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ABSTRACT 

 

A new ecosystem model, the Lagrangian Ensemble Recruitment Model, LERM, is 

presented, representing a food chain composed of phytoplankton, zooplankton and 

squid, which are all modeled explicitly. It was built using the Virtual Ecology 

Workbench and based on the Lagrangian Ensemble metamodel, which treats 

plankton as individuals obeying primitive phenotypic equations.  These equations, 

describing the behaviour and physiology of individuals, are taken from an extensive 

literature, and are based on reproducible laboratory experiments.  

The LERM is used to test fisheries theories, in particular Cushing’s match-mismatch 

hypothesis that seeks to explain the variability of fish recruitment.  The LERM 

ecosystem is sited at a location in the Azores where the annual surface heat budget is 

zero.  It is shown to be stable in the sense that after a few years, it adjusted to a 

stable attractor, in which the inter-annual variation is small compared to the multi-

year mean. 

The sensitivity of the ecosystem to various changes in exogenous factors is 

explored.  In particular, analysis of the causes for recruitment variability in squid 

cohort spawning on different dates showed that the availability of food at the time of 

hatching was only one factor affecting recruitment.  Annual recruitment emerged 

from a combination of food availability and composition, predation, infra- and intra-

population competition, and speed of growth.   

The thesis provides a proof of concept.  It shows that LERM can be used to create a 

virtual ecosystem in which fisheries recruitment is an emergent property that is 

rationally dependent on exogenous properties.  

The LERM provides a sound basis for further research into fisheries recruitment, but 

needs to be enhanced before it can usefully contribute to fisheries management. A 

number of suggestions for future work, with this long-term objective in mind, are 

also presented. 
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CHAPTER 1 - INTRODUCTION 
 

Fish represent the most important source of high-quality protein for human 

consumption, providing 16% of the annual protein consumed by the world’s 

population and are particularly important in developing countries, where the 

livestock resources are scarce (FAO, 1997).  Fish provide a little under 10% of the 

animal protein consumed in North America and Europe, 17% in Africa, 26% in Asia 

and 22% in China (FAO, 2000). One billion people rely on fish as their primary 

source of animal protein (FAO, 2000).  The value of fish traded internationally was 

estimated to be 51 billion US$ per annum (FAO, 2000), with 36 million people 

working directly in fishing and aquaculture industries (FAO, 2000) and about 200 

million getting income from fish (Garcia and Newton, 1995).  World demand for 

food fish has been increasing constantly: consumption has risen from 40 million 

tonnes in 1970 to 86 million tonnes in 1998, and is expected to reach 110 million 

tonnes by 2010 (FAO, 1999).  The principal cause for this increase in demand can 

be attributed to the growing world population, especially in Africa, Asia and South 

America, as the per-capita consumption during this period has not significantly 

increased (Tidwell and Allan, 2001). 

 

1.1   The decline of fisheries 
 

Four hundred years ago Hugo Grotius (1609) wrote: “For everyone admits that if a 

great many persons hunt on the land or fish in a river, the forest is easily exhausted 

of wild animals and the river of fish, but such a contingency is impossible in the case 

of the sea”.   

Four hundred years later, people read in newspapers: “Only 50 years left for sea fish. 

There will be virtually nothing left to fish from the seas by the middle of the century 

if current trends continue, according to a major scientific study” (BBC news, 2006).  

The reality is that a combination of over-fishing, bad management of fisheries, 

pollution and habitat loss are contributing to the decline of most commercially 

important species.  About three quarters of monitored fish stocks are now fully 

exploited, overexploited or even depleted (Garcia and Newton, 1995), and in need of 

urgent management (FAO, 1997). 
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1.2   Ecosystem-based management of fisheries 
 

Over-fishing of many fish stocks on a global scale associated with the degradation 

of marine ecosystems have progressively made evident the limits of current fisheries 

management.  The Reykjavik Declaration of October (FAO, 2002) encourages 

governments to make fishing policies using an ecosystem approach.   

The Ecosystem Approach to Fisheries (EAF), particularly recommended by FAO, 

calls for modifying the perception of fisheries management in an ecosystem context. 

EAF should consider the interactions between physical, biological, chemical and 

human components of the ecosystem, while ensuring the overall health of each 

component, including the sustainability of managed species (FAO, 2003).  EAF aims 

to reconcile sustainable exploitation of fisheries resources and conservation, by 

quantifying the effects of fishing and by improving our understanding of population 

and dynamics of the marine ecosystem, including the interdependencies between 

different the trophic levels that compose it. 

 

1.2.1 Ecosystem modeling 
 

Undersampling of both the environment and populations is the biggest constraint to 

understanding the dynamics of the upper ocean ecosystem.  Diagnosis from 

observations made at sea is an unrealistic target, considering the vastness of the 

oceans and the costs involved.  As a result of this, most of the knowledge about the 

marine ecosystem is based on theories.  Modeling is sought as one solution to 

improve the understanding of the processes driving the marine ecosystems and 

overcome the lack of reliable and long term observations.  This is a technique used 

to predict the development of a system by formalising the key processes 

mathematically and by evolving a simulated ecosystem over time in accordance with 

the associated mathematical equations.     

The key to success is to ensure that the model equations are based on sound 

scientific principles. In an ecosystem model, the physics (and chemistry) should 

adhere to known laws and the biological equations should be derived from 

reproducible laboratory experiments.  This requires biologists and modellers to work 

closely together.  Modeling can guide biologists to concentrate on processes that are 
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critical and poorly understood.  On the other hand, biologists can help modellers in 

producing credible models based on sound biology.   
  

1.3 This thesis 
 

The objective of this thesis is to build an individual based plankton ecosystem model 

(Lagrangian Ensemble Recruitment Model, LERM), using the Lagrangian Ensemble 

metamodel (Woods, 2005) to couple the biology of individuals to their environment 

with a view to predicting recruitment variability in squid populations.  Squid 

provides an interesting test case for modeling recruitment, as after spawning, adults 

die and the population is composed exclusively by their offspring.  Understanding 

recruitment variability is thus a key to successful management of their fisheries, and 

should be based on a full understanding of the life cycle biology, in particular the 

early life phase, form egg to post planktonic juvenile (Rodhouse, 2001).  In order to 

address this challenge LERM was built including three explicit trophic levels, the 

biology (physiology and behaviour) of which is described by equations derived by 

reproducible laboratory experiments.  The interactions between individuals in 

different trophic levels (i.e. predator-prey interactions, carbon transfer to higher 

trophic levels, etc.) are modelled explicitly.  LERM is used to investigate the 

adaptation and emergent properties of the virtual ecosystem (demography, biomass, 

etc.) under different conditions, which are considered significant in driving 

recruitment variability in squid (e.g. food availability, inter and intra-population 

competition for food, predation, etc.).  It provides a simple, but biologically robust, 

tool for testing fisheries recruitment hypotheses, which can be adapted and used as a 

base for the investigation of different hypotheses. 

 

1.3.1 The Virtual Ecology Workbench 
 

The main obstacle to the widespread use of ecosystem models lies in its intrinsic 

complexity, relying on expert computer programmers to build them.  This problem 

was addressed by the development of the Virtual Ecology Workbench, VEW 

(Hinsley, 2005), which is a user-friendly software tool, that allows users with no 

programming experience to create ecosystem models under the Lagrangian 
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Ensemble metamodel (Woods, 2005). The “language” of the VEW consists of 

mathematical equations familiar to biologists.   The aim of the VEW is to help the 

user through the processes of creating and analysing a Virtual Plankton Ecosystem 

(Woods, 2005).   

The VEW is the tool used to achieve the objectives of the thesis.  However, at the 

beginning of the project, the VEW was still in the early stages of development. 

Development of the LERM model1 exposed a number of limitations with the VEW 

that existed at that time. An additional objective of this thesis was to evaluate the 

usefulness of the VEW and to prescribe a series of modifications to enhance its 

functionality, when necessary. This gave an advantage to the development of the 

VEW, since LERM provided an immediate application that the software could be 

specified towards. It also gave advantages to the creation of LERM models, since 

the development process of the VEW could specifically include the features required 

for building LERM.   
 

1.4 Contributions 
 

The main contributions of this thesis are as follows: 

• A model of recruitment in an explicit population of squid in an ecosystem 

model is presented.  It includes explicit modeling of the prey field 

(zooplankton) and its variation in different scenarios (more nutrients, 

increased competitors for food, increased predation, etc.). An extensive set of 

results are presented in Chapter 6; 

• As a first step to test squid recruitment, a basic food chain model, labelled 

LERM-PS (Parametrised Squid), has been created comprising nutrients, 

phytoplankton, zooplankton and parameterised top predators to provide 

trophic closure.  A summary of its functionalities is provided in Chapter 3.  

A more detailed description of its biological components is given in 

Appendices I-IV. 

                                                 
1 All VEW developments were performed by Dr. Hinsley. 
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• An explicit model of squid paralarvae is developed and this is used to replace 

the parameterised top predator in LERM-PS.  The resulting model is labelled 

LERM-ES (Explicit Squid) and is summarised in Chapter 4. 

• The description of physiology and behaviour of the individuals of each 

population in the model is developed using equations taken from an 

extensive literature, each derived from laboratory experiments, and described 

in Appendices I-IV; 

• LERM-ES is shown to be stable in the sense that the inter-annual variability 

of the ecosystem emergent properties is small compared with the multi-year 

average. An extensive set of results are presented in Chapter 6. This provides 

the prerequisite for testing squid recruitment;  

• A detailed analysis of the virtual ecosystems generated using LERM-ES is 

presented including analysis of the sensitivity of the ecosystem to various 

changes in the scenarios. Results are presented in Chapter 6 and discussed in 

Chapter 7; 

• The LERM-ES model was used to investigate Cushing’s match-mismatch 

hypothesis for squid recruitment as a function of varying the timing of 

spawning.  It was also used to test density-dependent effects on squid 

recruitment as a function of varying the magnitude of spawning.  Results are 

presented in Chapter 6 and discussed in Chapter 7; 

• A summary of the enhancements made to the VEW in order to complete this 

investigation is presented in Appendix V.  These include in particular 

zooplankton staged growth, an upgraded ingestion specification in the kernel 

to allow for predation between two migrating populations, etc.  
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CHAPTER 2  -  REVIEW  
 

2.1 The fisheries problem 
 
 

Developments in world fisheries and aquaculture during recent years have continued 

to follow the trends that were already becoming apparent at the end of the 1990s 

(fig.2.1): capture fisheries production is stagnant and aquaculture output is 

expanding faster than any other animal-based food sector (FAO, 2000).   
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Fig. 2.1 – Aquaculture production (A) and pelagic fish landings (C), (FAO, 2000) 

 

As a result, capture fisheries is not managing to keep up with increasing demand. 

There are growing concerns with regard to safeguarding the livelihoods of fishermen 

as well as the sustainability of the aquatic ecosystem. 

From 1970 to 1992, the catch of the four major demersal species (silver hake, 

haddock, Cape hake and Atlantic cod) decreased by about 67% from 5.0 to 1.6 

million tonnes. Atlantic cod was the second most important species in 1970 (after 

anchoveta) with 3.1 million tonnes. It was only the sixth most important species in 

1989 (after Alaskan pollock, anchoveta, Japanese and South American pilchards and 

Chilean jack mackerel), with landings of 1.8 million tonnes and the tenth most 

important species in 1992, falling below capelin, Atlantic herring, skipjack tuna and 

European pilchard, with landings of 1.2 million tonnes (Garcia and Newton, 1995). 

The world fish supply is increasingly relying on low value species, characterised by 

large fluctuations in productivity, concealing the slow but steady degradation of the 

demersal high value resources (Garcia and Newton, 1995).  As fisheries get depleted 

and fish harder to catch, fishermen and governments invest more money in 
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equipment and technology to fish longer, harder and farther away from their home 

ports. As a result, fishing fleets are so big and well equipped, that even newly 

discovered less valuable populations can be put under severe stress before regulators 

obtaining the relevant biological data can impose limitations (Tidwell and Allan, 

2001).  

This increase in fishing effort, in the attempt to satisfy demand, has been making 

fishing unprofitable.  This approach not only pushes fishermen out of business, but 

ultimately puts an immense pressure on fish stocks already overexploited, making 

their recovery a slow and uncertain process. A significant example of the combined 

effect of inadequate management and over-fishing is that which led to the collapse 

of the once fertile Newfoundland cod stock.    

Since 1977, the Government of Canada, through the Department of Fisheries and 

Oceans (DFO), has taken over the management of the fisheries. Instead of fish being 

a resource available to anyone with the means to catch them, they became state 

property, the rights to which were delegated in the management plans. Therefore, 

the management policy of the Canadian state has become a major factor in the 

condition of the industry since this time (Sinclair, 1992).  The government 

controlled the number of fishermen through licensing systems, set quotas for 

different types of vessels, and, acting upon information from its own scientists, 

setting a Total Allowable Catch (TAC) for the industry each year (Palmer & 

Sinclair, 1997). Acting upon faulty data and the assumption that catch rate was a 

good indicator of stock size, the DFO licensed too many fishermen and set TACs 

that were too high.  On July 2, 1992, the Canadian Federal Minister of Fisheries and 

Oceans at the time, the Honourable John Crosbie, announced a moratorium on 

fishing for northern cod in the waters surrounding the province of Newfoundland. 

This moratorium should have represented a “short-term” solution, but it still applies. 

Almost 20,000 people working in the industry were directly affected and up to 

20,000 other jobs were lost (Steele, Andersen and Green, 1992). For rural 

Newfoundland, it meant breaking the economic backbone of hundreds of 

communities where the fishery was the only large employer (Mason, 2002). 
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2.1.1 The recruitment problem 
 

The fluctuating nature of fish populations is evident from the earliest fishing 

records.  However not all of these fluctuations are attributable to overfishing 

(Cushing, 1982).  The magnitude of the spawning stock can influence the potential 

of a population to replenish itself, and stock-recruitment models of fisheries 

management are based upon this principle (Ricker, 1954; Beverton and Holt, 1957, 

Cushing, 1971; Shepherd, 1982).  In an ideal fishery, put under moderate 

exploitation, the variation in quotas would be low and the danger of recruitment 

overfishing would be remote (Cushing, 1996).  However, at present most 

commercially important species are not managed ideally.  Over-exploitation has 

caused stocks to be composed by increasingly smaller year classes, limiting 

enormously their spawning potential and leading to recruitment overfishing 

(Shepherd, 1990; Cushing, 1996).  This causes huge variability in annual 

recruitment to the adult fish stocks, as observed for Arctic cod and North Sea 

haddock, which cannot be explained exclusively by the number of eggs spawned 

each year (Shepherd, 1990).  Recruitment variability is typically determined 

sometime between the egg and juvenile stage, and may vary by a factor of between 

three to more than one hundred, as it is controlled by a number of processes 

(Cushing, 1996). It is considered the single most important natural process causing 

fish population to fluctuate (Hjort, 1914; Cushing, 1975, Heath, 1992) and deserves 

careful consideration within planning fisheries management policies (Shepherd, 

1990; Heath, 1992; Cushing, 1996).  Exactly which factors determine recruitment 

and when they occur is the subject of considerable debate.   

The significance of the larval stage in the regulation of fish populations was 

formally recognised at the start of the 20th century (Hjort, 1914, 1926).  Prior to this 

time, migratory patterns of adult fish were thought largely responsible for 

fluctuating fisheries catches.  In 1902, the international council for the Exploration 

of the Sea (ICES) was established as a multi-national, multi-disciplinary effort 

directed at understanding fish and their environment.  Johan Hjort was appointed 

chairman of the migratory committee, the aim of which was to improve the 

understanding of variability in fish abundances, particularly Atlantic cod and herring 



Matteo Sinerchia                                                                   CHAPTER 2 – REVIEW 
 

 9 

(Solemdal and Sinclair, 1989).  Hjort eventually came to reject the concept of adult, 

migration-driven fisheries fluctuations in favour of several hypotheses emphasising 

mortality during the larval stage and the concept of fluctuating year class strength.  

He notes that “the numerical value of a year class is apparently determined at a very 

early stage…” (Hjort, 1914, pp.203) and suggested two possible reasons for this: 

“the conditions as regards nourishment to which the fish were subject at this stage, 

and the passive movement of the same stages under the influence of the currents” 

(Hjort, 1914, pp.204).  Hjort’s first hypothesis, emphasising the adequate provision 

of food to larvae shortly after hatching, became known as the “critical period” 

hypothesis, and has ignited much fisheries research ever since.   

The match-mismatch hypothesis (Cushing, 1972, 1990) generalised the “critical 

period” concept to suggest that food limitation causing high mortality of fish larvae 

may be related to the timing of fish spawning compared to that of high plankton 

abundance. If a fish spawning event matches in time and space a peak in 

zooplankton abundance, this would result in a successful year-class with increased 

chances of survival.  Otherwise, if fish spawning occurs too early there could be 

insufficient food available, or if it occurs too late, zooplankton would have grown 

too big for the larvae to feed on.  In either case, a mismatch would produce slow-

growing larvae, which would either starve or get predated.   

  

2.1.2 Cephalopods  
 

Cephalopods have been fished artisanally for thousands of years, and have always 

been regarded as a food of high value in Mediterranean and Asian countries.  

However, large scale cephalopod fisheries of the world have developed since 1960, 

when Japan expanded its fishing effort worldwide (Rathjen and Voss, 1987).  Their 

exploitation has steadily increased in significance since then.  Since the early 60’s 

the world cephalopods catch has increased from around 0.5 million tons to almost 4 

million tons in 2004, with squid making up about 75% of the catch (FAO, 2006).   

In a world fishery marked by overfishing and decline of many finfish, it seems that 

cephalopods are one of the few remaining marine groups of resource, where some 
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species in some areas are still experiencing increases in landings (fig.2.2-2.4; FAO, 

2006).   

World catches of squid and cuttlefish increased by 57% and 84% respectively, 

between 1970 and 1980, while the total increase of all other fisheries products was 

only 8% (Roper et al., 1984). 

In the English Channel, total catches of finfish in 2003 were 25% lower than in 

1983, but catches of cephalopods increased by almost 300% from 8,000 to 23,000 t 

over the same period (ICES data). 

This rapid increase in cephalopod catches has arisen partly by the global expansion 

of its fisheries into new ocean areas, partly because increased market demand has 

led to increased utilisation of cephalopod catches for human consumption rather 

than as bait for other fisheries, and partly because the abundance of cephalopods in 

some areas has apparently increased relative to fish (Boyle and Rodhouse, 2005).   

Total world marine catch

79

80

81

82

83

84

85

86

87

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

Year

ca
tc

h 
(M

t)

 
Fig.2.2 – Total world marine catch (FAO, 1999, 2006) 

Total world cephalopod catch

2.7
2.8
2.9
3.0
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

Year

ca
tc

h 
(M

t)

 
Fig.2.3 – Total cephalopods catch (FAO, 1999, 2006) 
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World cephalopod catch as a proportion of total marine fisheries catch
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Fig.2.4 – World cephalopod catch as a proportion of total marine fisheries catch (FAO, 1999, 2006) 

 

This has led to some speculation as to whether ecosystem perturbations caused by 

intensive fishing generally are leading to changes in the trophic structure in favour 

of this short-lived opportunistic species.   Cephalopods, and especially squid, have a 

short life cycle, characterised by very fast growth rates leading to a rapid turnover 

and lower standing stock than longer-lived finfish species (Boyle and Rodhouse, 

2005). Under high fishing pressure, groundfish are probably poor competitors, 

having less opportunity for spawning and replacement (Caddy and Rodhouse, 1998).  

Cephalopods, especially squid, are at the centre of a complex trophic web (fig.2.5).  

They are largely consumed by seabirds, seals, whales and larger fishes (Boyle and 

Rodhouse, 2005).   

When a strong cohort of cephalopods passes through a system this will lead to a 

substantial energy and nutrient flux to higher trophic levels as well as increased 

catch rates in the fisheries (Boyle and Rodhouse, 2005). Overfishing of finfish 

always results in reductions in the size of older cohorts, which tend to be those 

preying on adult cephalopods (Smale, 1996).   In some cases, such as the heavily 

exploited North Atlantic cod, stocks and mean age/size have been so reduced that 

predation on larger preys, such as cephalopods, is probably much reduced (Caddy 

and Rodhouse, 1998).   The catch of sperm whales at whaling stations in the Azores, 

which was well documented in the years 1935-49, could have taken a total weight of 

373,000 tonnes of cephalopods annually during their two months residence in 

Azorean waters, which is a significant figure considering that the total annual human 

catch of all fish species in the Azores is about 14,000 tonnes (Clarke, 1996). 
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Fig.2.5 – Food-web centred on squid (adapted from Morejohn et al., 1978) 

 

When the relative failure of a cephalopod population occurs, reduced breeding 

success in predators may follow until the population recovers (Xavier et al., 2003). 

The modeling and management of fishing on cephalopods is at an early stage. The 

methods available were mainly adapted from those used for finfish and most of them 

involve assumptions that are not completely appropriate to cephalopods (Boyle and 

Rodhouse, 2005).    An unresolved issue is whether cephalopods (especially squid) 

may be treated in the same way as fish for assessment purposes and thus become 

subject to the range of methods traditionally applied to finfish.   

 

2.1.3   Squid recruitment variability 
 

Squid are short-lived ecological opportunists.  There is evidence that while the 

abundance of fish stocks has been decreasing through over-fishing, stocks of squid 

have been increasing due to reduced predation pressure from fish and relaxed 

competition for food (Caddy and Rodhouse, 1998).  Squid fisheries are therefore 

becoming increasingly important as a source of high quality protein for human 
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consumption and because of their possible role as an indicator of global ecological 

change driven by fishery exploitation in the oceans (Rodhouse, 2001). 

Despite the increased importance of squid stocks, their assessment and management 

remain difficult.   Populations of short-lived, semelparous (reproduces once then 

dies), opportunistic species, such as squid, are typically unstable, responding rapidly 

to changes in environmental conditions (Rodhouse, 2001). This constitutes a big 

challenge for managers, who are concerned with maintaining a stable recruitment 

(through the preservation of an adequate spawning stock biomass, SSB, known as 

“reproductive escapement”), while achieving optimal catch rates.  For squid, the 

exploited stock is usually composed almost entirely of recently recruited animals of 

a similar age (Agnew et al., 2002).  So, knowledge of recruitment variability is 

highly desirable for management purposes.  Squid populations display high 

recruitment variability: although they do not have strong stock-recruit relationships, 

they are believed to be vulnerable to over-exploitation because the stock is 

composed entirely of recruits (Beddington et al., 1990).   A study performed on 

Todarodes pacificus in the Sea of Japan, measured paralarval density index (PDI) as 

the number of paralarvae per 1000 m3 of water filtered in oblique tows of an 80 cm 

diameter plankton net from 75 m depth to the surface (Sakurai et al., 2000).  In the 

period 1976-1996 PDI ranged from about 2 to 90 per 1000 m3 of water (Sakurai et 

al., 2000).    Catches of the short-finned squid Illex illecebrosus in the NW Atlantic 

varied greatly from about 90,000 t in 1977 to about 1,000 t the following years 

(Dawe et al., 2000).  For many squid species, recruitment variability can be partly 

explained by environmental variability derived from synoptic oceanographic data 

(Robin and Denis, 1999; Agnew et al., 2000; Waluda et al., 2002).  In the E. Pacific 

coastal upwelling system a fishery for Dosidicus gigas has grown rapidly during the 

last decade and abundance and catch rates seem to be linked to the El Niño Southern 

Oscillation (ENSO) (Waluda and Rodhouse, 2006).  Variability in Loligo vulgaris in 

the English Channel has been shown to be correlated with inter-annual changes in 

Sea Surface Temperature, SST (Robin and Denis, 1999).  In the Monterey Bay area, 

warmer than normal water temperatures appear to have a positive effect on catches 

18 months later.  ENSO events seem to have the opposite effect (Vojkovich, 1998).  
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For Loligo gahi in the SW Atlantic, 66% of the variance in recruitment strength 

(tab.2.1) could be explained by SST six months prior to recruitment, and a 

combination of SST and Spawning Stock Biomass, SSB, could explain 77% of 

recruitment variability (Agnew et al., 2000). However, the exact causes of this 

relationship are unknown.  The authors of the study suggested that the most likely 

explanations are that recruitment is affected by the abundance of plankton, the 

strength of which is indicated by SST (as a proxy for food abundance), and the 

growth rate (energy demand) of paralarvae, which is known to be strongly 

influenced by temperature (Agnew et al., 2000).     
Year 1st Cohort 2nd Cohort Pooled Ave 

1987 2,471 4,745 7,216 3,608.0 
1988 2,802 777 3,579 1,789.5 
1989 6,837 1,062 7,899 3,949.5 
1990 5,566 3,407 8,973 4,486.5 
1991 1,392 3,811 5,203 2,601.5 
1992 3,233 7,336 10,569 5,284.5 
1993 1,163 1,682 2,845 1,422.5 
1994 1,702 2,377 4,079 2,039.5 
1995 4,534 2,422 6,956 3,478.0 
1996 2,280 1,950 4,230 2,115.0 
1997 975 2,124 3,099 1,549.5 
1998 1,991 2,170 4,161 2,080.5 
1999 1,556 1,213 2,769 1,384.5 
2000 2,263 3,227 5,490 2,745.0 
2001 872 3,373 4,245 2,122.5 
2003 919 2,967 1,778 1,943.0 
2004 268 1,510 5,071 889.0 
2005 2,767 2,304 3,389 2,535.5 
2006 1,862 1,527 5,023 1,694.5 
Ave 2,392.3 2,630.7 5,086.2 2,556.9 
SD 1,676.6 1,528.5 2,364.4 1,173.1 

%err 70.1 58.1 46.5 45.9 

Tab.2.1 –L. gahi recruitment (millions) around the Falklands – Years 1987-1999 from Agnew et  al., 
2000; Years 2000-2006 from Agnew (personal communication) Year 2002 N/A. 

 
 

The same study also found that very high SSB leads to a reduction in recruitment 

strength, suggesting a density dependent effect (Agnew et al., 2000).  The reduction 

of recruitment strength with increasing SSB seems a paradox as density-dependent 

effects in fish stocks are caused by cannibalism (Ricker, 1954).  However, in squid 

such as Loligo gahi, the parent stock dies soon after spawning and is therefore not 

present to cannibalise the next generation when it starts to grow.  So, the proposed 

density-dependent mechanism must presumably be different (Rodhouse, 2001).   It 

would be possible that this density-dependent mechanism is food limitation 

(Cushing’s match mismatch). 
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Bakun and Csirke, 1998 have proposed a set of hypotheses about how variability in 

ocean ecosystems might cause inter-annual variability in squid stocks.  They 

proposed that recruitment may be dependent on one or more of: 

1. Wind effects with onshore, wind driven Ekman transport being favourable to 

both onshore transport of surface dwelling larvae and offshore migration of 

pre-adults. 

2. Fluctuations in prey abundance 

3. Match-mismatch effects driven by temperature, as proposed for fish (Cushing, 

1975)    

4. Variation in predator pressure 

5. Disease  
 

 

2.2 Ecosystem modeling methods 
 

There are two main branches concerned with modelling complex systems:  

• Complex non-adaptive systems, obeying the laws of physics (e.g. weather). 

• Complex adaptive systems based on equations, responding to behavioural 

changes of the modelled agent, due to learning behaviour (e.g. adult fish or 

people). 

Complex adaptive systems are difficult to model.  They, at best, have “strange” 

attractors with poor predictability (Woods, 2003).  On the other hand, plankton are 

microscopic organisms, which are so simple that they cannot learn new tricks or 

change their behaviour. Their behaviour is governed directly by their genes, rather 

than by their decisions, thus, responding directly to variations to their environment.  

It is possible to derive equations describing the behaviour and physiology of 

planktonic organisms under laboratory conditions.  Plankton ecosystems exhibit 

ordinary attractors and offer useful predictability (Woods et al., 2005). The limits of 

the predictability are set not by the biology, but by the chaotic fluctuations in the 

exogenous factors, notably the weather and the ocean circulation.  Thus, for 

plankton modeling, the limits to predictability arise not from the biology, but from 

the physics. 
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2.2.1 Modeling complexity  
 

Starting with the premise that realistic predictions can only be expected if the key 

processes associated with a system feedback are represented correctly (Doney, 

1999), the modeller is faced with the decision on which strategy (method) is best 

suited for representing  such processes. 

The level of complexity required in a model ultimately depends on the finality of the 

investigation.  Oversimplification of processes risks reaching the right answer for 

the wrong reasons. On the other hand increasing the complexity of a model by 

including more and more processes, species, chemicals and so on has the risk of 

accumulating the errors deriving from the uncertainties linked with the 

representation of such processes and interaction (Flynn, 2005).  Apart from the 

technological constraints in computing power, trying to include any process 

occurring in nature is neither a good nor achievable modelling approach.  

The problem is then to understand where to stop. A good model has to capture the 

processes that drive the system and represent them in an accurate, realistic and 

possibly simple way.  Ideally, a model should pursue the best balance between 

accuracy and performance. 

At this point in time, with computing power still constraining the performance of a 

model, an ideal model would be capable of adapting its complexity to the level of 

complexity and detail required by a specific investigation.  

Two main schools of thought have developed to answer these questions and two 

branches of ecosystem modelling have generated from them: Eulerian or population 

based modelling (PBM) and Lagrangian or individual based modeling (IBM). 

Both of them have virtues and caveats, but they are both aiming to solve the same 

problem. 
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2.2.2 Population-based modeling (PBM) 
 

Eulerian integration is the classic method for modeling plankton ecosystems. It 

treats plankton as a continuum, as if it were a chemical, whose concentration 

represents a biomass.  Eulerian models have the advantage of being simple and 

computationally economical compared to their Lagrangian counterpart.   

For this reason early models of marine ecosystems were implemented using the 

Eulerian approach.  They were initially simple due to the infancy of the discipline 

and the technological constraints of available computing facilities.  They started 

with “NPZD” models in which nutrients, phytoplankton, zooplankton and detritus 

constitute the main model structure (e.g. Fasham et al., 1990) and gradually got 

more complex to represent more complex food webs and processes (e.g. European 

Regional Seas Ecosystem Model – ERSEM – Baretta-Bekker et al., 1997).   

Eulerian modelling has the merit of opening the way to modelling ecology and does 

a good job in predicting the bulk properties of a system such as chlorophyll and 

primary production (Fasham, 1993, Anderson and Pondaven, 2003).  However when 

tackling more complex investigations, such as the transfer of biomass up the trophic 

chain, an over-simplistic description of biology and its interaction with the 

environment can lead to wrong conclusions (Flynn, 2005). 

Classical models available to fisheries management use parameterisations of 

complex processes such as mortality, density-dependent survival, etc. (Cushing, 

1996).   In population-based models the demographic properties of a population are 

used directly as state variables.  These use equations, based on observations of the 

bulk properties of the population, rather than on the physiology of its individuals.  

This has a number of disadvantages.  The information about individual organisms is 

not available.  All individuals of a population are assumed to be in the same state.  

Population dynamics are represented by differential equations that describe the 

changes in population size or biomass as a relatively simple function of one or a few 

state variables (e.g. age, size, etc.).  So, even if the parameterisation is successful in 

matching observations, the intrinsic causes that led the system to that state remain 
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unknown.   This approach incorporates a “principle of induction”: starting from 

observations it assumes that the future will be like the past.  However this does not 

realistically account for inter-annual variation in the weather, which is one of the 

principal factors driving the ecosystem.  Also, it should be noted that observations 

are in the vast majority of cases geographically sparse and qualitatively inadequate.  

This constrains the reliability and therefore the usefulness of predictions.   

This type of parametrisation risks oversimplifying certain processes, which may be 

crucial (e.g. mortality, food availability to animals, etc.).    

Anderson (2005) pointed out that two different models (Hood et al., 2004 and Lenes 

et al., 2005) studying the distribution of nitrogen fixers in the subtropical Atlantic 

and Caribbean both generated results which broadly matched observations using 

different parameterisations.  This raises two issues.  The first is the robustness of 

Eulerian models.  This can be assessed by integrating the model over a variety of 

different scenarios and comparing the output with observations.  But in reality, this 

is not often achievable as there are not enough reliable observations to compare 

with.   The second is whether Eulerian models get the right answer by asking the 

wrong questions.  It is possible that two wrongs make a right but this is also difficult 

to verify as the biology is abstracted in the form of differential equations for the 

population as a whole (Flynn, 2005).  

The difficulties of PBM lie in the short life-scale and high responsiveness of the 

population to environmental variables (e.g. temperature, salinity, etc.).  These are 

routinely monitored and may exert a direct effect on the organisms.  However these 

are only proxies for other variables such as ocean currents that advect larvae and 

juveniles, or food supply at appropriate times (Agnew et al., 2000; Boyle and 

Rodhouse, 2005). 

 

2.2.3 Individual-based modeling (IBM) 
 

A promising alternative is individual-based modelling in which an individual is the 

biological unit of the population, and the population demography “emerges” from 
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the balance between births and deaths of the individuals of a population interacting 

with the environment. 

The use of IBMs has been growing rapidly during the last twenty years for two 

reasons:  

• the fast increase in computing power that made it possible to simulate a 

much larger number of particles, and 

• the possibility to understand ecosystem complexity and its emergence from 

the variability and physiology of individual organisms.  (Grimm and 

Railsback, 2005).  

The advantages of individual-based modelling are that: 

• the biology (physiology and behaviour) is mechanically explicit and not 

hidden away in differential equations; 

• it explores how individuals within a population adapt and interact with the 

environment.  (in IBMs this interaction is clearly detailed); 

• it allows for intra-population variability, resulting from the different life-

histories of the organisms. 
 

This opens up new horizons for investigating the dynamics of an ecosystem.  After 

all, it is the physiological and behavioural properties of individuals that determine 

the state of the ecosystem. During their lives, organisms are exposed to different 

environmental conditions (e.g. temperature, food, light, etc.), as they sink, migrate 

or are advected by turbulence.  This causes intrapopulation variability in the internal 

state of the individuals composing the population.  Most importantly, different 

internal and external conditions generate differences in the way organisms adapt to 

their ambient environment, which often determines their chances of survival.  IBMs 

have a great potential for making realistic predictions if the biology and the key 

processes affecting it are represented correctly (Doney, 1999). As the effort of 

marine biologists is concentrated on producing equations to describe the behaviour 

and physiology of thousands of species of plankton in the oceans, it is increasingly 

possible to describe plankton ecosystems using individual-based modelling.   
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2.2.4 Lagrangian Ensemble metamodel (LEM) 

 
The main problem with IBMs is the high computational cost associated with running 

them.  To give the model results statistical significance, a large number of 

individuals have to be modelled.  The more individuals, and/or the more complex 

biology of an individual, the more acute the computational costs.   

In the Lagrangian Ensemble metamodel (LEM - Woods, 2005), this problem is 

solved by introducing the concept of subpopulations.  These group together 

individual plankters, which, following the same trajectories and being exposed to the 

same ambient environment, share the same life history.  The introduction of 

subpopulations greatly reduces the integration time.   Increasing the number of 

agents may improve the statistical significance of results, but at the cost of 

computation time. The model designer should choose the compromise, depending 

on available computing resources and required statistical error control. 

Virtual Plankton Ecology (VPE) is a new branch of biological oceanography 

(Woods and Onken, 1982; Woods, 2005).  It provides an alternative to the 

traditional approach to marine ecology founded on population-based modelling and 

a way of making IBMs computationally feasible.  VPE is based on the Lagrangian 

Ensemble (LE) metamodel, which integrates the BPEs separately along the 

trajectory of individual plankters as they are advected by turbulence.   This results in 

the exposure to different environmental conditions and the development of different 

life histories for each of them and reveals explicitly intra-population variability.  

LEM was used successfully to prove the inherent stability of the plankton ecosystem 

(Woods et al., 2005).  If an ecosystem is stable, it would respond in the same way to 

the same external forcing.  After a transient period, in which initialisation errors had 

enough time to decay, the ecosystem adjusts to an attractor, in which the inter-

annual variability is a small percentage of the multi-year stability.  The inter-annual 

variability is caused by the random displacement of plankton above the turbocline.  

Stability determines the limits to predictability and is the base condition for what-if 

predictions, in which changing the external forcing causes the ecosystem to adjust to 

the new environment (Woods et al., 2005).  The demography of a population is a 
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function of the integrated life histories of all plankters within it.  This is an emergent 

property of the model, unlike the populations in PBM, which are prescribed by the 

model equations.  Furthermore, the LE method considers how the environment, both 

physical and chemical, is in turn affected by the demographic state of the 

population, in terms of biofeedback (fig.2.6).  A good example is self-shading, 

caused by the large biomass of phytoplankton in the surface water during spring 

blooms (Woods and Barkmann, 1993).  This increases the turbidity of the water, 

effectively reducing the vertical propagation of light through the water column (bio-

optical feedback).   
 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6 – Lagrangian Ensemble Method 

 

All the links between the three components of a plankton ecosystem are integrated 

together using LEM. 

The final product of the LE integration process is a Virtual Plankton Ecosystem.  It 

consists of a large data set documenting the life history of each individual plankter 

within a subpopulation, the demography of every population, and the chemical and 

physical environment for each layer of the water column.    During the integration 

process this is computed every time step (typically half an hour).  The richness of 

the data set produced by the integration limits the spatial and temporal complexity of 

a simulation or the number of species included in it.   
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2.2.5 Virtual Ecology Workbench, VEW 

LE models are complicated to write.  One must consider not only the interactions 

between individuals and their ambient environment, but also the demography 

(number of individuals represented) of agents.  For this purpose, the Virtual Ecology 

Workbench (VEW) has been created (Hinsley, 2005). It allows a biologist without 

particular programming skills, to create a biological model of the plankton 

ecosystem, using a suite of custom-built tools. The model is then compiled into Java 

classes which can be executed on any Java-compliant platform. 

The VEW allows creation of functional groups, which represent a set of plankton of 

shared behaviour. It also supports a mechanism for modelling staged growth. 

Behaviour is defined by rules, which are written from the perspective of an 

individual plankter of a functional group. Rules consist mostly of standard 

mathematical statements.  However, when an interaction between a plankter and its 

environment is required, a special function is provided, and the simulation kernel 

handles that function. This is necessary in agent-based models, since one agent’s 

actions will affect the others in its locality. There are seven such functions, which 

handle uptake and remineralisation, reproduction, cell division and changes in 

growth stage. 

Having written a model, various other specification options are set: 

• Species of each functional group are set up. 

• Ingestion relationships (by species and stage) are defined 

• The simulation takes place in a mesocosm which can be anchored or can 

drift with OCCAM currents. Climate data for each timestep is provided. 

• Agent-management rules can set limits on how many, or how few agents of 

each stage and species should be permitted. 

• Chemical and physical profiles for the beginning of the simulation are set. 

• The biological profiles are set – distributions of plankton of a given species 

and stage, and their initial properties. 

• An exogenous trophic closure is set, in which the concentration, size and 

depth of the top predators can be prescribed. 
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• Exogenous events can be set to force changes in the environment at a given 

time, to facilitate “What-If experiments”. 

• The variables required for logging are selected; aggregate totals, field 

variables, and the properties of individuals can all be selected for logging. 
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CHAPTER 3 - The Lagrangian Ensemble Recruitment Model with 

Parameterised Squid (LERM-PS) 
 

LERM-PS  uses the Lagrangian Ensemble metamodel to represent a classical NPZD 

trophic chain with three nutrients, one explicit phytoplankton species, one explicit 

zooplankton species, two parametrised top predator species to provide trophic 

closure (fig.3.1).  The model comprises phenotypic equations derived from 

reproducible laboratory experiments.  The emergent demography and bio-feedback 

to the environment are calculated from the individuals.   This ecosystem adjusts to 

changes in external forcing. 
 

 
 
 
 
Fig.3.1 – LERM-PS.N: nutrients , P: phytoplankton, Z: zooplankton, VP: visual predators, BP: basal predators 

3.1  Phytoplankton 
 

The phytoplankton species group is typical of midsize diatom (cross-section 

diameter 20µm).  Each individual is characterised by its depth and four state 

variables (carbon pool, nitrogen pool, silicon pool, chlorophyll-a pool), which 

determine its physiological state.   The Lagrangian Ensemble subpopulation is 

described by a demographic variable: the number of individuals. Fig. 3.2 provides a 

roadmap of the diatom model.   It shows the biological state variables (green box), 

the biological processes (inputs in red and outputs in blue) and ambient environment 

(in yellow) which affect them. 
 

3.1.1  Stoichiometry 
 

Each diatom has an internal pool for each of the dissolved chemicals (nitrogen and 

silicon), one for carbon and one for chlorophyll.  At any time, it exists in one of two 

states: dead or alive.   Table 3.1 shows the stoichiometric composition of an 

individual diatom, the maximum observed range in the internal ratio of the chemical 

elements and the physiological processes in which they are involved. 

N P Z 
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Fig. 3.2 – Roadmap of the diatom model.  Biological state variables (in the green box), processes (inputs in 

orange and outputs in blue) and factors affecting processes (in yellow).  
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Where: 

E0    irradiance (Wm-2);  

θC   Chl-a:C ratio(mmol Chl-a mmol C-1);  

θN   Chl-a:N ratio(mmol Chl-a mmol N-1);  

QN  N:C ratio(mmol N mmol C-1);  

QSi  Si:C ratio(mmol Si mmol C-1);  

T    Temperature (K);  

ML mixed layer depth (m) 
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a) Units Min Max Functions Reference 

C mmol C 8.5×10-9 2.6 ×10-8 State variable Strathmann, 1967 

Gilpin et al., 2004 

N mmol N 7.8×10-10 1.44×10-9 State variable Geider et al. 1998 

Si mmol Si 1.0×10-9 2.1×10-9 State variable Brzezinski, 1985 

Chl-a1 mmol Chl-a 0 3.7×10-12 State variable Geider et al., 1998 

b)      

N:C mmol N : mmol C 0.03 0.17 Max photosynthesis 

Max N uptake 

Geider et al., 1998 

Si:C mmol Si : mmol 

C 

0.04 0.15 Max photosynthesis 

Max Si uptake 

Brzezinski, 1985 

Chl:C mmol Chl-a: mmol 

C 
0 4.3×10-4 Photosynthesis 

Chl-a synthesis 

Geider et al., 1998 

Chl:N mmol Chl-a: mmol 

N 
0 4.7×10-3 Chl-a synthesis 

Chl-a degradation 

Geider et al., 1998 

Tab. 3.1 – a) Stoichiometry and b) cellular ratios of chemicals 

3.1.2  Processes 
 

Table 3.2 shows the list of processes that are modelled explicitly. 

Processes Characteristics References 

Photoadaptation Dynamic adaptation Geider et al., 1998 

Photosynthesis Geider photoadaptive model Geider et al., 1998 

Nutrient uptake Droop dynamics 

Internal quotas to regulate uptake  

Paasche, 1973 

Geider et al., 1998 

Tett and Droop, 1998 

Chlorophyll synthesis Geider photoadaptive model Geider et al., 1998 

Respiration Basal metabolism cost 

Cost of biosynthesis  

Geider et al., 1998 

Cell division Carbon threshold for cell division 

Silicon threshold for cell division 

Woods and Barkmann, 1994  

Brzezinski, 1985 

Motion Constant sinking speed Woods and Barkmann, 1994 

Mortality Calculated for a nutrient starvation 

period of 18 days 

Berges and Falkowski, 1998 

Veldhuis et al., 2001 

Tab. 3.2 – Diatom processes  

                                                 
1 LERM measures Chlorophyll-a in mg Chl-a, as VEW requires it in this form for the calculation of 
bio-optical feedback.  The molar mass of Chlorophyll-a (C55H72MgN4O5) is 893.509 g mol-1. 
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3.1.2.1   Photoadaptation 
 

Photoadaptation allows optimisation of growth rate under inclement conditions; in 

particular it maximises growth rate at low irradiance and minimises the risk of 

photo-oxidative damage at high irradiance2.  Photoadaptation is modelled using 

phenotypic equations, derived by cell culture experiments3.  Growth rate and 

chlorophyll content of a cell vary with irradiance, temperature and nutrient 

concentration at the depth of the particle (called “ambient”) nutrient concentrations.  

Diatom growth is a function of environmental variables and cellular stoichiometric 

composition.  This is modeled explicitly by describing the internal state of the 

organism, using independently varying chemical internal quotas.   In particular, the 

individual internal ratio of chlorophyll-a : carbon (θc) is a function of its light history 

and nitrogen : carbon (QN) is a function of nutrients limitation and variability4. 
 

3.1.2.2   Photosynthesis  

 
 

 

 

 

 

 

Fig. 3.3 – Photosynthesis components, internal and external controlling factors 
 

The maximum photosynthetic rate (mmolC mmolC-1 h-1) is a function of 

temperature, T (ºK), nitrogen : carbon internal quota, QN (mmol N mmol C-1),  and 

silica : carbon internal quota, QSi (mmol Si mmol C-1)  (fig.3.3, Eq.I.9).  If dissolved 

silicate becomes limiting, diatoms in the reproductive phase stop fixing carbon if the 

internal ratio of Si:C drops below the minimum Si:C ratio5. The rate of carbon 

specific photosynthesis (mmolC mmolC-1 h-1) is a function of the maximum 

photosynthetic rate, the ratio of chlorophyll a : carbon, θC (mg Chl-a mmol C-1) and 

the incident irradiance in the PAR (photo-active radiation) part of the spectrum, E0 

                                                 
2 Raven, 1980 
3 Geider et al., 1998 
4 Geider et al., 1998 
5 0.04 mmol Si mmol C-1, according to Brzezinski, 1985 
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[W m-2] (fig. 3.3, Eq.I.7).  In particular, photosynthetic rate is sensitive to nitrogen : 

carbon internal quota when light is saturated, to chlorophyll-a : carbon internal quota 

when light is limited and to silica : carbon internal quota when ambient silica is 

depleted.  At low irradiance photosynthetic rate is higher when chlorophyll-a : 

carbon internal quota is high (black lines).  At high irradiance it is controlled by the 

maximum rate of photosynthesis, and therefore by the nitrogen : carbon internal 

quota (red triangle and black cross).  The irradiance at which the initial slope of 

light-limited intercepts the light saturated rate, represents the light saturation 

parameter, EK. 

 

3.1.2.3   Nutrients uptake 
 

Specific rates of nutrient uptake are modelled using pools6.  The maximum uptake 

rate of a nutrient depends on temperature and the internal quota of the nutrient : 

carbon7 (Eq.I.13 and I.15).  This modulates the potential uptake to its stoichiometric 

composition.  The uptake rate of the nutrient to the nutrient pool is a function of the 

maximum uptake rate and the ambient concentration of such nutrient (i.e. the 

nutrient concentration at its current depth, fig.3.4, Eq.I.14 and I.16). 

 

 

 

 

 

 

Fig. 3.4 – Nutrients uptake mechanism 
 

3.1.2.3.1  Ammonia and nitrate uptake 
 

Carbon specific nitrate and ammonia uptake rate are modeled using the traditional 

saturation kinetics model (Michaelis-Menten equation8).  Ammonia is uptaken 

                                                 
6 Droop, 1973 
7 Geider et al. 1998 
8 

SK
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preferentially over nitrate9 and low level of ammonia inhibits significantly nitrate 

uptake10. 
 

3.1.2.3.2  Silicate uptake 
 

Diatoms start uptaking silicate, when they approach their reproductive phase (i.e. 

when carbon pool reaches 90% of the carbon threshold for cell division)11.  Silicate 

uptake rate is modelled in the same way as ammonia; the only difference is that the 

Michaelis-Menten equation is silicon specific rather than carbon specific.   
 

3.1.2.4  Chlorophyll synthesis 
 

The amount of chlorophyll produced per timestep within the organism is a function 

of the level of ambient irradiance (Eq.I.12). Photoadaptation is modelled as a 

dynamic allocation of cell material between light-harvesting components (L), energy 

storage compounds (R), such as polysaccharides and lipids, and biosynthetic 

apparatus (E), consisting of enzymes involved in carbon fixation and new cell 

elaboration12 (fig. 3.5).  

 

Fig. 3.5 – Photoadaptation (adapted from Geider et al., 1996) 
 

                                                 
9 Experimental results have shown that ammonia is used preferentially over nitrate for the full range 
of nitrogen concentrations, nanomolar to micromolar (Harrison et al., 1996, Flynn et al., 1997) 
10 Low level of ammonia is capable of significant inhibition of nitrate uptake (Wheeler and 
Kokkinakis, 1990: Harrison et al., 1996).  This was introduced to provide the basis for future research 
on new and regenerated production and the transition from a diatom dominated ecosystem to a 
flagellate dominated one.  
11 Diatoms acquire most of the silicate needed just before cell division (Brzezinski, 1985), 
12 Geider et al., 1996 
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Carbon fixation is a function of L and E.  Light-limited photosynthesis is controlled 

by L, while light-saturated photosynthesis is controlled by E (fig. 3.6).  The rate of 

chlorophyll synthesis is therefore a function of ambient irradiance, the value of the 

light saturation parameter and nitrogen assimilation.   
 

 
Fig. 3.6 – (Adapted from Geider et al., 1996) 

 

3.1.2.5  Respiration 
 

Respiration rate is defined as the carbon loss due to metabolic activities (Eq.I.20-21).  

The total respiration rate is temperature dependent and it has two parts: 

• cost of basal metabolism, assumed to be constant 

• cost of biosynthesis, which is a function of nitrogen uptake13. 

 

3.1.2.6  Cell division 
 

When the carbon pool has reached 90% of the threshold for cell division, diatom 

starts to uptake silicate to build its valve (Eq.I.22-23).  The cell divides when both 

carbon pool and silicon pool have reached the threshold value for division.  After 

cell division the daughters and parents have the same amounts of carbon, nitrogen, 

silicon and chlorophyll-a, which are half the value in the parent cell before division.   

 

3.1.2.7   Motion 
 

In the mixing layer diatoms are randomly advected by turbulence (eq.I.6).  Below 

the thermocline, a diatom sinks at a constant speed of 1 m day-1(14).  The turbocline 

marks the boundary between mixing layer and thermocline. 
 

                                                 
13 Geider et al., 1998 
14 Woods and Barkmann, 1994. 
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3.1.2.8   Mortality 
 

The diatom dies when its carbon reserve pool is fully exhausted (Eq.I.24).  The 

carbon threshold for death was estimated for a diatom with carbon pool at the 

threshold for cell division, nutrient starved for a period of 18 days15.   During this 

period they burn carbon to cover basal metabolism.   The carbon left at the end of 

this period is the threshold for cell death. 

3.2  Zooplankton 
 

The zooplankton species is based on Calanus finmarchicus.  LERM assumes that all 

copepods are female.  The phenotypic equations for behaviour and physiology were 

derived mainly from Carlotti and Wolf (1998).   Each copepod features a pool for 

each of the chemicals present in diatoms (tab.3.3), except  for silica and chlorophyll 

as they play no part in copepod physiology. Copepods reach the mature stage, after a 

fixed number of successive development stages (staged growth).  Molting from one 

stage to the next is triggered by size (i.e. protein pool). 

