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ABSTRACT

A new ecosystem model, the Lagrangian EnsembleuRe@nt Model, LERM, is
presented, representing a food chain composed yibplankton, zooplankton and
squid, which are all modeled explicitly. It was Ibuising the Virtual Ecology
Workbench and based on the Lagrangian Ensemblenmmdt, which treats
plankton as individuals obeying primitive phenotygiquations. These equations,
describing the behaviour and physiology of indiatiy are taken from an extensive
literature, and are based on reproducible laboyawperiments.

The LERM is used to test fisheries theories, iftipalar Cushing’s match-mismatch
hypothesis that seeks to explain the variabilityfish recruitment. The LERM
ecosystem is sited at a location in the Azores e/tiee annual surface heat budget is
zero. It is shown to be stable in the sense tfiat a few years, it adjusted to a
stable attractor, in which the inter-annual vaoiatis small compared to the multi-
year mean.

The sensitivity of the ecosystem to various changesxogenous factors is
explored. In particular, analysis of the causesréaruitment variability in squid
cohort spawning on different dates showed thaattadlability of food at the time of
hatching was only one factor affecting recruitmennual recruitment emerged
from a combination of food availability and comgasi, predation, infra- and intra-
population competition, and speed of growth.

The thesis provides a proof of concept. It shdves LERM can be used to create a
virtual ecosystem in which fisheries recruitmentais emergent property that is
rationally dependent on exogenous properties.

The LERM provides a sound basis for further redearto fisheries recruitmentbut
needs to be enhanced before it can usefully catéito fisheries management. A
number of suggestions for future work, with thisdeterm objective in mind, are

also presented.
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CHAPTER 1 - INTRODUCTION

Fish represent the most important source of higidiyu protein for human
consumption, providing 16% of the annual proteimstoned by the world’s
population and are particularly important in deypéhg countries, where the
livestock resources are scarce (FAO, 1997). Fiskige a little under 10% of the
animal protein consumed in North America and Euydgéso in Africa, 26% in Asia
and 22% in China (FAO, 2000). One billion peoplé/ ren fish as their primary
source of animal protein (FAO, 2000). The valudigli traded internationally was
estimated to be 51 billion US$ per annum (FAO, 200dth 36 million people
working directly in fishing and aquaculture indisssr (FAO, 2000) and about 200
million getting income from fish (Garcia and Newtd995). World demand for
food fish has been increasing constantly: conswmplias risen from 40 million
tonnes in 1970 to 86 million tonnes in 1998, an@xipected 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, esaky in Africa, Asia and South
America, as the per-capita consumption during gresiod has not significantly
increased (Tidwell and Allan, 2001).

1.1 The decline of fisheries

Four hundred years ago Hugo Grotius (1609) wrdter ‘everyone admits that if a
great many persons hunt on the land or fish irver rithe forest is easily exhausted
of wild animals and the river of fish, but suchamtingency is impossible in the case
of the sea”.

Four hundred years later, people read in newspafiengy 50 years left for sea fish.
There will be virtually nothing left to fish fronihé seas by the middle of the century
if current trends continue, according to a majeersific study” (BBC news, 2006).
The reality is that a combination of over-fishingad management of fisheries,
pollution and habitat loss are contributing to whecline of most commercially
important species. About three quarters of moedofish stocks are now fully
exploited, overexploited or even depleted (Garaoid ldewton, 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 scatsociated with the degradation
of marine ecosystems have progressively made evidenimits of current fisheries
management. The Reykjavik Declaration of OctolfeAd, 2002) encourages
governments to make fishing policies using an estesy approach.

The Ecosystem Approach to Fisheries (EAF), paritylrecommended by FAO,
calls for modifying the perception of fisheries rmgement in an ecosystem context.
EAF should consider the interactions between physigiological, chemical and
human components of the ecosystem, while ensutiegoverall health of each
component, including the sustainability of managpecies (FAO, 2003). EAF aims
to reconcile sustainable exploitation of fisherresources and conservation, by
quantifying the effects of fishing and by improvingr understanding of population
and dynamics of the marine ecosystem, includingititerdependencies between

different the trophic levels that compose it.

1.2.1 Ecosystem modeling

Undersampling of both the environment and poputatis the biggest constraint to
understanding the dynamics of the upper ocean stamwy Diagnosis from
observations made at sea is an unrealistic tacgetsidering the vastness of the
oceans and the costs involved. As a result of thast of the knowledge about the
marine ecosystem is based threories Modeling is sought as one solution to
improve the understanding of the processes dritireg marine ecosystems and
overcome the lack of reliable and long term obge&ma. This is a technique used
to predict the development of a system by fornadjsithe key processes
mathematically and by evolving a simulated ecosysiger time in accordance with
the associated mathematical equations.

The key to success is to ensure that the modeltieqgaaare based on sound
scientific principles. In an ecosystem model, theysics (and chemistry) should
adhere to known laws and the biological equatiohsukl be derived from
reproducible laboratory experiments. This requiniesogists and modellers to work

closely together. Modeling can guide biologistedmcentrate on processes that are
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critical and poorly understood. On the other handlogists can help modellers in

producing credible models based on sound biology.

1.3 This thesis

The objective of this thesis is to build an indivad based plankton ecosystem model
(Lagrangian Ensemble Recruitment Model, LERM), ggime Lagrangian Ensemble
metamodel (Woods, 2005) to couple the biology dividuals to their environment
with a view to predicting recruitment variabilityn isquid populations.  Squid
provides an interesting test case for modelinguiraent, as after spawning, adults
die and the population is composed exclusivelyhmirtoffspring. Understanding
recruitment variability is thus a key to successfidnagement of their fisheries, and
should be based on a full understanding of thedyfele biology, in particular the
early life phase, form egg to post planktonic jule(Rodhouse, 2001). In order to
address this challenge LERM was built includingeéhiexplicit trophic levels, the
biology (physiology and behaviour) of which is désed by equations derived by
reproducible laboratory experiments. The intecadi between individuals in
different trophic levels (i.e. predator-prey intgrans, carbon transfer to higher
trophic levels, etc.) are modelled explicitly. LHERis used to investigate the
adaptation and emergent properties of the virtaasgstem (demography, biomass,
etc.) under different conditions, which are consede significant in driving
recruitment variability in squid (e.g. food availl#ly, inter and intra-population
competition for food, predation, etc.). It proveda simple, but biologically robust,
tool for testing fisheries recruitment hypotheselsich 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 ecomystedels lies in its intrinsic
complexity, relying on expert computer programmerduild them. This problem
was addressed by the development of the VirtualldggoWorkbench, VEW
(Hinsley, 2005), which is a user-friendly softwdoml, that allows users with no
programming experience to create ecosystem modeteruthe Lagrangian
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Ensemble metamodel (Woods, 2005). The “languagethef VEW consists of
mathematical equations familiar to biologiststhe aim of the VEW is to help the
user through the processes of creating and anglysMirtual Plankton Ecosystem
(Woods, 2005).

The VEW is the tool used to achieve the objectviethe thesis. However, at the
beginning of the project, the VEW was still in tearly stages of development.
Development of the LERM modeéxposed a number of limitations with the VEW
that existed at that time. An additional objectofethis thesis was to evaluate the
usefulness of the VEW and to prescribe a seriemadifications to enhance its
functionality, when necessary. This gave an adgsnta the development of the
VEW, since LERM provided an immediate applicatibvattthe software could be
specified towards. It also gave advantages to thation of LERM models, since
the development process of the VEW could speclfi¢atiude the features required

for building LERM.

1.4 Contributions

The main contributions of this thesis are as folow

* A model of recruitment in an explicit population sfuid in an ecosystem
model is presented. It includes explicit modeling the prey field
(zooplankton) and its variation in different sceoasr (more nutrients,
increased competitors for food, increased preda&tm). An extensive set of
results are presented in Chapter 6;

* As a first step to test squid recruitment, a bésod chain model, labelled
LERM-PS (Parametrised Squid), has been created rgingp nutrients,
phytoplankton, zooplankton and parameterised togdgiors to provide
trophic closure. A summary of its functionalitissprovided in Chapter 3.
A more detailed description of its biological compats is given in

Appendices I-1V.

L All VEW developments were performed by Dr. Hinsley
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* An explicit model of squid paralarvae is developed this is used to replace
the parameterised top predator in LERM-PS. Theltiag model is labelled
LERM-ES (Explicit Squid) and is summarised in Cleapt.

* The description of physiology and behaviour of thdividuals of each
population in the model is developed using equatidgaken from an
extensive literature, each derived from laboratxgeriments, and described
in Appendices I-1V;

* LERM-ES is shown to be stable in the sense thaintiee-annual variability
of the ecosystem emergent properties is small coedpaith the multi-year
average. An extensive set of results are presémt€tapter 6. This provides
the prerequisite for testing squid recruitment;

* A detailed analysis of the virtual ecosystems gateer using LERM-ES is
presented including analysis of the sensitivitytlud ecosystem to various
changes in the scenarios. Results are presentédapter 6 and discussed in
Chapter 7;

e The LERM-ES model was used to investigate Cushimggdch-mismatch
hypothesis for squid recruitment as a function afying the timing of
spawning. It was also used to test density-dependéects on squid
recruitment as a function of varying the magnitoflspawning. Results are
presented in Chapter 6 and discussed in Chapter 7;

* A summary of the enhancements made to the VEWdardo complete this
investigation is presented in Appendix V. Theselude in particular
zooplankton staged growth, an upgraded ingestienipation in the kernel

to allow for predation between two migrating popiaias, etc.
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CHAPTER 2 - REVIEW
2.1 The fisheries problem

Developments in world fisheries and aquaculturengurecent years have continued
to follow the trends that were already becomingaagpt at the end of the 1990s
(fig.2.1): capture fisheries production is stagnard aquaculture output is

expanding faster than any other animal-based feotbs (FAO, 2000).
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Fig. 2.1 — Aquaculture production (A) and pelagahflandings (C), (FAO, 2000)

As a result, capture fisheries is not managingdepkup with increasing demand.
There are growing concerns with regard to safeguo@urithe livelihoods of fishermen
as well as the sustainability of the aquatic ecesys

From 1970 to 1992, the catch of the four major dsalespecies (silver hake,
haddock, Cape hake and Atlantic cod) decreasedbbyta67% from 5.0 to 1.6
million tonnes. Atlantic cod was the second mogbontiant species in 1970 (after
anchoveta) with 3.1 million tonnes. It was only gieth most important species in
1989 (after Alaskan pollock, anchoveta, JapanedeSanth American pilchards and
Chilean jack mackerel), with landings of 1.8 miflidonnes and the tenth most
important species in 1992, falling below capelitlaAtic herring, skipjack tuna and
European pilchard, with landings of 1.2 million t@s (Garcia and Newton, 1995).
The world fish supply is increasingly relying omdioalue species, characterised by
large fluctuations in productivity, concealing thlew but steady degradation of the
demersal high value resources (Garcia and New&85)1 As fisheries get depleted

and fish harder to catch, fishermen and governmémisst more money in
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equipment and technology to fish longer, harder fanther away from their home
ports. As a result, fishing fleets are so big arell wquipped, that even newly
discovered less valuable populations can be putruselere stress before regulators
obtaining the relevant biological data can impdsatations (Tidwell and Allan,
2001).

This increase in fishing effort, in the attemptsitisfy demand, has been making
fishing unprofitable. This approach not only pusfishermen out of business, but
ultimately puts an immense pressure on fish stadteady overexploited, making
their recovery a slow and uncertain process. Aisagmt example of the combined
effect of inadequate management and over-fishirtgas which led to the collapse
of the once fertile Newfoundland cod stock.

Since 1977, the Government of Canada, through #eafibment of Fisheries and
Oceans (DFO), has taken over the management distieies. Instead of fish being
a resource available to anyone with the means tich dhem, they became state
property, the rights to which were delegated in rtienagement plans. Therefore,
the management policy of the Canadian state hasnte@ major factor in the
condition of the industry since this time (Sinclait992). The government
controlled the number of fishermen through licegssystems, set quotas for
different types of vessels, and, acting upon inftton from its own scientists,
setting a Total Allowable Catch (TAC) for the inthyseach year (Palmer &
Sinclair, 1997). Acting upon faulty data and thewsption that catch rate was a
good indicator of stock size, the DFO licensed noany fishermen and set TACs
that were too high. On July 2, 1992, the Canaéieaheral Minister of Fisheries and
Oceans at the time, the Honourable John Crosbieguarted a moratorium on
fishing for northern cod in the waters surroundihg province of Newfoundland.
This moratorium should have represented a “shomt‘tsolution, but it still applies.
Almost 20,000 people working in the industry werneectly affected and up to
20,000 other jobs were lost (Steele, Andersen amder; 1992). For rural
Newfoundland, it meant breaking the economic bankbaf hundreds of

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

The fluctuating nature of fish populations is eviddrom the earliest fishing
records. However not all of these fluctuations at&ibutable to overfishing
(Cushing, 1982). The magnitude of the spawningkst@n influence the potential
of a population to replenish itself, and stock-v&#tnent models of fisheries
management are based upon this principle (Ricl@54;1Beverton and Holt, 1957,
Cushing, 1971; Shepherd, 1982). In an ideal fishgut under moderate
exploitation, the variation in quotas would be lawd the danger of recruitment
overfishing would be remote (Cushing, 1996). Hosrevat present most
commercially important species are not managedllydeaDver-exploitation has
caused stocks to be composed by increasingly smg#ar classes, limiting
enormously their spawning potential and leading rézruitment overfishing
(Shepherd, 1990; Cushing, 1996). This causes hay@bility in annual
recruitment to the adult fish stocks, as observed Arctic cod and North Sea
haddock, which cannot be explained exclusively ly mumber of eggs spawned
each year (Shepherd, 1990). Recruitment varigbikt typically determined
sometime between the egg and juvenile stage, aydvarg by a factor of between
three to more than one hundred, as it is controbgda number of processes
(Cushing, 1996)it is considered the single most important natpralkcess causing
fish population to fluctuate (Hjort, 1914; Cushid®75, Heath, 1992) and deserves
careful consideration within planning fisheries mgement policies (Shepherd,
1990; Heath, 1992; Cushing, 1996). Exactly whiabtdrs determine recruitment
and when they occur is the subject of considerdébate.

The significance of the larval stage in the regaiatof fish populations was
formally recognised at the start of thé"2@ntury (Hjort, 1914, 1926). Prior to this
time, migratory patterns of adult fish were thoudhtgely responsible for
fluctuating fisheries catches. In 1902, the indiomal council for the Exploration
of the Sea (ICES) was established as a multi-naltiomulti-disciplinary effort
directed at understanding fish and their environmelohan Hjort was appointed
chairman of the migratory committee, the aim of ebhiwas to improve the

understanding of variability in fish abundancestipalarly Atlantic cod and herring
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(Solemdal and Sinclair, 1989). Hjort eventuallyneato reject the concept of adult,
migration-driven fisheries fluctuations in favourseveral hypotheses emphasising
mortality during the larval stage and the concdpiluztuating year class strength.
He notes that “the numerical value of a year cisaspparently determined at a very
early stage...” (Hjort, 1914, pp.203) and suggested possible reasons for this:
“the conditions as regards nourishment to whichfigie were subject at this stage,
and the passive movement of the same stages umelénfluence of the currents”
(Hjort, 1914, pp.204). Hjort's first hypothesisnphasising the adequate provision
of food to larvae shortly after hatching, becamewmn as the “critical period”
hypothesis, and has ignited much fisheries researehsince.

The match-mismatch hypothesis (Cushing, 1972, 1%#deralised the “critical
period” concept to suggest that food limitation siag high mortality of fish larvae
may be related to the timing of fish spawning coredato that of high plankton
abundance. If a fish spawning event matches in teme space a peak in
zooplankton abundance, this would result in a sssfoé year-class with increased
chances of survival. Otherwise, if fish spawnirggurs too early there could be
insufficient food available, or if it occurs tootéa zooplankton would have grown
too big for the larvae to feed on. In either casenismatch would produce slow-

growing larvae, which would either starve or geddated.

2.1.2 Cephalopods

Cephalopods have been fished artisanally for thusaf years, and have always
been regarded as a food of high value in Meditemanand Asian countries.
However, large scale cephalopod fisheries of thddaumave developed since 1960,
when Japan expanded its fishing effort worldwidatffen and Voss, 1987). Their
exploitation has steadily increased in significaso&e then. Since the early 60’s
the world cephalopods catch has increased frorndrOb million tons to almost 4
million tons in 2004, with squid making up about%a®f the catch (FAO, 2006).
In a world fishery marked by overfishing and deelof many finfish, it seems that

cephalopods are one of the few remaining marinegg®f resource, where some
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species in some areas are still experiencing isesem landings (fig.2.2-2.4; FAO,
2006).

World catches of squid and cuttlefish increased5B% and 84% respectively,
between 1970 and 1980, while the total increasalafther fisheries products was
only 8% (Ropeket al, 1984).

In the English Channel, total catches of finfish2003 were 25% lower than in
1983, but catches of cephalopods increased by alB@86 from 8,000 to 23,000 t
over the same period (ICES data).

This rapid increase in cephalopod catches hasnapiadly by the global expansion
of its fisheries into new ocean areas, partly beeancreased market demand has
led to increased utilisation of cephalopod catcfueshuman consumption rather
than as bait for other fisheries, and partly beeabs abundance of cephalopods in

some areas has apparently increased relativent@Bisyle and Rodhouse, 2005).

Total world marine catch
87

86 -
85 A
84
83 A
82 A
81 A
80 -
79 \ \ \ \ \ \ \ \ \ \ \ \
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Year

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

catch (Mt)

Total world ce phalopod catch
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Fig.2.3 — Total cephalopods catch (FAO, 1999, 2006)
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World cephalopod catch as a proportion of total maine fisheries catch
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Fig.2.4 — World cephalopod catch as a proportiotota marine fisheries catch (FAO, 1999, 2006)

This has led to some speculation as to whetherystam perturbations caused by
intensive fishing generally are leading to chanigethe trophic structure in favour
of this short-lived opportunistic species. Cepballs, and especially squid, have a
short life cycle, characterised by very fast growdtes leading to a rapid turnover
and lower standing stock than longer-lived finfighecies (Boyle and Rodhouse,
2005). Under high fishing pressure, groundfish prebably poor competitors,
having less opportunity for spawning and replacenf@addy and Rodhouse, 1998).
Cephalopods, especially squid, are at the centeeaimplex trophic web (fig.2.5).
They are largely consumed by seabirds, seals, wiaadd larger fishes (Boyle and
Rodhouse, 2005).

When a strong cohort of cephalopods passes thraugystem this will lead to a
substantial energy and nutrient flux to higher higplevels as well as increased
catch rates in the fisheries (Boyle and Rodhou®®5R Overfishing of finfish
always results in reductions in the size of oldeharts, which tend to be those
preying on adult cephalopods (Smale, 1996). Imesgases, such as the heavily
exploited North Atlantic cod, stocks and mean age/save been so reduced that
predation on larger preys, such as cephalopodwoisably much reduced (Caddy
and Rodhouse, 1998). The catch of sperm whalebaing stations in the Azores,
which was well documented in the years 1935-49|ccbave taken a total weight of
373,000 tonnes of cephalopods annually during theo months residence in
Azorean waters, which is a significant figure cadesing that the total annual human

catch of all fish species in the Azores is aboy0@@ tonnes (Clarke, 1996).
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Fig.2.5 — Food-web centred on squid (adapted frammeldhnet al, 1978)

When the relative failure of a cephalopod poputataccurs, reduced breeding
success in predators may follow until the poputatecovers (Xavieet al, 2003).

The modeling and management of fishing on cephaep® at an early stage. The
methods available were mainly adapted from thosd €@ finfish and most of them
involve assumptions that are not completely appatgito cephalopods (Boyle and
Rodhouse, 2005). An unresolved issue is wheatbphalopods (especially squid)
may be treated in the same way as fish for assedgmueposes and thus become
subject to the range of methods traditionally agaptio finfish.

2.1.3 Squid recruitment variability

Squid are short-lived ecological opportunists. réhe evidence that while the
abundance of fish stocks has been decreasing throwgy-fishing, stocks of squid
have been increasing due to reduced predation ygeegsom fish and relaxed
competition for food (Caddy and Rodhouse, 1998)ui& fisheries are therefore

becoming increasingly important as a source of tqghlity protein for human

12
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consumption and because of their possible rolenasdicator of global ecological
change driven by fishery exploitation in the oce@®sdhouse, 2001).

Despite the increased importance of squid stotlest assessment and management
remain difficult. Populations of short-lived, selparous (reproduces once then
dies), opportunistic species, such as squid, gmedly unstable, responding rapidly
to changes in environmental conditions (Rodhou€€1® This constitutes a big
challenge for managers, who are concerned with taiaing a stable recruitment
(through the preservation of an adequate spawrtogk iomass, SSB, known as
“reproductive escapement”), while achieving optingatch rates. For squid, the
exploited stock is usually composed almost enticélyecently recruited animals of
a similar age (Agnevet al, 2002). So, knowledge of recruitment variabilisy
highly desirable for management purposes. Squidulations display high
recruitment variability: although they do not hasteong stock-recruit relationships,
they are believed to be vulnerable to over-explioite because the stock is
composed entirely of recruits (Beddingtet al, 1990). A study performed on
Todarodes pacificus) the Sea of Japan, measured paralarval demsiexi(PDI) as
the number of paralarvae per 1000 oh water filtered in oblique tows of an 80 cm
diameter plankton net from 75 m depth to the serf@akuraet al, 2000). In the
period 1976-1996 PDI ranged from about 2 to 901880 n? of water (Sakuraéet
al., 2000). Catches of the short-finned sdilek illecebrosusn the NW Atlantic
varied greatly from about 90,000 t in 1977 to abb@00 t the following years
(Daweet al, 2000). For many squid species, recruitment tditiy can be partly
explained by environmental variability derived fraynoptic oceanographic data
(Robin and Denis, 1999; Agnest al, 2000; Waludat al, 2002). In the E. Pacific
coastal upwelling system a fishery f9osidicus gigashas grown rapidly during the
last decade and abundance and catch rates seentinddl to the El Nifio Southern
Oscillation (ENSO) (Waluda and Rodhouse, 2006)rialglity in Loligo vulgarisin
the English Channel has been shown to be correlaitbdinter-annual changes in
Sea Surface Temperature, SST (Robin and Denis,)1989he Monterey Bay area,
warmer than normal water temperatures appear te Agyositive effect on catches
18 months later. ENSO events seem to have thesdppeffect (Vojkovich, 1998).

13
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For Loligo gahiin the SW Atlantic, 66% of the variance in reamgnt strength
(tab.2.1) could be explained by SST six months rptm recruitment, and a
combination of SST and Spawning Stock Biomass, SQBJd explain 77% of
recruitment variability (Agnewet al, 2000). However, the exact causes of this
relationship are unknown. The authors of the staulygested that the most likely
explanations are that recruitment is affected by #bundance of plankton, the
strength of which is indicated by SST (as a proay fbod abundance), and the
growth rate (energy demand) of paralarvae, whichkn®wn to be strongly

influenced by temperatuf@dgnewet al, 2000)

Year 1% Cohort 2" Cohort Pooled Ave
1987 2,471 4,745 7,216 3,608.0
1988 2,802 77 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
Y%err 70.1 58.1 46.5 45.9

Tab.2.1 +. gahirecruitment (millions) around the Falkland¥ears 1987-1999 from Agnest al,
2000; Years 2000-2006 from Agnew (personal comnaiitio) Year 2002 N/A.

The same study also found that very high SSB I¢éads reduction in recruitment
strength, suggesting a density dependent effeaté@gt al, 2000). The reduction
of recruitment strength with increasing SSB seemparadox as density-dependent
effects in fish stocks are caused by cannibalisiok@®, 1954). However, in squid
such ad.oligo gahi the parent stock dies soon after spawning arleiefore not
present to cannibalise the next generation whetaits to grow. So, the proposed
density-dependent mechanism must presumably bereliff (Rodhouse, 2001). It
would be possible that this density-dependent msha is food limitation

(Cushing’s match mismatch).
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Bakun and Csirke, 1998 have proposed a set of hgpes about how variability in
ocean ecosystems might cause inter-annual vatiabii squid stocks. They
proposed that recruitment may be dependent on om®ce of:

1. Wind effects with onshore, wind driven Ekman tras$eing favourable to
both onshore transport of surface dwelling larvad affshore migration of
pre-adults.

2. Fluctuations in prey abundance

3. Match-mismatch effects driven by temperature, ap@sed for fish (Cushing,
1975)

4. Variation in predator pressure

5. Disease

2.2 Ecosystem modeling methods
There are two main branches concerned with modetiomplex systems:

» Complex non-adaptive systems, obeying the lawsygsigs (e.g. weather).
 Complex adaptive systems based on equations, résgpio behavioural
changes of the modelled agent, due to learningui@ina(e.g. adult fish or
people).
Complex adaptive systems are difficult to modelhey, at best, have “strange”
attractors with poor predictability (Woods, 2003pn the other hand, plankton are
microscopic organisms, which are so simple thay tennot learn new tricks or
change their behaviour. Their behaviour is goverdieglctly by their genes, rather
than by their decisions, thus, responding diretdlyariations to their environment.
It is possible to derive equations describing thehadviour and physiology of
planktonic organisms under laboratory conditionBlankton ecosystems exhibit
ordinary attractors and offer useful predictabi(iyoods et al., 2005). The limits of
the predictability are set not by the biology, lytthe chaotic fluctuations in the
exogenous factors, notably the weather and the no@@aulation. Thus, for
plankton modeling, the limits to predictability s&inot from the biology, but from

the physics.
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2.2.1 Modeling complexity

Starting with the premise that realistic prediciaran only be expected if the key
processes associated with a system feedback aresesped correctly (Doney,
1999), the modeller is faced with the decision dmclw strategy (method) is best

suited for representing such processes.

The level of complexity required in a model ultimigtdepends on the finality of the
investigation. Oversimplification of processesksigeaching the right answer for
the wrong reasons. On the other hand increasingcongplexity of a model by
including more and more processes, species, chismaca so on has the risk of
accumulating the errors deriving from the uncettes linked with the

representation of such processes and interactiymr(F2005). Apart from the
technological constraints in computing power, tgyito include any process

occurring in nature is neither a good nor achiexabbdelling approach.

The problem is then to understand where to stogodd model has to capture the
processes that drive the system and represent thesn accurate, realistic and
possibly simple way. Ideally, a model should pershe best balance between

accuracy and performance.

At this point in time, with computing power stilbastraining the performance of a
model, an ideal model would be capable of adapgtsxgomplexity to the level of

complexity and detail required by a specific inigesion.

Two main schools of thought have developed to anghese questions and two
branches of ecosystem modelling have generated tihlem: Eulerian or population

based modelling (PBM) and Lagrangian or individoa$ed modeling (IBM).

Both of them have virtues and caveats, but theybatk aiming to solve the same

problem.
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2.2.2 Population-based modeling (PBM)

Eulerian integration is the classic method for niiode plankton ecosystems. It
treats plankton as a continuum, as if it were antbal, whose concentration
represents a biomass. Eulerian models have thentafye of being simple and

computationally economical compared to their Lagran counterpart.

For this reason early models of marine ecosystemi® wnplemented using the
Eulerian approach. They were initially simple doethe infancy of the discipline

and the technological constraints of available cating facilities. They started

with “NPZD” models in which nutrients, phytoplanktozooplankton and detritus

constitute the main model structure (e.g. Faskml, 1990) and gradually got

more complex to represent more complex food weldspaiocesses (e.g. European
Regional Seas Ecosystem Model — ERSEM — Barett&d3ei al, 1997).

Eulerian modelling has the merit of opening the waynodelling ecology and does
a good job in predicting the bulk properties ofyatem such as chlorophyll and
primary production (Fasham, 1993, Anderson and Beed 2003). However when
tackling more complex investigations, such as taedfer of biomass up the trophic
chain, an over-simplistic description of biology darits interaction with the

environment can lead to wrong conclusions (Flyr@5).

Classical models available to fisheries managemesg parameterisations of
complex processes such as mortality, density-depdndurvival, etc. (Cushing,

1996). In population-based models the demograpfuperties of a population are
used directly as state variables. These use emqsatbased on observations of the

bulk properties of the population, rather thantoa physiology of its individuals.

This has a number of disadvantages. The informatimut individual organisms is
not available. All individuals of a population amesumed to be in the same state.
Population dynamics are represented by differerg@ations that describe the
changes in population size or biomass as a relatsimaple function of one or a few
state variables (e.g. age, size, etc.). So, dvilie iparameterisation is successful in

matching observations, the intrinsic causes thathe system to that state remain
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unknown. This approach incorporates a “principfeinduction”: starting from
observations it assumes that the future will be tike past. However this does not
realistically account for inter-annual variation time weather, which is one of the
principal factors driving the ecosystem. Alsoslitould be noted that observations
are in the vast majority of cases geographicalbrsp and qualitatively inadequate.
This constrains the reliability and therefore tisefulness of predictions.

This type of parametrisation risks oversimplifyiogrtain processes, which may be
crucial (e.g. mortality, food availability to anitsaetc.).

Anderson (2005) pointed out that two different medeloodet al, 2004 and Lenes
et al, 2005) studying the distribution of nitrogen figan the subtropical Atlantic
and Caribbean both generated results which broawiiched observations using
different parameterisations. This raises two issu&he first is the robustness of
Eulerian models. This can be assessed by intagréte model over a variety of
different scenarios and comparing the output whikepvations. But in reality, this
is not often achievable as there are not enoughbtel observations to compare
with. The second is whether Eulerian models getrtght answer by asking the
wrong questions. It is possible that two wrongkena right but this is also difficult
to verify as the biology is abstracted in the foofdifferential equations for the

population as a whole (Flynn, 2005).

The difficulties of PBM lie in the short life-scaknd high responsiveness of the
population to environmental variables (e.g. temjpeea salinity, etc.). These are
routinely monitored and may exert a direct effecttioe organisms. However these
are only proxies for other variables such as ocmarents that advect larvae and
juveniles, or food supply at appropriate times (é&gnet al, 2000; Boyle and
Rodhouse, 2005).

2.2.3 Individual-based modeling (IBM)

A promising alternative is individual-based modwdliin which an individual is the

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

with the environment.

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

reasons:

» the fast increase in computing power that madeogsible to simulate a
much larger number of particles, and

« the possibility to understand ecosystem compleaitgt its emergence from
the variability and physiology of individual orgams. (Grimm and
Railsback, 2005).

The advantages of individual-based modelling aa¢ th

» the biology (physiology and behaviour) is mechalycaxplicit and not
hidden away in differential equations;

» it explores how individuals within a population atl@and interact with the
environment. (in IBMs this interaction is cleadgtailed);

» it allows for intra-population variability, resuly from the different life-
histories of the organisms.

This opens up new horizons for investigating theasgics of an ecosystem. After
all, it is the physiological and behavioural prdpesr of individuals that determine
the state of the ecosystem. During their livesanigms are exposed to different
environmental conditions (e.g. temperature, foaght) etc.), as they sink, migrate
or are advected by turbulence. This causes inttapton variability in the internal
state of the individuals composing the populatioMost importantly, different
internal and external conditions generate diffeesnia the way organisms adapt to
their ambient environment, which often determirtesrtchances of survival. IBMs
have a great potential for making realistic pradicd if the biology and the key
processes affecting it are represented correctigné€, 1999). As the effort of
marine biologists is concentrated on producing g#guos to describe the behaviour
and physiology of thousands of species of planktothe oceans, it is increasingly

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

The main problem with IBMs is the high computatibo@st associated with running
them. To give the model results statistical sigaiice, a large number of
individuals have to be modelled. The more indigidy and/or the more complex

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

In the Lagrangian Ensemble metamodel (LEM - Wo@&{¥)5), this problem is

solved by introducing the concept of subpopulationdhese group together
individual plankters, which, following the samejéetories and being exposed to the
same ambient environment, share the same life rizistoThe introduction of

subpopulations greatly reduces the integration .timéncreasing the number of
agents may improve the statistical significance re$ults, but at the cost of
computation time. The model designer should chdbsecompromise, depending

on available computing resources and requiredssitl error control.

Virtual Plankton Ecology (VPE) is a new branch ablbgical oceanography
(Woods and Onken, 1982; Woods, 2005). It provides alternative to the
traditional approach to marine ecology founded oputation-based modelling and
a way of making IBMs computationally feasible. VigEbased on the Lagrangian
Ensemble (LE) metamodel, which integrates the BREparately along the
trajectory of individual plankters as they are axled by turbulence. This results in
the exposure to different environmental conditiand the development of different
life histories for each of them and reveals expigntra-population variability.

LEM was used successfully to prove the inhererildiaof the plankton ecosystem
(Woodset al, 2005). If an ecosystem is stable, it would respim the same way to
the same external forcing. After a transient grio which initialisation errors had
enough time to decay, the ecosystem adjusts totteactar, in which the inter-
annual variability is a small percentage of thetydar stability. The inter-annual
variability is caused by the random displacemenplahkton above the turbocline.
Stability determines the limits to predictabilitychis the base condition for what-if
predictions, in which changing the external forctagises the ecosystem to adjust to
the new environment (Woods al, 2005). The demography of a population is a
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function of the integrated life histories of albpkters within it. This is an emergent
property of the model, unlike the populations inMPBvhich are prescribed by the
model equations. Furthermore, the LE method censidow the environment, both
physical and chemical, is in turn affected by themdgraphic state of the
population, in terms of biofeedback (fig.2.6)A good example is self-shading,
caused by the large biomass of phytoplankton instiméace water during spring
blooms (Woods and Barkmann, 1993). This incre#isesturbidity of the water,

effectively reducing the vertical propagation ghi through the water column (bio-

optical feedback).

population
integration .
of all bio-feedback
individuals
individual
BPEs response to the Exogenous
ambient forcing

environment

Fig. 2.6 — Lagrangian Ensemble Method

All the links between the three components of anldian ecosystem are integrated
together using LEM.

The final product of the LE integration process i¥irtual Plankton Ecosystem. It
consists of a large data set documenting the Igtoty of each individual plankter

within a subpopulation, the demography of everyybaion, and the chemical and
physical environment for each layer of the watduiwm. During the integration

process this is computed every time step (typica#lif an hour). The richness of
the data set produced by the integration limitssibetial and temporal complexity of

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

LE models are complicated to write. One must atersnot only the interactions
between individuals and their ambient environmdnit also the demography
(number of individuals represented) of agents. thisrpurpose, the Virtual Ecology
Workbench (VEW) has been created (Hinsley, 20G5llbws a biologist without
particular programming skills, to create a biolajionodel of the plankton
ecosystem, using a suite of custom-built tools. Mioelel is then compiled into Java
classes which can be executed on any Java-completfdrm.
The VEW allows creation of functional groups, whiepresent a set of plankton of
shared behaviour. It also supports a mechanismnfodelling staged growth.
Behaviour is defined by rules, which are writteronfr the perspective of an
individual plankter of a functional group. Rulesnsst mostly of standard
mathematical statements. However, when an inierabetween a plankter and its
environment is required, a special function is jted, and the simulation kernel
handles that function. This is necessary in agaseth models, since one agent’'s
actions will affect the others in its locality. Tieeare seven such functions, which
handle uptake and remineralisation, reproductiagl| division and changes in
growth stage.
Having written a model, various other specificatagtions are set:
» Species of each functional group are set up.
» Ingestion relationships (by species and stagejlefiaed
* The simulation takes place in a mesocosm whichbmmnchored or can
drift with OCCAM currents. Climate data for eaciméstep is provided.
* Agent-management rules can set limits on how manjow few agents of
each stage and species should be permitted.
» Chemical and physical profiles for the beginninghe simulation are set.
* The biological profiles are set — distributionsptéinkton of a given species
and stage, and their initial properties.
* An exogenous trophic closure is set, in which tbacentration, size and

depth of the top predators can be prescribed.
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« Exogenous events can be set to force changes entheonment at a given
time, to facilitate “What-If experiments”.

» The variables required for logging are selectedyreggate totals, field
variables, and the properties of individuals camealselected for logging.
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CHAPTER 3 - The Lagrangian Ensemble Recruitment Moe&! with
Parameterised Squid (LERM-PS)

LERM-PS uses the Lagrangian Ensemble metamodeptesent a classical NPZD
trophic chain with three nutrients, one explicityfgplankton species, one explicit
zooplankton species, two parametrised top predspacies to provide trophic
closure (fig.3.1). The model comprises phenotypmguations derived from
reproducible laboratory experiments. The emergentography and bio-feedback
to the environment are calculated from the indigidu This ecosystem adjusts to

changes in external forcing.

VP
N > P > z <:
BP

Fig.3.1 — LERM-PS.N: nutrients , P: phytoplankt@dnzooplankton, VP: visual predators, BP: basatipters

3.1 Phytoplankton

The phytoplankton species group is typical of nadsidiatom (cross-section
diameter 2Qlm). Each individual is characterised by its deptid four state
variables (carbon pool, nitrogen pool, silicon poohlorophyll-a pool), which
determine its physiological state. = The Lagrangiamsemble subpopulation is
described by a demographic variable: the numbendifiduals. Fig. 3.2 provides a
roadmap of the diatom model. It shows the biaabstate variables (green box),
the biological processes (inputs in red and outputdue) and ambient environment
(in yellow) which affect them.

3.1.1 Stoichiometry

Each diatom has an internal pool for each of tlssalved chemicals (nitrogen and
silicon), one for carbon and one for chlorophyit any time, it exists in one of two
states: dead or alive. Table 3.1 shows the stoigdtric composition of an

individual diatom, the maximum observed range mititernal ratio of the chemical

elements and the physiological processes in wihiep are involved.
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Fig. 3.2 — Roadmap of the diatom model. Biologatate variables (in the green box), processesitnp

orange and outputs in blue) and factors affectinggsses (in yellow).
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a) Units Min Max Functions Reference
C mmol C 8.5x10° 2.6 x10° State variable Strathmann, 196
Gilpin et al, 2004
N mmol N 7.8x10™ 1.44x10° State variable Geider et al. 199
Si mmol Si 1.0x10° 2.1x10° State variable Brzezinski, 1985
Chl-d& mmol Chl-a 0 3.7x10% State variable Geidet al, 1998
b)
N:C mmol N : mmol C 0.03 0.17 Max photosynthesis Geideret al, 1998
Max N uptake
Si:C mmol Si : mmol 0.04 0.15 Max photosynthesis Brzezinski, 1985
C Max Si uptake
chl:C mmol Chl-a: mmol 0 4.3x10" Photosynthesis Geideret al, 1998
c Chl-a synthesis
ChI:N mmol Chl-a: mmol 0 4.7x10° Chl-a synthesis Geideret al, 1998
N Chl-a degradation

Tab. 3.1 — a) Stoichiometry and b) cellular ratbshemicals

3.1.2 Processes

Table 3.2 shows the list of processes that are headexplicitly.

