and processes at an 

individual level to the population level is becoming increasingly popular (Grimm & 

Railsback 2005). IBM as a reliable laboratory can help us understand how population 
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patterns emerge from individual traits, how physical characteristics affect behaviour 

of pelagic fish, and possibly the impact of climatic variability on individuals and 

populations. It is also a way to bridge experimental studies with modelling to 

generate understanding of patterns at larger scale. However, to obtain reliable 

patterns we need to develop IBMs that have been tested and used with data from 

natural conditions. Our model does not provide results with perfect fit to 

observations, but provide some hypotheses on the interaction between processes and 

the relative importance of processes. It also identifies where the model fails, although 

it is difficult to point exactly at particular processes. Possibly, the sampling procedure 

could also be the reason for some of the discrepancies. We also realize that there are 

likely to be substantial differences between natural environments and the macrocosm 

used here. This type of systematic use of IBMs can also give feedback to future 

experimental work.  

Even in a pond of only 5 m depth the light, prey, and temperature gradients are 

strong, and this research has pinpointed how larval vertical behaviour influence 

realized growth rates. Modelling efforts today often strive to explain both large and 

small-scale processes combined, by using coupled IBMs and 3D physical models. 

The type of behaviour the larvae inhibit in these model setups, colours the simulated 

larval drift, distribution, and growth, and it is therefore important to consider 

implementing sound vertical behaviour, e.g. as a function of larval condition 

(stomach fullness, larval size) and light (Kristiansen et al. in prep., Fiksen et al. 

subm., Vikebø et al. subm.). The failure to do so could severely influence model 

results and conclusions. 
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Table 1 Length (lp), width (dp), and dry-weight (zw) for the 13 various zooplankton 

sizes and species available as prey in the pond. Sizes taken from Lough et al. (2005) 

and energy conversion factors from Blom et al. (1991). Image area (Ap, mm2) of prey 

is estimated as lp·dp·0.75 (elongate prey). 

 

 R NI NII NIII NIV NV NVI CI CII CIII CIV H M 

lp 0.10 0.22 0.27 0.40 0.48 0.55 0.61 0.79  1.08  1.38  1.80 0.30 0.60 

dp 0.10 0.10 0.10 0.10 0.15 0.18 0.20 0.22  0.25  0.31  0.40 0.10 0.30 

zw  0.16 0.33 0.49 1.0 1.51 2.09 2.76  4.18 13.24 23.13 63.64 0.30 1.00 

Energy (Jmg-1·zw) 22.3 20.7 20.7 20.7 20.7 20.7 20.7 22.4 22.4 22.4 28.5 10.0 20.0 

R=Rotifer, H=Harpactacoid, M=Miscellanous 
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Table 2 Variables and parameters from the IBM. Folkvord1 (2005), Finn2 (2002), 

MacKenzie and Kiørboe3 (1995), Aksnes and Utne4 (1997), Mackenzie and Leggett5 

(1993), Fiksen and Folkvord6 (1998), Fiksen and MacKenzie7 (2002), Kiørboe8 

(1989). 

 

Symbol Description Unit Value 

1sgr Specific growth rate %•d-1 Equation 2

2R Respiration rate µg Equation 1

s Stomach size µg• µg-1ind-1 Equation 5 

zwi Weight of prey of type i µg Table 1 

lpi Length of prey type i mm Table 1 

dpi Width of prey type i mm Table 1 

3e Encounter rate 
1prey −

prey·s-1
2223 2

3
2 ωλππ ++= uNfrfre

3f Pause frequency s-1 0.43 

N Prey density mm3  

4r Distance of perception mm 
eb

b
p KE

E
CAEcrr

+
= '2 )exp(

u Prey swimming speed mm·s-1 100·lpi 

5ω Turbulent velocity mm·s-1 0.667r)3.615( ⋅ε=ω  
3λ Pause duration s 2.0 

7E’ Eye sensitivity of larva Dim.less 2

'
0.1 0.2 0.75

LE
C

=
× × ×

 

4C Prey inherent contrast Dim.less 0.4 

6Ap Image of elongate prey 
2

mm2 lp·dp·0.75 

4Ke Larva half saturation parameter µmol·m-2s-1 1.0 

4Eb Light µmol·m-2s-1 )exp()(),( 0 zkhEhzEb −=  

8A Assimilation efficiency Dim.less 0.75 

c Beam attenuation coefficient m-1 3k 

5ε Turbulent dissipation rate      

k

ε=5.82·10-9w3 

w Windspeed ms-1 3.0 

k attenuation coefficient m-1 0.18 

 



 64 

Table 3 Variables and parameters examined in the sensitivity analysis, divided into 

internal and external variables, and further grouped into sub-model level. Mean value 

of the parameter distribution are shown together with the range (min to max). The 

influence (r2) from each parameter on the simulated weight (after 48 hours) is given 

for two larval sizes (5 and 11mm). By increasing the parameter value with 10%, the 

corresponding increase in weight (% increase from base run) is given in the IPP 

columns for two sizes of larval cod. 
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* % increase in weight from base after 48 h 

 

r2 10% increase IPP*  Parameter/variable name Mean value    
(min-max) 

5mm 11mm 

Sub-
model 

5mm 11mm 

Temperature (oC) 7.0 (6.5-7.5) 0.05 0.98 0.4 1.6 

Prey density (L-1) 2.5 (0.5-4.5) 0.88 0.02 0.4 0.05 

Surface wind 3.0 (1.0-5.0) 0.00 0.00 

Environment 

0.1 0.01 

Surface light (µmol·m-2·s-1) 250 (200-300) 0.00 0.00 0.0 0.0 

Beam attenuation coefficient (m-1) 0.18 (0.1-0.3) 0.00 0.00 -0.3 0.0 

Attenuation coefficient (m-1) 0.54 (0.33-0.89) 0.00 0.00 

Light 

-0.1 0.0 

External 

 

Sum  0.94 1.00    

Init perception (mm2) 0.015  

(0.014-0.016) 

0.00 0.01 -0.5 -0.06 

Attack speed (m·s-1) 10 (8-12) 0.34 0.08 2.9 0.02 

Escape speed (m·s-1) 100 (80-120) 0.32 0.08 -0.1 -0.07 

Mean jump angle  (rad) 
6
π   (0.3-0.7) 0.12 0.01 

Mechanistic 
foraging sub-

model 

-0.3 0.0 

Activity (dim.less) 2.0 (1.5-2.5) 0.00 0.00 1.4 0.0 

Respiration exponent (dim.less) 0.9 (0.85-0.95) 0.00 0.01 1.4 0.0 

Gut size (%•dwgt) 0.06 (0.05-0.07) 0.03 0.24 0.45 0.5 

Assimilation (dim.less) 0.75 (0.6-0.9) 0.00 0.01 3.1 0.0 

Half saturation parameter 1.0 (0.001-5) 0.00 0.00 

Bio-
energetic 

sub-model 

-0.2 0.0 

Internal 

 

Sum  0.81 0.45    
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Table 4 The density of C. finmarchicus (nauplii and copepodites, N·L-1) in the water 

column as experienced by a larva according to vertical behavioural rule and age. The 

simulation period for the first 17 DPH, and the last 25 DPH are separated as the size 

of the larvae in the time windows differs significantly, and thereby the number of 

available prey types for ingestion. Only C. finmarchicus is considered as this is the 

dominant prey item found in gut analysis (Folkvord et al. 1994) both in observations 

and simulations. 

 

Simulation 
period 

 ObsD 

Mean N·L-1± SD 

(min-max) 

HighT 

Mean N·L-1± SD 

(min-max) 

HighP 

Mean N·L-1± SD 

(min-max) 

HighG 

Mean N·L-1± SD 

(min-max) 

Total prey density 2.4± 0.8 (1.0-4.0) 2.7± 0.9 (0.9-4.4) 4.8± 2.2 (1.2-10.0) 3.5± 2.0 (0.9-10.0) 5-22 DPH 

Available for larva 1.2± 0.6 (1.3-2.9) 1.3± 0.5 (0.4-2.6) 2.8± 1.7 (0.4-6) 1.9± 1.2 (0.7-5.7) 

Total prey density 2.4± 0.7 (1.4-4.0) 2.7± 1.0 (0.9-4.4) 6.1± 1.8 (4.0-10.0) 2.7± 0.9 (0.9-4.3) 22-47 DPH 

Available for larva 2.1± 0.7 (1.0-3.7) 2.1± 0.8 (0.9-3.8) 5.4± 1.6 (3.3-9.0) 2.1± 0.8 (0.9-3.8) 
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Figure 1 Temperature distribution ((a), oC) and average prey abundance ((b), µgL-1) 
during the macrocosm experiment. Observed day (c) and night (d) distribution 
(%•m-1) of larval cod. 
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Figure 2 Flow-chart of the individual based model where sub-models are white 
boxes and state variables are shaded grey. Each hourly calculations start with 
estimation of encounter, approach, capture, and ingestion for 13 prey types and sizes. 
Ingested biomass is stored in the stomach variable, and determines together with 
ambient temperature the corresponding growth. The model has a spatial and temporal 
resolution of 1m. Larval drawing by Tamara L. Clark, Woods Hole, MA. 
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Figure 3 Growth rates (left panels) for three fish sizes (0.1 (a), 1.0 (b), and 100 (c)  
mg) experiencing a range of ingestion rates (0-0.6 g·gd-1), and temperatures (4-16 
oC). Also shown are larval and juvenile (0.01-100 mg) growth rates assuming three 
fixed ingestion rates (0.8 (d), 0.3 (e), and 0.0 (f) g·gd-1) for different temperatures (4-
16 oC). 
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Figure 4 Specific growth rates (%•d-1, a, b) and specific ingestion rates (%•ind-1d-1, c, 
d) for a larva of fixed size (5mm (a, c) and 8mm larva (b, d)), experiencing the same 
environmental and biological conditions. Values are calculated at fixed depths of 1m 
resolution.  
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Figure 5 Simulated state variables (mean) for 10 larvae (35.4 ± 5.6 µg) over 42 days 
using vertical positioning rule HighG (thick solid line). Weight ((a), dry-weight, µg), 
specific growth rate ((b), %d-1), and stomach fullness ((c), % of max (6% dw)) 
(averaged over 24 hours) increase when the prey density in the pond is increased by 1 
or 2 nauplii (NI) L-1. The potential, temperature-dependent (food unlimited) growth is 
marked with dots (Folkvord eq.). Excluding the mechanistic sub-model from the 
IBM, and assuming prey is capture if lp/SL<0.08, is marked as “Gape limited”. 
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Figure 6 Simulated state variables (mean) for 10 larvae (35.4±5.6µg) over 42 days 
using vertical positioning rule HighG (thick solid line). Weight ((a), dry-weight, µg), 
specific ingestion rate (((b), %d-1)) (before assimilation), and specific growth rate      
((c), %d-1) increase gradually as prey concentration is raised from 1 to 10 nauplii L-1. 
The potential, temperature-dependent (food unlimited) growth is marked with dots 
(Folkvord eq.). 
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Figure 7 Simulated growth rates (%d-1) for 160 individual larvae. Model runs are 
initialized with the observed (Folkvord et al. 1994)(Folkvord et al. 1994) weight 
distribution at days 11, 16, 22, and 26 DPH (black arrows) using four vertical 
positioning rules (ObsD (a); HighT (b); HighB (c); HighG (d)). Temperature-limited 
growth rate is estimated using the average weight distribution for each day (solid grey 
line) and defines the upper physiological restricted growth rate for the given 
environment. 
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Figure 8 Simulated growth rates (%d-1) for 160 individual larvae. Model runs are 
initialized with the observed (Folkvord et al. 1994) weight distribution at days 11, 16, 
22, and 26 DPH (black boxes) using four vertical positioning rules (HighG (a); ObsD 
(b); HighT (c); HighB (d)). 
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Figure 9 Observed (a, Folkvord et al. (1994)) and simulated energy content in the 
stomach according to choice of vertical positioning rule (ObsD (b), HighT (c), HighB 
(d), HighG (e)). Prey categories confined to rotifers, C. finmarchicus nauplii and 
copepodites, miscellaneous, and harpactacoids. Energetic contribution from these 5 
prey categories was estimated  using conversion between prey weight and energy 
content from Blom et al. (1991).  
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Figure 10 Average simulated weight (a) for 10 individuals that follow rules ObsD, 
HighT, HighP, and HighG compared to the average weight of 100 individuals that 
move randomly (Ran). The depth position (b) and specific stomach content (c) over a 
32-day period of an individual that optimize the growth rate (HighG) (6 hour running 
mean).  
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Abstract 

Highly resolved general circulation models (GCMs) now generate realistic flow 

fields, and have revealed how sensitive larval drift routes are to vertical positioning in 

the water column. Sensible representation of behavioural processes then becomes 

essential to generate reliable patterns of environmental exposure (growth and 

survival), larval drift trajectories and dispersal. Existing individual-based models 

(IBMs) involving larval fish allow individuals to vary only in their attributes such as 

spatial coordinates, and not in their inherited behavioural strategies. Here, we 

illustrate the interaction between short-term behaviour and longer-term dispersal 

consequences applying a model of larval cod drifting in a GCM, and show how 

variations in swimming behaviour influence temporal temperature exposure and 

dispersal. We discuss methods to include behavioural traits in bio-physically coupled 

models. First, we need to understand the causes and survival value of behaviours of 

larval fish, framed in terms of behavioural ecology. Second, we need practices to 

address how drift and dispersal of offspring are generating spawning strategies 

(timing and location) of adults, using life history theory. Third, the relative 

importance of local growth and mortality versus the need to drift to particular areas 

depend strongly on the mobility of organisms at the time of settling, or the spatial 

fitness-landscape. We recommend modelling practices that use transparent and 

mechanistic processes in growth, mortality, behavioural abilities, and drift; apply 

behavioural strategies or rules that allow true variability between individuals, and 

include an evolutionary selection procedure to assess fitness consequences along drift 

trajectories and the settlement location. The field of ‘individual-based ecology’ 

provides sound methods to approach this interface between evolutionary theory and 

physical oceanography.  

 

Keywords: behavioural rules, larval ecology, individual-based models, general 

circulation models, predation, habitat selection 
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Introduction 

The sea is a constantly moving habitat, structured and governed by physical 

processes. For fish and other marine organisms, this provides strong constraints and 

limitations to dispersal and habitat choice, but it also harbours opportunities. 

Organisms can exploit eddies and circular current systems for retention within an area 

(e. g. Sinclair 1988), or hitch-hike with tidal or vertically sheared currents flowing in 

desirable directions (Harden Jones et al. 1979). Mature adults of many species swim 

long distances to release their fertilized eggs, and let currents transport the developing 

early life stages to favourable nursery areas (Harden Jones 1968). 

In this paper, we argue that the integration of larval behaviour with general 

circulation models is a key step forward to improve our understanding of larval 

survival, growth and dispersal. We do not intend to review or synthesize the vast field 

of individual-based modelling in larval fish ecology. Instead, we wish to argue why 

behaviour is the central mechanism that links these traits together, despite how 

restricted the behavioural repertoire of larvae may seem. There are primarily two 

lines of argument leading to this conclusion. First, compared to adult fish, the 

outcome of larval behaviour is more tightly connected to physical oceanography. 

Larvae distributed only a few meters apart in the vertical can end up in totally 

different geographical areas (Hinckley et al. 1996, Hare et al. 2005, Vikebø et al. 

2005), which leaves a large scope for behaviour to influence dispersal as well as the 

environment for growth and mortality along the drift trajectory. Second, feeding 

opportunities and predation risks are spatially correlated for pelagic fish larvae. This 

is driven by the exponentially decaying vertical profile of light – the key determinant 

for encounter rates with both predators and prey (Aksnes & Giske 1993). Larvae can 

control their exposure to light through vertical positioning, and thus effectively 

influence their own survival and growth. Besides these two main arguments, larval 

ecology has far-reaching implications for the life history strategies of adults. The best 

spawning sites regarding larval drift patterns, growth and survival may require 
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extensive spawning migrations at the adult stage, potentially conflicting with 

alternative ways to use energy and time.  

An unfolding of larval fish ecology therefore requires an approach integrating 

physical oceanography and behavioural ecology, interpreted in the perspective of life 

history theory. Using individual-based models rich in mechanistic detail, one can 

focus at the individual and let ecology emerge from individual processes; an 

approach recently termed individual-based ecology (Grimm and Railsback 2005). For 

larvae, this would include processes such as temperature-dependent growth and 

starvation, encounter rates with prey and predators that depend on e. g. light and 

turbulence, and various adaptive behavioural strategies. When scaling up to 

populations, this perspective views ecology as emerging from individuals and their 

processes. New patterns that can be compared with data then arise at the population 

level (Grimm et al. 2005), for example temporal and spatial distributions, growth 

variation between years and areas, and what can be considered good spawning sites 

and times. 

Present use of individual-based models in oceanography is hampered by the lack of 

individual variability in behaviour (genotypes), and by the absence of fitness as the 

criterion to model natural selection processes among alternative behavioural 

strategies. It is often tempting to simply impose behaviour on individuals, or to 

implement caricatures of observed behaviours in models, making them more 

descriptive and less explanatory. The assumption of fixed individual behaviour in for 

instance habitat selection (they follow prescribed trajectories) has some drawbacks: 

1) the modeller determines to a large extent how growth and mortality rates should be 

traded against each other; 2) the larvae cannot respond behaviourally to changes in 

the environment; 3) the potentially conflicting objectives of short-term optimisation 

of growth and mortality versus long-term drifting in particular directions cannot be 

studied; and 4) it is impossible to predict how environmental change may alter 

behaviour through natural selection unless individual variability and heritability are 

included. The aim of this paper is to clarify some methodological concepts and 
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promote the use of evolutionary individual-based models in conjunction with general 

circulation models to address the ecology of early marine life stages. 

Larval ecology has a strong tradition in dealing with mechanisms: from miniature 

biomechanics and behaviour, via influence from physical environmental variables 

and oceanography, to the capabilities and constraints of sensory systems. 

Mechanistically rich representations, including behaviour and life histories, are 

essential to capture interactions between environmental variability and recruitment 

success, or to understand the ability of fish in general to adapt to environmental 

change and human activities such as harvesting (Jørgensen et al. 2006). A largely 

unutilized potential is, however, that existing individual-based models of larval fish 

and zooplankton do not include larval behavioural strategies as adaptive traits, nor do 

the models analyse evolutionary implications. This paper has three sections. First, we 

present the role of behaviour for marine larvae in a drift phase, and how this 

constrains adult life history strategies. In the second part, we focus on concepts that 

can promote an evolutionary interpretation of active movements by drifting marine 

larvae. In the third part, we discuss candidate modelling frameworks and some 

recommendations for future research.  

1. The importance of behaviour for growth, mortality and dispersal 

Larval behaviour does not imply cognition or rationally made decisions. Larvae 

simply execute genetically pre-programmed responses to internal states or external 

stimuli. Since there are always small variations in genetic predispositions between 

individuals and since behavioural traits are heritable (Plomin et al. 2000, Cousyn et 

al. 2001, Fitzpatrick et al. 2005), individuals encoded to perform behaviour that 

benefits their growth or survival will simply increase in numbers over the generations 

(Fisher 1930, Dawkins 1976). In this way, evolution leads to behavioural adaptations 

to the prevailing conditions. Consequently, the answer to the first question is yes: we 

would indeed expect that larvae have behaviour, and of a type that appears rational to 

a human observer.  
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We first identify two important effects of behaviour. Vertical positioning influences 

1) immediate growth and mortality rates and 2) large-scale and long-term drift and 

dispersal. These two effects are not independent – priorities for one will influence the 

other. 

1.1 Mortality and growth emerge from larval behaviour 

The pelagic realm is characterised by strong environmental gradients in the vertical. 

Light may be the most influential physical variable structuring both productivity and 

predation in the pelagic (Aksnes et al. 2004). Because light decays exponentially with 

depth, vertical behaviour can have tremendous effects on encounter rates with prey 

(spot prey in the light) and predators (hide in the dark). Habitat selection of larvae 

influences both growth and predation risk with a trade-off between the two: higher 

growth can normally be achieved only by accepting also a higher mortality. These 

rates must therefore be emergent properties of models, resulting from behavioural 

trade-offs, rather than imposed or parameterized values determined by the modeller 

(Grimm & Railsback 2005).  

While growth is often modelled in great detail (e. g. Fiksen & Folkvord 1999, Lough 

et al. 2005), mortality is rarely modelled explicitly. Cohort survival is sensitive to 

small variations in mortality rates, and we need to include both the basic mechanisms 

and the environmental forcing of predation processes in models of larval fish. This is 

a prerequisite to understand what the trade-offs between growth and survival are, and 

to appreciate the role of behaviour in determining these rates. 

Increased body size decreases predation risk from small and abundant predators 

(Bailey & Houde 1989). Growth is therefore important to fish larvae since it reduces 

the time spent in the most vulnerable phase (Houde 1997). In evolutionary terms, this 

would act as a motivation to maintain high growth rates even if this involves more 

exposure to predators. At the same time, increasing body size makes larvae more 

visible, thereby increasing their vulnerability to visual predation in the euphotic zone 

(Aksnes & Giske 1993). That fish larvae show ontogenetic development in depth 
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distribution (Leis et al. 2006) and diel vertical migration (Lough & Potter 1993) is 

likely a response to changing mortality patterns as body size increases.  

When foraging is traded against risk of predation, more prey may not lead to higher 

growth rates, but instead to lower predation rates (Mcnamara & Houston 1987, Lima 

& Dill 1990). Such behavioural mechanisms could confound studies on the link 

between prey availability and larval growth rates, with implications for observation 

programmes trying to establish the relationship between growth and prey abundance 

in larval fish. As an example, larval cod tend to grow at temperature-limited rates 

over a range of environmental conditions in field observations (Folkvord 2005). 