The copepod physiological state is determined by ten biological state variables: 

carbon pool − including proteins (nitrogenous carbon, CN), lipids (non-nitrogenous 

carbon, CNN) and carapace (made of chitin, Cshell) −,  nitrogen pool,  gut content, gut 

fullness, gut volume, stage and age.   
 

3.2.1  Stoichiometry 
 

Assimilated carbon is dynamically allocated to lipids, proteins and carapace in 

different ratios depending on the life stage.  The amount of ingested carbon allocated 

to lipid reserve per timestep depends on the development state they are in.  The ratio 

of N:C for proteins is assumed to be constant16.  The total amount N is regulated by 

a minimum and maximum ratio of nitrogen:carbon, QN
17. 

 

                                                 
15 Berges and Falkowski, 1998; Veldhuis et al., 2001 
16 0.27 mmolN:mmolC, according to Anderson et al., 2005 
17 0.12-0.23 mmolN:mmolC according to Huntley and Nordhausen, 1995 
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a) Units Min Max Functions Reference 

C mmol C 10-5 Not fixed State variable Carlotti and Wolf, 1998 

Protein mmol C 4.75×10-6 8.33×10-3 State variable Carlotti and Wolf, 1998 

Lipid mmol C 4.75×10-6 Not fixed State variable Carlotti and Wolf, 1998 

Shell mmol C 5×10-7 4.2×10-4 State variable Carlotti and Wolf, 1998 

N mmol N 1.2×10-6 23% of C State variable Huntley and Nordhausen, 

1995 

b)      

N:C mmol N : mmol C 0.12 0.23 Excretion Huntley and Nordhausen, 

1995 

Tab. 3.3 – Stage independent a) stoichiometry and b) cellular ratios of chemicals  
 

3.2.2   Processes 
 

3.2.2.1   Molting 
 

LERM-PS uses the Carlotti and Wolf (1998) model for copepod staged growth.  An 

individual copepod can only be in one particular development stage at any time. As 

it grows and its protein pool reaches a threshold value, it molts and passes into the 

next stage (tab.3.4 and fig.3.7). 
 

3.2.2.2   Ingestion 
 

Ingestion rate (prey s-1) is based on midgut capacity and depends on copepod 

filtration rate   (cm3 s-1),   prey  concentration  (prey cm-3),  feeding   activity  (wd)   

and  maximum ingestion rate (prey s-1, Eq.II.22-24)18.  Filtration rate increases with 

size defined by prosome length.  Feeding activity is determined by gut capacity 

(cm3) and the fraction of time spent in feeding activity, which is a function of prey 

concentration.  Maximum ingestion rate is limited by the handling time for prey. 

 

 

 

 

 
  

                                                 
18 Caparroy and Carlotti, 1996 
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Development 
stage Stage description LERM ID # 

Protein 
threshold for 

molting  
Prosome 
length 

Frontal 
Surface Area Body vol 

Max 
swimming 

speed at 10C 

      (mmol C)  (mm) cm2   mm3 m/h 

N3 Nauplius III 0 1.00×10-5 0.27 1.46×10-4 1.00×10-3 5.09 

N4 Nauplius IV 1 1.70×10-5 0.32 1.70×10-4 1.64×10-3 5.93 

N5 Nauplius V 2 2.50×10-5 0.36 1.94×10-4 2.50×10-3 6.77 

N6 Nauplius VI 3 3.75×10-5 0.41 2.22×10-4 3.79×10-3 7.74 

C1 Copepodite I 4 6.25×10-5 0.48 2.62×10-4 6.42×10-3 9.14 

C2 Copepodite II 5 9.20×10-5 0.55 2.97×10-4 9.53×10-3 10.36 

C3 Copepodite III 6 2.10×10-4 0.72 3.88×10-4 2.22×10-2 13.53 

POW4 Pre-overwintering CIV 7 5.83×10-4 1.00 5.42×10-4 6.42×10-2 18.91 

POW5 Pre-overwintering CV 8 1.25×10-3 1.29 6.95×10-4 0.14 24.24 

OWD4 
Overwintering descent 
CIV 9 5.83×10-4 1.00 5.42×10-4 6.42×10-2 18.91 

OWD5 
Overwintering descent 
CV 10 1.25×10-3 1.29 6.95×10-4 0.14 24.24 

OW4 Overwintering CIV 11 5.83×10-4 1.00 5.42×10-4 6.42×10-2 18.91 

OW5 Overwintering CV 12 1.25×10-3 1.29 6.95×10-4 0.14 24.24 

OWA4 
Overwintering ascent 
CIV 13 5.83×10-4 1.00 5.42×10-4 6.42×10-2 18.91 

OWA5 
Overwintering ascent 
CV 14 1.25×10-3 1.29 6.95×10-4 0.14 24.24 

C4 Copepodite IV 15 5.83×10-4 1.00 5.42×10-4 6.42×10-2 18.91 

C4OW 
Copepodite IV after 
OW 16 5.83×10-4 1.00 5.42×10-4 6.42×10-2 18.91 

C5 Copepodite V 17 1.25×10-3 1.29 6.95×10-4 0.14 24.24 

C6 Copepodite VI 18 3.33×10-3 1.77 9.56×10-4 0.39 33.35 

Ad Adult 19 7.50×10-3 2.31 1.25×10-3 0.89 43.60 

Ma Mature 21 8.33×10-3 2.39 1.29×10-3 1.00 45.00 

Se Senescent 22   2.39 1.29×10-3 1.00 45.00 

Nauplius Nauplius 20           
P  Pellet 23           
D Dead 24           

Tab. 3.4 – Copepod stages 

 

 

   

 

 

 

 

 

 

 
 

Fig. 3.7 – Stages implemented in a copepod.  Red arrows indicate the creation of a new agent. OW4A 

and OW5A migrates to the surface waters after spending the whole winter as overwintering. 
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3.2.2.3   Gut processes 
 

In the midgut of a copepod two main processes occur simultaneously on the ingested 

prey: gut transit and assimilation (fig. 3.8). 
 

 
Fig. 3.8 – Copepod digestion. (Adapted from Caparroy and Carlotti, 1996) 

 

The time that food is kept in the gut for digestion is inversely related to how full the 

gut is (Eq.II.33)19. It may vary from half hour, when the gut is full, to one hour, 

when it contains little food20. The fuller the stomach, the quicker the clearance rate 

(eq.II.34).   Gut passage time has a great impact on the assimilation of food.  The 

residence time of food in the gut determines the amount of breakdown and 

assimilation of the larger insoluble macromolecules in cell walls and membranes.  

Assimilation efficiency is therefore a function of gut passage time (Eq.II.35-36)21.  

The ingested food that is not assimilated is egested as a faecal pellet.   

 

3.2.2.4    Faecal pellets production 
 

Unassimilated food is expelled as a faecal pellet (Eq.II.38)22. It is accumulated in the 

gut and expelled when its volume reaches a volume threshold (Eq.II.25)23. The 

volume of a faecal pellet produced increases proportionally with copepod size (i.e. 

prosome length)24. Pellet sinking rate is a function of its volume(Eq.II.26)25.  
 

                                                 
19 Kiørboe and Tiselius, 1987 
20 Caparroy and Carlotti, 1996 
21 Van den Bosch and Gabriel, 1994; Caparroy and Carlotti, 1996 
22 Woods and Barkmann, 1994 
23 Caparroy and Carlotti, 1996 
24 Uye and Kaname, 1994 
25 Paffenhöfer and Knowles, 1979 
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3.2.2.5   Allocation of assimilated carbon  
 

Assimilated carbon can be allocated either to storage, growth or carapace (fig. 3.9). 

A fixed proportion (5%) is allocated to production of carapace26.  The rest is 

allocated to lipids and proteins depending on the copepod development 

stage(App.II.2.3).  Young copepods (Nauplius to C3) allocate it equally to lipids and 

proteins (the fraction allocated to lipids, γ = 0.5). Older copepods (C4 to Senescent) 

allocate it more to lipids (γ = 0.7)27. 

 

 
 
 
 
 
  

Fig. 3.9 - Dynamic allocation of assimilated C.  α is the fraction of assimilated C allocated to 
carapace building and γ is the fraction allocated to lipid reserve. 

 
Copepods preparing to overwinter (POW4, POW5, OWD4 and OWD5) allocate 

assimilate carbon exclusively to lipids28. 

 

3.2.2.6  Respiration 
 

Copepods use lipids preferentially to cover metabolic costs. Lipids are more energy-

rich than proteins and therefore more efficient in covering the metabolic costs29.  

The physiological state of the copepod (i.e. lipids in their pool) determines the 

impact of respiration expressed in term of carbon. Starved individuals using proteins 

for respiration will consume more carbon compared to those with a lipid reserve.  

The metabolic rate of an animal is defined with respect to the following activities: 

basal metabolism, specific dynamic action (SDA), and activity metabolism 

(Eq.II.12). Basal metabolism is the carbon consumption rate for maintaining bodily 

functions only and is a function of the size (i.e. proteins in their pools) of the animal 

                                                 
26 Vidal, 1980 
27 Fiksen and Carlotti, 1998 
28 Carlotti and Wolf, 1998 
29 Båmstedt, 1986 
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and its ambient temperature(Eq.II.15)30.   Specific Dynamic Action (SDA) is the 

katabolic cost associated with digestive processes (assimilation and gut clearance) 

and biomass formation.  This is modelled as proportional to the ingestion rate 

(Eq.II.16)31.   Activity metabolism is the carbon consumption rate32 due to 

swimming.  It is calculated as the power expenditure of a copepod swimming at 

speed U, as a function of: seawater density, cephalothorax length of the copepod, the 

projected area of swimming copepod and the velocity of swimming (Eq.II.17-21)33. 
 

3.2.2.7  Excretion 
 

Proteins and carapace have a fixed ratio of N:C, lipids are assumed nitrogen free34.  

Nitrogen is excreted in the form of ammonia, whenever proteins are used to cover 

metabolic costs or when the maximum ratio of N:C is exceeded (Eq.II.39).   
 

3.2.2.8  Maximum swimming speed 
 

An adult copepod can swim vertically up to a speed of 45 m h-1 at a temperature of 

10°C 35.  Maximum vertical swimming speed, m h-1, is a function of the stage of 

development and temperature,°C (Table.3.4). 
 

3.2.2.9 Diel migration 
 

Copepods migrate dielly pursuing a target isolume35.  At daytime, a copepod swims 

towards a depth, at which irradiance is relatively low so that the risk of being eaten 

by visual predators is reduced (Eq.II.43-44).  However, if starved, they target a less 

dim isolume, offsetting the higher risk of being predated against the benefits of 

grazing on the higher concentration of food available in shallower water.  The 

degree of starvation is represented by its gut fullness.  Gut fullness ranges from zero 

(starved) to one (satiated).   
 

                                                 
30 Carlotti and Wolf, 1998 
31 Kiørboe et al., 1985; Fiksen and Carlotti, 1998; Carlotti and Wolf, 1998 
32 The equation calculates the power expenditure of swimming at speed U (J s-1).  This is converted to 
oxygen consumption using the oxycaloric coefficient (20.3 kJ l O2

-1 according to Ikeda et al., 2000) 
and to carbon consumption as a function of the respiratory quotient of lipids or proteins (Parsons et 
al., 1984) 
33 Caparroy and Carlotti, 1996 
34 Carlotti and Wolf, 1998 
35 Woods and Barkmann, 1994 
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3.2.2.10  Foraging 
 

During the night copepods migrate to the surface to feed (Eq.II.45).   As they swim 

upwards, they pass through a number of layers with varying concentration of prey. 

Their ingestion rate in each layer is a function of the time spent in that layer and the 

concentration of prey encountered36.  If, as they swim, the concentration of 

encountered prey decreases, copepods reverse the direction of swimming in order to 

optimise feeding.   
 

3.2.2.11  Over-wintering 
 

At the moment of molting to C4 or to C5 (i.e. at the timestep when their protein pool 

reaches the threshold for molting to the next stage), a fraction of individuals enter a 

pre-overwintering stage (POW4 or POW5), the rest molt to the next development 

stage (C4 or C5). The probability that an individual enters the pre-overwintering 

stage is 30% before the 1st August and 50% after (fig.3.10).  During pre-

overwintering all the assimilated food is allocated to lipid storage37.  

 

 

 

 

 

 
 

 

 

Fig. 3.10 – Copepod pre-overwintering.  P represents the probability of an individual entering pre-

overwintering.  Before the 1st Aug p = 0.3, after p = 0.5.  Each colour represents an agent. 

 

When the lipid reserve is full, copepods swim down to a depth below 375 m and 

over-winter there until mid-March.  During overwintering, the animal does not swim 

or feed. Basal metabolism is reduced to 20% and fueled preferentially by lipids or, if 

depleted, from the structural proteins. At the end of the overwintering period 

copepods migrate back to the surface to feed.   

                                                 
36 Wood and Barkmann, 1994 
37 Carlotti and Wolf, 1998 
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3.2.2.12  Reproduction 
 

Once a copepod has reached the adult stage, it enters a period of egg production (20 

days38).  The number of eggs produced depends on how well it fed during that 

period.  After 20 days, the copepod is ready to lay eggs.  If the lipid pool is larger 

than the ingested matter during this period, then egg production is limited by 

proteins, otherwise it is limited by lipids39.   

The egg stage is not modeled explicitly, but an instantaneous mortality of 90% is 

assumed38.  The survivors are initialized in stage N3, each with a prescribed amount 

of carbon and nitrogen.  
 

3.2.2.13  Mortality 
 

Other than by being ingested by a top predator, a copepod may die of natural causes: 

starvation or senescence.  A copepod is assumed to die of starvation when its carbon 

pool gets below half of its maximum achieved carbon pool (Eq.II.47).  During 

twenty days following reproduction, the spawning population is assumed to die of 

senescence at a randomly chosen date (Eq.II.48)38.  Dead copepod sinking rate is a 

function of its surface area .   
 

3.3   Top predators 
 

Trophic closure to LERM-PS is provided by two top predators that feed on 

copepods: one, based on squid, feeds visually, the other feeds as a function of prey 

abundance. 

Top predators are declared in the model as a special type of functional group40. They 

differ from all other functional groups in the fact that their demography is set in the 

scenario using a series of exogenous equations, rather than by emerging from the 

Virtual Ecosystem.  The only interaction between predator and prey is through 

ingestion which is unilateral: top predators feed on prey species, but are not affected 

by any biological feedback from the virtual ecosystem (fig.3.11).   

 
 

                                                 
38 Woods and Barkmann, 1994 
39 Carlotti and Wolf, 1998 
40 Woods, 2005 
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Fig. 3.11 – Top predators demography and interaction with prey.  N:Nutrients, P:Phytoplankton, 
Z:Zooplankton, and TP:Top Predators. 

 

3.3.1   Visual top predators 
 

For the Azores scenario, LERM-PS visual top predators represent a population of 

squid Loligo forbesii.  It is an abundant species at the Azores and it is known to 

graze on copepods during the early phase of its life.  
 

3.3.1.1  Exogenous equations (Top predator demography) 
 

Exogenous equations defined in the scenario describe the demographic state of the 

predator population, in particular, its growth rate, its annual distribution and its 

vertical distribution. 
 

Predator growth 
 

Laboratory experiments on Loligo forbesii estimated daily growth rates of 7% of its 

mantle length (ML) in its first months of life, when it feeds on copepods. The 

maximum ML at which predator feeds on copepods is assumed to be 40 mm41.  It 

takes about 100 days for a young squid, growing at a daily rate of 7% of its mantle 

length, to switch diet (Eq.IV.1). 

 

 

 

   

                                                 
41 During the first month since hatching squid feed on planktonic organisms, mainly copepods. When 
squid reach a size of 4 cm, is switches to a diet made of euphausiids and arrow worms (Vovk and 
Khvichiya, 1980; Vovk, 1985).   

EXOGENOUS 
EQUATIONS 

Demography and 
growth equations 

MODEL 
EQUATIONS 

Ingestion 

N P Z TP 

Demography 
determined by 
the scenario 

Scenario 

Demography is determined by 
interactions with the Virtual 

Ecosystem 



Matteo Sinerchia                                                                   CHAPTER 3 - LERM-PS 
 

 40 

Predator annual distribution 
 

Squid eggs all hatch simultaneously on the 1st April, they feed on copepods until 

mid-July, before switching diet.  The mortality rate of predator population is 

assumed to follow a negative exponential function of the time of the year (Eq.IV.2).  

Every year the concentration of predators is set back to its initial value. 
 

Vertical distribution of predators 
 

The concentration of visual top predators is assumed to be homogeneous in the top 

100m. 
 

3.3.1.1 Endogenous equations 
 

Ingestion 
 

The maximum rate of ingestion is modeled as the maximum daily percentage of 

body weight that can be consumed (Eq.IV.5)42. Maximum ingestion rate is therefore 

a function of the weight of the predator and the weight of the prey.  Ingestion rate 

depends on the concentration and visibility of prey and ambient temperature 

(Eq.IV.6). The visibility of the prey is determined by the ambient irradiance and the 

surface area of the prey (fig.3.12).  Ingestion rate can never exceed maximum 

ingestion rate. 
 

 
 

 

 

 

 

 

 

Fig. 3.12 – Predator ingestion rate, internal and external controlling factors 

 

 

 

                                                 
42 Koueta and Boucaud-Camou, 2001 
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Faecal pellets 
 

A pellet, containing all the nitrogen and carbon ingested, is released every timestep.  

As it sinks at a constant speed of 10 mh-1, it is remineralised by an implicit bacteria 

population.  Pellets remineralization is modelled as temperature dependent43. 

 

3.3.2 Basal top predators 
 

3.3.2.1  Exogenous equations (Top predator demography) 
 

Background top predators are assumed to maintain a constant size (40 mm).   They 

are present all year at a constant concentration (3000 m-2), and they are 

homogeneously distributed in the top 100m. 
 

3.3.2.2  Endogenous equations 
 

The maximum rate of ingestion for background predators is based on the equation 

used for visual predators. It is calculated as the maximum daily percentage of body 

weight that can be consumed. As the weight of the predator is kept constant, 

maximum ingestion rate depends on the weight of the prey (Eq.IV.7).  The bigger 

the prey the less can be ingested by the predator, and vice versa.  Ingestion rate is a 

function of the ambient concentration of prey and temperature (fig.3.13, Eq.IV.9).  

Ingestion rate can never exceed maximum ingestion rate. 

 

 

 

 

 

 
 

 

Fig. 3.13 – Predator ingestion rate, internal and external controlling factors 
 

Faecal pellets are produced, sink and get remineralised in exactly the same way as 

for visual top predators. 

                                                 
43 Heath et al, 1997 
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3.4   Particle management      
 

As described in Chapter 2 on the Lagrangian Ensemble metamodel, each particle 

represents a collection of identical individuals sharing the same life-history.  Each 

particle has a variable depth and a demographic variable describing the number of 

individuals carried in the agent’s sub-population. 
 

3.4.1   Phytoplankton 
 

Diatom particles are initialised in the living stage with a sub-population size of 

50,000 individuals. There are twenty particles per metre between 0-200 m, for a total 

of 4,000 particles.  The number of particles per layer is kept between twenty and 

forty. If the number of particles in the living stage falls below twenty diatoms the 

largest particles are split, while if the number of particles exceeds forty then the 

smallest particles get merged.  Dead diatom particles are merged so that there can 

only be one particle per metre.  When a diatom cell divides, the number of 

individuals within the sub-population doubles, but no new particle is created.   
 

3.4.2   Zooplankton 
 

Copepod particles are initialised in overwintering stages (OW4 and OW5) each with 

twenty copepods in its subpopulation. There are 10 particles per metre between 375-

405 m, for a total of 300 particles for each stage.  Contrary to what happens with 

diatoms, copepod particles are never split.  They are merged once a year when they 

enter overwintering for reasons that will become clear below.  Dead copepods and 

pellet particles are merged so that there can only be one particle of each per metre. 

New particles are created in the case of faecal pellets egestion, reproduction and pre-

overwintering.  A faecal pellet is released as a new agent, but it is immediately 

merged with the other pellets in the same layer.   

In the case of reproduction, the mother particle spawns a new particle containing the 

offspring.  The overall number of particles is doubled for a period of 20 days, during 

which the mothers die of senescence (fig.3.14).    

At the moment of molting to C4 or C5 (i.e. at the timestep when their protein pool 

reaches the threshold for molting to the next stage), a fraction of individuals are 
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transferred to a new agent in the pre-overwintering stage (POW4 or POW5), the rest 

molts to the next development stage (C4 or C5) and eventually die (fig.3.14).     The 

creation of new particles for POW4 and POW5 causes an annual doubling of 

copepod particles in the water column (fig.3.14, years 2 and 3).  In order to avoid the 

explosion of copepod agents, LERM-PS merges copepod particles as they enter 

overwintering (OW4 and OW5). This is a time where individuals are very similar 

biochemically (i.e. they have the same pool of lipids and proteins) and the least 

active (i.e. they only respire). 

In LERM-PS the threshold for merging of OW4 and OW5 is 300 agents.  This 

ensures that at the start of each year the virtual ecosystem contains no more than 600 

agents: 300 in OW4 and 300 in OW5. 

Number of agents m-2

0

600

1200

1800

2400

3000

3600

4200

4800

5400

6000

6600

7200

7800

8400

1/
1/

06

1/
3/

06

1/
5/

06

1/
7/

06

1/
9/

06

1/
11

/0
6

1/
1/

07

1/
3/

07

1/
5/

07

1/
7/

07

1/
9/

07

1/
11

/0
7

1/
1/

08

1/
3/

08

1/
5/

08

1/
7/

08

1/
9/

08

1/
11

/0
8

#a
ge

nt
s OW4

OW5

Tot

 
Fig. 3.14 – Copepod particles doubling problem. 

 
3.4.3 Top predators 
 

Both top predators are initialised in the existence stage, with a subpopulation of 30 

individuals per particle.  There is one particle per metre between 0-100 m, for a total 

of 100 particles.  Particles in the existence stage are never split or merged. Faecal 

pellets, released as a new agent, are immediately merged with the other pellets in the 

same layer.   
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CHAPTER 4 - The Lagrangian Ensemble Recruitment Model with 

Explicit Squid (LERM-ES) 
 

 

LERM-ES extends LERM-PS (Chapter 3) by including an explicit population of 

squid (fig. 4.1). Two top predators are included in the model to provide trophic 

closure: (1) a background top predator, as before, feeding on zooplankton, and (2) a 

visual top predator feeding on squid. All species but squid and visual top predators 

are unchanged from LERM-PS. 

 

 

 

  

 

Fig.4.1 – LERM-ES: N: Nutrients , P: Phytoplankton, Z: Zooplankton, S: Squid paralarvae, VP: visual 

predators, BP: background predators, I: immigrant squids; E: emigrant squids 

 

Unlike the copepods, which exist in the virtual mesocosm generation after 

generation, squid are a transient population in the virtual mesocosm.  Immigration 

(spawning) is handled as an exogenous event in which eggs are injected in the water 

(cfr.4.1.2.1).  Emigration (recruitment) represents the metamorphosis to a stage that 

is no longer tracked in the virtual ecosystem (cfr.41.2.4.7).  In this version of 

LERM-ES, there is no link between the demography of emigrants and immigrants. 

 

4.1  Squid 

The species of choice is squid.  Its fishery is growing in importance and landings as 

the abundance of fish stocks has been reducing through over-fishing (Caddy and 

Rodhouse, 1998).    Due to their short life-cycle (one year) and their semelparity 

(death after a single reproduction), the exploited stock is composed almost entirely 

of recently recruited animals of a similar age (Agnew et al., 2002). So, knowledge of 

recruitment variability is highly desirable for managing purposes.   

As squid populations are not characterized by the presence of several year classes 

living contemporaneously, squid provides a perfect candidate for testing fisheries 
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BP 

I              E 
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recruitment hypotheses (Rodhouse, 2001).  The availability of an extensive dataset 

of the biology and fisheries of this species allows for comparison between the 

emergent properties of the model and observations. 

The explicit squid is based on Loligo opalescens (California market squid) 

physiology and behaviour, which have been studied extensively.  This is a small 

squid (mantle length ML up to 160mm) of the family of Loliginidae.  It is found in 

the Eastern Pacific Ocean from Baja Mexico to Alaska at latitudes similar to that of 

the Azores site (fig. 4.2).  It lives less than one year.  Its fishery is of great economic 

importance: since 1993 it has became the first fishery in California with landings of 

118,000 tons and $41 million in 2000. 

 
Fig. 4.2 – Loligo opalescens geographical distribution (Source: FAO, 1984) 

 

4.1.1   Stoichiometry 
 

Each squid has a pool for each of the chemicals present in copepods.  Carbon 

ingested is allocated to proteins and lipids.  In LERM-ES squids have a 15% DW 

maximum lipids content1.  Body nitrogen is coupled to proteins through a fixed ratio 

(0.15 mmolN mmolC-1). 

                                                 
1 Squid has an uncommon stoichiometry. Its wet weight, WW, is made up by 18% protein, 79% 
water with just 3% left for all other biochemical compounds needed for life.  In contrast to fishes, 
cephalopods contain 20% more protein, 80% less ash, 50-100% less lipid and 50-100% less 
carbohydrate (Bouchaud and Galois, 1990; Lee, 1994).    Lee (1994) reported lipid contents of 
cephalopods ranging between 0.34-3.4% WW.  Bouchaud and Galois (1990) in laboratory 
experiments on Sepia officinalis found that hatchlings’ lipid content was close to 15% Dry Weight, 
DW, (14.5-15.9%DW) independently of temperature and duration of development. Assuming a body 
water percentage of 75-80%, the total lipids content is 3-4 %WW.   
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a) Units Min Max Functions 

C mmol C 0.05 0.70 State variable 

Protein, CNN mmol C 0.05 0.70 State variable 

Lipid, CN mmol C 0 0.09 State variable 

N mmol N 7.5×10-3 0.10 State variable 

b)     

N:C mmol N mmol C-1 0.13 0.15 Excretion 

Tab. 4.1 – a) Stoichiomety and b) cellular ratios of chemicals 

4.1.2   Stages 
 

Unlike copepods, whose growth is staged for molting of the carapace, squid body 

growth is continuous and unstaged.   However, in order to allow for size specific 

predation by the visual top predator (tab.4.2), squid paralarvae have been allocated 

to size classes S1 to S7, based on their mantle length (ML). A small paralarvae is 

less visible to visual top predators than a large one, but is slower in its escape (cfr. 

4.2.2.1). S1 represents the squid at hatching, S7 represents the recruited squid, 

which leave the virtual mesocosm.  A squid can only be in one particular 

development stage at any time. As it grows and its ML increases by one millimeter 

it moves into the next stage (fig.4.2). 
 

 
 

Fig.4.2 – Squid stages 
 

STAGE Max ML MW DW DW S Ave DW Ave S Max speed 
 mm mm mgC mmol C m2 mmol C m2 m h-1 

S1 ~ 2.80 1.84 0.69 0.06 2.7×10-6 0.06 2.8×10-6 11.3 

  2.99 1.92 0.81 0.07 2.9×10-6     

S2 3.00 1.92 0.81 0.07 2.9×10-6 0.10 3.5×10-6 14.3 

  3.99 2.30 1.60 0.13 4.1×10-6     

S3 4.00 2.30 1.61 0.13 4.1×10-6 0.18 4.9×10-6 19.8 

  4.99 2.68 2.72 0.23 5.6×10-6     

S4 5.00 2.68 2.73 0.23 5.6×10-6 0.29 6.5×10-6 26.3 

  5.99 3.06 4.19 0.35 7.3×10-6     

S5 6.00 3.06 4.21 0.35 7.4×10-6 0.43 8.3×10-6 33.7 

  6.99 3.44 6.05 0.50 9.3×10-6     

S6 7.00 3.44 6.07 0.51 9.3×10-6 0.60 1.0×10-5 42.0 

 7.99 3.82 8.30 0.69 1.1×10-5     

S7 ≥ 8.00  - - - - - - - 
 

Tab. 4.2 – Squid stages.  ML: mantle length, MW: mantle width, DW: dry weight, 
 S: frontal surface area, AVE DW: stage specific dry weight, AVE S: stage specific surface area 

Spawning Eggs Hatching S6 S1 S7 (Recruit) 

Paralarval stage 
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4.1.2.1 Spawning  
 

An exogenous population of mature squid lays a batch of 300 eggs m-2 at 50 m 

every year at a prescribed date set in the experiment (10th April in preliminary 

tests)2. Spawners exit the mesocosm immediately after laying the eggs.  

 
Fig. 4.3 – L. opalescens egg mass (www.elasmodiver.com) 

4.1.2.2   Egg stage 
 

4.1.2.2.1  Embryogenesis 

In nature the duration of cephalopod embryogenesis depends mainly on egg size and 

ambient temperature3. LERM-ES assumes that all eggs have the same size, so that 

temperature is the only factor affecting the duration of embryogenesis ((Eq.III.10). 

Embryonic development is estimated using daily accumulated temperature, DAT, as 

it is common practice for loliginid species4.    DAT is accumulated from the time 

eggs are laid.  Eggs hatch when DAT exceeds 600°C days5. Hatching within an egg 

mass occurs within a period of 4-6 days6. The intra-population variability in 

hatching date is modelled as a variation of the initial DAT and justified as a 

consequence of the variation in egg size, which in the current version of the model is 

not modeled explicitly. 

 
 
 

                                                 
2 In Monterey Bay (latitude ~37°N) L. opalescens spawn from April to November (Zeidberg and 
Hamner, 2002).    
3 Laptikhovsky, 1991. 
4 Baron, 2000. 
5 For L. opalescens embryonic development requires ~ 30-40 days at 15°C (Yang et al., 1986). 
6 In L.opalescens and L. forbesi, the period from the first paralarva hatching to the emergence of the 
last took 4-6 and 7 days, respectively (Yang et al., 1986; Segawa et al., 1988 From Arkhipkin and 
Middleton, 2003 pp 132). 
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4.1.2.3   Hatching  

 

Fig. 4.4 - Loligo opalescens paralarva (www.flickr.com/photos/toddography/38447140) 
 
 

Squid paralarvae hatch at night7, when visual predators are not feeding.  Mean 

incubation temperature during embryogenesis controls the weight and volume of 

yolk reserves in the hatchlings of L. opalescens8.  Regression equations are used to 

link incubation temperature to: size of hatchling (mantle length and width, frontal 

surface area, protein, lipid and nitrogen pools, Eg.III.11-19, yolk content and 

stoichiometric composition of hatchling (lipids and proteins).  Independently of 

temperature, yolk weight is proportional to body weight (Eq.III.20)9.  Egg yolk lipid 

represents 15% wet weight of the paralarva at hatching10. Body nitrogen is coupled 

to protein through a fixed proportion (15%). 

 

4.1.2.4   Paralarva stages   
 

4.1.2.4.1   Yolk absorption rate 
 

During the very early post-embryonic life, embryonic and post-embryonic nutrition 

overlap11.  Until depleted, the yolk provides the energy to fuel metabolism 

(Eq.III.25-26). The caloric value of yolk in L. opalescens is 1.71 Kcal/WW12.    
 

4.1.2.4.2    Motion 
 

Paralarvae are inefficient swimmers which cannot usefully change their local 

environment by swimming horizontally.  However they are capable of changing it 

by swimming vertically13. 

 

                                                 
7 Fields, 1965. 
8 Squid eggs incubated at lower mean temperatures hatched larvae, which were larger, heavier and 
have more yolk than those incubated at higher mean temperature (Vidal et al., 2002). 
9 Vidal et al., 2002. 
10 Bouchaud and Galois, 1990; Vidal et al., 2002 
11 Vidal et al., 2002 
12 Giese, 1969. 
13 Zeidberg and Hamner, 2002 
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Swimming speed  
 

Squid swimming speed is proportional to its mantle length (Eq.III.21)14.  They 

migrate in the virtual mesocosm at a routine migration speed (tab. 4.2), which is 

about 40 % less than the maximum jet speed used to escape attacks15.   
 
   

Diel migration  
 

Diel migration is modelled using target isolumes, as for copepods (chapter 3).  

During the day a squid keeps to a depth at which irradiance is low enough to reduce 

the risk of being eaten (Eq.III.23)16.  This depth is a function of squid visibility.  

Squid visibility is determined by its size and ambient irradiance.  During night-time 

squid ascend the water column swimming at its routine speed. 
 

Foraging 
 

Prey attack is elicited by visual stimuli17.  The impossibility of implementing lunar 

phase in the current version of VEW meant that during night-time squid are unable 

to detect the prey and feed.  Predator-prey encounter occurs during the day (from 

dawn until dusk) as they both migrate in the virtual mesocosm in search of their 

target isolume (Eq.III.23).  
 

4.1.2.4.3    Ingestion 
 

Ingestion is based on gut capacity as for copepods (chapter 3).   
 

Size specific ingestion 
 

Post-hatching squids feed on all stages of copepods, except for pellets, dead and 

over-wintering copepods18.   

                                                 
14 Zeidberg, 2004 
15 Zeidberg, 2004 
16 In situ observations in Monterey Bay on the distribution of L. opalescens paralarvae revealed that 
diel migration starts immediately after hatching (Zeidberg and Hamner, 2002).  Paralarvae are 
vertically distributed above 80m, with the maximum concentration occurring at 15 m during the night 
and 30 m during the day (Okutani and McGowan, 1969; Zeidberg and Hamner, 2002).    
 
17 Boletzky, 1974. 
18 The diet during the post-embryonic phase is restricted to specific prey.  The prey size changes as 
the individual grows.  Very young planktonic cephalopods attack prey of approximately their own 
size (Boletzky, 1974b) and are only successful in capturing relatively slow prey such as crustacean 
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Maximum ingestion rate 
 

Max ingestion rate is a function of the volume of gut not yet filled with prey (i.e. gut 

volume minus the volume of food in gut and not yet ingested  (Eq.III.28)19.  
 

Efficiency of prey capture  
 

Mastery of copepod capture is a skill that is acquired in an experience-dependent 

manner early in post-hatching life and is a function of ML20. The velocity of the 

prey is another factor affecting the efficiency of capture, in relation to the swiftness 

of the predator.  Hunting efficiency is modeled as a function of the ratio of squid 

ML and the stage-specific copepod maximum swimming speed (Eq.III.27). 
 

 

Ingestion rate 
 

Ingestion rate is a function of prey visibility (size and ambient irradiance), predator 

hunting efficiency, prey stage specific speed of escape, prey concentration21, squid 

gut volume and fullness (Eq.III.29-33). 
 

4.1.2.4.4    Gut processes 
 

Gut volume 
 
 

Gut volume increases proportionally to mantle length and so does its feeding 

potential (Eq.III.46). 
 

Gut content 
 

Gut content represents the volume of prey in the gut.  It increases by feeding and 

decreases by digestion and egestion (Eq.III.47-48). Copepod carapace is discarded22.  

                                                                                                                                         
larvae and copepods (Boletzky, 1974a).     Loligo opalescens reared in laboratory during the first 60 
days after hatching selected copepods less than 4mm in length (Yang et al.,1983).  As maximum 
prosome length is 2.4 mm, squid are capable of feeding on all stages of copepod.  
19 A regulation of the quantity of food eaten is present in all cephalopods.  They all reject any excess 
food.  It is impossible, by offering food, to overfeed experimentally a cephalopod (Koueta and 
Boucaud-Camou, 2001). 
20 Mastery of copepod capture develops progressively, culminating for L.opalescens by 
approximately 40 days post-hatching in adult-like prey capture behaviour (Chen et al., 1996).  
Absolute attack speed increases in proportion to ML (Chen et al., 1996) 
21 There is no clear evidence of a relationship between prey density and survival of L. opalescens.  
One experiment compared the survival rate of L. opalescens raised with twice as much food per squid 
than another experiment, and survival rate was not significantly different (Yang et al., 1986). 
However, another study reported that increasing prey density increases the incidence of encounter 
between predator and prey (Vidal et al., 2002).  In the latter experiments prey density never fell 
below 50 prey l-1 (50 × 106 prey m-3).    
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Digestion 
 

Digestion duration is highly influenced by temperature23.  Digestion rate doubles 

with an increase of 10°C over a reference temperature24.   Rate of digestion is 

assumed to decrease exponentially with time25.  The rate of digestion (volume of 

food, protein, lipid digested per hour) is a function of temperature, time since last 

fed and size of meal (fig. 4.5, Eq.III.35-36). 
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Fig.4.5 – Digestion rate as a function of temperature and time since feeding26    

 
 

Assimilation 
 

Assimilation rate for lipid and proteins is a fixed ratio of the digested rate of each 

(Eq.III.37-39).  Assimilation efficiency for lipids (50%) is much lower than for 

protein (80-95%)27. Unassimilated lipids and proteins are egested as faecal pellets 

(Eq.III.41-43). 
 

 

 

 

                                                                                                                                         
22 Young squid are capable of removing exoskeletons crustaceans prior to ingestion (Vecchione, 
1999; Kasugai, 2001).  
23 The total time necessary to digest a meal varies from one species of cephalopods to the other, and 
within the same species it is strongly influenced by temperature (Boucaud Camou and Boucher 
Rodoni, 1983).   
24 The only study on the effect of temperature on digestion duration was carried out for the octopus 
Eledone cirrhosa (Boucher-Rodoni, 1973). The digestion lasted 15 hours at 20°C, 20 hours at 15°C 
and 30 hours at 10°C (Boucher-Rodoni, 1973). 
25 The rate of digestion is very high at the beginning and then slows down gradually (Wallace et al., 
1981). The rate of food digested represents a fairly constant percentage of the quantity ingested and 
decreases with time after feeding (Boucher-Rodoni, 1975). 
26 Comparable results of digestion time with Karpov and Cailliet, 1978, in which L.opalescens 
completes digestion of a meal digestion at 18°C in about six hours. 
 
27 O’Dor at al., 1984; Lee 1994. 

T (°C) 
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  4.1.2.4.5    Respiration 
 

Respiration is a heterogeneous process, whose separate components vary 

independently28.  Respiration rate (Eq.III.50), expressed in calories per hour, is the 

sum of the costs associated with maintenance (basal metabolism), new tissues 

production (Specific Dynamic Action, SDA) and movement.  Basal respiration is a 

function of the size of the squid and temperature (Eq.III.51)29.  SDA is proportional 

to the energy of lipid and protein assimilated (Eq.III.52)30.  Swimming cost is a 

function of the animal size, swimming speed and water density (Eq.III.53-57)31. 
 

4.1.2.4.6    Energetics 
 

During the first few days after hatching metabolic costs are covered by the energy 

provided by the yolk (Eq.III.25-26)32.  When the yolk sac is completely exhausted, 

lipids are used preferentially to cover metabolic costs over proteins (Eq.III.58-

603)33.   
 

4.1.2.4.7    Recruitment 
 

Recruitment occurs when a paralarva reaches a ML of 8 mm34. It is then assumed to 

switch diet and exit the virtual mesocosm. 
 

4.1.2.4.8    Starvation 

A squid is assumed to die of starvation if its daily feeding rate was below 10% body 

weight for 3 days35 or if its carbon pool falls below three quarters of the maximum 

obtained carbon pool (App.III.5.10). 
 

 

 

 

 

 

                                                 
28 Wells and Clarke, 1996 
29 O’Dor et al., 1986 
30 Perry, 1983 
31 O’Dor et al., 1986 
32 Bouchaud and Galois, 1990; Vidal et al., 2002. 
33 Wells and Clarke, 1996. 
34 For L. opalescens, the mastery of copepod capture develops progressively, culminating by 
approximately 40 days post-hatching in adult-like prey capture behaviour.(Chen et al., 1996).  
Different studies reported different ML for L. opalescens reared in tanks forty days after hatching: 
6mm at 17-18°C (Chen et al., 1996), 8 mm at 15-17°C (Hurley, 1976) and  10 mm at 15°C (Yang et 
al, 1986).   
35 LaRoe, 1971. 
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4.1.2.4.9    Excretion 
 

Nitrogen is excreted in the form of ammonia, whenever proteins are used to cover 

metabolic costs or when the ratio of nitrogen to protein is exceeded (Eq.III.44-45).   
 

4.1.2.4.10 Egestion 
 
 

Unassimilated food is expelled as a faecal pellet (Eq.III.41-43).  In absence of 

information, the pellets are assumed to sink at a constant rate of ten metres per hour.   

 

4.2   Visual top predator 
 

LERM-ES visual top predators represent a population of larger Loligo forbesii. 
 

4.2.1   Exogenous equations  
 

Loligo forbesii juveniles (15 mm ML) grow at a rate of 2% of its mantle length 

(ML) and feed on the explicit squid population until they reach 40 mm ML 

(Eq.IV.1).  

They are present from the 1st April until they reach 40 mm ML (~1st August).  The 

mortality rate of the predator population is assumed to follow a negative exponential 

function of the time of the year (Eq.IV.2). Every year the concentration of predators 

is set back to its initial value. The concentration of these visual top predators is 

assumed to be homogeneous in the top 100m. 
 

4.2.2  Endogenous equations 
 

Ingestion 
 

The maximum rate of ingestion is modelled as the maximum daily percentage of 

body weight that can be consumed (Eq.IV.5). Maximum ingestion rate is therefore a 

function of the weight of the predator and the weight of the prey.  Ingestion rate 

depends on the concentration and visibility of prey and ambient temperature 

(Eq.IV.6) The visibility of the prey is determined by the ambient irradiance and the 

surface area of the prey (fig.4.6).  Ingestion rate can never exceed maximum 

ingestion rate. 
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Fig. 4.6 – Predator ingestion rate, internal and external controlling factors 
 

 

Faecal pellets 
 

A pellet, containing all the nitrogen and carbon ingested, is released every timestep.  

As it sinks at a constant speed of 10 mh-1, it is remineralised by an implicit bacteria 

population, following the rule for copepods in LERM-PS (chapter 3).  The rate of 

pellets remineralisation is temperature dependent36. 

 

4.3   Particle management  
 

4.3.1   Squid 
 

Squid particles are initialised as spawning, whose immigration is being controlled 

exogenously as an event.  Each particle represents a single spawner. As an initial 

scenario there are 300 particles in total at a depth of fifty metres. Particles 

representing paralarvae are never split or merged.  Dead squid and pellet particles 

are merged so that there can only be one particle of each per metre.  Particles that 

reach the S7 recruit stage leave the mesocosm. 
 

4.3.2 Visual top predator 
 

Visual top predators are initialised in the existence stage, with a subpopulation of 30 

individuals per particle.  There is one particle per metre between 0-100 m, for a total 

of 100 particles.  Particles in the existence stage are never split or merged. Faecal 

pellets, released as a new agent, are immediately merged with the other pellets in the 

same layer.   

                                                 
36 Heath et al, 1997 
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CHAPTER 5 – NUMERICAL EXPERIMENTS 
 

The first group of the numerical experiments provides the pre-requisites for the 

project: to prove that LERM-ES achieves multi-year stability and that the 

Lagrangian Ensemble method can be used successfully to test Cushing’s match-

mismatch hypothesis (fig.5.1).  This is done in the following stages: 

1. first, showing that after 15 years VEs converge to an attractor 

independently of initial conditions; 

2. then,  testing the ergodicity of the VE. 

The successive series of experiments explore the sensitivity of recruitment to 

different exogenous scenarios, in particular changes to: 

1. nutrients load, 

2. abundance in competitors for food (basal predator), 

3. predation, 

4. spawning magnitude, 

5. spawning time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.1 – Numerical experiments 
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Community 

All numerical experiments in this thesis were performed using the LERM-ES 

community (fig.5.2). 

 

 

  

fig.5.2 – LERM-ES: N: Nutrients , P: Phytoplankton, Z: Zooplankton,  S: Squid paralarvae,  BP: 
background predators and  VP: visual predators 

 

5.1   Stability experiments 

 

5.1.1   Stage 1  –  Does LERM-ES at the Azores have a VE that is on attractor after 

15 years? 
 

This was tested by running LERM-ES for 25 years with five different initial 

concentrations of P and Z to see if the VEs adjust to a stable attractor that is 

independent of initial conditions1. 

 

Initialisation 
 
The initial chemical concentration for chemicals was derived from the NOAA 

Ocean Atlas (2002).  Plankton populations were initialised using the Azores WB 

ecosystem attractor, tab.5.1 (Woods et al., 2005). Squid initial population was 

composed of 300 adults, represented by 300 agents. 
 
 

 In. state Agents per 
layer 

Ind. agent-1 Top depth Bottom 
depth 

Date 

Diatom Living 20 50000 0 200 1 Jan 2005 6am 
Copepod OW4 10 20 375 405 1 Jan 2005 6am 
Squid Spawning 2 1 200 350 Every 1 Jan 6am 
VP Existence 1 30 0 100 1 Jan 2005 6am 
BP Existence 1 30 0 100 1 Jan 2005 6am 

 

Tab. 5.1 – Plankton initialization in the base run 
 

                                                 
1 Previous work has proven that virtual ecosystems created under the aegis of the LE metamodel can 
be intrinsically stable (Woods et al., 2005). A community is defined stable, or on attractor, if the 
inter-annual variation of species biomass or demography is lower than the demographic noise. This 
condition being reached after an initial transient period, and the population gets in balance with its 
ambient environment independently of initial conditions. 

N P Z 
 S VP 

BP 
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The test of stability is that the annual cycles of the plankton populations should be 

insensitive to initial conditions.  This was tested by repeating the base run, with four 

different initial P and Z concentrations (tab.5.2). 

 

 Initial P and Z vertically integrated concentration 

Experiment P (ind m-2) Z (ind m-2) Symbol 
BASE RUN 2×108 6,000 

 

 

 

P05Z2 1×108 12,000 
 

 

 

P2Z2 4×108 12,000 
 

 

 

P05Z05 1×108 3,000 
 

 

 

P2Z05 4×108 3,000 
 

 

 

Tab.5.2 – Numerical experiments to test for stability  
 

Location 

 

 
Fig. 5.3 – Experiments site  

 

The virtual mesocosm is anchored at a fixed location north of the Azores, 41°N, 

27°W (fig.5.3).  This is a familiar location (Woods et al., 2005), which was chosen 

as it lies close to the trans-Atlantic line, where the annual surface heat budget is zero 

(solar heating equals cooling to the atmosphere).   
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External forcing 
 

The virtual ecosystem, VE, is driven by a stationary annual cycle of external forcing, 

derived from Bunker climatology (Isemer and Hasse, 1987). 

 

Physics 
 

The physical model comprised solar radiation in 25 wavebands, Morel optics and 

Woods-Barkmann mixed layer model (Woods and Barkmann, 1986).  
 

Experiment 
 

The experiment is initialised on the 1st of January and run for 25 years.  On the 10th 

April of each year a batch of squid eggs are released in the virtual mesocosm by an 

exogenous population of spawning adults.   

 

Logging  
 

Analysis of the last 10 years of the simulation is performed on the ecosystem on 

attractor.  

The variables logged are divided into 8 categories and listed in tab. 5.3: 

1. Demography 

a. Vertically integrated concentration of individuals  

b. Mortality causes (predation or starvation) 

2. Biomass  

a. Vertically integrated biomass 

b. Carbon transfer through the trophic chain (fig.5.4) 

3. Number of agents 

4. Physical environment  

5. Chemical environment 

6. VE variability on the 1st Jan 

7. Timing of maximum D and C biomass and squid eggs hatching 

8. Audit trails (life history of individuals) 
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Fig. 5.4 – Carbon transfer along the trophic chain.  P: diatom carbon biomass (mmol C m-2), PingZ: transfer of 

diatom carbon to copepods; γ: copepod stage-specific allocation of ingested carbon to lipid; Z: copepod carbon 

biomass (mmolC  m-2); Zprot: copepod protein biomass (mmolC  m-2); Zlip: copepod lipid biomass (mmolC  m-2); 

ZingS and ZingBP : transfer of copepod carbon to squid and BP respectively; S: squid carbon biomass (mmolC  m-

2); Sprot: squid protein biomass (mmolC  m-2); Slip: squid lipid biomass (mmolC  m-2); SingPred: transfer of squid 

carbon to VP. BP: background top predator; VP: visual top predator. Dotted lines represent the relative amount 

of lipid and protein transfer. 

 

   Analysis 

 Variables units 1 y 10 y 

1a P, Z, S, R   ind m-2 * * 

1b Ping, Pstarve, ZingS, ZingBP, Zstarve,  SingPred,  Sstarve ind m-2 ts-1 * * 

2a P, Z, Zprot, Zlip, S, Sprot, Slip mmol C m-2 * * 

2b PingZ, ZingS, Zprot-ingS, Zlip-ingS, ZingBP, Zprot-ingBP, Zlip-ingBP, SingVP, 

Sprot-ingPred, Slip-ingPred  

mmol C m-2 ts-1  * * 

3 Pag, Zag, Sag # agents * * 

4 N, Si 

N[0], Si[0] 

mmol N,Si m-2 

mmol N,Si m-3 

* 

* 

* 

5 T[0], Irr[0], MLD °C, Wm-2, m * * 

6 P, Z, P, Z, Zprot, Zlip, Pag, Zag, MLD, N[0], Si[0], T[0]   * 

7 MaxP, Date MaxP, MaxZ, Date MaxZ, MaxZprot, MaxZlip, Date 

Shatch, R 

  * 

8 Squid Audit trails   *  

Tab. 5.3 – Variables logged.  Where  P, diatom; Z, copepod; S, squid; R: squid in stage 7 (recruited) BP, 
background predator; VP, visual predator; Xing, X individuals ingested; XingY, X individuals ingested by Y; 
Xstarve: X individuals dead by starvation; X: X biomass, Xprot: X protein biomass; Xlip: X lipid biomass  Xag: 
number of X agents; [0] surface value;  N and Si, total nitrogen and silicon in mesocosm (dissolved + 
particulate); T[0], sea surface temperature; Irr, irradiance; MLD depth of mixed layer.   
 

Requirements 
 

Total integration time (at a rate of 3 hours per simulated year) is about 75 hours on 

one Intel Pentium 4 (2.8 GHz) processor producing about 6 GB of data. 
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5.1.2   Stage 2 – Testing the ergodicity of the virtual ecosystem 
 

Location and external forcing 
 

Same as in stage 1. 
  

Experiment 
 

Stage 2 is concerned with assessing if the system is ergodic or not (i.e. it is ergodic 

if there is no significant difference between the inter-annual and inter-instance 

noise).  This is done by repeating the final eight years of stage 1 eight times, each 

with a different random seed (an ensemble of eight runs). 
 

Logging 
 

Demography, biomass and agents for the last 8 years. 
 

 

Requirements 
 

Total number of runs required: 8 (13 years). 

Total integration time (at a rate of 3hours per simulated year) is about 40 hours per 

run on one Intel Pentium 4 (2.8 GHz) processor producing about 2 GB of data. 