Processes

Characteristics

References

Photoadaptation

Dynamic adaptation

Geidet al,, 1998

Photosynthesis

Geider photoadaptive model

Geiddral, 1998

Nutrient uptake

Droop dynamics

Internal quotas to regulate uptake

Paasche, 1973
Geideret al,, 1998
Tett and Droop, 1998

Chlorophyll synthesis

Geider photoadaptive model

Geiddral, 1998

Respiration Basal metabolism cost Geideret al, 1998
Cost of biosynthesis
Cell division Carbon threshold for cell division | Woods and Barkmann, 1994
Silicon threshold for cell division | Brzezinski, 1985
Motion Constant sinking speed Woods and Barkmann, 1994
Mortality Calculated for a nutrient starvatipiBerges and Falkowski, 1998

period of 18 days

Veldhuiset al, 2001

Tab. 3.2 — Diatom processes

! LERM measures Chlorophyll-a in mg Chl-a, as VEWuiees it in this form for the calculation of
bio-optical feedback. The molar mass of ChloropayiCssH7,MgN.Os) is 893.509 g mal.
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3.1.2.1 Photoadaptation

Photoadaptation allows optimisation of growth rateler inclement conditions; in
particular it maximises growth rate at low irradianand minimises the risk of
photo-oxidative damage at high irradiahcePhotoadaptation is modelled using
phenotypic equations, derived by cell culture eikpents. Growth rate and

chlorophyll content of a cell vary with irradiancéemperature and nutrient
concentration at the depth of the particle (cafluibient”) nutrient concentrations.
Diatom growth is a function of environmental vategand cellular stoichiometric
composition. This is modeled explicitly by desartp the internal state of the
organism, using independently varying chemicalrimgequotas. In particular, the
individual internal ratio of chlorophyll-a : carbd@@) is a function of its light history

and nitrogen : carbon (Qis a function of nutrients limitation and varikiyi*.

3.1.2.2 Photosynthesis

T Eo

! v

MAX PHOTOSYNTHETIC
RATE

1 i

Qn Qsi Oc

A 4

PHOTOSYNTHESIS

Fig. 3.3 — Photosynthesis components, internalesternal controlling factors

The maximum photosynthetic rate (mmolC mmibl@&Y) is a function of
temperature, T (°K), nitrogen : carbon internal tau& (mmol N mmol C*), and
silica : carbon internal quotas@mmol Si mmol ¢ (fig.3.3, Eq.1.9). If dissolved
silicate becomes limiting, diatoms in the reprodiephase stop fixing carbon if the
internal ratio of Si:C drops below the minimum Sit&ic’. The rate of carbon
specific photosynthesis (mmolC mméich?) is a function of the maximum
photosynthetic rate, the ratio of chlorophyll artwn,6c (mg Chl-a mmol C) and

the incident irradiance in the PAR (photo-activdiation) part of the spectrumgE

% Raven, 1980

% Geideret al, 1998

* Geideret al, 1998

®0.04 mmol Si mmol €, according to Brzezinski, 1985
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[W m?] (fig. 3.3, EQ.l.7). In particular, photosynthetiate is sensitive to nitrogen :
carbon internal quota when light is saturated,Hiorophyll-a : carbon internal quota
when light is limited and to silica : carbon intafrquota when ambient silica is
depleted. At low irradiance photosynthetic ratehigher when chlorophyll-a :

carbon internal quota is high (black lines). Aghhirradiance it is controlled by the
maximum rate of photosynthesis, and therefore ey riltrogen : carbon internal
guota (red triangle and black cross). The irrackaat which the initial slope of
light-limited intercepts the light saturated ratespresents the light saturation

parameter, &

3.1.2.3 Nutrients uptake

Specific rates of nutrient uptake are modelled giginolS. The maximum uptake
rate of a nutrient depends on temperature andnteenal quota of the nutrient :
carborf (Eq.1.13 and 1.15). This modulates the potentjathke to its stoichiometric
composition. The uptake rate of the nutrient ® tilatrient pool is a function of the
maximum uptake rate and the ambient concentratiosuch nutrient (i.e. the
nutrient concentration at its current depth, fig,¥q.1.14 and 1.16).

A 4
Maximum Nutrient uptake Nutrient pool
uptake rat rate
Temperature Ambient Nutrient:Carbon
nutrient internal quota
Carbon pool

Fig. 3.4 — Nutrients uptake mechanism
3.1.2.3.1 Ammonia and nitrate uptake

Carbon specific nitrate and ammonia uptake ratenavdeled using the traditional

saturation kinetics model (Michaelis-Menten equalio Ammonia is uptaken

® Droop, 1973
" Geider et al. 1998
8 vV, XS
v=—"1—r
Ks+S
Where: v is the uptake rate, S the ambient conagotr of nutrient, y the maximum uptake rate at
nutrient saturation and4¢he half-saturation parameter.
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preferentially over nitrafeand low level of ammonia inhibits significantlytnaite
uptakée?®.

3.1.2.3.2 Silicate uptake

Diatoms start uptaking silicate, when they approtehr reproductive phase (i.e.
when carbompool reaches 90% of the carbon threshold for delsidn)**. Silicate
uptake rate is modelled in the same way as ammtreapnly difference is that the

Michaelis-Menten equation is silicon specific rattiean carbon specific.

3.1.2.4 Chlorophyll synthesis

The amount of chlorophyll produced per timestephimithe organism is a function
of the level of ambient irradiance (Eq.l.12). Plamtaptation is modelled as a
dynamic allocation of cell material between liglatrhesting components (L), energy
storage compounds (R), such as polysaccharides lipitth, and biosynthetic

apparatus (E), consisting of enzymes involved irb@a fixation and new cell

elaboratior’ (fig. 3.5).

--------- e Light
""""" ™ harvest

el Binsynthetic
Photon flux PP — appatatus
--------- ],
......... 55

(= E

Energy

storage

reserves |

Fig. 3.5 — Photoadaptation (adapted from Geéded., 1996)

° Experimental results have shown that ammoniagsl pseferentially over nitrate for the full range
of nitrogen concentrations, nanomolar to microm@tsarrisonet al, 1996, Flynret al, 1997)

1% ow level of ammonia is capable of significantilsition of nitrate uptake (Wheeler and
Kokkinakis, 1990: Harrisoet al, 1996). This was introduced to provide the bmiguture research
on new and regenerated production and the trandition a diatom dominated ecosystem to a
flagellate dominated one.

1 Diatoms acquire most of the silicate needed jete cell division (Brzezinski, 1985),

12 Geideret al.,1996
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Carbon fixation is a function of L and E. Lighidited photosynthesis is controlled
by L, while light-saturated photosynthesis is cold by E (fig. 3.6). The rate of
chlorophyll synthesis is therefore a function oftaent irradiance, the value of the
light saturation parameter and nitrogen assimifatio

HIGH RRADIANCE LOW [RRADIANCE

ST T b [ || e i

R

Fig. 3.6 — (Adapted from Geidet al,, 1996)

3.1.2.5 Respiration

Respiration rate is defined as the carbon losga@ugetabolic activities (Eq.1.20-21).
The total respiration rate is temperature depenaedtt has two parts:

+ cost of basal metabolism, assumed to be constant

. cost of biosynthesis, which is a function of niteoguptaké&®.

3.1.2.6 Cell division

When the carbon podias reached 90% of the threshold for cell divisidiatom
starts to uptake silicate to build its valve (E2RI23). The cell divides when both
carbon pool and silicopool have reached the threshold value for divisidkiter
cell division the daughters and parents have theesamounts of carbon, nitrogen,
silicon and chlorophylk, which are half the value in the parent cell befdivision.

3.1.2.7 Motion

In the mixing layer diatoms are randomly advectgdurbulence (eq.l.6). Below
the thermocline, a diatom sinks at a constant spééddm day*(**). The turbocline

marks the boundary between mixing layer and thelimac

13 Geideret al, 1998
4 Woods and Barkmann, 1994.
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3.1.2.8 Mortality

The diatom dies when its carbon reserve pool ik fekhausted (Eq.l.24). The
carbon threshold for death was estimated for aodiatvith carbon pool at the
threshold for cell division, nutrient starved fopariod of 18 dayS. During this
period they burn carbon to cover basal metabolisithe carbon left at the end of
this period is the threshold for cell death.

3.2 Zooplankton

The zooplankton species is basedGalanus finmarchicus LERM assumes that all
copepods are female. The phenotypic equationsdbaviour and physiology were
derived mainly from Carlotti and Wolf (1998). HEacopepod features a pool for
each of the chemicals present in diatoms (tab.8X@ept for silica and chlorophyll
as they play no part in copepod physiology. Copspedch the mature stage, after a
fixed number of successive development stagesg@dtggowth). Molting from one
stage to the next is triggered by size (i.e. propaiol).

The copepod physiological state is determined loy i®logical state variables:
carbon pool- including proteins (nitrogenous carborny)Clipids (non-nitrogenous
carbon, G) and carapace (made of chitinsn&) —, nitrogen pool, gut content, gut

fullness, gut volume, stage and age.

3.2.1 Stoichiometry

Assimilated carbon is dynamically allocated to dmi proteins and carapace in
different ratios depending on the life stage. @hwunt of ingested carbon allocated
to lipid reserve per timestep depends on the dpwedmt state they are in. The ratio
of N:C for proteins is assumed to be constantThe total amount N is regulated by

a minimum and maximum ratio of nitrogen:carbor!Q

!5 Berges and Falkowski, 1998; Veldheisal, 2001
160.27 mmolN:mmolC, according to Andersenal, 2005
170.12-0.23 mmolIN:mmolC according to Huntley and dN@usen, 1995
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a) Units Min Max Functions Reference

C mmol C 10° Not fixed State variable | Carlotti and Wolf, 1998

Protein mmol C 4.75%10° 8.33x10° State variable |  Carlotti and Wolf, 1998

Llpld mmol C 4.75x10° Not fixed State variable | Carlotti and Wolf, 1998

Shell mmol C 5x10" 4.2x10" State variable |  Carlotti and Wolf, 1998

N mmol N 1.2x10° 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 arellular ratios of chemicals

3.2.2 Processes

3.2.2.1 Molting

LERM-PS uses the Carlotti and Wolf (1998) modeldopepod staged growth. An
individual copepod can only be in one particulavedlepment stage at any time. As
it grows and its protein pool reaches a threshalde; it molts and passes into the
next stage (tab.3.4 and fig.3.7).

3.2.2.2 Ingestion

Ingestion rate (prey™ is based on midgut capacity and depends on copepo
filtration rate (cmis®), prey concentration (prey & feeding activity Wd)
and maximum ingestion rate (prey, €q.11.22-24¥%. Filtration rate increases with
size defined by prosome length. Feeding activstydétermined by gut capacity
(cm®) and the fraction of time spent in feeding acivivhich is a function of prey

concentration. Maximum ingestion rate is limitgdtbe handling time for prey.

18 Caparroy and Carlotti, 1996
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Protein Max
Development threshold for Prosome Frontal swimming
stage Stage description LERM ID molting length Surface Area Body vol | speed at 10C
(mmol C) (mm) ch mnt m/h
N3 Nauplius 11l 0 1.00x18 0.27 1.46x10 1.00x10° 5.09
N4 Nauplius IV 1 1.70x19 0.32 1.70x19 1.64x10° 5.93
N5 Nauplius V 2 2.50x10 0.36 1.94x19 2.50x10° 6.77
N6 Nauplius VI 3 3.75x10 0.41 2.22x10 3.79x10° 7.74
c1 Copepodite | 4 6.25xF0 0.48 2.62x19 6.42x10° 9.14
c2 Copepodite II 5 9.20x10 0.55 2.97x19 9.53x10° 10.36
c3 Copepodite Il 6 2.10x10 0.72 3.88x10 2.22x10° 13.53
POW4 Pre-overwintering CIV 1 5.83x10] 1.00 5.42x10 6.42x10 18.91
POWS5 Pre-overwintering CV § 1.25x10) 1.29 6.95x10 0.14 24.24
Overwintering descent
OWD4 CIv 9 5.83x10" 1.00 5.42x19 6.42x10° 18.91
Overwintering descent
OWD5 Ccv 10 1.25x16 1.29 6.95x19 0.14 24.24
ow4 Overwintering CIV 11 5.83x10 1.00 5.42x19 6.42x10° 18.91
ows Overwintering CV 12 1.25x10 1.29 6.95x19 0.14 24.24
Overwintering ascent
OWA4 CIvV 13 5.83x1d 1.00 5.42x19 6.42x10° 18.91
Overwintering ascent
OWAS5 CVv 14 1.25x10 1.29 6.95x10 0.14 24.24
c4 Copepodite IV 15| 5.83x10 1.00 5.42x10 6.42x10° 18.91
Copepodite IV after
C4a0wW ow 16 5.83x10 1.00 5.42x10 6.42x10 18.91
C5 Copepodite V 17 1.25xF0 1.29 6.95x10 0.14 24.24
C6 Copepodite VI 18 3.33x70 1.77 9.56x10 0.39 33.35
Ad Adult 19 7.50x16 2.31 1.25x18 0.89 43.60
Ma Mature 21 8.33x1d 2.39 1.29x18 1.00 45.00
Se Senescent 2p 2.39 1.29%1p 1.00 45.00
Nauplius Nauplius 20
P Pellet 23
D Dead 24
Tab. 3.4 — Copepod stages
Nauplius |«
N3 [ N4 | N5 |» N6 [» Cl - C2 [» C3 [ C4 > C5 [ C6 [ Ad > Ma [» Se
l A l A l
Pow4 POWS5 D
Oow4D OW5D
ow4 ows
I
A 4 A 4
ow4a H OWsA H

Fig. 3.7 — Stages implemented in a copepod. Redvarindicate the creation of a new agent. OW4A

and OW5A migrates to the surface waters after dpgrttie whole winter as overwintering.

33



Matteo Sinerchia CHAPTER 3 - LERM-PS

3.2.2.3 Gut processes

In the midgut of a copepod two main processes osiomltaneously on the ingested
prey: gut transit and assimilation (fig. 3.8).

Assimilated
prey

egestion

A 4

A 4

Egested matter

Prey : Prey in gut {—

Gut transi

___________________

Fig. 3.8 — Copepod digestion. (Adapted from Capaamd Carlotti, 1996)

The time that food is kept in the gut for digestisnnversely related to how full the
gut is (Eq.11.33°. It may vary from half hour, when the gut is fuiy one hour,
when it contains little fodd. The fuller the stomach, the quicker the clearamate
(eq.ll.34). Gut passage time has a great impadhe assimilation of food. The
residence time of food in the gut determines theowarh of breakdown and
assimilation of the larger insoluble macromoleculesell walls and membranes.
Assimilation efficiency is therefore a function gfit passage time (Eq.11.35-36)

The ingested food that is not assimilated is egessea faecal pellet.
3.2.2.4 Faecal pellets production

Unassimilated food is expelled as a faecal peligtl(.38F> It is accumulated in the
gut and expelled when its volume reaches a volumeshold (Eq.Il.25f. The
volume of a faecal pellet produced increases ptapwily with copepod size (i.e.

prosome lengti3f. Pellet sinking rate is a function of its volumg(EE 26)*.

19 Kigrboe and Tiselius, 1987

20 Caparroy and Carlotti, 1996

2L van den Bosch and Gabriel, 1994; Caparroy ando@grl 996
*2\Woods and Barkmann, 1994

23 Caparroy and Carlotti, 1996

24 Uye and Kaname, 1994

%5 paffenhéfer and Knowles, 1979
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3.2.2.5 Allocation of assimilated carbon

Assimilated carbon can be allocated either to gmrgrowth or carapace (fig. 3.9).
A fixed proportion (5%) is allocated to productiai carapac®. The rest is
allocated to lipids and proteins depending on thepepod development
stage(App.11.2.3). Young copepods (Nauplius to @R)cate it equally to lipids and
proteins (the fraction allocated to lipids= 0.5). Older copepods (C4 to Senescent)
allocate it more to lipidsy(= 0.7)".

Protein Lipid

Shell

Assimilated C

Fig. 3.9 - Dynamic allocation of assimilated @.is the fraction of assimilated C allocated to
carapace building angis the fraction allocated to lipid reserve.

Copepods preparing to overwinter (POW4, POW5, OWdbd OWD5) allocate

assimilate carbon exclusively to lipfds
3.2.2.6 Respiration

Copepods use lipids preferentially to cover metabmists. Lipids are more energy-
rich than proteins and therefore more efficientcavering the metabolic coéts
The physiological state of the copepod (i.e. lipidstheir pool) determines the
impact of respiration expressed in term of carl®tarved individuals using proteins
for respiration will consume more carbon compam@dhibse with a lipid reserve.
The metabolic rate of an animal is defined withpees to the following activities:
basal metabolism, specific dynamic action (SDA)d aactivity metabolism
(Eq.11.12). Basal metabolism is the carbon consumnptate for maintaining bodily
functions only and is a function of the size (peoteins in their pools) of the animal

26 vidal, 1980

%" Fiksen and Carlotti, 1998
28 Carlotti and Wolf, 1998
29 B&mstedt, 1986
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and its ambient temperature(Eq.11.3%5) Specific Dynamic Action (SDA) is the
katabolic cost associated with digestive procegassimilation and gut clearance)
and biomass formation. This is modelled as propoat to the ingestion rate
(Eq.I.16YY.  Activity metabolism is the carbon consumpticatef’ due to

swimming. It is calculated as the power expenditaf a copepod swimming at
speed U, as a function of: seawater density, cefi@iax length of the copepod, the

projected area of swimming copepod and the velafiswimming (Eq.11.17-25.
3.2.2.7 Excretion

Proteins and carapace have a fixed ratio of Nyidi are assumed nitrogen ftee
Nitrogen is excreted in the form of ammonia, whesrguroteins are used to cover

metabolic costs or when the maximum ratio of N:Exseeded (Eq.l1.39).
3.2.2.8 Maximum swimming speed

An adult copepod can swim vertically up to a sped5 m h* at a temperature of
10°C *. Maximum vertical swimming speed, nt,his 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 isoltrmét daytime, a copepod swims
towards a depth, at which irradiance is relatively so that the risk of being eaten
by visual predators is reduced (Eq.1.43-44). Hoeeveif starved, they target a less
dim isolume, offsetting the higher risk of beingegated against the benefits of
grazing on the higher concentration of food avaddain shallower water. The
degree of starvation is represented by its guhésls. Gut fullness ranges from zero

(starved) to one (satiated).

%0 Carlotti and Wolf, 1998

%1 Kigrboeet al, 1985; Fiksen and Carlotti, 1998; Carlotti and #5998

%2 The equation calculates the power expenditurevishening at speed U (3% This is converted to
oxygen consumption using the oxycaloric coefficiét®.3 kJ | @* according to Ikeda et al., 2000)
and to carbon consumption as a function of theirgspy quotient of lipids or proteins (Parsosts
al., 1984)

%3 Caparroy and Carlotti, 1996

% Carlotti and Wolf, 1998

% Woods and Barkmann, 1994
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3.2.2.10 Foraging

During the night copepods migrate to the surfacieead (Eq.11.45). As they swim
upwards, they pass through a number of layers vatking concentration of prey.
Their ingestion rate in each layer is a functionhef time spent in that layer and the
concentration of prey encounteféd If, as they swim, the concentration of
encountered prey decreases, copepods reverseadicgati 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. a¢ timestep when their protein pool
reaches the threshold for molting to the next gtaéraction of individuals enter a
pre-overwintering stage (POW4 or POWS5), the reslt naothe next development
stage (C4 or C5). The probability that an individeaters the pre-overwintering
stage is 30% before the®1August and 50% after (fig.3.10). During pre-

overwintering all the assimilated food is allocatedipid storag#’.

POWA | oo » caow
p
-3 c3 o] ca 1P cs > c6
1-p
p
POWS5 | __,| csow

Fig. 3.10 — Copepod pre-overwintering. P represtre probability of an individual entering pre-

overwintering. Before the™Aug p = 0.3, after p = 0.5. Each colour represant agent.

When the lipid reserve is full, copepods swim dawra depth below 375 m and
over-winter there until mid-March. During overwaning, the animal does not swim
or feed. Basal metabolism is reduced to 20% anléduygreferentially by lipids or, if
depleted, from the structural proteins. At the esfdthe overwintering period

copepods migrate back to the surface to feed.

% 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, isengeeriod of egg production (20
days®). The number of eggs produced depends on how itvédid during that
period. After 20 days, the copepod is ready todgygs. If the lipid pool is larger
than the ingested matter during this period, thgg production is limited by
proteins, otherwise it is limited by lipiths

The egg stage is not modeled explicitly, but anamsneous mortality of 90% is
assumetf. The survivors are initialized in stage N3, ewdth a prescribed amount

of carbon and nitrogen.
3.2.2.13 Mortality

Other than by being ingested by a top predatoop&eod may die of natural causes:
starvation or senescence. A copepod is assundid tf starvation when its carbon
pool gets below half of its maximum achieved carlpmol (Eq.Il.47). During

twenty days following reproduction, the spawningplation is assumed to die of
senescence at a randomly chosen date (Eq3f.48ead copepod sinking rate is a

function of its surface area .
3.3 Top predators

Trophic closure to LERM-PS is provided by two topegators that feed on
copepods: one, based on squid, feeds visuallyptther feeds as a function of prey
abundance.

Top predators are declared in the model as a spgp&of functional groufy. They
differ from all other functional groups in the fab@at their demography is set in the
scenario using a series of exogenous equationgrrtan by emerging from the
Virtual Ecosystem. The only interaction betweerdator and prey is through
ingestion which is unilateral: top predators feadooey species, but are not affected

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

38 Woods and Barkmann, 1994
% Carlotti and Wolf, 1998
4% \Woods, 2005
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Demography is determined by Demography
interactions with the Virtual determined by
Ecosystem the scenario
MODEL
ya— EXOGENOUS
EQUATIONS T TAlLIATIANG
ingestior EQUATIONS

—1Demography and
Scenario | growth equations

Fig. 3.11 — Top predators demography and interaatith 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 predatepresent a population of
squid Loligo forbesii It is an abundant species at the Azores ansl known to
graze on copepods during the early phase of é@s lif

3.3.1.1 Exogenous equationdop predator demography)

Exogenous equations defined in the scenario desthnd demographic state of the
predator population, in particular, its growth ratts annual distribution and its

vertical distribution.
Predator growth

Laboratory experiments droligo forbesiiestimated daily growth rates of 7% of its
mantle length (ML) in its first months of life, wheit feeds on copepods. The
maximum ML at which predator feeds on copepodss&imed to be 40 mith It
takes about 100 days for a young squid, growing @aily rate of 7% of its mantle
length, to switch diet (Eq.IV.1).

“1 During the first month since hatching squid feedbtanktonic organisms, mainly copepods. When
squid reach a size of 4 cm, is switches to a daterof euphausiids and arrow worms (Vovk and
Khvichiya, 1980; Vovk, 1985).
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Predator annual distribution

Squid eggs all hatch simultaneously on tfeApril, they feed on copepods until
mid-July, before switching diet. The mortality eabf predator population is
assumed to follow a negative exponential functibthe time of the year (Eq.1V.2).
Every year the concentration of predators is sek baits initial value.

Vertical distribution of predators

The concentration of visual top predators is assutoeébe homogeneous in the top
100m.

3.3.1.1 Endogenous equations

Ingestion

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

body weight that can be consumed (Eq.I¥25ylaximum ingestion rate is therefore
a function of the weight of the predator and thegieof the prey. Ingestion rate
depends on the concentration and visibility of preayd ambient temperature
(EQ.IV.6). The visibility of the prey is determinég the ambient irradiance and the
surface area of the prey (fig.3.12). Ingestiore radn never exceed maximum

ingestion rate.

Predator

weight T
y \ 4
MAX INGESTION RATE > INGESTION RATE
4 X
Prey Prey conc Prey Prey
weight visibility speed

Fig. 3.12 — Predator ingestion rate, internal axtdreal controlling factors

42 Koueta and Boucaud-Camou, 2001
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Faecal pellets

A pellet, containing all the nitrogen and carbogested, is released every timestep.
As it sinks at a constant speed of 10°mihis remineralised by an implicit bacteria

population. Pellets remineralization is modellsde@mperature dependé&ht

3.3.2 Basal top predators
3.3.2.1 Exogenous equationdop predator demography)

Background top predators are assumed to maintaonstant size (40 mm). They
are present all year at a constant concentratid®03m?), and they are

homogeneously distributed in the top 100m.
3.3.2.2 Endogenous equations

The maximum rate of ingestion for background prexdats based on the equation
used for visual predators. It is calculated asntiaimum daily percentage of body
weight that can be consumed. As the weight of thedator is kept constant,
maximum ingestion rate depends on the weight ofptley (Eq.IV.7). The bigger
the prey the less can be ingested by the predatdryice versa. Ingestion rate is a
function of the ambient concentration of prey aechperature (fig.3.13, Eq.IV.9).

Ingestion rate can never exceed maximum ingesétan r

INGESTION RATE

MAX INGESTION RATE

A 4

A A

Prey Prey conc
weight

Fig. 3.13 — Predator ingestion rate, internal axtdreal controlling factors

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

for visual top predators.

“3 Heath et al, 1997
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3.4 Particle management

As described in Chapter 2 on the Lagrangian Ensemidtamodel, each particle
represents a collection of identical individualarsig the same life-history. Each
particle has a variable depth and a demographiablardescribing the number of

individuals carried in the agent’s sub-population.
3.4.1 Phytoplankton

Diatom particles are initialised in the living stagvith a sub-population size of
50,000 individuals. There are twenty particlesipetre between 0-200 m, for a total
of 4,000 particles. The number of particles pgetas kept between twenty and
forty. If the number of particles in the living gefalls below twenty diatoms the
largest particles are split, while if the numberpairticles exceeds forty then the
smallest particles get merged. Dead diatom pagiere merged so that there can
only be one particle per metre. When a diatom delides, the number of
individuals within the sub-population doubles, hatnew patrticle is created.

3.4.2 Zooplankton

Copepod particles are initialised in overwintergtgges (OW4 and OW5) each with
twenty copepods in its subpopulation. There arpdticles per metre between 375-
405 m, for a total of 300 particles for each stagsontrary to what happens with
diatoms, copepod particles are never split. Theyngerged once a year when they
enter overwintering for reasons that will becomeaclbelow. Dead copepods and
pellet particles are merged so that there can lolgne particle of each per metre.
New particles are created in the case of faecétpetgestion, reproduction and pre-
overwintering. A faecal pellet is released as @ @gent, but it is immediately
merged with the other pellets in the same layer.

In the case of reproduction, the mother partickensps a new patrticle containing the
offspring. The overall number of particles is dmabfor 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 tiadstep when their protein pool
reaches the threshold for molting to the next 9tagefraction of individuals are
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transferred to a new agent in the pre-overwintesitagie (POW4 or POWS5), the rest
molts to the next development stage (C4 or C5)emahtually die (fig.3.14). The
creation of new particles for POW4 and POWS5 caumesannual doubling of
copepod particles in the water column (fig.3.14rge2 and 3). In order to avoid the
explosion of copepod agents, LERM-PS merges cop@aoticles as they enter
overwintering (OW4 and OWS5). This is a time whendividuals are very similar
biochemically (i.e. they have the same pool ofdigpand proteins) and the least
active (i.e. they only respire).

In LERM-PS the threshold for merging of OW4 and OW5300 agents. This
ensures that at the start of each year the viet@gystem contains no more than 600
agents: 300 in OW4 and 300 in OWS5.

Number of agents m-2

8400

7800 - YEAR 1 YEAR 2 YEAR 3

7200 +

6600 -

6000 +

5400 - C5-POWS
2 4800 - starvation —Oow4
g 4200 - — OWS5
£ 3600 | — Tot

senescence,
3000 +

2400 -
1800 - reproductio

o |

1/1/08

1/3/08 -
1/9/08 -
1/11/08 -

1/1/06
1/3/06
1/5/06
1/7/06
1/9/06
1/11/06 -
1/1/07
1/3/07
1/5/07
1/7/07
1/9/07
1/11/07
1/5/08
1/7/08

Fi

g. 3.14 — Copepod particles doubling problem.

3.4.3 Top predators

Both top predators are initialised in the existest@ge, with a subpopulation of 30
individuals per particle. There is one particle peetre between 0-100 m, for a total
of 100 particles. Particles in the existence si@genever split or merged. Faecal
pellets, released as a new agent, are immediatiged with the other pellets in the

same layer.
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CHAPTER 4 - The Lagrangian Ensemble Recruitment Mol with
Explicit Squid (LERM-ES)

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

squid (fig. 4.1). Two top predators are includedthe model to provide trophic
closure: (1) a background top predator, as befeesling on zooplankton, and (2) a
visual top predator feeding on squid. All specias ¢quid and visual top predators

are unchanged from LERM-PS.

s > VP
N > P > z <
BP

Fig.4.1 — LERM-ES: N: Nutrients , P: Phytoplankt@n,Zooplankton, S: Squid paralarva;: visual

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

Unlike the copepods, which exist in the virtual o@ssm generation after
generation, squid are a transient population invinteal mesocosm. Immigration
(spawning) is handled as an exogenous event inhwdggs are injected in the water
(cfr.4.1.2.1). Emigration (recruitment) represetims metamorphosis to a stage that
is no longer tracked in the virtual ecosystem 4df2.4.7). In this version of

LERM-ES, there is no link between the demographgroigrants and immigrants.

4.1 Squid

The species of choice is squid. Its fishery isagng in importance and landings as
the abundance of fish stocks has been reducingighrever-fishing (Caddy and
Rodhouse, 1998). Due to their short life-cyaeg year) and their semelparity
(death after a single reproduction), the explogguatk is composed almost entirely
of recently recruited animals of a similar age (Agret al, 2002). So, knowledge of
recruitment variability is highly desirable for nmeging purposes.

As squid populations are not characterized by tlesgnce of several year classes

living contemporaneously, squid provides a perfentdidate for testing fisheries
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recruitment hypotheses (Rodhouse, 2001). Theahiy of an extensive dataset
of the biology and fisheries of this species alloiws comparison between the
emergent properties of the model and observations.

The explicit squid is based oholigo opalescens(California market squid)
physiology and behaviour, which have been studiddnsively. This is a small
squid (mantle length ML up to 160mm) of the fanvliyLoliginidae. It is found in
the Eastern Pacific Ocean from Baja Mexico to Adaaklatitudes similar to that of
the Azores site (fig. 4.2). It lives less than gear. Its fishery is of great economic
importance: since 1993 it has became the firsefigin California with landings of
118,000 tons and $41 million in 2000.

Fig. 4.2 L oligo opalescengeographical distribution (Source: FAO, 1984)

4.1.1 Stoichiometry

Each squid has a pool for each of the chemicalseptein copepods. Carbon
ingested is allocated to proteins and lipids. ERM-ES squids have a 15% DW
maximum lipids conteit Body nitrogen is coupled to proteins througtixad ratio
(0.15 mmoIN mmolC).

! Squid has an uncommon stoichiometry. Its wet weigitV, is made up by 18% protein, 79%
water with just 3% left for all other biochemicalropounds needed for life. In contrast to fishes,
cephalopods contain 20% more protein, 80% less &6HL.00% less lipid and 50-100% less
carbohydrate (Bouchaud and Galois, 1990; Lee, 1994) ee (1994) reported lipid contents of
cephalopods ranging between 0.34-3.4% WW. Bouchand Galois (1990) in laboratory
experiments orsepia officinalisfound that hatchlings’ lipid content was closel&® Dry Weight,
DW, (14.5-15.9%DW) independently of temperature dadhtion of development. Assuming a body
water percentage of 75-80%, the total lipids conieB-4 %WW.
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a) Units Min Max Functions
C mmol C 0.05 0.70 State variable
Protein, G mmol C 0.05 0.70 State variable
Lipid, Cy mmol C 0 0.09 State variable
N mmol N 7.5x10 0.10 State variable
b)
N:C mmol N mmol C* 0.13 0.15 Excretion
Tab. 4.1 — a) Stoichiomety and b) cellular ratibstemicals
4.1.2 Stages

Unlike copepods, whose growth is staged for moltihdhe carapace, squid body
growth is continuous and unstaged. However, deoto allow for size specific

predation by the visual top predator (tab.4.2),dgaralarvae have been allocated
to size classes S1 to S7, based on their manttghlgiML). A small paralarvae is

less visible to visual top predators than a lange, dout is slower in its escape (cfr.
4.2.2.1). S1 represents the squid at hatching, eépresents the recruited squid,
which leave the virtual mesocosm. A squid can ohb in one particular
development stage at any time. As it grows and/litsincreases by one millimeter

it moves into the next stage (fig.4.2).
Paralarval stage

-~ —— TN
Spawning Eggs »  Hatching > S1  |------ » S6 » S7 (Recruit)
Fig.4.2 — Squid stages
STAGE | Max ML MW DW DW S Ave DW | Ave S | Max speed
mm mm mgC | mmolC| m® |mmolC| m? m h*
S1| -~280 1.84 0.69 0.06 2.7x10° 0.06 2.8x16 11.3
2.99 1.92 0.81 0.07 2.9x10°
S2 3.00 1.92 0.81 0.07 2.9x10° 0.10 3.5x10 14.3
3.99 2.30 1.60 0.13 4.1x10°
S3 4.00 2.30 1.61 0.13 4.1x10° 0.18 4.9x16 19.8
4,99 2.68 2.72 0.23 5.6x10°
S4 5.00 2.68 2.73 0.23 5.6x10° 0.29 6.5x10 26.3
5.99 3.06 4.19 0.35 7.3x10°
S5 6.00 3.06 4.21 0.35 7.4x10° 0.43 8.3x10 33.7
6.99 3.44 6.05 0.50 9.3x10°
S6 7.00 3.44 6.07 0.51 9.3x10° 0.60 1.0x10 42.0
7.99 3.82 8.30 0.69 1.1x10°
S7| =28.00 - - - - - - -

Tab. 4.2 — Squid stages. ML: mantle length, MWntleawidth, DW: dry weight,
S: frontal surface area, AVE DW: stage specifig\@eight, AVE S: stage specific surface area
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4.1.2.1 Spawning

An exogenous population of mature squid lays atbafc300 eggs i at 50 m
every year at a prescribed date set in the expatirgid” April in preliminary

tests}. Spawners exit the mesocosm immediately aftentaifie eggs.

Fig. 4.3 -L. opalescenggg mass (www.elasmodiver.cbm

4.1.2.2 Egg stage
4.1.2.2.1 Embryogenesis

In nature the duration of cephalopod embryogergegiends mainly on egg size and
ambient temperatufeLERM-ES assumes that all eggs have the same sizthat
temperature is the only factor affecting the dwratbf embryogenesis ((Eq.lI1.10).
Embryonic development is estimated using daily eaudated temperature, DAT, as
it is common practice for loliginid specfes DAT is accumulated from the time
eggs are laid. Eggs hatch when DAT exceed$®@ays. Hatching within an egg
mass occurs within a period of 4-6 diy3he intra-population variability in
hatching date is modelled as a variation of thélaniDAT and justified as a
consequence of the variation in egg size, whidihéncurrent version of the model is

not modeled explicitly.

2 In Monterey Bay (latitude ~3R) L. opalescenspawn from April to November (Zeidberg and
Hamner, 2002).

% Laptikhovsky, 1991.

* Baron, 2000.

® ForL. opalescensmbryonic development requires ~ 30-40 days &€ 1¥angetal., 1986).

® In L.opalescenandL. forbesj the period from the first paralarva hatchingtte emergence of the
last took 4-6 and 7 days, respectively (Yatgl., 1986; Segawat 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.flickmm/photos/toddography/38447140)

Squid paralarvae hatch at nightvhen visual predators are not feeding. Mean
incubation temperature during embryogenesis catiioé weight and volume of
yolk reserves in the hatchlings bf opalescerfs Regression equations are used to
link incubation temperature to: size of hatchlimgaftle length and width, frontal
surface area, protein, lipid and nitrogen pools,lIEf§1-19, yolk content and
stoichiometric composition of hatchling (lipids afoteins). Independently of
temperature, yolk weight is proportional to bodyigt¢ (Eq.111.20f. Egg yolk lipid
represents 15% wet weight of the paralarva at fragth 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, embryoand post-embryonic nutrition

overlag’.  Until depleted, the yolk provides the energy ftel metabolism
(Eq.111.25-26). The caloric value of yolk in opalescenss 1.71 Kcal/WW?.

4.1.2.4.2 Motion

Paralarvae are inefficient swimmers which cannoefulsy change their local
environment by swimming horizontally. However thaye capable of changing it

by swimming vertically®.

’ Fields, 1965.

8 Squid eggs incubated at lower mean temperaturiehét larvae, which were larger, heavier and
have more yolk than those incubated at higher rntexaperature (Vidaét al, 2002).

° vidal et al, 2002.

12 Bouchaud and Galois, 1990; Vidatlal, 2002

' Vidal et al., 2002

' Giese, 1969.

13 Zeidberg and Hamner, 2002
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Swimming speed
Squid swimming speed is proportional to its manéegth (Eq.I1.21%. They

migrate in the virtual mesocosm at a routine migraspeed (tab. 4.2), which is

about 40 % less than the maximum jet speed usescape attacks

Diel migration

Diel migration is modelled using target isolumes, far copepods (chapter 3).
During the day a squid keeps to a depth at whigdiance is low enough to reduce
the risk of being eaten (Eq.l11.28) This depth is a function of squid visibility.
Squid visibility is determined by its size and asertdiirradiance. During night-time

squid ascend the water column swimming at its neusipeed.
Foraging

Prey attack is elicited by visual stimidli The impossibility of implementing lunar
phase in the current version of VEW meant thatrdpriight-time squid are unable
to detect the prey and feed. Predator-prey eneowtcurs during the day (from
dawn until dusk) as they both migrate in the virtoeesocosm in search of their

target isolume (EQ.111.23).

4.1.2.4.3 Ingestion

Ingestion is based on gut capacity as for copefatster 3).
Size specific ingestion

Post-hatching squids feed on all stages of copepmdsept for pellets, dead and

over-wintering copepodd

14 Zeidberg, 2004

15 Zeidberg, 2004

1811 situ observations in Monterey Bay on the disttibn of L. opalescenparalarvae revealed that
diel migration starts immediately after hatchingeifberg and Hamner, 2002). Paralarvae are
vertically distributed above 80m, with the maximaoncentration occurring at 15 m during the night
and 30 m during the day (Okutani and McGowan, 1Z&&lberg and Hamner, 2002).