Apparently, this contradicts the study of Beaugrand et al. (2003), which suggested a 

connection between zooplankton availability and recruitment success of North Sea 

cod. However, if feeding or growth is traded against predation risk, food abundance 

may not influence growth directly, but instead modify the strength of a recruiting 

cohort through behaviourally mediated exposure to predation (Fiksen et al. 2005). At 

low food availability, larval cod can maintain high growth rates either by increasing 

their activity level at the cost of running into ambush invertebrate predators more 

frequently, or by spending more time at higher light intensities where they are more 

likely to be detected by visually searching raptorial fish. Thus, although there is no 

observation of food-limited growth, low prey abundance may act through behavioural 

compensations and influence mortality and thereby recruitment variability. 

1.2 Larval drift and dispersal 

Minor displacements in the vertical may expose larvae to different flow schemes due 

to vertical shear. For example, particles dropped at the Northeast Arctic cod spawning 

grounds at 10 and 20 m depth and traced for 100 days end up hundreds of kilometres 

apart (Vikebø et al. 2005). This shows the potential of habitat selection in the vertical 

to affect large-scale dispersal. In addition, horizontal swimming does not necessarily 

have to compensate for displacement by currents: current strengths and directions 

vary in space and time, and even limited horizontal movements can associate the 

larvae more closely with certain current regimes. Leis et al. (2006) showed that larvae 
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of several coral reef fish observed in the field were swimming in directions that were 

significantly different from random. It is not known what cues these larvae were 

using for orientation, but fish larvae have also been shown to detect reef sounds and 

the smell of conspecifics already at presettling stages (Wright et al. 2005). 

These two effects are illustrated in Fig. 1, which shows trajectories of larvae drifting 

for one month in fixed depths (1-30 m) when released from Moskenesgrunnen, a 

typical spawning site for Atlantic cod in northern Norway. The physical model and 

the larval growth as a function of temperature is described in Vikebø et al. (2005). 

The simulations show a surprisingly high potential for larvae to affect their likelihood 

of ending up in the Coastal Current or the Atlantic Current by swimming horizontally 

or vertically. Vertical positioning has a strong effect (Fig. 1), but even directional 

horizontal swimming at the reasonable velocity of one body length per second will 

significantly impact the trajectory of the larvae, and at all depths (Fig. 2a). If the 

swimming speed would be 3 BL/s, then horizontal movements override the effects of 

depth position completely in this particular region (Fig. 2b). Growth histories 

averaged over depths diverge for the two behaviours, swimming to the right facing 

the currents (north-west direction) result in the largest size (panels inserted in Fig. 2). 

However, this also leads larvae northwards, out of the Barents Sea. 

Routine swimming speeds are in the range 0.3-0.5 BL·s–1 for a cod larvae (Skiftesvik 

1992, Peck et al. 2006). Although this is much lower than the 3 BL/s used in the 

numerical example above, both field and lab observations suggest that other species 

have higher capabilities. In a study of 89 species of coral reef fish larvae in their later 

stages, 90% of the species could swim faster than the local currents at 13.5 cm·s–1 

(Fisher et al. 2005). The most common critical swimming speeds were 2-3 times as 

fast, meaning that swimming could significantly affect dispersal and settlement. Coral 

reef fish larvae have been measured to have critical swimming speeds of 4–29 BL·s–1 

(Fisher et al. 2005) and some species can swim more than 20 kms at a body length of 

10 mm (Clark et al. 2005). Critical swimming speeds decrease with temperature 

because viscosity is higher in colder water (Fuiman & Batty 1997), which could lead 
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to warm-water species having higher larval swimming capabilities than species 

inhabiting colder waters. Observations of swimming speeds in the lab and in the field 

correspond well (Leis et al. 2006), and critical swimming speeds normally develop in 

early ontogeny while endurance develops somewhat later (Clark et al. 2005).  

Direct evidence for the influence of larval behaviour comes from an impressively 

well-sampled study on the damselfish; a coral reef fish staying in the proximity of a 

home coral all its life. Surface currents transported the pelagic larvae away from the 

reef, but when old enough to migrate vertically they sought depths (60 m) at which 

directional currents would bring them back to their native reef (Paris & Cowen 2004). 

Studies such as this one exemplify how vertical migration can exploit ocean currents 

as a mechanism to influence dispersal. Other coral reef fish larvae also show 

ontogenetic shifts in depth, with some moving to shallower and some to deeper water 

as they grow larger (Leis et al. 2006). It would be interesting to know whether these 

depth shifts are due to changes in mortality rates or due to vertical shear and 

implications for drift trajectories or both. 

1.3 Parental trade-offs in spawning strategies 

The spatial- and seasonal variability in growth- and predation risk of fish eggs and 

larvae are important factors affecting the spawning strategies of adults. Spawning 

will, however, not necessarily take place at the optimal spawning locations. Rather, 

the benefits eggs and larvae will have at any particular spawning location is part of a 

trade-off in the parental life history strategy: How much time and investment should 

they invest in the spawning migration to obtain benefits for their offspring? For 

example, how should fish store energy over the year to produce offspring at particular 

times and places (Schwalme & Chouinard 1999, Varpe et al. 2005), or how much 

energy, predation risk and lost feeding opportunities should they invest in the 

spawning migration (e. g. Slotte & Fiksen 2000). The ecology of early life stages 

therefore provides keys to understand fish life-histories as a whole, as the spawning 

strategy indicates both how important location and timing are to larvae and how 

much adults invest in offspring quality.  
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2. Interpreting fitness: the evolutionary analysis 

The pioneering work by Mullon et al. (2002) demonstrated how evolutionary 

reasoning could be combined with GCMs to understand why fish spawn in particular 

regions. They tested the implications of various assumptions about larval survival on 

adaptive spawning location of anchovies in Southern Benguela, and related their 

results to environmental exposure (temperature) and geographical position (the risk 

of drifting offshore). Larvae that survived their drift phase spawned again at their 

natal spawning location and at the time they were spawned themselves. By repeating 

this procedure for some generations, successful parental spawning strategies emerged 

from assumptions made in the model.  

In this section, we discuss methodological extensions that may extend this approach. 

Having established that the inconspicuous behaviour of marine larvae can affect 

growth, mortality, and dispersal dramatically, the obvious question is: How can we 

study its fitness consequences? In this section, we suggest a composite fitness 

measure that incorporates survival until settlement, the value of settlement in a given 

area, and the value of body size at settlement. In addition, we recommend using 

individual-based models with rule-based behaviour. A further discussion of 

alternative methodologies for implementation of these concepts is postponed until 

section 3.  

2.1 Behavioural rules 

A behavioural strategy can be interpreted as a set of rules that determine how 

organisms respond to their internal and external environment; directly as fixed 

strategies, as part of plastic strategies, behavioural rules, or as stimuli-driven neural 

networks, and how they are constrained by sensory input and physiological 

restrictions (Giske et al. 2003, Grimm & Railsback 2005, Hutchinson & Gigerenzer 

2005). For drifting larvae, a key behavioural trait is vertical positioning since growth, 

predation risk, and horizontal advection are all functions of depth (Fig. 2).  
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The ‘fixed-depth’ rule applied in our example (Fig. 1) is obviously too simplistic. 

Larval fish change depth preference with ontogeny and size, internal condition such 

as hunger (stomach fullness), and also with the daily light cycle (Lough & Potter 

1993, Leis et al. 2006). This choice does not need to be conscious, but may be a 

genetically hard-wired response to sensory cues (instinctive behaviour).  

Assuming that individuals have sensory information about growth gz and predation 

rate mz in a range of depths z, they may use this information to decide which depth to 

choose. We have developed a more detailed version of rule-based larval behaviour in 

Vikebø et al. (subm). One option is a rule that maximises the instantaneous rate of 

mass increase (Persson & De Roos 2003); or maximise (gz - mz). This rule avoids the 

problems associated with the classical Gilliam’s rule (minimize the ratio mz/gz) when 

growth rates approach zero or become negative, as discussed in detail by Railsback et 

al (1999). However, it may be profitable to take higher or lower risk than specified by 

this rule, and individuals tend to differ in how much they emphasise growth relative 

to survival, i.e., how risk-sensitive their behaviour is. We can thus formulate a rule 

where the selected depth zi, specific to individual i, optimises the trade-off, modulated 

by risk sensitivity πi, between habitat-specific growth and mortality rate: 

 

[ ]zizizi mgz ππ −−= )1(max         1 

 

A risk-averse (fearful) individual would carry πi values close to one, whereas a bold 

growth-maximiser would have πi near zero. The strategy 0≤πi≤1 thus has a 

straightforward interpretation as the risk-sensitivity of an individual, while the risk-

sensitivity itself may be a mathematical function affected by a number of parameters 

translating local information into a value of πi. The simplest version of the rule is πi = 

βi, then risk-sensitivity is constant and influenced directly by a single gene. Such 

rules are explored in more detail in Vikebø et al. (subm). The trade-off between 

growth and mortality may, however, be modulated by a number of stimuli, and the 
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rule can easily be developed further by making πi a function of internal states such as 

stomach fullness or body size.  

Rules act as simple heuristics translating local information into different behaviours 

when environmental conditions change (Hutchinson and Gigerenzer 2005). The ideal 

behavioural schedule should be evolutionarily robust, meaning it should work well 

across environmental variability, and difficult to invade by alternative strategies. The 

rules should also conform to observed patterns of e. g. distributions in depth or space 

from field studies (Grimm et al. 2005). The ultimate test is to set up gradients in the 

lab to experimentally challenge rules found by models, and see if larvae are 

responsive as predicted. Such experiments have generated much insight in limnology 

(e. g. Loose & Dawidowicz 1994). 

2.2 Geographical fitness landscapes 

Some organisms, for instance barnacles, are sedentary after the larval drift phase and 

for the rest of their life. Then larval behaviour must be fine-tuned to utilise currents in 

finding settlement habitat. A first requirement is that the settling area provides 

suitable habitat for further growth and survival (Larsson & Jonsson 2006). A second 

effect is that the settlement area also has a strong bearing on future reproductive 

success due to the connectivity of spatially fragmented habitat.  

Cowen et al. (2006) tracked dispersing larvae in a basin-wide study of the Caribbean 

using an ocean circulation model. Some reefs were highly connected, and larvae 

spawned there dispersed to multiple and sometimes distant reefs. Other spawning 

locations were reproductive dead-ends because ocean currents did not bring larvae 

close to any suitable settlement habitat. For species with limited mobility in their 

juvenile or adult stages, such a geographical picture of dispersal and settlement can 

be viewed as a fitness landscape: all that matters is to end up at a location where your 

offspring can survive and disperse to other suitable habitat. Species that are more 

mobile in their post-larval life should be less concerned with their spatial location, 

and could afford to be more focused on growth and mortality in their local 
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environment along the drift trajectory. If juveniles and adults were mobile enough to 

compensate for a poor location, the fitness landscape would still show geographical 

variation but would become smoother.  

What Mullon et al. (2002) did was actually to use a genetic algorithm to map the 

geographical fitness landscape based from a few assumptions about the early life 

stages in anchovies. This coupling of general circulation models and habitat 

connectivity with evolutionary reasoning make trade-offs in larval life and in adult 

spawning strategies explicit. Geographical position is not everything, however, and to 

strengthen the link with life history evolution we need a broader perspective on what 

constitutes fitness. 

2.3 Evaluating behavioural strategies 

What criteria should be used to assess fitness of different rules or strategies? If the 

full life cycle including reproduction is modelled, one can use emergent fitness rather 

than an explicitly formulated fitness criterion (Menczer & Belew 1996, Giske et al. 

1998, Strand et al. 2002). However, for models focusing on the early history it is 

often convenient to assess the success of individuals at a particular time or age, for 

example at settlement. There are different components that contribute to fitness, and 

below we have tried to split fitness consequences into functional categories. Let Vi 

denote fitness evaluated at the end of the drift phase when an individual i following 

strategy Si (a rule or a set of rules) has reached a given size or developmental stage. 

Then:  

 

Vi(Si) = li·f(wi)·G(xi,yi)         2 

 

The first component here is the survival until settlement li. The second component is 

a function f(wi) that describes the fitness value of size wi at settlement. A larger body 

size may lead to increased competitive ability for food or shelter, or may influence 
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starvation or predation rates after settlement. The last component is the fitness 

consequences G(xi,yi) of settling at the geographical position (xi,yi). This can be found 

by making assumptions about habitat suitability, and should ideally include 

connectivity and potential for future reproduction found through an iterative schedule 

such as in Mullon et al. (2002). In barnacles, Pineda et al. (2006) demonstrated a time 

window for successful settlement. In such cases, the value of a given settlement area 

should include also a time dimension, i.e. G(xi,yi,ti). 

The second and third components are in essence all assumptions of expected future 

reproductive value given individual state and position at the end of the drift phase. It 

resembles the terminal fitness function known from dynamic programming methods 

in behavioural ecology (e. g. Houston & McNamara 1999), which is typically a 

reward-function of being in a particular state at a given time. The first component of 

fitness is accrued survival probability li of a larva throughout the drift phase. Survival 

depends on the environment along the drift trajectory (predation and starvation) and 

individual risk sensitivity or behaviour. Fitness Vi is then in units of expected lifetime 

reproductive success for a single individual following strategy Si.  

Eq. 2 is the simplest version of a fitness function. One could envisage interaction 

effects between size and space for example, where a large body size gives advantages 

in some geographical areas compared to others. In that case the effect of size has to 

be accounted for together with the geographical fitness consequences, and the 

equation would become Vi(Si) = li·G(wi,xi,yi). For example, size-dependent swimming 

abilities may reduce the importance of position at settlement for larger larvae. In our 

larval drift example, fitness may be assessed as proportional to larval length after one 

month (Fig. 2). However, the fitness of high temperature in the ‘Atlantic’ drift 

trajectory must be weighted against the potential disadvantage of ending up in 

unfavourable areas, in our case in the deep off-shelf areas to the west or north of 

Spitsbergen. Larvae following short-term hedonic cues such as high temperature may 

end up as losers in a longer term. A more realistic fitness measure would include the 

function G(wi,xi,yi), but this function is not easy to determine.  
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3. Modelling toolbox and recommendations 

A blend of four different types of models is thus recommended to analyze the fitness 

consequences of larval behaviour: 1) models of the environment relevant to growth 

and survival; 2) mechanistic representations of how ecological processes are forced 

by the environment (growth, predation risk, drift patterns); and 3) behavioural rules 

to derive adaptive responses or ‘adaptive traits’ in the terminology of Chambers 

(1993) and Grimm & Railsback (2005); and 4) models evaluating the success of rules 

in terms of fitness or components of fitness (as in eq. 2). While models of marine 

larvae traditionally have focused on the two first categories, we argue that the third 

and fourth elements are crucial to understand the coupling between environment and 

the success of organisms. Understanding both how and why marine organisms have 

adapted so intricately to their moving environment is a necessary prerequisite if we 

are to predict how fish populations will respond to changes in their environment and 

to harvesting. In the following, we will discuss requirements for such an integrated 

modelling effort. 

3.1 Physical and ecological environment 

General circulation models can generate ‘offline’ matrixes of flow- and 

environmental variables. As oceanographers develop libraries of such matrixes, 

including the representations of tidal variability, individual-based models can track a 

large number of individuals or particles through high-resolution three-dimensional 

space. With current technology such offline particle models can be executed on 

desktop computers on time-scales of hours.  

3.2 Individual properties 

When implementing an individual-based model, it is instructive to keep a distinct 

separation between the strategy that contains the rules that specify behaviour, and the 

bookkeeping of the phenotype. It has been common to describe the phenotype of an 

individual using an attribute vector Ai,t (Chambers 1993), which contains all the 
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states (α1i.., αji) used to characterise the individual i at time t, such as age, weight, 

stomach fullness, length, and spatial co-ordinates (xi,yi,zi):  

 

Ai,t = (α1i,α2i,α3i,…,αji,xi,yi,zi)         3 

 

High mortality quickly reduces population size and deteriorates variation between 

individuals, which leaves the composition of the model population vulnerable to 

chance events (analogous to genetic drift in small populations). This can be solved 

using super-individuals (Scheffer et al. 1995). A super-individual represents many 

identical individuals, and the number of identical siblings (ns) becomes an additional 

attribute: 

 

As,t = (α1s,α2s,α3s,…,αjs,xs,ys,zs,ns)        4 

 

Here, shown for super-individual s, the number of identical siblings ns is reduced in 

proportion to the mortality rate (Scheffer et al. 1995). The number of different super-

individuals in the model population and therefore the variation between them remain 

the same. An alternative interpretation is that ns may represent the cumulative 

survival probability of individuals following strategy s. Super individuals also link 

IBMs to population models and allows the simulation of “true” abundances of fish 

populations (Huse et al. 2004). 

The phenotype results from the individual’s strategy in interaction with the 

environment. In individual-based models this can be formalized by introducing a 

strategy vector Si (Huse 2001):  
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Si = (β1i,β2i,β3i,..,βji)         5 

 

where βji is the adaptive trait j of individual i. The traits specified by the strategy 

vector can for example be life-history traits or behavioural strategies that specify how 

individuals should live their lives or use information from their local environment. In 

the context of larval ecology, typical traits could be the level of risk acceptance, the 

onset or degree of vertical migration, or built-in responses to light or temperature to 

mention a few. For the simplistic example presented in Figs. 1-2, the strategy vector 

would be the depth selected, swimming direction, and swimming velocity. A strategy 

vector also makes it possible to include a multitude of stimuli in the decision rule, 

where sensory inputs are weighted differently (analogous to affects) within 

individuals (Giske et al. 2003). Locally available information can also be processed 

by a neural network, where the strategy vector prescribes weights for each of the 

connections (Huse et al. 1999, Strand et al. 2002). 

The combination of attribute and strategy vectors enables most relevant 

characteristics of individuals to be implemented in individual-based models, and the 

approach also specifies how fixed parameters for a strategy translate into behavioural 

and phenotypical differences between individuals. The classification based on 

attribute and strategy vectors can be used to describe IBMs verbally even though the 

actual programming implementation is not vector based, as for example in object 

oriented programming (Maley & Caswell 1993). 

3.3 Evolutionary algorithms 

The strategy vector may be considered as a genotype analogous to a biological 

chromosome, and we are therefore interested in how evolution would shape it over 

time. We can also interpret the strategy vector as a phenotype, and use the same type 

of algorithm to find optimal or adaptive types of behaviour. There are several 

alternative algorithms that search for solutions that evolution would favour. The 

broadest distinction is between optimization models (e. g. Houston & McNamara 
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1999, Clark & Mangel 2000), which find the optimal solution to a given problem, 

and search heuristics that use different types of search algorithms to find good and 

robust solutions but not necessarily the optimal one    

Because of the complexity of models that combine physical oceanography, drift 

patterns, and behaviour, exhaustive search and optimality models rarely provide a 

viable route. Optimization tools for finding the best possible behaviour are not 

available for the problem sketched in the previous sections. The reason is that a 

change in behaviour at any point in time will influence the future drift trajectory, and 

therefore one has no method for predicting the fitness consequences for the 

alternative behavioural options. In stead, one has to use heuristics such as genetic 

algorithms that simulate fast-forward evolution, or simply bombard the models with 

solutions more like exhaustive search. These heuristic methods can be powerful 

search algorithms when one simulates populations that behave according to 

mathematically simple rules, and where there is individual variation in the rule 

parameters.  

One suitable and widely used option is genetic algorithms (Holland 1992, Huse et al. 

1999). A genetic algorithm simulates evolution of the strategy vector by modelling a 

population consisting of individuals with different strategy vectors. Each generation, 

the individuals with highest fitness pass their strategy vector on to the next 

generation. The trait value is tested and improved iteratively over generations, and 

new variation can be introduced by processes analogous to mutation and 

recombination. This methodology searches for evolutionarily robust strategy vectors, 

for instance behavioural strategies that prevent larvae from drifting into harsh 

settlement regions.  

4. Summary and recommendations 

Selection of vertical habitat for larvae drifting in currents influence both the local 

short-term trade-off between growth and mortality and more strategic and long-term 

consequences related to the large-scale circulation regime. The importance of ending 
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up at particular habitats depends on the mobility of juveniles at settling. If organisms 

have strong swimming abilities at settlement, we expect them to prioritize growth and 

survival along the drift trajectory above settlement location. The procedure we have 

suggested here frames larval behaviour and fish spawning strategies in the tradition 

of evolutionary ecology, both conceptually and formally. We recommend individual-

based modelling practices (Grimm and Railsback 2005) that emphasise i) numerous 

emergent properties from basic, transparent, and mechanistic assumptions on growth, 

mortality, behavioural abilities, and drift-processes, ii) behavioural strategies or rules 

that show variability between individuals, and iii) selection processes that incorporate 

fitness consequences along the trajectory and of settlement location. One efficient 

tool for such investigations is models that simulate evolution based on genetic 

algorithms. Such models tackle sufficient complexity and are capable of evaluating 

consequences of larval behaviour in flow fields and integrating effects across several 

time-scales. Modelling should be done in close collaboration with laboratory and 

field studies on larval behaviour, their abilities, constraints, and temporal and spatial 

distribution. 
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Figure 1 Drift trajectories of particles in fixed depths (0 – 30 m) over one month, The 
particles are released simultaneously on a fixed point at Moskenesgrunnen. The red 
lines show the drift trajectories in 3-D, while the blue lines are the geographical 
projections of the trajectories. These can be grouped in two bundles, the deep ones 
drifting along the coast, and the upper trajectories, drifting offshore, northwards. See 
Vikebø et al. (2005) for details. 
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Figure 2 Drift trajectories of larvae released at Moskenesgrunnen, northern Norway, 
at 1st of April and one month forward in time. Each line represents one larva 
inhabiting a fixed depth between 1 and 30 m (one larva in each depth), blue lines are 
swimming constantly 90º to the right (facing the currents, mainly westerly 
directions); red lines are swimming constantly 90º to the left (facing the currents, 
mainly south-easterly directions). They swim with a velocity of either one (left panel) 
or three (right panel) body lengths per second. The average growth histories of the 
individuals are embedded in the figure. See Vikebø et al. (2005) for details. 