 

5.2   Sensitivity experiments 
 

5.2.1  Stage 1 – Sensitivity of recruitment to a change in mesocosm dissolved 

silicate and nitrogen load 
 

Location and external forcing 
 

Same as in stage 1, but with a event that doubles the dissolved chemical 

concentration in the mixed layer on the 1st Jan of the first year.  

 

Experiment 
 

This experiment aims to assess the sensitivity of squid recruitment to variation of the 

nutrients load of the ecosystem, which limits primary production. 

The experiments involve re-running the last 15 years of stage 1, doubling the 

dissolved silicate concentration above the turbocline (~ 0.6 mmol Si m-3) on the 1st 

January of year 10 (2015). The maintenance of a stable 1st January dissolved silicate 
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concentration above in the mixed layer for the successive years is provided by the 

chemical conservation rule described in Appendix V. The same procedure was 

repeated doubling the dissolved nitrogen concentration (~ 4  mmol N m-3). 
 

Logging 
 

Analysis of the last 10 years with the VE on attractor, including all variables logged 

in stage 1. 
 

Requirements 
 

Total number of runs required: 2 (15 years).  Total integration time (at a rate of 3 

hours per simulated year) is about 90 hours on one Intel Pentium 4 (2.8 GHz) 

processor producing about 12 GB of data. 

 

5.2.2  STAGE 2 - Sensitivity of recruitment to abundance of basal predator 
 

Location and external forcing 
 

As in stage 1. 

  

Experiment 
 

This experiment investigates the sensitivity of recruitment to variation of inter-

population competition for food.  The simulation restarts from year 10 (1st Jan 2015) 

of the base run with double the initial concentration of basal predators feeding on 

copepods from 3000 to 6000 ind m-2. 
 

Logging 
 

Analysis of the last 10 years after the VE has converged to the new attractor, 

including all variables logged in stage 1. 
 

Requirements 
 

Total number of runs required: 1 (15 years). 

Total integration time (at a rate of 3hours per simulated year) is about 45 hours on 

one Intel Pentium 4 (2.8 GHz) processor producing about 6 GB of data. 
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5.2.3   STAGE 3 - Sensitivity of recruitment to predation  
 

Location and external forcing 
 

As in stage 1. 

  

Experiment 
 

The first experiment investigates the sensitivity of squid recruitment to variation of 

predator pressure directly on the squid population.  This is done by repeating the last 

15 years of stage 1, doubling the visual predator initial concentration from 3000 to 

6000 ind m-2. 
 

Logging 
 

Analysis of the last 10 years after the VE has converged to the new attractor, 

including all variables logged in stage 1. 

Requirements 
 

Total number of runs required: 1 (15 years). 

Total integration time (at a rate of 3hours per simulated year) is about 45 hours on 

one Intel Pentium 4 (2.8 GHz) processor producing about 6 GB of data. 

 
 

5.2.4   STAGE 4  -  Sensitivity of recruitment to spawning magnitude 
 

This set of numerical experiments focuses on investigating the effect of spawning 

magnitude on recruitment success, to investigate the causes of the possible density-

dependent effect discussed by Agnew et al. (2000). 
 

Location and external forcing 
 

As in stage 1. 
 

Experiments 
 

This is done by repeating the last year of stage 1 increasing the number of eggs 

being laid annually, from 100 to 700 m-2. 
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Logging 
 

Analysis of one year restarted from the last year of the base run, with the VE on 

attractor.  Logging includes all variables logged in stage 1, except audit trails. 
 

Requirements 
 

Total number of runs required: 7 (1 year). 

Total integration time (at a rate of 3 hours per simulated year) is about 21 hours on 

one Intel Pentium 4 (2.8 GHz) processor producing about 4 GB of data. 

 
 

5.2.5   STAGE 5  -  Sensitivity of recruitment to spawning date 
 

This stage focuses on the numerical experiments to test Cushing’s match-mismatch 

hypothesis in the context of the Lagrangian Ensemble metamodel.   

The day of maximum prey biomass is an emergent property of the simulation. Also 

the day of squid hatching, DH, is emergent and function of day of spawning, DS, and 

the temperature at which eggs are incubated.   

 

Location and external forcing 
 

As in stage 1. 
 

Experiments 

This set of numerical experiments is designed to test the hypothesis that there is a 

correlation between recruitment and the difference in time between squid spawning 

date, DS, and the date of maximum prey biomass, DP (fig.5.5).  

 

 

 

 

 

 

 
 

Fig.5.5 – Hypothetical match-mismatch curve 
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In all previous experiments, squid eggs were laid by an exogenous spawning stock 

as an event on day 100 (10th April) every year. In this experiments, fifteen 

repetitions of the last year of the base run will be made with eggs being laid at four 

days interval from day 88 (29th March) to day 144(24th May).  
 

Logging 
 

Analysis of 1 year, including all variables logged in stage 1, and audit trails, 

describing the life histories of one recruiting and one non-recruiting squid. 
 

Requirements 
 

Total number of runs required: 15 (1 year). 

Total integration time (at a rate of 3hours per simulated year) is about 45 hours on 

one Intel Pentium 4 (2.8 GHz) processor producing about 9 GB of data. 
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CHAPTER 6 – RESULTS1 

6.1  Base run 

Model:  LERM-ES     Location: Azores (41°N 27°W) 

Duration: 25 years   Forcing: Bunker climatology 

Analysis: last 10 years 

 Initial state Agents Ind. agent-1 Top depth Bottom depth Date 
Diatom Living 4000 50000 0 200 1 Jan 2005 6am 
Copepod OW4 300 20 375 405 1 Jan 2005 6am 
Squid Spawning 300 1 200 350 Every 1 Jan 6am 
VP Existence 100 2 0 100 1 Jan 2005 6am 
BP Existence 100 1 0 100 1 Jan 2005 6am 

Tab.6.1 – Plankton initialisation 
 

6.1.1     Adjustment to the attractor 
 

The properties of the attractor were illustrated as: 

1. Poincaré maps, in which the emergent properties (P against Z and Z against S 

biomass or abundance) of the VE are plotted against another on the 28th May at 

6am: (biomass: fig.6.1-6.6; abundance: fig.6.7-6.12), 

2. analysis of inter-annual variability of P,Z,S and P,Z,S on the 28th May at 6am 

for the whole 25 years and for the last 10 years, when the VE was on attractor. 

For all experiments, comparing the Poincaré maps for biomass and abundance on 

the 28th May for the whole 25 years (biomass fig.6.1, 6.3, 6.4; demography: fig.6.7, 

6.9, 6.10) with that observed in the last 10 years (biomass fig.6.2, 6.5, 6.6; 

demography: fig.6.8, 6.11, 6.12), it can seen that: 

1. for all experiments the VEs converge to an attractor, as shown by the reduced 

variability in both biomass and abundance of the VE in the last 10 years 

compared to the 25 years period (tab.6.2 and 6.3). 

2.  in the last 10 years of all the five experiments the variability from the inter-

annual mean was small and below:  

a. 3.7% for P, 8.6% for Z and 11.3% for S (tab.6.2)and  

b. 4.4% for P, 13.0% for Z and 14.9% for S (tab.6.3). 

3. all VEs converge to the same attractor independently of initial conditions. 

                                                 
1 The symbols P, Z, S and P,Z,S refer to the Phytoplankton, Zooplankton and Squid populations 
abundance and biomass respectively. 
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6.1.1.1    Poincaré plots of vertically integrated biomasses 
 

Experiment Duration  Biomass Ave s.d. % Var 
BASE 25 YRS P 390.4 27.8 7.1 
  Z 83.7 8.0 9.6 
  S 1.8 0.4 21.4 
 LAST 10 YRS P 395.1 9.4 2.4 
  Z 80.7 4.9 6.1 
  S 1.9 0.2 9.2 

P05Z2 25 YRS P 396.1 32.7 8.3 
  Z 99.8 25.0 25.1 
  S 1.8 0.6 36.8 
 LAST 10 YRS P 404.3 14.9 3.7 
  Z 90.4 6.0 6.6 
  S 1.7 0.2 11.3 

P2Z2 25 YRS P 379.3 38.5 10.2 
  Z 92.0 17.5 19.0 
  S 2.0 1.2 59.5 
 LAST 10 YRS P 390.8 8.9 2.3 
  Z 91.6 4.0 4.4 
  S 1.7 0.2 8.9 

P05Z05 25 YRS P 393.0 11.0 2.8 
  Z 81.4 5.6 6.9 
  S 1.6 0.3 19.9 

 LAST 10 YRS P 395.7 11.2 2.8 
  Z 83.9 7.2 8.6 
  S 1.5 0.2 11.0 

P2Z05 25 YRS P 394.4 0.3 0.1 
  Z 87.3 6.2 7.1 
  S 1.6 0.1 9.0 

 LAST 10 YRS P 390.7 3.8 1.0 
  Z 87.8 4.5 5.2 
  S 1.6 0.1 5.3 

Tab.6.2 –Diatom (P); Copepod (Z); Squid (S) on 28th May at 6am (mmolC m-2) 
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Fig.6.1 - P, Z and S vertically integrated biomass on the 28th May at 6am for all 25 years. 
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Fig.6.2 - P,Z and S vertically integrated biomass on the 28th May at 6am for the last 10 years. 
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Runs initialized with half and double the P and Z concentrations on the 1st Jan 
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Fig.6.3 – P and Z vertically integrated biomass on the 28th May at 6am for all 25 years. 
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Fig. 6.4 - Z and S vertically integrated biomass on the 28th May at 6am for all 25 years. 
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Fig. 6.5 - P and Z vertically integrated biomass on the 28th May at 6am for the last 10 years. 
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Fig.6.6 - Z and S vertically integrated biomass on the 28th May at 6am for the last 10 years 
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6.1.1.2    Poincaré plots of vertically integrated concentrations 
 

Experiment Duration Abundance Ave s.d. % Var 
BASE 25 YRS P 2.0×1010 1.3×109 6.3 
  Z 25546.7 3806.4 14.9 
  S 11.6 1.9 16.1 
 LAST 10 YRS P 2.0×1010 6.0×108 2.9 
  Z 24823.8 2655.6 10.7 
  S 11.6 1.5 13.0 

P05Z2 25 YRS P 2.2×1010 1.5×109 6.9 
  Z 29682.5 4657.0 15.7 
  S 12.00 3.1 26.1 
 LAST 10 YRS P 2.1×1010 8.2×108 3.8 
  Z 29028.6 3772.8 13.0 
  S 11.9 1.5 12.8 

P2Z2 25 YRS P 2.0×1010 2.0E×109 9.7 
  Z 27503.7 6124.9 22.3 
  S 12.5 3.5 27.8 
 LAST 10 YRS P 2.1×1010 8.1×108 3.9 
  Z 27224.8 2147.3 7.9 
  S 11.8 1.5 12.9 

P05Z05 25 YRS P 2.0×1010 7.5×108 3.7 
  Z 24868.6 2677.8 10.8 
  S 11.2 1.8 16.1 
 LAST 10 YRS P 2.0×1010 9.0×108 4.4 
  Z 25664.5 3206.9 12.5 
  S 10.8 1.6 14.9 

P2Z05 25 YRS P 2.1×1010 1.1×109 5.0 
  Z 27189.2 3093.6 11.4 
  S 11.5 1.2 10.2 
 LAST 10 YRS P 2.1×1010 6.1×108 3.0 
  Z 27387.6 1801.0 6.6 
  S 11.5 1.3 11.4 

Tab.6.3 – Diatom (P); Copepod (Z); Squid (S) on 28th May at 6am (ind m-2): 
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Fig. 6.7 – P,Z and S vertically integrated concentration on the 28th May at 6am for all 25 years. 
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Fig. 6.8 – P,Z and S vertically integrated concentration on the 28th May at 6am for the last 10 years. 
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Runs initialized with half and double the P and Z concentrations on the 1st Jan 
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Fig. 6.9 – P and Z vertically integrated concentration on the 28th May at 6am for all 25 years. 
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Fig. 6.10 - Z and S vertically integrated concentration on the 28th May at 6am for all 25 years. 
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P05Z2 - P and Z conc on 28th May
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Fig. 6.11 - P and Z vertically integrated concentration on the 28th May at 6am for the last 10 years. 
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Fig. 6.12 - Z and S vertically integrated concentration on the 28th May at 6am for the last 10 years. 
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6.1.1.3    Error distribution around the mean 
 

Sample data for P,Z,S and P,Z,S on the 28th May of the last 10 years of the five VEs 

on attractor (n=50) were standardised by subtracting the sample mean and dividing 

by the sample standard deviation and distributed in 18 bins (tab.6.4).  These were 

plotted against a normal distribution (fig.6.13-6.14). A chi-squared test was 

performed to assess whether the errors were normally distributed, and the results 

showed that, for all the variables considered, the errors from the mean approximate a 

Gaussian distribution (tab.6.4). 

 

# s.d. from mean Gaussian  P Z S P Z S 
(< -4.0) 0.0 0 0 0 0 0 0 

(-4.0 ,-3.5) 0.0 0 0 0 0 0 0 
(-3.5 ,-3.0) 0.1 0 0 0 0 0 0 
(-3.0 ,-2.5) 0.5 0 2 0 0 2 2 
(-2.5 ,-2.0) 1.6 0 0 2 0 0 2 
(-2.0 ,-1.5) 4.3 4 6 4 6 8 6 
(-1.5 ,-1.0) 9.1 10 8 8 8 4 14 
(-1.0 ,-0.5) 15.1 14 10 22 14 10 8 
(-0.5 ,0.0) 19.3 28 20 22 26 24 8 
(0.0 ,0.5) 19.3 24 22 18 12 20 22 
(0.5, 1.0) 15.1 8 18 12 16 20 24 
(1.0 ,1.5) 9.1 4 10 2 10 4 8 
(1.5 ,2.0) 4.3 2 2 2 6 6 6 
(2.0 ,2.5) 1.6 2 2 8 0 0 0 
(2.5, 3.0) 0.5 2 0 0 2 2 0 
(3.0 ,3.5) 0.1 2 0 0 0 0 0 
(3.5 ,4.0) 0.0 0 0 0 0 0 0 

(>4.0) 0.0 0 0 0 0 0 0 
% 100 100 100 100 100 100 100 
χ2  27.85 6.22 19.22 7.94 13.98 13.66 

Significance  0.05 0.99 0.32 0.97 0.67 0.69 

Tab.6.4 – Error frequency distribution (%) of P,Z,S,P,Z,S. Each bin represents a half s.d. range.  
Gaussian represents the expected normal distribution.  χ2 and significance report how well the 

observed  values approximate a normal distribution, where 1 indicates normal distribution. 
 

Errors for Z and P were almost perfectly normally distributed (significance of chi-

test for normal distribution 0.99 and 0.97 respectively), while P, S, Z and S showed 

slightly larger tails than a normal distribution (fig.6.13-6.14).  The fatter tails, 

however, are not the product of a single VE, but all VEs contribute.  
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Fig. 6.13 - Error frequency distribution (%)  

of P,Z,S on the 28th May. 

Fig. 6.14 - Error frequency distribution (%)  

of P,Z,S on the 28th May. 
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6.1.2 On attractor (last 10 years) 

 

Fig.6.15-6.56 illustrate the VE from the period 2020-2030 (a) and in 2029-2030 (b), 

after settling to its attractor. 

 

6.1.2.1  Demography 
 

  Year 16-25 
 Units Ave s.d. % var 
P ind m-2 9.1×1010 1.5×109 1.7 
Z ind m-2 156087.6 10313.1 6.6 
COW ind m-2 7935.8 344.4 4.3 
S ind m-2 140.7 4.7 3.3 
SHD h 3256.0 0.9 0 
R ind m-2 yr-1 3.96 0.48 12.2 

Tab. 6.5 - Average value, s.d. and percentage variation from the mean.  Where: 
P: Max vertically integrated P concentration; Z: Max vertically integrated Z concentration; 

COW : Max vertically integrated concentration of over-wintering copepods; S: Max vertically 
integrated S concentration; SHD: Hours since 1st Jan when squid hatching occurs. 

R: vertically integrated total number of squid that reached stage 7. 
 

 
6.1.2.1.1 Vertically integrated concentration of plankton 

 
Fig.6.15-6.19 show the vertically integrated concentrations of the plankton 

populations on attractor. Diatom had an average annual maximum concentration of 

9.1×1010 ind m-2 (s.d. 1.5×109 ind m-2; percentage variation from the mean was 1.7; 

tab.6.5).  Fig.6.15b shows the annual demography of the diatom population.  It can 

be seen that the population reached its peak by mid-April.  After that, it started to 

decline.  It showed smaller peaks in the period June-July and September-October. 

 

   

 
 
 
 
 
 
 
 
 
 

Fig. 6.15 - Vertically integrated P concentration (ind m-2). 
 

  a)      b) 
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Copepod population in spring was composed exclusively by copepods that entered 

over-wintering in the previous summer (fig. 6.16a).  Their average concentration as 

over-wintering was 7,936 ind m-2 (s.d. 344 ind m-2; percentage variation from the 

average = 4.3%; tab. 6.5).  The average annual peak in copepod concentration was 

about 156,000 ind m-2 (s.d. 10,300 ind m-2; percentage variation from the average = 

6.6%; tab. 6.5).  Every year over-wintering copepods emerged from diapause on the 

15th March and reproduced between the 13th and 14th of May.  All over-wintering 

copepods had already left the surface water by mid July.  The population of non 

over-wintering copepods survived until the beginning of September. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 Fig. 6.16 - Vertically integrated Z concentration (black:all stages; red: over-wintering) (ind m-2)  
 
 
The annual maximum concentration in squid (fig. 6.17) was 161 ind m-2 (s.d. 3.7 ind 

m-2; percentage variation from the average = 3.3%; tab. 6.5).  Every year eggs were 

injected in the water column on the 10th April and hatching started on the 15th May 

every year (fig.6.17 and tab.6.5).  The average annual recruitment between 2020-

2030 was 4.0 ind m-2 yr-1 (s.d. 0.5 ind m-2 yr-1; percentage variation from the mean 

of 12.2%; fig.6.19a and tab.6.5).  Recruitment occurred within the first week of June 

(fig. 6.18b).   The vertically integrated concentration of top predators is exogenous 

(fig.6.19). The vertically integrated concentration of visual predators feeding on 

squid decreases with time, while that of basal predator feeding on copepods does not 

vary in time. 

  a)      b) 
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Fig. 6.17 - Vertically integrated concentration of squid (S1-S6) (ind m-2) 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.18 – Annual squid recruitment (ind m-2 yr-1) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6.19 – Parametrised top predators vertically integrated concentration (ind m-2) 

a) Visual predator feeding on squid; b) basal predator feeding on copepods 
 

  a)      b) 

  a)      b) 

  a)      b) 
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Fig.6.20-6.21 illustrate the stability of the ecosystem. Every year the vertically 

integrated concentration of diatom and copepod on a particular day was very similar 

in all ten years analysed (fig.6.20).  The vertically integrated concentration of 

copepod in relationship with vertically integrated concentration of squid shows 

some variation in the copepod concentration on the day squid eggs hatched 

(fig.6.21).   
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Fig. 6.20 – Poincaré map showing vertically integrated concentration of diatom and copepod every 

day at 6am from 1st Jan 2020 to 31st Dec 2029. 
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Fig. 6.21 – Poincaré map showing vertically integrated concentration of copepod and squid every day 

at 6am from 15th May  to 1st July of years 2020 to 2029 (anti-clokwise). 
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6.1.2.1.2 Causes of mortality 
 

 

Year PingZ ZingS ZingBP SingPred Pstarve Zstarve Sstarve 
 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 

2020 1.1×1011 190846.1 197983.6 295.6 2.0×1011 7092.4 0.0 
2021 1.1×1011 153530.5 221294.2 296.4 1.9×1011 7125.2 0.0 
2022 1.0×1011 168305.7 209281.7 296.0 2.0×1011 5763.7 0.0 
2023 1.0×1011 160264.4 200598.4 295.7 1.9×1011 6271.0 0.0 
2024 1.2×1011 168141.4 225335.6 296.0 2.0×1011 8063.0 0.0 
2025 1.0×1011 145379.0 233250.0 297.2 2.0×1011 6880.8 0.0 
2026 1.1×1011 156258.2 217359.9 296.0 2.0×1011 6691.3 0.0 
2027 1.1×1011 163381.7 229086.0 295.5 1.9×1011 6748.4 0.0 
2028 1.1×1011 160108.8 224364.8 296.2 1.9×1011 7655.4 0.0 
2029 9.7×1010 124739.8 251190.4 295.8 1.9×1011 5952.3 0.0 
Ave 1.1×1011 159095.6 220974.5 296.0 2.0×1011 6824.3 0.0 
s.d. 6.3×109 17006.5 15824.2 0.5 2.9×109 715.4 0.0 

% var 5.9 10.7 7.2 0.2 1.5 10.5 0.0 
Tab. 6.6 – Causes of mortality.  Where:  PingZ = Diatoms ingested by copepods; 

ZingS = Copepods  ingested by squid;  ZingBP = Copepods  ingested by basal predator; 
SingPred= Squid ingested by visual predator;  Pstarve = Diatoms died of energy starvation; 

Zstarve = Copepods died of starvation;  Sstarve = Squid died of starvation. 
 
 
 

Table 6.6 summarises the causes of mortality of each population annually.  It shows 

the total number of individuals lost to predation and starvation each year, between  

2020-2030 (year 16-25), with the average, standard deviation and percentage 

variation from the mean during this period.  On average, 1.1×1011 diatoms m-2  get 

ingested by copepods every year (s.d.= 6.3×109 diatoms m-2  yr-1; percentage 

variation from the mean = 5.9%), and  2.0×1011 diatoms m-2  yr-1 are lost through 

energy starvation each year (s.d. = 2.9×109 diatoms m-2  yr-1; percentage variation 

from the mean = 1.5%).  The average number of copepods annually ingested by 

squid is about 160,000 m-2 yr-1 (s.d. = 17,000 copepods m-2  yr-1; percentage 

variation from the mean = 10.7%), while those ingested by basal predator is about 

221,000 m-2 yr-1 (s.d. = 15,800 copepods m-2  yr-1; percentage variation from mean = 

7.2%). Every year about 6,800 copepods m-2 die of starvation (s.d. = 715 copepods 

m-2 yr-1; percentage variation from the mean = 10.5%).  Mortality of squid is caused 

exclusively by predation by visual predators.  On average 296 squid m-2 are eaten 

annually (s.d. = 0.5 squid m-2 yr-1; percentage variation from mean = 0.2%). 
 

 

 

 

 

 

 

 

 

 

 



Matteo Sinerchia                                                                 CHAPTER 6 – RESULTS 
 

 79 

Predation 
 

Fig. 6.22-6.25 show the instantaneous mortality rate due to predation.  Every year 

diatoms are grazed between the end of March and the beginning of September, with 

a peak in diatoms consumption in mid-May (fig.6.22). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.22 – Diatoms ingested by copepods (ind m-2 ts-1) 
 
 

Predation on copepods is concentrated in the period between mid-May and the first 

week of June (fig.6.23-6.24).  The maximum instantaneous rate of copepod predated 

was about 25,000 copepods m-2 per half-hour timestep by squid (fig.6.23) and about 

7,000 copepods m-2 per timestep by basal predator (fig.6.24). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.23 – Copepods ingested by squid (ind m-2 ts-1) 
 
 
 

  a)      b) 

  a)      b) 



Matteo Sinerchia                                                                 CHAPTER 6 – RESULTS 
 

 80 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 6.24 – Copepods ingested by basal predator (ind m-2 ts-1) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.25 – Squid ingested by visual predator (ind m-2 ts-1) 
 

Year S1 S2 S3 S4 S5 S6 
2020 203.3 83.7 6.5 1.3 0.5 0.4 
2021 202.8 85.5 6.5 1.2 0.3 0.2 
2022 203.4 82.0 6.2 2.4 1.2 0.8 
2023 204.1 82.3 5.8 2.1 0.8 0.7 
2024 205.8 83.2 5.0 1.3 0.3 0.4 
2025 205.6 82.4 5.6 2.2 0.9 0.4 
2026 187.8 98.0 6.5 2.1 1.0 0.7 
2027 199.9 86.1 6.6 1.6 0.7 0.6 
2028 204.1 83.5 5.2 1.9 1.0 0.5 
2029 193.1 93.0 6.6 1.5 1.0 0.6 
Ave 201.0 86.0 6.0 1.8 0.8 0.5 
s.d. 5.9 5.3 0.6 0.4 0.3 0.2 

% var  2.9 6.2 10.1 24.8 39.6 33.8 
 

Tab. 6.7 – Stage specific mortality due to predation 
 

Squid mortality due to predation occurs throughout the period of squid permanence 

in the mesocosm (mid-May to the 1st week of June), with a peak soon after hatching 

(fig.6.25).  Looking at the squid stage-specific annual mortality due to predation, it 

can be seen that it is highest on the newly hatched S1 squid, and it progressively 

decreases in successive stages (tab.6.7).  Squid recruitment is perfectly correlated to 

the number of squid eaten annually by the predator. 

  a)      b) 

  a)                                                              b) 
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Starvation 
 

Fig. 6.26-6.27 show the instantaneous mortality rate due to starvation. Diatoms died 

of energy starvation throughout the whole year (fig. 6.26), however their mortality 

peaked between mid-March to mid-May, July to August and October-November.  

Copepod died of starvation mostly between mid-August to mid-September, with 

some deaths due to starvation occurring also during November (fig.6.27).  As 

already said, no squid die of starvation (tab.6.7). 

 

 

 

 

 

 
 
 
 
 
 
 
 

 

Fig. 6.26 – Diatom death by energy starvation (ind m-2 ts-1) 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 6.27 – Copepod death by energy starvation (ind m-2 ts-1) 
 
 
 
 
 

  a)      b) 

  a)      b) 
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6.1.2.2  Plankton biomass 
 

 Units Ave s.d. % var 
P mmol C m-2 1696.5 29.2 1.7 
PD h 2503.3 17.7 0.7 
Z mmol C m-2 229.4 9.7 2.3 
Zprot mmol C m-2 68.5 1.6 2.4 
Zlip mmol C m-2 160.9 3.7 2.3 
Z_1st Jan mmol C m-2 42.6 2.5 5.8 
Zprot 1st Jan mmol C m-2 6.5 0.4 6.2 
ZD h 3212.7 9.9 0.3 
S mmol C m-2 9.9 0.4 3.8 
Sprot mmol C m-2 8.1 0.3 3.6 
Slip mmol C m-2 1.8 0.1 5.3 
SprotD h 3357.6 7.6 0.2 
SHD h 3256.0 0.9 0 

Tab. 6.8 - Average value, s.d. and percentage variation from the mean.  Where:  
P: Annual maximum vertically integrated P biomass; PD: Hours since 1st Jan when max vertically 

integrated P biomass occurs; Z: Max vertically integrated Z biomass [lipid + protein]; 
Zprot: Max vertically integrated Z protein biomass; Zlip: Max vertically integrated Z lipid biomass; 
Z_1st Jan: Vertically integrated Z biomass [lipid + protein] on the 1st Jan; Zprot_1st Jan: Vertically 

integrated Z protein biomass on the 1st Jan; ZD: Hours since 1st Jan when max vertically integrated Z 
biomass occurs; S: Max vertically integrated S biomass [lipid + protein]; Sprot: Max vertically 

integrated S protein biomass; Slip: Max vertically integrated S lipid biomass; SprotD: Hours since 1st 
Jan when maximum S protein occurs; SHD: Hours since 1st Jan when squid hatching occurs. 

 
6.1.2.2.1 Vertically integrated biomass of plankton 
 

Fig.6.28-6.34 show the vertically integrated biomass of each population on attractor. 

Diatom had an average annual maximum biomass of 1696.5 mmol C m-2 (s.d. 29.2 

mmol C m-2; percentage variation from the mean = 1.7%; tab.6.8).  Fig.6.30b shows 

the annual biomass of the diatom population.  It can be seen that the maximum 

carbon biomass was reached on the 14th April each year (s.d. 17.7 hours; variation 

form the mean = 0.7%). From that date diatom biomass started to decline.  

Compared to its vertically integrated concentration (fig.6.15b), the summer (June-

July) and autumn blooms (September-October) were less pronounced.   

 

 

 

 

 

 
 
 
 
 

Fig 6.28 – Diatom total biomass (mmol C m-2) 

  a)      b) 
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Fig 6.29 - Copepod total biomass – all stages (mmol C m-2) 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 6.30 - Copepod protein biomass – all stages (mmol C m-2) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.31 - Copepod lipid biomass – all stages (mmol C m-2) 
 
 

  a)      b) 

  a)      b) 

  a)      b) 
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Copepod biomass reached an average maximum annual value of 229.4 mmol C m-2 

(s.d. 9.7 mmol C m-2; percentage variation from the mean = 2.3%; tab.6.8 and fig. 

6.29) every year on the 13th May (s.d. 10 hours; percentage variation from the mean 

0.3%).  This date also coincides with the beginning of copepod reproduction. Then, 

newborn copepods are fiercely predated.  The second peak in biomass is consists of 

surviving copepods that are putting on weight, in terms of lipids, for pre-

overwintering and a mixture of proteins and lipids for non-overwintering copepods 

trying to achieve reproduction.  Protein biomass constituted about one third of the 

total copepod biomass (fig. 6.29-6.31 and tab.6.8). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.32 - Squid biomass – all stages (mmol C m-2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.33 - Squid protein biomass – all stages (mmol C m-2) 
 
 
 
 

  a)      b) 

  a)      b) 
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Fig 6.34 - Squid lipid biomass – all stages (mmol C m-2) 
 

Squid hatched every year on the 15th May (s.d. 1 hour).  The population biomass 

increased rapidly to a maximum of about 10 mmol C m-2 (s.d. 0.4; percentage 

variation from the mean = 2.3; tab.6.8), which was reached every year on the 20th 

May (s.d. 7.6 hours).  Protein constituted over 80% of the total biomass (Fig. 6.32-

6.34 and tab.6.8).    

Fig. 6.35-6.36 provide further proof of the stability of the ecosystem. Every year the 

vertically integrated diatom and copepod biomass on a particular day was very 

similar in all ten years analyzed (fig.6.35).  This is true also for the vertically 

integrated copepod and squid biomass on a particular day (fig.6.36). 
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Fig. 6.35 – Poincaré map showing vertically integrated diatom and copepod biomass every day at 

6am from 1st Jan 2020 to 31st Dec 2029. 

  a)      b) 

P (mmolC m-2) 

 
Z

 (
m

m
o

lC
 m

-2
) 



Matteo Sinerchia                                                                 CHAPTER 6 – RESULTS 
 

 86 

BASE - Vertically integrated copepod  and squid biomass  

0

2

4

6

8

10

12

40 80 120 160 200 240

Z (mmol C m-2)

S
 (

m
m

ol
 C

 m
-2

) 

 
 

Fig. 6.36 – Poincaré map showing vertically integrated  copepod and squid biomass every day at 6am 
from 15th May  to 1st July of years 2020 to 2029 (anti-clokwise). 

 
6.1.2.2.2 Carbon transfer through the trophic chain 
 

Fig. 6.37-6.42 show the instantaneous carbon ingestion rate for all populations.  

Every year copepod ingested carbon from diatoms between the end of March and 

the beginning of September, with a peak in mid-May (fig.6.37).  Squid carbon 

ingestion occurred throughout the period of their permanence in the mesocosm, 

between mid-May and the first week of June (fig.6.38). The carbon ingested by 

squid was composed in about equal parts of proteins and lipids (Fig.6.39-6.40).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 6.37 – Carbon ingested by copepods (mmol C m-2 ts-1) 
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Fig 6.38 – Carbon ingested by squid (mmol C m-2 ts-1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 6.39 – Protein ingested by squid (mmol C m-2 ts-1) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.40 – Lipid ingested by squid (mmol C m-2 ts-1) 

  a)      b) 

  a)      b) 

  a)      b) 
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Fig 6.41 – Carbon ingested by basal predator feeding on copepods (mmol C m-2 ts-1) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.42 – Carbon ingested by predator feeding on squid (mmol C m-2 ts-1) 
 
 

Carbon ingestion rate by basal predator is concentrated between mid-May and July 

(fig.6.41).  By comparing basal predator carbon ingestion rate (fig.6.41) and 

copepod ingestion rate (fig.6.23), it can be seen how ingestion before May and in 

July-August brought in more carbon per prey than in the period May-June.  Visual 

predator carbon ingestion rate was obviously limited to the period of permanence of 

squid in the mesocosm and shows a major peak soon after squid hatching, and a 

second peak starting from the end of May (Fig.6.42). 

 

 

  a)      b) 

  a)      b) 
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Year PingZ ZingS Zprot_ingS Zlip_ingS ZingBP SingPred 
 mmolC m-2 yr-1 mmolC m-2 yr-1 mmolC m-2 yr-1 mmolC m-2 yr-1 mmolC m-2 yr-1 mmolC m-2 yr-1 

2020 2592.5 21.6 9.8 11.8 57.5 22.2 
2021 2559.8 20.1 9.1 11.0 63.1 22.0 
2022 2440.6 22.6 10.2 12.4 56.1 23.0 
2023 2549.2 23.0 10.2 12.8 65.6 22.6 
2024 2780.4 20.8 9.4 11.4 74.1 22.1 
2025 2562.1 20.9 9.2 11.7 65.4 22.6 
2026 2666.3 23.8 10.6 13.2 66.8 23.4 
2027 2645.4 23.4 10.3 13.1 64.4 22.7 
2028 2684.9 21.7 9.9 11.8 66.4 22.7 
2029 2437.0 23.2 10.3 12.9 53.9 22.8 
Ave 2591.8 22.1 9.9 12.2 63.3 22.6 
s.d. 107.1 1.2 0.5 0.8 6.0 0.4 

% var 4.1 5.6 5.2 6.2 9.5 1.9 

Tab. 6.9 – Carbon transfer through the trophic chain.  Where: 
PingZ = Carbon ingested annually by copepods;  ZingS = Carbon ingested annually by squid;  

Zprot_ingS = Protein  ingested annually by squid;  Zlip_ingS = Lipid ingested annually by squid;  
ZingBP = Carbon ingested annually by basal predator;  SingPred = Carbon ingested annually by 

visual predator. 
 

The amount of carbon transferred from diatoms to copepods was on average 2,592 

mmolC m-2 yr-1 (s.d. 107 mmolC m-2 yr-1; percentage variation from the mean = 4.1 

%; tab.6.9).  The average carbon transferred annually from copepod to predators was 

85.4 mmol C m-2 yr-1.  Squid ingested 22 mmolC m-2 yr-1 (s.d. 1.2 mmolC m-2 yr-1; 

percentage variation from the mean = 5.6 %; tab.6.9), of which about 10 mmolC m-2 

yr-1 was made up protein. The remaining 63.3 mmol C m-2 yr-1  (s.d. 6 mmolC m-2 

yr-1; percentage variation from the mean = 9.5 %; tab.6.9) was ingested by the basal 

predator.   Visual predator ingested on average 22.6 mmolC m-2 yr-1 from the squid 

biomass (s.d. 0.4 mmolC m-2 yr-1; percentage variation from the mean = 1.9 %; 

tab.6.9). 

 
 
6.1.2.3 Number of agents 
 
The number of diatom agents varied between about 2,100-4,500. On the 1st January 

the population of diatom was represented by 3,600. It dropped to about 3,000 in the 

beginning of February and then increased gradually to annual average maximum of 

about 4,700 in the beginning of April.  It then dropped sharply to the annual average 

minimum of about 2,100 agents in the beginning of May and gradually increased to 

about 3,600 agents until the 1st January of the following year (fig.6.43). 
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Fig 6.43 - Number of diatom agents 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.44 - Number of copepod agents. Red: over-wintering. Black: all other stages. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig 6.45 - Number of squid agents S1-S6 

  a)      b) 

  a)      b) 

  a)      b) 
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The number of copepod agents increased in May from 600 to about 2,000. In the 

beginning of June it dropped to 1,800.  In the beginning of July it dropped to 1,200, 

and eventually to 600 agents in the end of September.  From October to March the 

entire copepod population was represented by 600 agents (fig.6.44).   The number of 

squid agents in stage S1-S6 increased to 300 in mid-May and dropped to zero during 

the first week of June (fig.6.45). 

 
 

6.1.2.4 Physical environment 
 

 

  Year 16-25 
 Units Ave s.d. % var 
MLD max  m 155.9  4.4 2.8 
Tmin [0] °C 14.5 0.01 0.1 
Tmax [0] °C 29.3 0.1 0.3 
Si [0] mmol Si m-3 1.7 0.1 4.5 

 

Tab. 6.10 – Surface minimum and maximum average temperature and annual average maximum 
mixed layer depth, standard deviation and percentage variation from the average. Where: 

MLD max: Annual maximum mixed layer depth; 
Tmin[0] and Tmax[0]: Annual minimum and maximum average surface temperature. 

 
Mixed layer depth varied seasonally (fig.6.46) reaching its average annual maximum 

depth of about 156 m (s.d. 4.4 m; percentage variation from the mean = 2.8 %; 

tab.6.10) every year in mid-March.   The average sea surface temperature varied 

from an annual minimum of 14.5°C (s.d. 0.01°C; percentage variation from the 

mean = 0.1 %; tab.6.10) in March to an annual maximum of 29.3 °C (s.d. 0.1°C; 

percentage variation from the mean = 0.3 %; tab.6.10) in August (fig.6.47). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.46 – Mixed layer depth at 6am (m) 

  a)      b) 
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Fig 6.47 – Surface temperature (°C) 
 
 

6.1.2.5 Chemical environment 
 

  Year 16-25 
 Units Ave s.d. % var 
N [0] mmol N m-3 6.0 0.1 2.3 
Si [0] mmol Si m-3 1.7 0.1 4.5 

 
Tab. 6.11 – Surface nutrients average concentration, standard deviation and percentage variation from 

the average. Where: N[0]: Maximum dissolved N concentration at surface; 
Si[0]: Maximum dissolved Si concentration at surface. 

 
The total mesocosm nitrogen, comprising particulate and dissolved nitrogen, showed 

a positive drift (fig.6.48), increasing by about 0.35 mmol N m-2 annually.  

Conversely, the total mesocosm silicate decreased by about 0.1 mmol Si m-2 

annually (fig.6.49). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.48 –Total mesocosm nitrogen (dissolved + particulate) (mmol N m-2) 

  a)      b) 

  a)      b) 
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Fig 6.49 –Total mesocosm silicon (dissolved + particulate) (mmol Si m-2) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 6.50 – Surface dissolved nitrogen (mmol N m-3) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 6.51 – Surface dissolved silicon (mmol Si m-3) 
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Sea surface dissolved nitrogen and silicate concentrations increased until the 

beginning of March as the depth of the mixed layer reached the annual maximum 

bringing extra nutrients (Fig. 6.46, 6.50-6.51).  Dissolved nitrogen and silicate  

reached an average maximum surface concentration of 6.0 mmol N m-3 and 1.7 

mmol Si m-3 respectively (Tab.6.11). Their inter-annual variation was small (for 

nitrogen, s.d.  0.1 mmol N m-3; percentage variation from the average = 2.3%; for 

silicate, s.d.  0.1 mmol Si m-3; percentage variation from the average = 4.5%; 

tab.6.11). The dissolved concentration of nutrients in the mixed layer increases from 

May to July for silicate and from July to August for nitrogen.  On the 1st January 

nutrients lost from the annual maximum mixed layer are re-injected in the surface 

(chemical conservation rule, § Appendix V).   Fig.6.52 and 6.53, show that the 

silicate nutricline is subducted from the mixed layer at a depth of about 50m as it 

gets exhausted from the surface water in the beginning of April.  The nitrogen 

nutricline is subducted at a depth of about 35m, as it gets exhausted a few days after 

silicate.  Fig.6.54 shows the formation and sinking of the deep chlorophyll 

maximum.  Its depth ranges from about 40-80 m between May and June, sinking at a 

rate of almost 10 m per month, reaching a depth 50-100 m between August and 

September.   

 
Fig 6.52 –Silicate in the top 160 m (mmol Si m-3) and the mixed layer depth at 7am (black line) 
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Fig 6.53 – Nitrogen in the top 160 m (mmol Si m-3) and the mixed layer depth at 7am (black line) 

 
 

 
Fig 6.54 – Chlorophyll in the top 160 m (mmol Si m-3) and the mixed layer depth at 7am (black line) 
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6.2 Ergodicity 
 

a) Seed numbers    
Year 16628 19856 30640 33485 43833 54498 61663 72824 Ave s.d. % Var 
2020 4.29 3.71 3.98 4.05 4.35 5.02 3.77 5.05 4.28 0.52 12.10 
2021 3.75 5.38 3.12 4.74 3.36 3.35 3.68 4.17 3.95 0.78 19.70 
2022 5.14 3.82 4.37 3.71 3.52 4.39 3.06 4.29 4.04 0.64 15.94 
2023 5.21 3.67 3.80 4.70 4.48 4.16 3.33 4.66 4.25 0.63 14.76 
2024 5.15 4.31 3.61 4.83 4.40 4.92 4.36 4.34 4.49 0.48 10.63 
2025 4.35 5.28 3.63 4.03 3.83 4.40 4.30 4.65 4.31 0.51 11.87 
2026 3.90 4.37 3.34 5.02 3.07 4.74 3.98 6.04 4.31 0.96 22.23 
2027 4.95 4.82 3.72 4.84 3.63 4.69 3.94 4.51 4.39 0.54 12.28 
Ave 4.59 4.42 3.70 4.49 3.83 4.46 3.80 4.71 4.25 0.63 14.94 
SD 0.59 0.68 0.38 0.48 0.53 0.53 0.45 0.60    

% Var 12.89 15.46 10.31 10.80 13.72 11.94 11.78 12.78    
t-test 0.55 0.91 0.03 0.71 0.05 0.83 0.06 0.30    

Tab. 6.12 – Ergodicity experiment results: inter-annual (2020-2027) and inter-instance variation in recruitment 
 

The biomass of diatoms, copepods and squid were taken from an ensemble of 8 runs 

with different seeds, started from a simulation that had settled on an attractor after 

15 years. The successive 8 years were considered. Results from a students t-test 

show that recruitment inter-annual (years 2020-2027) and inter-instance (year 2027) 

variation are not significantly different at least at the 3% significance level 

(tab.6.12).  The daily (1st Jan - 31st Dec) diatom, copepod and squid biomass 

averaged over the period 2021-2030 (excluding leap years:2024 and 2028) for one 

instance of the VE (seed 43833) and averaged over the eight different instances of 

the VE for the period 1st Jan 2027 to 31st Dec 2027  overlap almost perfectly 

(fig.6.55a-6.57a). The inter-annual variation (2021-2030, excluding 2024 and 2028) 

from the average for the single instance (seed 43833), and the inter-instance 

variation for a single year (year 2027) for diatom biomass (fig.6.55b), copepod 

biomass (fig.6.56b) deviate from the average at some time during the year by not 

more than 3%. The maximum squid biomass deviation from the average is about 

25%, and occurs during the periods of squid immigration and emigration from the 

mesocosm (fig.6.57b).  Results from paired students t-test comparing the inter-

instance (8 instances, year 2027, tab.6.13a) and the inter-annual (1 instance: seed 

43833, years 2021-2030, excl.2024 and 2028, tab.6.13b) diatom, copepod and squid 

biomass on the 28th May reveal that they are not significantly different at the 3%, 

97% and 20% respectively (tab.6.13c).  The same analysis as in section 6.1.1.2 was 

performed, but the sample data were standardised by subtracting the last 10 years 

mean in the base run and dividing by the  inter-instance  standard  deviation  and  

distributed  in 18  bins  (tab.6.14).    Results   from  a   chi-squared  test  for   normal  
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Fig 6.55 – Ergodicity of P biomass every day at 6 am: a) Inter-annual average 2021-2030 (seed 43833) and inter-instance 
average in 2027 (8 instances); b) Inter-annual variation 2021-2030 (seed 43833) and inter-instance in 2027 (8 instances) 
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Fig 6.56 – Ergodicity of Z biomass every day at 6 am: a) Inter-annual average 2021-2030 (seed 43833) and inter-instance 
average in 2027 (8 instances); b) Inter-annual variation 2021-2030 (seed 43833) and inter-instance in 2027 (8 instances) 
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Fig 6.57 – Ergodicity of S biomass every day at 6 am: a) Inter-annual average 2021-2030 (seed 43833) and inter-instance 
average in 2027 (8 instances); b) Inter-annual variation 2021-2030 (seed 43833) and inter-instance in 2027 (8 instances) 

 
a) Seed # (28-May-2027)    
 16628 19856 30640 33485 43833 54498 61663 72824 Ave s.d. Var 

P 376.9 396.4 379.3 387.1 407.9 402.7 361.2 403.8 389.4 16.2 4.2 
Z 75.4 91.4 95.2 80.3 96.4 78.2 95.5 81.5 86.7 8.7 10.1 
S 2.3 2.0 1.7 1.4 2.1 1.7 2.4 1.7 1.9 0.3 17.6 

b) 28-May (Seed: 43833)    
 2021 2022 2023 2025 2026 2027 2029 2030 Ave s.d. Var 

P 412.8 392.1 400.3 417.7 405.3 407.9 381.1 409.2 403.3 11.8 2.9 
Z 86.9 83.3 87.8 68.8 100.0 96.4 82.5 89.4 86.9 9.5 10.9 
S 2.1 2.3 2.0 1.9 2.3 2.1 1.9 2.0 2.1 0.1 6.7 
c) T-test significance level    
P 0.04           
Z 0.97           
S 0.20           

Tab.6.13 – a) Inter-instance biomass variation for P,Z and S on 28 May 2027 at 6am; b) Inter-annual biomass variation for P,Z 
and S on 28 May 2021-2030, (2024-2028 excluded; seed 43833); c) T-test results comparing the similarity of inter-annual and 

inter-instance P,Z,S biomass on 28th May 
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distribution revealed that the error distribution of all variables, apart from S  

(sign=0.0003), approximates a normal distribution at least at the 0.01 significance 

level (tab.6.14). In the case of P,Z and P,Z errors are not normally distributed around 

the inter-annual mean of the base run, showing an higher kurtosis, which is 

indicative of low variation from the inter-annual mean in the base run. 
# s.d. from mean Gaussian  P Z S P Z S 

(-4.0 ,-3.5) 0.0 0 0 0 0 0 0 
(-3.5 ,-3.0) 0.1 0 0 0 0 0 0 
(-3.0 ,-2.5) 0.5 0 0 0 0 0 0 
(-2.5 ,-2.0) 1.6 0 0 0 0 0 2 
(-2.0 ,-1.5) 4.3 0 0 2 0 0 4 
(-1.5 ,-1.0) 9.1 2 0 4 0 0 6 
(-1.0 ,-0.5) 15.1 14 2 26 12 2 14 
(-0.5 ,0.0) 19.3 28 4 36 24 8 4 
(0.0 ,0.5) 19.3 38 14 16 30 10 10 
(0.5, 1.0) 15.1 8 16 6 22 34 22 
(1.0 ,1.5) 9.1 4 30 10 10 34 24 
(1.5 ,2.0) 4.3 4 22 0 2 8 8 
(2.0 ,2.5) 1.6 2 8 0 0 2 4 
(2.5, 3.0) 0.5 0 2 0 0 2 2 
(3.0 ,3.5) 0.1 0 2 0 0 0 0 
(3.5 ,4.0) 0.0 0 0 0 0 0 0 

n 100 100 100 100 100 100 100 
χ2  20.46 31.9 41.51 14.96 28.44 15.7 

Significance  0.25 0.02 0.0003 0.60 0.04 0.5 

Tab.6.14 – Error frequency distribution (%) of P,Z,S,P,Z,S. Each bin represents a half s.d. range.  
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 Fig.6.58 – Error frequency distribution (%)  

of P,Z,S on the 28th May. 

Fig.6.59 – Error frequency distribution (%)  
of P,Z,S on the 28th May. 
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6.3   Sensitivity of stability 
Run Av. Recr. s.d. % var 
BASE 4.0 0.5 12.2 
CHEMICALS    
DOUBLE Si              Y: 2020-2030 
                                   Y: 2021-2031 

5.2 
4.4 

3.4 
0.7 

65.0 
16.7 

DoubleN (results not shown. Comments in 
discussion) 

4.8 0.8 24.3 

COMPETITION    
DOUBLE BP 3.1 0.5 17.0 
PREDATION    
DOUBLE PRED 1.7 0.5 30.4 

Tab. 6.15 – Sensitivity of stability experiment results 
 

6.3.1 Doubling the 1st Jan dissolved silicate concentration   
 

Restarted from a VE snapshot on the 1st Jan 2015 of the base run.  On the 1st January 

2015 the initial silicate profile of the ecosystem on attractor was doubled from 0.6 

mmol Si m-3 to 1.2 mmol Si m-3.  The simulation was allowed to adjust to its new 

attractor for 5 years before analysing the final 10 years of the VE.  
 

6.3.1.1  Vertically integrated concentration of plankton 
 

  Year 16-25 
 Units Ave s.d. % var 
P ind m-2 9.6×1010 2.0×109 2.1 
Z  ind m-2 155618.7 8870.6 5.7 
ZOW ind m-2 8309.2 440.1 5.3 
S ind m-2 147.0 5.3 3.6 
SHD h 3258.3 3.0 0.05 
R1 ind m-2 yr-1 5.2 3.4 65.1 
R2 ind m-2 yr-1 4.4 0.7 16.7 

Tab. 6.16 - Average value, s.d. and percentage variation from the mean for years 2021-2031.  Where: 
P: Max P concentration;  Z: Max Z concentration; ZOW : Max concentration of over-wintering 

copepods;  S: Max S concentration;  SHD: Hours since 1st Jan when squid hatching occurs; R1: total 
number of squid that reached stage 7 between 2020-2030; R2: total number of squid that reached 

stage 7, between 2021-2031. 
 

Fig. 6.60-6.62 show the vertically integrated concentration of the explicitly modeled 

populations. Year 2020 exhibited an extremely high squid recruitment compared 

with all successive years.  In 2020, the annual recruitment was almost 15 ind m-2, 

while the average between 2021-2031 was 4.4 ind m-2 yr-1 (s.d. 0.7 ind m-2 yr-1; 

percentage variation from the mean of 16.7%; fig.6.62 and tab.6.16).   This high 

recruitment had good reasons to occur, as explained in section 6.3.1.7, but for the 

stability analysis it will be discarded.  The ten year analysis will be performed using 

years 2021-2031.   In that period, diatom had an average annual maximum 

concentration of 9.6×1010 ind m-2 (s.d. 2.0×109 ind m-2; percentage variation from 
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the mean was 2.1; tab.6.16 and fig.6.60), which is slightly higher than its annual 

maximum in the base run (tab.6.5).   