" Boletzky, 1974.

'8 The diet during the post-embryonic phase is retstli to specific prey. The prey size changes as
the individual grows. Very young planktonic cepipds attack prey of approximately their own
size (Boletzky, 1974b) and are only successfulaptaring relatively slow prey such as crustacean
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Maximum ingestion rate

Max ingestion rate is a function of the volume af got yet filled with prey (i.e. gut
volume minus the volume of food in gut and notipgested (Eq.!11.28Y.

Efficiency of prey capture

Mastery of copepod capture is a skill that is acgplin an experience-dependent
manner early in post-hatching life and is a functaf ML?°. The velocity of the
prey is another factor affecting the efficiencycapture, in relation to the swiftness
of the predator. Hunting efficiency is modeledaatunction of the ratio of squid

ML and the stage-specific copepod maximum swimnsipeed (Eq.111.27).

Ingestion rate
Ingestion rate is a function of prey visibility £si and ambient irradiance), predator
hunting efficiency, prey stage specific speed a@faps, prey concentration squid

gut volume and fullness (Eq.111.29-33).

4.1.2.4.4 Gut processes
Gut volume

Gut volume increases proportionally to mantle langhd so does its feeding
potential (EQ.111.46).

Gut content

Gut content represents the volume of prey in the duincreases by feeding and

decreases by digestion and egestion (Eq.1I1.47-@8pepod carapace is discartted

larvae and copepods (Boletzky, 1974a)Loligo opalescenseared in laboratory during the first 60
days after hatching selected copepods less than #énength (Yanget al,1983). As maximum
prosome length is 2.4 mm, squid are capable ofrigezh all stages of copepod.

19 A regulation of the quantity of food eaten is pmtsin all cephalopods. They all reject any excess
food. It is impossible, by offering food, to oveefd experimentally a cephalopod (Koueta and
Boucaud-Camou, 2001).

20 Mastery of copepod capture develops progressivelyiminating for L.opalescens by
approximately 40 days post-hatching in adult-likeeyp capture behaviour (Chest al, 1996).
Absolute attack speed increases in proportion to(®thenet al, 1996)

%L There is no clear evidence of a relationship betwgrey density and survival af opalescens
One experiment compared the survival rate.adpalescensaised with twice as much food per squid
than another experiment, and survival rate wasiggificantly different (Yanget al, 1986).

However, another study reported that increasing plensity increases the incidence of encounter
between predator and prey (Vidal al, 2002). In the latter experiments prey densityenefell
below 50 preyt (50 x 16 prey m®).
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Digestion

Digestion duration is highly influenced by temperat®. Digestion rate doubles

with an increase of PC over a reference temperatifre Rate of digestion is

assumed to decrease exponentially with fineThe rate of digestion (volume of
food, protein, lipid digested per hour) is a fuoatiof temperature, time since last
fed and size of meal (fig. 4.5, Eq.111.35-36).

Digestion as function of temperature

~ 100
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Fig.4.5 — Digestion rate as a function of tempe®aand time since feediffy

Assimilation

Assimilation rate for lipid and proteins is a fixeatio of the digested rate of each
(EQ.111.37-39). Assimilation efficiency for lipid§50%) is much lower than for
protein (80-95%Y. Unassimilated lipids and proteins are egestethesal pellets
(EQ.111.41-43).

2 young squid are capable of removing exoskeletanstaceans prior to ingestion (Vecchione,
1999; Kasugai, 2001).

%3 The total time necessary to digest a meal varims bne species of cephalopods to the other, and
within the same species it is strongly influencedteémperature (Boucaud Camou and Boucher
Rodoni, 1983).

24 The only study on the effect of temperature oresiipn duration was carried out for the octopus
Eledone cirrhosgBoucher-Rodoni, 1973). The digestion lasted 16r&i@t 20°C, 20 hours at 15°C
and 30 hours at 10°C (Boucher-Rodoni, 1973).

% The rate of digestion is very high at the begigramd then slows down gradually (Wallateal,
1981). The rate of food digested represents ayfawhstant percentage of the quantity ingested and
decreases with time after feeding (Boucher-Rodt®#ir5).

26 Comparable results of digestion time with Karpow &Dailliet, 1978, in whichL.opalescens
completes digestion of a meal digestion at 18°@biout six hours.

27 O'Dor at al., 1984; Lee 1994.
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4.1.2.45 Respiration

Respiration is a heterogeneous process, whose asepaiomponents vary
independent8?. Respiration rate (Eq.I11.50), expressed in dabper hour, is the
sum of the costs associated with maintenance (basshbolism), newtissues
production (Specific Dynamic Action, SDA) and mowam Basal respiration is a
function of the size of the squid and temperat@& I(.51)*°. SDA is proportional
to the energy of lipid and protein assimilated (E&2)*°. Swimming cost is a

function of the animal size, swimming speed ancewdensity (Eq.!11.53-57}.

4.1.2.4.6 Energetics

During the first few days after hatching metabalasts are covered by the energy
provided by the yolk (Eq.I1.25-28). When the yolk sac is completely exhausted,
lipids are used preferentially to cover metabolasts over proteins (Eq.ll1.58-
603)>.

4.1.2.4.7 Recruitment

Recruitment occurs when a paralarva reaches a MLmoft. 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 yédeding rate was below 10% body
weight for 3 day® or if its carbon pool falls below three quartefstee maximum

obtained carbon pool (App.111.5.10).

8 Wells and Clarke, 1996

29 O’Dor et al, 1986

% perry, 1983

L O'Dor et al, 1986

%2 Bouchaud and Galois, 1990; Vidatlal, 2002.

%3 Wells and Clarke, 1996.

% ForL. opalescenghe mastery of copepod capture develops progedgsculminating by
approximately 40 days post-hatching in adult-likeypcapture behaviour.(Chenal, 1996).
Different studies reported different ML fbr opalescenseared in tanks forty days after hatching:
6mm at 17-18C (Chenret al, 1996), 8 mm at 15-2T (Hurley, 1976) and 10 mm at’I5(Yang et
al, 1986).

% LaRoe, 1971.
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4.1.2.4.9 EXxcretion

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

metabolic costs or when the ratio of nitrogen toig@in is exceeded (Eq.l11.44-45).

4.1.2.4.10Egestion

Unassimilated food is expelled as a faecal pels.1(1.41-43). In absence of

information, the pellets are assumed to sink arstant rate of ten metres per hour.

4.2 Visual top predator
LERM-ES visual top predators represent a populatidargerLoligo forbesii
4.2.1 Exogenous equations

Loligo forbesiijuveniles (15 mm ML) grow at a rate of 2% of itamtle length
(ML) and feed on the explicit squid population urttiey reach 40 mm ML
(Eq.IV.1).

They are present from thé' April until they reach 40 mm ML (<1August). The
mortality rate of the predator population is assdrefollow a negative exponential
function of the time of the year (Eq.IV.2). Evergay the concentration of predators
is set back to its initial value. The concentratmithese 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 theimam daily percentage of

body weight that can be consumed (Eq.IV.5). Maximogestion rate is therefore a
function of the weight of the predator and the \meigf the prey. Ingestion rate
depends on the concentration and visibility of preyd ambient temperature
(Eq.IV.6) The visibility of the prey is determindy the ambient irradiance and the
surface area of the prey (fig.4.6). Ingestion reéem never exceed maximum

ingestion rate.
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Predator
weight T
v v
MAX INGESTION RATE > INGESTION RATE
Prey Prey conc Prey Prey
weight visibility speed

Fig. 4.6 — Predator ingestion rate, internal artéremal controlling factors

Faecal pellets

A pellet, containing all the nitrogen and carbogasted, is released every timestep.
As it sinks at a constant speed of 10 minis remineralised by an implicit bacteria
population, following the rule for copepods in LERR& (chapter 3). The rate of

pellets remineralisation is temperature deperident

4.3 Particle management
4.3.1 Squid

Squid particles are initialised as spawning, whioseaigration is being controlled
exogenously as an event. Each particle represesisgle spawner. As an initial
scenario there are 300 particles in total at a rdegt fifty metres. Particles
representing paralarvae are never split or merdedad squid and pellet particles
are merged so that there can only be one particeach 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 exiseestage, with a subpopulation of 30
individuals per particle. There is one particle peetre between 0-100 m, for a total
of 100 particles. Particles in the existence s@genever split or merged. Faecal
pellets, released as a new agent, are immediatiged with the other pellets in the

same layer.

% Heath et al, 1997
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CHAPTER 5 — NUMERICAL EXPERIMENTS

The first group of the numerical experiments pregidhe pre-requisites for the
project: to prove that LERM-ES achieves multi-yestability and that the
Lagrangian Ensemble method can be used successfuligst Cushing’s match-
mismatch hypothesis (fig.5.1). This is done infti®wing stages:

1. first, showing that after 15 years VEs converge dn attractor

independently of initial conditions;

2. then, testing the ergodicity of the VE.
The successive series of experiments explore tinsitséty of recruitment to
different exogenous scenarios, in particular charnge

1. nutrients load,

2. abundance in competitors for food (basal predator),
3. predation,
4. spawning magnitude,
5. spawning time.
1
( Stage 5 algnis of last yea|:r
Stage 4 nalgsis of last yea:r
e °
Sensitivity < Stage 3 analyditast 10 years
[ °
Stage 2 analyditast 10 years
[ °
Stage 1 analyditast 10 years
~ ¢ o |
Stage 2 analydfilast 8 years
° Stability | o
_Stage 1 5 years transient  analysis of tsiella years

€ 25 years ----------m-mmmomoomooo >

Fig.5.1 — Numerical experiments
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Community
All numerical experiments in this thesis were perfed using the LERM-ES

community (fig.5.2).

s >
N > P >z <:
BF

fig.5.2 — LERM-ES: N: Nutrients , P: Phytoplanktah,Zooplankton, S: Squid paralarvagp:
background predatoend VP: visual predators

5.1 Stability experiments

5.1.1 Stage 1 — Does LERM-ES at the Azores have a ¥Eishon attractor after

15 years?

This was tested by running LERM-ES for 25 yearshwiive different initial
concentrations of P and Z to see if the VEs adfast stable attractor that is

independent of initial conditiohs

Initialisation

The initial chemical concentration for chemicalsswderived from the NOAA
Ocean Atlas (2002). Plankton populations werdalised using the Azores WB
ecosystem attractor, tab.5.1 (Wooels al, 2005). Squid initial population was
composed of 300 adults, represented by 300 agents.

In. state | Agents per| Ind. agent | Top depth| Bottom Date
layer depth
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

! Previous work has proven that virtual ecosystereated under the aegis of the LE metamodel can
be intrinsically stable (Woodst al., 2005). A community is defined stable, or on ativa, if the
inter-annual variation of species biomass or deayoigy is lower than the demographic noise. This
condition being reached after an initial transipetiod, and the population gets in balance with its
ambient environment independently of initial corait.
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The test of stability is that the annual cyclegta plankton populations should be
insensitive to initial conditions. This was testadrepeating the base run, with four
different initial P and Z concentrations (tab.5.2).

Initial P and Z vertically integrated concentration
Experiment P (ind ni) Z (ind m?) Symbol
BASE RUN 2x10° 6,000 1o
F
P0522 1x10 12,000 E
P
P272 4x16 12,000 9
P05Z05 1x18 3,000 ] E
P2Z05 4x10 3,000 ] j

Tab.5.2 — Numerical experiments to test for stgbili

Location

Fig. 5.3 — Experiments site

The virtual mesocosm is anchored at a fixed loocatiorth of the Azores, 4N,
27°W (fig.5.3). This is a familiar location (Wood4 al, 2005), which was chosen
as it lies close to the trans-Atlantic line, where 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 statigreemnual cycle of external forcing,

derived from Bunker climatology (Isemer and Had887).

Physics

The physical model comprised solar radiation im2¥ebands, Morel optics and

Woods-Barkmann mixed layer model (Woods and Barkm&@86).

Experiment

The experiment is initialised on th& &f January and run for 25 years. On th& 10
April of each year a batch of squid eggs are rel@as the virtual mesocosm by an

exogenous population of spawning adults.

Logging

Analysis of the last 10 years of the simulatiompéformed on the ecosystem on
attractor.
The variables logged are divided into 8 categaiaslisted 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)
Number of agents
Physical environment
Chemical environment
VE variability on the 1 Jan
Timing of maximum D and C biomass and squid eggshirag

© N o 0o A~ W

Audit trails (life history of individuals)
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A S
1-y Zprot Ft-------- > SPFOt
P >
PingZ N Zip [ ZneS b Sip

---------|-----|

N

& _
[os]
T

¢---------

(o8]
av)

Fig. 5.4 — Carbon transfer along the trophic chdt diatom carbon biomass (mmol C3n PingZ: transfer of
diatom carbon to copepodg; copepod stage-specific allocation of ingestedaarto lipid;Z: copepod carbon
biomass (mmolC f); Zyor. cOpepod protein biomass (mmoIC'Z)nZ"p: copepod lipid biomass (mmolC “in
ZingS andz;,(BP : transfer of copepod carbon to squid and Bpeas/ely;S squid carbon biomass (mmolC™ m
2, Sorot: SQuid protein biomass (mmolC n Sip: squid lipid biomass (mmolC A SngPred: transfer of squid
carbon to VP. BP: background top predator; VP: alidgap predator. Dotted lines represent the redatimnount

of lipid and protein transfer.

Analysis
Variables units ly 10y
la | P,Z,S,R ind m* * *
1b Rng: Pstarve ZingS, ZngBP, Zstave SngPred, Sare ind m2ts?® * *
2a | P, Z Zuos Zips S Soron Sip mmol C n¥® * *
2b | PingZ, ZingS, ZprotingS: Zip-ingS, ZingBP, ZororindB P, ZipingBP, SngVP, | mmol C ni ts? * *
SorotingPred,Sip-ingPred
Pag Zag Sig # agents * *
N, Si mmol N,Si n¥ * *
N[0], Si[0] mmol N,Si m? *
5 T[O], Irr[0], MLD °C, Wm? m * *
6 P, Z,P, Z, Zyot, Zip, Pag Zag MLD, N[O], Si[0], T[O] *
7 MaxP, Date Ma®, MaxZ, Date Ma¥, MaxZyo, MaxZ;,, Date *
Shateh R
8 Squid Audit trails *

Tab. 5.3 — Variables logged. Where P, diatomp@pepod; S, squid; R: squid in stage 7 (recruitgd)
background predator; VP, visual predato, XX individuals ingested; Y, X individuals ingested by Y;
Xsave X individuals dead by starvations: X biomass, X, X protein biomassX;,: X lipid biomass X
number of X agents; [0] surface value; N and 8talt nitrogen and silicon in mesocosm (dissolved +
particulate); T[0], sea surface temperature; fradiance; MLD depth of mixed layer.

Requirements

Total integration time (at a rate of 3 hours pendated year) is about 75 hours on
one Intel Pentium 4 (2.8 GHz) processor produchmua6 GB of data.
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5.1.2 Stage 2 — Testing the ergodicity of the wral ecosystem
Location and external forcing

Same as in stage 1.

Experiment

Stage 2 is concerned with assessing if the sysdeengodic or not (i.e. it is ergodic

if there is no significant difference between tmger-annual and inter-instance
noise). This is done by repeating the final eiggdirs of stage 1 eight times, each
with a different random seed (an ensemble of aighg).

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 perwdated year) is about 40 hours per

run on one Intel Pentium 4 (2.8 GHz) processor pcod) about 2 GB of data.

5.2 Sensitivity experiments

5.2.1 Stage 1 — Sensitivity of recruitment to a emge in mesocosm dissolved

silicate and nitrogen load
Location and external forcing

Same as in stage 1, but with a event that doulies dissolved chemical

concentration in the mixed layer on th&Jan of the first year.
Experiment

This experiment aims to assess the sensitivityjoidsrecruitment to variation of the
nutrients load of the ecosystem, which limits priynaroduction.

The experiments involve re-running the last 15 geaf stage 1, doubling the
dissolved silicate concentration above the turlmec(~ 0.6 mmol Si i) on the f

January of year 10 (2015). The maintenance oftdestd January dissolved silicate
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concentration above in the mixed layer for the sasive years is provided by the
chemical conservation rule described in Appendix TWe same procedure was

repeated doubling the dissolved nitrogen conceatrgt 4 mmol N rit).

Logging

Analysis of the last 10 years with the VE on atiwacincluding all variables logged

in stage 1.
Requirements

Total number of runs required: 2 (15 years). Tatggration time (at a rate of 3
hours per simulated year) is about 90 hours on loted Pentium 4 (2.8 GHz)

processor producing about 12 GB of data.

5.2.2 STAGE 2 - Sensitivity of recruitment to abudance of basal predator
Location and external forcing

As in stage 1.

Experiment

This experiment investigates the sensitivity ofrugment to variation of inter-
population competition for food. The simulatiostats from year 10 {1Jan 2015)
of the base run with double the initial concentmatdf basal predators feeding on
copepods from 3000 to 6000 ind’m

Logging
Analysis of the last 10 years after the VE has eoged 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 perwdated year) is about 45 hours on
one Intel Pentium 4 (2.8 GHz) processor produchmua6 GB of data.
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5.2.3 STAGE 3 - Sensitivity of recruitment to prdation
Location and external forcing

As in stage 1.

Experiment

The first experiment investigates the sensitivitysguid recruitment to variation of
predator pressure directly on the squid populatidhis is done by repeating the last
15 years of stage 1, doubling the visual predatibial concentration from 3000 to
6000 ind nt.

Logging

Analysis of the last 10 years after the VE has eoged 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 perwdated year) is about 45 hours on
one Intel Pentium 4 (2.8 GHz) processor produclnoua6 GB of data.

5.2.4 STAGE 4 - Sensitivity of recruitment to gawning magnitude

This set of numerical experiments focuses on ingashg the effect of spawning
magnitude on recruitment success, to investigae#uses of the possible density-
dependent effect discussed by Agreval. (2000).

Location and external forcing
As in stage 1.
Experiments

This is done by repeating the last year of stagecfieasing the number of eggs
being laid annually, from 100 to 7007n
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Logging

Analysis of one year restarted from the last ydathe base run, with the VE on

attractor. Logging includes all variables loggediage 1, except audit trails.
Requirements

Total number of runs required: 7 (1 year).
Total integration time (at a rate of 3 hours pendated year) is about 21 hours on
one Intel Pentium 4 (2.8 GHz) processor produclmoua4 GB of data.

5.2.5 STAGE 5 - Sensitivity of recruitment to gawning date

This stage focuses on the numerical experimentsstoCushing’s match-mismatch
hypothesis in the context of the Lagrangian Ensemi#tamodel.

The day of maximum prey biomass is an emergentgotpf the simulation. Also
the day of squid hatching,Dis emergent and function of day of spawning, &hd

the temperature at which eggs are incubated.

Location and external forcing
As in stage 1.

Experiments
This set of numerical experiments is designed $b ttee hypothesis that there is a
correlation between recruitment and the differeinceme between squid spawning

date, I3, and the date of maximum prey biomass(fi).5.5).

Numerical
4 experiments

v

Ds - Dp

Fig.5.5 — Hypothetical match-mismatch curve
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In all previous experiments, squid eggs were lgicab exogenous spawning stock
as an event on day 100 [(1QApril) every year. In this experiments, fifteen
repetitions of the last year of the base run wallbade with eggs being laid at four
days interval from day 88 (2qMarch) to day 144(2%May).

Logging
Analysis of 1 year, including all variables logged stage 1, and audit trails,
describing the life histories of one recruiting am non-recruiting squid.

Requirements

Total number of runs required: 15 (1 year).
Total integration time (at a rate of 3hours perwated year) is about 45 hours on

one Intel Pentium 4 (2.8 GHz) processor produclmoua9 GB of data.
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CHAPTER 6 — RESULTS'

6.1 Base run

Model: LERM-ES Location: Azores (44 27°W)
Duration: 25 years Forcing: Bunker climatology
Analysis: last 10 years
Initial state | Agents| Ind. agent | Top depth | Bottom depth Date
Diatom Living 4000 50000 0 200 1 Jan 2005 6am
Copepod Oow4 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 6gm
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 properieagainstZ and Z against S
biomass or abundance) of the VE are plotted agaimsther on the #8May at
6am: (biomass: fig.6.1-6.6; abundance: fig.6.7-5.12

2. analysis of inter-annual variability of P,Z,S aRg,Son the 28 May at 6am

for the whole 25 years and for the last 10 yeatemthe VE was on attractor.
For all experiments, comparing the Poincaré mapdimmass and abundance on
the 28" May for the whole 25 years (biomass fig.6.1, 6.3; demography: fig.6.7,
6.9, 6.10) with that observed in the last 10 ye@®mass 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 attra@s shown by the reduced
variability in both biomass and abundance of the iWEhe 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 experimeis variability from the inter-
annual mean was small and below:

a. 3.7% forP, 8.6% forZ and 11.3% fof5 (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 indepengefihitial conditions.

! The symbols P, Z, S amjZ,Srefer to the Phytoplankton, Zooplankton and Squgigulations
abundance and biomass respectively.
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6.1.1.1 Poincaré plots of vertically integratethiomasses

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
P222 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

P2705 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 —DiatomR); Copepod Z); Squid € on 28" May at 6am (mmolC f)

Base run
a) BASE- Pand Zbiomess (P, Z ) on28th May b) BASE- Z and Sbiomess (Z,S ) on28thMay
200 8
7
< B0 zL© < 6 z| O
S P o 5 P
S 10 g a
E E 3
N 50 w2 %
1
o ; ; ; ; o ; ; ;
250 300 350 400 450 500 o 50 100 150 200
P (mmolC m?) Z (mmolC m?)
Fig.6.1 -P, Z andS vertically integrated biomass on thé"2@ay at 6am forll 25 years
a) BASE- Pand Z biomress (P,Z ) on28thMay b) BASE- Z and Shiomness (Z,S ) on28thMay
200 5
. z| O a4 z| O
‘?‘E 150 NE
Q P o 3 P
o o
E DO £
£ A g 2 L
N 50 wn 1
0 . . . (0]
300 350 400 450 500 Y %0 100 B0 200
P (mmolC m?) Z (mmolC m?)

Fig.6.2 -P,Z andS vertically integrated biomass on thé"2@ay at 6am for théast 10 years
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Runs initialized with half and double the P and Z oncentrations on the ' Jan

PO5Z2 - Pand Z bionmess (P, Z ) on28thMay
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P2Z2 - Pand Z bioness (P, Z ) on28th May
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300 350 400 450 500

P (mmolC m?)

P0O5Z05 - Pand Z biomess (P, Z ) on28th May

C)

d)

P2Z05- Pand Z bioness (P,Z ) on28thMay
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Fig.6.3 —P andZ vertically integrated biomass on thé"28ay at 6am foall 25 years

a) PO5Z22 - Z and Shionmess (Z, S ) on28thMay b) P2Z72 - Z and Sbioness (Z, S ) on28thMay
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Fig. 6.4 -Z andS vertically integrated biomass on thé"2@ay at 6am foall 25 years
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a) PO5Z2 - Pand Z bioness (P,Z ) on28th May b) P2Z2 - Pand Z bioness (P,Z ) on28thMay
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C) PO5Z05- Pand Z biorress (P,Z ) on28thMay d) P2705- Pand Zbiomess (P,Z ) on28thMay
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Fig. 6.5 -P andZ vertically integrated biomass on the"2@ay at 6am for théast 10 years

a) PO5Z2 - Z and Sbionmess (Z,S ) on28thMay b) P272 - Zand Sbiomess (Z,S ) on28thMay
5 5
4 z e 4 zZ
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tE) 3 P o ° P
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[0} 50 100 150 200 0o 50 100 150 200

-2
Z (mmolC m?) Z (mmolC m™)
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Fig.6.6 -Z andS vertically integrated biomass on thé"2@ay at 6am for théast 10 years
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6.1.1.2 Poincaré plots ofvertically integrated concentrations

Experiment | Duration Abundance Ave s.d. % Var
BASE 25 YRS P 2.0x18 1.3x10 6.3
z 25546.7 3806.4 14.9
S 11.6 1.9 16.1
LAST 10 YRS P 2.0x10° 6.0x16 2.9
Z 24823.8 2655.6 10.7
S 11.6 1.5 13.0
P0572 25 YRS P 2.2x18 1.5x10 6.9
Y4 29682.5 4657.0 15.7
S 12.00 3.1 26.1
LAST 10 YRS P 2.1x10° 8.2x1¢ 3.8
Z 29028.6 3772.8 13.0
S 11.9 1.5 12.8
P272 25 YRS P 2.0x18 2.0Ex16 9.7
Y4 27503.7 6124.9 22.3
S 12.5 3.5 27.8
LAST 10 YRS P 2.1x10° 8.1x1¢ 3.9
Z 27224.8 2147.3 7.9
S 11.8 1.5 12.9
P05205 25 YRS P 2.0x19 7.5x10 3.7
Y4 24868.6 2677.8 10.8
S 11.2 1.8 16.1
LAST 10 YRS P 2.0x10° 9.0x1¢ 4.4
Z 25664.5 3206.9 12.5
S 10.8 1.6 14.9
P2Z05 25 YRS P 2.1x18 1.1x10 5.0
Y4 27189.2 3093.6 114
S 11.5 1.2 10.2
LAST 10 YRS P 2.1x10° 6.1x16 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) ol Ry at 6am (ind Mm):
Base run

BASE- Pand Z conc on28thMay BASE- Zand Sconc on28thMay

a) b)

50000 50

40000 | z| O 407 z| O
< s 301
E 30000 | P e P
2 2 201
N 20000 | Pa— ‘@»‘

10000 0

150E+10 175E+10 2.00E+10 2.25E+10 2.50E+10 2.75E+10 10000 20000 30000 40000 50000
P (ind m?) Z (ind m?)

Fig. 6.7 — P,Z and S vertically integrated concaiun on the 28 May at 6am foall 25 years

a) BASE- Pand Z conc on28thMay b) BASE- Zand Sconcon28thMay
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Fig. 6.8 — P,Z and S vertically integrated concatian on the 28 May at 6am for théast 10 years

69



Matteo Sinerchia CHAPTER 6 — RESULTS

Runs initialized with half and double the P and Z oncentrations on the ' Jan

a) PO5Z2 - Pand Z conc on28thMay b) P2Z2 - Pand Z conc on 28th May
50000 50000
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C) PO5Z05- P and Z conc on 28th May d) P2Z05- Pand Z conc on28thMay
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Fig. 6.9 — P and Z vertically integrated conceitrabn the 28 May at 6am foall 25 years

a) PO5Z22 - Z and S conc on28thMay b) P2Z2 - Z and Sconc on 28th May
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Fig. 6.10 - Z and S vertically integrated concetitraon the 28 May at 6am forll 25 years

70



Matteo Sinerchia

CHAPTER 6 — RESULTS

PO5Z2 - Pand Z conc on28thMay
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Fig. 6.11 - P and Z vertically integrated concetitraon the 28 May at 6am for théast 10 years

PO5Z2 - Z and S conc on28thMay P2Z2 - Z and Sconc on28th May
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Fig. 6.12 - Z and S vertically integrated concetitraon the 28 May at 6am for théast 10 years
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6.1.1.3 Error distribution around the mean

Sample data foP,Z,Sand P,Z,S on the #8Vlay of the last 10 years of the five VEs
on attractor =50) were standardised by subtracting the sampknnaed dividing
by the sample standard deviation and distributed8rbins (tab.6.4). These were
plotted against a normal distribution (fig.6.134.1 A chi-squared test was
performed to assess whether the errors were norrdatributed, and the results
showed that, for all the variables considered gtiners 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) 43 2 2 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
e 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,2.Z,S. Each bin represents a half s.d. range.
Gaussian represents the expected normal distribugdand significance report how well the
observed values approximate a normal distributidrere 1 indicates normal distribution.

Errors forZ and P were almost perfectly normally distributeigr{gicance of chi-
test for normal distribution 0.99 and 0.97 respatyi), whileP, S Z and S showed
slightly larger tails than a normal distributionig(6.13-6.14). The fatter tails,

however, are not the product of a single VE, buV&ls contribute.
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Fig. 6.13 - Error frequency distribution (%)

Fig. 6.14 - Error frequency distribution (%)
of P,Z,Son the 28 May.

of P,Z,S on the Z8May.
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6.1.2 On attractor (last 10 years)

Fig.6.15-6.56 illustrate the VE from the period Q2030 (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? 9.1x1d° 1.5x10 1.7
Z ind m? 156087.6 10313.1 6.6
Com ind m?> 7935.8 344.4 43
IS ind m? 140.7 4.7 3.3
SHD h 3256.0 0.9 0
R ind m2yr? 3.96 0.48 12.2

Tab. 6.5 - Average value, s.d. and percentageti@ritom the mean. Where:

P: Max vertically integrated P concentration; Z:XMeertically integrated Z concentration;
Cow : Max vertically integrated concentration of oweintering copepods; S: Max vertically
integrated S concentration; SHD: Hours sintddn when squid hatching occurs.

R: vertically integrated total number of squid thedched stage 7.

6.1.2.1.1  Vertically integrated concentration of plankton

Fig.6.15-6.19 show the vertically integrated concdions of the plankton
populations on attractor. Diatom had an averagai@nmaximum concentration of
9.1x103° ind m? (s.d. 1.5x1®ind m% percentage variation from the mean was 1.7;
tab.6.5). Fig.6.15b shows the annual demographihetiiatom population. It can
be seen that the population reached its peak byApid. After that, it started to

decline. It showed smaller peaks in the periocediuly and September-October.

a) . b)
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Fig. 6.15 - Vertically integrated P concentratiamd(ni?).
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Copepod population in spring was composed exclliysivg copepods that entered
over-wintering in the previous summer (fig. 6.16d)eir average concentration as
over-wintering was 7,936 ind m(s.d. 344 ind i; percentage variation from the
average = 4.3%; tab. 6.5). The average annual jpeaspepod concentration was
about 156,000 ind t(s.d. 10,300 ind iy percentage variation from the average =
6.6%; tab. 6.5). Every year over-wintering copepetherged from diapause on the
15" March and reproduced between thd Bhid 14' of May. All over-wintering
copepods had already left the surface water by Julg. The population of non

over-wintering copepods survived until the begignif September.

DDDDDD a) e b)

nnnnnnnnnnnn
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nnnnnnnnnn

Fig. 6.16 - Vertically integrated Z concentrati@tack:all stages; red: over-wintering) (ind®m

The annual maximum concentration in squid (fig7Was 161 ind M(s.d. 3.7 ind
m?; percentage variation from the average = 3.3%:;6dk). Every year eggs were
injected in the water column on the™Bpril and hatching started on the"LMay
every year (fig.6.17 and tab.6.5). The averageuahrecruitment between 2020-
2030 was 4.0 ind fhyr? (s.d. 0.5 ind i yr'; percentage variation from the mean
of 12.2%; fig.6.19a and tab.6.5). Recruitment omxliwithin the first week of June
(fig. 6.18b). The vertically integrated concetitra of top predators is exogenous
(fig.6.19). The vertically integrated concentratioh visual predators feeding on
squid decreases with time, while that of basal gt@dfeeding on copepods does not

vary in time.
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Fig. 6.17 - Vertically integrated concentrationsofiid (S1-S6) (ind i)
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Fig. 6.18 — Annual squid recruitment (ind“mr™)
a) 3500 b)

3000

2500

2000

1500

1000

0
01Jan 31Jan O3Mar 02Apr 02May 02Jun 02Jul 02Aug 018ep 020¢t Of Nov 01 Dee 01Jan

01Jan 31Jan O3Mar 02Apr 02May 02Jun 02Jul 02Aug 01Sep 020ct 01Nov 01Dec 01Jan

Fig. 6.19 — Parametrised top predators verticallggrated concentration (ind%n
a) Visual predator feeding on squid; b) basal piad@eding on copepods

76



Matteo Sinerchia CHAPTER 6 — RESULTS

Fig.6.20-6.21 illustrate the stability of the ece®m. Every year the vertically
integrated concentration of diatom and copepod particular day was very similar
in all ten years analysed (fig.6.20). The verticahtegrated concentration of
copepod in relationship with vertically integratedncentration of squid shows

some variation in the copepod concentration on dhg squid eggs hatched

(fig.6.21).

BASE - Vertically integrated diatom and copepod concentration
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Fig. 6.20 — Poincaré map showing vertically intégglaconcentration of diatom and copepod every
day at 6am from*®1Jan 2020 to $iDec 2029.
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Fig. 6.21 — Poincaré map showing vertically intégglaconcentration of copepod and squid every day
at 6am from 18 May to ' 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?yr* | ind m?yr? ind m?yr? ind m?yr?! ind m?yr? ind m?yr? ind m?yr?!
2020 1.1x18" | 190846.1 197983.6 295.6 2.0%10 7092.4 0.0
2021 1.1x18" | 153530.5 221294.2 296.4 1.9%10 7125.2 0.0
2022 1.0x18" | 168305.7 209281.7 296.0 2.0%10 5763.7 0.0
2023 1.0x18" | 160264.4 200598.4 295.7 1.9%10 6271.0 0.0
2024 1.2x18 | 168141.4 225335.6 296.0 2.0%10 8063.0 0.0
2025 1.0x18 | 145379.0 233250.0 297.2 2.0%10 6880.8 0.0
2026 1.1x18" | 156258.2 217359.9 296.0 2.0%10 6691.3 0.0
2027 1.1x18" | 163381.7 229086.0 295.5 1.9%10 6748.4 0.0
2028 1.1x18" | 160108.8 224364.8 296.2 1.9%10 7655.4 0.0
2029 9.7x18 | 124739.8 251190.4 295.8 1.9%10 5952.3 0.0
Ave 1.1x13* | 159095.6 220974.5 296.0 2.0x10? 6824.3 0.0
s.d. 6.3x10 17006.5 15824.2 0.5 2.9x10 715.4 0.0
% var 5.9 10.7 7.2 0.2 15 10.5 0.0

Tab. 6.6 — Causes of mortality. Where: PingZ at®ins ingested by copepods;

ZingS = Copepods ingested by squid; ZingBP = @ogs ingested by basal predator;
SingPred= Squid ingested by visual predator; RetarDiatoms died of energy starvation;
Zstarve = Copepods died of starvation; Sstarveguidsdied of starvation.

Table 6.6 summarises the causes of mortality df @apulation annually. It shows
the total number of individuals lost to predatiardastarvation each year, between
2020-2030 (year 16-25), with the average, standi#ediation and percentage
variation from the mean during this period. Onrage, 1.1x18 diatoms rif get
ingested by copepods every year (s.d.= 6.3xdiatoms nf yr'; percentage
variation from the mean = 5.9%), and 2.0¥1@iatoms nf yr' are lost through
energy starvation each year (s.d. = 2.9xdidtoms nf yr'; percentage variation
from the mean = 1.5%). The average number of coge@nnually ingested by
squid is about 160,000 fyr! (s.d. = 17,000 copepods™m yr'; percentage
variation from the mean = 10.7%), while those ingesy basal predator is about
221,000 nif yr* (s.d. = 15,800 copepodsimyr’; percentage variation from mean =
7.2%). Every year about 6,800 copepod$ die of starvation (s.d. = 715 copepods
m? yr'’; percentage variation from the mean = 10.5%). thlity of squid is caused
exclusively by predation by visual predators. (rerage 296 squid fhare eaten

annually (s.d. = 0.5 squid fryr’’; percentage variation from mean = 0.2%).

78



Matteo Sinerchia CHAPTER 6 — RESULTS

Predation

Fig. 6.22-6.25 show the instantaneous mortalitg dhie to predation. Every year
diatoms are grazed between the end of March anddbmning of September, with

a peak in diatoms consumption in mid-May (fig.6.22)
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Fig. 6.22 — Diatoms ingested by copepods (inttst)

Predation on copepods is concentrated in the péedadeen mid-May and the first
week of June (fig.6.23-6.24). The maximum instaatas rate of copepod predated
was about 25,000 copepod& mer half-hour timestep by squid (fig.6.23) andw@tbo
7,000 copepods fper timestep by basal predator (fig.6.24).
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Fig. 6.23 — Copepods ingested by squid (intitst)
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Fig. 6.24 — Copepods ingested by basal predatdm(inhts™)
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Fig. 6.25 — Squid ingested by visual predator (mts®)

Year S1 S2 S3 S4 S5 S6

2020 203.3 83.7 6.5 13 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 15 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 predatio

Squid mortality due to predation occurs throughiet period of squid permanence
in the mesocosm (mid-May to th& Week of June), with a peak soon after hatching
(fig.6.25). Looking at the squid stage-specifieiaal mortality due to predation, it
can be seen that it is highest on the newly hat@kdaquid, and it progressively
decreases in successive stages (tab.6.7). Squidtneent is perfectly correlated to

the number of squid eaten annually by the predator.
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Starvation

Fig. 6.26-6.27 show the instantaneous mortalitg tate to starvation. Diatoms died
of energy starvation throughout the whole year. @g6), however their mortality
peaked between mid-March to mid-May, July to Augaist October-November.
Copepod died of starvation mostly between mid-Atigosmid-September, with

some deaths due to starvation occurring also duNogember (fig.6.27). As

already said, no squid die of starvation (tab.6.7).
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Fig. 6.26 — Diatom death by energy starvation (mdts™)
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Fig. 6.27 — Copepod death by energy starvationfiids®)
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6.1.2.2 Plankton biomass

Units Ave s.d. % var
P mmol C m? 1696.5 29.2 1.7
PD h 2503.3 17.7 0.7
Z mmol C ¥ 229.4 9.7 2.3
Zprot mmol C 68.5 1.6 2.4
Zlip mmol C m? 160.9 3.7 2.3
Z Jan mmol C ni? 42.6 2.5 5.8
Zprot #'Jan  mmol C n¥ 6.5 0.4 6.2
ZD h 3212.7 9.9 0.3
S mmol C ¥ 9.9 0.4 3.8
Sprot mmol C m? 8.1 0.3 3.6
Sip mmol C m® 1.8 0.1 5.3
SorotD h 3357.6 7.6 0.2
SHD h 3256.0 0.9 0

Tab. 6.8 - Average value, s.d. and percentageti@rifrom the mean. Where:
P: Annual maximum vertically integrated P biomaRB; Hours since % Jan when max vertically
integrated P biomass occubs;Max vertically integrated Z biomass [lipid + peat];
Zprot: Max vertically integrated Z protein biomagtp: Max vertically integrated Z lipid biomass;
Z 1°'Jan: Vertically integrated Z biomass [lipid + i on the 1 Jan;Zprot_T' Jan: Vertically
integrated Z protein biomass on tHedan;ZD: Hours since % Jan when max vertically integrated Z
biomass occurss Max vertically integrated S biomass [lipid + peii]; Sprot: Max vertically
integrated S protein biomas3ip: Max vertically integrated S lipid biomas3protD: Hours since*1
Jan when maximum S protein occurs; SHD: Hours sifickan when squid hatching occurs.