Days
5 10 15 20 25 30

A
ve

ra
ge

 la
rv

al
 le

ng
th

 (m
m

)

5

6

7

1 BL left (east)
1 BL right (west)

Days
5 10 15 20 25 30

Av
er

ag
e 

la
rv

al
 le

ng
th

 (m
m

)

5

6

7

3 BL left (east)
3 BL right  (west)



 108 

 

D
ep

th

High growth
High predation

Reduced growth
Low predation D

ep
th

 

Fitness equation:   

Vi(Si) =  li   ·  f(wi) ·  G(xi,yi,ti) 

    

 Water column Drift trajectory Settlement area 

Consequences: Instantaneous 

growth and mortality

Opportunities for 

growth and mortality 

along trajectory 

Opportunities for 

growth, mortality 

and reproduction in 

the future 

Trade-off 

type: 

Local, short-term Strategic, medium-

term 

Strategic, long-term

Figure 3 This figure illustrates the local and strategic trade-offs in larval habitat 
selection. To the left are the classical behavioural elements of the pelagic 
environment, setting up a local trade-off between growth and survival. In the middle 
the large-scale drift consequences of local depth selection. The picture to the right 
illustrates the terminal settlement area when the drift phase is over. This area may 
also influence fitness, and should be included in the evaluation of the success of the 
behavioural strategy. The table refers to the symbolism introduced in the text. 
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Abstract 

A challenge to contemporary fisheries oceanography is to include larval behavior, 

and in particular, vertical habitat selection in biophysical models. Pelagic gradients of 

light, temperature, prey and turbulence determine growth, survival and drift 

trajectories of larval fish, and model predictions are thereby sensitive to the 

implemented vertical distribution and behavior of larvae. We explore five rules for 

habitat selection of larval cod (Gadus morhua) on Georges Bank for May 1993 and 

1994. An individual-based model was applied to this ecological setting to analyze 

emergent feeding, growth, and mortality patterns from different rules of vertical 

behavior. The rules define risk-sensitivity of larvae as a strategy maximizing 

difference between growth (or feeding) and mortality rate, while some rules makes 

risk sensitivity an explicit function of stomach fullness. The performance of the rules 

varies with larval size, but individuals adapting to rule-based behavior outperformed 

random behavior. Any of the simple rules tested proved to be tentative suggestions 

for a simple algorithm for implementing vertical behavior in individual-based 

models.  

Keywords: behavioral heuristics, individual-based model, larval cod, vertical 

behavior, growth, predation 
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Introduction 

One current challenge for ecology in general is to make inferences at the population 

level from properties of individuals (DeAngelis & Rose 1992, Grimm & Railsback 

2005). A particular challenge is to include individual behavior and plasticity into 

population and community level models (e. g. Dill et al. 2003, Persson & De Roos 

2003, Fiksen et al. subm.). For larval ecology in marine systems, one challenge is to 

go from modeling passively drifting particles in ocean circulation models to larvae 

with adaptive and realistic behavior under environmental heterogeneity (Fiksen et al. 

subm.). Given the limited sensory and cognitive abilities of larvae and their restricted 

potential for swimming, the behavior has to be specified by simple rules that use only 

local information and lead to movements over short distances. These qualities would 

also make it easy to implement such rules for particles in ocean circulation models, 

and would thus enable simulations of large numbers of individuals that inhibit 

behavior for investigating distribution patterns, spawning areas, mortality, and 

growth rates (Vikebø et al. subm.). What would such a simple rule look like? What 

kind of information is available to the larva? How can rules be formulated and 

evaluated as functions or algorithms? And how will emergent behavior affect growth, 

mortality, drift and potentially the predicted recruitment variability?  

In this paper, we investigate some candidate rules in an environment based on data 

from the Georges Bank. The data contain vertical profiles of zooplankton distribution 

(4 species by 13 stages), temperature, and turbulence, for May 1993 and 1994 (Lough 

et al. 2005). These data are forcing a foraging and  bioenergetics model for larval cod 

(Gadus morhua) (Fiksen & MacKenzie 2002, Kristiansen et al. in press). A vital part 

of the model is the mechanistically formulated encounter rate with both predators and 

prey to assess feeding, growth, and mortality, and how these properties scale through 

ontogeny (Fiksen & MacKenzie 2002). By comparing simple one-parameter rules, 

we evaluate candidate rules from their combined effects on growth and mortality on 

fitness.  
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We examine five rules that use local information about instantaneous mortality rate 

and either instantaneous growth or ingestion rate as cues to govern vertical behavior. 

The first rule is a modified version of Gilliam’s rule (Gilliam & Fraser 1987), trading 

off immediate growth and mortality rates. A single parameter π then defines how 

risk-sensitive a larva is. Larvae with low risk-sensitivity will accept more exposure to 

their predators, but may also elevate growth rates since feeding and predation rates 

are both influenced by light and therefore correlated.  One important but often 

neglected source of information is the individual’s own internal state (Houston & 

MacNamara 1999). The second rule therefore lets risk-sensitivity depend on stomach 

fullness: one should expect satiated larvae to be more sensitive to risk than hungrier 

ones (Dill & Fraser 1984).  Rules 3, 4, and 5 are similar to Rules 1 and 2 except that 

the trade off is between ingestion and mortality rate. All rules are tested for the full 

range of values for different larval size and environmental settings in search for 

robust solutions. Robust rules yield high success and adequate behavior through 

consecutive size-classes in a wide range of environments.  

Materials, models and methods 

Purpose 

The purpose of this model is to evaluate the importance of strategic behavior of larval 

fish in terms of accrued mortality between ontogenetic stages. The analysis focuses 

on the robustness of the rules, in particular how sensitive performance of alternative 

rules is to environmental variability and larval body size. An important aim is to 

explore alternatives for including behavioral plasticity in spatially explicit models of 

larval fish. 

Structure 

We evaluate the consequences of simple behavioral rules for larval cod using a 

comprehensive data set of zooplankton distribution and the physical environment. We 

simulate growth, feeding, and predation from invertebrates and visual predators for 
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larval cod between 6 and 18 mm body length. Individuals choose depth according to 

a simple rule that uses local information to optimize the trade-off between predation 

and feeding or growth. Prey distribution, size-structure and abundance and physical 

forcing are based on data collected during Georges Bank surveys in May 1993 and 

May 1994 (Lough et al. 2005). Visual predation is modeled mechanistically from 

predator-prey encounter processes (Fiksen & MacKenzie 2002), whereas non-visual 

predation (invertebrates) is a purely size-specific function (McGurk 1986). 

Each larva i is characterized by a strategy vector Si specifying its behavioral strategy, 

and an attribute vector Ai,t containing individual states, updated every time-step t. 

Individual states - the attribute vector 

Each larva is characterized by the dynamic state variables length SL [mm], body mass 

w [mg dry weight], stomach fullness s [between 0 and 1; proportion of maximum 

capacity], depth position z [m], and accrued probability of being alive at time t, Psi,t: 

Ai,t = { SLi,t, wi,t, si.t, zi,t, Psi,t }       1 

Processes and fitness 

The processes determining Ai,t include prey encounter and capture success, encounter 

rate with piscivorous (visual predation), size-dependent mortality (non-visual 

predation), starvation, metabolism and growth. A behavioral rule determines the 

continuous choice of depth (habitat), and each process is in turn driven by 

environmental variables such as light, turbulence, and temperature at that depth. The 

details of these processes are described in Fiksen and Mackenzie (2002) and 

Kristiansen et al. (in press). 

Behavioral rules and the strategy vector 

The behavioral rules assume that the larvae have information about ingestion-, 

growth-, and mortality-rates in the vertical range within their swimming ability 

during one time step. The larvae use this information to select depth based on a trade-
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off between growth- and mortality rate (Rules 1 and 2) or ingestion- and mortality 

rate (Rules 3, 4, and 5). Rules 2, 4 and 5 also use information about the individual’s 

stomach fullness.  

Individuals follow a simple heuristic to select vertical position (Fiksen et al. subm.) 

defined by the strategy vector Si. This makes larval behavior sensitive to local 

environmentally driven variability in growth and mortality rates. A simple 

formulation of the strategy (one or two parameters) mimics the genetic 

predispositions of individuals subject to natural selection over generations.  

Rule 1: fixed trade-off between growth- and mortality rate 

Rule 1 is modified from Gilliam’s rule and implies a fixed trade-off between growth 

and mortality. The larva chose depth zi*(t) from:  

[ ]ziziz
mgtz ππ −−= )1(max)(*        2 

where 0≤πi ≤1 is the behavioral strategy of individual i and can be interpreted as the 

individual’s risk-sensitivity: low πi maximizes instantaneous growth and high πi 

maximizes instantaneous survival. The risk-sensitivity of the individual thus 

determines its vertical behavior, with major consequences for growth and mortality 

(this model) as well as drift trajectory (Vikebø et al. subm.). Since the rule is defined 

by a single parameter, the strategy vector Si of individual i is simply Si = {πi}. 

Rule 2: State-dependent trade-off between growth- and mortality rate 

Rule 2 uses the individual’s stomach fullness si,t as a modifier of risk sensitivity. 

More hungry larvae should be expected to take higher risks to feed. Thus, the rule 

uses information about both the individual’s internal state and the external 

environment. This is implemented by making πi in eq. 2 a fuction of stomach fullness 

si,t, which will vary over time t depending on foraging success: i
titi sβπ ,, = . The strategy 

vector is now Si={βi}. A set of risk-sensitivities πi,t as a function of stomach fullness 
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and βi is shown in Fig. 1a. Lower values of β makes larvae more fearful (higher π) for 

any given stomach fullness. 

Rule 3: Fixed trade off between ingestion and mortality rate 

Larval fish may be more concerned with avoiding an empty stomach than to 

maximize immediate growth rate. To ensure stomach is kept busy, it may be more 

efficient to adjust behaviors to trade ingestion rate against predation risk: 

[ ]ziziz
mFtz ππ −−= )1(max)(*        3 

Ingestion rate Fz is the expected specific biomass consumed within one hour at that 

depth constrained by idle stomach capacity. The strategy vector for Rule 3 is a fixed 

value Si={πi} for each individual, as in Rule 1.  

Rule 4: Trade-off between ingestion and mortality with threshold 

The number of potential rules that fish may use to determine their behavior is 

exhaustive. In addition to the relatively simple rules 1-3, we tested a more complex 

Rule 4; including a threshold value on stomach-fullness STV and fear : 
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This π then enters eq. 3, determining the trade-off between risk and food intake. 

When stomach fullness is below the stomach threshold value STV, the larva 

completely ignores risk (have no fear) and maximize ingestion rate.                                                    

Rule 5: Sigmoid trade-off between ingestion and mortality rate 

Rule 5 assumes a sigmoid relationship between the stomach fullness and risk 

sensitivity πi,t. The function is determined by its inflection point ŝ and the slope 

parameter μ: 
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)ˆ(, 1
1

ssti e −−+
= μπ

        5 

This strategy is determined by two parameters, Si={μi, ŝi}, and the best strategy set 

can be found by an exhaustive search in the parameter space.  

Forcing data and environment 

Surveys conducted by US-GLOBEC on Georges Bank in May 1993 and 1994 

(Lough et al. 2005) and models of turbulence fields (Naimie 1995, 1996) provided 

environmental forcing to our model. The survey included continuous sampling of 

larvae, zooplankton, and environmental data (Fig. 2) of high quality and spatio-

temporal resolution. The zooplankton data includes the most important prey species 

for larval cod on the Georges Bank (Kane 1984); Pseudocalanus spp., Oithona 

similis, Centropages typicus, and Calanus finmarchicus; all divided into 13 different 

developmental stages.  

Initialization and simulation protocol 

The larvae were initialized with empty stomachs at 15 m depth. The model tracked 

each individual from its initial size and until it was 0.5 mm longer. For each length 

increment, replicate simulations were started every second hour of the day and the 

survival probability averaged to remove effects of the day-night cycle. In addition, 

zooplankton distributions and environmental data, available for four different days 

each year, were iterated in four shuffled sequences, and at four different start hours. 

This was done to test robustness of strategies across environmental variation. The 

simulations were also repeated with fixed environmental data between simulations to 

test the sensitivity of rules to variability in environment. All simulations were 

performed with data from both 1993 and 1994. This procedure provided us with the 

potential for analyzing model behavior between years, across environmental 

variation, and throughout ontogeny to seek robust solutions potentially valid for 

different environmental settings, although for a fixed predator density.  



 119

Submodels 

Growth: The details of the bioenergetics growth model are described in Kristiansen 

et al. (in press) where growth and foraging of larval cod were modeled and compared 

to data from an extensive mesocosm rearing experiment (Folkvord et al. 1994). 

Stomach fullness is a function of ingestion and digestion. Mass flowing through the 

alimentary system supplies growth up to a maximum growth potential (Folkvord 

2005), and standard metabolic costs (SMR, Finn et al. (2002)) are subtracted. Both 

growth and metabolic costs are functions of body mass and temperature. As in Lough 

et al. (2005), active metabolic rate is increased by a factor of 2.5 for larvae > 5.5 mm 

and 1.4 for SL ≤ 5.5 mm when light level exceeds a threshold value of 0.1 μmol·m-

2·s-1 (Batty 1987). Assimilation efficiency is a size-dependent function increasing 

from 0.6 for small larvae (5.0mm) to 0.8 for larger larvae (11 mm) (Buckley & 

Dillmann 1982). 

Larval feeding processes were modeled with light-dependent prey encounter rates 

and prey capture success as in Fiksen and MacKenzie (2002). The cost of vertical 

movements is included as a maximum of 10% of SMR at arbitrary fixed temperature 

(7°C) if the larva swims up or down at its maximum velocity, and scaled 

proportionally for shorter vertical displacements. Swimming velocity is a function of 

larval size (Peck et al. 2006). 

Mortality: We model mortality from fish and invertebrates separately and similar to 

Fiksen et al. (2002) and Vikebø et al. (subm.). Predation rate from invertebrates mn 

[h-1] decrease with larval body length SL based on the estimate from McGurk (1986): 

mn = 0.01·SL-1.3. Predation rate from fish is mf = 0.05·R2, where R is the light- and 

prey size-dependent perception distance of the piscivorous (the coefficient 0.05 

summarizes all factors such as fish density and escape probability; see Fiksen et al. 

2002 for details). Total instantaneous predation rate mz = mn + mf  is thus a function 

of depth, surface irradiance, and larval size. 
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If food intake is low, growth may be negative .If the body mass w to SL ratio drops 

below 75% of the expected value, an additional mortality component ms (0.0036 h-1) 

is included. 

Fitness measure: We defined accrued mortality per length interval m/ΔSL as our 

fitness measure: 

∑
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where the stage duration H is the number of time steps (hours) needed to grow 0.5 

mm longer (depending on growth rate). This fitness measure make the trade-off 

between growth (reduced stage duration H) and mortality components explicit.  

Results and discussion 

The behavioral strategies regulate vertical positioning with consequences for 

instantaneous mortality and growth rate. The main objective here is to assess the 

importance of including behavioral rules in models of larval fish. Therefore, we start 

by presenting behavior and fitness emerging from the five rules and from random 

vertical movements (Fig 3). Then, we proceed by 1) testing the robustness of the 

rules under daily and annual environmental variability, 2) investigating how optimal 

parameter values for each of the rules change as larvae grow, and 3) comparing daily 

cycles of behavior, growth and mortality to observed distributions. 

The fitness value of vertical behavior 

We tested the rules relative to larvae moving randomly in the water column (Fig. 3). 

All rules predicted larvae to go deeper in the water column with size (Fig 3a). The 

simplest rules, Rule 1 and 3 predicted the deepest distribution of the larvae, while the 

more complex Rules 4 (two parameters STV and β) and 5 (sigmoid, μ and ŝ) predict 

larvae to be higher up in the column for all size groups. All rules do markedly better 

than the randomly moving larvae (Fig. 3b). The effect of behavior is strongest for 

small and large larvae, since larvae in the intermediate size range have higher 
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inherent growth potential (Folkvord 2005) and shorter stage duration (H). Overall, 

the probability of survival from 6 to 18 mm was 0.005 % for Rule 1, 0.009 % for 

Rule 2, 0.004 % for Rule 3, 0.005 % for Rule 4, 0.005 % for Rule 5, and 4·10-9 % for 

random behavior. The differences between the rules in their success are minor, 

suggesting that the additional complexity of rules 4 and 5 are not necessary. The cost 

of growing more slowly appears to be eliminated by lower mortality rates. 

The smallest size groups of larvae (<8mm) are restricted to forage on nauplii and 

early stages of copepodites (Fig. 2), with varying degree of capture success (Caparroy 

et al. 2000, Fiksen & MacKenzie 2002). Small larvae are also visually limited as the 

eye is still under development (Fiksen et al. 1998). Foraging of small larvae is 

therefore limited to the upper parts of the water column. The modeled mortality rates 

are quite homogenous for small larvae in this layer (Fig. 2). Larvae behaving 

according to Rules 1-3 chose habitats where foraging can take place during day (~40 

m), but ascend during evening and night. Contrary, individuals following Rule 4 and 

5 are more risk seeking, and are located in the upper 10–30 m (Fig 3a). This results in 

enhanced growth rates, but also increased predation risk from fish. Larvae situated 

deeper in the water column, grow slower, are less prone to perils, but the time spent 

growing between ontogenetic stages increases (Fig. 3c). It thus seems like there are 

two equally fit behavioral solutions: high growth rates and short development time 

(Rules 4 and 5), or reduced growth rate and prolonged development (Rules 1 and 3).  

Robustness under environmental variation 

The performance of behavioral rules may differ between environments. As the 

observed prey fields for each day were quite different (Lough et al. 2005), we can 

assess robustness by comparing the rules performance in day-specific prey fields. The 

rules were compared using optimal parameter values for each rule for each size class. 

Differences in prey availability between days are reflected in the behavior and 

variation in average depth position for same-sized larvae (Fig. 4, left panels). Fitness 

or accrued mortality per length interval, however, shows only minimal differences 

across days (Fig. 4, right panels). Larvae respond to the specific prey distribution and 
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abundance each day by altering behavior and navigating in the growth and mortality 

profiles in that particular environment. Individuals select depths by trading off 

foraging with starvation and mortality rates, and emergent behavior differ, but their 

performance is more comparable, indicating robustness to inter-annual environmental 

variation.  

The robustness of rules throughout ontogeny 

How much will the best performing parameter values vary with size? Both predation 

risk and growth rate vary with size, so the best parameters should be expected to 

change with size. A rule where parameters fluctuate much throughout development is 

not very realistic, and may represent an overfitting to the environmental setting. A 

robust rule is characterized by a wide fitness plateau around the optimal parameter 

value (reducing the cost of errors) and little or a systematic change through ontogeny. 

If the behavior or ‘psychology of fear’ is determined by the genetic code, then such 

robust rules, which may develop systematically through ontogeny, is more likely to 

evolve in real organisms. 

For Rule 1, where growth rate is traded directly against mortality rate, large 

differences in fitness (eq. 6) emerge from different values of π (Fig. 5 a, b), 

particularly for the smallest larvae. The relationship between strategy, behavior and 

fitness is easy to interpret for Rule 1 and Rule 3, since state-dependence is ignored. 

Low values of π mean that larvae are geared for rapid growth, with little fear of 

predation. Larvae larger than 12 mm are less sensitive to the value of π, and π~0.1 

performs well across all size increments. For Rule 3, where feeding is the cue instead 

of growth, the plateau around the best value is broader, meaning the rule is more 

robust (Fig. 5 c, d). The main criteria for success is that small larvae (<12 mm) 

should be risk seeking (avoid π>0.5), and ensure high feeding rates (low π).  

Interpretation of Rules 2 and 4 is more intricate (Fig. 6). Here, the gene β translates 

an internal cue, stomach fullness, into risk-sensitivity π (Fig. 1a). For Rule 2 (Fig 6 a, 
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b), fitness varies erratically over a wide range of β, suggesting the rule is not very 

robust. No pattern with size is apparent. 

Rule 4 has two parameters, and both of these may vary with larval size (Fig 6 c, d; 

Fig 7). We parameterized this Rule through a simple trial and error procedure, where 

we first found fitness to be relatively flat for β-values in the range 0-3 for different 

STV-values. Then, we kept β fixed (β = 1), and tested the full range of STV-values 

across all size-increments (Fig. 7). This revealed a trend for the best STV with larval 

size. A curve was fitted to the best values, and then this was used to find optimal β-

values in each size class (Fig 6). The best β-values remained around 1 for all size 

increments, confirming the robustness, or low importance of β in this rule. In fact, 

this suggest that Rule 4 could be reduced to a simple one-parameter rule (β=1, 

‘hockey-stick function’), as in Fig 7. For this rule, it appears that the threshold value 

is the important factor, and larvae will always become highly motivated for feeding 

when stomach is empty. With this response in place, the exact shape of the transition 

to lower motivation to feeding is not important, except possibly that taking too much 

risk at high stomach fullness has a cost (high values of β, Fig 6, c, d). 

The sigmoid Rule 5 also has two parameters, and the best values was found trough a 

similar iteration process. Combining different values of ŝ (the inflection point, where 

π = 0.5) systematically with values of μ in the range -1.5 to 100, we found that fitness 

remained quite flat for values of ŝ in the range 0.5-0.9. We therefore chose ŝ = 0.7 as 

a baseline value, and present fitness of larvae where this value is fixed and combined 

with different slope values μ for all size classes (Fig. 1 b). Fitness remained quite 

homogenous across larval sizes and years (Fig. 8), and a slope of 5 is used as baseline 

parameter. This rule appears to be quite similar to Rule 4; if one parameter ( ŝ) is set 

sensibly, the other is less important.  
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Predicted and observed larval diel distribution  

The emerging behavior from Rules 2, 4 and 5 move individuals to safer habitats when 

stomach fullness increases. These rules triggers swimming towards surface waters 

and stimulate foraging before all stomach content has been digested and absorbed. A 

functional response between hunger (stomach fullness) and risk sensitivity provided 

promising results, and is biologically logical (Dill & Fraser 1984, Munk 1995, Skajaa 

et al. 2004).  