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 6.60 - Vertically integrated P concentration (ind m-2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 6.61 - Vertically integrated copepod concentration (black:all stages; red:over-wintering - ind m-2) 
 

Contrary to all years in the base run and all the successive years, in 2020 the 

copepod population in January is not exclusively made up of over-wintering 

copepods (fig. 6.61). On the 1st January, 9,600 copepods were present in the 

mesocosm.  Of these, only 7,140 were over-wintering, the rest were made up by 

copepods that failed to enter overwintering in the previous year, and managed to 

survive through the winter feeding on the reduced diatom winter population. The 

average annual peak in copepod concentration was slightly below 155,600 ind m-2 

(s.d. 8,870 ind m-2; percentage variation from the average = 5.7%; tab.6.16).   
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Fig. 6.62 - Vertically integrated concentration of squid (S1-S6 - ind m-2) 

 
Fig. 6.63 - Annual squid recruitment (ind m-2 yr-1) 

 

The annual maximum concentration in squid (fig. 6.62) was 147 ind m-2 (s.d. 5.3 ind 

m-2; percentage variation from the average = 3.6%; tab. 6.17).  Every year eggs were 

injected in the water column on the 10th April and hatching started on the 15th May 

every year (fig.6.62 and tab.6.16).  The average annual recruitment between 2021-

2031 was 4.4 ind m-2 yr-1 (s.d. 0.7 ind m-2 yr-1; percentage variation from the mean 

of 16.7%; fig.6.63 and tab.6.16).    
 

6.3.1.2   Causes of mortality 

Table 6.18 summarizes the causes of mortality of each population annually.  It 

shows the total number of individuals lost to predation and starvation each year, 

between 2020-2030, with the average, standard deviation and percentage variation 

from the mean during this period.  On average, 1.1×1011 diatoms m-2 get ingested by 

copepods every year (s.d.= 4.7×109 diatoms m-2  yr-1; percentage variation from the 

mean = 4.1%), and  2.1×1011 diatoms m-2 yr-1 are lost through energy starvation (s.d.  
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Year PingZ ZingS ZingBP SingPred Pstarve Zstarve Sstarve 
 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 

2020 1.5×1011 190113.5 313426.3 285.1 1.9×1011 8626.2 0 
2021 1.1×1011 177090.0 200713.7 295.7 2.1×1011 7795.8 0 
2022 1.1×1011 176313.3 217848.9 295.6 2.1×1011 6046.9 0 
2023 1.1×1011 180141.0 198439.0 295.1 2.1×1011 6048.4 0 
2024 1.2×1011 188930.9 183332.7 295.8 2.1×1011 7130.5 0 
2025 1.2×1011 177178.6 217750.5 296.1 2.1×1011 7261.6 0 
2026 1.2×1011 189733.1 204489.3 296.2 2.1×1011 8414.0 0 
2027 1.1×1011 192078.3 178317.8 296.2 2.1×1011 6427.4 0 
2028 1.1×1011 175244.0 205017.6 296.2 2.0×1011 6597.7 0 
2029 1.2×1011 187033.6 198361.3 295.8 2.1×1011 7234.5 0 
2030 1.2×1011 173589.5 221800.4 293.8 2.1×1011 6717.9 0 
Ave 1.1×1011 181733.2 202607.1 295.6 2.1×1011 6967.5 0 
s.d. 4.7×109 6940.7 14297.8 0.7 3.6×109 756.2 - 

% var 4.1 3.8 7.1 0.2 1.7 10.9 - 

Tab. 6.17 – Causes of mortality.  Where:  PingZ = P ingested by Z; ZingS = Z  ingested by S;  
ZingBP = Z  ingested by BP; SingPred= S ingested by VP;  Pstarve = P died of energy starvation; 

Zstarve = Z died of starvation; Sstarve = S died of starvation. 
 

 

 = 3.6×109 diatoms m-2 yr-1; percentage variation from the mean = 1.7%).  The 

average number of copepods annually ingested by squid was about 181,700 m-2 yr-1 

(s.d. = 6,940 copepods m-2  yr-1; percentage variation from the mean = 3.8%), while 

those ingested by basal predator is about 202,000 m-2 yr-1 (s.d. = 14,300 copepods 

m-2 yr-1; percentage variation from the mean = 7.1%). Every year about 6,970 

copepods m-2 die of starvation (s.d. = 756 copepods m-2 yr-1; percentage variation 

from the mean = 10.9%).  Also in this VE mortality of squid is caused exclusively 

by predation by visual predators (tab.6.17).  On average 295.6 squid m-2 are eaten 

every year (s.d. = 0.6 squid m-2 yr-1; percentage variation from the mean = 0.2%), 

and therefore recruitment was perfectly correlated with the number of squid being 

annually predated.   As already seen in the base run (tab.6.7), newly hatched S1 

squid were the most predated, which progressively decreased in successive stages 

(tab.6.18).   

 

Year S1 S2 S3 S4 S5 S6 
2020 269.6 7.8 3.4 2.1 1.2 0.9 
2021 201.1 86.8 4.7 1.7 1.0 0.5 
2022 193.1 93.1 5.6 1.9 1.0 0.7 
2023 209.5 76.1 5.7 2.0 1.2 0.7 
2024 203.0 84.3 5.6 2.1 0.6 0.3 
2025 198.7 88.7 5.9 1.7 0.7 0.4 
2026 208.2 78.1 6.8 1.9 0.8 0.4 
2027 209.5 79.2 4.4 1.7 0.8 0.6 
2028 217.6 70.6 5.1 1.5 0.9 0.6 
2029 196.8 91.1 5.2 1.4 0.8 0.5 
2030 206.1 78.4 5.3 2.2 1.2 0.7 
Ave 204.3 82.6 5.4 1.8 0.9 0.5 
s.d. 7.3 7.3 0.7 0.3 0.2 0.1 

% var  3.6 8.8 12.4 14.4 22.2 24.2 
 

Tab. 6.18 – Stage specific squid mortality due to starvation predation 
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6.3.1.3  Vertically integrated biomass of plankton 
 

 Units Ave s.d. % var 
P mmol C m-2 1794.5 29.4 1.6 
PD h 2534.5 10.6 0.42 
Z mmol C m-2 230.7 4.9 2.1 
Zprot mmol C m-2 68.8 1.5 2.2 
Zlip mmol C m-2 161.9 3.5 2.2 
ZD h 3236.9 5.3 0.16 
S mmol C m-2 10.1 0.3 3.0 
Sprot mmol C m-2 8.3 0.2 2.9 
Slip mmol C m-2 1.8 0.1 4.0 
SHD h 3258.3 1.6 0.05 

Tab.6.19 - Average value, s.d. and percentage variation from the mean.  Where:  P: Annual 
maximum vertically integrated P biomass; PD: Hours since 1st Jan when max vertically integrated P 

biomass occurs; Z: Max vertically integrated Z biomass [lipid + protein]; Zprot: Max vertically 
integrated Z protein biomass; Zlip: Max vertically integrated Z lipid biomass; ZD: Hours since 1st Jan 

when max vertically integrated Z biomass occurs; S: Max vertically integrated S biomass [lipid + 
protein]; Sprot: Max vertically integrated S protein biomass; Slip: Max vertically integrated S lipid 

biomass; SHD: Hours since 1st Jan when squid hatching occurs.  
 

Fig. 6.64-6.70 show the vertically integrated biomass of each population on 

attractor. Diatom had an average annual maximum biomass of 1794.5 mmol C m-2 

(s.d. 29.4 mmol C m-2; percentage variation from the mean = 1.6%; tab.6.19 and 

fig.6.64 on the 15th April (s.d. 10.6 hours; percentage variation from the mean = 0.4 

%; tab.6.19). Compared to the base run, annual maximum biomass was on average 

almost 100 mmol C m-2 higher and occurred one day later (tab.6.8-6.19). 

 

 

 

 

 

 

 
 
 
 
 
 

Fig 6.64 Diatom total biomass (mmol C m-2) 

 
Copepod biomass reached an average maximum annual value of 230.7 mmol C m-2 

(s.d. 4.9 mmol C m-2; percentage variation from the mean = 2.1%; tab.6.19 and fig. 

6.65) every year on the 14th May (s.d. 5 hours; percentage variation from the mean 
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0.2%).  Total copepod biomass was made up by about one third protein and two 

thirds lipid (fig. 6.66-6.67 and tab.6.19).   Squid hatched every year on the 15th May 

(s.d. 1 hour).  The population biomass increased rapidly to a maximum of about 10 

mmol C m-2 (s.d. 0.3 mmol C m-2; percentage variation from the mean = 3.0%; 

tab.6.19).  Protein constituted over 80% of the total biomass (Fig. 6.68-6.70 and 

tab.6.19).  Compared to the base run, the annual maximum copepod biomass in this 

VE was not significantly higher, only 1.3 mmol C m-2, which is lower than the 

standard deviation in both VEs (tab.6.8-6.19).  As for the annual maximum diatom 

biomass date of occurrence, the annual maximum copepod biomass occurred on 

average one day later than in the base run. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.65 - Copepod total biomass – all stages (mmol C m-2) 

 
Fig 6.66 - Copepod protein biomass – all stages (mmol C m-2) 
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Fig 6.67 - Copepod lipid biomass – all stages (mmol C m-2) 

 
Fig 6.68 - Squid biomass – all stages (mmol C m-2) 

 
Fig 6.69 - Squid protein biomass – all stages (mmol C m-2) 
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Fig 6.70 - Squid lipid biomass – all stages (mmol C m-2) 
 

Carbon transfer 
 

Year PingZ ZingS Zprot_ingS Zlip_ingS ZingBP SingPred 
 mmolC m-2 yr-1 mmolC m-2 yr-1 mmolC m-2 yr-1 mmolC m-2 yr-1 mmolC m-2 yr-1 mmolC m-2 yr-1 

2020 3221.3 40.6 13.7 26.9 72.4 18.7 
2021 2645.0 21.3 10.0 11.4 51.8 22.5 
2022 2592.7 23.4 10.4 13.1 60.9 22.8 
2023 2508.4 23.5 10.5 12.9 57.2 22.6 
2024 2667.4 21.7 9.7 11.9 63.5 22.2 
2025 2747.1 21.6 9.7 11.9 74.4 22.5 
2026 2727.8 20.5 9.4 11.1 74.5 22.3 
2027 2571.3 21.3 9.4 12.0 63.4 22.2 
2028 2633.1 20.2 9.2 11.1 67.2 22.0 
2029 2667.3 21.8 9.9 11.9 63.8 22.5 
2030 2674.8 25.1 11.3 13.8 66.1 22.5 
Ave 2643.5 22.1 9.9 12.1 64.3 22.4 
s.d. 71.6 1.5 0.6 0.9 7.0 0.2 

% var 2.7 6.8 6.3 7.4 10.9 1.1 
 

Tab. 6.20 – Carbon transfer through the trophic chain.  Where:  PingZ = Carbon ingested annually by 
copepods;  ZingS = Carbon ingested annually by squid;  Zprot_ingS = Protein  ingested annually by 
squid;  Zlip_ingS = Lipid ingested annually by squid;  ZingBP = Carbon ingested annually by basal 

predator;  SingPred = Carbon ingested annually by visual predator. 
 

The amount of carbon transferred from diatoms to copepods was on average higher 

compared to the base run: 2,643.5 mmolC m-2 yr-1 (s.d. 71.6 mmolC m-2 yr-1; 

percentage variation from the mean = 2.7 %; tab.6.20), against the 2,592 mmolC m-2 

yr-1 transfer in the base run.  The carbon transferred annually from copepod to 

predators was only slightly higher than that in base run, with an average value 86.4 

mmol C m-2 yr-1 compared to 85.4 mmol C m-2 yr-1. This extra 1 mmol C m-2 yr-1 

was transferred to the basal predator population.  Squid ingested 22.1 mmolC m-2yr-1 

(s.d. 1.5 mmolC m-2 yr-1; percentage variation from the mean = 6.8%; tab.6.20), of 

which about 10 mmol C m-2 yr-1 was made up protein, showing  no variation with 

the base run.  Basal predator ingested on avergae 64.3 mmol C m-2 yr-1  (s.d. 7.0 

mmolC m-2 yr-1; percentage variation from the mean = 10.9 %; tab.6.20).  Visual 



Matteo Sinerchia                                                                 CHAPTER 6 – RESULTS 
 

 107 

predator average annual carbon ingested (tab.6.20) showed little variation with the 

base run: 22.6 mmolC m-2 yr-1 from the squid biomass (s.d. 0.4 mmolC m-2 yr-1; 

percentage variation from the mean = 1.9 %; tab.6.9). 
 

6.3.1.4 Number of agents 
 

The number of diatom agents varies between about 2,000-4,700 (fig.6.71), with the 

same trend observed in the base run (fig.6.43).  The number of copepod agents 

varies from a minimum of 600 (all over-wintering during the winter) to about 2,000.  

It kept the same trend in the base run (fig.6.44), except for year 2020, in which the 

initial number of copepods is about 500, only 100 of which overwintering (fig.6.72). 

 

 

 

 

 

 

 

 
 
 

Fig 6.71 - Number of diatom agents 
 

 

 

 

 

 

 

 

 

Fig 6.72 - Number of copepod agents 
 

Squid agents in stages S1-S6 are always maintained to a number of 300 in the period 

between hatching and recruitment (fig.6.73). 
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Fig 6.73 - Number of squid agents S1-S6 
  

6.3.1.5 Physical environment  
 

  Year 16-25 
 Units Ave s.d. % var 
MLD max  m 156.0 4.0 2.6 
Tmin [0] °C 14.4 0.01 0.1 
Tmax [0] °C 29.2 0.1 0.3 

 

Tab. 6.21 – Surface minimum and maximum average temperature and annual average maximum 
mixed layer depth, standard deviation and percentage variation from the average. Where: 

MLD max: Annual maximum mixed layer depth; 
Tmin[0] and Tmax[0]: Annual minimum and maximum average surface temperature. 

 

The physical environment was largely unchanged by the increase in surface 

dissolved silicate.  The average annual maximum mixed layer depth (fig.6.74) was 

156.0 m (s.d. 4.0 m; percentage variation from the mean = 2.6 %; tab.6.21), which is 

not significantly different from the average annual maximum reached in the base run 

(tab.6.10) every year in mid-March.    

 

 
 
 
 
 
 
 

 
 
 
 
 
 
         
          Fig 6.74 – Turbocline depth at 6 am.                          Fig 6.75 – Sea surface temperature  
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The average sea surface temperature varied from an annual minimum of 14.4°C (s.d. 

0.01°C; percentage variation from the mean = 0.1 %; tab.6.21) in March to an 

annual maximum of 29.2 °C (s.d. 0.1°C; percentage variation from the mean = 0.3 

%; tab.6.21) in August (fig.6.75). It did not differ significantly from the base run the 

average sea surface temperature in the base run (tab.6.10). 
 
 
 

6.3.1.6 Chemical environment  
 

  Year 16-25 
 Units Ave s.d. % var 
N [0] mmol N m-3 5.9 0.2 3.1 
Si [0] mmol Si m-3 1.8 0.1 4.5 

 

Tab. 6.22 – Surface nutrients average concentration, standard deviation and percentage variation from 
the average. Where: N[0]: Maximum dissolved N concentration at surface; 

Si[0]: Maximum dissolved Si concentration at surface. 
 

The total (dissolved + particulate) mesocosm nitrogen and silicate (fig.6.76-6.77) 

had a small drift as observed in the base run (fig.6.48-6.49).  Total mesocosm 

nitrogen was mostly unchanged, drifting from 4,493.8 to 4,497.5 mmol N m-2 in 10 

years in both experiments (fig.6.48 and fig.6.76).  The maximum total mesocosm 

silicate was obviously higher in this run, but it showed the same rate in annual 

silicate loss: in 10 years it decrease from 1,384.5 to 1,383.4 mmol Si m-2 compared 

with the  the base run variation  from 1,348.5 to 1,347.4 mmol Si m-2  (fig.6.49 and 

fig.6.77).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.76 – Total mesocosm nitrogen (mmol N m-2)    Fig 6.77 –Total mesocosm silicon (mmol Si m-2) 
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Dissolved nitrogen and silicate (fig.6.78-6.79) reached an average maximum surface 

concentration respectively of 5.9 mmol N m-3 (s.d.  0.1 mmol N m-3; percentage 

variation from the average = 2.3%; tab.6.22) and 1.8 mmol Si m-3 (s.d.  0.1 mmol Si 

m-3; percentage variation from the average = 4.5%; tab.6.22). These average annual 

maximum surface concentrations were not significantly different from those in the 

base run (tab.6.11). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.78 – Surf. dissolved nitrogen (mmolN m-3)        Fig 6.79 – Surf. dissolved silicon (mmolSi m-3) 
 

DOUBLE Si - The effect of annual Max MLD on annual maximum dissolved 
silicate at surface
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Fig. 6.80 – The effect of variation in annual maximum mixed layer depth on annual maximum 

dissolved silicate at surface 
 
 

The variation in annual maximum dissolved silicate concentration was correlated to 

the variation in annual maximum mixed layer depth in successive years (fig.6.80). 
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6.3.1.7   Causes of high recruitment event in year 16 (2020)  
 

The first noticeable difference with the base run, and all other years in this 

experiment is that year 16 is the only year in which the copepod stage composition 

on the 1st Jan is not entirely composed by over-wintering copepods. 

In the previous year, some copepod survived through the winter (fig.6.61 and 6.81-

6.82). The survivors were those copepods that entered pre-overwintering in the 

previous year, but did not manage to store enough lipids to enter overwintering. 

Nevertheless, they stored enough lipids to sustain them through the winter on the 

limited diatom winter population.  

 

 

 

 

 

 

 

 
 

Fig.6.81 – Black: copepod concentration (all stages); Blue: overwintering copepod concentration; 
Red: concentration of copepod that failed to overwinter and survived through the winter as C4(ow); 

Green: C5 copepod concentration (ind. m-2). 
 

As, this cohort of survivors grew, it constituted an extra portion of copepod biomass 

available as food for the squid population.  As a consequence of this, year 16 was 

the year with the biggest copepod biomass (fig.6.65-6.67).   

 

 

 

 

 

 

 
 

 

Fig.6.82 – Copepod (Black, left: ind m-2) and squid (Red: right: ind m-2) abundance in year 16 
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Year P PD Z ZD SHD SHD-ZD R 

2018 1641.6 2506.5 235.6 3240.0 3259.0 19.0 3.1 

2019 1813.6 2529.5 283.9 3256.5 3258.0 1.5 6.8 

2020 1660.4 2554.5 282.8 3218.0 3258.0 40.0 14.9 

2021 1818.0 2556.0 235.8 3238.0 3258.5 20.5 4.3 

2022 1694.4 2529.5 235.6 3236.5 3256.0 19.5 4.4 

2023 1658.2 2529.5 226.0 3242.5 3256.0 14.5 4.9 

2024 1668.2 2553.0 224.9 3235.0 3256.5 21.5 4.2 

2025 1808.2 2529.5 235.1 3242.5 3256.5 14.0 3.9 

2026 1844.8 2529.0 229.6 3239.0 3258.5 19.5 3.8 

2027 1825.4 2529.0 222.5 3242.0 3258.5 16.5 3.8 

2028 1680.9 2530.0 229.0 3235.5 3259.0 23.5 3.8 

2029 1658.1 2529.5 230.6 3226.5 3261.0 33.5 4.2 

2030 1689.0 2530.0 236.2 3229.0 3260.5 31.5 6.2 

Ave 1694.5 2534.5 230.6 3236.9 3258.3 21.5 4.4 

s.d. 29.4 10.6 4.9 5.3 1.6 6.6 0.6 

% var 1.6 0.4 2.1 0.2 0.0 30.6 16.6 

Tab.6.23 – Where: P: Max vertically integrated P biomass (mmolC m-2);  PD: Time (hurs since 1st 
Jan) of max vertically integrated P biomass;  Z: Max vertically integrated Z biomass [lipid and 
protein] (mmolC m-2);  ZD: Time (Hours since 1st Jan) of max vertically integrated Z biomass; 

SHD: Squid hatching time (Hours since 1st Jan); SHD- ZD: time difference (hours) between SHD and 
ZD  R: vertically integrated total number of squid that reached stage 6 (recruited m-2) 
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Fig.6.83 – The effect of hatching-copepod biomass synchronism and max copepod biomass on 

recruitment. 
Comparing recruitment with the magnitude of copepod biomass and timing between 

its occurrence and squid hatching (fig.6.83), it can be seen that: 

• The synchronism (time difference between copepod maximum vertically 

integrated biomass and hatching) was better (i.e. smaller difference) in year 

15 than year 16, 1.5 hours and 40 hours respectively (fig.6.84).   

• Year 15 and 16 had similar maximum copepod biomass (fig.6.85). 

• However, recruitment in year 16 is higher than in year 15. 
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DOUBLE Si - Recruitment and synchronism betw een squid hatching and annual 
maximum copepod biomass
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Fig.6.84 – The effect of hatching-copepod biomass synchronism on recruitment. 

 

DOUBLE Si - Recruitment and annual maximum copepod biomass
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Fig.6.85 – The effect of max copepod biomass on recruitment. 

 
Possible causes to explain the high recruitment in year 16 would be: 

• Less competition for food 

• Less predation 

• More food ingested 

 

Competition 
 

In year 16 the annual ingestion of copepod biomass by the basal predator population 

is not smaller to that of other years with lower squid recruitment (fig.6.86).   
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DOUBLE Si - Competition and recruitment
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Fig.6.86 – Annual carbon ingested by basal predator and recruitment 

 

The number of copepods that get ingested annually by basal predator reaches a 

minimum in year 15 and a maximum in year 16 (fig.6.87). 
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Fig.6.87 – Annual number of copepods ingested by basal predator and recruitment 

 

 

However, when considering the period in which squid is present in the mesocosm, 

the picture is different. The amount of copepod biomass consumed by the basal 

predator in 2016 is considerably lower than all other years (fig.6.88).  The amount of 

copepod biomass ingested by the basal predator competing for food is negatively 

correlated to recruitment (fig.6.89). On the other hand, the number of ingested 

copepods is the highest (fig.6.90).  
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DOUBLE Si - Competition and recruitment
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Fig.6.88 – Carbon ingestion by basal predator during the  

period in which squid is present and recruitment 
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Fig.6.89 – Correlation between carbon ingested by basal  predator and recruitment 
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Fig.6.90 – Copepods ingested by basal predator during the 

period in which squid is present and recruitment 
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Predation 
 

Year 16 was the year with the lowest amount of squid biomass consumed by the 

parametrised population of visual predators (fig.6.91). The amount of squid biomass 

consumed by the top predator shows a negative correlation with recruitment 

(fig.6.92).  When analyzing the number of squid ingested by top predators (fig.6.93), 

it can be seen that annual predation on squid was higher in year 15 than in year 16 

and that it correlates perfectly with recruitment. 
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Fig.6.91 – Annual carbon ingestion by visual predator and recruitment 
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Fig.6.92 – Correlation between carbon ingested by visual predator and recruitment 
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DOUBLE Si - Predation and R
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Fig.6.93 – Annual squid ingested by visual predator and recruitment 

 

However when comparing predation on different squid stages in year 15 and 16 

(tab.6.24), it can be seen that in both years smaller squid are more vulnerable to 

predation.  During year 16, about 270 squid in stage S1 were victim of predation 

against 217 in year 15 (fig.6.94).   
 

Squid stage Y15 Y16 
S1 217.1 269.6 
S2 64.3 7.8 
S3 7.2 3.4 
S4 2.6 2.1 
S5 1.2 1.2 
S6 0.8 0.9 

Total 293.2 285.1 
 

Tab.6.24 – Predation of different squid stages (ind m-2 yr-1) in years 15 and 16. 
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Fig. 6.94 – Annual predation on different squid stages, Sing, in year 15 and 16 
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The population of visual predators is parametrised (§ 4.2), so that its abundance and 

vertical distribution are exogenous and designed to be the same in different years.  

At the time of squid hatching the predator feeding potential in year 15 and 16 is 

therefore identical.  To explain the causes of the difference in predation between the 

two years, we need to compare the feeding of each squid stage.   

 

Feeding  
 

Comparing the magnitude of recruitment to the number of copepod ingested 

annually (fig.6.95), it is not sufficient to explain the high recruitment exhibited by 

year 16.  The number of annually ingested copepods in year 16 is not significantly 

higher than that of the other years.  An interesting observation arises from the fact 

that year 15 is the year in which squid ate the most copepods, but still had less 

recruitment than year 16. 
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Fig. 6.95 – Annual squid ingestion on copepods  

 
When comparing the annual amount of carbon ingested by squid and recruitment in 

the different years (fig.6.96), it can be seen that squid in year 16 had ingested the 

highest amount of copepod biomass of all other years.  Squid recruitment is 

positively related with the amount of carbon ingested in a particular year (fig.6.97). 
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DOUBLE Si - Annual Carbon ingested by squid and recruitment
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Fig. 6.96 – Annual carbon ingested by squid and recruitment 
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Fig.6.97 – Linear correlation between squid recruitment and copepod biomass ingested annually 

 
 

As already said, during year 15 squid have eaten more copepods than during year 16 

(fig.6.95). However in year 15, the annual amount of copepod biomass consumed by 

squid was smaller than in year 16 (fig.6.96).  This is an interesting observation.  In 

year 15 squid ingested more copepods than in year 16 but got less carbon out of it.   

When comparing squid ingestion relative to their stage of development, it can be 

noticed that, in year 15, squid in early stages (S1, S2 and S3), especially in S2, 

ingested more copepods than their counterparts in year 16 (tab.6.25).  Later stages of 

squid (S4, S5 and S6) experienced a larger consumption of copepods in year 16 than 

in year 15.  This shift in trend is more evident when considering the amount of 

protein ingested by different squid stages in year 15 and 16 (fig. 6.97). 
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  Y15 Y16 

Stages 
Zing 

(ind m-2 yr-1) 
Zprot_ingS 

(mmol C m-2 yr-1) 
Zing 

(ind m-2 yr-1) 
Zprot_ingS 

(mmol C m-2 yr-1) 
S1 173698.7 3.8 166540.2 2.0 
S2 36002.5 2.5 7657.0 1.8 
S3 4907.1 1.4 4619.0 2.1 
S4 2777.8 1.3 5060.3 2.3 
S5 2727.0 1.3 3663.1 2.6 
S6 2361.2 1.4 2573.9 2.9 

Sum 222474.3 11.7 190113.5 13.7 
Tab. 6.25 – Copepod  (Zing) and protein ingested (Zprot_ingS)  by different squid stages 
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Fig. 6.98 - Protein ingested annually by different squid stages, Zprot_ingS, in year 15 and 16 

 

Squid in stage S1 ingested almost double the amount of protein in year 15 compared 

to year 16.   Also in stage S2 squid the amount of protein ingested was higher than 

in year 16.  However, the amount of protein ingested by squid from stage S3 

onwards presents an inverted trend.  While the amount of protein ingested by larger 

squid stages (S3-S6) in year 15 was about constant, in year 16 they ingested 

progressively more proteins as they grew, and therefore transit to the successive 

stage (fig.6.98). 
 

Growth rate 
 

The amount of protein ingested is reflected in the time required for squid to move to 

the successive stage.  Fig.6.99-6.100 show the stage composition of the squid 

population in years 15 and 16.   It  is  interesting  to notice that in year 15,  stage S1 

squid ingested more protein than in year 16 (tab.6.25; fig.6.98), and this is reflected 

in the time needed for squid S1 to move to stage S2 (tab.6.26; fig.6.101).  In year 15 

squid in S1 grew faster than in year 16, with the first transition to S2 taking 1.6 days 
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and 6.4 days respectively.  As a consequence of this faster growth in year 15, the 

number of S1 squid lost to predation was less than in year 16 (tab.6.24).  

Conversely, S2 squid in year 15 grew slower than in year 16, so they got predated 

more (tab.6.24).  The same trend is true in all other years. 
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Fig.6.99- Squid stage composition in year 15  

DOUBLE Si - Squid stage composition in year 16
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Fig.6.100 - Squid stage composition in year 16 

 

Stage 
Y15 

(days) 
Y16 

(days) 
S1 1.6 6.4 
S2 4.9 2.1 
S3 3.0 2.2 
S4 2.1 2.0 
S5 1.3 1.9 
S6 1.9 2.1 

Tab.6.26 – Time needed for the first squid to pass to the successive stage in years 15 and 16 
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DOUBLE SI - Duration of each stage 
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Fig.6.101 – Time needed for the first squid to pass to the successive stage in years 15 and 16 

 

 

6.3.2 Increasing the inter-population competition for food (basal predator) 
 

Restarted from a VE snapshot on the 1st Jan 2015 of the base run.  The vertically 

integrated concentration of basal predators feeding on copepods is doubled from 

3,000 ind m-2 to 6,000 ind m-2, in order to investigate the effect of competition for 

food on annual squid recruitment. 
 

6.3.2.1  Vertically integrated concentration of plankton 
 

  Year 16-25 
 Units Ave s.d. % var 
P ind m-2 9.1×1010 1.6×109 1.8 
Z  ind m-2 120855.7 8603.4 7.1 
ZOW ind m-2 6840.5 412.5 6.0 
S ind m-2 140.7 3.2 2.3 
SHD h 3255.9 0.7 0.02 
R ind m-2 yr-1 3.1 0.5 17.0 

Tab. 6.27 - Average value, s.d. and percentage variation from the mean for years 2020-2030.  Where: 
P: Max vertically integrated P concentration; Z: Max vertically integrated Z concentration; 

ZOW : Max vertically integrated concentration of over-wintering copepods; S: Max vertically 
integrated S concentration; SHD: Hours since 1st Jan when squid hatching occurs; 

R: vertically integrated total number of squid that reached stage 7 between 2020-2030; 
 

Fig. 6.102-6.107 show the vertically integrated concentration of the populations 

between years 2020-2030. During that period, diatom had an average annual 

maximum concentration of 9.1×1010 ind m-2 (s.d. 1.6×109 ind m-2; percentage 

variation from the mean was 1.8; tab.6.27 and fig.6.102), which is not significantly 

different from the maximum observed in the base run (tab.6.5).   
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Fig. 6.102 - Vertically integrated P concentration (ind m-2) 

 

Fig. 6.103 - Vertically integrated Z concentration (black:all stages; red: over-wintering) (ind m-2) 
 
 

Copepod population in spring was composed exclusively of copepods that entered 

over-wintering in the previous summer (fig.6.103).  The annual average 

concentration of copepod that entered over-wintering was about 14% lower than in 

the base run (tab.6.5): 6,840 ind m-2 (s.d. 413 ind m-2; percentage variation from the 

average = 6.0%; tab.6.27).  Also the average annual peak in copepod concentration 

was smaller than in the base run (tab.6.5): about 121,000 ind m-2 (s.d. 8,600 ind m-2; 

percentage variation from the average = 7.1%; tab.6.27).  The population of non 

over-wintering copepods survived until the beginning of September (fig.6.103). 
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Fig. 6.104 - Vertically integrated concentration of squid (S1-S6) (ind m-2) 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.105 - Annual squid recruitment (ind m-2 yr-1) 
 

The annual maximum concentration in squid (fig. 6.104) was 141 ind m-2 (s.d. 3.2 

ind m-2; percentage variation from the average = 2.3%; tab.6.27).  Every year eggs 

were injected in the water column on the 10th April and hatching started on the 15th 

May (tab.6.27). The average annual recruitment was  3.1 ind m-2 yr-1 (sd 0.5 ind m-2 

yr-1; percentage variation from the mean of 17.0%; fig.6.105 and tab.6.27), which is 

almost one quarter less than recruitment in the base run (tab.6.5). 

 

6.3.2.2  Causes of mortality 
 

Table 6.29 summarizes the annual losses to mortality due to predation and starvation 

between 2020-2030, with average, standard deviation and percentage variation from 

the mean during this period. 
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Year PingZ ZingS ZingBP SingPred Pstarve Zstarve Sstarve 
 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 

2020 9.7×1010 163074.1 175831.8 297.1 2.0×1011 5819.5 0.0 
2021 9.4×1010 121175.0 214912.1 297.4 1.9×1011 5952.2 0.1 
2022 8.8×1010 135461.1 204665.7 297.0 2.0×1011 5194.6 0.0 
2023 9.8×1010 128592.4 192595.2 295.4 2.0×1011 5882.8 1.5 
2024 1.0×1011 138212.4 201560.7 297.2 2.0×1011 5801.7 0.0 
2025 9.5×1010 135697.1 200566.8 297.3 2.0×1011 5718.2 0.1 
2026 9.5×1010 118788.8 240700.5 295.7 2.0×1011 5150.7 0.0 
2027 9.5×1010 122659.0 228880.2 297.2 1.9×1011 5871.1 0.0 
2028 9.6×1010 156847.8 203856.3 296.9 1.9×1011 5738.3 0.0 
2029 9.0×1010 123084.3 232103.2 296.1 1.9×1011 4907.0 0.3 
Ave 9.5×1010 134359.2 209567.3 296.7 2.0×1011 5603.6 0.2 
s.d. 3.9×109 15135.2 19738.8 0.7 2.2×109 372.1 0.5 

% var 4.1 11.3 9.4 0.2 1.1 6.6 231.3 

Tab. 6.28 – Causes of mortality.  Where: PingZ = Diatoms ingested by copepods; 
ZingS = Copepods ingested by squid; ZingBP = Copepods  ingested by basal predator; 

SingPred= Squid ingested by visual predator; Pstarve = Diatoms died of energy starvation; 
Zstarve = Copepods died of starvation; Sstarve = Squid died of starvation. 

 

The average number of diatoms consumed by copepods annually (tab.6.28) was 

9.5×1010 m-2 yr-1 (s.d.= 3.9×109 diatoms m-2  yr-1; percentage variation from the 

mean = 4.1%) which is about 15% lower than in base run (tab.6.6). On the other 

hand the number of diatoms lost due to energy starvation is not significantly 

different from the base run (tab.6.6): 2.0×1011 diatoms m-2  yr-1 (s.d. = 2.2×109 

diatoms m-2  yr-1; percentage variation from the mean = 1.1%, tab.6.28).  The 

average number of copepods annually ingested by squid was slightly less than 

135,000 ind m-2 yr-1 (s.d. = 15,135 copepods m-2 yr-1; percentage variation from the 

mean = 11.3%, tab.6.28), which is about 15% less than what they ingested in the 

base run (tab.6.6).  The average number of annually ingested copepods by basal 

predator was about 210,000 ind m-2 yr-1 (s.d. = 19,800 copepods m-2 yr-1; percentage 

variation from the mean = 9.4%, tab.6.28), which is slightly lower compared to the 

based run (tab.6.6).   The average number of copepods annually lost due to 

starvation was 5,600 ind m-2 yr-1 (s.d. = 370 copepods m-2 yr-1; percentage variation 

from the mean = 6.6%, tab.6.28), which is about almost 20% less than the average 

annual value in base run (tab.6.6).  Squid mortality was largely due to predation by 

top predators: 296.7 squid m-2 yr-1 (s.d. = 0.7 squid m-2 yr-1; percentage variation 

from the mean = 0.2%, tab.6.28). Contrary to the base run, a small number of squid 

died of starvation: 0.2 squid m-2 yr-1(s.d. = 0.5 squid m-2 yr-1; percentage variation 

from the mean = 231%, tab.6.28).   As already seen in the base run (tab.6.7), newly 

hatched S1 squid were subject to the highest predation, which progressively 

decreased in successive stages (tab.6.29).   
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Year S1 S2 S3 S4 S5 S6 
2020 208.67 82.95 4.63 0.40 0.23 0.17 
2021 210.88 82.82 1.92 1.06 0.41 0.25 
2022 224.63 67.45 3.22 1.18 0.37 0.19 
2023 208.63 85.85 0.64 0.11 0.09 0.10 
2024 204.66 86.69 4.39 0.86 0.33 0.27 
2025 225.32 67.19 3.78 0.66 0.23 0.16 
2026 217.37 71.47 3.87 1.51 1.03 0.50 
2027 229.50 63.73 2.47 0.79 0.51 0.20 
2028 222.16 70.09 3.40 0.87 0.22 0.17 
2029 209.73 84.43 1.84 0.07 0.03 0.04 
Ave 216.15 76.27 3.01 0.75 0.35 0.21 
s.d. 8.73 9.03 1.27 0.46 0.28 0.12 

% var  4.04 11.84 42.18 61.23 81.37 60.07 
 

Tab. 6.29 – Stage specific squid mortality due to predation  
 
 
 

6.3.2.3 Vertically integrated biomass of plankton 
 

 Units Ave s.d. % var 
P mmol C m-2 1717.3 37.8 2.2 
PD h 2510.2 21.5 0.9 
Z mmol C m-2 207.8 6.9 3.3 
Zprot mmol C m-2 62.3 2.1 3.4 
Zlip mmol C m-2 145.6 4.8 3.3 
Z_1st Jan mmol C m-2 36.8 2.2 6.0 
Zprot_1st Jan mmol C m-2 5.9 0.4 6.2 
ZD h 3215.7 11.0 0.3 
S mmol C m-2 9.6 0.3 3.4 
Sprot mmol C m-2 7.9 0.2 2.8 
Slip mmol C m-2 1.7 0.1 6.0 
SHD h 3255.9 0.7 0.02 

Tab. 6.30 - Average value, s.d. and percentage variation from the mean.  Where:  
P: Annual maximum vertically integrated P biomass;  PD: Hours since 1st Jan when max vertically 

integrated P biomass occurs;  Z: Max vertically integrated Z biomass [lipid + protein]; 
Zprot: Max vertically integrated Z protein biomass; Zlip: Max vertically integrated Z lipid biomass;  
Z_1st Jan: Vertically integrated Z biomass [lipid + protein] on the 1st Jan;  Zprot_1st Jan: Vertically 

integrated Z protein biomass on the 1st Jan;  ZD: Hours since 1st Jan when max vertically integrated Z 
biomass occurs;  S: Max vertically integrated S biomass [lipid + protein]; 

Sprot: Max vertically integrated S protein biomass;  Slip: Max vertically integrated S lipid biomass; 
SHD: Hours since 1st Jan when squid hatching occurs. 

 
 

Fig.6.106-6.112 show the vertically integrated biomass of each population on 

attractor. Diatom had an average annual maximum biomass of 1717.3 mmol C m-2 

(s.d. 37.8 mmol C m-2; percentage variation from the mean = 2.2%; tab.6.30 and 

fig.6.106), which is not significantly different to the value in the base run (tab.6.8).  

It occurred on the 14th April (s.d. 21.5 hours; percentage variation from the mean = 

0.9 %; tab.6.30), as in the base run (tab.6.8).  The average annual maximum 

copepod biomass was about 208 mmol C m-2 (s.d. 6.9 mmol C m-2; percentage 

variation from the mean = 3.3%; tab.6.30 and fig.6.107).  This is about 10% lower 
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than the value in the base run (tab.6.8), but it occurred within 3 hours difference 

from the date in which it occurred in the base run (tab.6.30 and 6.8).   

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.106 – Diatom total biomass (mmol C m-2) 
 

As in the base run, total copepod biomass was made up of about one third protein 

and two thirds lipid (fig. 6.107-6.109 and tab.6.30).   The biomass of over-wintering 

copepods on the 1st Jan was about 15% lower than in the base run: 36.8 mmol C m-2 

(s.d. 2.2 mmol C m-2; percentage variation from the mean = 6.0%; tab.6.30). Squid 

hatching date did not vary from the date in the base run (tab.6.8), occurring on the 

15th May each year (s.d. 0.7 hour, tab.6.30).  Squid population biomass reached an 

average annual maximum of 9.6 mmol C m-2 (s.d. 0.3 mmol C m-2; percentage 

variation from the mean = 3.4%; tab.6.30).  Protein constituted over 80% of the total 

biomass (Fig. 6.110-6.112 and tab.6.30).  Compared to the base run, the annual 

maximum squid biomass in this VE was only 0.3 mmol C m-2 lower.  

 
Fig 6.107 - Copepod total biomass – all stages (mmol C m-2) 
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Fig 6.108 - Copepod protein biomass – all stages (mmol C m-2) 

 
Fig 6.109 - Copepod lipid biomass – all stages (mmol C m-2) 

 
Fig 6.110 - Squid biomass – all stages (mmol C m-2) 
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Fig 6.111 - Squid protein biomass – all stages (mmol C m-2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 6.112 - Squid lipid biomass – all stages (mmol C m-2) 

 
Carbon transfer 
 

Year PingZ ZingS Zprot_ingS Zlip_ingS ZingBP SingPred 

 
mmolC m-2 

yr-1 
mmolC m-2 

yr-1 
mmolC m-2 

yr-1 
mmolC m-2 

yr-1 
mmolC m-2 

yr-1 
mmolC m-2 

yr-1 
2020 2385.7 19.4 8.3 11.1 56.2 21.6 
2021 2350.2 19.2 8.0 11.2 48.4 21.6 
2022 2222.3 18.8 7.9 10.9 45.6 21.2 
2023 2397.5 19.1 7.9 11.2 55.7 20.9 
2024 2453.3 19.8 8.4 11.4 59.8 21.9 
2025 2333.9 18.9 7.7 11.2 50.7 21.2 
2026 2367.5 22.8 9.3 13.5 45.7 21.7 
2027 2372.1 18.4 7.5 10.9 47.4 20.8 
2028 2378.8 19.1 8.0 11.1 47.9 21.1 
2029 2272.9 20.4 7.8 12.6 43.3 20.6 
Ave 2353.4 19.6 8.1 11.5 50.1 21.3 
s.d. 65.2 1.3 0.5 0.9 5.4 0.4 

% var 2.8 6.5 6.2 7.5 10.8 2.0 

Tab. 6.31 – Carbon transfer through the trophic chain.  Where: 
PingZ = Carbon ingested annually by copepods;  ZingS = Carbon ingested annually by squid; 

Zprot_ingS = Protein  ingested annually by squid;  Zlip_ingS = Lipid ingested annually by squid;  
ZingBP = Carbon ingested annually by basal predator;  SingPred = Carbon ingested annually by 

visual predator. 
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The amount of carbon transferred from diatoms to copepods was on average 10% 

lower than that of the base run (tab.6.9): 2,353.4 mmolC m-2 yr-1 (s.d. 65.2 mmolC 

m-2 yr-1; percentage variation from the mean = 2.8 %; tab.6.31).  The carbon 

transferred annually from copepod to predators (squid and basal predators) was 

about 20% less than in the base run (tab.6.9):  69.7 mmol C m-2 yr-1, of which 19.6 

mmol C m-2 yr-1 (s.d. 1.3 mmolC m-2 yr-1; percentage variation from the mean = 6.5 

%; tab.6.31) was transferred to the squid population and the remaining 50.1 mmol C 

m-2 yr-1 (s.d. 5.4 mmolC m-2 yr-1; percentage variation from the mean = 10.8 %; 

tab.6.31) went to the basal predator population.  Compared to the amount of carbon 

transferred from the copepod population to the higher trophic levels in the base run 

(tab.6.9), the amount of carbon transferred to the squid population was about 12% 

less.  When considering the protein ingested by squid, the reduction from the base 

run was almost 20%. The average annual carbon transferred from squid to visual 

predator was about 6% lower than that in the base run (tab.6.9): 21.3 mmol C m-2yr-1 

(s.d. 0.4 mmol C m-2 yr-1; percentage variation from the mean = 2.0 %; tab.6.31). 

 

6.3.2.4 Number of agents 
 
The number of diatom agents varied between about 2,100-4,850 (fig.6.113), with the 

same trend observed in the base run (fig.6.43).  The number of copepod agents 

varied from a minimum of 600 (all over-wintering during the winter) to about 2,200 

(fig.6.114).  It kept the same trend as in the base run (fig.6.44). 

 
Fig 6.113 - Number of diatom agents 



Matteo Sinerchia                                                                 CHAPTER 6 – RESULTS 
 

 131 

 

 

 

 

 

 

 

 
Fig 6.114 - Number of copepod agents 

 

Squid agents in stages S1-S6 are always maintained to a number of 300 in the period 

between hatching and recruitment (fig.6.115). 

 

 

 

 

 

 

 

 
Fig 6.115 - Number of squid agents S1-S6 

 

6.3.2.5 Physical environment  
 

  Year 16-25 
 Units Ave s.d. % var 
MLD max  m 156.4 2.7 1.8 
Tmin [0] °C 14.5 0.01 0.1 
Tmax [0] °C 29.3 0.09 0.3 

 

Tab. 6.32 – Surface minimum and maximum average temperature and annual average maximum 
mixed layer depth, standard deviation and percentage variation from the average. Where: 

MLD max: Annual maximum mixed layer depth; 
Tmin[0] and Tmax[0]: Annual minimum and maximum average surface temperature. 

 

The physical environment was largely unchanged by the increase in basal predator 

abundance.  The average annual maximum mixed layer depth (fig.6.116) was 156.4 

m (s.d. 2.7 m;  percentage variation from the mean = 1.8 %;  tab.6.32), which  is  not 
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significantly different from the average annual maximum reached in the base run 

(tab.6.10) every  year   in mid-March.   The average sea  surface  temperature  varied  

 

 

 

 

 

 
 
 
 
 
 
 

         
     Fig 6.116 – Turbocline depth at 6 am (m)                       Fig 6.117 – Sea surface temperature (°C) 
 

from an annual minimum of 14.5°C (s.d. 0.01°C; percentage variation from the 

mean = 0.1 %; tab.6.32) in March to an annual maximum of 29.3 °C (s.d. 0.1°C; 

percentage variation from the mean = 0.3 %; tab.6.32) in August (fig.6.117). It did 

not differ significantly from the average sea surface temperature in the base run 

(tab.6.10). 
 
 
 

6.3.2.6 Chemical environment  
 

  Year 16-25 
 Units Ave s.d. % var 
N [0] mmol N m-3 6.0 0.1 0.8 
Si [0] mmol Si m-3 1.7 0.1 3.0 

 

Tab. 6.33 – Surface nutrients average concentration, standard deviation and percentage variation from 
the average. Where: N[0]: Maximum dissolved N concentration at surface; 

Si[0]: Maximum dissolved Si concentration at surface. 
 

The total (dissolved + particulate) mesocosm nitrogen and silicate (fig.6.118-6.119) 

had a small drift as observed in the base run (fig.6.48-6.49).  Both total mesocosm 

nitrogen and silicon concentrations were mostly unchanged from the base run. They 

drifted from 4,493.8 to 4,497.7 mmol N m-2 and from 1348.5 to 1347.5 mmol Si m-2, 

respectively (fig.6.48-6.49 and fig.6.118-6.119).   
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  Fig 6.118 – Total mesocosm nitrogen (mmol N m-2)              Fig 6.119 –Total mesocosm silicon (mmol Si m-2) 

 
Dissolved nitrogen and silicate (fig.6.120-6.121) reached an average maximum 

surface concentration respectively of 6.0 mmol N m-3 (s.d.  0.1 mmol N m-3; 

percentage variation from the average = 0.8%; tab.6.33) and 1.7 mmol Si m-3 (s.d.  

0.1 mmol Si m-3; percentage variation from the average = 3.0%; tab.6.33). These 

average annual maximum surface concentrations were not significantly different 

from those in the base run (tab.6.11). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 Fig 6.120 – Surf. dissolved nitrogen (mmolN m-3)    Fig 6.121 – Surf. dissolved silicon (mmolSi m-3) 
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6.3.3 Increasing predation pressure (visual predator) 
 

Restarted from a VE snapshot on the 1st Jan 2015 of the base run.  The vertically 

integrated concentration of visual predators feeding on the squid population is 

doubled from 3,000 ind m-2 to 6,000 ind m-2, in order to investigate the effect of 

predation pressure on annual squid recruitment. 
 

6.3.3.1  Vertically integrated concentration of plankton 
 

  Year 16-25 
 Units Ave s.d. % var 
P ind m-2 8.9×1010 5.9×109 6.6 
Z  ind m-2 158034.3 16441.7 10.4 
ZOW ind m-2 6132.9 523.0 8.5 
S ind m-2 95.3 3.3 3.5 
SHD h 3255.6 1.0 0.03 
R ind m-2 yr-1 1.7 0.5 30.1 

 

Tab. 6.34 - Average value, s.d. and percentage variation from the mean for years 2020-2030.  Where: 
P: Max vertically integrated P concentration; Z: Max vertically integrated Z concentration; 

ZOW : Max vertically integrated concentration of over-wintering copepods; S: Max vertically 
integrated S concentration; SHD: Hours since 1st Jan when squid hatching occurs; 

R: vertically integrated total number of squid that reached stage 7 between 2020-2030; 
 

Fig.6.122-125 show the vertically integrated concentration of the populations 

between years 2020-2030. During that period, diatom had an average annual 

maximum concentration of 8.9×1010 ind m-2 (s.d. 5.9×109 ind m-2; percentage 

variation from the mean was 6.6; tab.6.34 and fig.6.122), which is not significantly 

different from the maximum observed in the base run (tab.6.5).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.122 - Vertically integrated P concentration (ind m-2) 
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However, the maximum diatom concentration fluctuated inter-annually and 

exhibited a higher standard deviation than in base run (tab.6.34 and 6.5). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 6.123 - Vertically integrated Z concentration (black:all stages; red: over-wintering) (ind m-2) 
 

Contrary to what happened in the base run, every winter some copepods survived 

the winter without overwintering (fig. 6.123).  The annual average concentration of 

copepod that entered over-wintering was lower than in the base run (tab.6.5): 6,133 

ind m-2 (s.d. 523 ind m-2; percentage variation from the average = 8.5%; tab.6.34).  

The average annual peak in copepod concentration was not significantly different 

from that in the base run (tab.6.5): about 158,000 ind m-2 (s.d. 16,400 ind m-2; 

percentage variation from the average = 10.4%; tab.6.34).   

 
Fig. 6.124 - Vertically integrated concentration of squid (S1-S6) (ind m-2) 
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The annual maximum concentration in squid (fig. 6.124) was much smaller than in 

the base run (tab.6.5): 95.3 ind m-2 (s.d. 3.3 ind m-2; percentage variation from the 

average = 3.5%; tab.6.34).  Every year eggs started to hatch on the 15th (tab.6.34).  

The average annual recruitment was 1.7 ind m-2 yr-1 (s.d. 0.5 ind m-2 yr-1; percentage 

variation from the mean of 30.1%; fig.6.125 and tab.6.34), which is less than half 

the recruitment in the base run (tab.6.5). 

 

 

 

 

 

 

 

 

 
Fig. 6.125 - Annual squid recruitment (ind m-2 yr-1) 

 
6.3.3.2  Causes of mortality 
 

Table 6.36 summarizes the annual losses to mortality due to predation and starvation 

between 2020-2030, with average, standard deviation and percentage variation from 

the mean during this period.   