6.1.2.2.1  Vertically integrated biomass of plankton

Fig.6.28-6.34 show the vertically integrated biomakeach population on attractor.
Diatom had an average annual maximum biomass d.568mol C nf (s.d. 29.2
mmol C m? percentage variation from the mean = 1.7%; t&).6Fig.6.30b shows
the annual biomass of the diatom population. i ba seen that the maximum
carbon biomass was reached on th® Agril each year (s.d. 17.7 hours; variation
form the mean = 0.7%). From that date diatom bi@matarted to decline.
Compared to its vertically integrated concentratffig.6.15b), the summer (June-

July) and autumn blooms (September-October) weiegeonounced.
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Fig 6.28 — Diatom total biomass (mmol Cn
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Fig 6.31 - Copepod lipid biomass — all stages (m@\ai?)
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Copepod biomass reached an average maximum anaual of 229.4 mmol C in
(s.d. 9.7 mmol C i percentage variation from the mean = 2.3%; t&bafd fig.
6.29) every year on the ¥3ay (s.d. 10 hours; percentage variation fromrttezn
0.3%). This date also coincides with the beginrohgopepod reproduction. Then,
newborn copepods are fiercely predated. The sepeak in biomass is consists of
surviving copepods that are putting on weight, emnts of lipids, for pre-
overwintering and a mixture of proteins and lipfds non-overwintering copepods
trying to achieve reproduction. Protein biomassstituted about one third of the
total copepod biomass (fig. 6.29-6.31 and tab.6.8).
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Fig 6.32 - Squid biomass — all stages (mmol € m
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Fig 6.33 - Squid protein biomass — all stages (m@hai?)
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Fig 6.34 - Squid lipid biomass — all stages (mmati)

Squid hatched every year on thé"18ay (s.d. 1 hour). The population biomass
increased rapidly to a maximum of about 10 mmol € (®d. 0.4; percentage
variation from the mean = 2.3; tab.6.8), which weached every year on the20
May (s.d. 7.6 hours). Protein constituted over 8fi%he total biomass (Fig. 6.32-
6.34 and tab.6.8).

Fig. 6.35-6.36 provide further proof of the stalilbf the ecosystem. Every year the
vertically integrated diatom and copepod biomassaoparticular day was very
similar in all ten years analyzed (fig.6.35). Thsstrue also for the vertically
integrated copepod and squid biomass on a pantidala(fig.6.36).

BASE - Vertically integrated diatom and copepod biomass

250

200 -

150

100 H

Z (mmolC m?)

50

0 200 400 600 800 1000 1200 1400 1600 1800
P (mmolC m?)

Fig. 6.35 — Poincaré map showing vertically intéggladiatom and copepod biomass every day at
6am from ' Jan 2020 to 31Dec 2029.
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BASE - Vertically integrated copepod and squid biomass
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Fig. 6.36 — Poincaré map showing vertically intégglacopepod and squid biomass every day at 6am
from 15" May to £'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 imggestate for all populations.

Every year copepod ingested carbon from diatomwdssi the end of March and
the beginning of September, with a peak in mid-Mfag.6.37). Squid carbon

ingestion occurred throughout the period of thesrnpanence in the mesocosm,
between mid-May and the first week of June (fig8$.3The carbon ingested by
squid was composed in about equal parts of proteiddipids (Fig.6.39-6.40).
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Fig 6.37 — Carbon ingested by copepods (mmol st
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Fig 6.38 — Carbon ingested by squid (mmol € ts1)
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Fig 6.39 — Protein ingested by squid (mmol € ")
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Fig 6.40 — Lipid ingested by squid (mmol Ciis™)
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Fig 6.41 — Carbon ingested by basal predator feeatincopepods (mmol Cfrts?)
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Fig 6.42 — Carbon ingested by predator feedingguids(mmol C rif ts™)

Carbon ingestion rate by basal predator is conattrbetween mid-May and July
(fig.6.41). By comparing basal predator carbonesipn rate (fig.6.41) and
copepod ingestion rate (fig.6.23), it can be seew mgestion before May and in
July-August brought in more carbon per prey thatha period May-June. Visual
predator carbon ingestion rate was obviously lithite the period of permanence of
squid in the mesocosm and shows a major peak sib@nsguid hatching, and a

second peak starting from the end of May (Fig.6.42)
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Year Pingz ZingS Zprot_ingS Zlip_ingS ZingBP SngPred
mmolC n?yr! | mmolC m?yr! | mmolC n?yr! | mmolC mPyr* | mmolC mPyr! | mmolC nyr?
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 9.4 114 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 56 5.2 6.2 9.5 19

Tab. 6.9 — Carbon transfer through the trophic chaVhere:

PingZ = Carbon ingested annually by copepodisigS = Carbon ingested annually by squid;
Zprot_ingS = Protein ingested annually by squitip_ingS = Lipid ingested annually by squid;
ZingBP = Carbon ingested annually by basal preda@mgPred = Carbon ingested annually by

visual predator.

The amount of carbon transferred from diatoms feepods was on average 2,592
mmolC nmi? yr* (s.d. 107 mmolC i yr; percentage variation from the mean = 4.1
%; tab.6.9). The average carbon transferred alyninaim copepod to predators was
85.4 mmol C rif yr’. Squid ingested 22 mmolChyr? (s.d. 1.2 mmolC i yr’;
percentage variation from the mean = 5.6 %; ta.6f9wvhich about 10 mmolC th
yr! was made up protein. The remaining 63.3 mmol €ym (s.d. 6 mmolC M
yr'': percentage variation from the mean = 9.5 %; tapWas ingested by the basal
predator. Visual predator ingested on averagé &#nolC n¥ yr* from the squid
biomass (s.d. 0.4 mmolC myr’; percentage variation from the mean = 1.9 %;
tab.6.9).

6.1.2.3 Number of agents

The number of diatom agents varied between abd®024,500. On the*1January
the population of diatom was represented by 3,&80fropped to about 3,000 in the
beginning of February and then increased gradualpnnual average maximum of
about 4,700 in the beginning of April. It then dped sharply to the annual average
minimum of about 2,100 agents in the beginning @fyMnd gradually increased to
about 3,600 agents until th& January of the following year (fig.6.43).
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Fig 6.43 - Number of diatom agents
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Fig 6.44 - Number of copepod agents. Red: overewing. Black: all other stages.
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The number of copepod agents increased in May B0t to about 2,000. In the
beginning of June it dropped to 1,800. In the bemig of July it dropped to 1,200,
and eventually to 600 agents in the end of SeptemBeom October to March the
entire copepod population was represented by 680tagfig.6.44). The number of
squid agents in stage S1-S6 increased to 300 irMaidand dropped to zero during
the first week of June (fig.6.45).

6.1.2.4Physical environment

Year 16-25
Units Ave s.d. % var
MLD ,ax m 155.9 4.4 2.8
T min [0] =C 14.5 0.01 0.1
Trmax [0] °C 29.3 0.1 0.3
Si [0] mmol Si m® 1.7 0.1 45

Tab. 6.10 — Surface minimum and maximum averag@éeature and annual average maximum
mixed layer depth, standard deviation and percentagation from the average. Where:
MLD max Annual maximum mixed layer depth;
Tmin[0] and Ta{0]: Annual minimum and maximum average surfaceperature.

Mixed layer depth varied seasonally (fig.6.46) reag its average annual maximum
depth of about 156 m (s.d. 4.4 m; percentage vamdrom the mean = 2.8 %;
tab.6.10) every year in mid-March. The average s@face temperature varied
from an annual minimum of 1£6 (s.d. 0.01C; percentage variation from the
mean = 0.1 %; tab.6.10) in March to an annual marinof 29.3°C (s.d. 0.1C;

percentage variation from the mean = 0.3 %; taB)drLAugust (fig.6.47).

” a) b)
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Fig 6.46 — Mixed layer depth at 6am (m)
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Fig 6.47 — Surface temperatuf€}

6.1.2.5Chemical environment

Year 16-25
Units Ave s.d. % var
N [0] mmol N ni® 6.0 0.1 2.3
Si [0] mmol Si m® 1.7 0.1 4.5

Tab. 6.11 — Surface nutrients average concentregtandard deviation and percentage variation from
the average. Where: N[0]: Maximum dissolved N caoicion at surface;
Si[0]: Maximum dissolved Si concentration at suefac

The total mesocosm nitrogen, comprising particudeng dissolved nitrogen, showed
a positive drift (fig.6.48), increasing by about3®. mmol N n? annually.
Conversely, the total mesocosm silicate decreasecatiout 0.1 mmol Si h
annually (fig.6.49).
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Fig 6.48 —Total mesocosm nitrogen (dissolved +igalete) (mmol N rif)
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Sea surface dissolved nitrogen and silicate coratoris increased until the
beginning of March as the depth of the mixed layached the annual maximum
bringing extra nutrients (Fig. 6.46, 6.50-6.51). isédlved nitrogen and silicate
reached an average maximum surface concentratighOofmmol N nt and 1.7
mmol Si m® respectively (Tab.6.11). Their inter-annual vaciatwas small (for
nitrogen, s.d. 0.1 mmol N Th percentage variation from the average = 2.3%; for
silicate, s.d. 0.1 mmol Si Th percentage variation from the average = 4.5%;
tab.6.11). The dissolved concentration of nutriemthe mixed layer increases from
May to July for silicate and from July to August fieitrogen. On the 3L January
nutrients lost from the annual maximum mixed lages re-injected in the surface
(chemical conservation rule, 8 Appendix V). Fig® and 6.53, show that the
silicate nutricline is subducted from the mixeddawt a depth of about 50m as it
gets exhausted from the surface water in the beginaf April. The nitrogen
nutricline is subducted at a depth of about 35mit gsts exhausted a few days after
silicate. Fig.6.54 shows the formation and sinkiofj the deep chlorophyll
maximum. Its depth ranges from about 40-80 m betwday and June, sinking at a
rate of almost 10 m per month, reaching a deptd@Din between August and

September.
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Fig 6.52 —Silicate in the top 160 m (mmol SPnand the mixed layer depth at 7am (black line)
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Fig 6.53 — Nitrogen in the top 160 m (mmol SPnand 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 5.0p 428 520 1210
2021 3.75 5.38 3.12 4.74 3.36 3.35 3.68 4.17 3.95 .780 19.70
2022 5.14 3.82 4.37 3.71 3.52 4.39 3.06 4.29 4.04 640 1594
2023 521 3.67 3.80 4.70 4.48 4.16 3.33 4.66 425 630 14.76
2024 5.15 4.31 3.61 4.83 4.40 4.92 4.36 4.34 449 480 10.63
2025 4.35 5.28 3.63 4.03 3.83 4.40 4.30 4.65 431 510 11.87
2026 3.90 4.37 3.34 5.02 3.07 4.74 3.98 6.04 431 960 22.23
2027 4.95 4.82 3.72 4.84 3.63 4.69 3.94 451 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: intenaal (2020-2027) and inter-instance variation rugment
The biomass of diatoms, copepods and squid weentiikm an ensemble of 8 runs
with different seeds, started from a simulatiort tivad settled on an attractor after
15 years. The successive 8 years were consideeslltR from a students t-test
show that recruitment inter-annual (years 2020-2@2d inter-instance (year 2027)
variation are not significantly different at leaat the 3% significance level
(tab.6.12). The daily f1Jan - 31 Dec) diatom, copepod and squid biomass
averaged over the period 2021-2030 (excluding lesgys:2024 and 2028) for one
instance of the VE (seed 43833) and averaged tneeeight different instances of
the VE for the period *L Jan 2027 to 31 Dec 2027 overlap almost perfectly
(fig.6.55a-6.57a). The inter-annual variation (22280, excluding 2024 and 2028)
from the average for the single instance (seed 3)388nd the inter-instance
variation for a single year (year 2027) for diatdmomass (fig.6.55b), copepod
biomass (fig.6.56b) deviate from the average atestime during the year by not
more than 3%. The maximum squid biomass deviatiomfthe average is about
25%, and occurs during the periods of squid imntignaand emigration from the
mesocosm (fig.6.57b). Results from paired studesiest comparing the inter-
instance (8 instances, year 2027, tab.6.13a) amdnter-annual (1 instance: seed
43833, years 2021-2030, excl.2024 and 2028, ta@bp.diatom, copepod and squid
biomass on the #8BMay reveal that they are not significantly diffetet the 3%,
97% and 20% respectively (tab.6.13c). The sambsisas in section 6.1.1.2 was
performed, but the sample data were standardisesubiracting the last 10 years
mean in the base run and dividing by the intetainse standard deviation and

distributed in 18 bins (tab.6.14). Resuft®em a chi-squared test for normal
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a) Ergodicity of diatombiomass average b) Ergodicity of diatom biomass variation from mean
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Fig 6.55 — Ergodicity of P biomass every day atr a) Inter-annual average 2021-2030 (seed 4388Bjrder-instance
average in 2027 (8 instances); b) Inter-annuakbtian 2021-2030 (seed 43833) and inter-instan@®2Y (8 instances)
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average in 2027 (8 instances); b) Inter-annuakhtian 2021-2030 (seed 43833) and inter-instan@®2Y (8 instances)

Ergodicity of squid biomass average

a)

L2 0.20
& Lo
e 0.10
o .8
o =
2 6 0.00 £
£ 4 0D
3 2 e
S o -0.20

138 140 142 144 146 148 150 152 154 156
Day of year
Inter-instance Inter-annual = = - ==~ - Diff‘

Var %

b) Ergodicity of squid biomass variation from mean
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Fig 6.57 — Ergodicity of S biomass every day atr a) Inter-annual average 2021-2030 (seed 4388Bjnter-instance
average in 2027 (8 instances); b) Inter-annuakbtian 2021-2030 (seed 43833) and inter-instan@®2Y (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. 361.2 443.8 9.438 16.2 4.2
z 75.4 91.4 95.2 80.3 96.4 782 955 815 86.7 8.7 10.1
S 2.3 2.0 1.7 1.4 2.1 1.7 2.4 1y 119 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 4053 407. 381.1 409.2 3.3 11.8 2.9
z 86.9 83.3 87.8 68.9 100.p 96/4 82,5 89.4 8.9 95 10.9
S 2.1 2.3 2.0 1.9 2.3 2.] 1.9 2P 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 variatiorPf@ and S on 28 May 2027 at 6am; b) Inter-annuahbss variation for P,Z
and S on 28 May 2021-2030, (2024-2028 excluded} 48833); c) T-test results comparing the simieoitinter-annual and
inter-instance P,Z,S biomass ori"28ay
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distribution revealed that the error distributiof all variables, apart fromS
(sign=0.0003), approximates a normal distributibneast at the 0.01 significance
level (tab.6.14). In the case of P,Z dAd errors are not normally distributed around
the inter-annual mean of the base run, showing igheh kurtosis, which is

indicative of low variation from the inter-annuakan in the base run.

# s.d. from mean Gaussian P Y4 S P Y4 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
X2 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 B5P,Z,S Each bin represents a half s.d. range.
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Fig.6.58 — Error frequency distribution (%)
of P,Z,Son the 2" May.

Fig.6.59 — Error frequency distribution (%)
of P.Z,S on the " Mav.
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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 5.2 3.4 65.0
Y: 2021-2031 4.4 0.7 16.7

DoubleN (results not shown. Commentsin 4.8 0.8 24.3

discussion)

COMPETITION

DOUBLE BP 3.1 0.5 17.0

PREDATION

DOUBLE PRED 1.7 0.5 304

Tab. 6.15 — Sensitivity of stability experimentuks
6.3.1 Doubling the ¥ Jan dissolved silicate concentration
Restarted from a VE snapshot on tfielan 2015 of the base run. On tfielanuary
2015 the initial silicate profile of the ecosystem attractor was doubled from 0.6
mmol Si m® to 1.2 mmol Si . The simulation was allowed to adjust to its new

attractor for 5 years before analysing the final&@rs of the VE.

6.3.1.1 Vertically integrated concentration of plankton

Year 16-25

Units Ave s.d. % var
P ind m? 9.6x10° 2.0x10 2.1
Z ind m? 155618.7 8870.6 5.7
Zow ind m? 8309.2 440.1 5.3
S ind m* 147.0 53 3.6
SHD h 3258.3 3.0 0.05
R1 ind m?yr? 5.2 3.4 65.1
R2 ind m?yr?® 4.4 0.7 16.7

Tab. 6.16 - Average value, s.d. and percentagati@mi from the mean for years 2021-2031. Where:
P: Max P concentration; Z: Max Z concentratiogwZ Max concentration of over-wintering
copepods; S: Max S concentration; SHD: Hoursesificlan when squid hatching occurs; R1: total
number of squid that reached stage 7 between 2020;:R2: total number of squid that reached
stage 7, between 2021-2031.

Fig. 6.60-6.62 show the vertically integrated carication of the explicitly modeled
populations. Year 2020 exhibited an extremely hégjuid recruitment compared
with all successive years. In 2020, the annuaiuitnent was almost 15 ind
while the average between 2021-2031 was 4.4 iffdyrit (s.d. 0.7 ind if yr;
This high

recruitment had good reasons to occur, as explameection 6.3.1.7, but for the

percentage variation from the mean of 16.7%; fGg6and tab.6.16).

stability analysis it will be discarded. The tezay analysis will be performed using
years 2021-2031.
concentration of 9.6x8ind m? (s.d. 2.0x1®ind m?% percentage variation from

In that period, diatom had amrrage annual maximum
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the mean was 2.1; tab.6.16 and fig.6.60), whicBlightly higher than its annual
maximum in the base run (tab.6.5).
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Fig. 6.60 - Vertically integrated P concentratiard(m?)
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Fig. 6.61 - Vertically integrated copepod concetira(black:all stages; red:over-wintering - indm

Contrary to all years in the base run and all thecsssive years, in 2020 the
copepod population in January is not exclusivelydenaip of over-wintering
copepods (fig. 6.61). On the™lanuary, 9,600 copepods were present in the
mesocosm. Of these, only 7,140 were over-winterihg rest were made up by
copepods that failed to enter overwintering in finevious year, and managed to
survive through the winter feeding on the reducedoth winter population. The
average annual peak in copepod concentration \vigistlgl below 155,600 ind
(s.d. 8,870 ind M; percentage variation from the average = 5.7%6taB).
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Fig. 6.62 - Vertically integrated concentrationsaiid (S1-S6 - ind i)
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Fig. 6.63 - Annual squid recruitment (ind’yr™)
The annual maximum concentration in squid (fig2§Was 147 ind M(s.d. 5.3 ind
m%; percentage variation from the average = 3.6%:;84lY). Every year eggs were
injected in the water column on the™Bpril and hatching started on the"LMay
every year (fig.6.62 and tab.6.16). The averagesainrecruitment between 2021-
2031 was 4.4 ind fiyr* (s.d. 0.7 ind i yr’; 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 @hgaopulation annually. It
shows the total nhumber of individuals lost to ptemaand starvation each year,
between 2020-2030, with the average, standard w@viand percentage variation
from the mean during this period. On average, 101’xdiatoms nif get ingested by
copepods every year (s.d.= 4.7%Hlatoms nf yr'; percentage variation from the

mean = 4.1%), and 2.1x¥@liatoms nif yr* are lost through energy starvation (s.d.
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Year PingZ Zin%S ZingBP SingPred Pstarve Zstarve Sstarve
ind m?yr? ind m?yr ind m?yr? ind m?yr* | indm?yr? | ind m?yr* | ind m?yr?
2020 1.5x107" 190113.5 313426.3 285.1 1.9x107" 8626.2 0
2021 1.1x16" 177090.0 200713.7 295.7 2.1%10 7795.8 0
2022 1.1x16" 176313.3 217848.9 295.6 2.1%10 6046.9 0
2023 1.1x16" 180141.0 198439.0 295.1 2.1%10 6048.4 0
2024 1.2x16" 188930.9 183332.7 295.8 2.1%10 7130.5 0
2025 1.2x16" 177178.6 217750.5 296.1 2.1%10 7261.6 0
2026 1.2x16" 189733.1 204489.3 296.2 2.1%10 8414.0 0
2027 1.1x16" 192078.3 178317.8 296.2 2.1%10 6427.4 0
2028 1.1x16" 175244.0 205017.6 296.2 2.0%10 6597.7 0
2029 1.2x16" 187033.6 198361.3 295.8 2.1%10 72345 0
2030 1.2x16" 173589.5 221800.4 293.8 2.1%10 6717.9 0
Ave 1.1x107 181733.2 202607.1 295.6 2.1x10" 6967.5 0
s.d. 4.7x10 6940.7 14297.8 0.7 3.6x10 756.2 -
% var 4.1 3.8 7.1 0.2 1.7 10.9 -

Tab. 6.17 — Causes of mortality. Where: PingZiadested by Z; ZingS = Z ingested by S;
ZingBP = Z ingested by BP; SingPred= S ingeste¥By Pstarve = P died of energy starvation;
Zstarve = Z died of starvation; Sstarve = S diedtafvation.

= 3.6x1G diatoms rif yr'; percentage variation from the mean = 1.7%). The

average number of copepods annually ingested big stas about 181,700 fryr™

(s.d. = 6,940 copepodsmyr™; percentage variation from the mean = 3.8%), while
those ingested by basal predator is about 202,00@rth (s.d. = 14,300 copepods

m? yr’; percentage variation from the mean = 7.1%). Ewesr about 6,970

copepods M die of starvation (s.d. = 756 copepod¥ gr'; percentage variation

from the mean = 10.9%). Also in this VE mortaldf/squid is caused exclusively

by predation by visual predators (tab.6.17). Oarage 295.6 squid fnare eaten

every year (s.d. = 0.6 squidmyr™; percentage variation from the mean = 0.2%),
and therefore recruitment was perfectly correlatetth the number of squid being
annually predated. As already seen in the basgtab.6.7), newly hatched S1

squid were the most predated, which progressivelyrahsed in successive stages

(tab.6.18).
Year S1 S2 S3 S4 S5 S6
2020 269.6 7.8 34 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 15 0.9 0.6
2029 196.8 91.1 5.2 14 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 duetdéovation predation
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6.3.1.3 Vertically integrated biomass of plankton

Units Ave s.d. % var
P mmol C m? 17945 29.4 1.6
PD h 2534.5 10.6 0.42
Z mmol C m? 230.7 4.9 2.1
Zprot mmol C m? 68.8 1.5 2.2
Zlip mmol C m? 161.9 3.5 2.2
ZD h 3236.9 5.3 0.16
[S mmol C m? 10.1 0.3 3.0
Sprot mmol C m? 8.3 0.2 2.9
Sip mmol C m? 1.8 0.1 4.0
SHD h 3258.3 1.6 0.05

Tab.6.19 - Average value, s.d. and percentageti@aritom the mean. Wherd?: Annual
maximum vertically integrated P bioma®): Hours since % Jan when max vertically integrated P
biomass occur<Z: Max vertically integrated Z biomass [lipid + pedt]; Zprot: Max vertically
integrated Z protein biomasaljp: Max vertically integrated Z lipid biomas&D: Hours since 1 Jan
when max vertically integrated Z biomass occ@rdylax vertically integrated S biomass [lipid +
protein]; Sprot: Max vertically integrated S protein biomaS#p: Max vertically integrated S lipid
biomass; SHD: Hours sincé' Jan when squid hatching occurs.

Fig. 6.64-6.70 show the vertically integrated biesiaof each population on
attractor. Diatom had an average annual maximumass of 1794.5 mmol C M
(s.d. 29.4 mmol C ifi percentage variation from the mean = 1.6%; ta®.énd
fig.6.64 on the 18 April (s.d. 10.6 hours; percentage variation frira mean = 0.4
%; tab.6.19). Compared to the base run, annualmagi biomass was on average

almost 100 mmol C thhigher and occurred one day later (tab.6.8-6.19).
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Fig 6.64 Diatom total biomass (mmol C3n

Copepod biomass reached an average maximum anaual of 230.7 mmol C ih
(s.d. 4.9 mmol C #; percentage variation from the mean = 2.1%; ta9.@&nd fig.

6.65) every year on the ¥May (s.d. 5 hours; percentage variation from theam
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0.2%). Total copepod biomass was made up by atoetthird protein and two
thirds lipid (fig. 6.66-6.67 and tab.6.19). Sqbitched every year on the™§lay
(s.d. 1 hour). The population biomass increaspailato a maximum of about 10
mmol C m? (s.d. 0.3 mmol C ifi percentage variation from the mean = 3.0%;
tab.6.19). Protein constituted over 80% of thalttiomass (Fig. 6.68-6.70 and
tab.6.19). Compared to the base run, the annusinmian copepod biomass in this
VE was not significantly higher, only 1.3 mmol C?mwhich is lower than the
standard deviation in both VEs (tab.6.8-6.19). féxsthe annual maximum diatom
biomass date of occurrence, the annual maximum poapdiomass occurred on

average one day later than in the base run.

zzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzz

Fig 6.65 - Copepod total biomass — all stages (n®nwi?)
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Fig 6.66 - Copepod protein biomass — all stagesdh@mi?)
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Fig 6.67 - Copepod lipid biomass — all stages (m@\ai?)
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Fig 6.68 - Squid biomass — all stages (mmol € m
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Fig 6.69 - Squid protein biomass — all stages (m@&hai?)
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Fig 6.70 - Squid lipid biomass — all stages (mmaht)

Carbon transfer

Year PingZz ZingS Zprot_ingS Zlip_ingS ZingBP SngPred
mmolC m?yr? | mmolC m?yr’ | mmolC m?yr* | mmolC m?yr! | mmolC n?yr' | mmolC nyr?
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 trophiégrch&/here: PingZ = Carbon ingested annually by
copepods;ZingS = Carbon ingested annually by squiirot_ingS = Protein ingested annually by
squid; Zlip_ingS = Lipid ingested annually by squidingBP = Carbon ingested annually by basal

predator; SngPred = Carbon ingested annually by visual predat

The amount of carbon transferred from diatoms fgepods was on average higher
compared to the base run: 2,643.5 mmolG wi’ (s.d. 71.6 mmolC i yr’:
percentage variation from the mean = 2.7 %:; tab)6&gainst the 2,592 mmolC’m
yr! transfer in the base run. The carbon transferretualy from copepod to
predators was only slightly higher than that inébas, with an average value 86.4
mmol C m? yr! compared to 85.4 mmol Chyr™. This extra 1 mmol C ihyr?
was transferred to the basal predator populat®quid ingested 22.1 mmolCiwr*
(s.d. 1.5 mmolC i yr'; percentage variation from the mean = 6.8%; tab)6.of
which about 10 mmol C thyr'! was made up protein, showing no variation with
the base run. Basal predator ingested on averg@erémol C nf yr! (s.d. 7.0

mmolC ni? yr’; percentage variation from the mean = 10.9 %:6tap). Visual
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predator average annual carbon ingested (tab.8i&@yed little variation with the
base run: 22.6 mmolC fyr® from the squid biomass (s.d. 0.4 mmolC yr;

percentage variation from the mean = 1.9 %; tah.6.9

6.3.1.4 Number of agents

The number of diatom agents varies between ab©®0024,700 (fig.6.71), with the

same trend observed in the base run (fig.6.43)e fAilmber of copepod agents
varies from a minimum of 600 (all over-winteringrohg the winter) to about 2,000.
It kept the same trend in the base run (fig.6.44%ept for year 2020, in which the
initial number of copepods is about 500, only 10@bich overwintering (fig.6.72).

zzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzz

Fig 6.71 - Number of diatom agents

zzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzzz

Fig 6.72 - Number of copepod agents

Squid agents in stages S1-S6 are always maintéan@ecumber of 300 in the period

between hatching and recruitment (fig.6.73).
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2020 2071 2022 2023 2024 2025 2026 2027 2028 2028 2030

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
T min [0] °C 14.4 0.01 0.1
Timax [0] °C 29.2 0.1 0.3

Tab. 6.21 — Surface minimum and maximum averag@éeature and annual average maximum
mixed layer depth, standard deviation and percentagation from the average. Where:
MLD s Annual maximum mixed layer depth;
Tmin[0] and Tna{0]: Annual minimum and maximum average surfacegerature.

The physical environment was largely unchanged thgy increase in surface
dissolved silicate. The average annual maximumethitayer depth (fig.6.74) was
156.0 m (s.d. 4.0 m; percentage variation fromntiean = 2.6 %; tab.6.21), which is
not significantly different from the average annoaximum reached in the base run

(tab.6.10) every year in mid-March.
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Fig 6.74 — Turbocline depth at 6 am.
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Fig 6.75 — Sea surface tentpeea
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The average sea surface temperature varied froammaunal minimum of 144 (s.d.
0.01°C; percentage variation from the mean = 0.1 %;6tah) in March to an
annual maximum of 29.2C (s.d. 0.1C; percentage variation from the mean = 0.3
%; tab.6.21) in August (fig.6.75). It did not diffeignificantly from the base run the

average sea surface temperature in the base 6. (tQ).

6.3.1.6 Chemical environment

Year 16-25
Units Ave s.d. % var
N [0] mmol N m® 5.9 0.2 3.1
Si [0] mmol Si m® 1.8 0.1 4.5

Tab. 6.22 — Surface nutrients average concentradtandard deviation and percentage variation from
the average. Where: N[0]: Maximum dissolved N caoricgtion at surface;
Si[0]: Maximum dissolved Si concentration at suefac

The total (dissolved + particulate) mesocosm ngrognd silicate (fig.6.76-6.77)
had a small drift as observed in the base run6(#®-6.49). Total mesocosm
nitrogen was mostly unchanged, drifting from 4,89 4,497.5 mmol N ffin 10
years in both experiments (fig.6.48 and fig.6.7@)he maximum total mesocosm
silicate was obviously higher in this run, but ftosved the same rate in annual
silicate loss: in 10 years it decrease from 1,384.5,383.4 mmol Si i compared
with the the base run variation from 1,348.5 ®4%.4 mmol Si if (fig.6.49 and
fig.6.77).
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Fig 6.76 — Total mesocosm nitrogen (mmol N)m Fig 6.77 —Total mesocosm silicon (mmol SH)m
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Dissolved nitrogen and silicate (fig.6.78-6.79)atead an average maximum surface
concentration respectively of 5.9 mmol N3ngs.d. 0.1 mmol N i percentage
variation from the average = 2.3%; tab.6.22) afddmmol Si n¥® (s.d. 0.1 mmol Si
m3, percentage variation from the average = 4.5%§6taB). These average annual
maximum surface concentrations were not signifigadifferent from those in the
base run (tab.6.11).
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Fig 6.78 — Surf. dissolved nitrogen (mmoIN®m  Fig 6.79 — Surf. dissolved silicon (mmois?)

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 maximmixed layer depth on annual maximum
dissolved silicate at surface

The variation in annual maximum dissolved siliced@centration was correlated to

the variation in annual maximum mixed layer deptlsuccessive years (fig.6.80).
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6.3.1.7 Causes of high recruitment event in yed6 (2020)

The first noticeable difference with the base ramd all other years in this
experiment is that year 16 is the only year in \White copepod stage composition
on the #'Jan is not entirely composed by over-winteringeguys.

In the previous year, some copepod survived thrabghwinter (fig.6.61 and 6.81-
6.82). The survivors were those copepods that editere-overwintering in the
previous year, but did not manage to store enoumtsl to enter overwintering.
Nevertheless, they stored enough lipids to sugteem through the winter on the
limited diatom winter population.
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Fig.6.81 — Black: copepod concentration (all stigRkie: overwintering copepod concentration;
Red: concentration of copepod that failed to ovateari and survived through the winter as C4(ow);
Green: C5 copepod concentration (ind®)m

As, this cohort of survivors grew, it constituten extra portion of copepod biomass
available as food for the squid population. Asoasequence of this, year 16 was

the year with the biggest copepod biomass (fig6.65).
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Fig.6.82 — Copepod (Black, left: indthand squid (Red: right: ind finabundance in year 16
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Year P PD YA 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 15 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 32585 20. 4.8
2022 1694.4 2529.5 235.6 3236.p 3256|0 19. 4.4
2023 1658.2 2529.5 226.0 3242.5 32560 14. 4.9
2024 1668.2 2553.0 224.9 3235.0 3256|5 21. 4.2
2025 1808.2 2529.5 235.1 3242.% 3256|5 14. 3.9
2026 1844.8 2529.0 229.6 3239.0 3258(5 19. 3.8
2027 1825.4 2529.0 222.5 3242.0 3258|5 16. 3.8
2028 1680.9 2530.0 229.0 3235.5 32590 23. 3.8
2029 1658.1 2529.5 230.6 3226.p 32610 33. 4.2
2030 1689.0 2530.0 236.2 3229.0 3260(5 31. 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 B8 1.6 6.6 0.6
% var 1.6 04 2.1 0.2 0.0 30.6 16.6

Tab.6.23 — Where?: Max vertically integrated P biomass (mmolC)nPD: Time (hurs since®i
Jan) of max vertically integrated P bioma&s;Max vertically integrated Z biomass [lipid and
protein] (mmolC rif); ZD: Time (Hours since®iJan) of max vertically integrated Z biomass;

SHD: Squid hatching time (Hours sinc&Jan); SHDZD: time difference (hours) between SHD and
ZD R: vertically integrated total number of squiét reached stage 6 (recruited)m

DOUBLE Si - Recruitment, synchronism and copepod biomass
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Fig.6.83 — The effect of hatching-copepod biomagsglsronism and max copepod biomass on
recruitment.

Comparing recruitment with the magnitude of copepiminass and timing between
its occurrence and squid hatching (fig.6.83), it ba seen that:
e The synchronism (time difference between copepodimam vertically
integrated biomass and hatching) was better (maller difference) in year
15 than year 16, 1.5 hours and 40 hours respeytffigl6.84).
e Year 15 and 16 had similar maximum copepod bionffags$.85).

* However, recruitment in year 16 is higher thanearyl5.
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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 biomasgisronism on recruitment.

DOUBLE Si - Recruitment and annual maximum copepod biomass
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Fig.6.85 — The effect of max copepod biomass oruigoent.

Possible causes to explain the high recruitmegéear 16 would be:
* Less competition for food
e Less predation

* More food ingested

Competition

In year 16 the annual ingestion of copepod bionhgdhe basal predator population

is not smaller to that of other years with loweuisigrecruitment (fig.6.86).
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DOUBLE Si - Competition and recruitment
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Fig.6.86 — Annual carbon ingested by basal predatdrrecruitment

The number of copepods that get ingested annuglbabal predator reaches a

minimum in year 15 and a maximum in year 16 (fig7.

DOUBLE Si - Competition and recruitment
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Fig.6.87 — Annual number of copepods ingested Isalbaredator and recruitment

However, when considering the period in which sggigresent in the mesocosm,
the picture is different. The amount of copepodnitass consumed by the basal
predator in 2016 is considerably lower than alkeotyears (fig.6.88). The amount of
copepod biomass ingested by the basal predator etomgpfor food is negatively
correlated to recruitment (fig.6.89). On the otlramd, 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 duttie
period in which squid is present and recruitment
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Fig.6.89 — Correlation between carbon ingesteddsab predator and recruitment
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Fig.6.90 — Copepods ingested by basal predatongltine
period in which squid is present and recruitment
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Predation

Year 16 was the year with the lowest amount of ddpiomass consumed by the
parametrised population of visual predators (f@gfl%. The amount of squid biomass
consumed by the top predator shows a negative labae with recruitment

(fig.6.92). When analyzing the number of squideisigd by top predators (fig.6.93),
it can be seen that annual predation on squid wdeehin 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 predaind recruitment
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Fig.6.92 — Correlation between carbon ingestedidyal predator and recruitment
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Fig.6.93 — Annual squid ingested by visual predatad recruitment

However when comparing predation on different sggt@es in year 15 and 16
(tab.6.24), it can be seen that in both years smaljuid are more vulnerable to
predation. During year 16, about 270 squid in et&J 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 firfdyr?) in years 15 and 16.
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Fig. 6.94 — Annual predation on different squidgsts, Sing, in year 15 and 16
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The population of visual predators is parametrigd.2), so that its abundance and
vertical distribution are exogenous and designetleddhe same in different years.
At the time of squid hatching the predator feedpugential in year 15 and 16 is

therefore identical. To explain the causes ofdifierence in predation between the

two years, we need to compare the feeding of equid stage.

Feeding

Comparing the magnitude of recruitment to the numbk copepod ingested
annually (fig.6.95), it is not sufficient to exphathe high recruitment exhibited by
year 16. The number of annually ingested copefroggear 16 is not significantly
higher than that of the other years. An intergsthservation arises from the fact
that year 15 is the year in which squid ate thetncopepods, but still had less

recruitment than year 16.

DOUBLE Si - Annual squid ingestion of copepods and recruitment
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Fig. 6.95 — Annual squid ingestion on copepods

When comparing the annual amount of carbon ingdsyesjuid and recruitment in
the different years (fig.6.96), it can be seen #watid in year 16 had ingested the
highest amount of copepod biomass of all other syeaSquid recruitment is
positively related with the amount of carbon ingelsih a particular year (fig.6.97).
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Fig. 6.96 — Annual carbon ingested by squid ancuinent
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Fig.6.97 — Linear correlation between squid reaneitt and copepod biomass ingested annually

As already said, during year 15 squid have eatere mapepods than during year 16
(fig.6.95). However in year 15, the annual amourtapepod biomass consumed by
squid was smaller than in year 16 (fig.6.96). Tikian interesting observation. In

year 15 squid ingested more copepods than in y&hutlgot less carbon out of it.

When comparing squid ingestion relative to theargst of development, it can be
noticed that, in year 15, squid in early stages, (8 and S3), especially in S2,
ingested more copepods than their counterpartean ¥6 (tab.6.25). Later stages of
squid (S4, S5 and S6) experienced a larger consom@ft copepods in year 16 than

in year 15. This shift in trend is more evidentemhconsidering the amount of

protein ingested by different squid stages in yiéaand 16 (fig. 6.97).
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Y15 Y16
Stages Zing Zprot_ingS Zing Zprot_ingS
9 (ind m? yrh) (mmol C m?® yr?) (ind m? yr?) (mmol C m® yr?)