We applied Rule 4 to study how 7 and 15 mm larval cod behave over one diel cycle, 

given their ability to forage and grow in the environmental conditions on Georges 

Bank in May 1993 (Fig. 9). The larvae perform diel vertical migration pattern (Fig 

9a), avoiding strong light during day to minimize mortality while keeping stomach 

fullness high (Fig. 9b). The 7 mm larva remained between surface and 40 m depth, 

while 15 mm larva descended deeper, to 50–60 m (Fig. 9a), still keeping its stomach 

full. This difference is driven by the size-dependence in predation rates, with higher 

influence of visual predation for the larger 15 mm larva. Predation (Fig. 9c) and 

growth (Fig. 9d) rates depend strongly on larval depth selection. The predation risk 

peaks in the morning, since the larvae have empty stomachs and have high 

motivation to feed (Fig. 9c).  

How does the modeled vertical distribution compare to observations of larval cod 

made at Georges Bank by Lough et al. (2005)? Comparing Figs. 3 and 10, it seems 

like Rules 3 and 4 are more in line with observations on depth distribution than Rules 

1, 2 and 5. Most of the individuals were located in the upper 40 m regardless of size 

and time of day (Fig 10). Large (6-13mm) individuals are more widely distributed 

than the smallest larvae. During afternoon and evening (15-21h), larvae are 

distributed more evenly in the upper 40 m of the water column. Differences between 

the model and field observations may be related to the actual predation field on the 

Georges Bank being different from the modeled scenario. Our invertebrate and fish 

predator abundance and efficiency are assumed, and small changes in these (or in e. 

g. turbidity, see Fiksen et al. 2002) would change the predicted behavior. Also, under 
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natural settings shoals of fish may enter and cause strong episodic events (Garrison et 

al. 2000). 

General discussion 

Evolution is a process played out in large numbers where variation between 

individuals that affect survival or reproduction will influence which genes are passed 

on to the next generation (Dawkins 1976). Over time, organisms will adapt to the 

prevailing environmental conditions, but adaptation does not necessarily mean that 

optimal or perfect solutions are found. Optimal behavior often requires perfect 

information and great cognitive skills; two characteristics that are unrealistic and 

moreover rely on costly investments.  

In a variable environment, behavioral rules have to perform well across the type of 

variation that an individual typically encounters. A strategy that works well across 

environmental variation, or when information is lacking or uncertain, is called a 

robust strategy (Grimm and Railsback 2005). In this paper we have explored simple 

strategies and tested how well they tackle the trade-off between growth and survival 

when the environment varies (daily and inter-annual variation) and throughout 

ontogeny (all size-related processes vary).  

Simple rules of thumb are sometimes over-fitted, perhaps especially when found by 

optimization. To be optimal in one environment, the strategy often performs worse 

than other strategies under different environmental conditions, in turn leading to 

reduced robustness. At the same time, this means that robust strategies seldom are 

optimal in any specific environment; rather they are fairly good across many 

environments. A second reason that rules are seldom truly optimal is that the 

selection gradient for further improvements vanishes between a good strategy and 

one that is only marginally better.  

Coupled bio-physical models (Hinrichsen et al. 2002, Mullon et al. 2002, Vikebø et 

al. 2005) provide a virtual laboratory to study the interactions between processes and 

their effects on early life history of larval fish, and to follow individual eggs and 
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larvae along drift routes in a realistic physical environment. The drift models track 

the local environment along the drift route, and may even incorporate larval behavior. 

A prerequisite for the latter is that the behavior is easy to calculate; otherwise 

simulations and analysis becomes an immense and incomprehensible task. Drift 

models are therefore in need of candidate simple behavioral rules that larva can 

follow along drift trajectories, and as they drift these rules may incorporate local 

information or respond to the larvae’s internal state.  

These model developments also generate new questions. If the realized drift 

trajectory has fitness consequences, for example by affecting integrated survival, 

temperature, and food ingestion along the trajectory, or the value of final settlement 

area, larvae should be expected to evolve adaptations to these factors (Fiksen et al. 

subm.). But what are the behavioral abilities and constraints of the larvae? And 

however restricted, the swimming ability of larvae is sufficient to select among a 

range of vertical positions. In turn, as this study shows, a simple rule for habitat 

selection may greatly influence growth and predation rate. In the following, we 

discuss i) behavioral changes with size and environmental conditions, and ii) vertical 

behavior of modeled larval cod in relation to field observations. 

i) Behavioral change with size and environment. Larger larvae are less susceptible to 

invertebrate predation (Bailey & Houde 1989) through increased locomotive abilities 

(Bailey & Batty 1984). That is one reason why larvae should take high risks and 

grow quickly to larger sizes. Although exceptions may occur if mortality increase 

with size (Pepin et al. 2003), for most situations ‘bigger is better’ (Leggett & Deblois 

1994, Hare & Cowen 1997). In our model, larvae will become less vulnerable to 

invertebrate predation as they grow, therefore the value of rapid growth will decrease 

with size. In addition, they will become more vulnerable to visual predators simply 

because they grow larger and become more visible. However, this does not mean that 

the predation risk will increase with size, because, depending on their behavioral 

strategies (the parameters or ‘genes’), they will continuously adjust their behavior 

depending on growth (or feeding) and mortality risk. Any environmental change 
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affecting m, g or F will also change π and feed back on habitat selection and realized 

growth and mortality. Thus, the predictions from models with this kind of behavioral 

flexibility will differ considerably from those with no or fixed behavior. 

ii) Behavior of modeled and sampled larvae at the Georges Bank. Eggs and larvae 

drift southwest with ocean currents from the spawning sites at the Northeast Peak, 

along the Eastern flank of Georges Bank, before the survivors enter the nursery 

grounds. Survival through this larval pelagic phase is modified by the presence and 

abundance of both prey and predators. Horizontal displacement takes place indirectly 

through vertical behavior. The chaotic, wind generated, horizontal current system 

near the surface may be avoided by shifting vertical position, entering a new habitat 

where predation and prey composition may be different from the surface layer 

(Werner et al. 1993). Lough and Potter (1993) sampled night and day vertical 

distribution of larval cod and haddock along the drift routes and found that the 

majority of larvae in the size range 2–5 mm were distributed at 15 m depth in 

stratified water columns (off-bank areas deeper than 60 m) and 35 m depth in well-

mixed water columns (on-bank areas). They also observed diel migration for 9–13 

mm larvae, initiated around 6–8 mm, with mean day and night depths of 40–60 m and 

10–40 m respectively. The data in Fig. 10 are less clear on any diel patterns, 

suggesting that the distribution pattern may vary over time. The rules differ in their 

prediction of vertical positioning, and the model did not exactly match the observed 

larval distribution, but a range of environmental factors ignored by the model 

(predator distribution, abundance and turbidity variations) may cause this 

discrepancy. 

Vikebø et al. (2005) showed how small vertical displacements may alter the drift 

pattern of larvae, thereby making it difficult to compare observed and modeled 

distributions. It has also been observed that at least larger larvae perform diel vertical 

migrations (Lough & Potter 1993, Leis et al. 2006), and implementing vertical 

behavior into coupled bio-physical models may increase the reliability of the modeled 

dispersal and early life history of fishes. We have shown that survival may increase 
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drastically when larval cod use simple rules for habitat selection based on cues from 

the environment and its internal state.  
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Figure 1 a) Risk sensitivity π or fear increase as stomach fullness s increases (Rule 
2). The relationship between stomach fullness and increased risk sensitivity is a 
function of β (values from 0.05 – 10 are shown). Larvae with low β values are risk 
sensitive (high π, or fear) even with little food in the stomach, while larvae with high 
β values accept risk at higher levels of stomach fullness. b) The lower panel shows 
the optimal response between stomach fullness and fear from Rule 5 (µ=5, ŝ=0.7). 
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Figure 2 Averaged vertical prey distribution of four species, a) and c) show nauplii 
stages, b) and d) show copepodite stages; observed on Georges Bank in 22-27 May 
1993 and 1994 (Lough et al. 2005). The bottom panel illustrate modeled visual 
predation rate over the diel cycle on 7 mm (e) and 15 mm (f) larvae. 
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Figure 3 Performance of specific rules (Rules 1-5) relative to vertical movement 
which is purely random (red lines; average over 100 simulations). The choice of 
depth for every time step is random, but vertical movement is limited to maximum 
swimming distance from previous position in the random case. Left panel (a) shows 
the average depth between ontogenetic stages for Rule 1-5 and random, while right 
panel (b) shows how well the rules perform relative to the random movement, 
expressed in accrued mortality. Values below 1.0 indicate an improved survival 
between two ontogenetic stages compared to random behavior. Lower panel (c) 
shows the time (hours) used to grow between size-stages for each rule. 
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Figure 4 Averaged depth (left panels) and accrued mortality rates (right panels) for 
Rule 1 (a, b), Rule 2 (c, d), Rule 3 (e, f), and Rule 4 (g, h) between ontogenetic stages 
using a specific prey day repeatedly. This was done for 4 different days (22-25 May 
1993) and demonstrates the minor effect of prey variability (abundance, distribution 
and size-structure) on the performance of each rule. 
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Figure 5 Landscape of accumulated mortality for 0.5 mm length increment for 
different values of π using growth rate (Rule 1; maxz[(1-π)g – πm]) as trade off to 
mortality rate (upper panels) for two different years 1993 (a) and 1994 (b). The lower 
panels shows the trade off between ingestion rate and mortality (Rule 3; maxz[(1-π)F 
– πm]) for years 1993 (c) and 1994 (d). The mortality (fitness) is normalized against 
the best solution within each size class, therefore range is [0 1]. White line denotes 
the optimal solution at each length increment. 
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Figure 6 Landscape of accumulated mortality for different values of β using            
Rule 2 (upper panels) and Rule 4 (lower panels). For Rule 2 the risk sensitivity       
(fear) π depends on stomach fullness s and β as π = sβ., and for Rule 4 as                       
π = [(s-STV)/(1-STV)]β; where stomach threshold value is decreasing with size (see 
Fig. 7). The mortality (fitness) is normalized against the best solution within each size 
class, therefore range is [0 1]. White line denotes the optimal solution at each length 
increment. 
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Figure 7 Fitness of individuals with different stomach threshold values (STV) given 
a fixed β = 1 (see Fig 6). Increased stomach threshold values indicate a more risk 
prone strategy, and clearly the best strategy becomes less risk prone as larvae increase 
in size (dots indicate best STV within each size class). The fitted line is the 
function 3 1( ) 0.3 10 (1 )SLSTV SL SL e −= + + ⋅ , which is implemented as baseline in Rule 4. 
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Figure 8 The relationship between stomach fullness (s) and risk sensitivity π (fear) is 
expressed as a sigmoid, two-parameter function (Rule 5). Using the half saturation 
point ŝ = 0.7, we estimated fitness using a variety of slopes (µ, 0-100). Fear (π) will 
always increase with stomach fullness (see eq. 5). The mortality (fitness) is 
normalized against the best solution within each size class, therefore range is [0 1]. 
White line denotes the optimal solution at each length increment. 
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Figure 9 Emergent behavior of 7 and 15-mm larvae following Rule 4. Results are 
displayed for a 24 hour time period with a spin-up period of 13 hours. The panels 
show vertical position (a), stomach fullness (b), predation rate from piscivores (c) and 
growth rate (d). Environmental conditions measured from 22nd – 23rd of May 1993, 
and predation from fish as in Fig 2 e, f. We applied Rule 4 with baseline parameters. 
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Figure 10 Averaged observed vertical distribution of larval cod and haddock divided 
into size categories in May 1993 and 1994 on the Georges Bank (Lough et al. 2005). 
Values were split into 6 hour time periods to explore the differences between day and 
night distributions. 
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Abstract 

Larval cod (Gadus morhua) feeding ecology was investigated using a recently 
modified mechanistic individual-based model (IBM) incorporating metabolic 
parameters and prey selection based on their ability to perceive prey. Observed 
environmental conditions and prey abundance on Georges Bank (4 species, 13 stages) 
for May 1993 and 1994 provided forcing to the model. Larval cod on Georges Bank 
feed primarily on specific prey species. Whether this is a result of the prey abundance 
and visibility in the water column or an active selection was explored by explicit 
simulations of the diet of 5, 7, 9, and 11mm larval cod. The distribution of prey in the 
water column and the possible overlap with larval cod could be analyzed from 
observations. The highly stage-resolved prey fields allowed for analysis on how prey 
size composition was reflected in the observed and modeled growth rates.   
Depth distribution of larval cod of various sizes overlaps with the distribution of their 
preferred nauplii and copepodite prey stages. The modeled growth rates were within a 
standard deviation of the observed field estimates. Highest growth rates were found 
in the surface layer (upper 30 meters), corresponding to the region of maximum 
abundance of observed larval cod. Total zooplankton biomass increased 170% from 
May 1993 to 1994, but observed growth rates were 1-2%·d-1 higher on average in 
1993. The IBM predicted higher growth rates in May 1994 than in May 1993, 
contrary to field observations. Potential prey size availability between years was not 
found to account for the observed field growth difference so that other explanations 
were considered.  Chessons’ selectivity index provided a measure for modeled and 
observed prey selectivity. Prey selection on Georges Bank appears to be determined 
by the abundance of suitable sized prey and their visibility to larval cod. Modeled 
prey selection indicated Pseudocalanus spp. to be the preferred prey species for larval 
cod because of their abundance in the water column, and their image area (length 
times width), which makes them more vulnerable to predation. Simulation results 
suggest that Pseudocalanus spp., Oithona spp. and Centropages spp. are important 
prey items for 5-11mm larval cod. However, stomach content analyses revealed that 
Centropages spp. were seldom found in the stomach of these larvae, suggesting that 
Centropages spp. were not a preferred prey for the larvae in May 1993 and 1994.   
 
 
Keywords: individual-based model, cod larvae, Georges Bank, growth, ingestion, 
prey selectivity 
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Introduction 

The larval marine habitat is a dynamic place where light changes through the day and 

the prey availability may vary both spatially and temporally. Most marine fish larvae 

drift passively with the prevailing ocean circulation, and their chances of survival are 

closely linked to food abundance and growth (Miller et al. 1988, Sundby et al. 1989, 

Hare & Cowen 1997). Growth of cod therefore depends on prey availability (Hjort 

1914, Cushing 1990), and particularly planktonic crustaceans (Beaugrand et al. 

2003). However, first-feeding larvae have functional constraints that limit potential 

prey sizes. Such constraints are swimming- (Peck et al. 2006), perception- (Hunter 

1981, Aksnes & Utne 1997) and swallowing-capabilities (Puvanendran et al. 2004). 

As larvae grow their performance towards pursuit and capture of larger prey increases 

(Kane 1984, Puvanendran et al. 2004), while the relative size spectrum between 

predator and prey remains constant (Munk 1992). Habitats with abundant prey of 

favorable size provide conditions for rapid growth, and thereby increased survival 

(Miller et al. 1988, Hare & Cowen 1997). Larval cod may then grow and sustain 

increasing energy demands by selecting increasingly larger prey (Pope et al. 1994).  

Lough et al. (2005) simulated growth rates of larval cod on Georges Bank for May 

1993 and 1994 using an individual-based model (IBM) with prey selection specified 

from larval gut contents. Field estimated  growth rates were lower on average in May 

1994 than in May 1993 despite higher zooplankton biomass and warmer water (1ºC 

on average) (Lough et al. 2005). Simulations using all the potential prey field and 

larval positioned at fixed depths resulted in mean growth rates higher in May 1994, 

the opposite of the field estimated growth rates. Other simulations that only used their 

preferred prey Pseudocalanus and followed the field-derived weighted-mean depths 

over the sampling period resulted in growth rates close to the field estimates.       

Lough et al. (2005) argue that the observed growth rates were a result of depth-

dependent food limitation, and selection of Pseudocalanus spp. as prey (from here on 

we skip spp notation). Still, Lough et al. (2005) did not address whether prey 

selection is a consequence of: (1) the relative frequency of prey in the water column; 

(2) their size-range, or (3) an active selection of particular species. In water of high 
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prey abundance, Munk (1995) observed larval cod to forage primarily on prey of size 

about 5% of larval size, whereas prey selectivity decreased with decreasing prey 

density. The results of Munk (1995) imply a selective ability of larval fish to 

maximize their proxy for fitness (here: weight) when prey are abundant. On Georges 

Bank Pseudocalanus is the most important prey item for larval cod (Lough et al. 

1996, Lough & Mountain 1996) , together with Oithona spp., Calanus finmarchicus, 

and Centropages spp. (Kane 1984). The vertical and temporal distribution of these 

prey species differed between May 1993 and 1994. For both years, nauplii stages of 

Pseudocalanus spp. dominated the numbers of prey items in the water (30.7% and 

23.7%), at least twice the numbers of Centropages (13.7 and 7.3%), Oithona (8.0 and 

11.1%). C. finmarchicus were low in numbers, but high in total biomass (Lough et al. 

2005). Based on the earlier model results of Lough et al. (2005), and our knowledge 

of the environmental conditions on Georges Bank in May 1993 and 1994, an IBM 

(Fiksen & MacKenzie 2002, Kristiansen et al. in press) was used to explore what 

regulates the larval preference for Pseudocalanus. If the preference for 

Pseudocalanus spp. is based on their characteristics (size, width, swimming speed) 

and abundance, the selection is passive, contrary to an active selection where larval 

cod search for this specific prey item. The IBM included a mechanistic feeding 

component which enabled explicit modeling of larval encounter, pursuit, and capture 

success of prey items (4 species, 13 stages each). The modeled larval habitat was 

identical to the one used in Lough et al. (2005) and consisted of zooplankton, 

temperature, and turbulence data from 22nd to 27th of May 1993 and 1994. 

Observations of the vertical distribution as well as gut samples of larval cod and 

haddock facilitated direct comparisons between observed and modeled diet and 

growth. Based on the results we explored; (1) the importance of not only total prey 

abundance, but also how vertical distribution of prey stages (sizes) affects the growth 

and prey selection of larval cod. (2) The relation between observed and modeled 

growth rates and diet selection in May 1993 and 1994. (3)  The difference between 

modeled and observed prey selection of various sizes of larvae. 
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Materials and methods 

Purpose 

Our hypothesis was that the larval preference for the prey species Pseudocalanus 

results from passive selection determined by prey encounter. Here, passive selection 

means a preference for prey species based on their abundance and visibility (image 

area) in the water column. Passive selection is then a result of physical and biological 

characteristics of prey, predator, and the habitat, contrary to an active selection where 

particular prey items are pursued while others are ignored. 

Prey, temperature, and turbulence measurements 

The larval habitat was modeled using temperature, turbulence, and zooplankton data 

described by Lough et al. (2005), and modeled estimates of light as a function of day 

of the year, latitude, and depth (Skartveit & Olseth 1988). Environmental data are 

from two periods: 22-27 May 1993 and 22-27 May 1994. In both years, a cohort of 

larval cod was tracked using a drifter deployed at 13-m depth (Lough et al. 2005). 

Horizontal movements of larval fish are much less than the prevailing horizontal 

currents. Samples taken along the trajectory of the drifter resembles the habitat of the 

larval cohort. The location of the 1993 cohort was 40º43.0´N, 68º3.0´W and the 1994 

cohort was 40º55.0´N latitude and 67º35.0´W longitude (Fig. 1). For both years the 

drifter was located in stratified water, and consequently all zooplankton (Fig. 2) and 

temperature data (Fig. 3) are from stratified sites. Zooplankton was sampled every 

10-m using a ¼-m2 MOCNESS with 64-µm mesh nets. C. finmarchicus, 

Pseudocalanus, Oithona, and Centropages, dominated the data and were identified to 

their 6 nauplii, 5 copepodite, and adult female and male stages. Turbulence was 

provided from a one-dimensional model, initialized by the observed wind conditions 

and hydrographic properties, and the M2 tide (Naimie 1996). RNA:DNA ratios 

estimated from samples of different size-classes of larval cod were from Lough et al. 

(2005), and provided data for comparison between observed and modeled growth 

rates. 
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Temperature, salinity, and water types 

In 1993 temperature ranged from 5.5 to 8.5oC and salinity sigma-t (σt) from 25 to 26 

(Figure 3a, b). In 1994 temperature ranged from 7.2 to 9.5oC and salinity sigma-t (σt) 

from 23 to 26. On average temperature was 1oC higher in May 1994.  

Observations of larval vertical distribution 

The depth distribution of larval cod and haddock was sampled, both in stratified 

(during drifter study) and mixed (after drifter study) water. Samples were from every 

10-m at various locations (Fig. 1) using 1-m2 MOCNESS nets with nine 333-µm 

mesh nets. Cod and haddock observations were combined because the two species 

have comparable vertical behavior (Lough & Potter 1993). In Lough et al. (2005) 

only mean vertical profiles over the sampling period were shown. 

Model initialization 

All individuals were initialized at 15-m depth with a 10% full stomach, at sizes 5 (86-

µg), 7 (285-µg), 9 (705-µg), and 11 (1450-µg) mm. For both years, individuals were 

modeled from 22 May at 13:00, to 27 May 24:00.  

Simulation runs 

Two main types of model runs were performed: (1) Individual larvae were fixed at a 

1-m depth interval, and growth rates and stomach content were tracked for 5 days. 