The average number of diatoms consumed by copepods annually (tab.6.35) was 

1.5×1011 m-2 yr-1 (s.d.= 1.7×1010 diatoms m-2  yr-1; percentage variation from the 

mean = 11.7%) which is almost one third higher than in base run (tab.6.6). On the 

other hand the number of diatoms lost due to energy starvation is about one tenth  

lower than in base run (tab.6.6): 1.8×1011 diatoms m-2  yr-1 (s.d. = 6.9×109 diatoms 

m-2  yr-1; percentage variation from the mean = 3.8%, tab.6.35).  The average 

number of copepods annually ingested by squid was about one third less than in the 

base run (tab.6.6):  107,000 ind m-2 yr-1 (s.d. = 23,740 copepods m-2 yr-1; percentage 

variation from the mean = 22.2%, tab.6.35). The percentage variation from the mean 

was however double than in the base run. The average number of annually ingested 

copepods by basal predator was about one third more than what they ingested in the 
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base run (tab.6.6): 312,000 ind m-2 yr-1 (s.d. = 67,350 copepods m-2 yr-1; percentage 

variation from the mean = 21.6%, tab.6.35). The percentage variation from the mean 

was three times higher than in the base run (tab.6.6 and 6.35).   The average number 

of copepods annually lost due to starvation was 12,185 ind m-2 yr-1 (s.d. = 911 

copepods m-2 yr-1; percentage variation from the mean = 7.5%, tab.6.35), which is 

almost double the average annual value in base run (tab.6.6).  Squid mortality was 

caused exclusively by top predator predation: 298.3 squid m-2 yr-1 (s.d. = 0.5 squid 

m-2 yr-1; percentage variation from the mean = 0.2%, tab.6.35). As already seen in 

the base run (tab.6.9), newly hatched S1 squid were subject to the highest predation, 

which progressively decreased in successive stages (tab.6.36).  However, predation 

on different squid stages oscillated yearly (tab.6.36).   
 

Year PingZ ZingS ZingBP SingPred Pstarve Zstarve Sstarve 
 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 ind m-2 yr-1 

2020 1.7×1011 140310.5 340659.9 298.8 1.7×1011 12429.6 0 
2021 1.4×1011 109107.4 250766.4 297.8 1.9×1011 12334.2 0 
2022 1.6×1011 124441.2 361031.9 298.4 1.8×1011 14137.1 0 
2023 1.2×1011 107907.9 231313.5 298.5 1.9×1011 10872.2 0 
2024 1.6×1011 58653.4 391415.4 298.9 1.8×1011 11007.4 0 
2025 1.3×1011 115180.9 270905.5 298.3 1.9×1011 12241.1 0 
2026 1.6×1011 83879.1 381605.0 298.7 1.8×1011 12106.1 0 
2027 1.4×1011 111602.3 259892.7 297.6 1.9×1011 12671.7 0 
2028 1.6×1011 89333.7 392721.2 298.7 1.8×1011 11737.9 0 
2029 1.4×1011 126518.9 239414.0 297.5 1.8×1011 12327.1 0 
Ave 1.5×1011 106693.5 311972.5 298.3 1.8×1011 12186.4 0 
s.d. 1.7×1010 23737.6 67351.2 0.5 6.9×109 911.0 -  

% var 11.7 22.2 21.6 0.2 3.8 7.5 - 
Tab. 6.35 – Causes of mortality.  Where:  

PingZ = Diatoms ingested by copepods;  ZingS = Copepods  ingested by squid;  ZingBP = Copepods  ingested 
by basal predator;  SingPred= Squid ingested by visual predator; Pstarve = Diatoms died of energy starvation; 

Zstarve = Copepods died of starvation; Sstarve = Squid died of starvation. 
 

Year S1 S2 S3 S4 S5 S6 
2020 287.02 11.29 0.28 0.12 0.05 0.04 
2021 283.34 14.10 0.24 0.03 0.01 0.03 
2022 292.36 5.75 0.15 0.06 0.03 0.02 
2023 277.10 21.11 0.14 0.07 0.03 0.02 
2024 295.18 3.51 0.09 0.04 0.02 0.02 
2025 277.09 20.82 0.18 0.10 0.02 0.03 
2026 289.75 8.41 0.32 0.19 0.06 0.02 
2027 276.36 21.06 0.12 0.01 0.05 0.03 
2028 296.74 1.85 0.04 0.01 0.03 0.01 
2029 283.82 13.48 0.13 0.02 0.02 0.01 
Ave 285.88 12.14 0.17 0.07 0.03 0.02 
s.d. 7.59 7.28 0.09 0.06 0.02 0.01 

% var  2.65 59.97 52.16 86.87 52.37 47.85 
 

Tab. 6.36 – Stage specific squid mortality due to predation 
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6.3.3.3   Vertically integrated biomass of plankton 
 

 Units Ave s.d. % var 
P mmol C m-2 1648.5 80.9 4.9 
PD h 2515.7 30.5 1.2 
Z mmol C m-2 267.0 15.6 5.9 
Zprot mmol C m-2 79.4 5.0 6.3 
Zlip mmol C m-2 188.1 11.3 6.0 
ZD h 3203.0 32.7 1.0 
S mmol C m-2 5.3 0.2 4.2 
Sprot mmol C m-2 4.5 0.2 3.6 
Slip mmol C m-2 1.0 0.2 15.3 
SHD h 3255.6 1.0 0.03 

Tab. 6.37 - Average value, s.d. and percentage variation from the mean.  Where:  
P : Annual maximum P biomass; PD: Hours since 1st Jan when max P biomass occurs; Z: Max Z 

biomass [lipid + protein]; Zprot: Max Z protein biomass; Zlip: Max Z lipid biomass; ZD: Hours since 
1st Jan when max Z biomass occurs; S: Max S biomass [lipid + protein]; S prot: Max S protein 
biomass; S lip: Max S lipid biomass; SHD: Hours since 1st Jan when squid hatching occurs. 

 

Fig. 6.126-6.132 show the vertically integrated biomass of each population on 

attractor. Diatom had an average annual maximum biomass of 1648.5 mmol C m-2 

(s.d. 80.9 mmol C m-2; percentage variation from the mean = 4.9%; tab.6.37 and 

fig.6.126), which is slightly lower than the value in the base run (tab.6.8).  It 

occurred on the 14th April (s.d. 30.5 hours; percentage variation from the mean = 

1.2%; tab.6.37), as in the base run (tab.6.8).  The average annual maximum copepod 

biomass was 267 mmol C m-2 (s.d. 15.6 mmol C m-2; percentage variation from the 

mean = 5.93%; tab.6.37 and fig.6.127).  This is about 15% higher than the value in 

the base run (tab.6.8) and occurred within 10 hours from the date in which it 

occurred in the base run (tab.6.37 and 6.8).   

 

 

 

 

 

 

 

Fig 6.126 – Diatom total biomass (mmol C m-2) 
 
 

The total copepod biomass was made up of about one third protein and two thirds 

lipid (fig. 6.127-6.129 and tab.6.37).   Squid hatching date did not vary from the date 

in the base run (tab.6.8) occurring on the 15th May each year (s.d. 0.7 hour, 

tab.6.37).  Squid biomass reached an average annual maximum of 5.3 mmol C m-2 



Matteo Sinerchia                                                                 CHAPTER 6 – RESULTS 
 

 139 

(s.d. 0.2 mmol C m-2; percentage variation from the mean = 4.2%; tab.6.37), which 

is almost half the maximum biomass obtained in the base run.  Protein constituted 

over 80% of the total biomass (Fig. 6.130-6.132 and tab.6.37).   

 

 

 

 

 

 

 

 

Fig 6.127 - Copepod total biomass – all stages (mmol C m-2) 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 6.128 - Copepod protein biomass – all stages (mmol C m-2) 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.129 - Copepod lipid biomass – all stages (mmol C m-2) 
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Fig 6.130 - Squid biomass – all stages (mmol C m-2) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig 6.131 - Squid protein biomass – all stages (mmol C m-2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.132 - Squid lipid biomass – all stages (mmol C m-2) 
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6.3.3.4    Comparison between 1st Jan vertically integrated biomass of diatom and 
copepod with base run 

 
 

  Base run Double Pred 
 Units Ave s.d. % var Ave s.d. % var 
P mmol C m-2 18.7 0.8 4.5 25.3 2.6 10.3 
Z mmol C m-2 42.6 2.5 5.8 32.5 3.9 12.1 

Tab.6.38 – 1st Jan diatom and copepod biomass multi-year average, standard deviation and 
percentage variation 

 
Compared to the base run, the percentage variation from the mean of diatom and 

copepod biomass on the 1st January increased by more than double (tab.6.38, fig. 

6.133-134). 
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Fig 6.133 – Vertically integrated diatom (P, mmol C m-2) and copepod (Z, mmol C m-2) biomass on 

the 1st Jan each year of the base run 
 

DOUBLE PRED - Vertically integrated P and Z biomass on the 1st Jan
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Fig 6.134 – Vertically integrated diatom (P, mmol C m-2) and copepod (Z, mmol C m-2) biomass on 

the 1st Jan each year of the increased predation run 
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Carbon transfer 
 
The amount of carbon transferred from diatoms to copepods was on average 20% 

higher than that of the base run (tab.6.9): 3,254 mmolC m-2 yr-1 (s.d. 244.7 mmolC 

m-2 yr-1; percentage variation from the mean = 7.5 %; tab.6.39).  The carbon 

transferred annually from copepod to predators was almost one quarter more than in 

the base run (tab.6.9):  110.2 mmol C m-2 yr-1, of which 6.9 mmol C m-2 yr-1 (s.d. 1.9 

mmolC m-2 yr-1; percentage variation from the mean = 28.4 %; tab.6.39) was 

transferred to the squid population and the remaining 103.3 mmol C m-2 yr-1 (s.d. 

37.4 mmolC m-2 yr-1; percentage variation from the mean = 36.2%; tab.6.39) went to 

the basal predator population.  Compared to the amount of carbon transferred from 

the copepod population to the higher trophic levels in base run (tab.6.9), the amount 

of carbon ingested was about two thirds less for squid and about 60% more for the 

basal predator.  The average annual carbon transferred from squid to visual predator 

was about 20% lower than that in the base run (tab.6.9): 17.8 mmol C m-2 yr-1 (s.d. 

0.7 mmol C m-2 yr-1; percentage variation from the mean = 3.7%; tab.6.39). 
 

Year PingZ ZingS Zprot_ingS Zlip_ingS ZingBP SingPred 

 
mmolC m-2 

yr-1 
mmolC m-2 

yr-1 
mmolC m-2 

yr-1 
mmolC m-2 

yr-1 
mmolC m-2 

yr-1 
mmolC m-2 

yr-1 
2020 3624.3 5.7 2.5 3.1 155.0 17.8 
2021 3092.2 7.5 3.6 3.9 70.0 17.9 
2022 3457.3 5.9 2.4 3.5 128.7 17.3 
2023 2852.7 7.7 3.8 3.9 65.9 18.6 
2024 3393.1 4.7 1.7 3.0 132.6 17.0 
2025 3031.7 7.7 3.7 4.0 60.0 18.5 
2026 3342.2 5.3 2.3 3.0 126.6 17.5 
2027 3162.1 10.4 4.4 6.0 78.9 18.7 
2028 3499.3 4.7 1.8 2.8 145.3 17.0 
2029 3086.4 9.2 4.0 5.2 69.7 18.2 
Ave 3254.1 6.9 3.0 3.8 103.3 17.8 
s.d. 244.7 1.9 1.0 1.0 37.4 0.7 

% var 7.5 28.4 32.4 26.6 36.2 3.7 
 

Tab. 6.39 – Carbon transfer through the trophic chain.  Where: PingZ = Carbon ingested annually by Z; ZingS 
= Carbon ingested annually by S; Zprot_ingS = Protein  ingested annually by S; Zlip_ingS = Lipid ingested 

annually by S; ZingBP = Carbon ingested annually by BP; SingPred = Carbon ingested annually by VP. 
 

6.3.3.5 Number of agents 
 
The number of diatom agents varied between about 2,100-4,850 (fig.6.135), with the 

same trend observed in the base run (fig.6.43).  The number of copepod agents 

varied from a minimum of about 400 to a maximum of about 2,300 (fig.6.136).  The 

trend was quite different from that in the base run (fig.6.44). The yearly succession 

of copepod agents was less regular, and characterised by the presence of non-
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overwintering agents during the winter, and a yearly oscillation in the number of 

over-wintering agents (fig.6.136).  Squid agents in stages S1-S6 were always 

maintained to a number of 300 in the period between hatching and recruitment 

(fig.6.137). 

 

 

 

 

 

 

 

 

 

Fig 6.135 - Number of diatom agents 

 

 

 

 

 
 
 
 
 
 
 
 

Fig 6.136 - Number of copepod agents 
 

 

 
 
 
 
 
 
 
 
 
 

Fig 6.137 - Number of squid agents S1-S6 
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6.3.3.6 Physical environment  
 

  Year 16-25 
 Units Ave s.d. % var 
MLDmax  m 157.8 2.5 1.6 
Tmin [0] °C 14.4 0.01 0.1 
Tmax [0] °C 29.2 0.1 0.3 

 

Tab. 6.40 – Surface minimum and maximum average temperature and annual average maximum 
mixed layer depth, standard deviation and percentage variation from the average. Where: 

MLD max: Annual maximum mixed layer depth; 
Tmin[0] and Tmax[0]: Annual minimum and maximum average surface temperature. 

 

The physical environment was largely unchanged by the increase in visual predator 

abundance. The average annual maximum mixed layer depth (fig.6.138) was 157.8m 

(s.d. 2.5 m; percentage variation from the mean = 1.6 %; tab.6.40), which is not 

significantly different from the average annual maximum reached in the base run 

(tab.6.10) every year in mid-March. The average sea surface temperature varied 

from an annual minimum of 14.4°C (s.d. 0.01°C; percentage variation from the 

mean = 0.1 %; tab.6.40) in March to an annual maximum of 29.2 °C (s.d. 0.1°C; 

percentage variation from the mean = 0.3%; tab.6.40) in August (fig.6.139). It did 

not differ significantly from the base run (tab.6.10). 

       

 

 

 

 

 

 

 

 
 

   Fig 6.138 – Turbocline depth at 6 am (m)                   Fig 6.139 – Sea surface temperature (°C) 
 

 

6.3.3.7 Chemical environment  
 

  Year 16-25 
 Units Ave s.d. % var 
N [0] mmol N m-3 5.9 0.1 1.4 
Si [0] mmol Si m-3 1.6 0.1 4.6 

 

Tab. 6.41 – Surface nutrients average concentration, standard deviation and percentage variation from 
the average. Where: N[0]: Maximum dissolved N concentration at surface; 

Si[0]: Maximum dissolved Si concentration at surface. 
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The total (dissolved + particulate) mesocosm nitrogen and silicate (fig.6.140-6.141) 

had a small drift as observed in the base run (fig.6.48-6.49).  Both total mesocosm 

nitrogen and silicon concentrations were mostly unchanged from the base run. They 

drifted from about 4,493.7 to 4,497.0 mmol N m-2 and from 1348.4 tob1347.3 mmol 

Si m-2, respectively (fig.6.48-6.49 and fig.6.140-6.141).   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  Fig 6.140 – Total mesocosm nitrogen (mmol N m-2)              Fig 6.141 –Total mesocosm silicon (mmol Si m-2) 
 

Dissolved nitrogen and silicate (fig.6.142-6.143) reached an average maximum 

surface concentration respectively of 5.9 mmol N m-3 (s.d.  0.1 mmol N m-3; 

percentage variation from the average = 1.4%; tab.6.41) and 1.6 mmol Si m-3 (s.d.  

0.1 mmol Si m-3; percentage variation from the average = 4.6%; tab.6.41). These 

average annual maximum surface concentrations were not significantly different 

from those in the base run (tab.6.11). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 6.142 – Surf. dissolved nitrogen (mmolN m-3)     Fig 6.143 – Surf. dissolved silicon (mmolSi m-3) 
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6.4    Sensitivity of recruitment to spawning 

6.4.1   Variation in spawning stock (SS) 
 

 

Squid recruitment as a funct ion of  number of  eggs laid
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Fig. 6.144 – a) Number of recruits (ind m-2 yr-1) and b) fraction of recruits per  

egg laid as a function of number of eggs laid (eggs m-2 yr-1) 
 

Annual squid recruitment decreased from 4.6 to 0 ind m-2 yr-1 with increasing 

number of eggs being laid from 100 to 700 eggs m-2 yr-1.  Annual recruitment did 

not vary when 100 or 200 eggs were laid (fig.6.144a), and it decreased slightly when 

300 and 400 eggs were laid.  When 500 or more eggs were laid, annual recruitment 

decreased progressively, until no recruitment occurred when 700 eggs were laid 

(fig.6.144a).  However, when considering the fraction of eggs laid that reaches the 8 

mm in mantle length (recruits), it can be seen that it is decreses progressively as 

more eggs are laid annually (6.144b). 

 

6.4.1.1   Causes of mortality  
 

When 100-400 eggs were laid, mortality was exclusively caused by predation, while, 

when more eggs were laid, it was caused by a combination of starvation and 

predation (tab.6.42). 

 
Eggs laid Sstarve Sing R 

100 0.00 95.38 4.60 
200 0.00 195.40 4.60 
300 0.00 295.81 4.20 
400 0.00 395.80 4.10 
500 41.42 457.38 2.20 
600 14.78 584.47 0.75 
700 39.51 660.39 0.00 

Tab.6.42 - Causes of squid mortality (ind m-2 yr-1) and recruitment  (ind m-2 yr-1) 
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6.4.1.2 Food availability and ingestion 
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Fig. 6.145 – Vertically integrated protein availability per squid 

 
 When more eggs were laid, the limited food resources were smaller for each squid 

(fig.6.145).  However, the amount of copepod protein ingested annually by the squid 

population increased with increasing the number of eggs, and stabilised when more 

than 400 eggs were laid annually (fig.6.146).  Squid in stage S1 ingested more 

protein as more eggs were laid, but this trend was reversed for squid in stage S2 

when more than 400 eggs were laid (fig.6.147).  
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Fig. 6.146 – Annual ingestion of protein (mmol C m-2 yr-1) as  

function of number of eggs laid (eggs m-2 yr-1) 
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Fig. 6.147 – Annual ingestion of protein divided by stage S1 to S3 (mmol C m-2 yr-1) as function of 

number of eggs laid (eggs m-2 yr-1) 
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SS - Average protein ingested per individual squid
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Fig. 6.148 – Annual recruitment (ind m-2 yr-1) as a function of number of eggs laid (eggs m-2 yr-1) 

 

The average amount of protein ingested annually by individual squid decreased as 

the number of eggs laid increased (fig.6.148). 
 

6.4.1.3 Time spent in each stage  
 

The permanence time of squid in stages S1 and S2 increased with the number of 

eggs laid (tab.6.43). The only exception is the permanence in S2 when 700 eggs 

were laid, which is shorter due to premature extinction of the squid cohort 

(tab.6.43). 

Eggs laid S1 S2 S3 S4 S5 S6 R 
100 5.54 10.08 8.35 6.06 5.92 6.60 4.60 
200 6.38 10.96 8.29 6.71 6.67 6.94 4.60 
300 6.38 11.40 7.42 6.08 6.02 7.13 4.20 
400 6.40 12.94 8.77 8.25 9.00 9.79 4.10 
500 11.40 14.00 5.85 5.15 5.29 6.13 2.20 
600 10.38 21.27 11.94 10.69 9.65 8.27 0.75 
700 13.40 11.94 - - - - 0.00 
Tab.6.43 – Duration (days) of each squid stage and annual recruitment (ind m-2 yr-1) 

 

The time spent in stage S1 and S2 explained 99% of the recruitment variability 

(fig.6.149).  
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Fig. 6.149 – Correlation between recruitment and days spent as S1 and S2 
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6.4.2 Variation in squid spawning date 

 

Spawning day 
since the 1st Jan 

Spawning date R Sstarve Sing 

88 29-Mar 0.0 32.7 267.3 
92 02-Apr 1.8 29.8 268.4 
96 06-Apr 7.0 0.1 292.8 
100 10-Apr 4.2 0.00 295.8 
104 14-Apr 4.9 0.00 295.0 
108 18-Apr 6.1 0.3 293.6 
112 22-Apr 4.1 12.0 283.9 
116 26-Apr 3.7 34.1 262.2 
120 30-Apr 4.1 6.7 289.2 
124 04-May 1.7 52.3 246.1 
128 08-May 0.6 92.1 207.2 
132 12-May 5.8 97.0 197.2 
136 16-May 3.0 153.3 143.8 
140 20-May 0.5 165.0 134.4 
144 24-May 0.0 190.5 109.4 

Tab. 6.44 – Recruitment R (S7 m-2 yr-1) Causes of mortality: starvation, Sstarve (ind m-2 yr-1) and 
predation, Sing (ind m-2 yr-1) with different spawning dates. 
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Fig.6.150 – Annual recruitment as a function of spawning date, DS. Red circles mark those spawning 

dates that have been analysed in detail. 
 

Annual recruitment was sensitive to the date on which spawning occurred (fig. 6.150 

and tab.6.44).  No recruitment occurred when spawning occurred before day 88 

(29th March) or after day 144 (24th May).  In between these days, annual 

recruitment varied from a maximum of 7 squid m-2 yr-1 on day 96 (6th April) to a 

minimum of 0.6 squid m-2 yr-1 on day 128 (8th May).  Annual recruitment was 

always above 4 squid m-2 yr-1 when spawning occurred between 96 (6th April) and 

120 (30th April), after that date it dropped below 2 squid m-2 yr-1, with the exception 

of  a sharp peak, in which the maximum recruitment of 5.8 squid m-2 yr-1was 

reached  on day 132 (12th May, fig. 6.150).    
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6.4.2.1   Causes of mortality  
 

When spawning occurred between day 96 and 108, the number of squid annually 

lost due to starvation was negligible compared to that due to predation (tab.6.44).  

The stage-specific predation on squid was fiercer on smaller stages for all spawning 

dates (tab.6.45).  

 
Spawning day S1 S2 S3 S4 S5 S6 

88 267.3 0.0 0.0 0.0 0.0 0.0 
92 261.1 5.2 1.8 0.2 0.1 0.1 
96 253.1 31.2 4.9 2.0 1.0 0.7 
100 193.1 93.0 6.6 1.5 1.0 0.6 
104 183.6 102.5 4.4 2.2 1.5 0.9 
108 214.3 69.4 5.7 2.8 1.0 0.5 
112 190.3 92.9 0.7 0.0 0.0 0.0 
116 189.2 70.1 2.3 0.3 0.1 0.1 
120 180.8 95.5 10.4 1.3 0.7 0.6 
124 127.4 110.5 8.0 0.1 0.0 0.0 
128 105.1 93.7 7.7 0.4 0.1 0.3 
132 102.1 89.2 4.2 1.1 0.4 0.3 
136 81.6 49.5 11.1 0.9 0.2 0.4 
140 81.8 51.4 1.3 0.0 0.0 0.0 
144 67.0 42.5 0.0 0.0 0.0 0.0 

Tab.6.45 – Stage-specific predation (ind m-2 yr-1) 
 

Spawning day S1 S2 S3 S4 S5 S6 
88 32.7 0.0 0.0 0.0 0.0 0.0 
92 29.8 0.0 0.0 0.0 0.0 0.0 
96 0.1 0.0 0.0 0.0 0.0 0.0 
100 0.0 0.0 0.0 0.0 0.0 0.0 
104 0.0 0.0 0.0 0.0 0.0 0.0 
108 0.3 0.0 0.0 0.0 0.0 0.0 
112 2.8 9.2 0.0 0.0 0.0 0.0 
116 22.1 12.0 0.0 0.0 0.0 0.0 
120 0.0 0.0 4.7 0.5 0.1 1.4 
124 0.0 44.0 7.7 0.1 0.0 0.4 
128 14.7 67.8 7.6 0.1 0.0 2.0 
132 11.7 83.1 1.9 0.0 0.0 0.4 
136 54.1 92.6 4.6 0.6 0.0 0.0 
140 32.2 122.4 10.4 0.0 0.0 0.0 
144 31.1 159.5 0.0 0.0 0.0 0.0 

Tab.6.46 – Stage-specific mortality due to starvation (ind m-2 yr-1)   
 

Mortality was caused by a mixture of starvation and mortality  for squid spawned on 

day 88 and 92 and after day 112, and exclusively by predation for squid spawned 

between day 96 and 108 (fig.6.151).  High mortality due to starvation occurred in S1 

squid spawned on day 88 and 92 (tab.6.46).  The highest mortality due to starvation 

occurred on S2 squid spawned between day 124 and 144, with higher loss due to 

starvation than predation for squid spawned from day 136 (tab.6.44).   
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In general, it can be seen that for squid spawned after day 112, there is a progressive 

shift of causes of mortality, with a higher proportion being lost due to starvation and 

a decrease of squid lost due to predation (fig.6.151). 

SD - Squid starvat ion, predation and recruitment as a function of spawning date
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Fig. 6.151 – Annual squid starvation, Sstarve, predation, SingPred  and  

recruitment, R, at different spawning dates 
 
6.4.2.2   Causes of recruitment variability 
 

The analysis of the causes of annual recruitment to spawning date will focus on the 

three spawning dates that exhibited annual recruitment higher than 5 squid m-2 yr-1 

(date 96, 108, 132) and the one with the lowest recruitment, 0.6 squid m-2 yr-1 (date 

128) between day 88 (29th  March) and 144 (24th May, fig. 6.150). 
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Fig. 6.152 – Daily vertically integrated abundance of squid, S, at 6 am spawned at different dates  

 
Spawning at different dates caused the squid to hatch at different times of the year 

(fig.6.152) and to enter a virtual ecosystem with different food and predator 

concentrations (tab. 6.47).   
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 96 108 128 132 
Dhatch 132 145 164 168 

Datehatch 13th May 26th May 14th Jun 18th Jun 
Pred 2252.3 2065.3 1819.6 1771.7 

Zprot_BPsquid 17.7 3.2 0.1 0.3 
Zprot_S 9.4 10.9 13.2 14.9 

Zprot_BP 67.1 26.5 22.0 24.0 

Tab. 6.47 – Dhatch: Days since the 1st Jan, when squid hatching occurred; Datehatch: Squid hatching 
date; Pred: vertically integrated visual predator concentration (ind m-2); Zprot: copepod protein 

biomass at the date of squid hatching (mmol C m-2); Zprot_BPsquid and Zprot_BP: maximum protein 
ingested by basal predator population during the period of squid permanence and annually (mmol C 
m-2 yr-1); Zprot_S: annual max protein ingested by squid (mmol C m-2 yr-1) at different hatching dates 

 

6.4.2.3   Predation 
 

Squid that hatched earlier in the year entered a mesocosm in which predators were 

more abundant (fig.6.153), and were victim of higher predation mortality, especially 

for the smaller, more vulnerable stages (tab.6.45).   
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Fig. 6.153 – Predator abundance, Pred, during squid permanence in the mesocosm 

 
This is clearly shown by a positive linear correlation between the number of squid in 

stages S1 being eaten and the predator concentration at the date of hatching 

(fig.6.154). As a consequence of this, the vertically integrated abundance of squid 

during the period of permanence in the mesocosm was different depending on the 

date of hatching (fig.6.155). 
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Fig. 6.154 – Correlation between stages S1 mortality due to predation and spawning date 
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SD - Squid abundance from the day of hatching
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Fig.6.155 – Vertically integrated abundance of squid during their  
permanence in the mesocosm as function of their spawning day 

 
The annual maximum vertically integrated squid abundance was lower for squid that 

were spawned earlier in the year, when predators were more abundant (fig.6.155). 

 
6.4.2.4   Competition for food 
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Fig. 6.156 – Amount of protein transferred to squid (Zprot_ingS) and  
to basal predator (Zprot_ingBP) during the period of squid permanence 

 

 

The annual amount of protein ingested by the squid population increased with the 

time of squid spawning (fig.6.156).  Squid cohorts, spawned earlier in the year, 

ingested less protein compared with those spawned later.  On the other hand, the 

amount of protein ingested by the basal predator population greatly reduced with 

time (fig.6.156).    
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6.4.2.5   Food availability 
 

The amount of food available was different depending on the date on which squid 

hatched (fig.6.157). 
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Fig.6.157 – Copepod protein biomass at different hatching dates (arrows and number show the 

hatching date of squid spawned on different days) 
 

Squid that were spawned on day 96 (6th April), hatched very close to the annual 

maximum copepod protein biomass and had potentially much more food available 

than those that hatched later, when the copepod protein biomass was less than half 

(fig. 6.157 and tab.6.47).  However the amount of protein ingested annually by squid 

spawned on day 96 was the lowest (fig.6.156 and tab.6.47).   
 

6.4.2.6   Copepod protein availability 
 

When comparing the vertically integrated copepod biomass available at squid 

hatching (fig.6.157) per individual squid during their permanence in the mesocosm, 

it can be seen that squid spawned on day 96, hatched in a mesocosm that offered 

much higher copepod protein biomass per squid (fig.6.158). In the first 10 days 

since hatching, squid that spawned on day 96 had at least double the amount of 

copepod protein biomass per squid.  From four days after hatching, squid spawned 

on day 108 had the second most abundant copepod biomass per individual squid 

(fig.6.158). From day 6 to day 11, squid that were spawned on day 108 had about 

double the amount of copepod protein per squid than those that were spawned on 

days 128 and 132.  Squid that were spawned on day 128 and 132 experienced a 

similar amount of copepod protein biomass per individual squid until 11 days from 

hatching (fig.6.158).   
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SD - Copepod protein available per squid since the day of hatching
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Fig.6.158 – Food availability per individual squid during the first two weeks since hatching 

 
 

Twelve days after hatching, a large number of squid that spawned on day 132 died 

of starvation, and this caused an increase in food availability for the survived ones 

(fig.6.158).  On the same date, a similar but milder phenomenon occurred also for 

squid spawned on day 128 (fig.6.158). After the second week since hatching, the 

biomass of copepod protein available to individual squid increased for all cohorts, 

especially those spawned on day 132 (fig.6.159). 
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Fig.6.159 – Food availability per individual squid during after two weeks since hatching 

 

6.4.2.7   Squid protein ingestion 
 

 Zprot_ingS S-1 day-1 

96 0.033 

108 0.037 

128 0.017 

132 0.026 

Tab.6.48 – Zprot_ingS S-1 day-1 : average protein ingested per squid per day2 

                                                 
2 This was calculated by dividing the population protein ingested each timestep by the number of 
squid in the population, to have the average protein ingested by individual squid each timestep, 
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As already said, the total amount of copepod protein ingested by the squid 

population increased depending on date of spawning (fig.6.156 and tab.6.47). 

However, when looking at the annual protein ingested by individual squid per day, it 

turns out that squid spawned on day 108 ingested the most protein per day, followed 

by those spawned on day 96, day 132 and 128 (tab.6.48). 

The average squid protein content per individual squid is shown on fig.6.160. 
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Fig.6.160 – Vertically integrated average protein content of individual squid  

 

6.4.2.8   Prey composition 
 

Spawning day ZingS Zprot_ingS Zprot/Z 
98 193243.9 9.4 4.88E-05 
108 17797.6 10.9 6.13E-04 
128 9617.4 13.2 1.37E-03 
132 10202.2 14.9 1.46E-03 

Tab.6.49 – ZingS: Annual number of copepods ingested by the squid population (ind m-2 yr-1); 
Zprot_ingS: Annual amount of protein ingested by the squid population (mmolC m-2 yr-1); Zprot/Z: 

Average protein per copepod ingested (mmolC ind-1) 
 

The annual amount of protein ingested by squid as a population was composed of 

many small copepods for squid spawned on day 96, and progressively by fewer 

larger copepods (tab.6.49). 
 

6.4.2.9   Recruitment 
 

Two weeks after hatching (day 14) squid recruitment started (fig.6.161).  The first 

squid cohort to recruit was that spawned on day 132.  Its recruitment lasted about 1 

week and reached a maximum of 5.8 squid m-2 yr-1 (fig.6.161 and tab.6.44).  Squid 

                                                                                                                                         
Zprot_S/Ts.  Adding all the Zprot_S/Ts for the time of permanence of squid in the mesocosm, and 
finally dividing the result by the number of days spent in the mesocosm.  
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spawned on day 108, recruited from day 17 to 35 after hatching, with 6.1 squid 

recruited m-2 yr-1 (fig.6.161 and tab.6.44). Squid, spawned on day 96, recruited in a 

short pulse from day 19 to 21, showing the highest recruitment: 7.0 squid m-2 yr-1 

(fig.6.161 and tab.6.44). Squid, spawned on day 128, were the last to recruit, from 

day 22 and 26, and with the lowest rate of success: 0.6 squid m-2 yr-1 (fig.6.161 and 

tab.6.44).  
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Fig.6.161 - Squid recruitment magnitude and duration. The lines end when there are no more squids  

 

6.4.2.10   Squid audit trails 
 

Fig.6.162-6.163 illustrate the life history of two squid that spawned on day 132.  

One recruited (id: 215787785), the other did not (id: 215787576).  Fig.6.162a shows 

the growth of the two squids.  The one that recruited reached the 8mm in mantle 

length, while the other nearly did it, but died before then. Fig.6.162b-e show how 

their carbon, protein, lipid pool and weight varied in time. Fig.6.162f shows that the 

recruiting squid ingested more protein than the non recruiting one over the period of 

permanence in the mesocosm. Fig.6.163 focused on the recruiting squid. As it grew 

bigger it migrated deeper during the day (fig.6.163a), keeping a depth, in which it 

would reduce the risk of predation (fig.6.163a). In the period between the 17th June 

and the 7th of July, it ate a maximum of 14 copepods per timestep (half-hour, fig. 

6.163c).  Respiration rate shows daily fluctuation due to metabolic, digestion and 

swimming costs (fig. 6.163d). The digestion of a full meal (gut fullness = 1) takes 

about 6 hours (fig. 6.163e).  They fed at dusk and dawn (fig. 6.163f). 
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Fig.6.162 – Audit trails for one recruiting and one non recruiting squid.  a) Mantle length (mm) for 
recruiting squid (red) and non recruiting squid (blue). b) Carbon pool (mmol C) for recruiting squid 
(red) and non recruiting squid (blue). c) Carbon (red), protein (green) and lipid (purple) pools for 

recruiting squid d) Carbon (blue), protein (green) and lipid (purple) pools for non recruiting squid. e) 
wet weight (mg) for recruiting squid (red) and non recruiting squid (blue). f) accumulated protein 

ingested (mmol C ts-1) for recruiting squid (red) and non recruiting squid (blue). 
 

a)      b) 

c)      d) 

e)      f) 
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Fig.6.163 – Audit trails for the recruiting squid. a) depth (m) b) depth (m) and irradiance (Wm-2) on 
the 21st June. c) ingested copepods (ind ts-1). d) respiration rate (mmolC h-1). e) gut fullness (wd) on 

the 21st June. f) ingested copepods (ind ts-1) on the 21st June. 
 
 
 

e)      f) 

c)      d) 

a)                         b) 

 16 Jun 00:00         22 Jun 06:00         28 Jun 12:00          04 Jul 18:00          11 Jul 00:00    21 Jun 00:00         21 Jun 06:00         21 Jun 12:00          21 Jun 18:00         22 Jun 00:00  

 16 Jun 00:00         22 Jun 06:00         28 Jun 12:00          04 Jul 18:00          11 Jul 00:00    16 Jun 00:00         22 Jun 06:00         28 Jun 12:00          04 Jul 18:00          11 Jul 00:00   

 21 Jun 00:00         21 Jun 06:00         21 Jun 12:00          21 Jun 18:00         22 Jun 00:00   21 Jun 00:00         21 Jun 06:00         21 Jun 12:00          21 Jun 18:00         22 Jun 00:00  
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6.5 Preliminary results on the effect of temperature on recruitment 

 

Ten jobs were run, all built on the base run. The temperature adjustment was varied 

from -5°C to +5°C in one-degree steps.  

The vertically integrated concentration of diatom, copepod, squid, and annual 

recruitment are shown as they vary over time for one year (fig.6.164). 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig.6.164  – Vertically integrated concentration (ind m-2)  a) P; b) Z;  
c) S (S1-S6); d) S in stage S7 (recruited) 

 

The demography of all population responded to the changes in temperature, in 

particular, squid embryonic period, which is a function of the mean incubation 

temperature. This caused the timing of squid hatching to vary, affecting recruitment 

success. 

 

a)                               b) 

c)                  d) 

1.0×1011 

 

 

 

8.0×1010 

 

 

 

6.0×1010 

 

 

 

4.0×1010 

 

 

 

2.0×1010 

 

 

 

0 
 

 

P (ind m-2) 

2.2×105 

 

 

 

1.8×105 

 

 

 

1.3×105 

 

 

 

8.8×104 

 

 

 

4.4×104 

 

 

 

0 
 

 

Z (ind m-2) 

 220 

 

 

 

176 

 

 

 

132 

 

 

 

98 

 

 

 

44 

 

 

 

0 
 

 

S (ind m-2) 

9.0 

 

 

 

6.4 

 

 

 

4.8 

 

 

 

3.2 

 

 

 

1.6 

 

 

 

0 
 

 

R (ind m-2 yr-1) 

Temperature 
Adjustment (ºC) 

Temperature 
Adjustment (ºC) 

Temperature 
Adjustment (ºC) 

Temperature 
Adjustment (ºC) 



Matteo Sinerchia                                                           CHAPTER 7 – DISCUSSION 
 

 161 

CHAPTER 7 - DISCUSSION 
 

7.1  Stability 
 

The base experiment demonstrated that the virtual ecosystem created by using 

LERM-ES under the Lagrangian Ensemble metamodel is stable, in the sense that the 

inter-annual variability of the ecosystem emergent properties is a few percent of 

their multi-year average.  

This has three important implications: 1) as stability determines the limits of 

predictability (Woods et al., 2005), LERM-ES can be used as a base for experiments 

to investigate the dynamics of planktonic ecosystems and fisheries recruitment; 2) 

results from the stability experiments provide more evidence that virtual ecosystems 

created using LERM-ES are globally stable; 3) it proves that when  a third dynamic 

population is added to the food chain, the stability of LE simulations with an NPZD 

model is not lost.  The stability experiments, in which the base run was repeated 

with four different P and Z initial concentrations, prove that the VEs created 

converge to a stable attractor within 15 years, independently of initial conditions, 

thereafter responding only to external forcing.   

The convergence of the VEs to a stable attractor, independent of initial conditions, is 

illustrated by Poincaré maps, in which on emergent property of the VE is plotted 

against another on the same day of the year (28th May).  All the versions of the base 

run (initialised with five different P and Z concentrations) showed that, once the 

ecosystems got on attractor, the inter-version noise is lower than the inter-annual 

noise. This is shown by 1) the reduced variability in both biomass and abundance of 

the VE populations in the last 10 years compared to the 25 years period (tab.6.2-6.3 

and fig.6.1-6.12) and 2) results from a chi-squared test show that the error 

distribution was concentrated around the multi-year mean in the base run (on 

attractor) and could be represented by a Gaussian distribution (tab.6.4, fig.6.13-

6.14).  Once on attractor, the virtual ecosystems showed annual stable cycles in their 

emergent biological properties.  On a specific date (28th May, a few days before 

squid recruitment occurs), the inter-annual variation in the plankton populations 

demography and biomass for all the five different versions varied by less than 15% 
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(below 3.7%, 8.6% and 11.3% for P,Z,S and 4.4%, 13.0% and 14.9% for P,Z,S) 

from the multi-year mean of the base run (tab.6.2-6.3).   

This level of stability was illustrated by Poincaré maps plotting the daily value of 

the populations’ abundance and biomass every day in the 10 analysed years 

(fig.6.20-6.21; 6.35-6.36).   

The daily vertically integrated concentration and biomass of diatom and copepod 

showed remarkable stability, with very little inter-annual variation in magnitude and 

timing of their annual maxima (tab.6.5-6.8).  The initial variability in the vertically 

integrated concentration of copepod versus squid was due to the steep change in 

copepod concentration, due to reproduction, at the time of squid hatching.  However, 

the vertically integrated concentrations of the two populations converged on the 17th 

May (2 days after hatching) every year.  The daily vertically integrated copepod and 

squid biomass during the period of squid permanence in the mesocosm showed the 

same trend in all analysed years, with some variation attributable to a combination 

of random displacement of particles above the turbocline and possibly to the 

encounter chance between copepod and squid migrating vertically through the 

mesocosm.  However, more experiments, with increasing number of squid and 

copepod agents, are required to confidently test this assertion.  Squid hatching date, 

depending on the mean incubation temperature of eggs, varied by less than one hour 

over the sample of 10 years.  This low level of variability confirms the stability of 

the VE showing that, as the external forcing followed an annual stationary cycle, so 

did the biological properties of the VEs.  The inter-annual variability from the multi-

year mean in recruitment was only 12.2%, which is quite small compared to the 

inter-annual variation of recruitment in occurring naturally in squid populations, 

which are highly sensitive to environmental fluctuations (Sakurai et al., 2000; 

Agnew et al., 2000; Dawe et al., 2000).  This provides the basis for further 

investigation using real weather data to assess the effect of weather on recruitment 

variability (see 8.2.1). 
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7.1.1 Ergodicity 
 

This set of experiments consists of a series of instances of the base run.  An instance 

of a VE differs from another only in the random seed which determines the  random 

displacement of plankters by turbulence. This random displacement of particles 

above the turbocline is the only stochastic process in LE modeling and it makes the 

particles follow different trajectories, and therefore their history of ambient 

environment and concentrations of prey and predators.  This leads to intra-

population variability of the biological properties of the individuals within a 

population.  A test for ergodicity (Woods et al., 2005) was carried out in order to 1) 

measure the demographic noise in the ecosystem by analysing the inter-instance 

variation for one year in an ensemble of independent runs, and comparing it with a 

timeseries of one instance of the virtual ecosystem, given the same degrees of 

freedom; 2) assess whether the emergent inter-annual variation in the biological 

properties of the VE is induced by the intra-population variability generated by 

turbulence, or rather by some artificial instability due to the modelling process.  If 

the statistics of the timeseries of a single instance of VE and that of an ensemble of 

independent runs are not significantly different, then the system is ergodic.  The 

inter-annual and inter-instance diatom, copepod and squid biomass averaged for 

each day of the year, show very little difference (tab.6.13a-b and fig.6.55a-6.57a), 

and are not significantly different from each other at the 4%, 97% and 20% 

respectively (tab.6.13c).  The inter-annual and inter-instance variation from their 

mean for diatom and copepod biomass on the 28th May is not more than 5%, while 

for squid biomass it reaches a maximum of 20% (fig.6.55b-6.57b).  This larger 

variability occurs during the periods of squid immigration and emigration and is due 

to the intra-population variability of the biological properties of individual squid, 

causing them to hatch and recruit at different times.   

In the case of diatom and copepod abundance and biomass variations are not 

normally distributed around the inter-annual mean of the base run.  They show a 

higher kurtosis, which is indicative of low variation from the inter-annual mean in 

the base run.   
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The populations deviate slightly from the ergodic ideal and the differences between 

ensemble and inter-annual statistics differ from a gaussian distribution (tab.6.14, 

fig.6.58-6.59).  An earlier investigation of the ergodicity of a virtual plankton 

ecosystem created by the LE integration found a slightly non-ergodicity and 

explained it as a consequence of zooplankton inheritance of weight through lineages 

(Woods et al., 2005). Understanding the reasons of this slight non-ergodicity in 

LERM-ES requires further investigation, at the individual level (audit trails). 

 

7.1.2 Sensitivity 

 

A series of numerical experiments was performed to investigate the effect of 

changes in the exogenous forcing on the VE dynamics, and in particular on squid 

recruitment (tab.6.15).   

 

7.1.2.1   Variation in nutrients load 

 

The ecosystem responded to a doubling of silicate in solution (from 0.6 to 1.2 mmol 

Si m-3 above the 1st January mixed layer depth, about 60 m) with an increase in 

diatom biomass. Although the mixed layer dissolved silicate concentration was 

doubled in year 2015, this was not maintained in successive years.  In fact, during 

the period of adjustment of the ecosystem to the new attractor (2015-2020), the 

dissolved silicate concentration on the 1st January fell to the value of the attractor 

before the doubling occurred (0.6 mmol Si m-3).  As a result, there was only a small 

increase in diatom biomass, which produced no significant difference in the 

demography and biomass of the upper trophic levels, and the multi-year average 

annual recruitment was not significantly different to that which occurred in the base 

run.  The added silicate was lost below the annual maximum, and was never re-

entrained above the mixed layer.  The silicate is transferred below the permanent 

mixed layer by diatoms sinking out of the mixed layer. The silicon contained in their 

shells is eventually remineralised when they die, but the chemical is not re-entrained 

into the mixed layer.   To address this, a chemical recycling adjustment was built 
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into the VEW, which keeps a track of all chemicals that are released (remineralised) 

from plankton, in each layer in the water column. The remineralised chemical below 

the permanent mixed layer is removed and transferred to the surface, where it gets 

homogenised by turbulence in the mixed layer. This was set to occur on the 1st 

January, where biological activity is at its lowest, and this adjustment has minimal 

impact on the ecosystem. 

This correction assists in keeping the nutrient balance tight. However, it proved not 

to be sufficient for keeping the surface concentration of nutrients stable.  Chemical 

recycling works when the annual maximum mixed layer depth does not vary inter-

annually. However, if there is a sudden shallowing of the annual maximum mixed 

layer depth, then the chemical recycling does not succeed in transferring back to the 

surface the chemical lost in the previous year.  The difference in annual maximum 

mixed layer depths in two successive years influences the amount of chemical 

available in the surface water (fig.6.80).  

Another difficulty in controlling the chemical in solution, as in this experiment, 

arises from the fact that diatoms have a capacity for nutrient, which is model 

dependent. Exogenously providing extra chemical in solution can simply cause the 

diatoms to uptake more.  As they reproduce they are effectively sequestering silicate 

from solution, adjusting to an attractor which is not the one expected.  With the 

current way that chemical budgeting is handled by the VEW it is the ecosystem 

driving the chemical concentration and not vice versa.   

Although nitrogen is more “mobile” than silicon, as it is transferred to the surface 

water by animal fertilisation, similar problems arose with doubling its dissolved 

concentration above the turbocline.   This issue will be addressed in future work.  

One point to clarify is the small drift in the total mesocosm chemicals load of around 

0.1% per annum, that occurs when running LERM-ES.  The VEW attempts to 

automatically handle certain aspects of chemical budgeting. Particularly, when a 

model contains a rule for nutrient uptake, the VEW automatically handles the 

distribution of nutrient between different plankters, if their totalled requests 

exceeded the available nutrient. However, with many agents performing uptake and 

remineralisation, while agents represent a dynamic numbers of individuals, the job is 
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more complex.  The small drift in total chemical is believed to be a bug in the VEW, 

when handling this automatic budgeting. 

 

7.1.2.2   Variation in top predators abundance 

 

Increasing the inter-population competition for food (basal predator) 

 

Doubling the vertically integrated concentration of basal predators competing with 

the squid for food caused a 22% reduction in the average annual squid recruitment 

(tab.6.5-6.27).  This decrease in recruitment was a direct effect of food limitation.  

The copepod population was reduced in size and biomass, as a consequence of the 

increased predation pressure exerted by basal predators.  Under these conditions, 

less copepods managed to over-winter, therefore reducing the biomass potential for 

the following season. As a consequence, 20% less carbon was transferred to the 

squid population (tab.6.9-6.31).  This reduction in food availability caused some 

squid to die of starvation, as they could not feed enough to fuel their metabolism. 

However, the vast majority of squid were victim of higher predation rates.  This was 

a direct effect of the reduced food availability on growth rate, which, being less than 

optimal, made squid more vulnerable to predation.   

 

Increasing predation pressure (visual predator) 

 

Squid mortality due to predation was the most significant factor affecting annual 

recruitment.  Doubling the vertically integrated visual predator concentration led to 

an almost 60% reduction in squid annual recruitment (tab.6.5-6.34).  This was 

caused by a direct effect of predation on the squid population (tab.6.35), especially 

the more abundant and slower swimming newly hatched squid in stage S1, which 

increased by 30% (tab.6.36).   As a result of increase predation on the squid, 

predation pressure on copepods was more relaxed (tab.6.6-6.35).  Compared with 

the base run, copepods ingested 20% more carbon from the diatoms, which allowed 

the non-overwintering cohort to build-up enough lipids reserve to survive the winter. 
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This cohort of winter survivors constituted an extra portion of reproducing copepods 

in the following year, which means extra food for the squid (tab.6.9-6.39).  The 

annual cycle of copepod agents, especially those overwintering, was less regular 

compared to the base run and this might have contributed to the increased level of 

noise in recruitment (fig.6.44-6.136).  Also the diatom autumn bloom showed yearly 

fluctuations, suggesting that this non-overwintering cohort grazes on the autumn 

diatom population. This causes the diatom and copepod biomass on the 1st of 

January to fluctuate from year to year (fig.6.133-6.134). The percentage variation 

from the multiyear average for diatom and copepod biomass on the 1st of January 

increased from 4.5 to 10.3% and from 5.8 to 12.1% respectively (tab.6.38).  The 

maintenance of a stable number of agents seems to affect the stability of the 

ecosystem.  Another factor which could be responsible for this increase in inter-

annual noise could be that the increase in predator concentration might have pushed 

the VE attractor close to a regime shift situation.  However, in order to test this 

conjecture, it would be necessary to run a set of numerical experiments in which the 

number of predators in the mesocosm is progressively increased over a wide range 

of concentrations (see section 8.2.2). 

 

7.1.2.3    Variation in spawning stock 

 

Number of eggs laid 

 

Competition for food between members of the same population was a significant 

factor affecting the magnitude of recruitment, through a strong density-dependent 

effect.  Results from the sensitivity of recruitment to the magnitude of spawning (i.e. 

number of eggs laid) showed that increasing the number of eggs being laid annually 

above the carrying capacity of the system leads to significant reduction of 

recruitment (fig.6.144a).   The carrying capacity of the VE could sustain the growth 

of between 400 and 500 eggs laid m-2 yr-1, before the density-dependent effect 

becomes a limiting factor to annual recruitment (see section 7.2.2).  Below this level 

annual recruitment decreased slightly, but when 500 or more eggs were injected into 
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the mesocosm, it caused a significant reduction in annual recruitment. Results from 

this set of experiments suggest that a strong density-dependent mechanism controls 

squid recruitment (see section 7.2.2).   

 

Spawning time 

 

Results from the experiments investigating the sensitivity of recruitment to timing 

between squid hatching and copepod biomass annual maximum suggest this is an 

important factor affecting squid recruitment, as suggested by Cushing’s match-

mismatch hypothesis (Cushing, 1972, 1990).  There is an optimal period for 

spawning, judged by recruitment success (fig.6.150), between the 2nd April and the 

20th May (tab.6.44).  Changes in squid spawning date relative to the annual 

productive cycle of the ecosystem caused the newly hatched squid to enter a 

mesocosm, whose biological properties (i.e. food abundance and composition, 

predators abundance, etc.) were different, causing variation in predation pressure 

and squid growth rate.  For squid spawned after the 22nd April, there is a progressive 

shift of causes of mortality, with a higher proportion being lost due to starvation and 

a decrease of squid lost due to predation (tab.6.44). 