S1 173698.7 3.8 166540.2 2.0

S2 36002.5 25 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 ingesixidt_ingS) by different squid stages

DOUBLE Si - Protein ingested by different squid stages
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Fig. 6.98 - Protein ingested annually by differeqtiid stagesZprot_ingS, in year 15 and 16
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Squid in stage S1 ingested almost double the anmafymotein in year 15 compared
to year 16. Also in stage S2 squid the amourgrofein ingested was higher than
in year 16. However, the amount of protein ingegsby squid from stage S3
onwards presents an inverted trend. While the atnolprotein ingested by larger
squid stages (S3-S6) in year 15 was about constanyear 16 they ingested
progressively more proteins as they grew, and foeretransit to the successive

stage (fig.6.98).
Growth rate

The amount of protein ingested is reflected intthme required for squid to move to
the successive stage. Fig.6.99-6.100 show thee stagposition of the squid
population in years 15 and 1@t is interesting to notice that in year 15age S1

squid ingested more protein than in year 16 (t2b;6fig.6.98), and this is reflected
in the time needed for squid S1 to move to stagé&6.26; fig.6.101). In year 15
squid in S1 grew faster than in year 16, with ihgt transition to S2 taking 1.6 days
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and 6.4 days respectively. As a consequence sffélster growth in year 15, the
number of S1 squid lost to predation was less timanyear 16 (tab.6.24).
Conversely, S2 squid in year 15 grew slower thagear 16, so they got predated
more (tab.6.24). The same trend is true in akoyfears.

DOUBLE Si - Squid stage composition in year 15
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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 Y16
(days) (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 paghe 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 gasbe successive stage in years 15 and 16

S1

6.3.2 Increasing the inter-population competition ér food (basal predator)

Restarted from a VE snapshot on tieJan 2015 of the base run. The vertically
integrated concentration of basal predators feedimgcopepods is doubled from
3,000 ind rif to 6,000 ind rif, in order to investigate the effect of competition

food on annual squid recruitment.

6.3.2.1 Vertically integrated concentration of plakton

Year 16-25

Units Ave s.d. % var
P ind m? 9.1x10° 1.6x10 1.8
Z ind m? 120855.7 8603.4 7.1
77 ind m? 6840.5 4125 6.0
S ind m? 140.7 3.2 2.3
SHD h 3255.9 0.7 0.02
R ind m?yrt 3.1 0.5 17.0

Tab. 6.27 - Average value, s.d. and percentagati@mi from the mean for years 2020-2030. Where:
P: Max vertically integrated P concentration; Z:XMeertically integrated Z concentration;
Zow : Max vertically integrated concentration of oweintering copepods; S: Max vertically
integrated S concentration; SHD: Hours sintddn when squid hatching occurs;
R: vertically integrated total number of squid thediched stage 7 between 2020-2030;

Fig. 6.102-6.107 show the vertically integrated aamtration of the populations
between years 2020-2030. During that period, diatwead an average annual
maximum concentration of 9.1xfDind m? (s.d. 1.6x19 ind m? percentage
variation from the mean was 1.8; tab.6.27 and fi@)8), which is not significantly

different from the maximum observed in the base(tab.6.5).
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Fig. 6.103 - Vertically integrated Z concentratitack:all stages; red: over-wintering) (ind*m

Copepod population in spring was composed excliysiwkecopepods that entered
over-wintering in the previous summer (fig.6.103).The annual average
concentration of copepod that entered over-wingevilas about 14% lower than in
the base run (tab.6.5): 6,840 indf1fs.d. 413 ind M; percentage variation from the
average = 6.0%; tab.6.27). Also the average anmesl in copepod concentration
was smaller than in the base run (tab.6.5): ab®waDO ind rif (s.d. 8,600 ind if;

percentage variation from the average = 7.1%; taB)6 The population of non

over-wintering copepods survived until the begignih September (fig.6.103).
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Fig. 6.104 - Vertically integrated concentrationsqfiid (S1-S6) (ind i)
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Fig. 6.105 - Annual squid recruitment (ind’yr™)

The annual maximum concentration in squid (fig.08)lwas 141 ind fA(s.d. 3.2
ind m? percentage variation from the average = 2.3%gtaB). Every year eggs
were injected in the water column on thé"#pril and hatching started on the"5
May (tab.6.27). The average annual recruitment ®dsind n¥ yr* (sd 0.5 ind rif
yr’: percentage variation from the mean of 17.0%6fl05 and tab.6.27), which is
almost one quarter less than recruitment in the bas (tab.6.5).

6.3.2.2 Causes of mortality

Table 6.29 summarizes the annual losses to mgrtali to predation and starvation
between 2020-2030, with average, standard deviatiohpercentage variation from
the mean during this period.
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Year Pingz ZingS ZingBP SingPred Pstarve Zstarve Sstarve
ind m?yr* | ind m?yr! ind m?yr* ind m2yr?! ind m?yr?* ind m?yr?* ind m2yr?!
2020 9.7x1® 163074.1 175831.8 297.1 2.0%10 5819.5 0.0
2021 9.4x18 121175.0 214912.1 297.4 1.9%10 5952.2 0.1
2022 8.8x1H 135461.1 204665.7 297.0 2.0%10 5194.6 0.0
2023 9.8x18 128592.4 192595.2 295.4 2.0%10 5882.8 1.5
2024 1.0x18 138212.4 201560.7 297.2 2.0%10 5801.7 0.0
2025 9.5x18 135697.1 200566.8 297.3 2.0%10 5718.2 0.1
2026 9.5x18 118788.8 240700.5 295.7 2.0%10 5150.7 0.0
2027 9.5x1H 122659.0 228880.2 297.2 1.9%10 5871.1 0.0
2028 9.6x18 156847.8 203856.3 296.9 1.9%10 5738.3 0.0
2029 9.0x1H 123084.3 232103.2 296.1 1.9%10 4907.0 0.3
Ave 9.5x10° 134359.2 209567.3 296.7 2.0x10* 5603.6 0.2
s.d. 3.9x10 15135.2 19738.8 0.7 2.2x10 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 atdins ingested by copepods;
ZingS = Copepods ingested by squid; ZingBP = Cogspimgested by basal predator;
SingPred= Squid ingested by visual predator; Pstardiatoms died of energy starvation;
Zstarve = Copepods died of starvation; Sstarve gidSdjed of starvation.
The average number of diatoms consumed by copepodsally (tab.6.28) was
9.5x13° m? yr! (s.d.= 3.9x1® diatoms nf yr'; percentage variation from the
mean = 4.1%) which is about 15% lower than in base(tab.6.6). On the other
hand the number of diatoms lost due to energy atanv is not significantly
different from the base run (tab.6.6): 2.0%X1@iatoms rif yr' (s.d. = 2.2x19
diatoms nf yr'; percentage variation from the mean = 1.1%, taB)6. The
average number of copepods annually ingested bid sgas slightly less than
135,000 ind rif yr! (s.d. = 15,135 copepods’myr?; percentage variation from the
mean = 11.3%, tab.6.28), which is about 15% leas thhat they ingested in the
base run (tab.6.6).

predator was about 210,000 inéfiyr* (s.d. = 19,800 copepodsyr’; percentage

The average number of annuadigsted copepods by basal

variation from the mean = 9.4%, tab.6.28), whiclslightly lower compared to the
based run (tab.6.6).
starvation was 5,600 ind fryr* (s.d. = 370 copepodshyr’; percentage variation

from the mean = 6.6%, tab.6.28), which is aboutosin20% less than the average

The average number of cajse@mnually lost due to

annual value in base run (tab.6.6). Squid moytas largely due to predation by
top predators: 296.7 squidyr! (s.d. = 0.7 squid i yr'; percentage variation
from the mean = 0.2%, tab.6.28). Contrary to th&ehan, a small number of squid
died of starvation: 0.2 squid fryr’(s.d. = 0.5 squid yr'; 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 poegatvhich 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 0.1
2021 210.88] 82.82 1.92 1.06 0.41 0.2
2022 224.63| 67.45 3.22 1.18 0.3] 0.1
2023 208.63| 85.85 0.64 0.11 0.04 0.1
2024 204.66] 86.69 4.39 0.86 0.33 0.2
2025 225.32] 67.19 3.78 0.66 0.23 0.1
2026 217.37| 71.47 3.87 1.5] 1.03 0.5
2027 229.50] 63.73 2.47 0.79 0.51 0.2
2028 222.16] 70.09 3.40 0.87 0.22 0.1
2029 209.73| 84.43 1.84 0.07 0.03 0.0
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 dueredption

6.3.2.3 Vertically integrated biomass of plankton

Units Ave s.d. % var
P mmol C n¥ 1717.3 37.8 2.2
PD h 2510.2 215 0.9
z mmol C n¥ 207.8 6.9 3.3
Zprot mmol C m? 62.3 2.1 3.4
Zlip mmol C m? 145.6 4.8 3.3
Z 1Jan mmol C n?¥ 36.8 2.2 6.0
Zprot_T' Jan mmol C m? 5.9 0.4 6.2
ZD h 3215.7 11.0 0.3
S mmol C n?® 9.6 0.3 3.4
Sprot mmol C m? 7.9 0.2 2.8
Sip mmol C m? 1.7 0.1 6.0
SHD h 3255.9 0.7 0.02

Tab. 6.30 - Average value, s.d. and percentagatia@mifrom the mean. Where:
P: Annual maximum vertically integrated P bioma#: Hours since % Jan when max vertically
integrated P biomass occurg; Max vertically integrated Z biomass [lipid + peat];
Zprot: Max vertically integrated Z protein biomagkp: Max vertically integrated Z lipid biomass;
Z 1°'Jan: Vertically integrated Z biomass [lipid + g on the 1 Jan; Zprot_1" Jan: Vertically
integrated Z protein biomass on tHéJan; ZD: Hours since % Jan when max vertically integrated Z
biomass occursS Max vertically integrated S biomass [lipid + peit];
Sorot: Max vertically integrated S protein bioma&ip: Max vertically integrated S lipid biomass;
SHD: Hours since®LJan when squid hatching occurs.

Fig.6.106-6.112 show the vertically integrated béss of each population on
attractor. Diatom had an average annual maximumass of 1717.3 mmol C 't
(s.d. 37.8 mmol C ifi percentage variation from the mean = 2.2%; t&p.énd
fig.6.106), which is not significantly different the value in the base run (tab.6.8).
It occurred on the 4 April (s.d. 21.5 hours; percentage variation frira mean =
0.9 %; tab.6.30), as in the base run (tab.6.8).e @kerage annual maximum
copepod biomass was about 208 mmol € a.d. 6.9 mmol C ifi percentage
variation from the mean = 3.3%; tab.6.30 and fi08). This is about 10% lower
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than the value in the base run (tab.6.8), but dquoed within 3 hours difference

from the date in which it occurred in the base (tab.6.30 and 6.8).

Fig 6.106 — Diatom total biomass (mmol C)m

As in the base run, total copepod biomass was mpdaf about one third protein
and two thirds lipid (fig. 6.107-6.109 and tab.§.30The biomass of over-wintering
copepods on the™Jan was about 15% lower than in the base run: 38! C n?
(s.d. 2.2 mmol C i percentage variation from the mean = 6.0%; t&80)6.Squid
hatching date did not vary from the date in theebam (tab.6.8), occurring on the
15" May each year (s.d. 0.7 hour, tab.6.30). Squisufation biomass reached an
average annual maximum of 9.6 mmol C rfs.d. 0.3 mmol C if; percentage
variation from the mean = 3.4%; tab.6.30). Protainstituted over 80% of the total
biomass (Fig. 6.110-6.112 and tab.6.30). Compévethe base run, the annual

maximum squid biomass in this VE was only 0.3 m@ati” lower.
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Fig 6.107 - Copepod total biomass — all stages (h@o?)
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Fig 6.108 - Copepod protein biomass — all stageadhC m?)
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Fig 6.109 - Copepod lipid biomass — all stages (inho?)
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Fig 6.110 - Squid biomass — all stages (mmol €} m
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Fig 6.111 - Squid protein biomass — all stages (h®nw?)
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Fig 6.112 - Squid lipid biomass — all stages (m@ah?)

Carbon transfer

Year PingZz ZingS Zprot_ingS Zlip_ingS ZingBP SingPred
mmolC m? mmolC m? mmolC m? mmolC m? mmolC m? mmolC m?
yrt yrt yrt yrt yrt yrt
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 9.3 135 45.7 21.7
2027 23721 18.4 7.5 10.9 47.4 20.8
2028 2378.8 19.1 8.0 111 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 trophidrch&Vhere:

PingZ = Carbon ingested annually by copepodsigS = Carbon ingested annually by squid;
Zprot_ingS = Protein ingested annually by squitip_ingS = Lipid ingested annually by squid;
ZingBP = Carbon ingested annually by basal prede@mgPred = Carbon ingested annually by
visual predator.
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The amount of carbon transferred from diatoms tpepods was on average 10%
lower than that of the base run (tab.6.9): 2,338molC m? yr (s.d. 65.2 mmolC
m? yr'; percentage variation from the mean = 2.8 %; t8)6 The carbon
transferred annually from copepod to predators i¢sgund basal predators) was
about 20% less than in the base run (tab.6.9)7 68nol C n¥ yr?, of which 19.6
mmol C m? yr* (s.d. 1.3 mmolC i yr’; percentage variation from the mean = 6.5
%,; tab.6.31) was transferred to the squid poputatiod the remaining 50.1 mmol C
m? yrt (s.d. 5.4 mmolC M yr'; percentage variation from the mean = 10.8 %;
tab.6.31) went to the basal predator populatioom@ared to the amount of carbon
transferred from the copepod population to the drighophic levels in the base run
(tab.6.9), the amount of carbon transferred tostipgid population was about 12%
less. When considering the protein ingested bydsdbe reduction from the base
run was almost 20%. The average annual carbonféraed from squid to visual
predator was about 6% lower than that in the basétab.6.9): 21.3 mmol C fiyr™
(s.d. 0.4 mmol C Myr; percentage variation from the mean = 2.0 %; tah)6

6.3.2.4 Number of agents

The number of diatom agents varied between abd0024,850 (fig.6.113), with the

same trend observed in the base run (fig.6.43)e filmber of copepod agents
varied from a minimum of 600 (all over-winteringrthg the winter) to about 2,200

(fig.6.114). It kept the same trend as in the basg(fig.6.44).
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Fig 6.113 - Number of diatom agents
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Fig 6.114 - Number of copepod agents

Squid agents in stages S1-S6 are always maint&ngaumber of 300 in the period
between hatching and recruitment (fig.6.115).
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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
T min [0] °C 14.5 0.01 0.1
Timax [0] °C 29.3 0.09 0.3

Tab. 6.32 — Surface minimum and maximum averag@eeature and annual average maximum
mixed layer depth, standard deviation and percentagation from the average. Where:
MLD s Annual maximum mixed layer depth;
Tmin[0] and Tna{0]: Annual minimum and maximum average surfacegerature.

The physical environment was largely unchangedhieyinicrease in basal predator
abundance. The average annual maximum mixed te@h (fig.6.116) was 156.4

m (s.d. 2.7 m; percentage variation from the mearB %; tab.6.32), which is not
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significantly different from the average annual maxm reached in the base run

(tab.6.10) every year in mid-March. The averaga surface temperature varied

2020 2021 2072 2023 2024 2025 2026 2027 2028 2029 2030 2070 2020 2071 2023 2024 2024 2026 2027 2028 2028 2030

Fig 6.116 — Turbocline depth at 6 am (m) Fig 6.117 — Sea surface tempeeaf@)

from an annual minimum of 1£6 (s.d. 0.01C; percentage variation from the
mean = 0.1 %; tab.6.32) in March to an annual marinof 29.3°C (s.d. 0.1C;
percentage variation from the mean = 0.3 %; taB)ar3 August (fig.6.117). It did
not differ significantly from the average sea socefgdemperature 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 ni® 6.0 0.1 0.8
Si [0] mmol Si m® 1.7 0.1 3.0

Tab. 6.33 — Surface nutrients average concentregtandard deviation and percentage variation from
the average. Where: N[0]: Maximum dissolved N caoricgtion at surface;
Si[0]: Maximum dissolved Si concentration at suefac

The total (dissolved + particulate) mesocosm nerognd silicate (fig.6.118-6.119)
had a small drift as observed in the base run6{#@-6.49). Both total mesocosm
nitrogen and silicon concentrations were mostlyhamged from the base run. They
drifted from 4,493.8 to 4,497.7 mmol N7and from 1348.5 to 1347.5 mmol Si‘m
respectively (fig.6.48-6.49 and fig.6.118-6.119).
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Fig 6.118 — Total mesocosm nitrogen (mmol K)m Fig 6.119 —Total mesocosm silicon (miofi)

Dissolved nitrogen and silicate (fig.6.120-6.12&pched an average maximum
surface concentration respectively of 6.0 mmol N (s.d. 0.1 mmol N
percentage variation from the average = 0.8%:; taB)6éand 1.7 mmol Si th(s.d.
0.1 mmol Si ¥, percentage variation from the average = 3.0%;6taB). These
average annual maximum surface concentrations wetesignificantly different

from those in the base run (tab.6.11).

TINNINNININ NN TR e

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Fig 6.120 — Surf. dissolved nitrogen (mmoIN)m Fig 6.121 — Surf. dissolved silicon (mmolSfm

133



Matteo Sinerchia CHAPTER 6 — RESULTS

6.3.3 Increasing predation pressure (visual predatd

Restarted from a VE snapshot on tfeJan 2015 of the base run. The vertically
integrated concentration of visual predators fegdim the squid population is
doubled from 3,000 ind Hto 6,000 ind rf, in order to investigate the effect of

predation pressure on annual squid recruitment.

6.3.3.1 Vertically integrated concentration of plakton

Year 16-25

Units Ave s.d. % var
P ind m? 8.9x10° 5.9x10 6.6
z ind m? 158034.3 16441.7 10.4
Zow ind m? 6132.9 523.0 8.5
S ind m? 95.3 3.3 35
SHD h 3255.6 1.0 0.03
R ind m?yr? 1.7 0.5 30.1

Tab. 6.34 - Average value, s.d. and percentagati@mi from the mean for years 2020-2030. Where:
P: Max vertically integrated P concentration; Z:>Meertically integrated Z concentration;
Zow : Max vertically integrated concentration of oweintering copepods; S: Max vertically
integrated S concentration; SHD: Hours sintddn when squid hatching occurs;
R: vertically integrated total number of squid thediched stage 7 between 2020-2030;

Fig.6.122-125 show the vertically integrated condion of the populations
between years 2020-2030. During that period, diatwexd an average annual
maximum concentration of 8.9x10ind m? (s.d. 5.9x10 ind m? percentage
variation from the mean was 6.6; tab.6.34 and figB), which is not significantly

different from the maximum observed in the base(tab.6.5).

9.6E10

8.8E10
7.0E10
63610

36E10

1.8610

1.0E10

1.5€9

030 2071 2072 2023 2024 2025 2028 2027 2028 3029 2030

Fig. 6.122 - Vertically integrated P concentrat{owd m?)
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However, the maximum diatom concentration fluctdatmter-annually and
exhibited a higher standard deviation than in basgtab.6.34 and 6.5).
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Fig. 6.123 - Vertically integrated Z concentratitack:all stages; red: over-wintering) (ind®m

Contrary to what happened in the base run, evengewisome copepods survived
the winter without overwintering (fig. 6.123). Th@&nual average concentration of
copepod that entered over-wintering was lower tinaime base run (tab.6.5): 6,133
ind m? (s.d. 523 ind M; percentage variation from the average = 8.5%pta8).
The average annual peak in copepod concentratiennea significantly different
from that in the base run (tab.6.5): about 158,00 m? (s.d. 16,400 ind iy

percentage variation from the average = 10.4%61ta8).

020 2021 2027 2023 2024 2025 2026 2027 2028 2029 2030

Fig. 6.124 - Vertically integrated concentrationsqfiid (S1-S6) (ind i)
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The annual maximum concentration in squid (fig.28)lwas much smaller than in
the base run (tab.6.5): 95.3 ind*fs.d. 3.3 ind rif; percentage variation from the
average = 3.5%; tab.6.34). Every year eggs staotéditch on the 15(tab.6.34).
The average annual recruitment was 1.7 iffdynt (s.d. 0.5 ind rif yr'; percentage
variation from the mean of 30.1%; fig.6.125 and.@a®4), which is less than half

the recruitment in the base run (tab.6.5).

Fig. 6.125 - Annual squid recruitment (inc?yr™)

6.3.3.2 Causes of mortality

Table 6.36 summarizes the annual losses to mgrtali¢ to predation and starvation
between 2020-2030, with average, standard deviatiohpercentage variation from
the mean during this period.

The average number of diatoms consumed by copepodsally (tab.6.35) was
1.5x13* m? yrt (s.d.= 1.7x1¥ diatoms nf yr'; percentage variation from the
mean = 11.7%) which is almost one third higher thmbase run (tab.6.6). On the
other hand the number of diatoms lost due to enstagvation is about one tenth
lower than in base run (tab.6.6): 1.8%1@8iatoms nf yr' (s.d. = 6.9x1ddiatoms
m? yr': percentage variation from the mean = 3.8%, t86)6. The average
number of copepods annually ingested by squid Wwasiteone third less than in the
base run (tab.6.6): 107,000 indfyr? (s.d. = 23,740 copepodsiyr™; percentage
variation from the mean = 22.2%, tab.6.35). The@etage variation from the mean
was however double than in the base run. The ageramber of annually ingested

copepods by basal predator was about one third tharewhat they ingested in the
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base run (tab.6.6): 312,000 ind’rgr* (s.d. = 67,350 copepodsTyr’; percentage
variation from the mean = 21.6%, tab.6.35). The@etage variation from the mean
was three times higher than in the base run (falasd 6.35). The average number
of copepods annually lost due to starvation wad8®,nd n¥ yr* (s.d. = 911
copepods i yr’; percentage variation from the mean = 7.5%, tab)6.which is
almost double the average annual value in basdtabn6.6). Squid mortality was
caused exclusively by top predator predation: 288@d n¥ yr* (s.d. = 0.5 squid
m? yr': percentage variation from the mean = 0.2%, t86)6.As already seen in
the base run (tab.6.9), newly hatched S1 squid sgect to the highest predation,
which progressively decreased in successive stage$.36). However, predation

on different squid stages oscillated yearly (t886%.

Year Pingz ZingS ZingBP SingPred Pstarve Zstarve Sstarve
ind m?yr* | ind m?yr? ind m?yr? ind m?yr?* ind m?yr? ind m?yr? ind m?yr?!
2020 1.7x18' | 140310.5 340659.9 298.8 1.7410| 12429.6 0
2021 1.4x18" | 109107.4 250766.4 297.8 1.9%10| 12334.2 0
2022 1.6x18" | 1244412 361031.9 298.4 1.8%410| 141371 0
2023 1.2x18 | 107907.9 231313.5 298.5 1.9%10| 10872.2 0
2024 1.6x168" 58653.4 391415.4 298.9 1.8410| 11007.4 0
2025 1.3x18" | 115180.9 270905.5 298.3 1.9%10| 122411 0
2026 1.6x18" 83879.1 381605.0 298.7 1.8410| 12106.1 0
2027 1.4x18 | 111602.3 259892.7 297.6 1.9%0| 126717 0
2028 1.6x18" 89333.7 392721.2 298.7 1.8%10| 11737.9 0
2029 1.4x18" | 126518.9 239414.0 297.5 1.8%10| 12327.1 0
Ave 1.5x10* | 106693.5 311972.5 298.3 1.8x10! 12186.4 0
s.d. 1.7x10° 23737.6 67351.2 0.5 6.9x10 911.0 -
% var 11.7 22.2 21.6 0.2 3.8 7.5 B

PingZ = Diatoms ingested by copepods; ZingS = Copepndested by squid; ZingBP = Copepods ingested

Tab. 6.35 — Causes of mortality. Where:

by basal predator; SingPred= Squid ingested by vimealator; Pstarve = Diatoms died of energy stamatio
Zstarve = Copepods died of starvation; Sstarve = Stjeitlof starvation.

Year S1 S2 S3 S4 S5 S6
2020 287.02 11.29 0.28 0.12 0.09 0.04
2021 283.34] 14.10 0.24 0.03 0.01 0.0B
2022 292.36 5.75 0.15 0.06 0.03 0.0p
2023 27710 21.11 0.14 0.07 0.03 0.0p
2024 295.18 3.51 0.09 0.04 0.07 0.0p
2025 277.09] 20.82 0.18 0.10 0.02 0.0B
2026 289.75 8.41 0.32 0.19 0.06 0.0p
2027 276.36] 21.06 0.12 0.01 0.09 0.0B
2028 296.74 1.85 0.04 0.01 0.03 0.0
2029 283.82 13.48 0.13 0.02 0.02 0.0t
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 dueredgtion
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6.3.3.3 Vertically integrated biomass of plankton

Units Ave s.d. % var
P mmol C n¥ 1648.5 80.9 4.9
PD h 2515.7 30.5 1.2
z mmol C n¥ 267.0 15.6 5.9
Zprot mmol C n? 79.4 5.0 6.3
Zlip mmol C n¥ 188.1 11.3 6.0
ZD h 3203.0 32.7 1.0
S mmol C n¥ 5.3 0.2 4.2
Sprot mmol C n¥ 45 0.2 3.6
Sip mmol C n¥ 1.0 0.2 15.3
SHD h 3255.6 1.0 0.03

Tab. 6.37 - Average value, s.d. and percentagati@mifrom the mean. Where:

P : Annual maximum P biomasBD: Hours since % Jan when max P biomass occutsMax Z
biomass [lipid + protein]Zprot: Max Z protein biomas&lip: Max Z lipid biomassZD: Hours since
1% Jan when max Z biomass occu8sMax S biomass [lipid + protein® prot: Max S protein

biomassSlip: Max S lipid biomass; SHD: Hours sinc& Jan when squid hatching occurs.

Fig. 6.126-6.132 show the vertically integrated nbéss of each population on
attractor. Diatom had an average annual maximumass of 1648.5 mmol C 't
(s.d. 80.9 mmol C ifi percentage variation from the mean = 4.9%; t&F.éind
fig.6.126), which is slightly lower than the value the base run (tab.6.8). It
occurred on the f4April (s.d. 30.5 hours; percentage variation frime mean =
1.2%; tab.6.37), as in the base run (tab.6.8). aMe@age annual maximum copepod
biomass was 267 mmol CTr{s.d. 15.6 mmol C ifi percentage variation from the
mean = 5.93%; tab.6.37 and fig.6.127). This isudald®% higher than the value in
the base run (tab.6.8) and occurred within 10 hdwom the date in which it

occurred in the base run (tab.6.37 and 6.8).

The total copepod biomass was made up of aboutlorte protein and two thirds

lipid (fig. 6.127-6.129 and tab.6.37). Squid Iatg date did not vary from the date
in the base run (tab.6.8) occurring on thé" M@ay each year (s.d. 0.7 hour,
tab.6.37). Squid biomass reached an average anraxdinum of 5.3 mmol C i
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(s.d. 0.2 mmol C ffi percentage variation from the mean = 4.2%; t&8%)6.which
is almost half the maximum biomass obtained intthge run. Protein constituted
over 80% of the total biomass (Fig. 6.130-6.132 tatd6.37).

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2020

Fig 6.127 - Copepod total biomass — all stages (h@no?)

2020 202 2022 2023 2024 2025 2026 2027 2028 2028 2030

Fig 6.128 - Copepod protein biomass — all stageadhC m?)

2020 2071 2022 2023 2024 2025 2026 2027 2028 2029 2030

Fig 6.129 - Copepod lipid biomass — all stages (in&ho?)
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2020 2020 2027 2023 2024 2025 2026 2027 2028 2029 2030

Fig 6.130 - Squid biomass — all stages (mmol € m

2020 2021 2022 2023 2024 2026 2028 2027 2028 2028 2030

Fig 6.131 - Squid protein biomass — all stages (if®ni?)
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2020 2071 2022 2023 2024 2025 2026 2027 2028 2029 2030

Fig 6.132 - Squid lipid biomass — all stages (m@ati?)
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6.3.3.4 Comparison between™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? 18.7 0.8 45 25.3 2.6 10.3
Z mmol C m? 42.6 2.5 5.8 325 3.9 12.1

Tab.6.38 — 1 Jan diatom and copepod biomass multi-year avesgedard deviation and
percentage variation

Compared to the base run, the percentage vari&toom the mean of diatom and
copepod biomass on thé' January increased by more than double (tab.6i88, f
6.133-134).

BASE- Vertically integrated P and Z biomass on the 1st Jan
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Fig 6.133 — Vertically integrated diatom®,(mmol C nY) and copepodZ, mmol C ) biomass on
the ' 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,(mmol C n¥) and copepodZ, mmol C n?) biomass on
the £'Jan each year of the increased predation run
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Carbon transfer

The amount of carbon transferred from diatoms tpepods was on average 20%
higher than that of the base run (tab.6.9): 3,25dot€ m? yr (s.d. 244.7 mmolC
m? yr: percentage variation from the mean = 7.5 %; t89)6 The carbon
transferred annually from copepod to predators alle®st one quarter more than in
the base run (tab.6.9): 110.2 mmol Gy, of which 6.9 mmol C Myr*(s.d. 1.9
mmolC m? yr'; percentage variation from the mean = 28.4 %:6t80) was
transferred to the squid population and the remgirli03.3 mmol C # yr* (s.d.
37.4 mmolC nf yr'; percentage variation from the mean = 36.2%; ta8B)8wvent to
the basal predator population. Compared to theuamaf carbon transferred from
the copepod population to the higher trophic leuelsase run (tab.6.9), the amount
of carbon ingested was about two thirds less fardsgnd about 60% more for the
basal predator. The average annual carbon traedféiom squid to visual predator
was about 20% lower than that in the base rungt@p.17.8 mmol C M yr’ (s.d.
0.7 mmol C nif yr'; percentage variation from the mean = 3.7%; t&88)6.

Year Pingz ZingS Zprot_ingS Zlip_ingS ZingBP SngPred
mmolC m? mmolC m? mmolC m? mmolC m? mmolC m? mmolC m?
yrt yrt yrt yrt yrt yrt
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. 2447 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 trophicrehivherePingZ = Carbon ingested annually by ZingS
= Carbon ingested annually by Ayrot_ingS= Protein ingested annually by Bip_ingS = Lipid ingested
annually by SZingBP = Carbon ingested annually by EBhgPred = Carbon ingested annually by VP.

6.3.3.5 Number of agents

The number of diatom agents varied between abd0024,850 (fig.6.135), with the
same trend observed in the base run (fig.6.43)e fAilmber of copepod agents
varied from a minimum of about 400 to a maximunabbéut 2,300 (fig.6.136). The
trend was quite different from that in the base (fim6.44). The yearly succession
of copepod agents was less regular, and charadehy the presence of non-
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overwintering agents during the winter, and a yeadcillation in the number of
over-wintering agents (fig.6.136). Squid agentssitages S1-S6 were always
maintained to a number of 300 in the period betwkatthing and recruitment
(fig.6.137).
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Fig 6.135 - Number of diatom agents
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Fig 6.136 - Number of copepod agents
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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
MLD nax m 157.8 2.5 1.6
Trmin [0] “C 14.4 0.01 0.1
Tmax [0] °C 29.2 0.1 0.3

Tab. 6.40 — Surface minimum and maximum averag@éeature and annual average maximum
mixed layer depth, standard deviation and percentagation from the average. Where:
MLD s Annual maximum mixed layer depth;
Tmin[0] and Tma{0]: Annual minimum and maximum average surfacegerature.

The physical environment was largely unchangedhkyinicrease in visual predator
abundance. The average annual maximum mixed lamhdfig.6.138) was 157.8m
(s.d. 2.5 m; percentage variation from the mean6=%; tab.6.40), which is not
significantly different from the average annual maxm reached in the base run
(tab.6.10) every year in mid-March. The average s@dace temperature varied
from an annual minimum of 1£@ (s.d. 0.01C; percentage variation from the
mean = 0.1 %; tab.6.40) in March to an annual marinof 29.2°C (s.d. 0.1C;
percentage variation from the mean = 0.3%; tab)a@®ugust (fig.6.139). It did
not differ significantly from the base run (tab®)1

1
2020 2021 2022 2023 2024 2025 2028 2027 2028 2028 2030 2020 2020 2021 2023 2024 2024 2028 2027 2028 2028 2030

Fig 6.138 — Turbocline depth at 6 am (m) Fig 6.139 — Sea surface temperati@g (

6.3.3.7 Chemical environment

Year 16-25
Units Ave s.d. % var
N [0] mmol N m® 5.9 0.1 1.4
Si [0] mmol Si m° 1.6 0.1 4.6

Tab. 6.41 — Surface nutrients average concentradtandard deviation and percentage variation from
the average. Where: N[0]: Maximum dissolved N caoricgion at surface;
Si[0]: Maximum dissolved Si concentration at suefac
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The total (dissolved + particulate) mesocosm n#érognd silicate (fig.6.140-6.141)
had a small drift as observed in the base run6#®-6.49). Both total mesocosm
nitrogen and silicon concentrations were mostlyhamged from the base run. They
drifted from about 4,493.7 to 4,497.0 mmol N end from 1348.4 tob1347.3 mmol
Si m?, respectively (fig.6.48-6.49 and fig.6.140-6.141).
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Fig 6.140 — Total mesocosm nitrogen (mmol N)ym Fig 6.141 —Total mesocosm silicon (m®ioin?)

Dissolved nitrogen and silicate (fig.6.142-6.148pched an average maximum
surface concentration respectively of 5.9 mmol N (s.d. 0.1 mmol N
percentage variation from the average = 1.4%:; tdb)6éand 1.6 mmol Si th(s.d.
0.1 mmol Si ¥, percentage variation from the average = 4.6%6tdlt). These
average annual maximum surface concentrations wetesignificantly different

from those in the base run (tab.6.11).

2023 2024 2025 2028 2027 2028 2028 2030

Fig 6.142 — Surf. dissolved nitrogen (mmolN’m Fig 6.143 — Surf. dissolved silicon (mmolSPm
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6.4 Sensitivity of recruitment to spawning
6.4.1 Variation in spawning stock (SS)

Squid recruitment as a function of number of eggs laid Recruitment optimisation curve

0.05

0.04

0.03

Base run Base run

l

100 200 300 400 500 600 700 100 200 300 400 500 600 700
Eggs laid Eggs laid

0.02

R (S7 m?yrY
O L N W A ¢

0.01

R per eggs laid

Fig. 6.144 — a) Number of recruits (ind?pr®) and b) fraction of recruits per
egg laid as a function of number of eggs laid (eggyr™)

Annual squid recruitment decreased from 4.6 to @ i’ yr* with increasing

number of eggs being laid from 100 to 700 eggsynT. Annual recruitment did

not vary when 100 or 200 eggs were laid (fig.6.)44dad it decreased slightly when
300 and 400 eggs were laid. When 500 or more eggs laid, annual recruitment
decreased progressively, until no recruitment aecumwhen 700 eggs were laid
(fig.6.144a). However, when considering the fractof eggs laid that reaches the 8
mm in mantle length (recruits), it can be seen th#& 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 exckigicaused by predation, while,
when more eggs were laid, it was caused by a catibm 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 yn™) and recruitment (ind fhyr?)
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6.4.1.2 Food availability and ingestion

SS - Vertically integrated copepod protein per squid
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Fig. 6.145 — Vertically integrated protein availéhiper squid

When more eggs were laid, the limited food resaimgere smaller for each squid
(fig.6.145). However, the amount of copepod protegested annually by the squid
population increased with increasing the numbeggrfs, and stabilised when more
than 400 eggs were laid annually (fig.6.146). 8qui stage S1 ingested more
protein as more eggs were laid, but this trend veasrsed for squid in stage S2
when more than 400 eggs were laid (fig.6.147).

SS - Protein ingested annually by each cohort
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Fig. 6.146 — Annual ingestion of protein (mmol & ') as
function of number of eggs laid (eggs’gr?)

SS - Protein ingested annually by S1-S3 squid
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Fig. 6.147 — Annual ingestion of protein dividedsigge S1 to S3 (mmol Chyr?) as function of
number of eggs laid (eggswr?)
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Fig. 6.148 — Annual recruitment (indyr™) as a function of number of eggs laid (eggsym)

The average amount of protein ingested annuallyndividual 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 @2ased with the number of

eggs laid (tab.6.43). The only exception is them@rence in S2 when 700 eggs

were laid, which is shorter due to premature eximc of the squid cohort

O O OO OO

(tab.6.43).
Eggs laid S1 S2 S3 S4 S5 S6 R
100 5.54 10.08 8.35 6.06 5.92 6.6( 4.6
200 6.38 10.96 8.29 6.71 6.67 6.94 4.6
300 6.38 11.40 7.42 6.08 6.02 7.13 4.2
400 6.40 12.94 8.77 8.25 9.00 9.79 4.1
500 11.40 14.00 5.85 5.15 5.29 6.13 2.2
600 10.38 21.27 11.94 10.69 9.65 8.27 0.7
700 13.40 11.94 - - 0.00

Tab.6.43 — Duration (days) of each squid stag

eaandial recruitment (ind fyr™)

The time spent in stage S1 and S2 explained 99%hefrecruitment variability

(fig.6.149).

R (S7m?yrY

SS - Annual recruitment as a function of days spent as S1 and S2

y =-0.26x + 8.83
R?=0.99

14

16 18 20 22 24 26 28
days

30

32

Fig. 6.149 — Correlation between recruitment angsdgpent as S1 and S2
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6.4.2 Variation in squid spawning date

e e $0gn | SPawningdate| R Suane S
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°grY) Causes of mortality: starvationySe(ind m” yr’) and
predation, §, (ind m® yr') with different spawning dates.

SD - Annual recruitment as a function of spaw ning date

R (S7m?yrY
O RPN WMo N ©

T T T T T T T T T T T T T g

88 92 96 100 104 108 112 116 120 124 128 132 136 140 144
DS (Days since 1st Jan)

Fig.6.150 — Annual recruitment as a function ofvgpiag date, DS. Red circles mark those spawning

dates that have been analysed in detail.

Annual recruitment was sensitive to the date orctvspawning occurred (fig. 6.150
and tab.6.44). No recruitment occurred when spagvriccurred before day 88
(29th March) or after day 144 (4May). In between these days, annual
recruitment varied from a maximum of 7 squic® yr® on day 96 (8 April) to a
minimum of 0.6 squid M yr' on day 128 (8 May). Annual recruitment was
always above 4 squid fyr* when spawning occurred between 98 fpril) and
120 (30" April), after that date it dropped below 2 squid g1, with the exception
of a sharp peak, in which the maximum recruitmeht5.8 squid rf yr'was
reached on day 132 (1May, fig. 6.150).

149



Matteo Sinerchia CHAPTER 6 — RESULTS

6.4.2.1 Causes of mortality

When spawning occurred between day 96 and 108nuh&ber of squid annually
lost due to starvation was negligible comparedhtt tlue to predation (tab.6.44).
The stage-specific predation on squid was fiercesroaller 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 yn™)

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 staoratind m? yr?)