Average observed depth distribution of size classes (2-5mm, 6-8mm, 9-13mm) of 

larvae (Lough et al. 2005) made it possible to estimate weighted mean depth (WMD) 

growth rates. (2) Simulations of growth and stomach content over 5 days were 

conducted for vertically migrating larvae under different scenarios. We first modeled 

growth and ingestion of individuals that optimized their vertical position (OPT) by 

trading off the local ingestion and mortality rate within one-hour swimming range, 

next we assumed unlimited food supply (temperature-dependent growth, TDG) for 

individuals following the optimized trajectory, and finally we assumed that 
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individuals did not forage on Centropages (NOC), but still followed the optimized 

trajectory. 

Prey selectivity 

Chesson’s (1978) prey preference index αi was applied to estimate prey selectivity. 

The index is a ratio between selected prey items ri relative to their frequency in the 

environment (ni) and the ratio of the sum of prey items in the stomach and the 

environment. Neutral selection (Chesson 1978) is defined as αneutral=1/m where m is 

the number of prey types and stages considered. If values > αneutral are prey is actively 

selected as they appear more often in the diet compared than expected from their 

abundance. The model evaluates the index over 4 prey species and 13 stages (neutral 

selection, αneutral=0.0192).
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Description of sub-models 

The IBM has been described in earlier papers (Fiksen & MacKenzie 2002, 

Kristiansen et al. in press), and only a short outline will be given here. The IBM 

estimates five sub-models sequentially per time-step (one hour); (i) prey encounter, 

(ii) prey pursuit and capture, (iii) ingestion, (iv) growth and stomach dynamics, (v) 

update of variables and continue to next time-step. 

(i) Larval cod are pause-travel, visual predators (Hunter 1981, O'Brien et al. 1989) 

and prey encounter depends on the larval visual ability to perceive prey (Aksnes & 

Utne 1997), turbulence (prey swept into view) (Fiksen & MacKenzie 2002), prey 

swimming speed (prey swim into larval perception area) (MacKenzie & Kiørboe 

1995). 
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(ii) Successful approach of prey is achieved if the swimming speed of the larva is 

below the threshold value that creates a deformation rate in the water that alarms the 

prey (Kiørboe & MacKenzie 1995). The IBM described here, allows the larva to 

always swim below the threshold value, but the distance from the larva to the prey 

(distance of perception) must be reached within 10 seconds or else the approach fails 

(e.g., if a small larva detects a large prey, the distance is too far, and the prey is too 

large). If the turbulence level is high, prey may be swept out of the perceptive area of 

the larva (Fiksen & MacKenzie 2002), resulting in unsuccessful approach 

(MacKenzie & Kiørboe 2000). Prey behavior is restricted to swimming speed which 

proportional to length. The handling time spent on the unsuccessful approaches was 

included in total handling time (Fiksen & MacKenzie 2002). If the approach is 

successful; the larva reaches attack position, and may elicit a capture attempt. 

(iii) Capture success is a function of the relative attack speed of predator and escape 

speed of prey, the jump angle of prey, and mouth size of larva (Caparroy et al. 2000, 

Fiksen & MacKenzie 2002). 

(iv) Procedures i-iii are repeated for all prey species (4) and stages (13) (in total 52). 

Total captured biomass was estimated every time-step (one-hour) using Hollings’ 

disc equation (Holling 1966). Metabolism of larval cod was parameterized from Finn 

et al. (2002). Active metabolism increases by a factor of 2.5 (1.4 for SL<5.5) (Lough 

et al. 2005) routine metabolism during hours of the day when light is above a 

threshold (Eb > 0.01 µmols-1m-2). Growth per time step is then the increase in weight 

corresponding to total biomass digested (ingested biomass modified by assimilation 

efficiency (Buckley & Dillmann 1982)) within the last hour plus the stomach content, 

minus the energy needed for metabolism (active and routine) (Kristiansen et al. in 

press). The amount of food in the stomach determines whether the larvae will grow at 

a maximal (size- and temperature-limited as in (Otterlei et al. 1999, Folkvord 2005) 

or food-limited rates (Kristiansen et al. in press). 
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Strategy for vertical behavior 

Larval behavior is given as ‘rules-of-thumb’ (Gilliam & Fraser 1987), where each 

larva uses a strategy that maximizes ingestion rate relative to stomach fullness, and 

minimizes exposure to ambush and visual predators, and to starvation mortality 

(Kristiansen et al. in prep.). Willingness to take risk was determined by a functional 

relationship between larval condition (stomach fullness, larval size), and local 

mortality and ingestion rates within one-hour swimming distance away from current 

depth location. Choice of depth within swimming distance, z*(t) is then determined 

by maximizing, 
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 β=5, s is stomach fullness, 3 1( ) 0.3 10 (1 )SLSTV SL SL e −= + + ⋅  is the size-dependent (SL 

is length) stomach threshold value (STV) which defines the hunger level. STV ranges 

from 0.7 (6mm) to 0.3 (18mm)) (see Kristiansen et al. (in prep.) for details). 

Results 

Zooplankton biomass and size distribution 

Between May 1993 and 1994, there was 170 % increase in total zooplankton 

biomass. In both years, C. finmarchicus (Fig. 2 a, b) was located primarily in the 

upper 30-m, while Pseudocalanus (Fig. 2 c, d) biomass increased below 20-m, the 

depth of the thermocline. Pseudocalanus biomass increased by a factor of 1.3 from 

May 1993 to 1994 and most of the elevated biomass occurred between 50 and 70-m 

depth. Oithona (Figure 2 e, f) did not contribute significantly to the total biomass 

(3.1% in 1993 and 9.2% in 1994) because of low specific weight. Oithona was 
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mainly found in the upper 10-m. Centropages (Fig. 2 g, h) biomass was 43% of 

Pseudocalanus biomass for both May 1993 and 1994, with maximum biomass 

located in the upper 30-m (for further details see Table 1 in Lough et al. (2005)). 

The prey field was further divided into three size ranges based on the prey width (dp 

< 0.15-mm, 0.15 ≤ dp < 0.3-mm, and dp > 0.3-mm) (Fig. 4) which limits swallowing 

probability. Total number of nauplii in the water column varied with depth and 

between years (Fig. 4). Maximum abundance of all size groups occurred in the upper 

40-m with values between 1.5 and 15 L-1 (Fig. 4 a, b) for the smallest size group and 

significantly lower (0-2 L-1) for the two largest size groups. Patches of high densities 

of nauplii (smallest size group) and copepodites (the two largest size groups) co-

occurred (Fig. 4). Copepodites were distributed throughout the water column, 

although maxima were found at 10 and 30-m in May 1993 and at 10-m in 1994. 

Modeled behavior 

Vertical variation of prey abundance, temperature, and predation rate influenced 

modeled growth and foraging of larval cod. In this model study, state-dependence 

(stomach fullness, size) determined the trade-off between ingestion and mortality, and 

the subsequent vertical behavior. Diel vertical migration (DVM) emerged from this 

trade-off and larvae moved downward during day and towards the surface during 

night (Fig. 5). Modeled larvae of size 5-mm were mostly located in the upper layer of 

the water column between the surface and 20-m depth. The individuals followed the 

local maximum of nauplii (upper 15-m) in May 1993, while in 1994, the nauplii were 

more homogenously distributed and the larvae migrated deeper (Fig. 5). The 

increased swimming ability of 9-mm individuals extended the DVM range (Fig. 5), 

which may have allowed the larger larvae to avoid predators in the surface layer at 

daytime. Average modeled depth position through 5 days (Fig. 5) was 9.1-m and 

24.3-m for 5 and 9-mm in May 1993, and 7.8-m and 26.5-m for 5-mm and 9-mm in 

May 1994, respectively.  
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Observed larval distribution 

The 2-5-mm larvae from the stratified and mixed (Fig. 7) locations were distributed 

in the upper 30-m of the water column. No clear pattern was apparent from the data, 

except the broader vertical distribution at mixed stations compared to the near surface 

distribution at stratified stations. Depth-integrated values of larval abundance differed 

with time of sampling, which could indicate sampling of different larval cohorts.  

Larval cod and haddock 6-8-mm generally remained in the upper 30-m by day and 

night (Fig. 8), with maximum abundance around 20-m. Larvae of 6-8-mm were 

distributed throughout the water column at the mixed site, while at the stratified site 

they were closer to the surface. 

Most of the 9-13-mm larvae at the stratified site were located in the upper 40-m, 

compared to the mixed site where larvae were more distributed towards the bottom 

(Fig. 9). Still, the data suggests that larvae move throughout the water column and 

that depth distribution change rapidly.  

Modeled and observed growth rates 

Average field-derived larval growth rates (RNA:DNA) for all sizes (5-9-mm) were 

10.6 %·d-1 in May 1993 and 9.9 %·d-1 in May 1994 (Table 1), despite a 1.5 fold 

increase in plankton biomass in 1994. Estimated modeled growth of 5-mm larval cod 

in May 1993 at fixed depths and weighted for observed vertical abundance (WMD), 

was 8.2 %·d-1. Larval cod that exhibited vertical behavior (OPT), experienced growth 

rates of 9.6 %·d-1. Field observations for 5-mm larvae revealed mean growth (plus 

minus standard deviation, SD) rate of 7.6±2.4 %·d-1. For 1994, modeled growth rates 

for 5-mm larvae were 7.8 %·d-1 for WMD and 10.3 %·d-1 for OPT, compared to the 

observed field mean of 9.4±0.0 %·d-1 (only one larva sampled) (Table 1). Observed 

growth rates increased with larval size with maximum of 12.9±1.6 %·d-1 for a 9-mm 

larvae in 1993 (10.4±2.0 %·d-1 in 1994). With the exception of 5-mm larva (WMD), 

the simulated growth rates were slightly higher in 1994 compared to 1993 due to the 

increased temperature and abundance of prey. This suggests that the number of 
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potential prey available to first-feeding larvae in 1994 provided enough energy for 

the larvae to sustain the elevated metabolic cost caused by increased temperature.  

Temperature dependent, but food unlimited, growth (TLG) was higher for all sizes of 

larvae compared to the growth depending on prey density (OPT and WMD). 

Consequently, even vertically migrating larvae are food limited (Table 1). Maximum 

growth rate of 13.5 %·d-1 was achieved by 9-mm larvae in 1994. Lowest modeled and 

observed growth rates were found for 5-mm larvae. 

Modeled prey selection at constant prey densities 

Predicted mechanistic capture success was comparable to stomach observations (Fig. 

6), except for small differences for the largest prey items available to 5 and 9-mm 

larval cod. The species-specific length and width (Fig. 10 a) of the prey represent 

characteristics that determine the conspicuousness to larval cod, while prey 

swimming speed and jump angle affect larval capture success. Given equal densities 

of the four prey species, Oithona was the preferred simulated prey species for 5 and 

9-mm larva (Fig. 10). This is a result of the relatively large width to length ratio of 

Oithona which increases their visibility (image area) and thus encounter rate with 

larval cod. Overall, modeled preferred ratio between prey and predator length is 0.06 

for 5-mm larva and 0.05 for 9-mm larva (Fiksen & MacKenzie 2002).  

Modeled and observed prey selection with varying prey densities 

When the observed prey densities are used, Pseudocalanus and Centropages are the 

most important modeled prey items regardless of larval size (Table 2). The two 

species accounted for 60-80 % of the prey items in the modeled gut for both 1993 and 

1994. Pseudocalanus nauplii were 2.2-fold more abundant than Centropages nauplii 

in 1993, and 3.2-fold more abundant in 1994. The abundance of Pseudocalanus 

partly explains why they are preferred. Contrary to modeled prey selection, stomach 

samples showed a clear preference for Pseudocalanus for all larval sizes, and low (0-

19 %) values of Centropages (Table 3). Oithona accounted for 12-30 % of prey in the 

modeled diet for all larval sizes (Table 2), comparable with stomach samples (Table 
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3). Low preference for C. finmarchicus is predicted from both modeled (0-7 %) and 

observed (0-1 %, valid for 6-8-mm) stomach content (Table 2 and 3). C. finmarchicus 

is by far the largest copepod prey available and prey width, length, and swimming 

speed constrain modeled capture efficiency (Fig. 6).  

Table 2 summarizes the Chessons prey preference index of all stages, whereas Figure 

11 reveals the preference for both prey stages and species. Modeled 5-mm larvae 

forage mainly on nauplii stages, however for Pseudocalanus, Centropages, and 

Oithona, the smallest copepodites stages are also be preyed upon (Fig. 11). C. 

finmarchicus is nearly absent as prey for 5-mm larvae with exception of the smallest 

nauplii stages (Fig. 6 and 11). 

Simulated larval cod of size 9mm forage on nearly all available prey items (Fig. 11), 

with the exception of the largest C. finmarchicus. Modeled gut content indicated high 

selection for Pseudocalanus and Centropages with a preference for copepodite stages 

CI-CIV (Fig. 11). Observed stomach content values 6-8-mm larva showed the same 

pattern seen in the modeled results, with the exception that Centropages was close to 

absent from the diet. Instead, the larvae must have compensated for the absence of 

Centropages by foraging on Pseudocalanus, which accounted for 46-92 % of the 

observed stomach content (Table 3). 

Observed gut content of 6-8-mm larval cod showed low numbers of Centropages. If 

we assume that Centropages is negatively selected (for unknown reasons) and 

remove Centropages as potential prey in the model, the modeled number of 

Pseudocalanus, and Oithona in the stomach increased (Fig. 12 and Table 4). The 

larval selection on C. finmarchicus did not increase as abundance was generally low 

and also difficult to capture for the larvae. With the absence of Centropages, small 

larvae (5-7-mm) increased their numbers of Oithona in the stomach, while larger 

larvae (9-11mm) mainly fed on Pseudocalanus (Fig.12 and Table 4). 
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Discussion 

The spatial overlap between larval fish and their prey increases larval survival 

probability and can have significant impact on determination of year-class strength 

(Cushing 1990). Platt et al. (2003) were able to connect the timing of the 

phytoplankton bloom to recruitment strength of the Nova Scotia haddock population. 

The authors correlated year-class abundance of haddock to satellite data of 

chlorophyll, thereby providing evidence for the match-mismatch theory of Cushing 

(1990). However, the quality of the prey may prove to be equally important as the 

quantity of prey to ensure larval and juvenile survival. Beaugrand et al. (2003) 

observed a two-fold decrease in the mean size Calanoid copepods in the North Sea in 

the mid 1980s. Estimates were based on extensive time series of zooplankton 

abundance from continuous plankton recorder measurements. A combination of 

increased temperature and decrease in prey-predator length ratio resulted in low 

growth of North Sea juvenile cod, and consequently low survival and recruitment. 

Survival and growth is inter-linked in larval fish ecology (Houde 1987, Bailey & 

Houde 1989, Gallego & Heath 1997), and recruitment in fish populations is therefore 

correlated to prey availability and quality. For larval cod on the Georges Bank and 

the Western Bank of Nova Scotia, Pseudocalanus is the main prey item (Kane 1984, 

McLaren & Avendaño 1995, Lough et al. 1996, Lough & Mountain 1996, McLaren 

et al. 1997, Reiss et al. 2005). Based on the model results shown in this work it seems 

likely that this preference is passive and a consequence of Pseudocalanus visibility 

and abundance in the water column. Pseudocalanus is also energy rich due to the 

high lipid content (Reiss et al. 1999) and thereby a quality prey item for larval cod. 

Luo et al. (1996) modeled prey selection of bay anchovy of Chesapeake Bay and 

concluded that behavioral choice is of minor importance. This conclusion was based 

on simulation results from a mechanistic model, not too different from the one 

described in this work. Luo et al. (1996) stated that to understand prey selection of 

larval fish it is necessary to observe the prey availability through the visual 

perception of the larva. This is achieved by the use of a mechanistic model that 

resembles the visual perception of the larva, which is modified by the current light 
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intensity and water quality. All of these processes combined with the prey 

distribution determine the prey-predator encounter rate, and consequently the passive 

selection of prey. Here, the passive selection of prey in the diet is consistent with 

stomach samples, a fact that increases the viability of the result. However, the 

potential prey field on Georges Bank is diverse, and this model effort has only 

considered 4 main species found in the diet of larval cod. At times when prey 

abundance is low it is likely that other species may provide energy for larvae, perhaps 

with the effect of decreased prey quality, growth, survival, and recruitment success 

(Beaugrand 2003).   

There was a difference between the modeled and observed diet abundance of 

Centropages. Only few prey items of Centropages were found in stomach samples, 

but the model predicted this prey species as an important part of the diet. Some 

Centropages were found in observations in May 1994, but mainly the naupliar stages. 

Centropages is an omnivorous predator and has a behavior, which differs from the 

(mainly) herbivorous Pseudocalanus (Davis 1987), e.g. a faster reaction pattern and 

improved swimming abilities (Tiselius & Jonsson 1990, Titelman 2001). If the 

behavior of Centropages is mainly ambush or tactile, encounter between larval cod 

and Centropages may be lower compared to the suspension feeding Pseudocalanus. 

In a recent laboratory experiment, larval cod successfully preyed on Centropages 

(Seljeset 2006), however the behavior of the prey in natural and laboratory conditions 

may differ significantly (Munk 1995). Still, Reiss et al. (2005) studied the feeding 

ecology of Atlantic cod larvae on the Western Bank of Nova Scotia and found 80 % 

of the larval diet consisted of Pseudocalanus and Centropages prey items. When 

Centropages was removed as a potential prey item, the modeled (Table 4) and 

observed (Table 3) prey selection agreed well, and the modeled growth rates were 

within standard deviation of the observed.  

The mechanistic component of the IBM described here did not include any species-

specific behavior of the prey items. Modeled evasiveness of the prey was determined 

solely by the size of the prey (jump speed scaled to prey length). In future work 
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differences between species should be included as predators may react both to prey 

visibility and behavior (Utne-Palm 2000). Behavioral differences between prey 

species (Buskey et al. 2002, Titelman & Kiørboe 2003) may also shed increased light 

on prey selection of larval fish.  

Larval feeding is dependent on ambient light (Blaxter 1986) and prey abundance 

within the preferred size range (Munk 1992). Most of the prey items within edible 

size of larval cod where distributed in the upper 40-m in May 1993 and 1994, and 

overlapped with the larval distribution. From the interaction between larval 

phenotypical traits and local mortality sources, individual behavior emerged 

(Kristiansen et al. in prep.), and the larvae moved up or down in water column. The 

modeled and observed larval depth distributions are difficult to compare given the 

inherent sampling variability. Still, observations indicate that significant vertical 

movements may occur in the upper 40-m, which corresponds to where the modeled 

larvae feed. This is not surprising since small (5-7-mm) larvae need to stay in this 

surface layer to visually hunt for prey. Larger individuals (9-11-mm) larvae may 

utilize a wider range of the water column as their visual abilities improve with 

ontogeny (Blaxter 1986). Lough et al. (1996) observed homogenous distribution of 7-

8-mm larval cod in mixed water on Georges Bank during night, and a deepening of 

the distribution towards 30-40-m at day. Lough and Mountain (1996) found lowered 

feeding incidence (number of prey in gut) for larvae sampled deeper than 30-m, 

increasing towards the surface in non-stratified water. The authors also observed 

larval cod (7-8-mm) distributed throughout the water column with maximum 

abundance around the thermocline (15-30-m). The majority (60 %) of 9-10-mm 

larvae occurred below the thermocline during day, and 80 % within or above 

thermocline during night. Observations have also revealed that larval cod probably 

initiate vertical migration at the size range 6-8-mm, and at the size 9-13mm have a 

distinct day-night migratory pattern (Lough & Potter 1993). Modeled behavior 

exposes larvae to various depths of the habitat through the day, consequently to 

different prey availability and temperatures. Modeled growth and diet selection 

resulting from the imposed behavioral constraints are close to observed values, and 
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suggests that the behavior overlaps with the actual larval distribution. Implementing 

physiological and environmentally regulated vertical behavior seems to provide 

reasonable behavioral response. Behavioral dynamics is especially important in IBMs 

that are coupled to physical models where dispersal and advection of particles may 

differ considerably with the depth position of the larvae (Vikebø et al. 2005).  

Despite the differences between the IBM presented in Lough et al. (2005) and the 

IBM presented here, both models produced growth rates comparable to observations, 

However, it might be asking too much of the models used with limited field data to 

detect small population differences in field-estimated growth rates. The major 

difference between the two models is the statistical approach to capture success taken 

in Lough et al. (2005), and the mechanistic approach taken here. Lough et al. (2005) 

used gut evacuation rate while we have used a stomach for energy storage, however 

testing revealed comparable amounts of biomass ingested by various sizes of larvae 

in both models. This suggest that the models simulate energy intake and energy flow 

quite comparable, however the mechanistic approach taken in this model setup allows 

for a more detailed study of the feeding ecology of the larvae. 

Conclusion 

In conclusion, larval cod on the Georges Bank passively select Pseudocalanus as a 

consequence of their visibility in the water column and their abundance. First-feeding 

larvae are able to capture nauplii stages of Pseudocalanus, Oithona, Centropages, 

and to some extent the smaller C. finmarchicus. With the exception of the nauplii 

stages, Centropages were seldom found in stomach samples of larval cod, probably 

because of species specific behavior. The observed and simulated larval diet lacked 

C. finmarchicus because of their large size which limits larval capture success and 

ingestion. Larval cod did not achieve maximum growth rates as the prey densities 

were too low, however, modeled larval growth were still high and close to observed 

values. Prey size composition and prey depth distribution was favorable for small 

(<7mm) larvae, as most of the prey edible by small larvae were located in the upper 

40-m. Future model attempts to explore the feeding ecology of larval fish would 
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benefit from including species-specific characteristics of prey, such as escape speed, 

behavior, prey contrast in the water column, and the threshold level of reaction when 

approached by a predator.  
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Table 1 Mean observed growth rates (%•d-1) from RNA/DNA measurements  (Lough 

et al. 2005) for 4 sizes of larval cod compared to modeled growth rates for May 1993 

and 1994. Simulated growth rates for larval cod averaged throughout the water 

column and weighted by observed (Lough et al. 2005) abundance at depth (weighted 

mean depth, WMD). Also shown are averaged growth rates (100ind.) for individuals 

with vertical behavior that optimize (OPT) ingestion rate and minimize mortality risk. 