 

7.1.2.4   The effect of temperature on recruitment 

 

The final stage of the project was involved with trying to design a set of numerical 

experiments for testing the sensitivity of recruitment to ambient temperature.  This is 

not an easy task as it sounds.  In the current state of the VEW, any physical variable 

of the mesocosm (i.e. mixed layer depth, temperature, etc.) emerges from the 

simulation and cannot be set by users.  A solution to this problem was to allow 

adjustment of the temperature purely for the biological rules. The effect is that the 

temperature that emerges from the physics is adjusted by a constant value when used 

by the plankton primitive equations. Time did not allow a thorough analysis of the 

VEs, however results show that variation in temperature had a significant effect on 

the biological properties of diatom, copepod and squid population (fig.6.164), in 
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particular in the timing and magnitude of diatom blooms (earlier but smaller spring 

bloom and much smaller autumn bloom at higher temperature, fig.6.164a), timing 

and magnitude of copepod reproductions (earlier and larger at lower temperatures, 

with double reproduction when temperature adjustment was -4 or -5°C, fig.6.164b), 

squid hatching date (about one month delay between 5°C and -5°C, fig.6.164c) and 

recruitment (recruitment occurred only for temperature adjustments between -2°C 

and 2°C, fig.6.164d).  The timing of recruitment varied as a function of temperature, 

with squid recruiting earlier at higher temperatures, as observed in several squid 

species (Loligo forbesi, Forsythe and Hanlon, 1989; Todarodes pacificus, Sakurai et 

al., 1996; Loligo gahi, Hatfield, 2000).  The reasons for such differences can be 

established through a careful analysis of the VEs. 

 

7.2 Causes of recruitment variability 
 

Analysis of the virtual ecosystems has shown that squid recruitment is determined 

by a combination of factors: competition for food, both within members of different 

populations (inter-population competition, i.e. squid and basal predator populations) 

and members of the same squid population (intra-population competition), predator 

pressure, food availability and feeding success.  Changes in the magnitude of each 

of these factors caused recruitment to vary.   
 

7.2.1 Competition 
 

Squid mortality was caused by a mixture of starvation and predation. Mortality due 

to starvation occurred only when food availability became limiting, causing a 

decrease in annual recruitment. This occurred as a consequence of increased 

competition for food either at an intra-population (more squid competing for limited 

food) or inter-population (more basal predators) level.  This concurs with 

speculation that stocks of squid have increased due to relaxed competition for food 

(Caddy and Rodhouse, 1998), however the suggested hypotheses cannot be 

validated due to the lack of field data quantifying the extent of ecosystem trophic 
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interactions (Shepherd and Cushing, 1980; Caddy and Rodhouse, 1998; Arkhipkin 

and Middleton, 2002). 
 

 

7.2.1.1   Intra-population competition for food 
 

As already said, competition for food between members of the same population was 

a significant factor affecting the magnitude of recruitment.  Annual recruitment as a 

function of egg production showed a typical Ricker’s domed shape (Ricker, 1954):  

it increased with egg production up to a point, the carrying capacity of the system, 

beyond which density-dependent processes are so strong that they over-compensate 

for changes in biomass, so that increased eggs production leads to decreased 

recruitment (fig.6144, Shepherd, 1982).  This phenomenon has been observed in 

nature for Loligo pealei (Rosenberg et al., 1996) and Loligo gahi (Agnew et al., 

2000).  Agnew et al., 2000 suggested that this was caused by a density-dependent 

effect, but could only hypothesize that this could be due either to cannibalism or 

competition for food.  Rodhouse (2001) suggested that the proposed density-

dependent mechanism must presumably be different from cannibalism, as in squid 

such as Loligo gahi, the parent stock dies soon after spawning and is therefore not 

present to cannibalise the next generation when it starts to grow.   

Results from the sensitivity of recruitment as a function of eggs production suggest 

that this density-dependent effect could be caused by intra-population competition 

for food.  When the magnitude of spawning exceeds the carrying capacity of the 

system, then mortality increases mainly due to predation and to a much lower extent 

to starvation, leading to lower survival rates and recruitment (tab.6.42).  On a 

population level, the annual amount of protein ingested increased with the number 

of eggs laid (fig.6.146), especially in the newly hatched paralarvae (fig.6.147), 

however this was shared between more squid, making it increasingly insufficient for 

rapid growth and survival.  The average amount of protein ingested per squid per 

unit time decreased with increasing squid competing for the limited food (fig.6.145 

and 6.148), causing them to grow slower and making them more vulnerable to 

predation.  This emergent mechanism by which the interaction between density-

dependent larval growth and predation during the critical period results in density-
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dependent larval survival as been previously suggested to be an important factor in 

shaping recruitment of fish populations (Ricker and Foerster, 1948;  Shepherd and 

Cushing, 1980; Cushing and Horwood, 1994).  

 

7.2.1.2   Inter-population competition  
 

Results from the model have shown that competition for food occurring within 

members of different populations is another significant factor affecting annual 

recruitment success (tab.6.5-6.27). As for intra-population competition, abundance 

of competitor populations affected squid mortality indirectly mainly through 

predation mortality caused by a Ricker-Foerster (1948) type effect (tab.6.28): lower 

abundance of food per squid causes a less than optimal growth, therefore exposing 

them to predation for longer.  Some studies have pointed out the importance of inter-

population competition on the abundance and recruitment of squid in different areas 

of the world (Caddy and Rodhouse, 1998; Arkhipkin and Middleton, 2002).   

It has been suggested that the increased cephalopods landings observed over the last 

30 years, in particular in areas where cephalopods and finfish have been both fished 

intensively (e.g. Mediterranean Sea, NW Pacific and East-central Atlantic), may be 

due to a reduction in competition for food (Caddy and Rodhouse, 1998).  This could 

be due to the typically shorter life spans and faster growth rates and therefore 

increased spawning potential of cephalopods under intensive fishing compared with 

finfish populations (Caddy and Rodhouse, 1998).   Possible competitive interactions 

between Illex argentinus and Loligo gahi have been reported in the Falklands 

Islands waters (Arkhipkin and Middleton, 2002).  Analysis of the fisheries statistics 

for these two squid populations between 1987 and 1999 found a strong negative 

correlation between their abundance.  The authors suggested that Illex argentinus 

affected Loligo gahi populations either due to competition of limited food resources 

or direct predation, however they were unable to discriminate between the two 

proposed mechanisms (Arkhipkin and Middleton, 2002).  
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7.2.2 Predation 
 

Results from the numerical experiments presented suggest that predation is the most 

important cause of squid mortality during the post-hatching critical period. Doubling 

the predator abundance in the virtual mesocosm led to an almost 60% reduction in 

squid annual recruitment.  The effect of predation on squid recruitment depends on 

the abundance of the predator, but also on the growth rate of the squid. Larger squid 

are better swimmers, and therefore more capable of escaping predators’ attack, than 

small ones.  As already observed in the competition experiments, squid that grows 

slowly spends more time in a set stage, on which swimming speed depends, and is 

more liable to predation than another squid that takes less time to get into the 

successive stage.  In the double silicate run, the strong ingestion of S1 squid in year 

16 was effectively beneficial as it reduced competition for food for the ones that 

survived. The higher survival rate of S1 squid in year 15 caused a density-dependent 

decrease in available food for individual squid, with a consequent slower growth 

rate and therefore a bigger exposure to predation, as suggested for fish populations 

(Ricker and Foerster, 1948; Shepherd and Cushing, 1980). 

Several studies suggest that stocks of squid are sensitive to predation pressure 

(Caddy and Rodhouse, 1998; Arkhipkin and Middleton, 2002), however the lack of 

rigorous enough data to allow quantitative analysis of the significance of 

cephalopods (or other prey) in the diets of predatory fishes, and even the most 

comprehensive studies are not predictive because findings relate only to the time-

period of each study (Boyle and Rodhouse, 2005). 

 

7.2.3 Ingestion and prey composition 

 

Prey composition was an important factor affecting recruitment.  When squid 

hatched on different dates, as a consequence of different spawning dates, the 

composition of their prey field was different.  Squid, that hatched just after copepod 

recruitment (spawning on day 96), were in an environment in which copepods were 

more abundant, but still in their naupliar or early copepodite stages (tab.6.49). On 
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the other hand, those that hatched about one month after copepod reproduction 

(spawning on day 132) entered an environment in which their prey was composed of 

fewer but larger and more nutritious copepods.  The resultant annual recruitment in 

both years was high.   

A similar phenomenon emerged in the double silicate experiment.  Year 16 

exhibited the highest annual recruitment.  During that year, the number of copepod 

ingested was not significantly higher than in other years, but they got the most 

carbon out of them.  Conversely, in year 15, squid consumed the highest number of 

copepods, but got much lower carbon out of them, compared to year 16, and they 

exhibited half the recruitment that occurred in year 16.  Also in this case, the prey 

composition was different.  Year 16 was characterised by an initial copepod 

population including copepods that survived the winter feeding on the diatom winter 

population.  As the squid growing season starts they have a chance to feed on larger, 

more carbon rich copepods.  Results from this set of experiments confirms that a 

balance between the quality of food, intended as the nutritional value of an 

individual prey, and its abundance, is an important factor affecting recruitment, as 

suggested by Cushing’s match-mismatch.      

 

7.3 Cushing’s match-mismatch 
 

The numerical experiments investigating the sensitivity of recruitment to squid 

spawning date support Cushing’s match-mismatch suggesting there is an optimal 

period for spawning, judged by recruitment success. For these virtual ecosystems, 

squid recruited when spawning occurred between the 2nd April and the 20th May.  

This optimal spawning period is consistent with the observed spawning period 

(April to November) for Loligo opalescens in Monterey Bay (Hixon, 1983), which 

is located at latitude (37°N) close to that of the Azores site (41°N), where the virtual 

mesocosm was anchored.  The end of the optimal spawning period predicted occurs 

at the end of May, which is earlier than that observed in Monterey Bay.  This may 

be due to the fact that LERM-ES represents a simple trophic chain, in which 

phytoplankton is represented only by one diatom population.  The productivity of 
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the ecosystem may therefore be temporally limited to the period in which diatom 

dominate the surface waters (Weeks et al., 1993).   

The results of the numerical experiments suggest that the timing of spawning, 

together with variations in the productive cycle, due to changes in nutrients, predator 

and competitors abundance, are important factor affecting recruitment success, as 

suggested by Cushing’s match mismatch.   

Annual recruitment was a product of the interactions between these inter-related 

factors.  The availability of food at the time of hatching was one important factor 

affecting recruitment but not the only one: recruitment was determined by a 

combination of food availability and composition, predation, inter and intra-

populations competition, and speed of growth.   

In particular, it emerged that predation mortality was the single most important 

cause of mortality, especially for newly hatched squid (tab.6.45), as suggested by 

Hjort’s critical period hypothesis (Hjort, 1914).  This resulted directly by the effect 

of increased predation or indirectly through density-dependent survival (Ricker and 

Foerster, 1948; Shepherd and Cushing, 1980). 

The advantage of hatching in a period of high food abundance could be balanced out 

by increased competition and predation, as in the case of squid spawned on day 96.  

Squid that hatched on day 96 entered an environment in which the amount of food 

available was more than double compared to any other squid spawned later in the 

year (fig.6.157), however, due to much higher competition for food (fig.6.154) and 

predator pressure (fig.6.154), recruitment was only slightly higher than those 

spawned on day 108 or 132 (tab.6.44).   

In general, it can be seen that for squid spawned after day 112, there is a progressive 

shift of causes of mortality, with a higher proportion being lost due to starvation and 

a decrease of squid lost due to predation (tab.6.44).   

Newly hatched squid paralarvae are capable of ingesting prey of their own size 

(Boletzky, 1974), so, contrary to what happens with fish, there was no limitation on 

the size (stage) of copepods the squid could feed on.  However, for other species in 

which ingestion of prey is limited to a smaller range of prey sizes (or stages), 

excluding the unsuitable prey from the predator diet would be a simple exercise.  
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This would probably lead to a further restriction of the spawning time window for 

successful recruitment.  This exercise could be addressed in future work 

investigating the recruitment of different species. Under the current model 

specification, preference in the copepods stages, which the squid feeds on, emerges 

from a balance of prey nutritional value, intended as protein contained (i.e. stage and 

size) and their swimming speed compared to that of the prey, which determines the 

ability of squid to catch their prey.   

 

7.4 Verification 

 

The main obstacle to model verification is the absence of reliable field data, 

especially for fine-grained processes which are difficult to observe, such as predator-

prey interactions and density-dependent mechanisms. This is a serious problem, as it 

makes it possible to determine whether the emergent phenomena in the VE, such as 

the emergent density-dependent survival (Ricker and Foerster, 1948; Shepherd and 

Cushing, 1980), resemble what happens in reality.  Previous work, trying to explain 

the causes of recruitment variability as a consequence of density-dependent survival 

of larval fish encountered similar problems and advocated the need to retrieve 

enough field data to validate the model (Shepherd and Cushing, 1980; Caddy and 

Rodhouse, 1998; Boyle and Rodhouse, 2005).  Shepherd and Cushing (1980) 

suggested this could be achieved by tracking simultaneously patches of larvae and 

their predators to assess their growth and mortality, and investigate possible 

correlations between the two.  This is not an easy task.  A possible alternative could 

be to set up large mesocosms, which would facilitate the observations of predator-

prey interactions.   Until these type of field observations are unavailable, the 

proposed mechanisms responsible for recruitment variation remain interesting 

speculations. 

Direct comparison between recruitment and fisheries data, where available and 

complete, is certainly possible.  Currently the VEs, produced by the numerical 

experiments presented, were generated in a 1D environment, which is driven by 
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climatology rather than real weather. At this stage, any comparison of the emergent 

annual recruitment with fisheries data would be premature.   

However some emergent properties of the virtual ecosystems generated using 

LERM-ES which match observations are now described.   

 

7.4.1 The formation of deep chlorophyll maximum 

 

LERM-ES reproduced the formation of the DCM in depth range and sinking speed 

(fig.6.54) comparable with several studies done in the Azores region (tab.7.1). 

Fasham et al. (1985) measured the depth of the DCM south of the Azores in late 

April and May 1981. It consisted of slow growing phytoplankton and was about 

100m deep in late May.  During the period of this study, the DCM depth increased 

by 7-8m in 20 days following the increasing depth of the 1% light level and the 

nutricline.    

A series of oceanographic cruises (Sea Rover surveys 1984-1986) recorded in situ 

chlorophyll-a concentrations, and the local environment. Strass and Woods (1991) 

used the Sea Rover dataset to investigate the new production during summer in the 

North Atlantic.  In a site north of the Azores, the depth of the DCM was 50-70m in 

late June.  The authors reported a progressive sinking of the DCM at a rate (almost 

10m per month), consistent to that measured by Fasham et al. (1985).  The rate of 

DCM sinking was correlated to the nutricline sinking rate.    
 

Source Location  Time DCM depth range 
(m) 

LERM-ES 41°N 27°W April-May 
May-June 
June-July 
July-Aug 
Aug-Sep 

30-70 
40-80 
50-90 
55-95 
55-100 

Fasham et al. 1985 South of 
Azores 

April-May1981 ~ 60-110 April 
~70-120  May 

Strass and Woods, 1991 North 
Atlantic 

 
Apr-May 1985 
Jun-Jul 1986 
Aug-Sep 1984 

At latitude 40ºN 
20-50 
50-70 
50-100 

Tab.7.1 – Comparison of DCM depths predicted by LERM-ES with observations near the Azores 
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7.4.2 Observations of squid physiology and behaviour  

 

The emergent physiological properties and behaviour of the simulated squid 

paralarvae is comparable to observations, as shown in the audit trail describing their 

life histories.  The simulated squid vertical migration was comparable with in situ 

observations in Monterey Bay on the distribution of L. opalescens paralarvae: they 

perform diel migration and are vertically distributed above 80m (Okutani and 

McGowan, 1969; Zeidberg and Hamner, 2002). As they grow larger, they move 

deeper in the water column (Cargnelli et al., 1999).   Digestion rate is also 

comparable to laboratory observations: complete digestion of a meal takes about 6 

hours for L. opalescens (Karpov and Caillet, 1978) and 4-6 hours for L. vulgaris 

(Bidder, 1950).  The growth rates for the squid considered, varied between 5.2 and 6 

mm per month, which is comparable with observations of squid growth rate ranging 

between 1.1 and 5.6 mm per month during the first three months post-hatching 

(Hanlon et al., 1979). 
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CHAPTER 8  -  CONCLUSIONS AND FUTURE WORK 
 

8.1   Conclusions 
 

8.1.1 LERM 
 

The investigation reported here represents a proof of concept that LERM run under the 

Lagrangian Ensemble metamodel makes it possible to create a virtual ecosystem in which 

fisheries recruitment can be predicted and is fit for purpose to test Cushing’s match-

mismatch and other theories of fisheries recruitment.  

The creation of LERM models was the result of substantial work in extracting from the 

literature biological equations derived from laboratory experiments and in translating 

these into phenotypic rules that are appropriate for coding in a model that obeys the LE 

metamodel.  This provides a sound basis for the biology used in LERM-ES, from which 

all the reported results were obtained.  

The major strength of the method used lies in the fact that it provides a logical framework 

for explaining emergent properties, such as recruitment, in terms of emergent ecological 

processes, all of which ultimately rest on phenotypic equations derived from reproducible 

laboratory experiments, as proposed by Woods (2003). 

Cushing realized that the timing of eggs hatching and the abundance of food available 

during the critical period of first feeding was an important factor in determining hatchling 

survival, but could not discriminate whether this effect was caused by larval mortality 

due to starvation or to predation (Cushing, 1966). The same is true for other studies 

(Arkhipin and Middleton, 1996; Caddy and Rodhouse 1998; Agnew et al. 2000).   

The reported numerical experiments provides more evidence to the Cushing’s match-

mismatch hypothesis that the timing between hatching of eggs and the peak in food 

abundance is indeed one important factor affecting recruitment.  Annual recruitment 

emerged from a combination of food availability and composition, inter and intra-

populations competition, speed of squid growth and predation.  Results also support the 

Hjort’s critical period thesis (Hjort, 1914) that recruitment is primarily determined by 

predation mortality during the early larval stages, the duration of which depends on 

growth rate and thus food availability.  In particular, it provides more evidence to the 

hypothesis that density-dependent growth interacts with predation to produce density-
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dependent survival: when competition for a limited food resource is high, larvae grow 

slowly and are vulnerable to predation for longer (Ricker and Foerster, 1948; Cushing 

and Shepherd, 1980).   The demonstration was based on a simple representation of squid 

recruitment at the Azores.  The method proved successful provided a plausible 

description of the mechanisms involved in determining squid annual recruitment, 

however it needs to be refined before it can be used operationally as a contribution to 

fisheries management.  Experiments were set in a simplified scenario, in which the 

dispersal of squid paralarvae by currents was not considered and the ecosystem was 

driven by a stationary annual climatology.   

In order to provide credibility to the model predictions and the mechanisms proposed, 

these have to be validated against field observations, which are difficult to obtain 

(Shepherd and Cushing, 1980; Caddy and Rodhouse, 1998; Boyle and Rodhouse, 2005).  

However, LERM-ES could provide a useful tool for planning which field data would be 

most effective for verifying LERM-ES. 

LERMS-ES provides a base for further scientific investigations.  The current biological 

equations can be further enriched with the introduction of new ones to target new 

problems (e.g. LERM-PS is currently being used as the base model by the Bermuda 

Institute of Ocean Sciences for simulating the Bermuda Atlantic Time-Series plankton 

community, BATS, and by the Plymouth Marine Laboratory to test hypothesis about the 

competition between population of Calanus finmarchicus and Calanus helgolandicus).  

This is an easy task thanks to the user-friendliness provided by the VEW.   
 

8.1.2   The VEW 
 

The third version of the VEW (Hinsley, 2005) was the first that could be considered fit 

for purpose in terms of creating simulations; previous versions inevitably required edits 

to be made at a low-level to update, or maintain simulations, requiring considerable 

computing support, which was provided by Dr Hinsley. However, VEW 3.0 was still in 

the early stages of development at the outset of the LERM research.  LERM provided an 

immediate application that the software could be specified towards. It also gave 

advantages to the creation of LERM models, since the development process of the VEW 

could specifically include the features required for building LERM. 
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However, such a bilateral process of development also raises significant challenges. 

Software development is a lengthy process, especially considering the complexity of the 

systems that the VEW aims to create. Testing, and debugging such a system is just as 

complex, and in some cases a particular software fix can render a number of experiments 

void, or at least difficult to defend in terms of scientific integrity, due to errors that may 

not have been in their nature, scientific.  In this way, a significant contribution of time 

and effort from this research has been towards the specification and development of the 

Virtual Ecology Workbench and indeed to the future of this type of research. The most 

significant enhancements and corrections that were added to the VEW in order to create 

LERM are summarized in Appendix V. 
 

8.2   FUTURE WORK 
 

8.2.1   Using weather data provided by ERA-40  
 

One of the major aims of this PhD was originally to investigate the effect of short-term 

fluctuations in weather on the success of fisheries recruitment.  It is generally accepted 

that the weather is the main contribution for variance in recruitment (Hjort, 1914; 

Shepherd, 1990; Heath, 1992; Koslow, 1992).  It has a profound effect on the dynamics 

of plankton ecosystem, affecting the timing of plankton blooms, which determines how 

much food is available to the fish hatchlings every year and also influences hatchlings’ 

development and metabolic rates.   

This would have been achieved by running a series of numerical experiments using the 

ERA-40 global dataset, which provides the synoptic state of the atmosphere every six 

hours from 1957 to 2001 with a 1×1 degree of resolution, including wind speed, cloud 

cover, surface solar radiation, surface sensible heat flux,  surface latent heat flux and 

surface long wave radiation. 

ERA-40 weather data was obtained and converted into a VEW complaint format in the 

beginning of the project. Unfortunately, the dataset provided by the British Atmospheric 

Data Centre was initially incomplete, with many thousands of erroneous entries. The 

dataset was finally obtained and converted at the end of 2006.   However, the engineering 

work to install the ERA-40 dataset into VEW 3.1 was more complicated than anticipated, 

as it required modifications in the physics code. For example, on many occasions, terms 



Matteo Sinerchia                       CHAPTER 8 – CONCLUSIONS AND FUTURE WORK 
 

 181 

which should have caused a loss of heat from the ocean were found rather to contribute a 

sudden gain.  As a result, it has not been possible so far to run simulations using the 

ERA-40 six-hourly data. The problems have been demonstrated, and work is ongoing to 

upgrade the VEW’s physics to handle the data, but for this reason, a full evaluation of the 

effect of weather on squid recruitment is not yet attainable using the VEW. 
 

8.2.2   Coupling LERM with a 3D circulation model 
 

A highly desirable feature would be to couple LERM-ES with a 3D circulation model, in 

order to simulated larval dispersion from the spawning grounds.  This is considered to be 

a very important factor affecting recruitment success in many fish populations.   However 

this requires a considerable amount of programming and testing.    
 

8.2.3   Sensitivity of recruitment to a wider range of variation in exogenous factors 
 

The sensitivity of the VE and squid recruitment to variation in nutrients (silicate and 

nitrogen), basal predator and visual predator abundance will be tested over a wide range 

of values (12 per exogenous factor), in order to gain a better picture of the importance of 

each and to establish thresholds values beyond which the VE may experience a regime 

shift. 

 

8.2.4  Method for testing the effect of temperature on squid recruitment  
 

Temperature is an emergent property of the simulation and is calculated in the physics 

code.  In the current specification of the physics, an exogenous change of temperature is 

immediately overwritten by the calculated value.  In the final stage of this project, to test 

the effect of temperature on the biology, a modification in the VEW was made to allow 

adjustment of the temperature purely for the biological rules: the temperature that 

emerges from the physics is adjusted by a constant value when used by the plankton 

primitive equations. Time did not allow a thorough analysis of this functionality, and in 

any case, this represents a first attempt to proxy the weather. Nevertheless, the effects of 

changing the temperature in this way were shown (fig.6.164). 
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8.2.5 Modification of chemical budgeting 
 

Analysis of the virtual ecosystems generated during this project exposed a small drift in 

the total mesocosm nutrients loads.  The problem is thought to be in some calculations 

performed in the VEW kernel, and further investigation is going to be performed to 

pinpoint the exact cause of such problem. 

Another problem in the budgeting of chemicals was due to the chemical conservation 

rule, which brings to the surface water chemicals that have been lost below the depth of 

the permanent thermocline in the previous year. The re-injection date was chosen to be 

the 1st January, as it is a biologically quiet period of the year. The problem occurred when 

the depth of the current year was shallower than in the previous.  A solution to this 

problem would be to re-inject the chemicals in the current year just after the mixed layer 

has reached its annual maximum in the current year. 

 

8.2.6  Lunar phase   
 

Many marine animals are known to release their larvae to the environment during 

determined periods of the year, when conditions are favorable.  Various studies suggest 

that the rhythm of release is periodic at short timescales and often coinciding with lunar 

cycles (Robertson, 1992; Robertson et al., 1999; Smith and Suthers, 2000; Smith and 

Sinerchia, 2004). This increases the chances of larval survival as it involves reduced risk 

of predation and tidal transport to recruitment grounds.  Future work will be devoted to 

add lunar phase to the astronomic component used to calculate solar irradiance. 

 

8.2.7   VEW performance 
 

The VEW addresses the difficulty in creating LE-based models with considerable 

success. However, a further factor to consider is the performance of simulations. The 

models in this thesis take between an hour (LERM-PS), and three hours (LERM-ES) per 

year of simulation time, to execute, when running on standard desktop computers, with a 

modest number of agents (around 20,000).  It would be desirable to run the simulations 

with many more agents to achieve more statistically significant results.  However, this 

has not yet been attempted, partly due to the increase time taken to run the simulations, 
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and partly due to computational memory cost. The VEW has not yet been optimised for 

performance, and runs only on a single processor. Parallelisation work on the VEW is 

currently being undertaken by Dr. Hinsley. 
 

8.2.8  Analysis of all dates of the timing of spawning experiment 
 

Due to time limitation the analysis of the causes of variability in squid recruitment as a 

consequence of timing of spawning was limited to the spawning dates that exhibited the 

highest recruitment and very low recruitment. In depth analysis will be performed at the 

end of the PhD. 
 

8.2.9  Passage from food chain to food web 
 

Future work will include extra populations in LERM.  This will include a flagellate 

population, to study the passage from new to regenerated production, and altering the size 

of the existing copepod model to simulated micro-zooplankton. 
 

8.2.10  Copepod 
 

At the moment a set fraction of copepods enters and exit over-wintering on a set date, 

following the specifications of Carlotti and Wolf, 1998.  To increase the realism of the 

model it would be desirable to achieve emergent over-wintering, by including 

environmental cues (e.g. temperature, day length, etc) to trigger the start and end of over-

wintering. 
 

8.2.11 Squid 
 

Squid somatic growth is linear, however for predation sake, in the current implementation 

of the VEW, it has to be considered staged, as a predator can feed only on stages of prey, 

rather than individual preys.  Future work could address this problem by allowing direct 

particle to particle interaction, taking into account the instantaneous size of squid, rather 

than a discretised stage value.  Another possible improvement derives from the fact that, 

in the current version of LERM-ES, squid are assumed to be neutrally buoyant, while in 

reality they need to swim to maintain their position. This could be modified by including 

an additional respiration cost. 
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8.2.12  Changing geographical location 
 

The model has so far been run only at the Azores location.  Experiments at different 

latitudes, such as along the trans-Atlantic line where the annual surface heat budget is in 

balance, are required in order to test the robustness of the model.  Another good 

candidate for this experiment would be a location close to the Falklands, where squid 

fisheries are of prime importance, and a large amount of fisheries data are available for 

verification of the model predictions. 

 

8.2.13   Other fisheries recruitment theories 
 

The model is ideally suited to test the squid specific Forsythe hypothesis, which explains 

that, due to the dramatic effect of small differences in temperature on the rate of growth 

during the exponential phase, in places where there is considerable seasonal increase in 

temperature, later hatching individuals can easily overtake those hatched earlier in the 

season by the time sexual maturity is reached (Forsythe, 1993). 

In future experiments, this hypothesis will be tested comparing the relative growth rate of 

the two hatched cohorts, one occurring in spring and the other in autumn, which are 

subject to different ambient temperature. 
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APPENDIX I – DIATOM MODEL 
 

I.1 STATE VARIABLES   

 

Eq.I.1 Apool = [Apool + Aing – (Apool * RN * T function * Ts)] / Cd 

Eq.I.2 Npool = [Npool + Ning – (Npool * RN * T function * Ts)] / Cd 

Eq.I.3 Sipool = [Sipool + Siing] / Cd 

Eq.I.4 Cpool = [Cpool + {Cpool * [(Photo – (Rc * T function) * Ts] }] / Cd 

Eq.I.5 Chlpool = if (θ N < θ Nmax) 

Chlpool +[(RhoChl * (A ing + Ning)] – [(Rchl * Chlpool * Tfunction * Ts)] 

   Else  

Chlpool – {Chlpool – [(Apool + Npool)* θ Nmax]} Chlorophyll degrades if above 

the maximum threshold of Chl : N    

Apool = Ammonium pool (mmol N) 

Npool = Nitrate pool (mmol N) 

Sipool = Silicon pool (mmol Si) 

Cpool = Carbon pool (mmol C) 

Chlpool = Chlorophyll a pool (mg Chl a) 

Ts = 0.5 h Timestep-1  

Cd = flag for cell division (reproduction occurs when Cd = 2) 

 

I.2 EQUATIONS  
 

I.2.1 MOTION 

 

Eq.I.6 z  = If (z<MLD)  

  RND(MLD) + (vs * Ts) 

      Else 

 z = z + (vs * Ts) 

 

z = depth (m) 
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I.2.2 PHOTO-ADAPTATION 

 

 

 

 

 

 

 

Fig.I.1 – Photosynthetic rate as a 
function of irradiance 
 
Pc = max rate of photosynthesis 
PcL = 0.05 (mmol C/mmol C h)) 
PcH = 0.15 (mmol C/(mmol C h)) 
Tc = Chla : C ratio 
TcL = 0.1 (mg Chla / mmol C) 
TcH = 0.7 (mg Chla / mmol C) 
 
Fig.I.2 – Nitrogen uptake as a function 
of nitrogen concentration 
 
Qn = N:C ratio (mmol N / mmol C) 
QnL = 0.05 (mmol N / mmol C) 
QnH = 0.15 (mmol N / mmol C) 
10,20,30 = Temperatures °(C) 
 
 
 
 
Fig.I.3 – Chlorophyll synthesis as a 
function of nitrogen uptake 
 
E0 incident solar radiation  
E0L = 50 Wm-2 

E0H = 500 Wm-2 

Ek = light saturation parameter 
(irradiance at which the initial slope 
intercepts light saturated rate –Fig. I.1) 
 
 
Fig.I.4 – Respiration cost as a function 
of nitrogen uptake 
 
Rmain = maintenance respiration 
Resp = total respiration (Rmain + 
Rgrowth) 
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I.2.2.1 PHOTOSYNTHESIS    
 

Eq.I.7  if (PC
max = 0)     

PC
phot = 0 

Else 

PC
phot = PC

max {1- exp^[(-3600 αChl θC E0)/ P
C

max]} 

Where: 

PC
max = maximum carbon specific rate of photosynthesis at ambient T(K)  (h-1) 

α
Chl = initial slope of photosynthetic light curve [mmol C m2 (µE mg Chl a)-1] 

E0 = incident scalar irradiance in the PAR part of the spectrum [µE s-1 m-2] 

θ
C = Chl a:C ratio within the cell [mg Chl a (mmol C)-1] 

θ
C = Chlpool / Cpool 

 

MAXIMUM RATE OF PHOTOSYNTHESIS 
 

The maximum rate of photosynthesis is assumed to increase linearly with the cell 

nitrogen quota (QN) 

Eq.I.8  QN = Npool / Cpool 

Eq.I.9  IF (QN,min ≤ QN ≤ QN,max) 

PC
max = PC

ref [(QN- QN,min)/( QN,max- QN,min)] Tfunction 

else if (QN < QN,min)  

PC
max = 0 

else if (QN > QN,max) 

PC
max = PC

ref Tfunction 

Where: 

QN,min = minimum nitrogen to carbon ratio [0.034 mmol N (mmol C)-1] 

QN,max = maximum nitrogen to carbon ratio [0.17 mmol N (mmol C)-1] 

Tfunction = defines the effect of temperature on metabolic rates (dimensionless): 
 

Eq.I.10  Tfunction  = exp {AE [(1/T)-(1/Tref)]}  

Where: 

AE  = slope of the linear region of an Arrhenius plot  [-10000 K]   

T = ambient temperature (K)  ;   Tref  = 293K  
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Fig.I.5 - The effect of temperature on metabolic rates 
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Fig.I.6 – The effect of internal N:C ratio and temperature on maximum photosynthetic rate. 

Qnmin = 0.034, QnL = 0.05 , Qnmed = 0.1, QNH= 0.15, Qnmax = 0.17 

I.2.2.2 CHLOROPHYLL SYNTHESIS  
 

ρChl = Chl a synthesis regulation index [µg Chl a (mmol C)-1] 

θ
N = Chl a:N ratio [mg Chl a (mmol N)-1]: 

Eq.I.11  θ
N = Chlpool  / Npool 
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Eq.I.12  IF  (E0 > 0) 

ρ
Chl = θN

max [P
C

phot / (3600 αChl θC E0)] 

Else  

   0 

Where: 

θ
N

max = maximum value for the (Chl a: N) ratio, θN [mg Chl a (mmol N)-1] 

PC
phot = carbon specific rate of photosynthesis (h-1) 

α
Chl = initial slope of photosynthetic light curve [mmol C m2 (µE mg Chl a)-1] 

θ
C=(Chl a:C) ratio within the cell [mg Chl a (mmol C)-1] 

E0= incident scalar irradiance in the PAR part of the spectrum [µE s-1 m-2] 
 

Considering that 1 W = 4.6 µE s-1 

And E0  (µE s-1 m-2) = 4.6 Irradiance (Wm-2) 
 

rhoChl at High and Low levels of Chl:C and incident 
irradiance vs rate of Photosynthesis
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Fig.I.7 – Chlorophyll synthesis rate as a function of internal Chl:C ratio and irradiance 
 Tc = Chlp:Cp TcL = 0.1, TcH = 0.7, E0L =50 Wm-2, E0H = 500 Wm-2 

 

I.2.2.3 NUTRIENTS UPTAKE   
 

Specific rate of nutrient uptake is modelled using Droop dynamics (Droop, 1973), based 

on 3 experimentally verifiable postulates: 

• uptake depends on the external substrate concentration  

• growth depends on the internal substrate concentration  
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• in steady state system specific rate of uptake (in the absence of significant 

excretion) is necessarily the product of the specific growth rate and internal 

substrate concentration. 

 

NITROGEN 
 

Maximum rate of Nitrogen uptake, VC
max (mmol N (mmolC h)-1) : 

Eq.I.13   IF (QN,min ≤ QN ≤ QN,max)   V
C

max = VC
ref [(QN,max - QN)/( QN,max- QN,min)]

n Tfunction 

   else if (QN > QN,max)          V
C

max = 0 

   else if (QN < QN,min)          V
C

max = VC
ref Tfunction 

 

Where: 

QN,min = minimum nitrogen to carbon ratio [mmol N (mmol C)-1] 
QN,max = maximum nitrogen to carbon ratio [mmol N (mmol C)-1] 
n = const. to define the rate of VC

max decline with increasing QN    (0.05) 
Tfunction = defines the effect of temperature on metabolic rates (dimensionless) 
 

 

 

 

 

 

 

 

 

 

 

Fig.I.8 – Maximum rate of N uptake as a function of: a) temperature and b) N:C internal ratio 

 

UPTAKE: 

Eq.I.14   VC
N = VC

max [N / (kN + N)] 
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SILICATE 
 

Silicate uptake starts when Cpool has reached 90% of the C threshold for cell division 

(CSmin ). 

VS
silicate dependent on Si:C ratio, QS 

 

Brzezinski (1985) observed that Si:C ratios varied between 0.04-0.43, with the vast 

majority of species (27 in total) having ratios between 0.04-0.15. 

Mean reported: 0.13±0.04 (95% confidence). 

 

Eq.I.15    If (Cpool > Csmin) 

   {then if (QS ≤ QSmin)       VS
max = VS

ref ⋅ Tfunction       

   else if (QSmin < QS < QSmax) V
S
max = VS

ref [(QS,max – QS)/( QS,max- QS,min)]
n Tfunction  

   else if (QS ≥ QSmax)  VS
max = 0 

    } 

Else  VS
max = 0 

Rate of silicate uptake vs Si:C ratio
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Fig.I.9 – Maximum rate of Si uptake as a function of Si:C internal ratio 

 

Eq.I.16  VS
Si = VS

max [Si / (kSi + Si)] 

 

Where  

kS = half-saturation constant for silicate uptake (1 mmol Si) 

Si = Silicate ambient concentration (mmol Si m-3) 
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NUTRIENT UPTAKE CALLS (Specificity of chemical resolved)  

 

Eq.I.17  Nitrogen:       uptake [(Cpool * V
C

N *Ts)  from  Nitrogen Conc]    � Ning 

Eq.I.18  Silicate:         uptake [(Sipool * V
C

Si *Ts)  from  SilicateConc] � Siing 

 

Ning and  Siing return the amount of chemical uptaken during the previous timestep. 

I.2.3 RESPIRATION   

 

Geider 98 assumed that the maintenance metabolic rates RCmaintenance, describing C 

respiration;  RN describing remineralisation of N and  RChl describing Chl degradation are 

equal: 

Eq.I.19   [RCmaintenance = RN = RChl ]*T function 

 

RC = Total C specific rate of respiration [h-1] 

Eq.I.20  RC = [RCmaintenance *Tfunction] + RC
growth 

Where: 

RC
maintenance

 = Carbon specific rate of maintenance respiration           

RC
growth = Carbon specific rate of growth related respiration 

 

Eq.I.21  RC
growth = ζ VC

N 

Where: 

ζ = cost of biosynthesis [mmol C(mmol C)-1] 

VC
N = Carbon specific rate of DN uptake [mmol N(mmol C)-1 h-1] 

 

 

I.2.4 CELL DIVISION 
 

Silicon depletion in the water may limit diatom reproduction before nitrogen depletion. 

Eq.I.22  if (Cp ≥ Crep) and (Sp ≥ Srep) 

  cd = 2 

else 

  cd = 1 
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Where 

cd = flag for diatoms maturity [dimensionless] 

Crep = carbon content threshold for cell division (mmol C)  

Srep = silicon content threshold for cell division  (mmol Si)   
 

When cd = 2, the number of cells in the subpopulation, c,  are doubled. 

Eq.I.23  If (Cd =2) � divide(2) 

The daughters will have values for carbon, nitrogen, silicon and chlorophyll a which are 

half the value of their parents before division. 

 

I.2.5 MORTALITY 
 

Eq.I.24  If (Cpool < Cstarve) � Dead 

Where 

Cstarve = carbon content threshold for energy starvation (mmol C)  

 
 

I.2.6 REMINERALISATION 
 

When Living: 
 

Eq.I.25  Release (Apool + Npool) * RN * Tfunction * Ts)  to Ammoniumconc  

 

When Dead: 
 

Eq.I.26  Siremin = Sdissolution * QRemS ^( (T – TSref)/10) 
 

Eq.I.27  Nremin = Ndissolution * QRemN ^( (T – TNref)/10) 
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I.3  PARAMETERS 
 

Symbol Name Units Value Source 
ζ  cost of biosynthesis mmol C(mmol N)-1 2.3 Geider et al.,1997 
vs sinking velocity m h-1 0.04 Woods and 

Barkmann, 1993 
QN,min minimum nitrogen to carbon ratio mmol N (mmol C)-1 0.034 Geider et al.,1998 
QN,max maximum nitrogen to carbon ratio  mmol N (mmol C)-1 0.17 Geider et al.,1998 
AE   
 

slope of the linear region of Arrhenius 
plot   

K -10000 Geider et al.,1997 

Tref   Reference temperature K 293 Geider et al.,1997 
kS half-saturation constant for silicate uptake mmol Si m-3 1 Tett and Droop, 

1988 
θ Nmax  Maximum Chl a:N ratio mg Chl a(mmol N)-1 4.2 Geider et al.,1998 
QS,min  minimum silicon:carbon quota mmol Si (mmol C)-1 0.04 Brzezinski, 1985 
QSmax  maximum silicon:carbon quota mmol Si (mmol C)-1 0.15 Brzezinski, 1985 
αChl initial slope of photosynthetic light curve mmol Cm2 (µE mg Chl a)-1 7.9×10-7 Geider et al.,1998 
n  const. to define the rate of VC

max decline 
with increasing QN     

dimensionless 0.05 Partridge, pers. 
comm.. 

RC
maintenance

  Carbon specific rate of maintenance 
respiration 

mmol C (mmol C)-1 h-1 2×10-3 Geider et al., 1996 

RN Nitrogen specific rate of N 
remineralisation 

mmol N (mmol N)-1 h-1 2×10-3 Geider et al., 1996 
Geider et al., 1998 

RChl Chlorophyll specific rate of Chl 
degradation  

mgChl (mg Chl)-1 h-1 2×10-3 Geider et al., 1996 
Geider et al., 1998 

KAR ½ saturation constant for uptake of nitrate 
and ammonium 

mmol N m-3 1 Geider et al.,1998 

PrefC Maximum value of PphotC at temperature 
Tref 

mmol C(mmol C)-1 h-1 0.16 Geider et al.,1998 

V refC Value of VmaxC at temperature Tref mmol N(mmol C)-1 h-1 0.026 Geider et al.,1998 
VS

ref value of VS
max  at temperature Tref mmol Si(mmol Si)-1 h-1 0.03 Paasche, 1973 

Crep carbon content threshold for cell division mmol C 1.76×10-8 Strathmann, 1967 
Cstarve carbon content threshold for starvation mmol C 8.5×10-9 Assumed 
Srep silicon content threshold for cell division   mmol Si 2.1×10-9 Derived from Crep 

and Brzezinski, 
1985 (Table 3) 

CminS Minimum C content for Silicate uptake    mmol c 1.58×10-8 Assumed as 90% of 
Crep  , Brzezinski, 
1985  

     
Sidissolution Si specific dissolution rate of biogenic Si mmol Si (mmolSi h)-1 8.3×10-4 Hurd and 

Birdwhistell, 1983 
QRemS factor by which Si dissolution increases 

with T (K) 
wd 2.27 Kamatani, 1982 

TSRef Reference T for Silicate dissolution  K 278 Hurd and 
Birdwhistell, 1983 

Ndissolution N specific dissolution rate of N mmolN (mmolN h)-1 0. 0042   Heath et al, 1997 
QRemN factor by which N dissolution increases 

with T (K) 
wd 2.95 Heath et al, 1997 

 
TNRef Reference T for Silicate remineralisation K 283 Heath et al, 1997 

Tab.I.1 – Diatom parameters 
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ζ,  Cost of biosynthesis (mmol C (mmol N)-1 

 

The value of ζ in tab.3 (Geider et al, 1998, hereafter G98) is 2 gC gN-1.   

Conversion: 

Molar mass of N = 14 gN /molN   

Molar mass of C = 12  gC /mol C 

 

Then is 2 gC gN-1 = 2.3 mmol C mmolN-1 

 

Vs, sinking rate (mh-1) 

 

Uses the WB value for constant sinking of diatoms (1 md-1 � ~ 0.04 mh-1) 

 

 

QNmin and QNmax , Min and max internal ratio between N and C (mmol N (mmol C)-1) 

 

The value of QNmin  and QNmax in tab.3 (G98) for diatom species (S. costatum and T. 

pseudonana) were 0.04 and 0.2 gN (gC)-1 respectively. 

 

Molar mass of N = 14 gN/molN 

Molar mass of C = 12 gC/mol C 

 

Using the conversion above: 

QNmin = 0.04  gN (gC)-1  *(12/14) mmolN/gN (mmolC/gC)-1  = 0.034 mmolN (mmolC)-1 

Similarly  

QNmax = 0.17 mmolN (mmolC)-1 

 

AE , the initial slope of the linear region of the Arrhenius plot (K) 

 

Geider et al., 1997 (hereafter G97) used a value of -104 K. 
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Tref Reference temperature (K) 

 

This parameter is not listed in G98.    reported, after a personal communication with 

Geider, that Tref = 293K. 

 

K s, half-saturation constant for silicate uptake (mmolSi m-3) 

 

Value used in model by Tett and Droop (1998) pag 205 tab. 4, Kv = 1mmolN m-3  

 

The same value is also used for KAR (half-saturation constant for nitrate and ammonia 

uptake). 

 

KAR, half-saturation constant for uptake of nitrate and ammonium (mmolN m-3) 

 

Value used in model by Tett and Droop (1998) pag 205 tab.4, KV = 1mmolN m-3  

 

Same value used by G98. Tab.3 Knit = 1 mmolN m-3  

(1 M = 1 mol l-1 so 1 µM = 1 mmol m-3). 

 

 

θθθθ Nmax, Maximum Chl a:N ratio mg Chl a(mmol N)-1 

 

G98 Tab.3 give a  value of 0.3 g Chl a (gN)-1 for S. costatum. 

 

Converting to mg Chl a (mmol N)-1, using  

Molar mass of N = 14 gN/molN  � 14 E-3 gN / mmol N 

 

then 

 

0.3 [g Chl a (gN)-1] * 14E-3 gN (mmol N)-1 * 1000  = 4.2 mg Chl a (mmolN)-1 
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QSmin and QSmax , Min and Max Silica to Carbon ratio   mmol Si (mmolC)-1 

 

Brzezinski (1985) observed that Si:C ratio varied between 0.04 and 0.43, wtith the vast 

majority of diatom species having ratios between 0.04 and 0.15. 

I decided to keep 0.04 mmolSi / mmolC as QSmin and 0.15 mmolSi / mmolC as QSmax . 

 

 

α
Chl, initial slope of photosynthetic light curve mmol Cm2 (µµµµE mg Chl a)-1 

 

The averaged value of αChl for diatoms in Tab 2 of G97 = 0.95E-5 gC m2 (gChl µmol 

photons)-1 

 

1 mol of photons = 1 Einstein (E) 

 

To convert into mmol Cm2 (µE mg Chl a)-1 

 

0.95 E-5 gC m2 (gChl µmol photons)-1 = 0.95E-8 gC m2 (mgChl µE)-1 

 

= 0.95 E-8 gC m2 (mg Chl µE)-1 /[12E-3 gC mmolC-1] = 7.9 E-7 Cm2 (µE mg Chl a)-1 

 

 

n const. to define the rate of VC
max decline with increasing QN    dimensionless  

 

Value of n not present in Geider’s articles.  The value used 0.05 (w.d.) was derived from 

personal communication between Partridge and Geider. 

 

RC
maintenance Carbon specific rate of maintenance respiration mmol C (mmol C)-1 h-1 

 

In G98 maintenance respiration rate for diatoms is 0 (tab.3). 
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Geider et al. 96: For diatoms, which typically have high light saturated growth rates, the 

respiration term in the model becomes significant only at extremely low irradiances.  

Thus, the value of RCmaintenance is not critical. 

They assumed a value of 0.05 mmolC (mmol C d)-1 � 2E-3 h-1 

 

This value will be used also for the remineralisation of N and the degradation of Chl, 

which in Geider 98 are assumed to be equal and function of T. 

 

So, Rc = Rn = Rchl=  2E-3 * Tfunction (effect of temperature on metabolic rates… see 

below in equations section). 

 

KAR, ½ saturation constant for uptake of nitrate and ammonium, mmol N m-3 

 

G98 uses a value for Knit = 1 µM = 1 mmolN m-3 

 

PC
ref, Maximum carbon-specific rate of photosyntehsis at temperature Tref    

mmol C(mmol C)-1 h-1 

 

G98 : Maximum rate of carbon-specific rate of photosyntehsis for diatoms varied 

between 3-5.1 gC (gC d)-1 experiments conducted at 293K. Average of 4 gC (gC d)-1 

 

Tref = 293K therefore we can neglect the effect of temperature function (eq.10 in G98). 

Assuming Qn (ratio between N content / C content , mmolN mmolC-1) = 0.15  

Then from eq 5  

PC
max = PC

ref (mmolC (mmolC h-1)) ((0.15- 0.034)/(0.17-0.034)) = 0.85 PC
ref / 24 (h d-1) 

 

So PC
ref mmolC (mmolC h-1)) = 4 gC (gC d)-1 *  0.85  / 24 (h d-1) = 0.14 mmol C (mmol C 

h)-1  

 

VC
ref, Value of VC

max at temperature Tref, mmol N(mmol C)-1 h-1 
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In table 3 G98 VCmax varied between 0.6 and 1 gN (gC  d)-1 average = 0.8 gN (gC  d)-1 

 

As for Pc
ref , T = Tref so T effect can be neglected and QN = 0.15 mmolN mmolC-1 

So from eq. 7 

 

VC
max = VC

ref [(0.17 – 0.15)/ (0.17-0.034)]n where n = 0.05 

VC
max = VC

ref * 0.9  

 

VC
ref  (mmol N (mmolC h)-1) = [0.8 (gN gC-1 d-1)* 12E-3 gC (mmolC)-1 * 0.9 ] / [14E-3 

gN (mmolN)-1 * 24 h d-1 ] = 0.026 mmolN (mmolC h)-1 

 

VS
ref,  value of SVmax at temperature Tref, mmol Si(mmol Si)-1 h-1 

 

This was calculated from lab experiments from Paasche 1973 averaging the maximum 

uptake rates of 5 diatom species (table1): 
 

 Spp1 Spp2 Spp3 Spp4 Spp5 

Vmax 0.095 0.073 2.15 26.6 4.09 

Sicont 5.4 1.81 145 240 550 

Vs
max = 0.018 = 0.04 = 0.015 = 0.017 0.048 

Tab.II.2 – Diatom maximum silicate uptake rate 

 

 

Where  

Vmax pgSi (cell h)-1  = Silicate maximum uptake rate  

Sicont pgSi cell-1 = Average Si content of cells  

Vsmax h-1 =  Max Si-specific uptake rate = Vmax / Sicont  

 

So averaging the Vsmax for the 5 diatom spp VSmax = 0.03 h-1 

As all cultures were grown at 20ºC = 293K = Tref  , then we can neglect the temperature 

effect and  VSref = 0.03 mmol Si (mmolSi h)-1. 
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 Crep, carbon content threshold for cell division, mmolC 

 

Strathmann 1967 relates diatom volume, V (µm3) to its C content, C (pgC) using: 

 

Log C = -0.422 + 0.758 log (V) 
 

Assuming an ESD (equivalent spherical diameter) of 20 µm, then Vol (µm3)= 4/3 π 103 = 

4200 µm3 

Then Log C = 2.32 � C = 210 pgC � 1.75 E-8 mmolC 

 

Cstarve, carbon content threshold for starvation, mmolC 

 

Nutrients starvation was observed to be more severe than light starvation in diatoms 

(Berges and Falkowski, 1998). It was reported experimentally that, after 18 days of 

nutrients starvation at 18°C,  Fv/Fm ,a measure of fluorescence emissions, which provides 

an index of photosynthetic capability, dropped to ~ 0.  Field observations on 

phytoplankton from 40°N 23°W showed that once degradation of the photopigments, in 

particular chlorophyll, is initiated, it introduces the final stage of lysis, when cells 

disintegrate completely in less than a day (Veldhuis et al., 2001). 