Mortality was caused by a mixture of starvation amattality for squid spawned on
day 88 and 92 and after day 112, and exclusivelypiegation for squid spawned
between day 96 and 108 (fig.6.151). High mortaling to starvation occurred in S1
squid spawned on day 88 and 92 (tab.6.46). THheekigmortality due to starvation
occurred on S2 squid spawned between day 124 ahdwith higher loss due to

starvation than predation for squid spawned from &6 (tab.6.44).

150



Matteo Sinerchia CHAPTER 6 — RESULTS

In general, it can be seen that for squid spawifted day 112, there is a progressive
shift of causes of mortality, with a higher propant being lost due to starvation and

a decrease of squid lost due to predation (figH.15

SD - Squid starvation, predation and recruitmena &sction of spawning date

350
300 +

SingPred, Sstarve
(ind m?yr?)
BN
o
o
R(S7m?yrY

8
7
6
5
14
3
2
1
0

88 92 96 100 104 108 112 116 120 124 128 132 136 140 144

Spawning day since 1st Jan

‘ == Sstarve i Sing === PR ‘

Fig. 6.151 — Annual squid starvationQe predation, §Pred and
recruitment, R, at different spawning dates

6.4.2.2 Causes of recruitment variability

The analysis of the causes of annual recruitmesp&wning date will focus on the
three spawning dates that exhibited annual recaritrhigher than 5 squid fryr™
(date 96, 108, 132) and the one with the lowesuienent, 0.6 squid iyr’ (date
128) between day 88 (#9March) and 144 (24May, fig. 6.150).

SD - Vertically integrated squid abundance as a function of spaw ning date

250

200 -
—96

150 - —108
—128
—132

100 A

S (ind m?)
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0 T T t T T T T T T T ;
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Days since 1st May

Fig. 6.152 — Daily vertically integrated abundantsquid, S, at 6 am spawned at different dates
Spawning at different dates caused the squid tohhait different times of the year
(fig.6.152) and to enter a virtual ecosystem witiffedent food and predator

concentrations (tab. 6.47).
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96 108 128 132
Dhatch 132 145 164 168
DatQuch 13" May 26" May 14" Jun 18 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 — Ry, Days since the®1Jan, when squid hatching occurred; Rate Squid hatching
date; Pred: vertically integrated visual predatmmaentration (ind f): Zoro: COpepod protein
biomass at the date of squid hatching (mmol'@;lﬁmeBPsquid an@,o_BP: maximum protein
ingested by basal predator population during thegef squid permanence and annually (mmol C
m?yr'); Zyo S: annual max protein ingested by squid (mmol €yrit) at different hatching dates

6.4.2.3 Predation

Squid that hatched earlier in the year entered sonwsm in which predators were
more abundant (fig.6.153), and were victim of higpeedation mortality, especially

for the smaller, more vulnerable stages (tab.6.45).

SD - Predator abundance during squid permanence

2300

2200

2100 4

2000 4 96
1900 4 —— 108
1800 - —— 128
1700 \

Pred (ind m?)

1600 1 132
1500 1
1400

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Days since hatching

Hatching date
Fig. 6.153 — Predator abundance, Pred, during ggprichanence in the mesocosm

This is clearly shown by a positive linear correlatbetween the number of squid in
stages S1 being eaten and the predator concentratiche date of hatching
(fig.6.154). As a consequence of this, the vertycedtegrated abundance of squid
during the period of permanence in the mesocosmdifterent depending on the
date of hatching (fig.6.155).

SD - Predation of squid in S1 as afunction of spaw ning date

300
4

250 3 y =-3.68x +593.08

R?=0.93

200 4
150 -
100 -
>
50 4
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SlingPred (ind m? yr'l)

88 92 96 100 104 108 112 116 120 124 128 132 136 140 144

Spaw ning date since 1st Jan

Fig. 6.154 — Correlation between stages S1 moytdiie to predation and spawning date
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SD - Squid abundance from the day of hatching
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200 -

—S-96

—— S-108
100 4 —S-128
—S-132
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S (ind m?)

50 1

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

days since hatching

Fig.6.155 — Vertically integrated abundance of daiuring their
permanence in the mesocosm as function of thewsipg day

The annual maximum vertically integrated squid ataunte was lower for squid that

were spawned earlier in the year, when predators mere abundant (fig.6.155).

6.4.2.4 Competition for food

SD - Competition for food

@ Zprot_ingS
10 A
B\ Zprot_ingBP
5 4
96 108 128 132

spaw ning day (since 1st Jan)

1
)

[

o

-2

(mmolC m™* yr’

Zprot_ingS, Zprot_ingBP

o

Fig. 6.156 — Amount of protein transferred to soi#ig,,_ingS) and
to basal predatoZ(;._ingBP) during the period of squid permanence

The annual amount of protein ingested by the sgoioulation increased with the
time of squid spawning (fig.6.156). Squid cohogpawned earlier in the year,
ingested less protein compared with those spawated. | On the other hand, the

amount of protein ingested by the basal predat@uiation greatly reduced with
time (fig.6.156).
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6.4.2.5 Food availability

The amount of food available was different depegdin the date on which squid
hatched (fig.6.157).

SD - Copepod protein biomass during the period of squid hatching

70
60

/“96

—096

—— 108
—128
—132

50 -
40 -

30
108 12¢ 132
20 A

10

Zprot (mmolC m?)

10 15 20 25 30 35 40 45 50 55 60
days since first of May

Fig.6.157 — Copepod protein biomass at differetthiag dates (arrows and number show the
hatching date of squid spawned on different days)

Squid that were spawned on day 98 @pril), hatched very close to the annual
maximum copepod protein biomass and had potentmllgh more food available

than those that hatched later, when the copepadgiprbiomass was less than half
(fig. 6.157 and tab.6.47). However the amountrofgin ingested annually by squid
spawned on day 96 was the lowest (fig.6.156 and 1&bh).

6.4.2.6 Copepod protein availability

When comparing the vertically integrated copepodmass available at squid
hatching (fig.6.157) per individual squid duringithpermanence in the mesocosm,
it can be seen that squid spawned on day 96, tdtcha mesocosm that offered
much higher copepod protein biomass per squid6(fi®8). In the first 10 days
since hatching, squid that spawned on day 96 hddast double the amount of
copepod protein biomass per squid. From four @digs hatching, squid spawned
on day 108 had the second most abundant copepadabsoper individual squid
(fig.6.158). From day 6 to day 11, squid that wepawned on day 108 had about
double the amount of copepod protein per squid thase that were spawned on
days 128 and 132. Squid that were spawned on @8yahd 132 experienced a
similar amount of copepod protein biomass per idgial squid until 11 days from
hatching (fig.6.158).

154



Matteo Sinerchia CHAPTER 6 — RESULTS

SD - Copepod protein available per squid since the day of hatching
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o 34
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Days since hatching

Fig.6.158 — Food availability per individual squidring the first two weeks since hatching

Twelve days after hatching, a large number of sqfuéd spawned on day 132 died
of starvation, and this caused an increase in Bgdlability for the survived ones
(fig.6.158). On the same date, a similar but nmildleenomenon occurred also for
squid spawned on day 128 (fig.6.158). After theosdcweek since hatching, the
biomass of copepod protein available to individs@liid increased for all cohorts,

especially those spawned on day 132 (fig.6.159).

SD - Copepod protein available per squid since the day of hatching

120
-~ 100 1
-8 - _
28 g CIs-96
fwm —— C/S-108
g 60
=0 ——C/S-128
g_E 40
N g —C/S-132
=~ 20+
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14 16 18 20 22 24 26 28 30 32 34
Days since hatching

Fig.6.159 — Food availability per individual squidring after two weeks since hatching

6.4.2.7 Squid protein ingestion

Zoro_iNgS S' day’
96 0.033
108 0.037
128 0.017
132 0.026

Tab.6.48 Zy_iNgS S'day’ : average protein ingested per squid pef day

2 This was calculated by dividing the populationtpio ingested each timestep by the number of
squid in the population, to have the average pmotegested by individual squid each timestep,

155



Matteo Sinerchia CHAPTER 6 — RESULTS

As already said, the total amount of copepod pmoteigested by the squid
population increased depending on date of spawifiigg6.156 and tab.6.47).
However, when looking at the annual protein ingg&te individual squid per day, it
turns out that squid spawned on day 108 ingestednibst protein per day, followed
by those spawned on day 96, day 132 and 128 (4&).6.

The average squid protein content per individuaidg shown on fig.6.160.

SD - Vertically integrated protein per individual squid

0.7
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2 051 ——59
=7 041 ——S-108
55 03 — 5128
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days since hatching

Fig.6.160 — Vertically integrated average protentent of individual squid

6.4.2.8 Prey composition

Spawning day | ZpnsS | Zyo iGS | ZyolZ
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 — Z,S: Annual number of copepods ingested by the spomlilation (ind it yrY);
Zoor_INgS: Annual amount of protein ingested by thedgopulation (mmolC myrd); Zood Z:
Average protein per copepod ingested (mmolC'nd

The annual amount of protein ingested by squid pspalation was composed of
many small copepods for squid spawned on day 96, pragressively by fewer
larger copepods (tab.6.49).

6.4.2.9 Recruitment

Two weeks after hatching (day 14) squid recruitmstatted (fig.6.161). The first
squid cohort to recruit was that spawned on day 182recruitment lasted about 1
week and reached a maximum of 5.8 squitlyn* (fig.6.161 and tab.6.44). Squid

Zprot_S/Ts. Adding all th&@prot_S/Ts for the time of permanence of squid i tlesocosm, and
finally dividing the result by the number of daysest in the mesocosm.
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spawned on day 108, recruited from day 17 to 38rdfatching, with 6.1 squid
recruited nf yr? (fig.6.161 and tab.6.44). Squid, spawned on dayr&uited in a
short pulse from day 19 to 21, showing the highestuitment: 7.0 squid fyr™
(fig.6.161 and tab.6.44). Squid, spawned on day, ##8e the last to recruit, from
day 22 and 26, and with the lowest rate of sucdeéssquid rif yr (fig.6.161 and
tab.6.44).

SD - Recruitment after tw o w eeks from hatching

// —R-96

——R-108
—R-128
—R-132

R (S7m?yrY
O FRP N WAHMOU O N ©

14 16 18 20 22 24 26 28 30 32 34
Days since hatching

Fig.6.161 - Squid recruitment magnitude and duratithe 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 tvaguid that spawned on day 132.
One recruited (id: 215787785), the other did ndt 215787576). Fig.6.162a shows
the growth of the two squids. The one that reediiteached the 8mm in mantle
length, while the other nearly did it, but died dref then. Fig.6.162b-e show how
their carbon, protein, lipid pool and weight variedime. Fig.6.162f shows that the
recruiting squid ingested more protein than the remnuiting one over the period of
permanence in the mesocosm. Fig.6.163 focusedeoretnuiting squid. As it grew
bigger it migrated deeper during the day (fig.6d%6Xeeping a depth, in which it
would reduce the risk of predation (fig.6.163a)the period between the . dune
and the 7 of July, it ate @ maximum of 14 copepods per tieyeghalf-hour, fig.
6.163c). Respiration rate shows daily fluctuatchre to metabolic, digestion and
swimming costs (fig. 6.163d). The digestion of d meal (gut fullness = 1) takes
about 6 hours (fig. 6.163e). They fed at dusk dendn (fig. 6.163f).
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Fig.6.162 — Audit trails for one recruiting and amen recruiting squid. a) Mantle length (mm) for
recruiting squid (red) and non recruiting squidu@l b) Carbon pool (mmol C) for recruiting squid
(red) and non recruiting squid (blue). c) Carbadjr protein (green) and lipid (purple) pools for
recruiting squid d) Carbon (blue), protein (greandl lipid (purple) pools for non recruiting squéj.

wet weight (mg) for recruiting squid (red) and mewcruiting squid (blue). f) accumulated protein

ingested (mmol C §§ for recruiting squid (red) and non recruiting sq(béle).
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Fig.6.163 — Audit trails for the recruiting squa). depth (m) b) depth (m) and irradiance (Wron
the 2£' June. c) ingested copepods (ind)isl) respiration rate (mmolC e) gut fullnesswd) on
the 2£' June. f) ingested copepods (ind)ten the 21 June.
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6.5

Preliminary results on the effect of temperatue on recruitment

Ten jobs were run, all built on the base run. Tdragderature adjustment was varied

from -5°C to +5°C in one-degree steps.

The vertically integrated concentration of diatoogpepod, squid, and annual

recruitment are shown as they vary over time fa pear (fig.6.164).
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Fig.6.164 — Vertically integrated concentratiomd(im?) a) P; b) Z;

c) S (S1-S6); d) S in stage S7 (recruited)

01 8ep 2016

The demography of all population responded to thanges in temperature, in

particular, squid embryonic period, which is a filme of the mean incubation

temperature. This caused the timing of squid hatehd vary, affecting recruitment

Success.
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CHAPTER 7 - DISCUSSION

7.1 Stability

The base experiment demonstrated that the virtoabystem created by using
LERM-ES under the Lagrangian Ensemble metamodshisle, in the sense that the
inter-annual variability of the ecosystem emergeritperties is a few percent of
their multi-year average.

This has three important implications: 1) as sifbitletermines the limits of
predictability (Woods et al., 2005), LERM-ES canused as a base for experiments
to investigate the dynamics of planktonic ecosystamd fisheries recruitment; 2)
results from the stability experiments provide mevelence that virtual ecosystems
created using LERM-ES are globally stable; 3) dvas that when a third dynamic
population is added to the food chain, the stabditLE simulations with an NPZD
model is not lost. The stability experiments, ihieth the base run was repeated
with four different P and Z initial concentrationgrove that the VEs created
converge to a stable attractor within 15 yearsejpshdently of initial conditions,
thereafter responding only to external forcing.

The convergence of the VEs to a stable attraatdependent of initial conditions, is
illustrated by Poincaré maps, in which on emergenperty of the VE is plotted
against another on the same day of the yedt k28y). All the versions of the base
run (initialised with five different P and Z condeations) showed that, once the
ecosystems got on attractor, the inter-versionen@slower than the inter-annual
noise. This is shown by 1) the reduced variabihtypoth biomass and abundance of
the VE populations in the last 10 years comparetiéd?5 years period (tab.6.2-6.3
and fig.6.1-6.12) and 2) results from a chi-squatest show that the error
distribution was concentrated around the multi-yesgan in the base run (on
attractor) and could be represented by a Gausssribdtion (tab.6.4, fig.6.13-
6.14). Once on attractor, the virtual ecosystenesved annual stable cycles in their
emergent biological properties. On a specific d2&" May, a few days before
squid recruitment occurs), the inter-annual vasiatin the plankton populations

demography and biomass for all the five differeatsions varied by less than 15%
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(below 3.7%, 8.6% and 11.3% f&,Z,Sand 4.4%, 13.0% and 14.9% for P,Z,S)
from the multi-year mean of the base run (tab.63)-6

This level of stability was illustrated by Poincar@aps plotting the daily value of
the populations’ abundance and biomass every dayheén 10 analysed years
(fig.6.20-6.21; 6.35-6.36).

The daily vertically integrated concentration andntass of diatom and copepod
showed remarkable stability, with very little irt@nnual variation in magnitude and
timing of their annual maxima (tab.6.5-6.8). Théial variability in the vertically
integrated concentration of copepod versus squigl e to the steep change in
copepod concentration, due to reproduction, atithe of squid hatching. However,
the vertically integrated concentrations of the fvopulations converged on the™7
May (2 days after hatching) every year. The dedstically integrated copepod and
squid biomass during the period of squid perman@md¢ee mesocosm showed the
same trend in all analysed years, with some vanadittributable to a combination
of random displacement of particles above the wlihe and possibly to the
encounter chance between copepod and squid migragntically through the
mesocosm. However, more experiments, with incngasiumber of squid and
copepod agents, are required to confidently testaksertion. Squid hatching date,
depending on the mean incubation temperature of,aggied by less than one hour
over the sample of 10 years. This low level ofialaitity confirms the stability of
the VE showing that, as the external forcing fokolan annual stationary cycle, so
did the biological properties of the VEs. The ira@nual variability from the multi-
year mean in recruitment was only 12.2%, which ugegsmall compared to the
inter-annual variation of recruitment in occurringturally in squid populations,
which are highly sensitive to environmental fluctoas (Sakuraiet al, 2000;
Agnew et al, 2000; Daweet al, 2000). This provides the basis for further
investigation using real weather data to assesegffeet of weather on recruitment
variability (see 8.2.1).

162



Matteo Sinerchia CHAPTER 7 — DISCUSSION

7.1.1 Ergodicity

This set of experiments consists of a series ¢antes of the base run. An instance
of a VE differs from another only in the randomde&éich determines the random
displacement of plankters by turbulence. This ramddisplacement of particles
above the turbocline is the only stochastic proaed€ modeling and it makes the
particles follow different trajectories, and thenef their history of ambient
environment and concentrations of prey and predatofThis leads to intra-
population variability of the biological propertiesf the individuals within a
population. A test for ergodicity (Woo@s al, 2005) was carried out in order to 1)
measure the demographic noise in the ecosystermalysing the inter-instance
variation for one year in an ensemble of independams, and comparing it with a
timeseries of one instance of the virtual ecosystgiven the same degrees of
freedom; 2) assess whether the emergent inter-avaui@tion in the biological
properties of the VE is induced by the intra-popata variability generated by
turbulence, or rather by some atrtificial instapilitue to the modelling process. If
the statistics of the timeseries of a single instaof VE and that of an ensemble of
independent runs are not significantly differetigrt the system is ergodic. The
inter-annual and inter-instance diatom, copepod soad biomass averaged for
each day of the year, show very little differentab(6.13a-b and fig.6.55a-6.57a),
and are not significantly different from each othar the 4%, 97% and 20%
respectively (tab.6.13c). The inter-annual an@rimstance variation from their
mean for diatom and copepod biomass on tH&May is not more than 5%, while
for squid biomass it reaches a maximum of 20% Gfigpb-6.57b). This larger
variability occurs during the periods of squid ingmaition and emigration and is due
to the intra-population variability of the biologicproperties of individual squid,
causing them to hatch and recruit at different §me

In the case of diatom and copepod abundance andab® variations are not
normally distributed around the inter-annual meérthe base run. They show a
higher kurtosis, which is indicative of low variati from the inter-annual mean in

the base run.
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The populations deviate slightly from the ergodieal and the differences between
ensemble and inter-annual statistics differ frongaaissian distribution (tab.6.14,
fig.6.58-6.59). An earlier investigation of the ergodicity of a tuial plankton
ecosystem created by the LE integration found ghs8li non-ergodicity and
explained it as a consequence of zooplankton itdme@ of weight through lineages
(Woodset al, 2005). Understanding the reasons of this sligit-ergodicity in
LERM-ES requires further investigation, at the indual level (audit trails).

7.1.2 Sensitivity

A series of numerical experiments was performedntcestigate the effect of
changes in the exogenous forcing on the VE dynagnaied in particular on squid
recruitment (tab.6.15).

7.1.2.1 Variation in nutrients load

The ecosystem responded to a doubling of silicatoiution (from 0.6 to 1.2 mmol
Si m* above the % January mixed layer depth, about 60 m) with ameiase in
diatom biomass. Although the mixed layer dissolgdiccate concentration was
doubled in year 2015, this was not maintained iccessive years. In fact, during
the period of adjustment of the ecosystem to th& attractor (2015-2020), the
dissolved silicate concentration on th& January fell to the value of the attractor
before the doubling occurred (0.6 mmol SP)m As a result, there was only a small
increase in diatom biomass, which produced no fogmt difference in the
demography and biomass of the upper trophic le\aid, the multi-year average
annual recruitment was not significantly differémtthat which occurred in the base
run. The added silicate was lost below the anmumtimum, and was never re-
entrained above the mixed layer. The silicaterasdferred below the permanent
mixed layer by diatoms sinking out of the mixeddayThe silicon contained in their
shells is eventually remineralised when they dig,tbe chemical is not re-entrained

into the mixed layer. To address this, a chenreaycling adjustment was built

164



Matteo Sinerchia CHAPTER 7 — DISCUSSION

into the VEW, which keeps a track of all chemidailat are released (remineralised)
from plankton, in each layer in the water columhe Temineralised chemical below
the permanent mixed layer is removed and transféodhe surface, where it gets
homogenised by turbulence in the mixed layer. Wés set to occur on the'l
January, where biological activity is at its lowemtd this adjustment has minimal
impact on the ecosystem.

This correction assists in keeping the nutrienaibed tight. However, it proved not
to be sufficient for keeping the surface concermrabf nutrients stable. Chemical
recycling works when the annual maximum mixed layepth does not vary inter-
annually. However, if there is a sudden shallowafighe annual maximum mixed
layer depth, then the chemical recycling does noteed in transferring back to the
surface the chemical lost in the previous yeare difference in annual maximum
mixed layer depths in two successive years inflasnthe amount of chemical
available in the surface water (fig.6.80).

Another difficulty in controlling the chemical inokition, as in this experiment,
arises from the fact that diatoms have a capaatyniutrient, which is model
dependent. Exogenously providing extra chemicaadlution can simply cause the
diatoms to uptake more. As they reproduce theyHeetively sequestering silicate
from solution, adjusting to an attractor which st the one expected. With the
current way that chemical budgeting is handled iy YVEW it is the ecosystem
driving the chemical concentration and not vicesaer

Although nitrogen is more “mobile” than silicon, #dgs transferred to the surface
water by animal fertilisation, similar problems seowith doubling its dissolved
concentration above the turbocline. This issuk lva addressed in future work.
One point to clarify is the small drift in the tbtaesocosm chemicals load of around
0.1% per annum, that occurs when running LERM-EEBhe VEW attempts to
automatically handle certain aspects of chemicalgbting. Particularly, when a
model contains a rule for nutrient uptake, the VEMWtomatically handles the
distribution of nutrient between different planigerif their totalled requests
exceeded the available nutrient. However, with magents performing uptake and

remineralisation, while agents represent a dynamibers of individuals, the job is
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more complex. The small drift in total chemicabidieved 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 foad (basal predator)

Doubling the vertically integrated concentrationbaisal predators competing with
the squid for food caused a 22% reduction in treraye annual squid recruitment
(tab.6.5-6.27). This decrease in recruitment walirect effect of food limitation.
The copepod population was reduced in size anddsepas a consequence of the
increased predatiopressure exerted by basal predators. Under thasditions,
less copepods managed to over-winter, therefongcneg the biomass potential for
the following season. As a consequence, 20% ledsocavas transferred to the
squid population (tab.6.9-6.31). This reductionfaod availability caused some
squid to die of starvation, as they could not feedugh to fuel their metabolism.
However, the vast majority of squid were victimhijher predation rates. This was
a direct effect of the reduced food availabilitygnowth 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 $icgmt factor affecting annual
recruitment. Doubling the vertically integratedwal predator concentration led to
an almost 60% reduction in squid annual recruitmgaib.6.5-6.34). This was
caused by a direct effect of predation on the sgoioulation (tab.6.35), especially
the more abundant and slower swimming newly hatdwedd in stage S1, which
increased by 30% (tab.6.36). As a result of iaseepredation on the squid,
predation pressure on copepods was more relaxbb.@a6.35). Compared with
the base run, copepods ingested 20% more carbontfre diatoms, which allowed

the non-overwintering cohort to build-up enoughdgreserve to survive the winter.
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This cohort of winter survivors constituted an exportion of reproducing copepods
in the following year, which means extra food fbe tsquid (tab.6.9-6.39). The
annual cycle of copepod agents, especially thosewortering, was less regular
compared to the base run and this might have twémd to the increased level of
noise in recruitment (fig.6.44-6.136). Also thatdim autumn bloom showed yearly
fluctuations, suggesting that this non-overwintgrzohort grazes on the autumn
diatom population. This causes the diatom and cwgdpiomass on the®1of
January to fluctuate from year to year (fig.6.13B3@). The percentage variation
from the multiyear average for diatom and copepimtinass on the *1of January
increased from 4.5 to 10.3% and from 5.8 to 12.&¥pectively (tab.6.38). The
maintenance of a stable number of agents seemdfdot @ahe stability of the
ecosystem. Another factor which could be respdaditr this increase in inter-
annual noise could be that the increase in predatocentration might have pushed
the VE attractor close to a regime shift situatioHowever, in order to test this
conjecture, it would be necessary to run a seuaiarical experiments in which the
number of predators in the mesocosm is progregsineteased 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 sameuladion was a significant
factor affecting the magnitude of recruitment, tigh a strong density-dependent
effect. Results from the sensitivity of recruitrhémthe magnitude of spawning (i.e.
number of eggs laid) showed that increasing thebmurof eggs being laid annually
above the carrying capacity of the system leadssigmificant reduction of
recruitment (fig.6.144a). The carrying capacityle VE could sustain the growth
of between 400 and 500 eggs laid® yr?, before the density-dependent effect
becomes a limiting factor to annual recruitmenge(section 7.2.2). Below this level

annual recruitment decreased slightly, but when&@O®ore eggs were injected into
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the mesocosm, it caused a significant reducticanimual recruitment. Results from
this set of experiments suggest that a strong tfedspendent mechanism controls

squid recruitment (see section 7.2.2).
Spawning time

Results from the experiments investigating the ifgitg of recruitment to timing
between squid hatching and copepod biomass annailhmam suggest this is an
important factor affecting squid recruitment, agygested by Cushing’s match-
mismatch hypothesis (Cushing, 1972, 1990). Therean optimal period for
spawning, judged by recruitment success (fig.6.166)ween the™ April and the
20" May (tab.6.44). Changes in squid spawning datative to the annual
productive cycle of the ecosystem caused the ndvwaltghed squid to enter a
mesocosm, whose biological properties (i.e. foodindlance and composition,
predators abundance, etc.) were different, caugargtion in predation pressure
and squid growth rate. For squid spawned afteREitApril, there is a progressive
shift of causes of mortality, with a higher propant 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 withirig to design a set of numerical
experiments for testing the sensitivity of recrietthto ambient temperature. This is
not an easy task as it sounds. In the currerdg sfahe VEW, any physical variable
of the mesocosm (i.e. mixed layer depth, tempegateic.) emerges from the
simulation and cannot be set by users. A solutoihis problem was to allow
adjustment of the temperature purely for the bimlalgrules. The effect is that the
temperature that emerges from the physics is agjust a constant value when used
by the plankton primitive equations. Time did nbbwa a thorough analysis of the
VEs, however results show that variation in tempeeahad a significant effect on

the biological properties of diatom, copepod andicggopulation (fig.6.164), in
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particular in the timing and magnitude of diatorodyhs (earlier but smaller spring
bloom and much smaller autumn bloom at higher teatpee, fig.6.164a), timing
and magnitude of copepod reproductions (earlierlarger at lower temperatures,
with double reproduction when temperature adjustm&s -4 or -5°C, fig.6.164b),
squid hatching date (about one month delay betvé€nand -5°C, fig.6.164c) and
recruitment (recruitment occurred only for temperatadjustments between -2°C
and 2°C, fig.6.164d). The timing of recruitmentied as a function of temperature,
with squid recruiting earlier at higher temperasjras observed in several squid
speciesl(oligo forbesj Forsythe and Hanlon, 198Bpdarodes pacificysSakuraiet
al., 1996; Loligo gahi Hatfield, 2000). The reasons for such differesncan be

established through a careful analysis of the VEs.

7.2  Causes of recruitment variability

Analysis of the virtual ecosystems has shown thatdsrecruitment is determined
by a combination of factors: competition for fodmth within members of different
populations (inter-population competition, i.e. isjand basal predator populations)
and members of the same squid population (intradatipn competition), predator
pressure, food availability and feeding succesban@es in the magnitude of each

of these factors caused recruitment to vary.

7.2.1 Competition

Squid mortality was caused by a mixture of staoratind predation. Mortality due
to starvation occurred only when food availabililgcame limiting, causing a
decrease in annual recruitment. This occurred asoresequence of increased
competition for food either at an intra-populati@more squid competing for limited
food) or inter-population (more basal predatorsyele This concurs with

speculation that stocks of squid have increasedti@uelaxed competition for food
(Caddy and Rodhouse, 1998), however the suggesypdthieses cannot be

validated due to the lack of field data quantifyitng extent of ecosystem trophic
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interactions (Shepherd and Cushing, 1980; CaddyRoahouse, 1998; Arkhipkin
and Middleton, 2002).

7.2.1.1 Intra-population competition for food

As already said, competition for food between memsilo¢ the same population was
a significant factor affecting the magnitude ofrcetnent. Annual recruitment as a
function of egg production showed a typical Rickeslomed shape (Ricker, 1954):
it increased with egg production up to a point, ¢aerying capacity of the system,
beyond which density-dependent processes are @ugstinat they over-compensate
for changes in biomass, so that increased eggsugtiod leads to decreased
recruitment (fig.6144, Shepherd, 1982This phenomenon has been observed in
nature forLoligo pealei (Rosenberget al, 1996) andLoligo gahi (Agnew et al,
2000). Agnew et al, 2000 suggested that this was caused by a detsigyndent
effect, but could only hypothesize that this cohkl due either to cannibalism or
competition for food. Rodhouse (2001) suggestest the proposed density-
dependent mechanism must presumably be different frannibalism, as in squid
such ad.oligo gahi the parent stock dies soon after spawning artdeiefore not
present to cannibalise the next generation whstaiits to grow.

Results from the sensitivity of recruitment as action of eggs production suggest
that this density-dependent effect could be caldmedhtra-population competition
for food. When the magnitude of spawning exceé#sdarrying capacity of the
system, then mortality increases mainly due to gied and to a much lower extent
to starvation, leading to lower survival rates amdruitment (tab.6.42). On a
population level, the annual amount of protein sigd increased with the number
of eggs laid (fig.6.146), especially in the newlgtdhed paralarvae (fig.6.147),
however this was shared between more squid, matkingreasingly insufficient for
rapid growth and survival. The average amountrofgin ingested per squid per
unit time decreased with increasing squid compéfiimghe limited food (fig.6.145
and 6.148), causing them to grow slower and makivegn more vulnerable to
predation. This emergent mechanism by which theraction between density-

dependent larval growth and predation during thigcal period results in density-

170



Matteo Sinerchia CHAPTER 7 — DISCUSSION

dependent larval survival as been previously sugde® be an important factor in
shaping recruitment of fish populations (Ricker d&ukrster, 1948;Shepherd and
Cushing, 1980¢Cushing and Horwood, 1994).

7.2.1.2 Inter-population competition

Results from the model have shown that competifmnfood occurring within
members of different populations is another sigatfit factor affecting annual
recruitment success (tab.6.5-6.27). As for intrptpation competition, abundance
of competitor populations affected squid mortalitydirectly mainly through
predation mortality caused by a Ricker-Foersted8ype effect (tab.6.28): lower
abundance of food per squid causes a less thamapgrowth, therefore exposing
them to predation for longer. Some studies haweted out the importance of inter-
population competition on the abundance and reuant of squid in different areas
of the world (Caddy and Rodhouse, 1998; Arkhipkid Middleton, 2002).

It has been suggested that the increased cephaldgrodings observed over the last
30 years, in particular in areas where cephalopodsfinfish have been both fished
intensively (e.g. Mediterranean Sea, NW Pacific Bagt-central Atlantic), may be
due to a reduction in competition for food (Caddg &odhouse, 1998). This could
be due to the typically shorter life spans andefagrowth rates and therefore
increased spawning potential of cephalopods umdensive fishing compared with
finfish populations (Caddy and Rodhouse, 1998pssible competitive interactions
betweenlllex argentinusand Loligo gahi have been reported in the Falklands
Islands waters (Arkhipkin and Middleton, 2002). alysis of the fisheries statistics
for these two squid populations between 1987 ar@P f8und a strong negative
correlation between their abundance. The authoggested thalilex argentinus
affectedLoligo gahipopulations either due to competition of limitewdd resources
or direct predation, however they were unable wcritninate between the two

proposed mechanisms (Arkhipkin and Middleton, 2002)
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7.2.2 Predation

Results from the numerical experiments presentgdesi that predation is the most
important cause of squid mortality during the pastehing critical period. Doubling
the predator abundance in the virtual mesocosntdeh almost 60% reduction in
squid annual recruitment. The effect of predatonsquid recruitment depends on
the abundance of the predator, but also on thetbroate of the squid. Larger squid
are better swimmers, and therefore more capabdsadping predators’ attack, than
small ones. As already observed in the competigiqgmeriments, squid that grows
slowly spends more time in a set stage, on whidmawng speed depends, and is
more liable to predation than another squid th&egaless time to get into the
successive stagdn the double silicate run, the strong ingestiorsafsquid in year
16 was effectively beneficial as it reduced contpeti for food for the ones that
survived. The higher survival rate of S1 squid @15 caused a density-dependent
decrease in available food for individual squidiha@ consequent slower growth
rate and therefore a biggexposure to predation, as suggested for fish ptpoka
(Ricker and Foerster, 1948hepherd and Cushing, 1980).

Several studies suggest that stocks of squid ameitsee to predation pressure
(Caddy and Rodhouse, 1998; Arkhipkin and Middle@®02), however the lack of
rigorous enough data to allow quantitative analyeis the significance of
cephalopods (or other prey) in the diets of pregafshes, and even the most
comprehensive studies are not predictive becausinfis relate only to the time-
period of each study (Boyle and Rodhouse, 2005).

7.2.3 Ingestion and prey compaosition

Prey composition was an important factor affectmegruitment. When squid

hatched on different dates, as a consequence ftdraht spawning dates, the
composition of their prey field was different. $djuthat hatched just after copepod
recruitment (spawning on day 96), were in an emvitent in which copepods were

more abundant, but still in their naupliar or eacbpepodite stages (tab.6.49). On
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the other hand, those that hatched about one malfiéh copepod reproduction
(spawning on day 132) entered an environment irthvthieir prey was composed of
fewer but larger and more nutritious copepods. rEseltant annual recruitment in
both years was high.

A similar phenomenon emerged in the double silicaxperiment. Year 16
exhibited the highest annual recruitment. Duringt tyear, the number of copepod
ingested was not significantly higher than in otlyears, but they got the most
carbon out of them. Conversely, in year 15, sqaisumed the highest number of
copepods, but got much lower carbon out of thermpaored to year 16, and they
exhibited half the recruitment that occurred inry@@. Also in this case, the prey
composition was different. Year 16 was characteriby an initial copepod
population including copepods that survived theteneeding on the diatom winter
population. As the squid growing season startg kiave a chance to feed on larger,
more carbon rich copepods. Results from this setxperiments confirms that a
balance between the quality of food, intended as titritional value of an
individual prey, and its abundance, is an imporfastor affecting recruitment, as

suggested by Cushing’s match-mismatch.

7.3 Cushing’s match-mismatch

The numerical experiments investigating the sensitiof recruitment to squid
spawning date support Cushing’s match-mismatch estgygy there is an optimal
period for spawning, judged by recruitment succéss.these virtual ecosystems,
squid recruited when spawning occurred betweer2thé\pril and the 28 May.
This optimal spawning period is consistent with thigserved spawning period
(April to November) forLoligo opalescensn Monterey Bay (Hixon, 1983), which
is located at latitude (37°N) close to that of Amores site (41°N), where the virtual
mesocosm was anchored. The end of the optimalrspgweriod predicted occurs
at the end of May, which is earlier than that obedrin Monterey Bay. This may
be due to the fact that LERM-ES represents a singphic chain, in which
phytoplankton is represented only by one diatomufain. The productivity of
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the ecosystem may therefore be temporally limitedhe period in which diatom
dominate the surface waters (Weekal., 1993).

The results of the numerical experiments suggest tihe timing of spawning,
together with variations in the productive cyclaedo changes in nutrients, predator
and competitors abundance, are important fact@chify recruitment success, as
suggested by Cushing’s match mismatch.

Annual recruitment was a product of the interactidretween these inter-related
factors. The availability of food at the time cdtbhing was one important factor
affecting recruitment but not the only one: recnght was determined by a
combination of food availability and compositionregation, inter and intra-
populations competition, and speed of growth.

In particular, it emerged that predation mortaktyas the single most important
cause of mortality, especially for newly hatchedidqtab.6.45), as suggested by
Hjort’s critical period hypothesis (Hjort, 1914)his resulted directly by the effect
of increased predation or indirectly through dendigpendent survival (Ricker and
Foerster, 1948; Shepherd and Cushing, 1980).

The advantage of hatching in a period of high fabdndance could be balanced out
by increased competition and predation, as in #se ©f squid spawned on day 96.
Squid that hatched on day 96 entered an environmenhich the amount of food
available was more than double compared to anyr citpgid spawned later in the
year (fig.6.157), however, due to much higher caitipa for food (fig.6.154) and
predator pressure (fig.6.154), recruitment was oslightly higher than those
spawned on day 108 or 132 (tab.6.44).

In general, it can be seen that for squid spawifted @ay 112, there is a progressive
shift of causes of mortality, with a higher propant being lost due to starvation and
a decrease of squid lost due to predation (tab.6.44

Newly hatched squid paralarvae are capable of tmgegrey of their own size
(Boletzky, 1974), so, contrary to what happens wWigh, there was no limitation on
the size (stage) of copepods the squid could feedHowever, for other species in
which ingestion of prey is limited to a smaller ganof prey sizes (or stages),

excluding the unsuitable prey from the predatot @ieuld be a simple exercise.
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This would probably lead to a further restrictiointlee spawning time window for
successful recruitment.  This exercise could beresd@d in future work
investigating the recruitment of different speciddnder the current model
specification, preference in the copepods stagbhghathe squid feeds on, emerges
from a balance of prey nutritional value, inten@sdprotein contained (i.e. stage and
size) and their swimming speed compared to thahefrey, which determines the

ability of squid to catch their prey.

7.4 Verification

The main obstacle to model verification is the aleseof reliable field data,
especially for fine-grained processes which arkcdit to observe, such as predator-
prey interactions and density-dependent mechanighis.is a serious problem, as it
makes it possible to determine whether the emengeshomena in the VE, such as
the emergent density-dependent survival (Ricker Femetster, 1948; Shepherd and
Cushing, 1980), resemble what happens in reakevious work, trying to explain
the causes of recruitment variability as a consecei®f density-dependent survival
of larval fish encountered similar problems and cadtted the need to retrieve
enough field data to validate the model (Shephed @Gushing, 1980; Caddy and
Rodhouse, 1998; Boyle and Rodhouse, 2005). Shephed Cushing (1980)
suggested this could be achieved by tracking sanetusly patches of larvae and
their predators to assess their growth and moyrtabind investigate possible
correlations between the two. This is not an @ask. A possible alternative could
be to set up large mesocosms, which would faalithe observations of predator-
prey interactions.  Until these type of field ohsgions are unavailable, the
proposed mechanisms responsible for recruitmentati@m remain interesting
speculations.