Temperature-limited growth rate (TLG) was estimated assuming unlimited amounts 

of food, restricting larval growth to their physiological maximum (Folkvord (2005)). 

Simulations where Centropages were excluded as potential prey are denoted NOC. 

The vertical behavior of TLG and NOC was identical to OPT behavior. 

  

Obs. 

(mean,SD,N) 

1993 

WMD 

 

OPT 

 

TLG 

 

NOC 

 

Obs. 

(mean,SD,N) 

1994 

WMD 

 

OPT 

 

TLG 

 

NOC 

5mm 7.6  (2.4,11) 8.2 9.3 9.7 8.9 9.4 (0.0,1) 7.8 10.3 10.6 9.5 

7 mm 11.3 (3.3,60) 8.8 10.2 12.0 11.0 9.8 (1.9,83) 10.1 11.2 13.3 11.8 

9 mm 12.9 

(1.6,270) 

10.9 10.6 12.2 11.5 10.4 (2.0,46) 11.6 11.9 13.5 12.4 

11mm - 10.9 11.5 11.6 11.4 - 12.0 12.4 12.8 12.3 
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Table 2 Simulated Chessons’ alpha values for the environmental conditions in May 

1993 and 1994 for 4 sizes of larval cod (5, 7, 9, 11mm). Modeled larvae performed 

vertical behavior in the upper 40m of the water column (OPT). All prey stages within 

species was added, and the level of neutral selection was αneutral=0.25.  

 1993 1994 

 5 mm 7 mm 9 mm 11 mm 5 mm 7 mm 9 mm 11 mm 

Calanus finmarchicus 0.00 0.03 0.04 0.05 0.00 0.04 0.07 0.06 

Pseudocalanus spp. 0.38 0.47 0.52 0.53 0.35 0.39 0.49 0.53 

Oithona spp. 0.25 0.15 0.12 0.13 0.32 0.30 0.15 0.12 

Centropages spp. 0.36 0.35 0.33 0.28 0.32 0.27 0.30 0.30 
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Table 3 Observed Chesson’s alpha index at mixed and stratified locations for May 

1993 and 1994 including the 4 most important prey species for larval cod (6-8mm) on 

Georges Bank; C. finmarchicus, Pseudocalanus, Oithona, and Centropages. 

Numbers of stomach samples (N) are shown below sampling site. Neutral selection 

was αneutral =0.25. 

Year 1993 1994 

Sampling site 

N 

Mixed 

189 

Stratified 

59 

Mixed 

28 

Stratified 

41 

Calanus 

finmarchicus 

0.01 0.00 0.00 0.00 

Pseudocalanus spp. 0.80 0.82 0.92 0.46 

Oithona spp. 0.18 0.18 0.0 0.35 

Centropages spp. 0.00 0.00 0.08 0.19 

 

     

 

 

 

 

 



 171

Table 4 Simulated Chessons’ alpha values for the environmental conditions in 1993 

and 1994 for 4 sizes of larval cod. All prey stages within species was added, except 

for Centropages,  and the level of neutral selection was αneutral=0.33.  

 1993 1994 

 5 mm 7 mm 9 mm 11 mm 5 mm 7 mm 9 mm 11 mm 

Calanus finmarchicus 0.00 0.0 0.02 0.07 0.00 0.07 0.08 0.09 

Pseudocalanus spp. 0.55 0.63 0.80 0.75 0.58 0.53 0.69 0.74 

Oithona spp. 0.45 0.36 0.18 0.18 0.42 0.40 0.23 0.17 
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Figure 1 A map of Georges Bank with red and black circles denoting stratified and 
mixed sampling sites in May 1993. Red and black triangles mark the positions of 
stratified and mixed sampling sites for May 1994. Main spawning of Atlantic cod 
occurs in February-April around the Northeast Peak (a), and larvae and eggs 
passively drift with the circulation southwards, along the slope of the bank (b, c, and 
d). Larvae reach the western end of Georges Bank by June-July, and may enter the 
summer and autumn nursery habitats (e and f) (Based on Lough et al. (2005) Fig. 1).  
Depth contours are in meters.   
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Figure 2 Zooplankton biomass (μgL-1) distribution sampled in stratified water during 
May 1993 (left) and 1994 (right) from Lough et al (2005) (see map in Fig. 1 for 
details of the positions) for the four species C. finmarchicus, Pseudocalanus, 
Oithona, and Centropages. 



 174 

 

Figure 3 Temperature and salinity plot for May 1993 (a) and May 1994 (b). Density 
contours are shown as grey lines. Sampling depth for temperature, and salinity 
measurements are indicated by color (see scale). Sampling location is featured by 
single colored (stratified site) and single colored with black dot (mixed site): however 
only temperature data from the stratified locations were used as model input. 
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Figure 4 Distribution of three size classes of prey (prey·L-1) in May 1993 (left) and 
May 1994 (right) from stratified sites (Fig. 1). Prey were divided into sizes based on 
their width (dp); dp < 0.15-mm (a, b), 0.15 ≤ dp < 0.3-mm (c, d), and dp > 0.3-mm (e, 
f).  
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Figure 5 Depth position of two sizes (5 and 9-mm) of larval cod with vertical 
behavior modified by the local mortality and ingestion rates, and their state 
dependence (stomach fullness, size). Hour of the day and the date are labeled on the 
x-axis, and restricted to a 48·h period.  
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Figure 6 Modeled and observed probability (%) of capture success for 5 (a) and 8 (b) 
mm larvae.  Modeled values were averaged over 1000 capture attempts per prey 
species and stage. Observed values (bottom lines) from Lough et al. (2005) were 
based on stomach samples of 2-5-mm and 6-8-mm larval cod. 

 



 178 

 

Figure 7 Distribution of larval cod and haddock (2-5-mm) at stratified (a, b) and 
mixed (c, d) sites during May 1993 (a, c) and 1994 (b, d). The x-axis indicate hour of 
the day and each label denotes one sampling station. The mixed sampling site on 
Georges Bank was 50-m deep, while the stratified locations were located along the 
flank of the Bank at depths > 70-m. 
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Figure 8 Distribution of larval cod and haddock (6-8-mm) at stratified (a, b) and 
mixed (c, d) sites during May 1993 (a, c) and 1994 (b, d). The x-axis indicate hour of 
the day and each label denotes one sampling station. The mixed sampling site on 
Georges Bank was 50-m deep, while the stratified locations were located along the 
flank of the Bank at depths > 70-m. 
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Figure 9 Distribution of larval cod and haddock (9-13-mm) at stratified (a, b) and 
mixed (c, d) sites during May 1993 (a, c) and 1994 (b, d). The x-axis indicate hour of 
the day and each label denotes one sampling station. The mixed sampling site on 
Georges Bank was 50-m deep, while the stratified locations were located along the 
flank of the Bank at depths > 70-m. 
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Figure 10 (a) Length and width of 13 developmental stages of C. finmarchicus, 
Pseudocalanus, Oithona and Centropages (Davis 1987). Using a mechanistic 
individual-based model we estimated average Chesson’s prey preference index for all 
species and stages assuming constant and equal prey densities over 24·h for 100·ind. 
of 5-mm (b) and 9-mm (c) larval cod. Grey line (b, c) denote neutral selection. 
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 Figure 11 Modeled average Chessons’ prey preference index for 5 and 9-mm larval 
cod (100·ind.) in May 1993 (a, c) and May 1994 (b, d). Horizontal grey line denotes 
level of neutral selection (αneutral=0.025). Values above this line indicate a preference 
for these prey items as they are more frequently selected than they appear in the 
environment. 
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Figure 12 Modeled average Chessons’ prey preference index for 5 and 9-mm larval 
cod (100·ind.) in May 1993 (a, c) and May 1994 (b, d) assuming Centropages is 
removed as available prey item. Horizontal grey line denotes level of neutral 
selection (αneutral=0.025). Values above this line indicate a preference for these prey 
items as they are more frequently selected than they appear in the environment. 
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Abstract 

Northeast Arctic cod spawn at several locations along the Norwegian coast during 

March-April, with the Lofoten area as the major spawning ground. The offspring are 

subject to pelagic free drift from the spawning grounds to the nursery grounds in the 

Barents Sea, which are limited by the continental shelf edge and the polar front. 

Large inter-annual variations in the horizontal distribution of juveniles all the way 

through the early stages until settlement, with significant implications for growth and 

probability for survival, are highly affected by the circulation in the area. However, 

by vertical migration the larvae and juveniles are able to affect their drift route due to 

vertical variations in circulation. By allowing larvae and juveniles to choose depth 

according to an individual-specific risk sensitivity, we are able to investigate how this 

affect the resulting horizontal distribution, growth and survival. Locally, depth 

selection affects instantaneous mortality and growth rates, leading to higher survival 

through the larval period compared to larvae that were forced to stay in fixed depths. 

However, the strategy for depth selection also has long-term and large-scale 

consequences. First, since vertical behaviour interacts with ocean circulation, the 

strategy influences which drift trajectory a larva will follow and thereby the physical 

environment the larva experiences along its way. Second, the area or region where the 

larvae end up after the drift phase can have important consequences for later life 

stages. 

Keywords: individual-based model, rule-based behaviour, larval fish, vertical 

migration, general circulation model. 
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Introduction 

Marine larvae of many species have pelagic phases where they drift apparently 

haphazardly and arbitrarily through immense water masses. The swimming abilities 

of millimetre- to centimetre-sized larvae are often limited compared to ocean 

currents. Swimming abilities often increase throughout ontogeny (Clark et al. 2005), 

and may prove significant for drift if they are exerted in a non-random orientation 

(Leis et al. 2006). In this paper, we investigate the effects of displacements in the 

vertical, as vertical migrations can dramatically change the life of larvae in two 

important ways (Santos et al. 2006, Fiksen et al. in press). First, layered currents may 

bring vertically separated larvae in different directions and at different speeds. Ocean 

circulation models have shown that drifting particles fixed at depths only ten meters 

apart may end up in different oceans when spawned at times and sites typical for 

Northeast Arctic cod Gadus morhua (Vikebø et al. 2005). Second, light extinction 

down through the water column results in vertically distinct habitats, where the top 

layers have sufficient light for feeding but also for being detected by predators. Only 

a few tens of meters deeper, the darkness provides a safer refuge from visual 

predators but potentially too little light to feed. Additionally, a number of other 

important environmental variables such as prey density, turbulence and temperature 

also vary strongly in the vertical contributing to distinct vertical habitats.  

Field observations suggest larvae perform diurnal vertical migrations (Ellertsen et al. 

1984; Neilson and Perry 1990; Lough and Potter 1993). Several models of 

zooplankton and fish have interpreted such behaviour in relation to predator-prey 

interactions and reduction of mortality (Fiksen 1997; Strand et al. 2002; Fiksen et al. 

2005). Here, we couple vertical migrations with an ocean circulation model, and 

evaluate the effects of vertical behaviour on ocean transport of the larvae. 

The drift trajectories of eggs and larval fish depend on i) the time and place of 

spawning (Hinckley et al. 2001, Mullon et al. 2002, Huggett et al. 2003), and ii) the 

complex interaction between ocean circulation and individual behaviour throughout 

ontogeny (Hinckley et al. 1996, Werner et al. 1996, 2001, Hinrichsen et al. 2002, Fox 
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et al. 2006). In turn, this sets premises for individual growth and survival, and 

ultimately for recruitment to the stock and contribution to the future gene-pool.  

Recent developments of ocean circulation models provide new tools for investigating 

how organisms are influenced by circulation patterns. However, existing individual-

based models typically use fixed ad hoc formulations of larval depth positioning. 

Such imposed behaviours (sensu Grimm & Railsback 2005) are commonly justified 

from a set of observations of larval vertical distributions, and may also include 

observed responses to particular environmental cues such as light. The problems with 

this procedure are 1) that the ad hoc formulations are only valid for the environmental 

state at the time of observation – at other times there may be  environmental cues that 

could modify or override the effect of the reference signal (Neilson & Perry 1990, 

Giske et al. 2003). Using observations to parameterize important flexible behaviours 

thus limits the prognostic value of the model when tested under new environmental 

conditions; and 2) the internal physiological condition of an individual typically feeds 

back on behavioural motivation, hunger and satiation may for example trigger 

different behaviours (Houston & McNamara 1999, Clark & Mangel 2000). 

In addition, contemporary models of larval fish dispersal have only included 

individuals that vary in spatial position or physiological states. Individual differences 

or variability in behavioural strategies have so far been ignored (as noted by; Huse 

2001, Strand et al. 2002). Behaviours such as habitat selection are adaptive traits, 

evolved under the constraints imposed by the physical and biological environment. A 

successful larva must grow, survive and end up in favourable nursery areas, and since 

their parents have succeeded, offspring that inherit their parents’ behavioural 

strategies may also stand a fair chance of success (Fiksen et al. in press).  

Vikebø et al. (2005) demonstrated that the vertical distribution of larval cod 

influenced their drift trajectory and temperature exposure, which in turn has 

significant implications for growth and survival. However, the model did not take 

active larval migrations or predation risk into consideration. In this paper we include 

these factors, and investigate interactive effects between behaviour and ocean 
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circulation on growth, mortality, and dispersal of larval Northeast Arctic cod. We also 

indicate effects of spawning location by releasing larvae on two neighbouring 

spawning sites; one in an embayment and the other on the open shelf. 

We test simple behavioural rules that use local information about growth and 

mortality in the water column. In the simplest version, a single parameter determines 

how risk sensitive the larvae are, and therefore how much they value growth and 

avoid mortality when they select a vertical habitat. Since currents change with depth, 

the vertical position has consequences for the drift trajectory the larvae follow. In this 

way, the behavioural strategy has both local effects on growth and mortality, as well 

as long-term and large-scale effects on dispersal and temperature along the drift route. 

Temperature will affect growth rates directly (physiological processes are faster in 

warmer water for the range observed in the model area). In turn this will have indirect 

consequences for mortality rates, since fast-growing larvae can grow through size 

windows where they are vulnerable to predation, and since their ability to move 

vertically and thereby manipulate predation rates by fish increases with size. We also 

explore a three-parameter version of this strategy, where the first two parameters 

represent risk sensitivity early and late in ontogeny, while the third parameter 

determines when to switch between the two behavioural strategies. Finally, we 

compare the two rules with non-responsive individuals (staying at a fixed depth). To 

assess the success of the rules, we use the accumulated mortality rate up to a given 

length. The rationale for this measure is that all individuals have to grow through the 

larval sizes to reach juvenile and adult life stages. From a life history perspective, the 

only reason to stop growth would be to start reproduction. We only model larval cod 

far below the earliest observed maturation size for this species. The success of a 

behavioural strategy in these early life stages can therefore be summarized as the 

probability with which it survives until a given size – for us limited to 18 mm as this 

is the maximum size where the physiological submodels remain valid. 

The analysis illustrates how fitness can be improved by including adaptive habitat 

selection under realistic assumptions of local vertical gradients of growth and 
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predation risk, and the strong interaction with horizontal advection. It serves as an 

example of how behavioural ecology can provide methods to improve the predictive 

and explanatory power of individual-based models for larval fish, and provides a 

generic approach that may be used for fish larvae in general. Incorporating behaviour 

in particle-tracking ocean models represents a virtual laboratory that can prime our 

intuition and develop our understanding of processes and their relative importance 

throughout ontogeny. We are confident that this undertaking will provide hypotheses 

and direct future field and experimental studies. More specifically, the model also 

provides a set of robust behavioural rules for vertical migration of Northeast Arctic 

cod that can be implemented in coupled IBM and ocean models.  

Methods and models 

The ocean model 

The numerical ocean model used in this study is the ROMS version 2.0 (Ezer et al., 

2002; Shchepetkin and McWilliams, 2003; Shchepetkin and McWilliams, 2005, 

http://marine.rutgers.edu/po/models/roms/). The model setup is similar to Vikebø et 

al. (2005). Lateral boundary conditions are taken from a monthly mean climatology 

(Engedahl et al. 1998), while the mean daily vertical boundary conditions (air 

pressure, wind stress and heat flux) are taken from the NCEP/NCAR database 

(Kalnay et al. 1996) for the year 1985. 

In Vikebø et al. (2005), the particle dispersion was run simultaneously (‘online’), as a 

subroutine within the ocean model. However, the present exploration of behavioural 

strategies requires much more CPU time, and particle dispersion is therefore detached 

(‘offline’). The Lagrangian particle-tracking model (LADIM; Ådlandsvik and 

Sundby, 1994) utilizes the time-dependent, daily mean current and hydrography 

fields from the ocean model. Multilinear interpolation provides necessary input for 

the dispersal of particles by use of a 4'th order Runge Kutta advection scheme 

(Ramsden and Holloway, 1991).  
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The range of resolved eddies and velocity shear is proportional to the spatial 

resolution of the ocean model. Hence, with increasing spatial resolution the need for 

artificial diffusion is reduced. Ådlandsvik and Sundby (1994) used a spatial 

resolution of 20 km and included a random component for parameterizing a Fickian 

diffusion of 100 m2s-1. In the current model setup the horizontal resolution is ranging 

from 3.5 to 8 km moving from the upstream to the downstream boundary. We have 

therefore not included any artificial diffusion, though this will cause an 

underestimation of dispersal. 

 

The individual-based model 

Model organism 

The larvae are characterised by standard length L [mm], body mass w (dry weight) 

[mg], spatial coordinates (x, y, z), and accrued probability of survival Ps since 

hatching. The attribute vector of individual i is thus: 

 

Ai = (Li,wi,xi,yi,zi,Psi,t)         1 

 

The attributes are updated by local growth, mortality and velocity field at each time 

increment t (one hour) of the model. Growth and mortality are driven by light, the 

modelled temperature-field and body size. Only horizontal velocities are considered 

for the advection of individuals. 

It is essential for the model that growth and mortality rates emerge from habitat 

selection, which is specified by a behavioural rule. We used survival up to 18 mm 

length as fitness measure, since all individuals have to grow through this size to reach 

juvenile and adult life stages. We assume larvae can sense or assess growth 

opportunity and mortality risk in the upper 100 m water column, but they are not able 
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to make predictions for the future. All larvae were initialised at the same size (0.03 

mg, 3.53 mm), and at a fixed depth (1 m). We released larvae at Moskenesgrunnen 

and in the Vestfjorden, two important spawning grounds in the Lofoten region, at 

times near the peak spawning period, covering 4x3 grid cells, or about 20x15 km (Fig 

1). Initiating larvae with spatial variation within these cells introduce stochasticity in 

larval trajectories due to horizontal velocity shear. 

 

Submodels 

Growth: Maximum specific growth rate G(w, Tz) is an empirical function of larval 

body mass w and ambient temperature Tz for larvae fed ad libitum and reared under 

laboratory conditions (Otterlei et al. 1999, Folkvord 2005). Larval cod have high 

growth rates, and substantial food intake is required to sustain these rates. Their 

visual foraging mode makes feeding highly dependent on ambient light Iz (Fiksen et 

al. 1998, Fiksen & MacKenzie 2002), and this may constrain growth. To include 

food-limited growth and additional energetic costs we add standard metabolic rate 

SMR(w, Tz) to the estimated growth potential, limit this by food-availability, and then 

subtract SMR (see Fiksen & Folkvord 1999). The standard metabolic rate of larval 

cod was estimated by Finn et al. (2002), and we have applied their estimate here. 

Additional energetic costs, such as swimming costs SC(w, dz) depending on body size 

w and migration distance per time dz, is subtracted from potential growth rate. The 

realised growth rate gz [s-1] of a larva is thus a function of body mass w, depth z and 

swimming activity dz: 
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The parameter Ke (determining food limitation with light) was set to 1 as in Fiksen 

and MacKenzie (2002), and the coefficient 10 was chosen arbitrarily to limit growth 

rates at depths below ~50 m, where zooplankton availability (prey densities and light) 

is normally low (we have not included prey explicitly here). Swimming costs 

SC(w,dz) are included as a maximum of 10% of SMR at a fixed temperature (7°C) if 

the larvae swim up or down at a velocity of 1/3 L s-1, linearly decreasing with 

swimming speed or migration range (dz). This means that specific swimming costs 

decrease slightly with body mass. Growth is represented more simplistically here 

compared to Kristiansen et al. (in press), because of the CPU-time required for the 

high number of particles. 

 

Predation: Larval fish are subject to predation from both invertebrates and fish 

(Bailey & Houde 1989). Typically, vulnerability to invertebrate predators decreases 

with larval size as they outgrow abundant, smaller ambush and cruising zooplankton 

predators. On the other hand, the efficiency of piscivores is very sensitive to detection 

distance, which increases with light and larval size (Aksnes & Giske 1993, Aksnes & 

Utne 1997). Larvae may therefore become more vulnerable to fish predators with 

size, unless behavioural strategies such as vertical migration offset increases in 

encounter. 

We model predation from fish and invertebrates separately, similar to Fiksen et al. 

(2002). Predation rate from invertebrates μn [h-1] decreases with larval body length L 

[mm] as 3.101.0 −= Lnμ . Predation rate from fish is μf = 0.05R2, where R is the 

piscivore’s sighting distance of a larvae depending on light and larval size, and the 

coefficient summarizes all factors such as e.g. fish density and escape probability (see 

Fiksen et al. 2002 for details). Total instantaneous mortality rate Mz = μn + μf is then a 

function of depth, surface irradiance and larval size. Little knowledge exists on how 

mortality risks are divided between invertebrates and fish for larvae, but this simple 

model captures some essential factors such as body size and light.  
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Light is a crucial factor for both growth and mortality rates. We model surface light 

as a function of latitude, day of year and time of day (Skartveit & Olseth 1988), and 

assume vertical light attenuation according to Lambert-Beers law with a diffuse 

attenuation coefficient of 0.18 m-1 and maximum surface irradiance of 500 μmol m-2 

s-1. 