I will assume that after a period of 18 days at 18°C of only maintenance respiration the 

diatom would have reached the threshold for lysis.   

The value is C_starve = 8.5×10-9 mmol C. 

y = 2E-08e-0.0408x
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Fig.I.10 – Diatom carbon pool during starvation  



Matteo Sinerchia  APPENDIX I – DIATOM MODEL 
 

 220 

Srep , silicon content threshold for cell division, mmolSi 

 

Estimated from Crep and using an average Si:C ratio (0.12) of diatoms (tab 3 Brzezinski, 

1985), then 

 

 Srep = Crep * 0.12 = 2.1 mmolSi 

 

CminS, Minimum C content for Silicate uptake, mmol C 

 

As diatoms rapidly uptake silicate when close to cell division (Brzezinski, 1985),  It was 

assumed that the minimum C threshold for Si uptake would be 90% of Crep = 1.6 E-8 

mmolC. 
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APPENDIX II – COPEPOD MODEL 
 

The zooplankton species is based on Calanus finmarchicus.  LERM assumes that 

all copepods are female.  The phenotypic equations for behaviour and physiology 

were derived mainly from Carlotti and Wolf (1998).   Each copepod features a 

pool for each of the chemicals present in diatoms. However copepods have no 

equations for handling silica and chlorophyll as they play no part in its physiology. 

Copepods reach the mature stage, after a fixed number of successive development 

stages (staged growth).  Moulting from one stage to the next is triggered by size 

(i.e. protein pool). 

The copepod physiological state is determined by ten biological state variables: 

carbon pool − including proteins (nitrogenous carbon, CN), lipids (non-nitrogenous 

carbon, CNN) and carapace (made of chitin, Cshell) −,  nitrogen pool,  gut content, 

gut fullness, gut volume, stage and age.   

 

II.1 STATE VARIABLES   

 

II.1.1 POOLS 

 

Eq.II.1 

CN = CN +   ((1 - gamma) x (1 - alpha) x Growthnet x TimeStep)  

Eq.II.2 

 CNN = CNN + (If  Growthnet > 0 (gamma x (1 - alpha) x Growthnet x 

TimeStep) Eq.II.3 

Cshell = Cshell + ((If  Growth_net > 0) then (Growthnet x alpha x TimeStep) 

else 0)) 

Eq.II.4 

Cpool = CN + CNN + Cshell 

Eq.II.5 

Cpmax = IF (CN > Cpmax) CN else  Cpmax 

Eq.II.6 

Npool = Npool + Ningested - (NPelletLoss + NProt_excess + Cprot) 
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Where: 

CN = Protein pool (nitrogenous carbon)  (mmol C) 

CNN = Lipid pool (non-nitrogenous carbon)   (mmol C)  

Cshell = Carbon in shell (mmol C)  

Cpool = Total C weight [(mmol C)  

Cpmax = Maximum obtained protein pool  (mmol C) 

Npool = Nitrogen pool  (mmol N)  

alpha = fraction of assimilated C allocated to carapace building (wd) 

gamma  = fraction of assimilated C allocated to fat storage (wd) 

Ningested = Nitrogen ingested in current timestep (mmol N) 

NPelletLoss = Nitrogen lost in faecal pellet (mmol N) 

NprotExcess = Excreted Nitrogen above QN (mmol N) 

Cprot = Nitrogen excreted due to protein catabolism (mmol N) 

 

II.1.2 STOICHIOMETRY 
 

Assimilated carbon is dynamically allocated to lipids, proteins and carapace in 

different ratios depending on the life stage.  The amount of ingested carbon 

allocated to lipid reserve per timestep depends on the development state they are 

in.  The ratio of N:C for proteins is assumed to be constant1.  The total amount N 

is regulated by a minimum and maximum ratio of nitrogen:carbon, QN
2: 

Eq.II.7      QN = Npool / Cpool 

a) Units Min Max Functions Reference 

C mmol C 10-5 Not fixed State variable Carlotti and Wolf, 1998 

Protein mmol C 4.75×10-6 8.33×10-3 State variable Carlotti and Wolf, 1998 

Lipid mmol C 4.75×10-6 Not fixed State variable Carlotti and Wolf, 1998 

Shell mmol C 5×10-7 4.2×10-4 State variable Carlotti and Wolf, 1998 

N mmol N 1.2×10-6 23% of C State variable Huntley and Nordhausen, 

1995 

b)      

N:C mmol N : mmol C 0.12 0.23 Excretion Huntley and Nordhausen, 

1995 

Tab. II.1 - Stage independent a) stoichiometry and b) cellular ratios of chemicals  

 
                                                 
1 0.27 mmolN:mmolC, according to Anderson et al., 2005 
2 0.12-0.23 mmolN:mmolC according to Huntley and Nordhausen, 1995 
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II.1.3 STAGES 

Moulting 
 

LERM-PS uses the Carlotti and Wolf (1998) model for copepod staged growth.  

An individual copepod can only be in one particular development stage at any 

time. As it grows and its protein pool reaches a threshold value, it moults and 

passes into the next stage. 

Stage    Min CN   Prosome Frontal Surface  Volume 

symbol Stage name (mmol C) length (mm) Area (mm2)  (mm3) 

N3 Nauplius III 1.00E-05 0.27 1.46E-04 1.00E-03 

N4 Nauplius IV 1.70E-05 0.32 1.70E-04 1.64E-03 

N5 Nauplius V 2.50E-05 0.36 1.94E-04 2.50E-03 

N6 Nauplius VI 3.75E-05 0.41 2.22E-04 3.79E-03 

C1 Copepodite I 6.25E-05 0.48 2.62E-04 6.42E-03 

C2 Copepodite II 9.20E-05 0.55 2.97E-04 9.53E-03 

C3 Copepodite III 2.10E-04 0.72 3.88E-04 2.22E-02 

POW4 Pre-overwintering CIV 5.83E-04 1.00 5.42E-04 6.42E-02 

POW5 Pre-overwintering CV 1.25E-03 1.29 6.95E-04 1.41E-01 

OWD4 Overwintering descent CIV 5.83E-04 1.00 5.42E-04 6.42E-02 

OWD5 Overwintering descent CV 1.25E-03 1.29 6.95E-04 1.41E-01 

OW4 Overwintering CIV 5.83E-04 1.00 5.42E-04 6.42E-02 

OW5 Overwintering CV 1.25E-03 1.29 6.95E-04 1.41E-01 

OWA4 Overwintering ascent CIV 5.83E-04 1.00 5.42E-04 6.42E-02 

OWA5 Overwintering ascent CV 1.25E-03 1.29 6.95E-04 1.41E-01 

C4 Copepodite IV 5.83E-04 1.00 5.42E-04 6.42E-02 

C4OW Copepodite IV after OW 5.83E-04 1.00 5.42E-04 6.42E-02 

C5 Copepodite V 1.25E-03 1.29 6.95E-04 1.41E-01 

C6 Copepodite VI 3.33E-03 1.77 9.56E-04 3.87E-01 

Adult Adult 7.50E-03 2.31 1.25E-03 8.92E-01 

Mature Mature 8.33E-03 2.39 1.29E-03 1.0 

Senescent Senescent 8.33E-03 2.39 1.29E-03 1.0 
Tab. II.2 - Copepod stages 

 

II.1.4 COPEPOD SIZE 
 

Prosome length, L (µµµµm)  

Eq.II.8  L = 10((log
10

(C_pmax x C_conv1) + 8.37) / 3.07)   (Uye, 1982) 

 

Copepod volume  (m3)   
 

Mauchline (1998) converted  prosome length (µm) to body volume (mm3) using 

the following regression equation (r = 0.972): 
 

Log Bodyvol (mm3) = 3.164 log L(µm) – 10.690 

This was rearranged to estimate Bodyvol (m
3) as: 

 

Eq.II.9  Bodyvol (m
3) = 10^[(3.164LOG(L))-10.69] * 1×10-9 
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Surface area   (cm2)  
 

Using Vlymen’s (1970) relationship between metasome length (~1/2 prosome 

length) and surface frontal area. 

An adult copepod (2400 µm prosome length) has a metasome length of ~ 1.2 mm 

and, according to Vlymen’s relationship, a surface frontal area of ~ 1.4 × 10-3 cm2. 

Assumimg a linear relationship between length and surface area, then the 

conversion coefficient = 1.3 × 10-3 cm2 / 2400 µm = ~ 5.4 × 10-7 cm2 µm-1 

Eq.II.10 S = 5.4 × 10-7 cm2 µm-1 *L (µm) 
 

II.2 EQUATIONS 

II.2.1 ENERGETICS 
 

Eq.II.11 Growthnet = growth – respiration 

Where  

Growthnet = net growth rate (mmol C h-1) 

growth = assimilated carbon (mmol C h-1) 

respiration = respiration rate (mmol C h-1) 

When growth is negative lipids in the storage will be consumed preferentially.   
 

II.2.2 RESPIRATION 
 

The metabolic rate of an animal is defined with respect to its activities: 

• Basal (or standard) metabolism is the oxygen (or carbon) consumption rate 

for maintaining bodily functions only 

• Specific Dynamic action (SDA) is the catabolic cost associated with 

digestive processes (assimilation and gut clearance) and biomass 

formation. Strictly speaking is the catabolic cost of growth. 

• Active metabolism is the oxygen consumption rate with activity at its 

maximal level (Ikeda, 1985) 

Eq.II.12 Respiration = Rbasal + Rsda + Rswim 

Where  

Respiration = total respiration rate (mmol C h-1) 

Rbasal = basal respiration (mmol C h-1) 

Rsda = SDA (mmol C h-1) 

Rswim = Respiration due to swimming activity at velocity U (mmol C h-1) 
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If overwintering: Fiksen and Carlotti (1996) assume that during over-wintering 

respiration is sustained exclusively by lipids catabolism. Respiratory losses are 

taken from CNN.  If CNN empty, from CN.   

 

Eq.II.13 Row = Rbas
 δ    Fiksen and Carlotti (1996)  

Where: 

Row = overwintering respiration rate (mmol C h-1) 

δ = reduction of basic metabolism in a hibernating copepod (0.2) 

When overwintering, the total respiration rate is: 

Eq.II.14 Respiration = Row 
   

Basal metabolism (mmol C h-1)  Carlotti and Wolf 1998 
 

Eq.II.15 Rbas = rbas (CN)0.8 (QR10)
(T- Tref)/10 

Where: 

rbas = basal metabolic coeff.  Carlotti and Wolf (1998) 

QR10 =  Q10 basal metabolism  (3.4) 

T = ambient temperature (°C) 

Tref = reference temperature (10°C) 
 

Specific dynamic action 
 

Associated with digestion and synthesis of new tissue. 

The increased metabolism associated with SDA is largely related to biosynthesis 

and transport, while the energy cost of feeding, gut activity, amino-acids oxidation 

and urea excretion were minor contributors to the total SDA (Kiørboe et al., 

1985).    

Kiørboe et al. (1985) found SDA to be proportional to the assimilation rate of 

organic matter: 

Eq.II.16 Rsda = rsda Ac 

Where: 

rsda = SDA coefficient (0.17)   

Ac = rate of C assimilation (mmol C h-1)  
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Catabolic cost of swimming (Caparroy and Carlotti,1996) 

 

Catabolic cost of swimming activity at velocity U, Zsw(U)  (J s-1) 

Eq.II.17 ( )
mmech

sw
sw EE

UP
UZ

)(
=  

Where: 

U = swimming velocity (cm s-1)   � Vm 

Emech = mechanical efficiency of swimming copepod (0.3) 

Em = muscular (metabolic) efficiency of copepod (0.25) 

Power expenditure of swimming copepod at velocity U, Psw(U)  (J s-1) 
 

Eq.II.18 ( ) SUL
k

UP nnnn
sw µρ −−−= 31

2
)(  

Need to divide by 1000⋅100⋅100 = 107 to match dimensions: 

kg m2 s-2 ⋅ s-1 = g1-n cm3n-3⋅ cm-n⋅ cm3-n sn-3⋅ gn cm-ns-n⋅ cm2  

kg m2 s-3 = g cm2 s-3   

Where: 

k = coefficient of empirical relationship between drag coefficient and Reynolds 

number (85.2) 

ρ = seawater density (1.024 g cm-3) 

n = coefficient of empirical relationship between drag coefficient and Reynolds 

number (0.8) 

L = prosome length (µm)   

Bodyvol = Body volume (m3)  

µ = seawater dynamic viscosity (119 × 10-4 g cm-1 s-1) 

S = projected area of swimming copepod (cm2) 

Convert to oxygen consumption, with Ccal = oxycaloric coefficient (20.3 kJ l O2
-1)   

 

Eq.II.19 (3600 ×) Ocons (ml O2 s
-1) = [Zsw(U) × 10-3 (kJ s-1) /(Ccal / 1000) (kJ / lO2)]  

 

To convert respiration in O2 to C use the conversion factor 0.536RQ (Parsons et 

al.,1984) where the respiratory quotient(RQ) varies depending on the metabolic 

substrate:  0.7 for lipids, 1.0 for carbohydrates and 0.84 for urea and 0.97 for 

ammonia (proteins). 
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Eq.II.20 (Ikeda et al.,2000) 

Ocons [ml O2 (cell h)-1] × RQ × 12/22.4 = mg C (cell h)-1   

 

In this equation RQ is not considered as the substrate used in respiration is 

considered in the calculation of total respiration. 

12/22.4 = is the weight (12g) of C in 1 mole of (22.4 l) of CO2. 

So depending on the substrate being respired C consumption will vary 

accordingly.  Lipids are used preferentially (RQ = 0.7). The substrate used and 

therefore the rate of respiration varies as function of the state of the particle (i.e. 

starved individuals using carbohydrates for respiration, RQ shift from 0.7 to 1).  
  

Eq.II.21 Rsw (mg C / h) = (Ocons × 3600) × (0.7) × 0.536 

 

II.2.3 CARBON ALLOCATION 

 

The amount of lipids stored in the fat sac is function of the structural body mass.  

During copepodite stages (Structural weight 8.33 × 10-3 mmol C) assimilated 

matter can be allocated to storage (lipids) or growth (proteins).  When a copepod 

reaches the threshold for reproduction, its structural mass does not change and the 

assimilated matter is allocated storage (Fiksen and Carlotti, 1996). 

 

 

 

  

 

 

 

 

 

Fig. II.1 Dynamical allocation of assimilated C (Fiksen and Carlotti, 1996) 
 

For stages N3 to C3 gamma = 0.5 

For pre-overwintering stages gamma = 1  

For all other stages gamma = 0.7 

α = fraction of assimilated C allocated to carapace building (0.05)  

Assimilated C 

CNN 

CN 

α 1 − α 

γ 
1 − γ 

Shell 
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II.2.4 INGESTION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.II.2 – Copepod ingestion, digestion, excretion and faecal pellets formation adapted from 
Caparroy and Carlotti, 1996 

 
 

Maximum ingestion rate, Igmax (cells s-1): 

 

Eq.II.22 Imax = ((0.67 * Vgut) – Gutconent) / Vprey * 1800 

 

Where: 

Imax = maximum ingestion rate (cells s-1) 

0.67 : when the anterior 2/3 of the midgut are full, copepod stops feeding 

(Caparroy and Carlotti, 1996)  

Vgut = midgut volume (cm3)   

Gutcontent = Volume of food in gut (cm-3) 

Vprey= volume of a single prey cell (cm3 prey-1) 

 

Ingestion rate, Ig (cells h1): Caparroy and Carlotti (1996) 

Eq.II.23 

IF (Ig > Igmax) 

 Ig = Igmax 

ELSE 

Ig =  

IF (P > Pmin ) 

π * r2 * v * P * 10-6 * (1 – (Gutcontent / 0.67 Vgut)
2)* (1 – e^( - 1.7 × 10-8 * P ))  

else 0 

 

Ig 

 

Prey in 
gut 

Faecal 
pellets 

Expelled 
faecal pellets 

Assimilated 
prey 

Excreted 
matter 

excretion 

  
  egestion 

Formation of 
FP 

Prey density, 
P* 
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Where: 

Ig = stage specific ingestion rate (mm3 s-1) 

Filtration = π * r2 * v 

Assume v = 1 cm s-1 

For A.tonsa (820 µm)  r = 0.025 cm assume double for C.finmarchicus (2400 µm) 

 

r / 2400 = 0.025 /820 

Eq.II.24  r = (0.07/2400) * PL = 2.9 × 10-5 (cm µm-1) * PL (µm) 
  

So r = 0.07 cm for an adult copepod and F = 0.015 cm3 s-1 

Assume linear relationship between r and PL. 

Where: 

F = Filtration rate (3600 x 10-9 m3h-1) 

P* = phytoplankton concentration available for grazing (cells m-3) 

P* = P – Pmin  

P = phytoplankton concentration in current layer (cells m-3) 

Pmin = minimum phytoplankton conc for grazing to occur (105cells m-3) 

z1 and z2 = initial and final depth of zooplankton particle within the current 

timestep 

12 zz −  = timestep mV  

Vm = vertical migration rate (m h-1) see below. 

                                                                                                                                                                                                                                                                                                                                                           

II.2.5 PELLET VOLUME, PV (cm 3) 

 

A pellet is expelled when the volume of non-assimilated prey reaches a threshold 

of pellet volume, PVegest (cm3)  (Caparroy and Carlotti, 1996). 

The volume of a pellet, PV (µm3) is expressed as a function of prosome length 

using Uye and Kaname, 1994: 
 

log PV ((µm3) = 2.474 log PL (mm) + 5.226 

Eq.II.25 PV (cm3) = [10 ^ (2.474 log (PL × 10-3 ) + 5.226)] × 10-12  
 

PL is multiplied by 10-3 to pass from µm to mm 

PV is multiplied by 10-12 to convert from µm3 to cm3 
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Pellet volume vs prosome length
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Fig.II.3 – Pellet volume as function of copepod prosome length 

 
II.2.6 PELLETS SINKING RATE, SR (m h -1) 
 

Using the equation of Paffenhofer and Kwnoles (1979) obtained from Stoke’s 

law: 

Log SR (m d-1) = 0.698 log PV (µm3) – 2.030  

 

Eq.II.26 SR (m h-1) = 10 ^ [0.698 log (PV × 1012) – 2.030] / 24 

 

PV is multiplied by 1012 to convert from cm3 to µm3  

And SR divided by 24 to pass from m d-1 to m h-1. 
 

Pellet sinking rate vs pellet volume
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Fig.II.4 – Pellet sinking speed as function of its volume 

 

II.2.7 CORPSES SINKING RATE  

 

Gross and Raymont (1942) reported sinking rates up to 2.4mm s-1 for female 

Calanus finmarchicus.  

This is ~ 100m/h.  I will assume a linear relationship surface area and sinking rate. 
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II.2.8 COPEPOD GUT VOLUME, V_gut (cm3) 

 

Max ingestion rates for adult female Calanus pacificus feeding on 4 size classes 

of diatoms are shown in tab.II.3  (Frost 1972). 

 Diameter (µm) Max ingested cells 
Thalassiosira fluviatilis 11 12,000 
Coscinodiscus angstii 35 1,200 
Coscinodiscus eccentricus 75 600 
Centric spp. 87 300 

Tab.II.3 - Calanus pacificus maximum ingestion rate as function of diatom size 
 

Max ingested cells per hour

y = 598986x-1.6712

R2 = 0.9744

0

2000

4000

6000

8000

10000

12000

14000

0 10 20 30 40 50 60 70 80 90 100

Prey diameter

# 
p

re
y 

in
g

es
te

d
 p

er
 h

o
u

r

 
Fig.II.5 – Copepod maximum ingestion rate as a function of diatom size 

Therefore, maximum ingestion rate for a diatom of 20µm diameter is ~ 4000 cells 

per hour. 

The volume of a diatom is 4.2 × 10-9 cm3 � therefore 1.7 × 10-5 cm3 is the 

maximum volume of prey to fill the midgut (2/3 of gut volume. Caparroy and 

Carlotti, 1996). 

So of an adult copepod (length = 2400µm) V_gut = 1.7 × 10-5 cm3 / 0.67 = 2.5 × 

10-5 cm3 

I will assume a linear relationship between length and gut volume. 

vol_param = ( 2.5 × 10-5 cm3 / 2400 µm ) = ~ 1 × 10-8 cm3 µm-1  

 

Eq.II.27 V_gut (cm3) = vol_param (cm3 µm-1) *  L (µm) 
 

II.2.9 GUT PASSAGE TIME (Caparroy and Carlotti, 1996) 
 

Eq.II.28 Gutf = (Gutcontent / 0.67 * Vgut)
2 

 

Where: 

Gutf = Gut fullness index (1: full; 0 : empty) 

Gutcontent = volume of food in gut (cm-3) 

Vgut = gut volume (cm-3) 
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Eq.II.29 Gutcontent = Gutcontent + Preyvol – ((A + E)* Timestep) 

Eq.II.30 Preyvol = X1 * V prey 

Eq.II.31 A= Kc × Gutclear 

Eq.II.32 E= (1-Kc) × Gutclear 

Where: 

Preyvol = Volume of food ingested (cm3) 

X1 = ingested diatoms in last timestep (# prey) 

Vprey = volume of individual diatom (cm3) 

A = volume of food digested in 1 hour (cm3) 

E = volume of food egestion rate (cm3)  
 

GUT PASSAGE TIME, Guttime (h): (function of gut content) (Slagstad and Tande, 

1981; Caparroy and Carlotti, 1996) 

Eq.II.33 

( ) minminmax
1

maxmin

ttt
V

VX

tt
Gut

gut

prey

time

+













−

⋅
⋅

=  

Where: 

tmin = minimum gut passage time (2100 s � 0.58 h) 

tmax = maximum gut passage time (3900 s � 1.08 h) 

In the midgut of a copepod two main processes occur simultaneously on the 

ingested prey: ASSIMILATION and gut transit. 

It has bee observed an increase in gut passage time after 70-80% of the initial gut 

content has been released (Kiørboe and Tiselius, 1987). 

GUT CLEARANCE RATE, Gutclear (cm3 h-1):   Caparroy and Carlotti, 1996 

Eq.II.34 Gutclear = Gutcontent / Guttime  

 

II.2.10  ASSIMILATION  
  

Assuming the same assimilation efficiency for nitrogen and carbon. 

Assimilated C available for growth and reproduction, AC (mmol C h-1): 

Assimilated N, AN (mmol N h-1) (Caparroy and Carlotti, 1996) 

Eq.II.35 AC = k * Carboningested 

Eq.II.36 AN = k * Nitrogeningested 

Where: 

AC = C assimilation rate (mmol C h-1); k = assimilation efficiency  
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Eq.II.37 k = 1- e^(- a Guttime) 
 

Where: 

a = digestion rate of the prey (4.4 × 10-4 s-1)  

a = 3600 × 4.4 × 10-4 = 1.584 h-1 

if Guttime  = 0.58 h    k  = 0.60 

if Guttime  = 1.08 h    k = 0.82 
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Fig.II.6 – Assimilation efficiency as function of gut passage time 

 
II.2.11  EGESTION 

 

Nitrogen that is not assimilated is egested in faeces: 

Eq.II.38 EN = (1-k)*Ningested 

EN = nitrogen added to faecal pellet (mmol N h-1) 

Silicate is assumed to be completely removed before ingestion, therefore the Sp 

will always be empty.   
 

II.2.12 EXCRETION  
 

Lipids are assumed to be nitrogen free (Carlotti and Wolf, 1998), thus nitrogen is 

excreted when lipids are built and the total N:C ratio changes depending on the 

ratio between CN and CNN. 

Eq.II.39 C = Nprotexcess + Cprot 

Where: 

C = excretion rate (mmol N ts-1) 

Nprotexcess is the nitrogen over the maximum N:C ratio, Qnmax. . 

Cprot is the nitrogen released, when protein are catabolised (protein and nitrogen 

are linked by a fixed ratio, Qnprot) 
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II.2.13 MOVEMENT   
 

An animal is assumed to be able to maintain neutral buoyancy with no energy 

expenditure. 

Eq.II.40 

Vertical migration, Vm (m h-1) 

if (Status = 40 or 50) � Overwintering 

Vm = 0 

else 

Vm = kv Vmax Wz 

 

Where: 

kv determines the direction of migration (dimensionless) ; Vmax = 45 mh-1;  

Wz introduces the effect of T and size on swimming velocity (dimensionless): 

Wz = (0.3 + (0.7 * ( T/Tref)))(S/Smax)  adapted from Woods and Barkmann, 1994 

Where: 

T = ambient temp. (°C);  Tref = reference temp. (10°C); G = weight of each 

particle (mmol C); Gmax =  max weight of each particle (8.33 × 10-3 mmol C); S = 

surface area of individual (cm2) and Smax = Surface area of an adult copepod (1.4 × 

10-3 cm2 ). 
 

II.2.13.1   Over-wintering descent 

 

When the depth of an animal ready to enter its dormant phase is below the daily 

maximum MLD, then it starts descending with a velocity VowD to an 

overwintering depth of 450 m.  

Eq.II.41 VowD = 3600×
ν

volBody
 

Where: 

VowD = Velocity of overwintering descent (mh-1) 

Bodyvol = Volume of bug (m3) 

v = coefficient of kinematic viscosity (10-6 m-2 s-1) 

 

 



Matteo Sinerchia                                           APPENDIX II – COPEPOD MODEL 
 

 236 

II.2.13.2   Over-wintering ascent 
 

When either It or the MLDmax is reached, motion goes back to normal. 
 

II.2.13.3 Day time 
 

At daytime, Zooplankton keep to a depth, at which irradiance is relatively low 

such that the risk of being predated is reduced.  In the WB model this depth is 

referred to as Target Isolume, It.  However, if starved, they take the risk and stay 

at a higher depth, balancing the higher risk of being eaten by the higher 

concentration of food available. 
 

Eq.II.42 It = Ir (2 – Gutf)   (Woods and Barkmann, 1994) 

It , Size specific target isolume [Wm-2]    

Gutf, the rate of change in satiation, (0 = starved, 1 = satiated) 
 

This only gives a target isolume, It, independent of the size of the particle. The 

visibility of an individual is determined by the amount of light its body reflects. In 

the enhanced version of the WB, this equation should take into account the effect 

of size and be substituted by: 

Eq.II.43 It = Ir (2 – Gutf) (Smax / S) 

It (Wm-2) depends on the size of a particle and varies between: 

1Wm-2 and 2 Wm-2 for adults       

77.5Wm-2 and 145 Wm-2 for nauplii  
 

Direction of migration 
 

kv is determined in base of the value of kcalc, i.e.: 

Eq.II.44 Kcalc= 0.4 (I – It) 

 

 

kcalc < 0         kv = -1       full speed upwards migration 

kcalc > 1         kv = 1      full speed downwards migration 

0 < kcalc < 1    kv = kcalc    slower downwards migration 

 

In WB, no mechanism for slow upwards migration: 

This was achieved by modifying the intervals for kcalc 
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kcalc < -1           kv = -1       full speed upwards migration 

kcalc > 1         kv = 1      full speed downwards migration  

-1 < kcalc < 1    then     kv = kcalc          slower migration 

This method provides a slowing down mechanism, which is dependent on the 

light intensity offset from It, and solves the over-shooting problem affecting WB. 
 

II.2.13.4 Night-time foraging   
 

Eq.II.45 Woods and Barkmann, 1994 

if within the ML  (z ≤ MLD) 

 Vm = 0 

else 

Kncalc2 = 0.4 (2-Gutf) 

Kv =  

If (D local < Dlocal previous) then – (direction[1]*Kncalc2) 

    else  direction[1]*Kncalc2) 

Direction = if (kvnight > 0 ) then 1 else -1 

 

Therefore, at night zooplankton below MLD migrate downwards if they are 

becoming hungrier and the local density of phytoplankton is high, otherwise they 

migrate upwards. 

kcalc2 varies between –0.8 and –0.4 depending on how gut fullness 

Direction = direction in current timestep (+ve: down; -ve: up) 

Direction[1] = direction in prvious timestep (+ve: down; -ve: up) 

Dlocal = food concentration in current timestep 

Dlocal[1]  = food concentration in previous timestep 

 
II.2.14 REPRODUCTION  

 
From Carlotti and Wolf, 1998. 

When CN ≥ Gmax    the particle has reached sexual maturity and Ar starts ticking. 

Ar = time since maturity was reached 

Gmax = protein threshold for reproduction (8.33 E-3 mmol C) 

When Ar ≥ Arep (20 days) 
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The stored carbon is used to produce eggs. Copepods are assumed to be able to 

produce a maximum of 800 nauplii each (Carlotti and Wolf, 1998). 

Each nauplii has a set initial carbon pool (Gmin), which is composed in equal parts 

by lipids and proteins.  Nitrogen to the nauplii has the same ratio QN of the parent. 

90% of the offspring is assumed to die. 

The weight of the parental particles is then reduced to Gmax after reproduction. 

 

II.2.15 OVERWINTERING  

Pre-overwintering 

 

The entire assimilated matter fills the lipid reserve to a maximum value, which in 

Carlotti depends on stage. 

Eq.II.46  

if (day < 210) 

 probOW = 30 

else  

 probOW = 50 

If before the 1st August copepod have 30% chance of entering pre-overwintering, 

after that date the chances become 50%. 

 

Overwintering 
 

When the lipid reserve is full, particle swim down to a depth below 450 until next 

spring (day 95). 

 

II.2.16 MORTALITY  
 

Mortality due to starvation  
 

Eq.II.47 If CN < Cpmax / 2 � dead 

If the protein pool falls below half of the maximum protein pool reached the 

copepod dies of starvation 

 

Mortality due to senescence 
 

Eq.II.48 Pchange (Dead, 1/(Armax – Ar)) 
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Where:  

Armax = max lifespan since maturity (960h); Ar = time elapsed since maturity (h). 

An increasing proportion of the copepods in the agents change stage to dead as 

function of time since they reproduced. 
 

II.2.17 REMINERALISATION  
 

As a dead copepod or faecal pellet sinks through the mesocosm, it remineralises 

nitrogen as a function of its nitrogen content and ambient temperature: 

Eq.II.49 RNT = Ndissolution * QRemN ^( (T – TNref)/10) 

Where: 

RNT = Nirogen remineralisation rate (mmol N h-1) 

Ndissolution = N specific dissolution rate of N (mmol N mmolN-1 h-1) 

QRemN = factor by which N dissolution increases with T (K) (wd) 

T = temperature (°C) 

Tref = reference temperature (°C) 
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II.3 - PARAMETERS 
 
Parameter Description Value Unit Source 
a N specific digestion rate of the prey 1.584 h-1 Caparroy and Carlotti, 1996 
A_rep Age at fecundity 240 h Woods and Barkmann, 1994 

A_rmax 
Maximum lifespan since reaching 
reproductive maturity 

480 h Woods and Barkmann, 1994 

b C specific digestion rate of the prey 1.584 h-1 Assumed as ‘a’ 
C1_min Threshold for entering C1 stage 6.25 x 10-5 mmolC Carlotti and Wolf, 1998 
C2_min Threshold for entering C2 stage 9.15 x 10-5 mmolC Carlotti and Wolf, 1998 
C3_min Threshold for entering C3 stage 2.1 x 10-4 mmolC Carlotti and Wolf, 1998 
C4_min Threshold for entering C4 stage 5.8 x 10-4 mmolC Carlotti and Wolf, 1998 
C5_min Threshold for entering C5 stage 1.25 x 10-3 mmolC Carlotti and Wolf, 1998 
C6_min Threshold for entering C6 stage 3.33 x 10-3 mmolC Carlotti and Wolf, 1998 
C_Cal Oxycaloric coefficient 20.3 kJ lO2

-1 Ikeda et al.,2000 
C_conv1 C conversion factor from mmol to microg 12000 µgC mmolC-1 calculated 

delta 
Reduction of basic metabolism in 
hibernating copepods 

0.2 no unit Carlotti and Wolf, 1998 

E_m Muscular efficiency of copepod 0.25 no unit Caparroy and Carlotti, 1996 

E_mech 
Mechanical efficiency of swimming 
Copepod 

0.3 no unit Caparroy and Carlotti, 1996 

G_max Maximum C content of an individual 8.33 x 10-3 mmolC Carlotti and Wolf, 1998 
G_min Weight of newly born nauplii 1.67 x 10-5 mmolC Woods and Barkmann, 1994 

k 
Coefficient of empirical relationship 
between drag coefficient and Reynolds 
number 

85.2 no unit Caparroy and Carlotti, 1996 

mi Seawater dynamic viscosity 0.000119 gm-1s-1 Caparroy and Carlotti, 1996 

n 
coefficient of empirical relationship 
between drag coefficient and Reynolds 
number 

0.8 no unit Caparroy and Carlotti, 1996 

N4_min Threshold for entering N4 stage 1.7 x 10-5 mmolC Carlotti and Wolf, 1998 
N5_min Threshold for entering N5 stage 2.5 x 10-5 mmolC Carlotti and Wolf, 1998 
N6_min Threshold for entering N6 stage 3.75 x 10-5 mmolC Carlotti and Wolf, 1998 
N_mp Chances of naupliar mortality 0.9 no unit Woods and Barkmann, 1994 
OW_lipid Lipid content needed to overwinter 8.33 x 10-3 mmolC Carlotti and Wolf, 1998 
PreOW4 Minimum C content to pre-overwinter 5.8 x 10-4 mmolC Carlotti and Wolf, 1998 
PreOW5 Minimum C content to overwinter as C5 3.33 x 10-3 mmolC Carlotti and Wolf, 1998 

Q_Nmax Maximum N:C ratio 0.23 mmoNmmolC-1 
Huntley and Nordhausen, 

1995 
QnProt Fixed N:C ratio in proteins 0.27 mmoNmmolC-1 Anderson et al., 2005 
QR_10 Q_10 for basl metabolism 3.4 no unit Carlotti and Wolf, 1998 
r_bas Basal metabolic coefficient 0.000417 h-1 Carlotti and Wolf, 1998 
r_sda Specific Dynamic Action coefficient 0.17 no unit Kiørboe et al., 1985 

S_max Max cross-sectional area 1.3 x 10-3 cm-2 Estimated from Caparroy 
and Carlotti, 1996 

t_max Maximum gut passage time 1.08 h Caparroy and Carlotti, 1996 
t_min minimum gut passage time 0.58 h Caparroy and Carlotti, 1996 
T_ref Reference temperature 10 C Carlotti and Wolf, 1998 
V_max Maximum swimming velocity 45 mh-1 Woods and Barkmann, 1994 

V_mconv1 
Swimming velocity conversion factor: m/h 
to cm/s 

0.0278 cm h m-1 s-1 calculated 

Vol_conv1 Conversion coefficient mm3 to m3 1 x 10-9 m3 mm-3 calculated 

vol_gut midgut growth coefficient 0.01174 cm3mmolC-1 
Estimated from Caparroy 

and Carlotti,1996 

vPrey Fixed diatom volume 3.5 x 10-8 cm3 
Estimated from Menden-
Deuer and Lessard, 2000 

z_startOW Depth at which sinking starts 50 m assumed 

Tab.II.4 – Copepod parameters 
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APPENDIX III -  SQUID MODEL 
 

FISHERIES 
 

Genus Loligo represents one of the most important species in volume of commercial 

landings.    The fishery for Loligo opalescens began with the Chinese in Monterey 

Bay, California in 1860. By the turn of the century Italian fishermen had assumed the 

leading role. After WWII there was resurgence in squid fishing. Since 1981 the 

fishery has really grown, as effort in Southern California has increased. Now Southern 

California, mostly areas around the Channel Islands, comprises 90% of the squid 

landings. The fishery in Monterey Bay occurs from April to November coinciding 

with the upwelling season. In Southern California landings begin in November and 

continue through April correlated with the greater mixing of winter storms. Since 

1993 squid has been the biggest fishery in California with landings of 118,000 tons 

and $41 million in 2000. The population fluctuates greatly with the El Niño. During 

these warm water, nutrient poor years landings can disappear entirely in certain areas. 

It is proliferating whereas slower growing teleosts stocks are declining (Caddy and 

Rodhouse, 1998). 
 

DISTRIBUTION 
 

 
Fig.III.1 - Loligo opalescens  distribution (FAO, 1984) 

 
BIOLOGY 
 

Young cephalopods in their first growth stage after hatching resemble miniature 

adults with most organs developed, but their planktonic mode of life differs from that 

of juveniles and adults (Baron, 2003).  For this reasons they are different from others 

molluscs larvae and are referred to as paralarvae (Young and Harman, 1988). 

 



Matteo Sinerchia                  APPENDIX III – SQUID 
 
 

 
 

243 

III.1 STATE VARIABLES   
 

Eq.III.1 The total carbon pool (mmol C): 

Carbonpool = CNpool + CNNpool 

Eq.III.2 Lipid pool 

CNNpool = CNNpool + (BudgCNN - Lipexcess) 

Eq.III.3 Protein pool 

CN_Pool = CN_Pool + BudgCN 

Eq.III.4  Nitrogen pool 

 Npool = Npool + Ningested – [(C * TimeStep) + (Eprotein * QNprotein) 

Eq.III.5 Dry weight 

DW = Carbonpool * Cconv  

Eq.III.6 Wet Weight (Vidal et al., 2002) 

WW = (DW – 0.064) / 0.21 

Eq.III.7 Mantle length (Hurley,1976) 

ML  = 10^[(log DW + 1.22)/2.37] 

Eq.III.8 Mantle width (Vecchione, 1981) 

MW (mm) = 0.3768ML (mm) + 0.7842 

Eq.III.9 Frontal surface area1 

S (m2) = π * (MW/2)2 * 10-6 

 

Where: 

CNNpool = Lipid pool (mmol C) 

BudgCNN = flux of body lipid (mmol C) 

Lipexcess = excess lipids (mmol C) 

CN_Pool = Protein pool (mmol C) 

BudgCN = flux of body protein (mmol C) 

Npool = Nitrogen pool (mmol N) 

Ningested  = Nitrogen ingested during last timestep (mmol N) 

C = Ammonium excretion rate (mmol N h-1)  

Eprotein = Protein not assimilated (mmol C) 
                                                 
1 Frontal surface area (S) is assumed to be the area of the squid visible from above. This is assumed to be a circle, whose 

diameter is represented by MW. Frontal surface area is converted to m2 (conversion factor 10-6 m2 mm-2) for the calculation of 

visibility (irradiance is in Wm-2). 
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QNprotein = nitrogen:carbon ratio in protein (mmol N mmolC-1) 

Carbonpool = Carbon pool (mmol C) 

Cconv = mmol C to mg C conversion factor (12 mg C mmol C-1) 

ML = Mantle length (mm) 

DW = Dry weight (mgC) 

WW = Wet weight (mgC) 

MW = Mantle width (mm) 

S = Frontal surface area (m2) 

 

III.2 SPAWNING 
 

In Monterey Bay Loligo opalescens spawning occurs from April to November 

(Zeidberg and Hamner, 2002). 

On the d0: 10th April (day 100) eggs are laid at 50 m.  

Inshore loliginid squid, such as L.opalescens, spawn elongated gelatinous egg 

capsules, which may contain from a few to over 100 eggs, depending on the species.  

 

What is the critical size for squid recruitment? 
 

Observations on laboratory reared L. opalescens revealed that squid mastery of 

copepod capture develops progressively, culminating by approximately 40 days post-

hatching in adult-like prey capture behaviour and suggest that it is a skill that is 

acquired in an experience-dependent manner early in post-hatching life.  (Chen et al., 

1996).  L. opalescens absolute attack speed increases in proportion to ML (Chen et 

al., 1996).  After 40 days a squid fed ad libitum reaches a ML of about 8 mm, MLmax, 

this is around the same time when L. opalescens switches from a diet based on 

copepods to a diet composed on mysid and shrimp larvae up to 10 mm long (Yang et 

al., 1983). 
 

III.3 EMBRYOGENESIS   

Duration  
 

The duration of cephalopod embryogenesis depends mainly on egg size and ambient 

temperature (Laptikhovsky, 1991).   In L.opalescens and L. forbesi, the period from 

the first paralarva hatching to the emergence of the last took 4-6 and 7 days, 

respectively (Yang et al., 1986; Segawa et al., 1988 From Arkhipkin and Middleton, 
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2003).  Baron (2000) suggested taking into account daily accumulated temperature 

(DAT ≡ °C days) in the analysis of the duration of loliginid embryonic development. 

The intra-population variability in hatching date is modelled as a variation of the 

initial DAT and justified as a consequence of the variation in egg size. 

For squid, the shortest embryonic period was observed for L. pealeii with small eggs 

developing in warm water (10 days at 23°C); the longest developmental period was 

recorded in the temperate L. forbesi with large eggs:  130 days at 8°C (Craig, Boyle, 

Black and Overnell, 2000).    Baron (2000) incubated L. gahi eggs at temperatures 

varying between 4-23°C and found that full embryogenesis requires 600-850° DAT. 

In LERM-ES eggs hatch when DAT is 600°DAT(DAT hatch). 

DAT is accumulated from the time eggs are laid (d0) as follows: 

 

Eq.III.10   DAT = DAT + (T/48) 

Where: 

T is temperature °C and 48 is the number of timesteps in a day. 

When DAT exceeds DAThatch, the eggs will hatch. 

 

Embryonic mortality 
 

During embryogenesis eggs are not predated.  Bat stars, Asterina miniatus, are the 

prevalent predators of L.opalescens eggs (Zeidberg, 2003). Fish do not eat them, 

although they nip at eggs not covered by the sheath.  There is no brooding or parental 

care (Zeidberg, 2003).  

 

III.4 HATCHING 

III.4.1 Mantle length at hatching 
 

The average size of L. gahi at hatching is inversely correlated with incubation 

temperature (Baron, 2003) by this regression equation (r2 = 0.83, n = 241): 

Eq.III.11   MML = -0.05 × MIT + 3.54 

Where: 

MML = Mean Mantle Length (mm) 

MIT = Mean Incubation Temperature (°C) 
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L. gahi, L. opalescens, L.bleekeri and L. vulgaris have similar egg length and mantle 

length (ML) at hatching due to their phylogenic relationship (Baron, 2003).   
 

Species  Egg length (mm) ML at hatching (mm) 

Loligo gahi 2.1-3.0 (1) 
2.5-3.2    (9) 

2.3-3.7 (6) 
2.6-3.1    (9) 

Loligo opalescens 2.0-2.5    (2) 2.5-3.2    (7) 
Loligo bleekeri 2.6-2.7    (3) 3.0-3.3    (3) 
Loligo vulgaris  2.3-2.7    (4) 2.8-3.3    (8) 
Loligo sanpaulensis 1.2-1.3    (1) 1.4-1.7    (6) 
Loligo pealei 1.1-1.6    (5) 1.4-1.7    (7) 
Tab.III.1 - Egg diameter and mantle length at hatching for different squid species: (1)  Baron, 2001;   
(2)  Fields, 1965;   (3)  Baeg et al., 1993;   (4)  Worms (1983);   (5)  Summers, 1983,   (6)  Baron, 2003;   
(7)  McConathy et al., 1980;   (8)  Hanlon et al., 2002;    (9)  Guerra et al., 2001 
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Fig.III.2 – Mantle length at hatching as a function of mean incubation temperature (Baron, 2003) 

 

III.4.2 Mantle width 

Mantle width (MW) was calculated using the relationship between ML and MW for 

L. pealei (comparable size with L. opalescens) reared in laboratory (Vecchione, 

1981): 

Eq.III.12   MW (mm) = 0.3768ML (mm) + 0.7842 

 

III.4.3 Frontal surface area 

Frontal surface area (S) is assumed to be the area of the squid visible from above. This 

is assumed to be a circle, whose diameter is represented by MW. Frontal surface area 

is converted to m2 (conversion factor 10-6 m2 mm-2) for the calculation of visibility 

(irradiance is in Wm-2). 

Eq.III.13   S (m2) = π * (MW/2)2 * 10-6 
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III.4.4 Body weight at hatching 
 

The wet weight of the newly hatched squid is function of its ML. It is calculated using 

the laboratory derived relationship for Loligo opalescens juveniles (Forsythe and Van 

Heukelem, 1987): 

 

Eq.III.14   WWhatch = 0.000194 ML2.59  

 

Where: 

WWhatch = Wet weight (g)   

ML = Mantle length (mm) 

NB: In LERM weight is measured in mg.  So, for a hatchling with mantle length of 

2.8 mm would weight 2.8 mg WW. 

DW (mg) is correlated to WW (mg) using the following lab derived correlation (Vidal 

et al., 2002): 

 

Eq.III.15   DW = 0.21 + (WWhatch * 0.064) 

 

III.4.5 Stoichiometry at hatching 
 

Few animals are 18%WW protein, 79% moisture with just 3% left for all other 

biochemical compounds needed for life.  In contrast to fishes, cephalopods contain 

20% more protein, 80% less ash, 50-100% less lipid and 50-100% less carbohydrate. 

Lee (1994) reported lipid contents of cephalopods ranging between 0.34-3.4%WW. 

Assuming a body water percentage of 77.5% (75-80% Lee,1994), the total lipids 

content is 15 %DW.  LERM, therefore, assumes that the maximum body lipids is 15% 

DW.  This is the same proportion of lipids found in the egg measured by Bouchaud 

and Galois (1990). 

Eq.III.16   CN_in = DW* Protin prop * Wconv 

Eq.III.17   CNN_in = DW* (1 - Protin prop) * Wconv  

Eq.III.18   Carbonpool_in = CN_in + CNN_in 

Eq.III.19   Nitrogenpool_in = CN_in * QN_prot 

Where: 

CN_in = Initial protein pool (mmol C)   

CNN_in = Initial lipid pool (mmol C)   
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Carbonpool_in = Initial carbon pool (mmol C)   

Nitrogenpool_in = Initial nitrogen pool (mmol N)   

Protin prop = Max protein percentage of body weight (wd)  

Wconv = mg C to mmol C conversion factor (mmol C mgC-1) 

QN_prot = Nitrogen percentage of protein weight (mmol N mmol C-1) 

 

III.4.6 Yolk reserve 

 

Recent experiments conducted on L. opalescens, show that the weight and volume of 

yolk reserves in hatchlings vary with the temperature during embryogenesis.  They 

observed that squid hatching at 12°C were larger, heavier and had more yolk than 

squid hatching at 16°C (Vidal et al., 2002).  This study showed that the yolk-weight to 

body-weight ratio at hatching was not significantly different the two temperature 

groups, indicating that the amount of yolk is proportional to body weight. 

Egg yolk lipid level represents about 14% of the egg dry weight and seems to be 

independent of egg size (Bouchaud and Galois, 1990). 

The yolk reserve at hatching is therefore assumed to be 15% of the WWhatch and is 

converted into energy content (Cal).  The caloric value of L. opalescens yolk is 1.71 

cal mg-1 (Giese, 1969): 

 

Eq.III.20  Yolklipids = WWhatch * Yolk lipids_ratio * Yolk_Econv 

 

Where: 

Yolk lipids = Energy in yolk (cal)   

Yolk lipids_ratio = Yolk weight as percentage of WW (mg) 

Yolk_Econv = Yolk energetic value (cal mg-1) 

 
 

III.5 PARALARVAL STAGE 
 

At this point, paralarvae have hatched with variable sizes and variable yolk reserves. 

Hatchlings’ lipid content varies with incubation temperature and is link to their size. 
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III.5.1 MOTION 
 

III.5.1.1 Swimming speed 
 

The stage-specific maximum swimming speed for squid migration was estimated 

using the in-situ derived regression (Zeidberg, 2004): 

Eq.III.21   V = 0.005 ML. 

Where: 

V = maximum migration speed (mh-1) 

ML = mantle length (mm) 

So the maximum migration speed for a squid in stage 6 is 135 mh-1. 

Max swimming migration speed is a function of T and size on surface area: 

Eq.III.22   Wz = [0.3 + (0.7 * T/Tref)] (S/Smax) 

Where : 

Wz = effect of temperature and size on swimming speed (wd) 

T = ambient temperature (°C)  

Tref = reference temperature (10°C) 

S = frontal surface area (m2)  

Smax = frontal surface area for a S6 squid (m2)  

 

III.5.1.2 Diel migration 
 

In situ observations in Monterey Bay on the distribution of L. opalescens paralarvae 

revealed that diel migration starts immediately after hatching (Zeidberg and Hamner, 

2002).  Paralarvae are vertically distributed above 80m, with the maximum 

concentration occurring at 15 m during the night and 30 m during the day (Okutani 

and McGowan, 1969; Zeidberg and Hamner, 2002).    
 

Hatchlings of L.pealeii are also found in surface waters day and night.  They move 

deeper in the water column as they grow larger (Cargnelli et al., 1999).   

Diel migration is modelled using target isolumes, as for copepods (chapter 4).  During 

the day a squid keeps to a depth at which irradiance is low enough to reduce the risk 

of being eaten2.  This depth is a function of squid visibility. Squid visibility is 

determined by its size and ambient irradiance: 

                                                 
2 In situ observations in Monterey Bay on the distribution of L. opalescens paralarvae revealed that diel 
migration starts immediately after hatching (Zeidberg and Hamner, 2002).  Paralarvae are vertically 
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Eq.III.23   It = It_ref * (Smax / S) 

Where : 

It = target isolume (Wm-2) 

It_ref = reference target isolume (Wm-2) 

S = frontal surface area (m2)  

Smax = frontal surface area for a S6 squid (m2)  
 

At dusk (irradiance < 100 Wm-2) squid ascends the water column swimming at its 

routine speed.  At dawn (irradiance > 100 Wm-2) squid descends the water column 

chasing its target isolume. 
 

 

III.5.1.3 Foraging 

Not much is known about the foraging strategies in squids.  The only observations 

relate to the Caribbean squid Sepioteuthis sepioidea (Moynihan and Rodaniche, 

1982). 

This species mostly rests during the day.  Near dusk, the shoaling squid move to 

shallow water and slowly split up into progressively smaller groups until they are 

alone throughout the night.  They forage and feed until dawn, when they aggregate 

into shoals.  

Prey attack is elicited by visual stimuli (Boletzky, 1974).  The impossibility of 

implementing lunar phase in the current version of VEW meant that during night-time 

squid are unable to detect the prey and feed.  Predator-prey encounters can therefore 

only occur during the day as they both migrate in the virtual mesocosm in search of 

their target isolume.  
 

 

III.5.1.4 Corpses and pellets sinking rate 
 

Dead squid are assumed to sink at 20 mh-1.  Squid pellets sink at 10 mh-1. 
 