Direct comparison between recruitment and fishedeta, where available and
complete, is certainly possible. Currently the Visoduced by the numerical

experiments presented, were generated in a 1D ocemaent, which is driven by
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climatology rather than real weather. At this steaggy comparison of the emergent
annual recruitment with fisheries data would benatuire.

However some emergent properties of the virtualsgstems 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 depnge and sinking speed
(fig.6.54) comparable with several studies dontéAzores region (tab.7.1).
Fashamet al. (1985) measured the depth of the DCM south ofAberes in late
April and May 1981. It consisted of slow growingypdplankton and was about
100m deep in late May. During the period of thisdy, the DCM depth increased
by 7-8m in 20 days following the increasing depthttee 1% light level and the
nutricline.

A series of oceanographic cruises (Sea Rover sart6§4-1986) recorded situ
chlorophyll-a concentrations, and the local envinent. Strass and Woods (1991)
used the Sea Rover dataset to investigate the nadugtion during summer in the
North Atlantic. In a site north of the Azores, tihepth of the DCM was 50-70m in
late June. The authors reported a progressivengirdé the DCM at a rate (almost
10m per month), consistent to that measured bydrash al. (1985). The rate of

DCM sinking was correlated to the nutricline sirkiate.

Source Location Time DCM depth range
(m)
LERM-ES 41°N 27°W | April-May 30-70
May-June 40-80
June-July 50-90
July-Aug 55-95
Aug-Sep 55-100
Fashanet al 1985 South of April-May1981 ~ 60-110 April
Azores ~70-120 May
Strass and Woods, 1991 North At latitude 40°N
Atlantic Apr-May 1985 20-50
Jun-Jul 1986 50-70
Aug-Sep 1984 50-100

Tab.7.1 — Comparison of DCM depths predicted by MERS with observations near the Azores
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7.4.2 Observations of squid physiology and behaviou

The emergent physiological properties and behaviolurthe simulated squid
paralarvae is comparable to observations, as slowre audit trail describing their
life histories. The simulated squid vertical migwa was comparable with in situ
observations in Monterey Bay on the distributionLobpalescenparalarvae: they
perform diel migration and are vertically distribdt above 80m (Okutani and
McGowan, 1969; Zeidberg and Hamner, 2002). As thew larger, they move
deeper in the water column (Cargnedti al, 1999). Digestion rate is also
comparable to laboratory observations: completestign of a meal takes about 6
hours forL. opalescengKarpov and Caillet, 1978) and 4-6 hours forvulgaris
(Bidder, 1950). The growth rates for the squidsidered, varied between 5.2 and 6
mm per month, which is comparable with observatioinsquid growth rate ranging
between 1.1 and 5.6 mm per month during the fiisée months post-hatching
(Hanlonet 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 pbabncept that LERM run under the
Lagrangian Ensemble metamodel makes it possildectite a virtual ecosystem in which
fisheries recruitment can be predicted and isdit furpose to test Cushing’s match-
mismatch and other theories of fisheries recruitmen

The creation of LERM models was the result of satisal work in extracting from the
literature biological equations derived from laldorg experiments and in translating
these into phenotypic rules that are appropriatedding in a model that obeys the LE
metamodel. This provides a sound basis for theagpyoused in LERM-ES, from which
all the reported results were obtained.

The major strength of the method used lies in #oe that it provides a logical framework
for explaining emergent properties, such as raowrit, in terms of emergent ecological
processes, all of which ultimately rest on pheniatyguations derived from reproducible
laboratory experiments, as proposed by Woods (2003)

Cushing realized that the timing of eggs hatching the abundance of food available
during the critical period of first feeding was iamportant factor in determining hatchling
survival, but could not discriminate whether thffeet was caused by larval mortality
due to starvation or to predation (Cushing, 19@8)e same is true for other studies
(Arkhipin and Middleton, 1996; Caddy and Rodhou868; Agnew et al. 2000).

The reported numerical experiments provides moildeece to theCushing's match-
mismatch hypothesis that the timing between hatcliheggs and the peak in food
abundance is indeed one important factor affectegyuitment. Annual recruitment
emerged from a combination of food availability aodmposition, inter and intra-
populations competition, speed of squid growth pretlation. Results also support the
Hjort’s critical period thesis (Hjort, 1914) thagaruitment is primarily determined by
predation mortality during the early larval stagdse duration of which depends on
growth rate and thus food availability. In parta it provides more evidence to the
hypothesis that density-dependent growth interadts predation to produce density-
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dependent survival: when competition for a limifedd resource is high, larvae grow
slowly and are vulnerable to predation for longeicker and Foerster, 1948ushing
and Shepherd, 1980). The demonstration was basedsimple representation of squid
recruitment at the Azores. The method proved ssfok provided a plausible
description of the mechanisms involved in determgnisquid annual recruitment,
however it needs to be refined before it can bel wgeerationally as a contribution to
fisheries management. Experiments were set inmgpldied scenario, in which the
dispersal of squid paralarvae by currents was oosidered and the ecosystem was
driven by a stationary annual climatology.

In order to provide credibility to the model prettbhois and the mechanisms proposed,
these have to be validated against field obsemstiovhich are difficult to obtain
(Shepherd and Cushing, 1980; Caddy and Rodhou88; Bayle and Rodhouse, 2005).
However, LERM-ES could provide a useful tool foamhing which field data would be
most effective for verifying LERM-ES.

LERMS-ES provides a base for further scientificastigations. The current biological
equations can be further enriched with the intréidacof new ones to target new
problems (e.g. LERM-PS is currently being used les liase model by the Bermuda
Institute of Ocean Sciences for simulating the Beten Atlantic Time-Series plankton
community, BATS, and by the Plymouth Marine Laborgtto test hypothesis about the
competition between population @falanus finmarchicusnd Calanus helgolandicys
This is an easy task thanks to the user-friendéipesvided by the VEW.

8.1.2 The VEW

The third version of the VEW (Hinsley, 2005) wae fiirst that could be considered fit
for purpose in terms of creating simulations; poegi versions inevitably required edits
to be made at a low-level to update, or maintamusations, requiring considerable
computing support, which was provided by Dr Hinsleypwever, VEW 3.0 was still in

the early stages of development at the outseteof ERM research. LERM provided an
immediate application that the software could bec#md towards. It also gave
advantages to the creation of LERM models, sineed#tvelopment process of the VEW

could specifically include the features requiredidailding LERM.
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However, such a bilateral process of developmes ahises significant challenges.
Software development is a lengthy process, especiahsidering the complexity of the

systems that the VEW aims to create. Testing, aimiglging such a system is just as
complex, and in some cases a particular softwaredin render a number of experiments
void, or at least difficult to defend in terms aientific integrity, due to errors that may
not have been in their nature, scientific. In sy, a significant contribution of time

and effort from this research has been towardspeeification and development of the
Virtual Ecology Workbench and indeed to the futafehis type of research. The most
significant enhancements and corrections that \wdded 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 originallyineestigate the effect of short-term
fluctuations in weather on the success of fishemesuitment. It is generally accepted
that the weather is the main contribution for vaci& in recruitment (Hjort, 1914;
Shepherd, 1990; Heath, 1992; Koslow, 1992). Itaasofound effect on the dynamics
of plankton ecosystem, affecting the timing of jm blooms, which determines how
much food is available to the fish hatchlings eveear and also influences hatchlings’
development and metabolic rates.

This would have been achieved by running a seffiesimerical experiments using the
ERA-40 global dataset, which provides the synoptate of the atmosphere every six
hours from 1957 to 2001 with &1 degree of resolution, including wind speed, cloud
cover, surface solar radiation, surface sensibl Hax, surface latent heat flux and
surface long wave radiation.

ERA-40 weather data was obtained and convertedan¥@&W complaint format in the
beginning of the project. Unfortunately, the datgsevided by the British Atmospheric
Data Centre was initially incomplete, with many usands of erroneous entries. The
dataset was finally obtained and converted at titeo 2006. However, the engineering
work to install the ERA-40 dataset into VEW 3.1 wasre complicated than anticipated,

as it required modifications in the physics code:. €&xample, on many occasions, terms
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which should have caused a loss of heat from tearmuvere found rather to contribute a
sudden gain. As a result, it has not been possibléar to run simulations using the
ERA-40 six-hourly data. The problems have been destnated, and work is ongoing to
upgrade the VEW'’s physics to handle the data, dauthiis reason, a full evaluation of the

effect of weather on squid recruitment is not y&iaable using the VEW.
8.2.2 Coupling LERM with a 3D circulation model

A highly desirable feature would be to couple LER@-with a 3D circulation model, in
order to simulated larval dispersion from the spagmrounds. This is considered to be
a very important factor affecting recruitment sigscan many fish populations. However

this requires a considerable amount of programraimjtesting.
8.2.3 Sensitivity of recruitment to a wider rangeof variation in exogenous factors

The sensitivity of the VE and squid recruitmentviriation in nutrients (silicate and

nitrogen), basal predator and visual predator adgnoel will be tested over a wide range
of values (12 per exogenous factor), in order to gabetter picture of the importance of
each and to establish thresholds values beyondhwhie VE may experience a regime
shift.

8.2.4 Method for testing the effect of temperaturen squid recruitment

Temperature is an emergent property of the sinaraéind is calculated in the physics
code. In the current specification of the physasexogenous change of temperature is
immediately overwritten by the calculated value.the final stage of this project, to test
the effect of temperature on the biology, a modifan in the VEW was made to allow
adjustment of the temperature purely for the biigalgrules: the temperature that
emerges from the physics is adjusted by a const@oe when used by the plankton
primitive equations. Time did not allow a thorougialysis of this functionality, and in
any case, this represents a first attempt to pt&yweather. Nevertheless, the effects of

changing the temperature in this way were shovgngf164).

181



Matteo Sinerchia CHAPTER 8OGNCLUSIONS AND FUTURE WORK

8.2.5 Moadification of chemical budgeting

Analysis of the virtual ecosystems generated dutiig) project exposed a small drift in
the total mesocosm nutrients loads. The problethasght to be in some calculations
performed in the VEW kernel, and further investigatis going to be performed to
pinpoint the exact cause of such problem.

Another problem in the budgeting of chemicals was tb the chemical conservation
rule, which brings to the surface water chemichét have been lost below the depth of
the permanent thermocline in the previous year. rERimjection date was chosen to be
the £'January, as it is a biologically quiet periodué tyear. The problem occurred when
the depth of the current year was shallower thathen previous. A solution to this
problem would be to re-inject the chemicals in ¢herent 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 theiraarto the environment during
determined periods of the year, when conditionsfaverable. Various studies suggest
that the rhythm of release is periodic at shoresSoales and often coinciding with lunar
cycles (Robertson, 1992; Robertsenhal, 1999; Smith and Suthers, 2000; Smith and
Sinerchia, 2004). This increases the chances wllaurvival as it involves reduced risk
of predation and tidal transport to recruitmentugrds. Future work will be devoted to

add lunar phase to the astronomic component usegldolate solar irradiance.

8.2.7 VEW performance

The VEW addresses the difficulty in creating LEdxhsmodels with considerable
success. However, a further factor to considehés gerformance of simulations. The
models in this thesis take between an hour (LERNI-B&d three hours (LERM-ES) per
year of simulation time, to execute, when runningstandard desktop computers, with a
modest number of agents (around 20,000). It wbeldlesirable to run the simulations
with many more agents to achieve more statisticsilipificant results. However, this

has not yet been attempted, partly due to the aseréime taken to run the simulations,
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and partly due to computational memory cost. Th&WEas not yet been optimised for
performance, and runs only on a single processaall@lisation work on the VEW is

currently being undertaken by Dr. Hinsley.
8.2.8 Analysis of all dates of the timing of spaving experiment

Due to time limitation the analysis of the caus&sariability in squid recruitment as a

consequence of timing of spawning was limited ® spawning dates that exhibited the
highest recruitment and very low recruitment. Iptheanalysis 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 LERMThis will include a flagellate
population, to study the passage from new to regése production, and altering the size

of the existing copepod model to simulated microgtankton.
8.2.10 Copepod

At the moment a set fraction of copepods enterseatitdover-wintering on a set date,
following the specifications of Carlotti and Wolf998. To increase the realism of the
model it would be desirable to achieve emergentr-ewetering, by including

environmental cues (e.g. temperature, day lengtht@ trigger the start and end of over-

wintering.
8.2.11 Squid

Squid somatic growth is linear, however for preaiasake, in the current implementation
of the VEW, it has to be considered staged, agdagbor can feed only on stages of prey,
rather than individual preys. Future work couldli@ss this problem by allowing direct
particle to particle interaction, taking into acobthe instantaneous size of squid, rather
than a discretised stage value. Another possibpgavement derives from the fact that,
in the current version of LERM-ES, squid are assiteebe neutrally buoyant, while in
reality they need to swim to maintain their positid his 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 Azoreatilon. Experiments at different
latitudes, such as along the trans-Atlantic lineesghthe annual surface heat budget is in
balance, are required in order to test the robsstred the model. Another good
candidate for this experiment would be a locatitose to the Falklands, where squid
fisheries are of prime importance, and a large arhoti 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 dpeEiorsythe hypothesis, which explains

that, due to the dramatic effect of small differesiin temperature on the rate of growth
during the exponential phase, in places where tisecensiderable seasonal increase in
temperature, later hatching individuals can easitgrtake those hatched earlier in the
season by the time sexual maturity is reached YHoes1993).

In future experiments, this hypothesis will be ¢égstomparing the relative growth rate of

the two hatched cohorts, one occurring in spring #re other in autumn, which are

subject to different ambient temperature.
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APPENDIX | — DIATOM MODEL
1.1 STATE VARIABLES

Eq.l.1 Aool = [Apoolt Aing — (Apool * Rn* Trunction * TS)] / Cd
EQ.1.2 Nool = [Npooi+ Ning — (Noool * Rn* Ttunction* TS)] / Cd
EQ.1.3 Spool = [Sipool+ Sing] / Cd
Eg.l.4 Gool = [Cpoolt {Cpooi* [(PhOto — (R* Ttunciion) * TS] }] / Cd
EQ.I.5 Chpoo=if (8" <8 Mnay
Chlpool+[(Rhachi* (Aing + Ning)] — [(Reni* Chlpool * Tiunction® TS)]
Else
Chlpool— {Chlyooi = [(Apool + Npool)* © Nmal} 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 Timestép

Cd = flag for cell division (reproduction occurs &hCd = 2)

2 EQUATIONS

2.1 MOTION

Eq.l.6 z = If (z<MLD)
RND(MLD) + (vs* Ts)

Else

Z=2z+(¢*Ts)

z = depth (m)
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.2.2 PHOTO-ADAPTATION

Rate of Photosynthesis vs Irradiance
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Fig.l.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.l.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 = TemperaturégC)

Fig.l.3 — Chlorophyll synthesis as a
function of nitrogen uptake

EO incident solar radiation

EOL = 50 Wn¥

EOH = 500 Wrif

Ek = light saturation parameter
(irradiance at which the initial slope
intercepts light saturated rate —Fig. 1.1)

Fig.l.4 — Respiration cost as a function
of nitrogen uptake

Rmain = maintenance respiration
Resp = total respiration (Rmain +
Rgrowth)
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1.2.2.1 PHOTOSYNTHESIS

Eq.l.7 if (Fmax= 0)
PCphot: 0
Else
P onot= Pomax {1- exp”[(-36000°" 6% Eq)/ PXmad}
Where:
PCmax = Maximum carbon specific rate of photosynthesaebient T(K) (i)
o“" = initial slope of photosynthetic light curveafnol C nf (uE mg Chla)™]
E, = incident scalar irradiance in the PAR part ofshectrum JiE s* m?]
6¢ = Chla:C ratio within the cell [mg Ch& (mmol C)*]
6 = Chool/ Gpool

MAXIMUM RATE OF PHOTOSYNTHESIS

The maximum rate of photosynthesis is assumedctease linearly with the cell
nitrogen quotaQy)
Eq.l.8 Qu = Npool / Cpool
Eq.l.9 IF (Qumin< On < Qnmay
P max = Pref [(Qn~ Quimin)/( Quumax Qnmin)] Trunction
else if (Qu < Qu,min)
Pemax= 0
else if (Qu > Qumax
P max= Pret Trunction

Where:
Qn,min = Minimum nitrogen to carbon ratio [0.034 mmolrngol C)*]
Qn,max = Maximum nitrogen to carbon ratio [0.17 mmol Nufoi C)*]

Trncion= defines the effect of temperature on metabotiesréimensionless):

Eq.1.10 Tunction = €XP {Ae [(L/T)-(1/Ten)]}

Where:

Ae = slope of the linear region of an Arrhenius p[et0000 K]
T = ambient temperature (K) T = 293K
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Fig.L.5 - The effect of temperature on metaboliesa
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Fig.l.6 — The effect of internal N:C ratio and tezngture on maximum photosynthetic rate.
Qnmin = 0.034, QnL = 0.05, Qnmed = 0.1, QNH= 0QBmax = 0.17

[.2.2.2 CHLOROPHYLL SYNTHESIS
0°"'= Chla synthesis regulation indeng Chla (mmol C)]

6N = Chl a:N ratio [mg Ché (mmol N):
Eq.l.11 8" = Chbool / Npool
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Eq.l.12 IF (B> 0)

pChI - 9Nmax[PCphot/ (36OOaCh' 0C Eo)l
Else

0
Where:

0" max = maximum value for the (Clat N) ratio,®™ [mg Chla (mmol Ny?]
Pcphotz carbon specific rate of photosynthesi%)(h

«“" = initial slope of photosynthetic light curveainol C n? (LE mg Chla)?]
6°=(Chl a:C) ratio within the cell [mg Cha (mmol C)*]

Eo= incident scalar irradiance in the PAR part of shectrum |iE s* m?]

Considering that 1 W = 46E s*
And E, (LE s m?) = 4.6 Irradiance (W)

rhoChl at High and Low levels of Chl:C and incident
irradiance vs rate of Photosynthesis

rhoChl

(mg Chl a/ mmol

0.00 0.05 0.10 0.15 0.20 0.25 0.30
rate of Photosynthesis (h-1)

---¢-- TcCLEOL —®— TcLEOH ---a--- TcHEOL —<— TcHEOH

Fig.l.7 — Chlorophyll synthesis rate as a functidmternal Chl:C ratio and irradiance
Tc = Ch):C,TcL = 0.1, TcH = 0.7, EOL =50 Wiy EOH = 500 Wi

1.2.2.3 NUTRIENTS UPTAKE

Specific rate of nutrient uptake is modelled udirgop dynamics (Droop, 1973), based
on 3 experimentally verifiable postulates:

» uptake depends on the external substrate condentrat

» growth depends on the internal substrate concértrat
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* in steady state system specific rate of uptaketlfm absence of significant
excretion) is necessarily the product of the speafowth rate and internal

substrate concentration.

NITROGEN

Maximum rate of Nitrogen uptak¥“max(mmol N (mmolC hY) :

Eq-|-13 IF (Q»l,minS QN < QN,maQ chax = Vcref [(QN,max' QN)/( QN,maX' QN,min)]n Tfunction
else if (Q > Qumay) Vnax= 0
else if (Q < Qu,min) \Fmax: Vcref Ttunction

Where:

Qn min= Minimum nitrogen to carbon ratio [mmol N (mmor](]:)

Qn,max= Maximum nitrogen to carbon ratio [mmol N (mmol'T)

n = const. to define the rate Wf.decline with increasin@y (0.05)
Trunciion= defines the effect of temperature on metabotiesréimensionless)

VcMax vs T - (ON fixed = 0.1

VcMax (h-1)
o
o
©

T(©)

VcMax vs ON - (T fixed 20C QNmax

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
QN (mmol N/mmol C)

Fig.l.8 — Maximum rate of N uptake as a functiona)ftemperature and b) N:C internal ratio

UPTAKE:
Eq.l.14 VPN = Vomax[N / (K + N)]
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SILICATE

Silicate uptake starts whendg has reached 90% of the C threshold for cell divisi

(CSmin)-
Vsiicate dependent on Si:C ratiosQ

Brzezinski (1985) observed that Si:C ratios vahetiveen 0.04-0.43, with the vast
majority of species (27 in total) having ratiosvbe¢n 0.04-0.15.
Mean reported: 0.1®.04 (95% confidence).

Eq|15 If (Q)oo|> CsmirD

; S —\/S
{then if (QSS QSmin) \ max— Vv ref qunction
: S —\/S n
else if (@min < Qs< Qsmay V max= Vet [(Qs,max— Qs)/( Qs,max Qsmin)]™ Ttunction
: S —
e|Se |f (Q 2 QSmaQ V max— O
S —
Else V=0
Rate of silicate uptake vs Si:C ratio
QSmin QSmax
E 0.035
2 00304+ F--
Y- e O F--
9 0.020 -
22
E 0.015 -
& 0010 f-------mo oo -
Qo
= 0005 - P
%)
> 0.000 i i T T T T . . . . . . .
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16
Qs =Si:C ratio (mmol Si/mmol C)

Fig.l.9 — Maximum rate of Si uptake as a functiésbC internal ratio
Eq.l.16 VPsi = Vomax[Si / (ksi + Si)]

Where
ks = half-saturation constant for silicate uptakenihol Si)
Si = Silicate ambient concentration (mmol Sfm
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NUTRIENT UPTAKE CALLS (Specificity of chemical rebad)

Eq.l.17 Nitrogen: uptake [l * VE\ *Ts) from Nitrogen Conc] > Ning
Eq.l.18 Silicate: uptake [(Sii* Vs *Ts) from SilicateConcP Sing

Ningand Singreturn the amount of chemical uptaken during tleipus timestep.
[.2.3 RESPIRATION

Geider 98 assumed that the maintenance metabdks f@maintenance describing C
respiration; R describing remineralisation of N andcdrdescribing Chl degradation are
equal:

Eq.l.19 [Remaintenance= Rn = Reni]*T function

R® = Total C specific rate of respiration'][h

Eq.1.20 R = [Remaintenancd Tfunction] + Rgrown

Where:

R maintenance= Carbon specific rate of maintenance respiration

chrowth = Carbon specific rate of growth related resporati

Eq.l.21 Rogrowth = { VN
Where:
¢ = cost of biosynthesis [mmol C(mmol ')

VC\ = Carbon specific rate of DN uptake [mmol N(mmot' @]

1.2.4 CELL DIVISION

Silicon depletion in the water may limit diatom reguction before nitrogen depletion.
Eq.l.22 if (G= Crep) and (= Sep)

=2

else

G=1
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Where

cq = flag for diatoms maturity [dimensionless]

Ciep = carbon content threshold for cell division (mnag!
Siep = silicon content threshold for cell divisigmmol Si)

When g = 2, the number of cells in the subpopulatignare doubled.
Eq.1.23 If (Cd =2)> divide(2)

The daughters will have values for carbon, nitrogéiicon and chlorophylh which are

half the value of their parents before division.

.2.5 MORTALITY

Eq.l.24 If (Gyool < Cstarvd > Dead
Where

Cstarve= carbon content threshold for energy starvatmm¢l C)

.2.6  REMINERALISATION

When Living:

Eq.1.25 Release (#o + Npoo) * Rn * Trunction® TS) t0 Ammoniungonc
When Dead:

Eq.l.26 Stemin= Stissolution* Qrems”( (T — Tsre/10)

Eq.l.27 Nemin = Naissolution™ Qremn " ( (T — Tnrer)/10)
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.3 PARAMETERS

Symbol Name Units Value Source
14 cost of biosynthesis mmol C(mmol W) 2.3 Geider et al., 1997
Vs sinking velocity m i 0.04 Woods and
Barkmann, 1993
QN.min minimum nitrogen to carbon ratio mmol N (mmol'C) 0.034 Geider et al.,1998
Qn.max maximum nitrogen to carbon ratio mmol N (mmofi'C) 0.17 Geider et al.,1998
Ae slope of the linear region of Arrhenius | K -10000 Geider et al., 1997
plot
Tret Reference temperature K 293 Geider et al.,199
ks half-saturation constant for silicate uptake mmiah$S 1 Tett and Droop,
1988
0 N ax Maximum Chl a:N ratio mg Chl a(mmol N) 4.2 Geider et al.,1998
Qs.min minimum silicon:carbon quota mmol Si (mmorl'C) 0.04 Brzezinski, 1985
Qsmax maximum silicon:carbon quota mmol Si (mmol’C) 0.15 Brzezinski, 1985
c initial slope of photosynthetic light curveé mmol Cnf (UE mg Chl a) | 7.9x107 | Geider et al., 1998
n const. to define the rate of)\..decline | dimensionless 0.05 Partridge, pers.
with increasing Q comm..
R maintenance | Carbon specific rate of maintenance mmol C (mmol C} h? 2x10° Geider et al., 1996
respiration
N Nitrogen specific rate of N mmol N (mmol NY* h'* 2x10° Geider et al., 1996
remineralisation Geider et al., 1998
Ren Chlorophyll specific rate of Chl mgChl (mg Chi}f h! 2x10° Geider et al., 1996
degradation Geider et al., 1998
Kar Y saturation constant for uptake of nitrdtenmol N m® 1 Geider et al.,1998
and ammonium
Preic Maximum value of By at temperature | mmol C(mmol Crht 0.16 Geider et al.,1998
Tref
Vreic Value of Viayc at temperature  J; mmol N(mmol C) h'! 0.026 Geider et al., 1998
VSt value of \P,,, at temperature J; mmol Si(fmmol Si}th' 0.03 Paasche, 1973
Crep carbon content threshold for cell division  mmol C 1.76x10% | Strathmann, 1967
Cstarve carbon content threshold for starvation mmol C 8.5x10° Assumed
Seep silicon content threshold for cell divisio mmol Si 2.1x10° Derived from G,
and Brzezinski,
1985 (Table 3)
Chins Minimum C content for Silicate uptake | mmol c 1.58x10% | Assumed as 90% of
Ciep Brzezinski,
1985
Sijissolution Si specific dissolution rate of biogenic §i  mmol(8imolSi h)* 8.3x10* Hurd and
Birdwhistell, 1983
Qrems factor by which Si dissolution increases| wd 2.27 Kamatani, 1982
with T (K)
TsRef Reference T for Silicate dissolution K 278 Hurdla
Birdwhistell, 1983
Nissolution N specific dissolution rate of N mmolIN (mmolIN’h) 0. 0042 Heath et al, 1997
Qremn factor by which N dissolution increases| wd 2.95 Heath et al, 1997
with T (K)
TNRef Reference T for Silicate remineralisation K 283 atteet al, 1997

Tab.l.1 — Diatom parameters
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¢, Cost of biosynthesis (mmol C (mmol Nj
The value of, in tab.3 (Geider et al, 1998, hereafter G98) gCN™.
Conversion:

Molar mass of N = 14 gN /moIN
Molar mass of C =12 gC /mol C

Then is 2 gC g\ = 2.3 mmol C mmol&
Vs, sinking rate (mh™)

Uses the WB value for constant sinking of diatotns@* > ~ 0.04 mH)

Qnmin and Qumax, Min and max internal ratio between N and C (mmoIN (mmol C)?)

The value of Qmin and Qumaxin tab.3 (G98) for diatom specieS. (costatunandT.
pseudonangwere 0.04 and 0.2 gN (g&)espectively.

Molar mass of N = 14 gN/molIN
Molar mass of C =12 gC/mol C

Using the conversion above:

Qumin=0.04 gN (gCJ *(12/14) mmoIN/gN (mmolC/gC) = 0.034 mmolN (mmolC)
Similarly

Qumax= 0.17 mmolN (mmolCj

A, the initial slope of the linear region of the Arhenius plot (K)

Geideret al.,1997 (hereafter G97) used a value of' 0

214



Matteo Sinerchia APPENDIX | — DIATOM MODEL

Tt Reference temperature (K)

This parameter is not listed in G98. reportdgbra personal communication with
Geider, that &= 293K.

K, half-saturation constant for silicate uptake (mméSi m)
Value used in model by Tett and Droop (1998) pastab. 4, K. = 1mmolN n?®

The same value is also used foirKhalf-saturation constant for nitrate and ammonia

uptake).

K ar half-saturation constant for uptake of nitrate andammonium (mmolIN n®)
Value used in model by Tett and Droop (1998) past2b.4, K, = 1mmolN n®
Same value used by G98. Tab.3 K 1 mmoIN n?

(1M =1 mol I*so 1uM = 1 mmol m®).

6" nax, Maximum Chl a:N ratio mg Chl a(mmol N)*

G98 Tab.3 give a value of 0.3 g Chl a (§Nr S. costatum

Converting to mg Chl a (mmol N) using
Molar mass of N = 14 gN/moIN> 14 E-3 gN / mmol N

then

0.3 [g Chl a (gN)] * 14E-3 gN (mmol N} * 1000 = 4.2 mg Chl a (mmolN)
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Qsminand Qsmax, Min and Max Silica to Carbon ratio  mmol Si (mmdC)™
Brzezinski (1985) observed that Si:C ratio varietif@en 0.04 and 0.43, wtith the vast
majority of diatom species having ratios betwed@# @nd 0.15.

| decided to keep 0.04 mmolSi / mmolC ag,Rand 0.15 mmolSi / mmolC assRix.

a", initial slope of photosynthetic light curvemmol Cm? (UE mg Chl a)*

The averaged value of " for diatoms in Tab 2 of G97 = 0.95E-5 g& @Chlumol
photons)*

1 mol of photons = 1 Einstein (E)
To convert intanmol Cnf (UE mg Chl a)
0.95 E-5 gC m(gChlumol photons} = 0.95E-8 gC m(mgChl pE)™

= 0.95 E-8 gC m(mg ChlpE)™ /[12E-3 gC mmolC] = 7.9 E-7Cn¥ (UE mg Chl a}

n const. to define the rate o¥/ ., decline with increasingQy  dimensionless

Value of n not present in Geider’s articles. Th&e used 0.05 (w.d.) was derived from

personal communication between Partridge and Geider
RCmaintenance Carbon specific rate of maintenance respiration mrol C (mmol C)* ht

In G98 maintenance respiration rate for diaton(igb.3).

216



Matteo Sinerchia APPENDIX | — DIATOM MODEL

Geider et al. 96: For diatoms, which typically hdwngh light saturated growth rates, the
respiration term in the model becomes significarly at extremely low irradiances.
Thus, the value of RuaintenancdS Not critical.

They assumed a value of 0.05 mmolC (mmol &) 2E-3 K

This value will be used also for the remineralisatdof N and the degradation of Chl,

which in Geider 98 are assumed to be equal anditumof T.

So, Rc = Rn = Rchl= 2E-3 * Tfunction (effect ofrtperature on metabolic rates... see

below in equations section).
Kar, ¥2 saturation constant for uptake of nitrate and axmonium, mmol N m*
G98 uses a value for,lK= 1uM = 1 mmolIN m®

P%.r, Maximum carbon-specific rate of photosyntehsis aemperature Tref

mmol C(mmol C)* h?

G98 : Maximum rate of carbon-specific rate of plsgtdehsis for diatoms varied
between 3-5.1 gC (gC dexperiments conducted at 293K. Average of 4 gCdy/C

Tret= 293K therefore we can neglect the effect of tenapee function (eq.10 in G98).
Assuming Qn (ratio between N content / C conteninolN mmolC") = 0.15

Then from eq 5

PCmax= Pret (MMoIC (mmolC H)) ((0.15- 0.034)/(0.17-0.034)) = 0.85,8/ 24 (h d)

S0 P'et mmolC (mmolC H)) = 4 gC (gC d} * 0.85/ 24 (h d") = 0.14 mmol C (mmol C
h)*

Ve, Value of VFax at temperature T, mmol N(mmol Cy*h™
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In table 3 G98 Vacvaried between 0.6 and 1 gN (gC*dyverage = 0.8 gN (gC d)

As for Prer, T = Tier SO T effect can be neglected ang=0.15 mmolN mmolC

Sofromeq. 7

VCmax= VCe [(0.17 — 0.15)/ (0.17-0.034)here n = 0.05
VCmax: VCref* 0.9

VCet (mmol N (mmolC hY) = [0.8 (gN gC'd})* 12E-3 gC (mmolIC} * 0.9 ]/ [14E-3
gN (mmolIN)* * 24 h d*] = 0.026 mmolIN (mmolC )

S

VS, value ofV.> at temperature Trer, mmol Si(mmol Siy*h™

This was calculated from lab experiments from Pa@d®73 averaging the maximum

uptake rates of 5 diatom species (tablel):

Sppl Spp2 Spp3 Spp4 Spp5
V max 0.095 0.073 2.15 26.6 4.09
Sicont 5.4 1.81 145 240 550
V max =0.018 =0.04 =0.015 =0.017 0.048
Tab.ll.2 — Diatom maximum silicate uptake rate
Where

VmaxPgSi (cell hy' = Silicate maximum uptake rate
Sicont pgSi celt* = Average Si content of cells

Vmax h* = Max Si-specific uptake rate =¥/ Sicont

So averaging the Yhax for the 5 diatom spp“¥ax= 0.03 hK*
As all cultures were grown at 20°C = 293K T, then we can neglect the temperature
effect and Ver= 0.03 mmol Si (mmolSi i)
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Ciep, carbon content threshold for cell division, mmolC
Strathmann 1967 relates diatom volumepx?) to its C content, C (pgC) using:

Log C =-0.422 + 0.758 log (V)

Assuming an ESD (equivalent spherical diameteBMfm, then Vol (m*)= 4/37 10°=
4200um®
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 setlae light starvation in diatoms
(Berges and Falkowski, 1998). It was reported darpamtally that, after 18 days of
nutrients starvation at 18°C,,/F, a measure of fluorescence emissions, which provides
an index of photosynthetic capability, dropped toO=~ Field observations on
phytoplankton from 40°N 23°W showed that once dégtian of the photopigments, in
particular chlorophyll, is initiated, it introducese final stage of lysis, when cells
disintegrate completely in less than a day (Veldkual, 2001).

| will assume that after a period of 18 days atd 8t only maintenance respiration the
diatom would have reached the threshold for lysis.

The value is C_starve = 8.5%1énmol C.

1.7E-08 A
1.6E-08 -
1.5E-08 -

1.4E-08 -
1.3E-08 - ——Cp
08 | —Expon. (Cp)
1.2E-08 y= 2E_08e-0.0408>(
R2=1

(mmol C)

Cp

1.1E-08 -
1.0E-08 -
9.0E-09 -
8.0E-09

0 2 4 6 8 10 12 14 16 18 20

days of starvation

Fig.1.10 — Diatom carbon pool during starvation
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Seep, silicon content threshold for cell division, mmolSi

Estimated from ¢pand using an average Si:C ratio (0.12) of diataiais § Brzezinski,
1985), then

Sep= Crep* 0.12 = 2.1 mmolSi
Chmins, Minimum C content for Silicate uptake, mmol C
As diatoms rapidly uptake silicate when close tbdigision (Brzezinski, 1985), It was

assumed that the minimum C threshold for Si uptedeld be 90% of ¢,= 1.6 E-8

mmolC.
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APPENDIX Il - COPEPOD MODEL

The zooplankton species is basedGalanus finmarchicus LERM assumes that
all copepods are female. The phenotypic equafienbehaviour and physiology
were derived mainly from Carlotti and Wolf (1998)Each copepod features a
pool for each of the chemicals present in diator®wever copepods have no
equations for handling silica and chlorophyll asytiplay no part in its physiology.
Copepods reach the mature stage, after a fixed euoflsuccessive development
stages (staged growth). Moulting from one stagthéonext is triggered by size
(i.e. protein pool).

The copepod physiological state is determined Ibybielogical state variables:
carbon poot- including proteins (nitrogenous carbony)Qipids (non-nitrogenous
carbon, Gy) and carapace (made of chitingh&) —, nitrogen pool, gut content,

gut fullness, gut volume, stage and age.

.1 STATE VARIABLES

1.1.1 POOLS

Eq.ll.1
Cn=Cn+ ((1-gammax (1 - alphd x Growthetx TimeStep
Eq.Il.2
Cnn = Cun + (If Growthe > 0 (gamma X1 - alphg X Growthe x
TimeStep Eq.11.3
Cshell = Gshent+ ((If Growth_net > 0) then (Growth x alpha x TimeStep)

else Q)
Eq.l1.4
Cpool = Gy + Gun + Cshell
Eq.Il.5
Cpmax= IF (Cn > Gomay) Cn€lSE Gmax
Eq.I.6

Npool = Npool + Ningested- (NPeIIetLoss"' NProt_excess + Cpfbt
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Where:

Cy = Protein pool (nitrogenous carbon) (mmol C)

Cnn = Lipid pool (non-nitrogenous carborfinmol C)

Cshen= 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 pace building\{d)
gamma = fraction of assimilated C allocated tcstatage Wd)
Ningested= Nitrogen ingested in current timestep (mmol N)
NpeletLoss= Nitrogen lost in faecal pellet (mmol N)
Nprotexcess EXcreted Nitrogen abovex@mmol N)

Corot = Nitrogen excreted due to protein catabolism (iniNjo

[1.1.2 STOICHIOMETRY

Assimilated carbon is dynamically allocated to dgi proteins and carapace in
different ratios depending on the life stage. Tmount of ingested carbon
allocated to lipid reserve per timestep dependgherdevelopment state they are
in. The ratio of N:C for proteins is assumed tocbastant The total amount N

is regulated by a minimum and maximum ratio ofagen:carbon, &:
Eq.“.7 Q\l = Np00|/ Cp00|

a) Units Min Max Functions Reference

C mmol C 10° Not fixed State variable | Carlotti and Wolf, 1998

Protein mmol C 4.75x10° 8.33x10° State variable |  Carlotti and Wolf, 1998

Lipid mmol C 4.75x10° Not fixed State variable |  Carlotti and Wolf, 1998

Shell mmol C 5x107 4.2x107 State variable |  Carlotti and Wolf, 1998

N mmol N 1.2x10° 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. Il.1 - Stage independent a) stoichiometry @ncellular ratios of chemicals

10.27 mmolN:mmolC, according to Andersenal, 2005
20.12-0.23 mmolN:mmolC according to Huntley and dNwusen, 1995
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11.1.3 STAGES
Moulting

LERM-PS uses the Carlotti and Wolf (1998) model dopepod staged growth.
An individual copepod can only be in one particuli@velopment stage at any
time. As it grows and its protein pool reaches rghold value, it moults and
passes into the next stage.