 

Behavioural rules 

Individuals follow a simple rule to select vertical position (Fiksen et al. in press.). We 

assume larvae have complete information about depth-dependent growth gz and 

mortality mz within the upper 100 m. The larva then decides on the next depth zi*(t) 

from:  

 

[ ]zizizi mgtz ππ −−=∗ )1(max)(          3 

 

where 0≤πi≤1 is the behavioural strategy of individual i and π can be interpreted as 

the individual’s risk sensitivity: low πi characterises an individual always maximising 

instantaneous growth and high πi an individual maximising instantaneous survival. 

Individuals with high πi thus can be interpreted as being fearful and low πi as being 

bold. The risk sensitivity of the individual thus colours its vertical behaviour, with 

major consequences for growth, mortality, and drift trajectory. The rule makes larval 

habitat selection sensitive to local environmental variability in growth and mortality 

rates, while the simple formulation of the strategy mimics the genetic predispositions 

of individuals and can be subject to natural selection over generations. We test two 

alternative ways of coding risk sensitivity πi. The first (Rule 1) is simply a fixed 

genetic value πi as described above. We tested the following values for πi: 0, 0.01, 

0.1, 0.25, 0.5, 0.75, 0.9, 0.98, 0.995, 0.997, 0.998, 0.999, 1. The second (Rule 2) 
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includes two risk sensitivity parameters π1i and π2i; one for early and one for the late 

part of ontogeny. A third parameter determines the size when the individual switches 

between the two risk sensitivities. This rule allows risk sensitivity to change 

ontogenetically. We tested combinations of parameter values with the same resolution 

of π1i and π2i as for Rule 1, and with the following values for the size at which risk 

sensitivity switches (in mm): 4, 6, 8, 10, 12, 14, 16, 18. 

Fitness is then evaluated as the total survival probability from early larval phase to 18 

mm. Within this range, all our empirical sub-models remain valid, and most larvae 

with positive growth will reach this size within the simulation time of 100 days 

(about the time it takes to reach metamorphosis). 

Results 

First, we present some of the individual trajectories and dispersal of single individuals 

released at the same time and positions but differing in behavioural strategy. Then, 

we investigate emergent patterns by releasing a large number of particles with various 

strategies that differ in their risk sensitivities. Finally, we look at the fitness 

consequences that emerge from behavioural rules over the full range of possible 

values and with drift stochasticity resulting in variability among individuals.  

Individual trajectories and dispersal 

The first numerical experiment tracked a few larvae with different risk sensitivities 

(Rule 1) released in Vestfjorden and at Moskenesgrunnen (see Fig. 1). The 

geographical dispersal trajectory of individual larvae (Fig. 2a, b) is determined by 

interactions between the risk sensitivity of their behaviour and ocean circulation. 

Larvae with low risk sensitivity (πi = 0.01) emphasise immediate growth, and tended 

to remain near the surface throughout the simulation period (Fig. 2c, d). The 

consequence of this behaviour is that they were captured by the warmer Atlantic 

currents (Fig. 1b), drifted towards the more central parts of the Barents Sea, and 

obtained high growth rates. Larvae with high risk sensitivity (πi = 0.99) went deep, 

grew slowly, and remained in the colder coastal current. Larvae with intermediate risk 
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sensitivity (πi = 0.5) tended to go deeper with time, and maybe surprisingly, 

decreased their range of diel migration (Fig. 2c, d). This was mainly driven by 

increasing day length, which influences predation risk during night, and the absence 

of food below 50 m, creating a narrow vertical window (30-40 m) where growth and 

mortality are acceptable. Larvae with intermediate risk sensitivity drifted in warm 

Atlantic Water (Fig. 2f) into the Barents Sea from Moskenesgrunnen, but in cold 

Coastal Water (Fig. 2e) when released in Vestfjorden. These different trajectories 

significantly affected their respective growth (Fig2g, h). The purely size-dependent 

mortality rate decreased rapidly as the larva grew, while mortality from visual 

predators increased due to larger size and longer days (Fig. 2i, j). This exemplifies the 

interaction between spawning strategy (parental decisions on timing and location of 

spawning) and larval behaviour. A robust larval strategy should therefore be one that 

functions well across the range of parental spawning strategies. 

Emergent dispersal patterns from various risk sensitivities  

To further explore the effects of risk sensitivity (Rule 1) and spawning location, we 

released 50 individuals at each of 13 levels of risk sensitivity, simultaneously at the 

two locations. The individuals were released twice, three days before and three days 

after the time of peak spawning in Northeast Arctic cod, with minor spatial 

perturbations around the spawning grounds. The strategies covered a range of 

possible vertical habitats, illustrated for single individuals released at the two 

spawning grounds for each of the 13 levels of risk sensitivity (Fig. 3). Note that even 

with fixed risk sensitivity, the larvae tended to go deeper with time. The transition to 

deeper habitats was quite abrupt for risk-averse strategies, leading larvae below 50 m 

where there is no food and growth was negative. Remaining constantly at these 

depths lead to starvation, and such strategies consequently had low fitness. Although 

the general trend was to go deeper with time, this depended considerably on the 

growth potential in the water column. Some individuals encountered stratified water 

masses, which made growth sufficiently profitable near the surface to offset the 

increased risk associated with these habitats. 
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The consequences of individual trajectories on large-scale dispersal became apparent 

when a large amount of individuals were released with the same risk sensitivity and at 

the same spawning ground (Fig. 4). First, even minor perturbations around any given 

release point lead to substantial spatial spread in particles after 100 days, despite the 

deterministic scheme of particle tracking. Second, particles originating from 

Moskenesgrunnen seemed to disperse more than those from Vestfjorden and tended 

to be more easterly distributed independent of risk sensitivity. Third, bolder, growth-

maximizing individuals (low πi) tended to disperse more into the central parts of the 

Barents Sea from both spawning sites.  

Fitness consequences of rules and spawning area 

At each level of risk sensitivity we tracked 50 individuals to 18 mm length, and 

assessed accrued probability of survival (fitness). These values are presented for the 

particle with maximum fitness at each level of risk sensitivity, the average of the 10% 

and 25% best, and the total average (Fig. 5a), for both spawning sites. This will 

indicate how robust the different behaviours are in a fitness perspective. Finally, this 

is compared to survival up to 18 mm of larvae remaining in fixed depths (Fig. 5b). 

Larvae with intermediate risk sensitivity (0.5 – 0.75) had highest survival. They 

performed vertical behaviour, with diurnal migrations increasing towards an average 

depth between 30 to 50 m at late ontogeny (Fig 2c, d). Larvae with rule-based 

behavioural flexibility generally did better than larvae staying at fixed depths. Also, 

larvae from Moskenesgrunnen tended to do better than larvae from Vestfjorden in all 

these realisations, although less so for larvae staying at fixed depths. Note that larvae 

drifting at a fixed depth of 30 m achieved higher survival than larvae further up in the 

water column. Clearly, higher temperatures and enhanced feeding near the surface, 

which reduces the time needed to reach a length of 18 mm, did not compensate for 

the increased mortality. Larvae with a high level of risk sensitivity (>0.75) had low 

(or negative) growth and were unable to reach 18 mm. 
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Finally, we estimated the fitness for larvae switching between two risk sensitivities at 

eight possible sizes (Rule 2). The maximum fitness at each risk sensitivity, the 

average of the 10% and 25% best, and the total average, for both spawning sites, is 

estimated as a function of early and late risk sensitivity (Fig. 6) for larvae switching 

behaviour at 6 and 16 mm (upper and lower panels respectively). For the sake of 

comparison with the larvae having a fixed behaviour through ontogeny, we released 

50 larvae at each level of risk sensitivity (13x13x8). To assess the fitness, we 

extracted the 50 individuals with highest fitness ensuring that they have an optimal 

late (or early) behavioural strategy. Larvae changing their strategy ontogenetically did 

slightly better than those following Rule 1, for any size of switch. Larvae that 

changed their behaviour at an early ontogenetic stage emphasize growth (π1i = 0.25) 

before shifting to a more risk-sensitive (fearful) behaviour (π2i = 0.75) in order to 

maximize their fitness (Fig. 6a, b). However, the fitness is relatively flat across early 

risk sensitivity for larvae. A later switch favours more fearful strategies also during 

the early stage (Fig. 6c, d). The similarity between release-sites is encouraging, as it 

suggests that strategies may be quite robust across different spawning grounds. 

 

Discussion 

An important topic for general population- and community ecology is to model 

organisms with flexible individual behaviour, motivated through individual states and 

environmental cues (Giske et al. 2003, Persson & De Roos 2003, Grimm & Railsback 

2005). Here, we have explored two simple individual decision rules and their 

consequences for growth, mortality, and drift-trajectories of pelagic larval fish. The 

model experiments demonstrated that rules for larval vertical positioning have 

consequences on several scales. Locally, depth selection affects instantaneous 

mortality and growth rates, leading to higher survival through the larval period 

compared to larvae that were forced to stay in fixed depths. However, the strategy for 

depth selection also has long-term and large-scale consequences. First, since vertical 

behaviour interacts with ocean circulation, the strategy influences which drift 
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trajectory a larva will follow and thereby the physical environment the larva 

experiences along its way. This means that the behavioural strategy, leading to a 

certain drift trajectory, has delayed effects for growth and survival since temperature 

and light conditions vary according to the particular route. Other factors, for example 

the spatial and vertical distribution of predators and prey, will influence growth and 

survival in similar ways but were not included in this model. Second, the area or 

region where the larvae end up after the drift phase can have important consequences 

for later life stages (Cowen et al. 2006). Not only does habitat type and climate vary 

geographically, but currents and distance can preclude the use of essential feeding 

and spawning sites later in life. 

While the importance of vertical positioning has been realised in many coupled bio-

physical models (e.g. Hinckley et al. 1996, Werner et al. 1996, Fox et al. 2006), this 

is the first attempt to model larvae that select depths based on an inherent trade-off 

rule between growth and mortality in a general circulation model. This involves 

giving larvae an individual opportunity to respond to the processes affecting 

immediate growth and mortality, rather than imposing vertical distribution as an 

assumption of the model. We tested two simple rules, each with the full range of 

strategies from maximising immediate growth to maximising immediate survival, and 

compared these to non-responsive individuals drifting in fixed depths. Both rules 

gave better fitness than for fixed behaviour, where larvae remained constantly at fixed 

depths. Both spawning grounds favoured active vertical migration and intermediate 

risk sensitivity seemed to be optimal under the assumptions given here. However, it 

appears that Rule 2 only slightly improved fitness compared to the simpler Rule 1, 

where larvae use the same risk sensitivity throughout. Larvae that emphasized growth 

before changing to intermediate risk sensitivity at an early ontogenetic stage were the 

most successful ones. 

Both growth and mortality depend on complex processes that link the physical 

environment and the distribution of predators and prey with behaviour and internal 

physiology. These processes must necessarily be simplified in models, and our results 
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are likely to be sensitive to a number of parameters used in the different submodels. 

Especially, the benefit of behaviour is tightly linked to how mortality is modelled. 

Behaviour influences light exposure and therefore encounter rates with visual 

predators, but does not affect predation from invertebrates, which we have modelled 

as a purely size-dependent mortality that is high for small larvae and declining with 

size (McGurk 1986). Predation from invertebrates and fish are comparable at a larval 

length of about 9 mm, and above this length fish predation dominates. That fish 

predation plays a major role is supported by the strong indications that pelagic fish 

are regulating recruitment success of cod (Köster & Möllmann 2000, Swain & 

Sinclair 2000). Both herring and capelin are abundant in the drift routes of Northeast 

Arctic cod and are known to forage on cod larvae. 

The purely size-determined mortality rate in our model is lower than in the empirical 

model compiled by McGurk (1986) for larvae <13 mm and slightly higher for larger 

larvae. Sundby et al. (1989) estimated the average daily mortality rate to about 0.2, 

which is about four times higher than the mortality rate applied here (and thus also 

four times higher than the mortality rate from McGurk (1986) for 13 mm larvae). 

However, survival probabilities from hatching to 15 mm on the order of 10-2, is 

probably too high given that the mean annual egg production is around 1-2 million 

eggs per female (Kjesbu et al. 1996). The motivation for vertical behaviour is largely 

determined by the strength of predation from invertebrates relative to predation from 

fish. Increasing the invertebrate predation rate (μn) would make fish predation, the 

only depth-dependent component of mortality, less important. Larvae that grow faster 

would have higher survival probabilities, increasing the reward on rapid growth. 

Simulations (not shown here) indicate that the optimal πi is then shifted to the left 

(from πi = 0.5-0.75 to 0.25-0.5) favouring larvae with a shallower vertical distribution 

and with average depths between 20 – 40 m in late ontogeny. Drifting at a fixed 

shallow depth will then result in a comparable fitness to individuals with active 

vertical migration, because exposure to higher mortality rates during early ontogeny 

in order to shorten this vulnerable stage becomes a good strategy. However, very little 
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is known about the distribution of risk among visual and non-visual predators, and 

only more process-oriented field studies can improve our knowledge on this. 

We have assumed that growth is a function of temperature and light, ignoring both 

spatial and temporal variability in prey distribution. The main prey items for larval 

cod are nauplii and copepodite stages of Calanus finmarchicus, and the production 

and abundance of these in turn depend on factors such as female abundance and 

primary productivity. These prey are also known to perform diel vertical migration; 

differences in vertical distribution between day and night of up to 20 m have been 

observed (Tilseth & Ellertsen 1984). Future refinements of the present analysis will 

be to include zooplankton models or assimilate data on prey abundance and 

distribution.  

In this study we initialised larvae at hatching although Northeast Arctic cod has an 

egg stage lasting up to 3 weeks. The transport of eggs is purely a function of egg 

density and ocean physics (Sundby 1997). The actual density of the eggs, including 

the chorion membrane and the amount of yolk and buoyant fat, may have evolved as 

a trade-off between predation risk and advection consequences of vertical positioning 

due to density gradients. Incorporating drifting eggs explicitly would perhaps change 

the initial dispersal of eggs and could therefore precondition initial larval distribution 

differently than what is presented here. 

Another complicating factor we have ignored is the fitness-consequences of drifting 

off to unfavourable settling habitats (Fiksen et al. in press). Although little is known 

about what determines the quality of settling areas, it might be possibly to combine 

spatial data from 0-group surveys (Dingsør 2005) with data on later stages from 

winter cruises to derive information about how fitness depends on geographical 

position at settling (Dingsør 2006). 

Observations on vertical migration by cod larvae and the corresponding distribution 

patterns are limited, but those described in literature indicate that diel migration is a 

dominant feature, depending on larval size and the general ocean conditions 
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(Ellertsen et al. 1984; Neilson and Perry 1990; Lough and Potter 1993). Lough and 

Potter (1993) reported that Atlantic cod larvae on Georges Bank of size >6-8 mm 

were capable of regulating their depth as long as vertical mixing was low. The ability 

to control their depth and the extent of diel migration increased with larval size, while 

the mean daily depth increased throughout ontogeny until they settled close to the 

seabed. Similarly, Ellertsen et al. (1984) observed diel migrations in first-feeding 

Northeast Artic cod larvae. The larvae concentrated between 5-10 m during night and 

spread out between 5-35 m during day. The strong interaction between vertical 

positioning and horizontal ocean transport documented in this study suggests that 

further field observations of vertical distribution and its change with ontogeny should 

be a priority of future surveys. If possible, parallel recordings of other individual 

characteristics in the field, such as stomach fullness, swimming direction and speed, 

and activity level, could also guide firstly the further development of models coupling 

behaviour with oceanography, and subsequently our understanding of the ecology of 

early life stages.  

The current analysis must be viewed as an initial exploration and an example of how 

simple behavioural rules can be used in combination with ocean models to study the 

interaction between local and strategic trade-offs in larval fish behaviour. We have 

only looked at two potential spawning grounds, and strategies may be very different 

when drift trajectories from further spawning grounds are included. A complete 

analysis of behavioural strategies would therefore need to take the whole 

geographical spawning range into account. To evaluate the success of a strategy, one 

should also assess parental spawning strategies including migration costs, and repeat 

the analysis with physical forcing for several years to investigate environmental 

effects. More specifically, our next steps will be to adjust the model domain in order 

to include all spawning grounds, put inter-annual variations on the lateral boundaries, 

and include vertical distribution of eggs (Thygesen and Ådlandsvik, in press). 
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a)  b)  

Figure 1 (a) Spawning and nursery grounds of Northeast Arctic cod in relation to 
different water masses. (b) The two spawning grounds included in this study. 
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  Vestfjorden       Moskenesgrunnen 

a)      b)   

c)  d)  

e)      f)  



 214 

 

g) h)  

i)   j)  

Figure 2 An illustration of (a, b) dispersal, (c, d) daily mean depth, and (e, f) 
temperature profiles along the drift-trajectory of larvae released in Vestfjorden (left 
panels) and at Moskenesgrunnen (right panels). Dispersal and mean daily vertical 
depth for single individuals using Rule 1 for three strategies of risk sensitivity are 
included (πi = {0.01, 0.5, 0.99}). Depth is shown with hourly resolution for πi = 0.5 
(to illustrate diel migration patterns), but only mean daily depth for πi = 0.01 and 0.99. 
Fearful larvae (high πi) give immediate survival high priority, migrate deeper, and 
drift closer to the coast. Also included are hourly ambient temperature (g, h), growth 
history (g, h) and mortality rates (i, j) from fish (µf) and invertebrates (µn). 
Temperature and growth histories are influenced by the vertical temperature profile at 
any point along the drift trajectory, the risk sensitivity of the strategy, and all 
elements of the light-environment and predation risk. 
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Figure 3 Mean daily vertical positioning for single larvae released at the same time 
and place in Vestfjorden (broken lines) and Moskenesgrunnen (solid lines) for 13 
values of πi (0, 0.01, 0.1, 0.25, 0.5, 0.75, 0.9, 0.98, 0.995, 0.997, 0.998, 0.999, 1). 
Increasing risk sensitivity (πi-value) takes larvae deeper and in addition they go 
deeper with time due to increasing size (risk from visual predators) and longer days. 
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Figure 4 This figure illustrates dispersal-effects of larval risk sensitivity. Each point 
represent the position of one larva after 100 days of drift from Vestfjorden (left 
panels) and Moskenesgrunnen (right panels) for πi equal 1 (risk averse, upper panels), 
0.5 (median risk-sensitivity, middle panels) and 0 (lower panels). For each level of 
risk sensitivity 50 individuals were released at the same time and place, with 
variability in drift paths introduced by minor spatial and temporal perturbations at the 
release point. 

a)  b)  

Figure 5 Comparison of fitness consequences for larvae drifting from two spawning 
locations with various attitudes to risk using Rule 1 (a) and staying at fixed depths 
(b). Larvae from Moskenesgrunnen are indicated by blue squares and from 
Vestfjorden by red circles. There are four curves for each of the spawning grounds 
indicating the single most successful larvae, the top 10%, 25% and the average over 
all larvae (indicated by increasing size in circles and squares). Fitness is measured as 
accumulated survival probability of larvae when they reach the length of 18 mm. 
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Π3i = 

16 

mm 

c)  d)  

Figure 6 Comparison of fitness consequences of strategies that vary in risk sensitivity 
using Rule 2. Results are shown for two spawning locations (Moskenesgrunnen by 
blue squares and Vestfjorden by red circles). The panels show fitness consequences 
of changing strategy at 6 mm (a, b) and 16 mm (c, d); left panels are early risk 
sensitivity and right panels late risk sensitivity. Fitness is measured as accumulated 
survival probability of larvae at the length of 18 mm.  
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Abstract 

The spawning strategy of cod is tuned to give larvae a good start in life. Therefore, 

larval drift, growth and survival are key processes to understanding spawning 

strategies. Spawning of Northeast Arctic (NA) cod stretches from late February to 

early May over 1500 km along the Norwegian coast and the hatching stretches from 

late March to late May. During the latter period the number of daylight hours 

increases from 12 to 21. Larval feeding opportunities are constrained by availability 

of prey abundance, while temperature determines the maximum growth potential. 

Feeding of larval cod that hatches early in the season is limited by the low number of 

daily foraging hours, and this makes them particularly susceptible to food limitation. 

Here, we study constraints on larval cod growth by combining a bio-physically 

coupled model (NPZ-model) providing input on nauplii production and development 

(Calanus finmarchicus), a 3D physical model (ROMS) providing flow- and 

temperature-fields, and an individual-based model (IBM) of larval cod feeding 

ecology and physiology. Our aim is to better understand spatio-temporal constraints 

of larval ecology on the spawning strategy of adults. Results show that larval cod 

have low chance of survival if hatched early in the season (prior to mid-April) when 

the foraging hours are few. Larval cod hatched in early May experience good growth 

conditions due to the increased day-length, and the given temperature range. These 

results quantify the strong relationship between larval feeding and growth in relation 

to day-length, time of the season, and water temperature, while the importance of 

prey density is of second order when abundance > 5 nauplii·L-1.  Peak spawning 

appears well timed to the seasonal variation in light, and we propose that the light-

availability modify the importance of prey availability to larval success. 