 

 

 

III.5.2 INGESTION 
 

Mortality at first feeding, or “critical-period theory”, has received much attention in 

the study of young fishes (Lasker, 1981).  Vecchione (1981) proposed based on field 

                                                                                                                                            
distributed above 80m, with the maximum concentration occurring at 15 m during the night and 30 m 
during the day (Okutani and McGowan, 1969; Zeidberg and Hamner, 2002).    
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sampling that the critical period is important also for some species of cephalopods. 

The relationship between successful first feeding and yolk absorption seems to be a 

critical stage at which variable or high natural mortality occurs. 

Exogenous and endogenous feeding overlaps until the yolk sac is completely absorbed 

(Vidal et al. 2002). 
 

 

III.5.2.1 Endogenous feeding 
 

All energetic costs (respiration, cal h-1) are covered by the energy provided by the 

yolk, until its complete exhaustion.  If the yolk energy is not sufficient to cover the 

costs, then the surplus costs (Rsurplus) are covered by lipids, preferentially, or proteins. 

Eq.III.25   Yolklipids =  if (the energy in the yolk is sufficient to fuel energetic costs) 

    Yolklipids – respiration 

           else         0     

Eq.III.26 Rsurplus =       if (the energy in the yolk is sufficient to fuel energetic 

costs)  

   0 

          else         respiration – Yolklipids 

Where: 

Yolk lipids = Energy in yolk (cal)   

respiration = energy consumption rate (cal h-1) 

Rsurplus = energetic consumption rate not covered by the energy in yolk (cal mg-1)# 

 

III.5.2.2 Exogenous feeding 
 

Some cephalopods hatch as miniature replicas of the adult and feed in a similar way.  

La Roe (1971) reported that the squid, even newly hatched fry, were extremely 

selective in their choice of foods; they would attack and eat only live, actively moving 

animals of a limited size range.  They would not eat dead, inactive, drifting or benthic 

organisms.  
 

 

Hunting efficiency 
 

Observations on laboratory reared L. opalescens revealed that squid mastery of 

copepod capture develops progressively, culminating by approximately 40 days post-

hatching in adult-like prey capture behaviour and suggest that it is a skill that is 
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acquired in an experience-dependent manner early in post-hatching life.  (Chen et al., 

1996).  Absolute attack speed increases in proportion to ML (Chen et al., 1996).  

After 40 days a squid fed ad libitum reaches a ML of about 8 mm, MLmax. 

Eq.III.27 Hunteff = ML / MLmax 

Where: 

Hunteff = hunting efficiency index (wd) 

ML = mantle length (mm) 

MLmax = maximum mantle length (mm) 
 

Ingestion rate 
 

Squid high activity and rapid growth needs a large amount of food and high feeding 

and digestion efficiency.  However, it is impossible to overfeed them (Boucher-

Rodoni et al., 1987).  The cue to stop feeding when satiated is given by the pressure of  

food on the stomach walls of an animal. This sends a signal to the hypothalamus 

announcing that the gut is full. So maximum ingestion rate is modelled as a function 

of the gut volume that can be filled (i.e. maximum ingestion rate is zero if the gut is 

already full).  For the squid Illex illecebrosus ingestion of a meal required 5-15 

minutes (Wallace et al., 1981), so we can safely assume that within a timestep (30 

minutes), a squid can potentially fill its gut, so: 

 

Eq.III.28 IMax = [(1 – Gutf ) * Vgut] /1800 
Where: 

Imax = maximum ingestion rate (mm3 s-1)   

Gutf = gut fullness index (wd) 0: empty gut; 1: full gut 

Vgut = gut volume (mm3) 

 
Squid ingestion of copepods had to be implemented in different way compared to 

copepod ingestion on diatoms. While diatoms are assumed to have a fixed volume, so 

that the number of ingested diatoms correlates to the volume of food ingested, 

copepod volume varies with its development stage (a mature copepod has a body 

volume of 1mm3 while a N3 nauplius has a volume of 0.001 mm3).  In young 

cephalopods, as in most adults, attack is elicited by visual stimuli (Boucher-Rodoni et 

al., 1987).  The velocity of the prey is another factor affecting the efficiency of 

capture, in relation to the swiftness of the predator.  Planktonic squid are only 
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successful in capturing relatively slow prey such as crustacean larvae and copepods 

(Boletzky, 1974a). 
 

Eq.III.29 Igv = Min (between Imax and .Igv) 

IF (P > Pmin)  

then    

 

kp * Hunteff * (1 – Gutf) * (Sa / Sa-max) * (Irr / Irr ref) *  Pspeed-max / Pspeed) *  

 

{[(P-Pmin)*Pvol]
2/ {[(P-Pmin)*Pvol] + (Kiv*Pvol)}} 

 else 0 

Where: 

Igv = stage specific ingestion rate (mm3 s-1) 

kp  = predator hunting volume scan rate (m3s-1) 

Hunteff = hunting efficiency index (wd) 

Gutf = gut fullness index (wd) 0: empty gut; 1: full gut 

Sa = copepod stage specific surface area (m2) 

Sa-max = maximum surface area for an adult copepod (1.3×10-7 m2 ) 

Irr = ambient irradiance (Wm-2) 

Irrref = reference irradiance (Wm-2) 

Pspeed = stage specific maximum swimming speed (mh-1) 

Pspeed-max =  maximum swimming speed for an adult copepod (mh-1) 

P = stage specific ambient prey concentration (prey m-3) 

Pmin = stage specific minimum ambient prey concentration (prey m-3) 

Pvol = stage specific prey volume (mm3) 

K iv = half-saturation constant (prey m-3) 

z = current depth (m) 

z[1] = depth in previous timestep (m) 

The total potential volume that could be ingested by a squid is: 

Eq.III.30  TotIgv = varietysum (Igv) 

Where: 

TotIgv = total potential volume that could be ingested (mm3s-1) 

Varietysum = sum of the potential volume that can be ingested for each prey stage  

Prey visibility Prey escape ability 

Stage specific prey volume encountered 

Predator feeding potential 

 
z – z[1] 
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Eq.III.31  ratioIng =  

if (TotIgv > Imax)  

then (Imax / TotIgv)  

else 1 

Where: 

ratioIng = is the ratio between maximum volume that can be ingested and the 

potential volume that is available for ingestion 
 

In the case that maximum the potential volume that is available for ingestion is bigger 

volume that can be ingested, then the request is scaled down to avoid overfeeding. 

Eq.III.32  Igv2 = (Igv / Pvol)* ratioIng 

Where: 

Igv2 = stage specific effective ingestion rate (mm3 s-1) 

Then an ingestion request is done for each prey stage depending on Igv2, P and Pmin: 

Eq.III.33  ingest (P, Pmin, Igv2) 

 

III.5.3 DIGESTION  
 

The total time necessary to digest a meal varies from one species of cephalopods to 

the other, and within the same species it is highly influenced by temperature 

(Boucher-Rodoni, 1975).  For octopus Eledone cirrhosa, digestion lasted 15 hours at 

20°C, 20 hours at 15°C and 30 hours at 10°C (Boucher-Rodoni, 1973). 

So I will assume that Q10 (the increase in digestion rate with a temperature increase of 

10°C over the reference temperature) is 2. 

Observations on the digestion rate of squid Illex illecebrosus, reared at 10°C, revealed 

that digestion rate was very high soon after feeding and then slows down gradually 

(Wallace et al., 1981). The rate of food digested represents a fairly constant 

percentage of the quantity ingested and decreases with time after feeding (Boucher-

Rodoni, 1975; Boucher-Rodoni and Mangold, 1977). 

The percentage of digested food as function of time since ingestion is modelled using 

the laboratory derived regression (Wallace et al., 1981): 

 

Eq.III.34     Log10 % food digested = 1.64 – 0.032 Lastfeed_time 
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.Where: 

% food digested (0-100) 

Lastfeed_time = hours since last ingestion (h) 

The percentage of food in the gut that gets digested, Digperc is therefore: 

 

Eq.III.35    Digperc = {10^ [(1.64-(0.032 * Lastfeed_time)] * Q10 ^ [(T – Tref) / Tref]} / 100 

Where: 

Digperc = ratio of digested food in gut (0-1) 

Lastfeed_time = hours since last ingestion (h) 

Q10 = index describing the increase in digestion rate for a 10°C increase in 

temperature from the reference temperature (wd) 

T = ambient temperature (°C)  

Tref = reference temperature (10°C) 
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Fig.III.3 – Digestion rate as a function of temperature and time since feeding   

 
Fig III.3 shows the duration of digestion of a meal at different temperatures using the 

above equation. 

This compares well with laboratory observations.  Complete digestion of a meal at 

18°C takes about 6 hours for L. opalescens (Karpov and Caillet, 1978) and 4-6 hours 

for L. vulgaris ( Bidder, 1950). 

 

 

The volume of food digested in a timestep: 

Eq.III.36  Processed = Gutcontent * Digperc 

Where: 

Processed = The volume of food digested in a timestep (mm3) 

Gutcontent = Gut content at the end of the timestep (mm3) 

Temperature effect Effect of time since last feeding 

T °C 
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III.5.4 Assimilation 
 

Squid assimilation efficiency for proteins is very high, 81-92% (Lee, 1994; Wells and 

Clarke, 1996).  However they have a problem with lipids.  When they are given a fatty 

diet, a large part of it (45-70% according to Wells and Clarke, 1996) passes through 

the digestive tract and floats as faeces (O’Dor and Wells, 1987).  Squid are assumed 

to assimilate 85% of the digested proteins and 50% of the digested lipids. 

Eq.III.37 Qlip= (CNN_pool * Cconv)/ DW 

Eq.III.38 Aprotein = [(Gutprotein + CN_ing ) * Digperc ] * A eff_prot 

Eq.III.39 Alipid = if [(Qlip_max – Qlip) * DW] > {[(Gut lipid + CNN_ing ) * Digperc ] * 

Aeff_lip} 

 [(Gutlipid + CNN_ing ) * Digperc ] * A eff_lip 

  else 

          [(Qlip_max – Qlip) * DW] 

Where: 

Qlip = Lipid to dry weight ratio  

Qlip_max = Maximum lipid to dry weight ratio 

CNN_pool = Lipid pool (mmol C) 

DW = Dry weight (mg C) 

Cconv = mmol C to mg C conversion factor 

Aprotein, A lipid = Protein and lipid assimilated in last timestep (mmol C) 

Gutprotein, Gutlipid = Protein and lipid in gut (mmol C) 

CN_ing, CNN_ing = Protein and lipid ingested during last timestep (mmol C) 

Aeff_prot, Aeff_lip = Protein and lipid assimilation efficiency (wd) 

 

III.5.5 EGESTION 
 

The proportion of digested protein and lipid that is not assimilated is egested as a 

faecal pellet (O’Dor and Wells, 1987).    Nitrogen is egested in pellets as a fixed ratio 

of protein egested (QNprot : 0.15 mmol N mmolC-1). 

Eq.III.41 Eprotein = [(Gutprotein + CN_ing ) * Digperc ] * (1 - Aeff_prot)  

Eq.III.42 Elipid = [(Gutlipid + CNN_ing ) * Digperc ] * (1 - Aeff_lip) 

Eq.III.43 EN = (Eprotein * QN_prot) 

Where: 

Eprotein, Elipid = Protein and lipid not assimilated (mmol C) 
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Gutprotein, Gutlipid = Protein and lipid in gut (mmol C) 

CN_ing, CNN_ing = Protein and lipid ingested during last timestep (mmol C) 

Aeff_prot, Aeff_lip = Protein and lipid assimilation efficiency (wd) 
 

III.5.6 EXCRETION 
 

Due to the high content of protein compared to lipids, protein is used extensively for 

energy and the excretion of ammonia is 2-3 times higher than for fishes of similar 

body weight (Lee, 1994).  

Ammonia excretion is a continuous linear process over short periods of time: 

Eq.III.44 C = [respiration / (Enprot * Cconv2)]* QN_prot * QPL_used  

Where: 

C = Ammonium excretion rate (mmol N h-1)  

respiration = total metabolic cost (cal h-1) 

Enprot = Energy content in squid protein (cal g C-1) 

Cconv2 = mmol C to g C conversion factor 

QN_prot = N:C ratio in protein (mmol N mmol C-1) 

QPL_used = Proportion of protein-lipid used to fuel metabolism  
 

Eq.III.45 release [(C * Timestep) + Nprot_excess] 

Nprot_excess = Body nitrogen above QN_prot 
 

 

 

III.5.7 GUT PROCESSES 
 

III.5.7.1 Gut volume 
 

Experimental data on squid paralarvae meals showed it ranged from 5-15% DW 

meal/DW body (Boucher-Rodoni, 1975; Wallace O’Dor 1981, Hirtle et al., 1981).  

The stomach weight grows as function of body size (Hurley 1976). 

So, squid gut volume, Vgut, is assumed to grow proportionally with mantle length: 

Eq.III.46 Vgut = vgut * ML 

Where: 

Vgut = gut volume (mm3) 

vgut = stomach volume coefficient (mm2) 

ML = mantle length (mm) 
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A recently hatched squid (ML:3 mm, Carbon pool: 0.07 mmol C) has a gut volume of 

0.6 mm3. It can potentially ingest about 90 C1 copepods (individual volume: 6.4×10-3 

mm3; carbon content: 6.3×10-5 mmol C ), therefore ingesting ~ 9.5% body weight. 
 

III.5.7.2 Gut content 
 

Gut content, Gutcontent, represents the volume of food in the gut: 

Eq.III.47 GutcontentTemp = Gutcontent + Preyvol 

Eq.III.48 Gutcontent = GutcontentTemp - Processed 

Where: 

GutcontentTemp = Gut content at the beginning of the timestep (mm3) 

Gutcontent = Gut content at the end of the timestep (mm3) 

Preyvolume = volume of food ingested in last timestep (mm3) 

Processed = volume of food digested in current timestep (mm3) 
 

Eq.III.49 Preyvol = varietysum (IngestedCells * Pvol) 

Where: 

IngestedCells = number of stage-specific prey ingested in last timestep (#) 

Pvol = stage-specific volume of prey (mm3) 
 

 

III.5.8 RESPIRATION 
 

Respiration is a heterogeneous process, whose separate components may vary 

independently (Wells and Clarke, 1996). 

Cost associated with: 

• maintenance (basal metabolism), 

• new somatic tissues, feeding, digestion and assimilation (sda), 

• movement. 

 

Eq.III.50 respiration = Rbas + Rsda + Rswim 

Where: 

respiration = total metabolic cost (cal h-1) 

Rbas = basal metabolic rate (cal h-1) 

Rsda = specific dynamic action (cal h-1) 

Rswim= swimming cost (cal h-1) 
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III.5.8.1 Basal respiration 
 

The weight-specific temperature dependent basal metabolic cost for L. opalescens,  

Rbas (ml O2 kg-1h-1)  is B(A)T  (O’Dor et al., 1986).  This was transformed into: 
 

Eq.III.51 Rbas = WW * B AT Econv 

        1x106  

Where: 

Rbas = basal metabolic cost (cal h-1) 

WW = Wet weight (mg) 

B and A = respiration parameters (wd) 

T = temperature (°C) 

Econv = mlO2 to cal conversion factor (cal mlO2
-1) 

 

 

III.5.8.2 Specific Dynamic Action 
 

The cost associated with SDA, Rsda, is proportional to the amount of assimilated 

carbon (protein and lipid) (Parry, 1983): 

 

Eq.III.52    Rsda = {rsda [(A protein *Enprotein * Cconv2) + (Alipid *Enlipid * Cconv2)]}/TimeStep 

 

Where : 

rsda =specific dynamic action coefficient (wd) 

Aprotein, A lipid = Protein and lipid assimilated in last timestep (mmol C) 

Enprotein, Enlipid = Energy content of squid protein and lipid (cal gC-1) 

Cconv2 = gC to mmol C conversion factor (gC mmol C-1) 

TimeStep = timestep duration (h ts-1) 
 

III.5.8.3 Cost of swimming  
 

Cost associated with swimming is estimated using the calculations for the locomotion 

energetic cost for hatchling squid, Illex illecebrosus (O’Dor et al., 1986): 

1. Calculate Re number as: 

Eq.III.53  Re = (U * ML)/ v 

Where: 

U = swimming velocity (ms-1) 

ML = mantle length (m) 
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v = coefficient of kinematic viscosity (10-6 m2 s-1) 

2. Calculate the drag coefficient (Cd): 

Eq.III.54  Cd = 24 / Re0.7 

3. Calculate the drag force (D)[N ≡ kg m s-2]: 

Eq.III.55  D = 0.5 Cd ρ S U2      

Where: 

ρ = density of the water (kg m-3) 

S = frontal surface area (m2) 

4. Calculate the Power consumption (P)[W ≡ kg m2 s-3]: 

Eq.III.56  P = D U 

5. Convert P from W to cal d-1 using the conversion 1 W = 20,635 cal d-1 (O’Dor 

et al., 1986): 

Eq.III.57  Rswim= (P * Econv2) / 24 

Where: 

Rswim = cost of swimming at speed U (cal h-1) 

Econv2 = W to cal per day conversion factor (cal W-1 d-1) 
 

III.5.9 ENERGETICS 
 

The flux of body protein (BudgCN) and lipid (BudgCNN) results from the difference 

between energy gained for protein (Aprotein) and lipid (Alipid) assimilated and the total 

respiration cost (respiration): 

Eq.III.58     BudgCNN = Alipid – {[(respiration * timestep) + Rsurplus]/(Enlipid * Cconv2)} 

 Where: 

BudgCNN = flux of body lipid (mmol C) 

A lipid = Lipid assimilated in last timestep (mmol C) 

respiration = total metabolic cost (cal h-1) 

timestep = timestep length (0.5 h ts-1) 

Rsurplus = Cost not covered by the yolk (mmol C) 

Enlipid = Energy content of squid lipid (cal gC-1) 

Cconv2 = gC to mmol C conversion factor (gC mmol C-1) 

 

Body lipid to dry weight can never exceed its maximum observed ratio, QlipMax, so the 

excess lipids, Lipexcess, are egested as a faecal pellet (O’Dor and Wells, 1987): 
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Eq.III.59    Lipexcess =  if {[(C NN_Pool + BudgCNN)*12] / DW} > QlipMax 

        then ({[(CNN_Pool + BudgCNN)*12] / DW}- Q lipMax) * DW        else 0 

Eq.III.60  BudgCN = (Aprotein – {[(respiration * timestep) + Rsurplus]/(Enprotein * 

Cconv2)})* 

  if [(BudgCNN < 0) and (|BudgCNN|>CNNpool)] 

  then 1             else QPL_used 

Where: 

BudgCN = flux of body protein (mmol C) 

Aprotein = Protein assimilated (mmol C) 

respiration = total metabolic cost (cal h-1) 

timestep = timestep length (0.5 h ts-1) 

Rsurplus = Cost not covered by the yolk (mmol C) 

Enprotein = Energy content of squid protein (cal gC-1) 

Cconv2 = gC to mmol C conversion factor (gC mmol C-1) 

BudgCNN = flux of body lipid (mmol C) 

CNNpool = Lipid pool (mmol C) 

QPL_used = Proportion of protein-lipid used to fuel metabolism (wd) 

 

III.5.10 STARVATION  

 

A squid dies of starvation when its Carbonpool falls below ¾ of its maximum ever 

achieved Carbonpool, Cpmax, or when it has been ingesting less than 10% of its 

Carbonpool day-1  for more than three days (La Roe, 1971). 

 

III.5.11 REMINERALISATION  

 

As a dead squid or faecal pellet sinks through the mesocosm, it remineralises nitrogen 

as a function of its nitrogen content and ambient temperature: 

Eq.III.61 RNT = Ndissolution * QRemN ^( (T – TNref)/10) 
Where: 

RNT = Nirogen remineralisation rate (mmol N h-1) 

Ndissolution = N specific dissolution rate of N (mmol N mmolN-1 h-1) 

QRemN = factor by which N dissolution increases with T (K) (wd) 

T = temperature (°C)  and   Tref = reference temperature (°C) 
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III.6 LIST OF PARAMETERS 
 

Parameter Description Value Unit Source 
A Basal respiration parameter2 1.0879 no unit O’Dor et al., 1986 
Aeff_lip Assimilation efficiency for lipid 0.5 no unit  

Aeff_prot 
Assimilation efficincy for 
protein 

0.85 no unit 
 

B Basal respiration parameter1 123.7 no unit O’Dor et al., 1986 
C_conv2 C_conv2 0.012 gC mmolC-1 calculated 
DAT_hatch DAT threshold for hatching 600 ºC days Baron, 2000 
E_content Energy contained in squid flesh 4000 J gC-1  
E_conv Energy conversion 4.6 c(l x 10-3)-1  

E_conv2 
Conversion coefficient calories 
from power 

20635 cal W-1d-1 
 

E_conv2 Energy conversion 20635 Jg-1  
En_lip Energy content of copepod lipid 9000 cal gC_NN-1  

En_prot 
Energy content of copepod 
protein 

5700 cal gC_N 
 

G_Conv 
mmolC to microgC conversion 
factor 

12000 µgC mmolC-1 
calculated 

G_max Maximum weight 0.62 gC  
ML_max Maximum ML 8 mm  
Protein_inProp Protein proportion 0.85 no unit  
Q_lipMax Maximum ratio of lipids to DW 0.15 no unit Lee, 1994 
Q_Nprot N:C ratio in proteins 0.15 no unit Lee, 1994 

Q_PLused 
Ratio of protein to lipid 
catabolism 

0 no unit 
 

QR10 Increase of digestion with T  2 no unit  
R_N R_N 0.0042 no unit  

r_sda 
Cost of somatic growth 
parameter 

0.2 no unit 
Parry, 1983 

S2_ML Minimum ML for S2 3 mm assumed 
S3_ML Minimum ML for S3 4 mm assumed 
S4_ML Minimum ML for S4 5 mm assumed 
S5_ML Minimum ML for S5 6 mm assumed 
S6_ML Minimum ML for S6 7 mm assumed 
S7_ML Minimum ML for S7 8 mm assumed 
S_max Maximum frontal area 1.0 x 10-5 m2  
S_maxIsolume Ref max Sa for target isolume 5.0 x 10-6 m2  
Spawning_date Date of spawning 100 Days from 1st Jan  
T_ref Reference temperature 10 ºC  

T_ref2 
Reference temperature for 
digestion 

20 ºC 
 

v 
Coefficient of kinematic 
viscosity 

1.0 x 10-6 m-2s-1 
 

v_gut Stomach volume coefficient 0.2 mm3  
V_max Maximum swimming speed 135 mh-1  
Vis_IrradRef Reference irradiance 1 no unit assumed 

W_conv 
mgC to mmolC conversion 
factor 

0.0833 mmolC mgC-1 
calculated 

Yolk_lipidsRatio Ratio Yolk:Wet Weight 0.15 mmol 
Bouchaud and 
Galois, 1990 

YolkE_cont Yolk energetic value 1.71 cal mgC-1 Giese, 1969 

z_egg Depth of egg mass 50 m 
Zeidberg and 
Hamner, 2002 

Tab.III.2 – Squid parameters 
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APPENDIX IV - TOP CLOSURE IN LERM 
 

IV.1 LERM-PS 
 

 
 
 
 
Fig.IV.1 – LERM-PS.N: nutrients , P: phytoplankton, Z: zooplankton, VP: visual predators, BP: background predators 

 

IV.1.1 VISUAL PREDATORS IN LERM-PS 
 
For the Azores scenario, LERM-PS visual top predators represent a population of squid 

Loligo forbesii.  It is an abundant species at the Azores and it is known to graze on 

copepods during the early phase of its life.  
 

IV.1.1.1 Exogenous equations (Top predator demography) 
 

Exogenous equations defined in the scenario describe the demographic state of the 

predator population, in particular, its growth rate, its annual distribution and its vertical 

distribution. 
 

Predator growth 
 

Laboratory experiment on Loligo forbesii estimated daily growth rates of 7% of its 

mantle length (ML) in its first months of life (fig.IV.2). During this period squid feed on 

planktonic organisms, mainly copepods (Vovk 1972, Tibbetts, 1977). Juveniles 4 cm 

long switch to a diet made of euphausiids and arrow worms (Vovk and Khvichiya, 1980; 

Vovk, 1985).  The maximum ML at which predator feeds on copepods is therefore 

assumed to be 40 mm.  It takes about 100 days for a young squid, growing at a daily rate 

of 7% of its mantle length, to switch diet.   

Eq.IV.1 St = If (dyear is between d0 and dmax) 

then  S0 * [(p + 1)(dyear – d0)]   else      0 

St = Mantle length (mm) 

S0 = Mantle length at immigration (3 mm) 

p  =  daily growth rate (7% ML) 

d0 =  Day of top predator immigration (90 = 1st April) 

dmax = Day of top predator emigration (221 = 10th August). 

N P Z 
VP 

BP 
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Predator growth rate
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Fig.IV.2 – Predator growth rate expressed as mantle length and wet weight 
 

Predator annual distribution 
 

Squid eggs all hatch simultaneously on the 1st April, they feed on copepods until mid-

July, before switching diet.  The mortality rate of predator population is assumed to 

follow a negative exponential function of the time of the year.  Every year the 

concentration of predators is set back to its initial value. 

Eq.IV.2 Nt = If (dyear is between d0 and dmax) 

then  N0 e –[(dyear – d0)/dstar]  else      0 

Nt = Top predator vertically integrated concentration (predators m-2) 

N0 = Top predator vertically integrated concentration at immigration (3000 predators m-2) 

dstar  =  d* = e-folding time (150) 

 

Vertical distribution of predators 
 

The concentration of visual top predators is assumed to be homogeneous in the top 100m. 

So there are 30 predators per m3 in the top 100 m. 
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IV.1.1.2 Endogenous equations 
 

Ingestion 
 

Visual top predators feed on all copepod stages, but overwintering, dead and pellets.   

The maximum rate of ingestion is modelled as the maximum daily percentage of body 

weight that can be consumed (Koueta and Boucaud-Camou, 2001). Maximum ingestion 

rate is therefore a function of the weight of the predator and the weight of the prey.  

Ingestion rate depends on the concentration and visibility of prey and ambient 

temperature. The visibility of the prey is determined by the ambient irradiance and the 

surface area of the prey (fig.IV.3).  Ingestion rate can never exceed maximum ingestion 

rate. 
 

 
 

 

 

 

 

 

Fig.IV.3 – Predator ingestion rate, internal and external controlling factors 

 

St is converted into predator weight, G (mmol C) using: 

Eq.IV.3 G = [2.37 * LOG10 (St) – 1.22] / 12   [Hurley,1976] 

12 converts mg C into mmol C. 
 

Eq.IV.4 Wtg = [0.3 + (0.7 *( T/Tref )] * [IF (St < Smax)  

     then   St / Smax   else   1  ] 

Where: 

Wtg = effect of temperature and size on swimming (wd) 

T = ambient temperature  (°C) 

Tref = Reference temperature (10°C) 

Smax = Maximum mantle length (15 mm) 
 

 
MAX INGESTION RATE 

 

T 
Predator 
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INGESTION RATE 
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Prey 
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Eq.IV.5 Imax = {G * 0.6156 e – [0.0321*(dyear – d0)]} / (86400 * Psize) 

 

Where  

G = predator weight (mmol C) 

0.6156 e – [0.0321*(dyear – d0)]} (Koueta and Boucaud-Camou, 2001) determines the maximum 

percentage (expressed as 0-1) of predator carbon (G) that can be ingested per day by a 

predator as function of time since immigration (dyear – d0) (fig.IV.4). 

This is then divided by 86,400 s h-1 to convert daily maximum C ingestion to s-1, and by 

Psize = the prey stage specific carbon content (mmolC prey-1) to convert from mmolC s-1 to 

# prey s-1 (tab.IV.1). 

Maximum feeding ratio vs days since hatching for 
Sepia officinalis

(from Koueta and Boucaud-Camou, 2001)

y = 61.56e-0.0321x
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Fig.IV.4 – Top predator maximum ingestion rate 

 

Eq.IV.6 Igv = 

Min (between Imax and  

 [IF (P > Pmin)  

then    

 

Wtg *  kp * (Sa / Sa-max) * (Irr / Irr ref) * (Pspeed-max / Pspeed) * {(P-Pmin)
2/ [(P-Pmin)+Kiv]} 

 else 0 

) 

 

 

Prey visibility Prey escape ability Prey abundance 
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Where: 

Igv = stage specific ingestion rate (prey s-1) 

Wtg = effect of temperature and size on swimming (wd) 

Kp  = predator hunting volume scan rate (m3s-1) 

Sa = Stage specific surface area (m2 see table 1) 

Sa-max = Maximum surface area for an adult copepod (1.29×10-7 m2 ) 

Irr = ambient irradiance (Wm-2) 

Irrref = reference irradiance (Wm-2) 

Pspeed = Stage specific maximum swimming speed (mh-1) 

Pspeed-max =  Maximum swimming speed for an adult copepod (mh-1) 

P = Stage specific ambient prey concentration (prey m-3) 

Pmin = Stage specific minimum ambient prey concentration (prey m-3) 

K iv = Half-saturation constant (prey m-3) 

 
Development 

stage Stage description Kp Psize  Pmin kiv Sa Pspeed 

      (mmol C)  (prey m-3)  (prey m-3) m2 m/h 

N3 Nauplius III 0.001 1.00E-05 1000 1E6 1.46E-08 5.09 

N4 Nauplius IV 0.001 1.70E-05 1000 1E6 1.70E-08 5.93 

N5 Nauplius V 0.001 2.50E-05 1000 1E6 1.94E-08 6.77 

N6 Nauplius VI 0.001 3.75E-05 1000 1E6 2.22E-08 7.74 

C1 Copepodite I 0.001 6.25E-05 1000 1E6 2.62E-08 9.14 

C2 Copepodite II 0.001 9.20E-05 1000 1E6 2.97E-08 10.36 

C3 Copepodite III 0.001 2.10E-04 1000 1E6 3.88E-08 13.53 

POW4 Pre-overwintering CIV 0.001 5.83E-04 1000 1E6 5.42E-08 18.91 

POW5 Pre-overwintering CV 0.001 1.25E-03 1000 1E6 6.95E-08 24.24 

OWD4 Overwintering descent CIV 0.001 5.83E-04 1000 1E6 5.42E-08 18.91 

OWD5 Overwintering descent CV 0.001 1.25E-03 1000 1E6 6.95E-08 24.24 

OW4 Overwintering CIV 0 5.83E-04 1000 1E6 5.42E-08 0 

OW5 Overwintering CV 0 1.25E-03 1000 1E6 6.95E-08 0 

OWA4 Overwintering ascent CIV 0.001 5.83E-04 1000 1E6 5.42E-08 18.91 

OWA5 Overwintering ascent CV 0.001 1.25E-03 1000 1E6 6.95E-08 24.24 

C4 Copepodite IV 0.001 5.83E-04 1000 1E6 5.42E-08 18.91 

C4OW Copepodite IV after OW 0.001 5.83E-04 1000 1E6 5.42E-08 18.91 

C5 Copepodite V 0.001 1.25E-03 1000 1E6 6.95E-08 24.24 

C6 Copepodite VI 0.001 3.33E-03 1000 1E6 9.56E-08 33.35 

Ad Adult 0.001 7.50E-03 1000 1E6 1.25E-07 43.60 

Ma Mature 0.001 8.33E-03 1000 1E6 1.29E-07 45.00 

Se Senescent 0.001 8.33E-03 1000 1E6 1.29E-07 45.00 

Tab.IV.1 – Visual top predator stage-specific prey parameters 
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Faecal pellets 
 

A pellet, containing all the nitrogen and carbon ingested, is released every timestep.  As it 

sinks at a constant speed of 10 mh-1, it is remineralised by an implicit bacteria population.  

Pellets remineralization is modeled as in copepods (cfr.II.2.17). 

 

IV.1.2 BACKGROUND TOP PREDATORS 
 

IV.1.2.1 Exogenous equations (Top predator demography) 
 

Background top predators are assumed to maintain a constant size (40 mm).   They are  

present all year at a constant concentration (3000 m-2), and they are homogeneously 

distributed in the top 100m.  They feed on all copepod stages, but overwintering, corpses 

and pellets. 

 

IV.1.2.2 Endogenous equations 
 

The maximum rate of ingestion for background predators is based on the equation used 

for visual predators (Koueta and Boucaud-Camou, 2001). It is calculated as the maximum 

daily percentage of body weight that can be consumed. As the weight of the predator is 

kept constant, maximum ingestion rate depends on the weight of the prey.  The bigger the 

prey the less can be ingested by the predator, and vice versa.  Ingestion rate is function of 

the ambient concentration of prey and temperature (fig.IV.5).  Ingestion rate can never 

exceed maximum ingestion rate. 

 

 

 

 

 
 

Fig.IV.5 – Predator ingestion rate, internal and external controlling factors 
 

As the size of the predator is constant, maximum percentage of C that can be ingested is 

reduced to a constant, Imax40 = 6.5 ×10-5 mmol C s-1. 
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This is divided by Psize = the prey stage specific carbon content (mmolC prey-1) to convert 

from mmolC s-1 to # prey s-1 (tab.2). 

Eq.IV.7 Imax = Imax40 / Psize 

Wtg describes the effect of temperature solely on ingestion: 

Eq.IV.8 Wtg = 0.3 + (0.7 * T/Tref) 
 

As ingestion is not visually elicited, the prey visibility component is not considered. 

Eq.IV.9 Igv = 

Min (between Imax and  

 [IF (P > Pmin)  

then    

Wtg *  kp * {(P-Pmin)
2/ [(P-Pmin)+Kiv]} 

  else 0 ) 

Development 
stage Stage description Kp Psize  Pmin kiv 

      (mmol C)  (prey m-3)  (prey m-3) 

N3 Nauplius III 0.0001 1.00E-05 1000 1E6 
N4 Nauplius IV 0.0001 1.70E-05 1000 1E6 
N5 Nauplius V 0.0001 2.50E-05 1000 1E6 
N6 Nauplius VI 0.0001 3.75E-05 1000 1E6 
C1 Copepodite I 0.0001 6.25E-05 1000 1E6 
C2 Copepodite II 0.0001 9.20E-05 1000 1E6 
C3 Copepodite III 0.0001 2.10E-04 1000 1E6 
POW4 Pre-overwintering CIV 0.0001 5.83E-04 1000 1E6 
POW5 Pre-overwintering CV 0.0001 1.25E-03 1000 1E6 
OWD4 Overwintering descent CIV 0.0001 5.83E-04 1000 1E6 
OWD5 Overwintering descent CV 0.0001 1.25E-03 1000 1E6 
OW4 Overwintering CIV 0.0001 5.83E-04 1000 1E6 
OW5 Overwintering CV 0.0001 1.25E-03 1000 1E6 
OWA4 Overwintering ascent CIV 0.0001 5.83E-04 1000 1E6 
OWA5 Overwintering ascent CV 0.0001 1.25E-03 1000 1E6 
C4 Copepodite IV 0.0001 5.83E-04 1000 1E6 
C4OW Copepodite IV after OW 0.0001 5.83E-04 1000 1E6 
C5 Copepodite V 0.0001 1.25E-03 1000 1E6 
C6 Copepodite VI 0.0001 3.33E-03 1000 1E6 
Ad Adult 0.0001 7.50E-03 1000 1E6 
Ma Mature 0.0001 8.33E-03 1000 1E6 
Se Senescent 0.0001 8.33E-03 1000 1E6 

Table.IV.2 – Background top predator stage-specific prey parameters 

 

Faecal pellets are produced, sink and get remineralised in exactly the same way as for 

visual top predators. 
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IV.2 LERM-ES 
 

 

 

 

  

 

Fig.IV.6 – LERM-ES: N: Nutrients , P: Phytoplankton, Z: Zooplankton, S: Squid paralarvae, VP: visual 

predators, BP: background predators, I: immigrant squids; E: emigrant squids 

 

IV.2.1 VISUAL PREDATORS IN LERM-ES 
 

LERM-ES visual top predators represent a population of larger Loligo forbesii. 
 

IV.2.1.1 Exogenous equations (Top predator demography) 
 

Exogenous equations defined in the scenario describe the demographic state of the 

predator population, in particular, its growth rate, its annual distribution and its vertical 

distribution. 
 

Predator growth 
 

Laboratory experiment on Loligo forbesii estimated daily growth rates of about 2% in its 

mantle length (ML) after its first months of life. 
 

Eq.IV.10 St = If (dyear is between d0 and dmax) 

then  S0 * [(p + 1)(dyear – d0)] 

else      0 

St = Mantle length (mm) 

S0 = Mantle length at immigration (15 mm) 

p  =  daily growth rate (2% ML) 

d0 =  Day of top predator immigration (90 = 1st April) 

dmax = Day of top predator emigration (221 = 10th August). 
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Predator annual distribution 
 

Squid eggs all hatch simultaneously on the 1st April, they feed on copepods until mid-

July, before switching diet.  The mortality rate of predator population is assumed to 

follow a negative exponential function of the time of the year.  Every year the 

concentration of predators is set back to its initial value. 

Eq.IV.11 Nt = If (dyear is between d0 and dmax) 

then  N0 e –[(dyear – d0)/dstar] 

else      0 

Nt = Top predator vertically integrated concentration (predators m-2) 

N0 = Top predator vertically integrated concentration at immigration (3000 predators m-2) 

dstar  =  d* = e-folding time (150) 
 

Vertical distribution of predators 
 

The concentration of visual top predators is assumed to be homogeneous in the top 100m. 

So there are 30 predators per m3 in the top 100 m. 
 

 

IV.2.1.2 Endogenous equations 
 

Ingestion 
 

Visual top predators feed on all squid stages, but recruited, dead and pellets.   The 

maximum rate of ingestion is modelled as the maximum daily percentage of body weight 

that can be consumed (Koueta and Boucaud-Camou, 2001). Maximum ingestion rate is 

therefore a function of the weight of the predator and the weight of the prey.  Ingestion 

rate depends on the concentration and visibility of prey, hunting efficiency and ambient 

temperature. The visibility of the prey is determined by the ambient irradiance and the 

surface area of the prey (fig.IV.7).  The hunting efficiency of capture is modeled as the 

velocity of the prey (prey escape ability) in relation to the swiftness of the predator 

(Wtg).  Hunting efficiency is modelled as function of the ratio of squid ML and the stage-

specific squid maximum swimming speed (tab.IV.3). 

Ingestion rate can never exceed maximum ingestion rate. 
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Fig.IV.7 – Predator ingestion rate, internal and external controlling factors 

 

St is converted into predator weight, G (mmol C) using: 

Eq.IV.12 G = [2.37 * LOG10 (St) – 1.22] / 12   [Hurley,1976] 

12 converts mg C into mmol C. 

 

Eq.IV.13 Wtg = [0.3 + (0.7 *( T/Tref )] * [IF (St < Smax)  

     then   St / Smax   else   1  ] 

Where: 

Wtg = effect of temperature and size on swimming (wd) 

T = ambient temperature  (°C) 

Tref = Reference temperature (10°C) 

Smax = Maximum mantle length (40 mm) 
 

Eq.IV.14 Imax = {G * 0.6156 e – [0.0321*(dyear – d0)]} / (86400 * Psize) 

 

Where: 

G = predator weight (mmol C) 

0.6156 e – [0.0321*(dyear – d0)]} (Koueta and Boucaud-Camou, 2001) determines the maximum 

percentage (expressed as 0-1) of predator carbon (G) that can be ingested per day by a 

predator as function of time since immigration (dyear – d0) (fig.IV.4). 

This is then divided by 86,400 s h-1 to convert daily maximum C ingestion to s-1, and by 

Psize = the prey stage specific carbon content (mmolC prey-1) to convert from mmolC s-1 to 

# prey s-1 (see tab.IV.3). 

 
MAX INGESTION RATE 

 

T 
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weight 

 

INGESTION RATE 
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weight 
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visibility  

Prey conc Hunting 
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Eq.IV.15 Igv = 

Min (between Imax and  

 [IF (P > Pmin)  

then    

 

Wtg *  kp * (Sa / Sa-max) * (Irr / Irr ref) * (Pspeed-max / Pspeed) * {(P-Pmin)
2/ [(P-Pmin)+Kiv]} 

 else 0) 
 

Where: 

Igv = stage specific ingestion rate (prey s-1) 

Wtg = effect of temperature and size on swimming (wd) 

Kp  = predator hunting volume scan rate (m3s-1) 

Sa = Stage specific surface area (m2 see tab.IV.3) 

Sa-max = Maximum surface area for a stage 6 squid (1.29×10-7 m2 ) 

Irr = ambient irradiance (Wm-2) 

Irrref = reference irradiance (Wm-2) 

Pspeed = Stage specific maximum swimming speed (mh-1) 

Pspeed-max =  Maximum swimming speed for a S6 squid (mh-1) 

P = Stage specific ambient prey concentration (prey m-3) 

Pmin = Stage specific minimum ambient prey concentration (prey m-3) 

K iv = Half-saturation constant (prey m-3) 
 

Development 
stage Stage description Kp Psize  Pmin kiv Sa Pspeed 

      (mmol C)  (prey m-3)  (prey m-3) m2 m/h 

S1 < 3 mm 0.001 1.00E-05 1-10 1E6 1.46E-08 5.09 

S2 3-4 mm 0.001 1.70E-05 1-10 1E6 1.70E-08 5.93 

S3 4-5 mm 0.001 2.50E-05 1-10 1E6 1.94E-08 6.77 

S4 5-6 mm 0.001 3.75E-05 1-10 1E6 2.22E-08 7.74 

S5 6-7 mm 0.001 6.25E-05 1-10 1E6 2.62E-08 9.14 

S6 7-8 mm 0.001 9.20E-05 1-10 1E6 2.97E-08 10.36 

Table.IV.3 – Visual top predator stage-specific prey parameters 

Faecal pellets 
 

A pellet, containing all the nitrogen and carbon ingested, is released every timestep.  As it 

sinks at a constant speed of 10 mh-1, it is remineralised by an implicit bacteria population.  

Pellets remineralization is modeled as in copepods (cfr.II.2.17). 

Prey visibility Prey escape ability Prey abundance 
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IV.2.2 BACKGROUND TOP PREDATORS 

 
Same as LERM-PS. 
 
 
IV.3 PARTICLE MANAGEMENT 
 

Both top predators are initialized in the existence stage, with a subpopulation of 30 

individuals per particle.  There is one particle per metre between 0-100 m, for a total of 

100 particles.  Particles in the existence stage are never split or merged. Faecal pellets, 

released as a new agent, are immediately merged with the other pellets in the same layer 

 



 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 

“Testing theories on fisheries recruitment.” 
 
 

APPENDIX V 
 
 

CONTRIBUTIONS TO THE VEW 
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APPENDIX V - Contributions to the Virtual Ecology W orkbench 
 

V.1   Inclusion and use of stages 

 

One of the most fundamental enhancements of the VEW during the course of the 

project was the inclusion of stages. This had implications for the following issues. 
  

V.1.1   Ingestion 
 

Prior to LERM, the VEW had been specified towards modelling the WB model 

(Woods and Barkmann, 1986), which had two explicit populations: diatom and 

copepod. Members of the same species were all the same size, hence diatoms were 

considered of equal size to each other and it was not necessary for the copepods to 

make a choice between different types of food.   LERM however models different 

sizes of predators and prey and it would be incorrect to use a “one rate fits all” 

approach to ingestion. Instead, an approach was required whereby a predator could 

choose to eat prey of different sizes but of the same species differently to each other. 

The further challenge was to limit the computational cost; while the most intuitive 

method could be to allow the predator to “interrogate” the properties of each prey 

and decide its ingestion rate accordingly, this type of one-to-one interaction would 

be prohibitively slow when considering many agents interacting. 

A compromise was designed, which involved forcing each functional group to have 

one or more stages, and each plankton agent (that is, each member of a functional 

group), must be in one of those stages at any time. Ingestion was then redesigned so 

that instead of choosing just the species to ingest, ingestion could be targeted on a 

species and stage of prey. 
 

V.1.2   Representing growth and changing behaviour 
 

Two commands were added to the modelling language for the VEW, to handle 

transitions between different stages; the “change” command causes a change from 

one stage to another, whereas “pchange” allows a probabilistic change in stage. This 

allowed rules to be written where a plankter may grow and on reaching some 

criteria, change stage.  
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Considering also that in different stages of growth, a plankter may behave 

differently, (while still being the same species), the capability was added for 

functions to be switched on or off depending on the stage the plankter is currently in. 

Hence, a reproduction function can be set to occur only if a plankter is in a adult 

stage, or certain functions could be switch off for an over-wintering stage.  Not only 

did this greatly enhance the capabilities of the VEW, but it also mimics 

approximately what happens in nature. 
 

V.1.3   Reproduction, and generic creation 
 

The function for creating offspring was then enhanced so that parents could create 

children with a different stage to themselves. It was also noted that this mechanism 

was equally applicable for creating pellets, which until then had required a separate 

special function in the VEW’s modelling language. While a pellet is not a “stage” of 

its parent, it seemed more convenient to use a single “create” command, rather than 

separate functions for “create-offspring”, and “create-pellet”. 
 

V.1.4   Other applications of stages. 
 

Having designed stages and the accompanying support functions in a very generic 

way, a number of other modelling applications may make use of them. One such 

example was a conceptual study into modelling epidemiology (Cope, 2006). This 

study used stages to allow diatom to be classified as diseased, immune, or 

infectious. Although the work was entirely conceptual, it has shown that it is 

possible using stages to model plankton diseases, and to that end, future research is 

planned to attempt to model the spread of cholera. 
 

V.2   Remineralisation over depth 
 

Early versions of the VEW were tested with models that had a relatively slow 

sinking speed for dead diatoms and faecal pellets – considerably less than one metre 

per half-hour timestep, noting that the internal structure of the mesocosm in the 

VEW is stratified into one-metre layers. This sink rate was considerably smaller 

than in nature, which has pellets and dead diatoms commonly sinking at 10 metres 
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per hour. When adjusting this sink rate, it became clear that VEW only 

remineralised chemical at the instantaneous depths of detritus and pellets at the end 

of a timestep, and did not take account of the layers through which they had 

travelled. For a simulation where agents do not sink more than a layer in a timestep, 

this omission is harmless, but for simulations where agents sink faster than that (an 

adult copepod pellet can sink at a rate of about 10 mh-1, Paffenhofer and Kwnoles, 

1979), the results would be incorrect, showing striped bands of remineralised 

chemical (fig.V.1a). 

As a result of this discovery, remineralisation was rewritten, assuming that plankton 

move from one depth to another between timesteps at constant speed, and 

apportioning the chemical remineralised to each layer between the starting and 

ending depth, depending upon the fraction of the timestep the plankter spent in it 

(fig.V.1b).  

 

 

 

 

 
 

 

Fig.V.1 – Remineralisation before (a) and after (b) fix. The black line shows the trajectory of a 

sinking pellet.  The dotted line shows the location and magnitude of chemical remineralisation. 
 

V.3   Ingestion over depth 
 

The VEW prior to the LERM research had assumed predators could move through a 

number of layers in one timestep, and so a system had been set up where predators 

would issue a “request for food” in each layer they visited, depending on the fraction 

of the timestep spent in each layer as they swam through their trajectory. What the 

VEW had not taken into account at that stage, was that the prey may also be 

swimming across multiple layers during a timestep. This was due to the fact that in 

the earlier versions of the VEW the diatom was the only prey and it sank slowly 

(less than a layer per timestep) through the mesocosm. In contrast, in LERM-ES 
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copepods and squid can swim through more than one metre layer per timestep 

(fig.V.2).  The result of this lacking was that the chances of squid eating copepod 

were greatly reduced. Whether they got any food at all depended on the chance of 

the copepods “landing” in the locality of the squid at a timestep boundary (V.2b); if 

they started below the squid location, and swam above the vertical location squid 

(fig.V.2a), then despite the fact they must have swam through the predators, no 

predation would occur. It turned out that this was a source of considerable 

instability.   

After demonstrating this erroneous behaviour, the ingestion code of the VEW was 

rewritten, and all agents were set to record in each layer the fraction of the timestep 

they spent in it (fig.V.2c). The ingestion routines would then compute the 

concentrations of the prey using these records, rather than just the final positions of 

the prey at the end of a timestep.  This is particularly important when a predator 

movement is small compared to that of the prey (eg. when a squid is keeping 

position at a “safe” depth during the day, and copepods are migrating upwards after 

feeding in the deep chlorophyll maximum). As a result of this fix, inter-annual 

variability from the average in squid recruitment decreased from 34% to 12%. 

 

 

 

 

 

 
 

Fig.V.2 – Ingestion before (a,b) and after fix (c).  Dotted line: movement of a prey, black line: 

movement of the predator. * marks where the prey can be ingested if a predator swims through that 

layer.        shows where ingestion actually occurs in this example. a) No ingestion occurs. The prey is  

effectively swimming through the predator location safely. b) Ingestion occur, as the prey landed 

within the layers visited by the predator. c) prey gets predated in each layer the predator visited. 
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V.4   Ingestion in the mixed layer 
 

However, having implemented this fix, while the simulations produced results with 

substantially lower noise, there was a considerable performance cost of keeping the 

records of all the locations plankton swam through and later calculating the number 

of individuals available for ingestion. A brief profiling exercise showed that the 

majority of this performance cost was spent dealing with agents above the 

turbocline; since all the agents are randomly placed as an approximation for 

turbulence, the number of crossovers between predators and prey may be extremely 

large here. Indeed, if total mixing occurs, then every predator above the turbocline 

should cross over with every prey. 

This observation turns out to be very useful, because if we know every predator and 

prey should meet each other (which the assumptions of turbulence state they 

should), then the space above the turbocline can be treated as homogenous. 

Therefore, by creating, just for the purposes of ingestion, an artificial layer that 

tracks all the predators and prey above the turbocline, and handles them as if they 

were all interacting in the same layer, a crucial performance saving can be made.  
 

V.5   The Virtual Ecology Workbench 3.1 
 

In Spring 2007, work was finished on the first test versions of VEW 3.1, the next 

generation of the VEW software. This was an almost complete rewrite of the VEW, 

replacing interfaces that were found to be awkward and adding functionality that 

was always found to be lacking in the old. The LERM model was the single 

customer for these improvements, which took eight months to engineer. Many 

features were added to LERM’s specification. 

• Biological events – the introduction of a set of plankton of a given species 

and stage, at a specified moment in the simulation. Used for spawning 

events, or introduction of foreign organisms. 

• Chemical recycling – a mathematical adjustment that can be made to recover 

chemical that is remineralised in the system below the annual maximum 

turbocline, and will never return to circulation.  
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• Logging of chemicals held internally by plankters of a given species and 

stage. 

• Logging of ingestion – how many individuals of a given species and stage 

were ingested, and which predator (species and stage) ingested them. 

• Physical events – while previous work (Woods et al., 2005) had mentioned 

the need to adjust the oceanic heat loss, VEW 3.1 enabled this to be done at a 

user-interface level, and LERM was used to both demonstrate the instability, 

and test the correct adjustment for the Azores ecosystem. 

 

 

  

 