Keywords: biophysical modeling, larval fish, Northeast Arctic cod, latitudinal 

gradients, spawning strategies 
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Introduction 

Just after hatching, larval cod are able to sustain metabolic demands through their 

yolk-sac reserves, but after a few days (4 days, Fossum & Ellertsen 1994) the larva 

needs to switch from endogenous to exogenous feeding. The transition from internal 

energy reserves to external feeding is regarded as a critical period for first-feeding 

larval survival (Hjort 1914), and feeding success may continue to constrain survival 

throughout their pelagic phase (Cushing 1990). First-feeding fish larvae are restricted 

to forage upon prey smaller than their gape size (Puvanendran et al. 2004), while 

their poor swimming abilities (Hunter 1981, Peck et al. 2006) makes encounters 

between larvae and prey strongly determined by the prey density and turbulence 

(Fiksen et al. 1998). Consequently it is vital to the larvae to be placed in a favorable 

time-space location with regards to prey concentration. The timing of the spring 

bloom and the peak in nauplii availability along the Norwegian coast varies 

substantially between years (Ellertsen et al. 1989). The NA cod has adapted to this 

great environmental variability by having a spawning period spanning about 2,5 and 

1,5-2 months for individual fish (Kjesbu et al. 1996) months, which increases the 

likelihood that at least some larvae match the prey peak. Compared to other marine 

ecosystems, e.g. upwelling ecosystems, where plankton production and fish spawning 

extend through most of the year, 2.5 months is a relatively long period of time in a 

spring-bloom marine ecosystem where the plankton production is confined to a 

limited period of time. However, high prey abundance is not sufficient to ensure 

survival of larval cod. Abiotic factors such as temperature (Otterlei et al. 1999, 

Ottersen et al. 2001, Folkvord 2005), turbulence (Sundby & Fossum 1990, Sundby et 

al. 1994), predation (Øiestad 1985, Bailey & Houde 1989), and light conditions 

(Blaxter 1986, Aksnes & Utne 1997) modify the physiological rates, the feeding 

ecology of the larva, and the interaction between larval cod and their predators. 

The Northeast Arctic cod stock spawns along a 1500 km coast line from western 

Norway (~60 oN) to the Finnmark coast (~71oN) (Fig. 1). The majority (60-70%) of 

spawned cod eggs are found in the Lofoten and Vesterålen areas (~68 oN) (Sundby & 



 224 

Bratland 1987). Spawning starts at the end of February and lasts until the first week 

of May. Based on egg samples collected using net hauls from 1968-1982 in the 

traditional spawning areas in Lofoten (~68 oN), Pedersen (1984) found mean peak 

spawning of Northeast Arctic cod to occur during transition from March to April 

(Julian date 90). At the Møre spawning ground (~62oN) peak spawning occurs at 

about the same time as in Lofoten (Godø & Sunnanå 1985), while there is an 

increasing delay in the peak spawning with increasing latitude at the spawning areas 

to the north of Lofoten. Hence, the peak spawning at the Finnmark coast (~71oN) is 

about 2 weeks later than in Lofoten (Sundby & Bratland 1987). Experimental work 

by Kjesbu et al. (1996) shows that larger and older cod tend to have longer spawning 

periods. An individual female cod spawns 15 – 20 batches of eggs over a period of 

1,5 –2 months. The total spawning period of the whole population is less than one 

month longer than the spawning period of the most active spawners. As the larval 

period progresses, the number of daylight hours increases from 13 (April 1), to 17 

(May 1), to 21 (June 1, 68˚N) (Fig. 2). This may constrain the feeding opportunities 

for newly hatched larvae, and influence growth and survival. Mature, older cod tend 

to arrive earlier at the spawning sites than the younger ones (Solemdal & Sundby 

1981). However, the time of spawning does not seem to be significantly different 

between the older repeat spawners and the younger first time spawners (Kjesbu 

1994).  

The objective of this study is to investigate the significance of temperature, 

turbulence, light conditions, prey density on growth of larval cod at different spatial 

locations by integrative modeling. The work we present here, combine three models; 

(i) a general circulation model (GCM) (Vikebø et al. 2005), (ii) an individual based 

model (IBM) for larval cod (Kristiansen et al. in press), and (iii) prey fields generated 

using a zooplankton model (Huse 2005, Huse et al. in prep.). These models allow us 

to integrate effects of day-length, prey abundance (and size), water temperature, 

turbulence, and spawning ground over short-time growth of larval and juvenile cod 

drifting along the Northern coast of Norway. Simulations were repeated for two sizes 

of larval cod; 5mm which is the typical size of a larva after the yolk-sac stage 



 225

(Ellertsen et al. 1989), and 7mm; for comparison. This allowed for a comparative 

study of the significance of separate processes on larval cod. E.g. how well do first-

feeding larval cod cope with a changing prey field when hatched at various dates 

throughout the season? What is the prey requirement for maximum (or minimum) 

growth, and does it change with spawning grounds and time of season?  

Models 

Coupled GCM and IBM integrate processes at scales from hundreds of kilometers 

(oceanic gyres) to millimeters. Combined, they provide an effective tool to study 

interactions that emerge between processes we know affect success of larval cod.  

The IBM sequentially calculates processes of larval encounter, pursuit, and capture of 

prey items, and the succeeding ingestion, digestion, stomach fullness, metabolism and 

growth (Fiksen & MacKenzie 2002, Kristiansen et al. in press), and requires 

information of the local prey abundance, light level, turbulence estimated from 

surface wind (Mackenzie & Leggett 1993), and water temperature at a given position 

(depth, longitude, and latitude) as input. The GCM provides information on the biotic 

conditions at the location of each individual. Foraging of larvae did not feed back on 

the zooplankton prey abundance. Larval cod are kept at fixed depth (10 and 30 m) 

and monitored through 24 hours. This enabled calculations of the larval state 

variables; body mass and stomach fullness. 

The properties of the GCM (Vikebø 2005, Vikebø et al. 2005), and the IBM (Fiksen 

& MacKenzie 2002, Kristiansen et al. in press) have been described extensively 

elsewhere, and we only provide a brief summary of the models here.  

The prey model 

The nauplii fields were taken from a Calanus finmarchicus IBM for the Norwegian 

Sea (Huse 2005, Huse et al. in prep.). This model represents the entire Norwegian 

Sea C. finmarchicus population using super individuals. The resolution of the model 
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is 20 km and the fields are interpolated to the GCM domain (see above). Presently, 

fields of all the nauplii stages combined were used as prey field for the cod larvae. 

Simulation experiments 

How does growth rate of larval cod depend on food concentration at different dates 

and locations along the Norwegian coast? To answer this question, we performed 

four different numerical experiments: 

Larval daily growth at two important spawning locations 

First, we explored diel growth rates of individual 5 and 7 mm larval cod, fixed at two 

well-known spawning grounds/sites, Moskenesgrunnen and Vestfjorden, for each day 

during the period March 1 - May 1 1985. Moskenesgrunnen (68o 20’ N, 12o E) is 

located near the shelf break at the border area between the Atlantic Currents and the 

Coastal Current while the spawning areas in Vestfjorden (68o 00’ N, 14o E) is located 

in the cooler inner branch of the Coastal Current. Moskenesgrunnen is exposed to the 

open ocean with high currents speeds and strong mixing, while Vestfjorden is a 

somewhat more sheltered coastal location with lower advection (Fig. 1). For these 

simulations, we varied the prey abundance systematically at each date, with fixed and 

variable temperature: 

• Experiment 1: Varying prey availability each day at two locations, letting 

day-length change with date, but keeping temperature fixed. 

• Experiment 2: Varying prey availability each day at two locations, letting 

day-length and temperature (derived from the GCM) change with date. 

Larval daily growth in the whole model domain at fixed days 

Then, we extracted the daily growth rates of larvae in fixed depths and locations over 

the whole model domain as a function of the environmental conditions at each 

position at a particular date. Each larva was initiated at either 5mm (86 µg) or 7mm 

(285 µg) with 30% stomach fullness at 10 m depth, and exposed to the local ambient 
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light, turbulence, temperature and prey density over the day. We performed two 

experiments:  

• Experiment 3: Keeping prey abundance fixed (two levels) across the whole 

domain, we combine two levels of surface wind (turbulence), two larval sizes 

and two dates (1st of April and 1st of May) on daily growth rates. 

• Experiment 4: In the final experiment, we fed values on abundance of 

Calanus finmarchicus nauplii at each grid point at two days (April 1 and May 

1) into the larval IBM. The nauplii abundance was generated by the coupled 

zooplankton model described above, and were used as forcing for the larval 

growth (including the feeding) rates.  

Results 

Experiment 1. Simulations with the same temperature at all days isolated the effect of 

day-length on growth rates for 5 and 7mm larval cod (Fig.3). Stomach contents 

provide energy reserves during hours of no feeding to sustain growth and metabolic 

demands. However, the energy stored in the stomach proved to be insufficient during 

early spring due to the many dark-hours, resulting in negative larval growth during 

night. Pure temperature-dependent growth rates were therefore never achieved during 

March, even when prey abundance are as high as 10 nauplii·L-1. Thus, modeled larval 

growth during March and most of April were food-limited in the sense that the 

potential growth rates could never be reached due to light limitation. By the end of 

April the day-length were sufficient (or rather, the nights were short enough) for high 

larval growth (Fig. 3). The water masses at Moskenesgrunnen are characterized by 

higher temperatures than at the inner spawning sites in Vestfjorden. In April 

temperature at Moskenesgrunnen is typical 2 – 3 oC higher than in Vestfjorden 

(Sundby & Bratland 1987). In May the temperature differences are smaller, typically 

0 – 1, 5 oC. The result is an increased energy demand to grow at potential rates for 

larval cod at Moskenesgrunnen compared to those in Vestfjorden.  
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We further increased the surface temperature of the water column by 2˚C to explore 

the effect on the growth rates (Fig. 3e-h). Such variation in temperature may occur 

between years in the Lofoten area; average surface temperature in 1981 reached a low 

of 1.6˚C, while in 1983 temperature was measured to 3.6˚C (Ellertsen et al. 1989). 

The energy needed to sustain metabolism increased and growth rates were close to 

satiation when prey density exceeded 3 nauplii·L-1 for a 5 mm larva, and 5 for a 7 mm 

larva (7 mm larva has a higher inherent growth potential). Absolute growth rates 

increase, but potential growth rate is achieved later in the season compared to if 

temperature was 2ºC lower.  

Experiment 2. When we allowed temperature to change daily as predicted by the 

GCM, the growth rates will be driven by both the seasonal increase in temperature 

and day length. The pattern from Fig. 3 remains, indicating that temperature is 

relatively constant during April and May for both Moskenesgrunnen and Vestfjorden 

(range 3-4.5˚C). Light decreases exponentially with depth leading to reduced 

visibility and encounter rate between predator and prey at 30 m relative to 10 m. 

Generally, Figs. 3 and 4 suggest that growth is not affected by variability when prey 

abundance exceeds 5 nauplii·L-1. 

Experiment 3. The results so far suggest that day-length prior to mid-April restricted 

growth of larval cod. To analyze this further, we modeled growth of 5 and 7 mm 

larval cod in all grid cells of the model domain (grid resolution is 4-6 km) at 10 m 

depth. We repeated the simulations with 2 and 5 prey·L-1, with and without 

turbulence, for early April and May. Areas of high temperature dependent growth 

rates (Fig. 5a, 6a) followed Atlantic Water masses (Fig. 5), and decrease with 

increasing latitude. Hours available to feeding ranged from 13 on April 1st to 17 on 

May 1st (68˚N, Fig. 2). This resulted in food-limited growth for larval cod in April, 

when prey density was below 5 nauplii·L-1, even at high turbulence (Fig.5). The 

situation changed drastically when larval cod started feeding in early May (Fig. 6). 

The potential growth rates increased between April and May because of 1ºC 

temperature increase of the water temperature. A 5 mm larval cod is close to 
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maximum growth rates when prey density exceeded 2 nauplii·L-1 by early May. 

Higher physiological growth rates imply an increased need for prey and 2 nauplii·L-1 

is not enough (Fig. 7) for a 7mm larva. However, the 7mm larvae experienced 

temperature-restricted growth when prey density exceeded 5 nauplii·L-1, or if 

turbulence were present, at 2 nauplii·L-1 (Fig. 7). In the model, the wind-generated 

turbulence (surface winds 10 m·s-1) increase encounter between predator and prey 2-3 

fold relative to calm conditions. 

Experiment 4. The modeled nauplii fields indicated areas where high concentrations 

of prey for first-feeding larva may be located (Fig. 8). Large quantities of prey were 

distributed in the surface layer along the shelf break along the coast of Norway, 

probably distributed by the topographically steered Norwegian Atlantic Current. The 

inflow to northern part of the shelf seems limited by early April, but the mixing onto 

the shelf had increased by May, when prey concentrations exceeded 2 nauplii·L-1 in 

Vestfjorden. The estimated growth rate of a 5mm larva in a realistically modeled prey 

field resulted in low growth potential in early April, except along the shelf slope. By 

early May, the situation changed and both along the coast and along the shelf slope, 

high growth rates were achieved by a 5mm larva.  

Discussion 

Models present a theoretical framework for studying a simplified version of the 

properties of an ecosystem and its inhabitants. Short day-length in early spring may 

limit the survival probability of larval cod hatched prior to mid-April. Based on the 

observed spawning period and the temperature-dependent incubation time the peak 

abundance of first-feeding larval cod would be expected to occur around 20 April in 

extreme warm years and 10 May in extreme cold years (Figure 7 in Ellertsen et al. 

(1989)).  However, the peak abundance of the main prey varied considerable more 

with temperature, appearing around 1 April in extreme warm years and around 20 

May in extreme cold years (Figure 6 in Ellertsen et al. (1989)). This would indicate 

that years of average temperature would give better synchrony between first-feeding 

larvae and their prey than both the extreme warm and extreme cold years. However, 
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warm years have been observed to be a necessary condition for producing strong year 

classes and that only poor year classes were produced in cold years (Ellertsen et al. 

(1989)). This indicates that high prey abundance is not the only variable that 

determines the year class strength. During April, when light is a limiting factor, high 

prey abundance and stronger turbulence might partly compensate for the lack of light 

in the food encounter. This means that in warm years the larval survival can be 

extended to occur also in April compared to in cold years when survival is only 

possible in May. This draws the attention to a different and novel view of the match-

mismatch concept: Rather than focusing on the survival conditions for those larvae 

associated with peak abundance in time we focus on probabilities of survival during 

the entire integrated period of time. In other words: extending the period of possible 

larval survival contributes much more to the resulting year-class strength than 

increasing the probability of larval survival during the rather limited period of time of 

during peak abundance. This becomes even clearer when we consider a high 

temperature is not only beneficial for high abundance of the prey Calanus 

finmarchicus but also contributes to an extended period of prey production (Sakshaug 

et al. 1994, Sundby 2000).  

Suthers and Sundby (1996) concluded that day-length could partly explain the 

difference in observed growth rates between Northeast Arctic (NA) cod and south-

west Nova cod stocks (4X). NA cod experienced 48% more time available for 

foraging during May-July compared to 4X cod. Although the NA cod experienced 

significantly higher growth rates during the summer months, the 4X cod benefit from 

a longer productive season and shorter winter. Consequently, Suthers and Sundby 

(1996) found the weight of 4X cod at the age of 1 and 2 years to be higher than NA 

cod. Individuals of NA cod that experienced high growth during summer have a 

higher probability of survival through the first winter compared to smaller individuals 

(Suthers & Sundby 1996). Hence, the continuous day-light during summer of 

Northern Norway may compensate for the short season when prey abundance is high.  
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Peak spawning in Lofoten occurs in late March or early April (Pedersen 1984), and 

the surface temperature varies between 3-5.5ºC temperature (Ellertsen et al. 1989). 

This implies an egg developmental time of 20-35 days (Pepin et al. 1997), and the 

majority of hatching probably occur by the end of April, and early May when day-

length is beneficial for survival. Under natural conditions, it is difficult to separate the 

effect of photoperiod from the concurrent changes in seasonal temperature (Imsland 

& Jonassen 2001). However, controlled experiments has revealed increased growth 

rates caused by an increased photoperiod for Atlantic cod (Folkvord & Otterå 1993), 

and Atlantic salmon (Stefansson 1989). The day-length increases with latitude, and in 

a macrocosm experiment at 70ºN in Norway, Pedersen et al. (1989) observed high 

growth rates of larval cod which the authors attributed to the continuous light which 

allowed for extensive feeding. 

Field observations by Sundby and Fossum (1990) and Sundby et al. (1994) suggested 

that feeding conditions of small larvae were good when prey concentration exceeded 

1- 5 nauplii·L-1 depending on the turbulent intensity of the water masses. In our 

model, prey densities between 2-5 nauplii·L-1 would be sufficient for larval cod to 

grow at physiological limits in some environmental settings. The prey density needed 

for satiation increased with larval size, but no change was evident above 10 nauplii·L-

1. The modeled threshold values correspond to observations by Munk (1997) who 

found high growth rates in larval cod in environments with prey density below 10 

nauplii·L-1. The prey availability and size composition in Lofoten during April and 

May varies spatially and temporally (Fossum & Ellertsen 1994). Sheltered areas often 

contain patches of high densities of nauplii (Tilseth & Ellertsen 1984). Tilseth and 

Ellertsen (1984) found concentrations of 600 nauplii·L-1 concentrated in such patches. 

Larval cod have been observed to be able to horizontally locate (Skreslet 1989), and 

aggregate in these areas of high prey abundance (Tilseth & Ellertsen 1984). However, 

it should be emphasized that such concentrations are rare and exceptional in this 

region. The normal values are typically below 10 nauplii·L-1.  Patches may benefit the 

larvae through reduced swimming efforts, saved energy, and the reduced 
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vulnerability to predation as predators often react to movements (Bailey & Houde 

1989, Utne-Palm 2000, Connell 2002).  

The prey concentration in the main spawning areas along the coast of Northern 

Norway often exceeds 5 nauplii·L-1 (Ellertsen et al. 1984, Solberg & Tilseth 1984). 

During feeding, larval cod moves in a saltatory behavior (O'Brien et al. 1989). In 

addition to the prey within their visual perception area, turbulence may move prey 

into the view range of the larvae, thereby increasing the relative encounter rate 

between predator and prey. The effect of turbulence on encounter rate and gut filling 

has been observed both in the field (Sundby & Fossum 1990, Sundby et al. 1994, 

Sundby 1995), and in laboratory studies (MacKenzie & Kiørboe 1995). The level of 

beneficial turbulence changes with larval size as too strong turbulence may move the 

prey outside perception area of the larvae before a response is triggered (Fiksen & 

MacKenzie 2002). Sundby et al. (1994) did find turbulence generated from the 

surface wind up to 10m·s-1 to increase the feeding rate of larval cod, and a 7 fold 

increase in feeding rate when surface wind increased from 2 to 10 m·s-1. The modeled 

encounter rate between larval cod and their prey increased, corresponding to a factor 

of 2-3 increase in prey density. The effect of turbulence was strongest for 7 mm 

larvae in early May (Fig. 7), where growth rates in a habitat of 2 nauplii·L-1 with 

turbulence corresponded to a habitat with prey density of 5 nauplii·L-1 without 

turbulence. For a 5 mm larva, the effect of turbulence was masked by the effect of 

day-length in early April. Despite an increased encounter rate with prey during the 

day, the night hours depleted the larva for energy and growth were slow (Fig. 5).  

Conclusion 

We have coupled models of physical oceanography and latitudinal factors, prey 

supply and a model of feeding and physiology of larval cod to understand constraints 

of larval cod growth. We have seen that high growth rates are possible to achieve 

even at low prey densities, if first feeding is initiated sometime during the latter part 

of April. In the early phase, however, the temperature-limited growth seems 

inaccessible, due to the long nights with low feeding activity. The model suggests 
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there are latitudinal and seasonal shifts in the importance of prey abundance for 

recruitment success. 
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Figure 1 Map of the Lofoten area and the major current systems; the warm and saline 
Norwegian Atlantic Current (NAC), the less saline, cooler Norwegian Coastal 
Current (NCC). The location of Moskenesgrunnen is displayed with a white star and 
Vestfjorden with a black star. 
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Figure 2 Relative amount of light at the surface as a function of time of the day for 
March 1, April 1, May 1, and June 1 for the geographical locations; 74˚N (Bear 
Island),  68˚N (Vestfjorden), and 42˚N (Georges Bank, US). 
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Figure 3 Colors indicate specific growth rates [g g-1 day-1] (same scale for all panels), 
while contour lines show the ratio between realized and maximum temperature 
dependent growth rates at each date and prey density. Since temperature is the same 
at all times in this realization, absolute and relative rates reveal the same pattern. 
Growth rates are shown for 5 and 7 mm larvae fixed at 10 m depth at two locations; 
Moskenesgrunnen and Vestfjorden. Temperature is fixed to modeled value of April 
1st at 10 m depth (upper four panels). The lower four panels show the effect of 
elevating the temperature by 2ºC.  
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Figure 4 As in Fig 3, but now the temperature varies with day and depth. 
Consequently, the contour lines show growth relative to the potential growth at each 
day, while the color gradient remains the same for all panels. Growth rates are shown 
for 5 and 7mm larvae fixed at 10 (upper 4 panels, a-d) and 30m (lower 4 panels, e-h) 
depths at two locations; Moskenesgrunnen and Vestfjorden. 
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Figure 5 a) Maximum growth (temperature-dependent or food unlimited) rates for a 
5mm larva on April 1st. b) Prey abundance is fixed at 2 nauplii·L-1 and turbulence is 
zero. c) Prey abundance is 2 nauplii·L-1 and turbulence is generated from a 10 m·s-1 
wind stress at surface. d) Prey is 5 nauplii·L-1 and turbulence is zero. e) Prey 
abundance is 5 nauplii·L-1 and turbulence is generated from a 10 m·s-1 wind stress at 
surface. 
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Figure 6 Growth rate on May 1st for a 5mm larva given (a) temperature-dependent 
growth (food-unlimited), and (b) prey is 2 nauplii·L-1 and turbulence is zero. 

 

. 
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Figure 7 Growth rate 
over 24 h for 7mm 
larvae on May 1st under 
combinations of  
turbulence and prey 
concentrations;  

(a) temperature-
dependent growth 
(food-unlimited).  

(b) 2 nauplii·L-1 and 
zero turbulence.  

(c) 5 nauplii·L-1 and 
zero turbulence.  

(d) 5 nauplii·L-1 and 
turbulence generated 
from 10 m·s-1 wind 
stress at the surface. 
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Figure 8 Modeled nauplii distribution (log-scale) on April 1st 1982 (a) and May 1st 1982 (b), 
and the corresponding modeled specific growth rate of a 5mm larva on April 1 (c) and May 
1 (d). 
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