Stage Min G Prosome Frontal Surface] Volume]

symbol Stage name (mmol C) length (mm Area finm (mn?)
N3 Nauplius 11l 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
C1l Copepodite | 6.25E-05 0.48 2.62E-04 6.42E03
Cc2 Copepodite Il 9.20E-05 0.55 2.97E-04 9.53E-P3
C3 Copepodite 111 2.10E-04 0.72 3.88E-04 2.22E-p2
POW4 Pre-overwintering CIV 5.83E-04 1.00 5.42E-04| .42&-02
POWS5 Pre-overwintering CV 1.25E-03 1.29 6.95E-04 41E-01
OwD4 Overwintering descent CIV 5.83E-04 1.00 5.42E- 6.42E-02
OWD5 Overwintering descent CV 1.25E-04 1.29 6.98E-0 | 1.41E-01
ow4 Overwintering CIV 5.83E-04 1.00 5.42E-04 6.4Q2E-
OW5 Overwintering CV 1.25E-03 1.29 6.95E-04 1.41E-p
OWA4 Overwintering ascent CIV 5.83E-04 1.00 54260 | 6.42E-02
OWAS5 Overwintering ascent CV 1.25E-03 1.29 6.95E-04( 1.41E-01
Cc4 Copepodite IV 5.83E-04 1.00 5.42E-04 6.42E-p2
C40W 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 1.41E01
C6 Copepodite VI 3.33E-03 1.77 9.56E-04 3.87E-p1
Adult Adult 7.50E-03 2.31 1.25E-03 8.92E-0L
Mature Mature 8.33E-03 2.39 1.29E-03 1.0
Senescent| Senescent 8.33E-03 2.39 1.29E-08 1p

Tab. 1.2 - Copepod stages

I1.1.4 COPEPOD SIZE

Prosome length, L tm)
Eq.I1.8 L = 1d(loglo(C_pmax x C_convl) +8.373.07 (Uye, 1982)

Copepod volume ()

Mauchline (1998) converted prosome lengtin) to body volume (mf) using

the following regression equation (r = 0.972):

Log Body,, (MnT) = 3.164 log L{im) — 10.690
This was rearranged to estimate Bpgd§m®) as:

Eq.Il.9 Body (m°) = 1g13-164L0G(L)10.69 7 7 59
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Surface area (crf)

Using Vlymen'’s (1970) relationship between metastength (~1/2 prosome

length) and surface frontal area.

An adult copepod (2400m prosome length) has a metasome length of ~ 1.2 mm
and, according to Vlymen'’s relationship, a surfioatal area of ~ 1.4 10° cn?.
Assumimg a linear relationship between length andase area, then the
conversion coefficient = 1.8 10° cn / 2400um = ~ 5.4x 10’ cn? um™*

Eq.11.10 S =5.4 10" cm? pm™ *L (um)

1.2  EQUATIONS
I1.2.1 ENERGETICS

Eq.ll.11 Growthe: = growth — respiration
Where

Growth,e = net growth rate (mmol CH
growth = assimilated carbon (mmol C)h
respiration = respiration rate (mmol C)h

When growth is negative lipids in the storage Wwélconsumed preferentially.
11.2.2 RESPIRATION

The metabolic rate of an animal is defined withpezs to its activities:
» Basal (or standard) metabolism is the oxygen (dvarg consumption rate
for maintaining bodily functions only
» Specific Dynamic action (SDA) is the catabolic ca@ssociated with
digestive processes (assimilation and gut cleajareed biomass
formation. Strictly speaking is the catabolic colkgrowth.
* Active metabolism is the oxygen consumption ratéhvactivity at its
maximal level (Ikeda, 1985)
Eq.Il.12 Respiration = Rsart Rsdat Rswim
Where
Respiration = total respiration rate (mmol &) h
Roasai= basal respiration (mmol C'h
Rsdga= SDA (mmol C )

Rswim = Respiration due to swimming activity at veloditmmol C k)
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If overwintering: Fiksen and Carlotti (1996) assuthat during over-wintering
respiration is sustained exclusively by lipids batesm. Respiratory losses are

taken from G, If Cyyempty, from G.

Eq.l.13 Rw = Ryas® Fiksen and Carlotti (1996)
Where:

Row= Overwintering respiration rate (mmol G)h

0 = reduction of basic metabolism in a hibernatingepod (0.2)
When overwintering, the total respiration rate is:

Eq.l.14 Respiration = i

Basal metabolism(mmol C kY Carlotti and Wolf 1998

Eq.ll.15 Rhas= fhas (Cn)°8 (QRyg)(™ TeN10

Where:

nas= basal metabolic coeff. Carlotti and Wolf (1998)
QR0 = Qi basal metabolism (3.4)

T = ambient temperaturéQ)

Tret = reference temperature (15)
Specific dynamic action

Associated with digestion and synthesis of newigss

The increased metabolism associated with SDA gelgrrelated to biosynthesis
and transport, while the energy cost of feeding agtivity, amino-acids oxidation
and urea excretion were minor contributors to tltSDA (Kigrboeet al,
1985).

Kigrboe et al. (1985) found SDA to be proportional to the assatiin rate of
organic matter:

Eq.Il.16 Rda= lsdaAc

Where:

rsaa= SDA coefficient (0.17)

A = rate of C assimilation (mmol C'j
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Catabolic cost of swimming(Caparroy and Carlotti,1996)

Catabolic cost of swimming activity at velocity Bk(U) (J §)

Eq.I.17 ZSW(U):%

Where:

U = swimming velocity (cm$ > Vi,

Emech= mechanical efficiency of swimming copepod (0.3)
En = muscular (metabolic) efficiency of copepod (.25

Power expenditure of swimming copepod at velocitPiyU) (J &%)

Eqlli8  P,U)= g Sy S0 g

Need to divide by 100000100 = 10 to match dimensions:

kg nfs? 8= g"" ™ em et 730" cm s "Cen?

kg nfs®=gecnfs®

Where:

k = coefficient of empirical relationship betweeragd coefficient and Reynolds
number (85.2)

p = seawater density (1.024 g &mn

n = coefficient of empirical relationship betweeragl coefficient and Reynolds
number (0.8)

L = prosome lengthym)

Body,o = Body volume (i)

1 = seawater dynamic viscosity (1¥40* g cm's?)

S = projected area of swimming copepod{cm

Convert to oxygen consumption, with G oxycaloric coefficient (20.3 kJ 1.0)
Eq.11.19 (3600%) Ogons (Ml O, 1) = [Ze(U) x 103 (kJ S%) /(Cear/ 1000) (kJ / 1Q)]

To convert respiration in £Xo C use the conversion factor 0.536RQ (Parsbns
al.,1984) where the respiratory quotient(RQ) variegetieing on the metabolic
substrate: 0.7 for lipids, 1.0 for carbohydratesl #.84 for urea and 0.97 for

ammonia (proteins).
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Eq.I1.20 (Ikedeet al,2000)
Ocons[Ml Oz (cell hYY] x RQx 12/22.4 = mg C (cell H)

In this equation RQ is not considered as the satestused in respiration is
considered in the calculation of total respiration.

12/22.4 = is the weight (12g) of C in 1 mole of @D of CQ..

So depending on the substrate being respired C uogut®n will vary
accordingly. Lipids are used preferentially (RQ@7). The substrate used and
therefore the rate of respiration varies as fumctbthe state of the particle (i.e.

starved individuals using carbohydrates for resipina RQ shift from 0.7 to 1).

Eq.l.21 Rw (mg C / h) = (Ocons 3600)x (0.7)x 0.536
[1.2.3 CARBON ALLOCATION

The amount of lipids stored in the fat sac is fiorcof the structural body mass.
During copepodite stages (Structural weight 8:330° mmol C) assimilated
matter can be allocated to storage (lipids) or ghofproteins). When a copepod
reaches the threshold for reproduction, its stmattnass does not change and the

assimilated matter is allocated storage (FiksenGantbtti, 1996).

Cn Shell

N

Assimilated C

Fig. 1.1 Dynamical allocation of assimilated CK&&n and Carlotti, 1996)

For stages N3 to C3 gamma = 0.5
For pre-overwintering stages gamma = 1
For all other stages gamma = 0.7

o = fraction of assimilated C allocated to carapaséding (0.05)
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[1.2.4 INGESTION

Assimilated | excretior R Excreted
prey > matter
Formation of
________ L FP______
Prey density, | lai | Preyin ! Faecal 1 iegestioI Expelled
P ™ ogut [T » pellets |71 » faecal pellets
: R B

Fig.ll.2 — Copepod ingestion, digestion, excretom faecal pellets formation adapted from
Caparroy and Carlotti, 1996

Maximum ingestion rate, lymax (cells $H):
Eq.ll.22 ax= ((0.67 * Vgu) — GUtonen) / Vprey »1800

Where:

Imax = Maximum ingestion rate (celg)

0.67 : when the anterior 2/3 of the midgut are, ftdipepod stops feeding
(Caparroy and Carlotti, 1996)

Vgut = midgut volume (cr})

GUteonen= Volume of food in gut (cit)

Vprey= Volume of a single prey cell (Grprey?)

Ingestion rate, Iy (cells H): Caparroy and Carlotti (1996)
Eq.I.23
IF (Ig > Ilgmax)
Ig = Igmax
ELSE
Ig =
IF (P > Rin)
n*rP*v* P *10°* (1 - (GUtontent/ 0.67 Vgu)))* (1 — (- 1.7 10°* P))
else 0
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Where:

|, = stage specific ingestion rate (rhat)

Filtration =z * r?* v

Assume v =1cm’

For A.tonsa (82@um) r = 0.025 cm assume double for C.finmarchi@490um)

r / 2400 = 0.025 /820
Eq.ll.24 r = (0.07/2400) * PL = 2.910° (cmum™) * PL (um)

So r=0.07 cm for an adult copepod and F = 0.00%s¢

Assume linear relationship between r and PL.

Where:

F = Filtration rate (3600 x 1om°h™)

P* = phytoplankton concentration available for gnaz(cells n®)

P* =P — Rin

P = phytoplankton concentration in current layeilécm?®)

Pmin = minimum phytoplankton conc for grazing to octL@’cells m?)
z;and 2z = initial and final depth of zooplankton partieiéthin the current

timestep

|z, - z| = timestep/, |

Vm = vertical migration rate (m' see below.
1.2.5 PELLET VOLUME, PV (cm 3

A pellet is expelled when the volume of non-assateidl prey reaches a threshold
of pellet volume, Pygest(cm3) (Caparroy and Carlotti, 1996).

The volume of a pellet, P\iufn®) is expressed as a function of prosome length
using Uye and Kaname, 1994:

log PV (um®) = 2.474 log PL (mm) + 5.226
Eq.l1.25 PV (cm) = [10 ~ (2.474 log (Plx 10°) + 5.226)]x 10"?

PL is multiplied by 1Gto pass fronum to mm
PV is multiplied by 13? to convert fromum® to cn?
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Pellet volume vs prosome length

1.60E-06

1.40E-06
1.20E-06 -
1.00E-06
8.00E-07

PV (cm”3)

6.00E-07 -
4.00E-07
2.00E-07

0.00E+00

0 500 1000 1500 2000 2500 3000

prosome length (micro m)

Fig.Il.3 — Pellet volume as function of copepodgmme length

11.2.6 PELLETS SINKING RATE, SR (mh™)

Using the equation of Paffenhofer and Kwnoles (3®Hained from Stoke’s

law:
Log SR (m &) = 0.698 log PV {m°) — 2.030

Eq.11.26 SR (m H) = 10 7 [0.698 log (P\% 10" — 2.030] / 24

PV is multiplied by 187 to convert from crfito ym®
And SR divided by 24 to pass from ni m h'.

Pellet sinking rate vs pellet volume
9
84 .
7 *
~ 64
<
E %] .
g
31 -
24 3
14 ¢
0 T T T T T T T
0.0E+00 2.0E+05 4.0E+05 6.0E+05 8.0E+05 1.0E+06 1.2E+06 1.4E+06 1.6E+06
PV(micro m"3)

Fig.ll.4 — Pellet sinking speed as function ofvitdume

[1.2.7 CORPSES SINKING RATE

Gross and Raymont (1942) reported sinking rate® @4mm & for female
Calanus finmarchicus
This is ~ 100m/h. | will assume a linear relatioipssurface area and sinking rate.
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I1.2.8 COPEPOD GUT VOLUME, V_gut (cm®)

Max ingestion rates for adult femal@alanus pacificuseeding on 4 size classes

of diatoms are shown in tab.1.3 (Frost 1972).

Diameter im) Max ingested cells
Thalassiosira fluviatilis 11 12,000
Coscinodiscus angstii 35 1,200
Coscinodiscus eccentricus 75 600
Centric spp. 87 300

Tab.11.3 -Calanus pacificugnaximum ingestion rate as function of diatom size

Max ingested cells per hour

14000
S
o 12000 - .

r

10000 \
8000 y = 598986x°1-6712

2 —
6000 4 R? = 0.9744
4000 A
2000 A
.

0

# prey ingested per h

0 10 20 30 40 50 60 70 80 90 100

Prey diameter

Fig.Il.5 — Copepod maximum ingestion rate as ationoof diatom size

Therefore, maximum ingestion rate for a diatom@fr2 diameter is ~ 4000 cells
per hour.

The volume of a diatom is 4210° cm® > therefore 1.% 10° cn? is the
maximum volume of prey to fill the midgut (2/3 afitgvolume. Caparroy and
Carlotti, 1996).

So of an adult copepod (length = 2469 V_gut = 1.7x 10° cnt®/ 0.67 = 2.5«
10° cn?

| will assume a linear relationship between leragid gut volume.

vol_param = ( 2.5 10° cn?®/ 2400um ) = ~ 1x 10% cm® pm™

Eq.l1.27 V_gut (cm) = vol_param (cripm™) * L (um)
11.2.9 GUT PASSAGE TIME (Caparroy and Carlotti, 1996)
Eq.11.28 Gut = (GUtontent/ 0.67 * Vyu)®

Where:
Gut = Gut fullness index (1: full; O : empty)
GUtonten= Volume of food in gut (cit)

Vgut = gut volume (cri)
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Eq.l.29 GuUtonten= GUtontentt Preyo — ((A + E)* Timestep)
Eq.11.30 Preyo = X1* V prey

Eq.ll.31 A= Kcx GUtear

Eq.1.32 E= (1-Kc)x GUtyear

Where:

Prey,o = Volume of food ingested (chn

X1=ingested diatoms in last timestep (# prey)

Vprey = Volume of individual diatom (c?’m

A = volume of food digested in 1 hour (&m

E = volume of food egestion rafent)

GUT PASSAGE TIME, Gue(h): (function of gut content) (Slagstad and Tande,
1981; Caparroy and Carlotti, 1996)

Eq.11.33 Gut,,, = i {Tma

()Wprey (tmax - 1:min )j + 1:min

Vg ut

Where:

tmin = Minimum gut passage time (2108>s0.58 h)

tmax= Maximum gut passage time (390©s1.08 h)

In the midgut of a copepod two main processes agicumltaneously on the
ingested prey: ASSIMILATION and gut transit.

It has bee observed an increase in gut passageatiare’0-80% of the initial gut
content has been released (Kigrboe and Tiseli,)19

GUT CLEARANCE RATE, Gujear (cm® hY): Caparroy and Carlotti, 1996
Eq.ll.34 GUtiear = GUtontend GUtime

[1.2.10 ASSIMILATION

Assuming the same assimilation efficiency for rgn and carbon.
Assimilated C available for growth and reproductidg (mmol C RY):
Assimilated N, A (mmol N h*) (Caparroy and Carlotti, 1996)
Eq.I.35 Ac = k * Carbomhgested

Eq.I.36 Av = k * Nitrogenngested

Where:

Ac = C assimilation rate (mmol C')y k = assimilation efficiency
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Eq.1.37 k= 1- e(- & GUtne)

Where:

a = digestion rate of the prey (44.0* s
a=3600x 4.4x 10* = 1.584 i

if Gutime = 0.58 h k= 0.60

if Gutime = 1.08 h k=0.82

Assimilation efficiency as function of gut passage
time

0.84
0.80
0.76
0.72
0.68
0.64

Assimilation efficiency

0.60 A 4

o
o

0.6 0.7 0.8 0.9 10 11

gut passage time (h)

Fig.Il.6 — Assimilation efficiency as function ofigpassage time

11.2.11 EGESTION

Nitrogen that is not assimilated is egested indaec

Eq.1.38 B = (1-K)*Ningested

En = nitrogen added to faecal pellet (mmol N h

Silicate is assumed to be completely removed befyestion, therefore thg,S

will always be empty.
[1.2.12 EXCRETION

Lipids are assumed to be nitrogen free (Carlotti @rolf, 1998), thus nitrogen is

excreted when lipids are built and the total N:@Gorahanges depending on the
ratio between Gand G,

Eqg.11.39 C = Nhrotexcesst Cprot

Where:

C = excretion rate (mmol N't§

NprotexcesdS the nitrogen over the maximum N:C ratigm. .

Corot is the nitrogen released, when protein are catsdxbl{protein and nitrogen

are linked by a fixed ratio, ot
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11.2.13 MOVEMENT

An animal is assumed to be able to maintain nebtralyancy with no energy
expenditure.

Eq.1.40

Vertical migration, V,(m h?)

if (Status = 40 or 50)-> Overwintering

V=0

else

Vi =k Vimax W;

Where:

k, determines the direction of migration (dimensisB)e Vinax = 45 mh1;

W introduces the effect of T and size on swimminipeiy (dimensionless):

W,= (0.3 + (0.7 * ( T/Tref)))(S/Qaxy adapted from Woods and Barkmann, 1994
Where:

T = ambient temp. (°C); d = reference temp. (10°C); G = weight of each
particle (mmol C); Gax= max weight of each particle (8.83L.0°mmol C); S =
surface area of individual (3nand $..x= Surface area of an adult copepod 4.4

103 cn?).

11.2.13.1 Over-wintering descent

When the depth of an animal ready to enter its dotrphase is below the daily
maximum MLD, then it starts descending with a velo¥ ,,,pto an
overwintering depth of 450 m.

Body,,,
v

Eq.1.41 Vowp = x 3600

Where:

Vowp = Velocity of overwintering descent (ih

Body,o = Volume of bug (rf)

v = coefficient of kinematic viscosity (fom?s?)
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11.2.13.2 Over-wintering ascent
When eitheror the MLDya« is reached, motion goes back to normal.
11.2.13.3 Day time

At daytime, Zooplankton keep to a depth, at whichdiance is relatively low
such that the risk of being predated is reduced.thé WB model this depth is

referred to as Target Isolume, IHowever, if starved, they take the risk and stay

at a higher depth, balancing the higher risk ofngeeaten by the higher
concentration of food available.

Eq.ll.42 k=1 (2-Gu) (Woods and Barkmann, 1994)
l,, Size specific target isolume [Wm™]

Gut, the rate of change in satiation, (0 = starved shtiated)

This only gives a target isolume, independent of the size of the particle. The
visibility of an individual is determined by the ammt of light its body reflects. In
the enhanced version of the WB, this equation gshtake into account the effect
of size and be substituted by:

Eq.1.43 k=Ir (2 - Guf) (Snax/ S)

It (Wm®) depends on the size of a particle and variesdmtw

1WnT2 and 2 Wm? for adults

77.5Wm2 and 145 W2 for nauplii

Direction of migration

ky is determined in base of the value gfki.e.:

Eq.ll.44 Kea= 0.4 (1 -1)
Keale < 0 k=-1 full speed upwards migration
Keac> 1 k=1 full speed downwards migration
0<kac<1 k = Kealc slower downwards migration

In WB, no mechanism for slow upwards migration:

This was achieved by modifying the intervals fgyik
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Keaic < -1 k=-1 full speed upwards migration
Keaic> 1 k=1 full speed downwards migration
1<kac<1l then k=Kkear slower migration

This method provides a slowing down mechanism, Wwh& dependent on the

light intensity offset from) and solves the over-shooting problem affecting. WB
11.2.13.4 Night-time foraging

Eq.1.45 Woods and Barkmann, 1994
if within the ML (z< MLD)
V=0
else
Kncaicz= 0.4 (2-Gud
Ky =
If (Diocai< Diocal previoud then — (direction[1]*Kiggc)
else direction[1]*Keuco)

Direction = if (Knight > 0 ) then 1 else -1

Therefore, at night zooplankton below MLD migratewshwards if they are
becoming hungrier and the local density of phytoktan is high, otherwise they
migrate upwards.

Kcaiczvaries between —0.8 and —0.4 depending on howujuets

Direction = direction in current timestep (+ve: dgwve: up)

Direction[1] = direction in prvious timestep (+w#own; -ve: up)

Diocai= food concentration in current timestep

Dioca[1] = food concentration in previous timestep
11.2.14 REPRODUCTION

From Carlotti and Wolf, 1998.
When G, = Gnhax  the particle has reached sexual maturity anstakts ticking.
A; = time since maturity was reached
max= protein threshold for reproduction (8.33 E-3 mrGjl
When A= Arep (20 days)
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The stored carbon is used to produce eggs. Copepedssumed to be able to
produce a maximum of 800 nauplii each (Carlotti svalf, 1998).

Each nauplii has a set initial carbon pook (s which is composed in equal parts
by lipids and proteins. Nitrogen to the nauplisliae same ratio ¢pf the parent.
90% of the offspring is assumed to die.

The weight of the parental particles is then reduceGax after reproduction.

11.2.15 OVERWINTERING

Pre-overwintering

The entire assimilated matter fills the lipid reseto a maximum value, which in

Carlotti depends on stage.

Eq.11.46
if (day < 210)
probOW = 30
else
probOW = 50

If before the I August copepod have 30% chance of entering preadneering,
after that date the chances become 50%.

Overwintering

When the lipid reserve is full, particle swim dotana depth below 450 until next
spring (day 95).

[1.2.16 MORTALITY

Mortality due to starvation

Eq.ll.47 If Gy < Comax/ 2> dead
If the protein pool falls below half of the maximupmotein pool reached the
copepod dies of starvation

Mortality due to senescence

Eq.11.48 Pchange (Dead, 1/fx— A))
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Where:
Armax = max lifespan since maturity (960h); -Atime elapsed since maturity (h).
An increasing proportion of the copepods in thentgehange stage to dead as

function of time since they reproduced.
11.2.17 REMINERALISATION

As a dead copepod or faecal pellet sinks throughntesocosm, it remineralises
nitrogen as a function of its nitrogen content antbient temperature:

Eq.11.49 Rt = Naissolution™ Qremn”( (T — Tnre)/10)

Where:

Rnt = Nirogen remineralisation rate (mmol N)h

Naissolution= N specific dissolution rate of N (mmol N mmaotii™)

Qremn = factor by which N dissolution increases withKl) (wd)

T = temperature°C)

Trer= reference temperaturdQ)
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1.3 - PARAMETERS

Parameter] Description Value Unit Source
a N specific digestion rate of the prey 1.584 1 h Caparroy and Carlotti, 1996
A_rep Age at fecundity 240 h Woods and Barkman®41¢
A_rmax Mavimum lifespan since reaching 480 h Woods and Barkmann, 199
reproductive maturity
b C specific digestion rate of the prey 1.584 1 h Assumed as ‘@’
C1_min Threshold for entering C1 stage 6.25% 10 | mmolC Carlotti and Wolf, 1998
C2_min Threshold for entering C2 stage 9.15% 10| mmolC Carlotti and Wolf, 1998
C3_min Threshold for entering C3 stage 2.1%10 | mmolC Carlotti and Wolf, 1998
C4_min Threshold for entering C4 stage 5.8%X10 | mmolC Carlotti and Wolf, 1998
C5_min Threshold for entering C5 stage 1.25% 10| mmolC Carlotti and Wolf, 1998
C6_min Threshold for entering C6 stage 3.33% 10| mmolC Carlotti and Wolf, 1998
C_Cal Oxycaloric coefficient 20.3 kJ 1® lkedaet al,2000
C_convl C conversion factor from mmol to microg aao pgC mmolCt calculated
delta R_educthn of basic metabolism in 0.2 no unit Carlotti and Wolf, 1998
hibernating copepods
E_m Muscular efficiency of copepod 0.25 no unit &apy and Carlotti, 1996
E_mech Mechanical efficiency of swimming 0.3 no unit Caparroy and Carlotti, 199
Copepod
G_max Maximum C content of an individual 8.33 %10 | mmolC Carlotti and Wolf, 1998
G_min Weight of newly born nauplii 1.67 x'10 | mmolC Woods and Barkmann, 199
Coefficient of empirical relationship
k between drag coefficient and Reynolds 85.2 no unit Caparroy and Carlotti, 199
number
mi Seawater dynamic viscosity 0.000119 Tgh Caparroy and Carlotti, 1996
coefficient of empirical relationship
n between drag coefficient and Reynolds 0.8 no unit Caparroy and Carlotti, 199
number
N4_min Threshold for entering N4 stage 1.7x10 | mmolC Carlotti and Wolf, 1998
N5_min Threshold for entering N5 stage 25x10 [ mmolC Carlotti and Wolf, 1998
N6_min Threshold for entering N6 stage 3.75 X 10 [ mmolC Carlotti and Wolf, 1998
N_mp Chances of naupliar mortality 0.9 no unit Weadd Barkmann, 1994
OW_lipid Lipid content needed to overwinter 8.336¢ mmolC Carlotti and Wolf, 1998
PreOW4 Minimum C content to pre-overwinter 58 %10 | mmolC Carlotti and Wolf, 1998
PreOW5 Minimum C content to overwinter as C5 3.3@% mmolC Carlotti and Wolf, 1998
Q_Nmax Maximum N:C ratio 0.23 mmoNmmoiC Huntley a?gggordhausen,
QnProt Fixed N:C ratio in proteins 0.27 mmoNmmbIq Anderson et al., 2005
QR_10 Q_10 for basl metabolism 3.4 no unit Carhttl Wolf, 1998
r_bas Basal metabolic coefficient 0.000417 T h Carlotti and Wolf, 1998
r_sda Specific Dynamic Action coefficient 0.17 nmatu Kigrboeet al, 1985
. < ) Estimated from Caparroy
S_max Max cross-sectional area 1.3%10 cm and Carlotti, 1996
t_max Maximum gut passage time 1.08 h CaparroyCantbtti, 1996
t_min minimum gut passage time 0.58 h CaparroyG@eutbtti, 1996
T _ref Reference temperature 10 C Carlotti and WIEIH8
V_max Maximum swimming velocity 45 rith Woods and Barkmann, 199
V_mconvl tsovxgnn”:?;lng velocity conversion factor: m/h 0.0278 cmh fst calculated
Vol convl | Conversion coefficient niro nt 1x10° m mm® calculated
. - 1 Estimated from Caparroy
vol_gut midgut growth coefficient 0.01174 ammolC and Carlotti, 1996
. ) E Estimated from Menden-
vPrey Fixed diatom volume 3.5xi0 cnt Deuer and Lessard, 2000
z_startOW | Depth at which sinking starts 50 m asslme

Tab.ll.4 — Copepod parameters
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APPENDIX Il - SQUID MODEL
FISHERIES

GenusLoligo represents one of the most important species innvelof commercial
landings. The fishery forLoligo opalescendegan with the Chinese in Monterey
Bay, California in 1860. By the turn of the centitglian fishermen had assumed the
leading role. After WWII there was resurgence inidgfishing. Since 1981 the
fishery has really grown, as effort in Southernifdahia has increased. Now Southern
California, mostly areas around the Channel Islamdsnprises 90% of the squid
landings. The fishery in Monterey Bay occurs frorrihto November coinciding
with the upwelling season. In Southern Califorraadings begin in November and
continue through April correlated with the greateixing of winter storms. Since
1993 squid has been the biggest fishery in Calidowith landings of 118,000 tons
and $41 million in 2000. The population fluctuatgeatly with the El Nifio. During
these warm water, nutrient poor years landingsdisaippear entirely in certain areas.
It is proliferating whereas slower growing teleostecks are declining (Caddy and
Rodhouse, 1998).

DISTRIBUTION

Fig.lll.1 - Loligo opalescendistribution (FAO

BIOLOGY

Young cephalopods in their first growth stage aftatching resemble miniature
adults with most organs developed, but their plamict mode of life differs from that
of juveniles and adults (Baron, 2003). For th&samns they are different from others

molluscs larvae and are referred to as paralaivaeng and Harman, 1988).
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.1 STATE VARIABLES

Eq.lll.1 The total carbon pool (mmol C):
CarboReol = Cpool + Crnpool
Eq.lll.2 Lipid pool
Cninpool = Cunpool + (Bud@nn - LiPexcesd
Eq.111.3 Protein pool
Cn_prool= C_pool + Budgn
Eq.lll.4 Nitrogen pool

Npool = I\lpool"' Ningested— [(C * TimeStep) + (Erotein* QNproteir‘)
Eq.llL.5 Dry weight
DW = Carboraocﬂ * Cconv

Eq.1ll.6 Wet Weight (Vidakt al, 2002)

WW = (DW - 0.064) / 0.21
Eq.lL.7 Mantle length (Hurley,1976)

ML =107 (log DW + 1.22)/2.37]
Eq.111.8 Mantle width (Vecchione, 1981)

MW (mm) = 0.3768ML (mm) + 0.7842
Eq.l11.9 Frontal surface aréa

S (nf) = t* (MW/2)? * 10°

Where:

Cninpool = Lipid pool (mmol C)

Budgenn = flux of body lipid (mmol C)

Lipexcess= excess lipids (mmol C)

Cn_pooi= Protein pool (mmol C)

Budgcon = flux of body protein (mmol C)

Npool = Nitrogen pool (mmol N)

Ningested= Nitrogen ingested during last timestep (mmol N)
C = Ammonium excretion rate (mmol Nth

Eprotein= Protein not assimilated (mmol C)

! Frontal surface area (S) is assumed to be theotha squid visible from above. This is assuntebd a circle, whose
diameter is represented by MW. Frontal surface @reanverted to f(conversion factor I0m? mm?) for the calculation of

visibility (irradiance is in Wri).
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Qnprotein = Nitrogen:carbon ratio in protein (mmol N mmaiC
Carbonee = Carbon pool (mmol C)

Cconv=mmol C to mg C conversion factor (12 mg C mm'&) C
ML = Mantle length (mm)

DW = Dry weight (mgC)

WW = Wet weight (mgC)

MW = Mantle width (mm)

S = Frontal surface area m

.2 SPAWNING

In Monterey BayLoligo opalescens pawning occurs from April to November
(Zeidberg and Hamner, 2002).

On the ¢ 10" April (day 100) eggs are laid at 50 m.

Inshore loliginid squid, such ak.opalescens spawn elongated gelatinous egg

capsules, which may contain from a few to over é9@s, depending on the species.

What is the critical size for squid recruitment?

Observations on laboratory rearéd opalescensrevealed that squid mastery of
copepod capture develops progressively, culmindiingpproximately 40 days post-
hatching in adult-like prey capture behaviour anggest that it is a skill that is
acquired in an experience-dependent manner eaggstihatching life. (Cheet al,
1996). L. opalescensbsolute attack speed increases in proportion to(Ghenet
al., 1996). After 40 days a squid fad libitumreaches a ML of about 8 mm, M.
this is around the same time when opalescenswitches from a diet based on
copepods to a diet composed on mysid and shrimvpdaup to 10 mm long (Yaref
al., 1983).

1.3 EMBRYOGENESIS

Duration

The duration of cephalopod embryogenesis dependdynan egg size and ambient
temperature (Laptikhovsky, 1991). InopalescenandL. forbesj the period from

the first paralarva hatching to the emergence ef st took 4-6 and 7 days,
respectively (Yanget al., 1986; Segawat al, 1988 From Arkhipkin and Middleton,
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2003). Baron (2000) suggested taking into accalaily accumulated temperature
(DAT = °C days) in the analysis of the duration of loligimbryonic development.
The intra-population variability in hatching date modelled as a variation of the
initial DAT and justified as a consequence of theation in egg size.

For squid, the shortest embryonic period was oleskforL. pealeiiwith small eggs
developing in warm water (10 days at’€}, the longest developmental period was
recorded in the temperake forbesiwith large eggs: 130 days &3 (Craig, Boyle,
Black and Overnell, 2000).  Baron (2000) incubdte gahi eggs at temperatures
varying between 4-2& and found that full embryogenesis requires 600>-&5AT.

In LERM-ES eggs hatch when DAT is 6@AT(DAT hatch-

DAT is accumulated from the time eggs are laig) & follows:

Eq.1I1.10 DAT = DAT + (T/48)

Where:

T is temperaturéC and 48 is the number of timesteps in a day.
When DAT exceeds DAch the eggs will hatch.

Embryonic mortality

During embryogenesis eggs are not predated. Bad,#tsterina miniatusare the
prevalent predators df.opalescenseggs (Zeidberg, 2003). Fish do not eat them,
although they nip at eggs not covered by the she@kiere is no brooding or parental
care (Zeidberg, 2003).

.4 HATCHING
I11.4.1 Mantle length at hatching

The average size df. gahi at hatching is inversely correlated with incubation
temperature (Baron, 2003) by this regression egndff = 0.83,n = 241):

Eqg.lll.11 MML = -0.05x MIT + 3.54

Where:

MML = Mean Mantle Length (mm)

MIT = Mean Incubation Temperatur&Q)
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L. gahi L. opalescend..bleekeriandL. vulgaris have similar egg length and mantle
length (ML) at hatching due to their phylogenicatenship (Baron, 2003).

Species Egg length (mm) ML at hatching (mm)
Loligo gahi 2.1-3.0 (2) 2.3-3.7 (6)
25-32 (9 2.6-31 (9)
Loligo opalescens 2.0-25 (2) 25-3.2 (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.lll.1- Egg diameter and mantle length at hiagHor different squid species: (1) Baron, 2001;
(2) Fields, 1965; (3) Baeg al, 1993; (4) Worms (1983); (5) Summers, 1988) Baron, 2003;
(7) McConathyet al, 1980; (8) Hanloet al, 2002; (9) Guerrat al, 2001

Relationship between paralarvae MMT at hatching and MIT

35

3.0

MML (mm)

2.5 4

2.0

MIT (C)

Fig.lll.2 — Mantle length at hatching as a funct@frmean incubation temperature (Baron, 2003)

[11.4.2 Mantle width

Mantle width (MW) was calculated using the relasbip between ML and MW for
L. pealei (comparable size wittL. opalescensreared in laboratory (Vecchione,
1981):

Eq.ll1.12 MW (mm) = 0.3768ML (mm) + 0.7842

[11.4.3 Frontal surface area

Frontal surface area (S) is assumed to be theo&tba squid visible from above. This
is assumed to be a circle, whose diameter is repted by MW. Frontal surface area
is converted to M(conversion factor I®m? mmi®) for the calculation of visibility
(irradiance is in Wi).

Eq.1l.13 S (M) =t* (MW/2)? * 10°
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[11.4.4 Body weight at hatching

The wet weight of the newly hatched squid is fumcif its ML. It is calculated using
the laboratory derived relationship flooligo opalescengiveniles (Forsythe and Van
Heukelem, 1987):

Eq.lI.14 WWhaien = 0.000194 ME>°

Where:

WWhaten= Wet weight (g)

ML = Mantle length (mm)

NB: In LERM weight is measured in mg. So, for achéing with mantle length of
2.8 mm would weight 2.8 mg WW.

DW (mg) is correlated to WW (mg) using the follogitab derived correlation (Vidal
et al, 2002):

Eq.lll.15 DW = 0.21 + (WWaen* 0.064)

[11.4.5 Stoichiometry at hatching

Few animals are 18%WW protein, 79% moisture witht j8% left for all other
biochemical compounds needed for life. In conttastishes, cephalopods contain
20% more protein, 80% less ash, 50-100% less #iptt50-100% less carbohydrate.
Lee (1994) reported lipid contents of cephalop@hging between 0.34-3.4%WW.
Assuming a body water percentage of 77.5% (75-8(9,1994), the total lipids
content is 15 %DW. LERM, therefore, assumes tiaimaximum body lipids is 15%
DW. This is the same proportion of lipids foundtie egg measured by Bouchaud
and Galois (1990).

Eq.1.16 Gy_in= DW* Protn prop * Weony
Eq.l.17 Gun_in = DW* (1 - Prot prop) * Weonv
Eq.111.18 Carbopool_in= Gy_in* Can_in
Eq.lI.19 NitrogeRool_in= Cn_in* QN_prot
Where:

Cn_in = Initial protein pool (mmol C)
Cnn_in = Initial lipid pool (mmol C)
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Carbonool_in = Initial carbon pool (mmol C)
Nitrogeryool_in = Initial nitrogen pool (mmol N)

Prot, prop = Max protein percentage of body weigivt
Weonv= Mg C to mmol C conversion factor (mmol C miyC

Qn_prot = Nitrogen percentage of protein weight (mmol N oh@™)
[11.4.6 Yolk reserve

Recent experiments conducted laropalescensshow that the weight and volume of
yolk reserves in hatchlings vary with the tempeamatduring embryogenesis. They
observed that squid hatching at’C2were larger, heavier and had more yolk than
squid hatching at P& (Vidal et al, 2002). This study showed that the yolk-weight to
body-weight ratio at hatching was not significantlifferent the two temperature
groups, indicating that the amount of yolk is pndjpmal to body weight.

Egg yolk lipid level represents about 14% of thg elgy weight and seems to be
independent of egg size (Bouchaud and Galois, 1990)

The yolk reserve at hatching is therefore assurodoet15% of the W\ and is
converted into energy content (Cal). The caloatug ofL. opalescengolk is 1.71
cal mg* (Giese, 1969):

ECI-|||-20 YOIKipidsz WWhatch* YOIinpids_ratio* YOIk_Econv

Where:

Yolkiipias = Energy in yolk (cal)

YolKiipids_ratio= YOIk weight as percentage of WW (mg)
Yolk_Econv = Yolk energetic value (cal m1g

1.5 PARALARVAL STAGE

At this point, paralarvae have hatched with vagabzes and variable yolk reserves.

Hatchlings’ lipid content varies with incubationrperature and is link to their size.

248



Matteo Sinerchia APPENDIX Il — 8

11.5.1 MOTION

1.5.1.1 Swimming speed

The stage-specific maximum swimming speed for squidration was estimated
using thein-situ derived regression (Zeidberg, 2004):

Eq.lll.21 V =0.005 ML.

Where:

V = maximum migration speed (ith

ML = mantle length (mm)

So the maximum migration speed for a squid in sigel35 mHt.

Max swimming migration speed is a function of T &k on surface area:
Eq.111.22 W, =[0.3 + (0.7 * T/Ten)] (S/Snax)

Where :

W, = effect of temperature and size on swimming sfeehl

T = ambient temperaturéQ)

Tret = reference temperature €0

S= frontal surface area @n

Smax= frontal surface area for a S6 squicf)m

1.5.1.2 Diel migration

In situ observations in Monterey Bay on the disttibn of L. opalescenparalarvae
revealed that diel migration starts immediatelgaftatching (Zeidberg and Hamner,
2002). Paralarvae are vertically distributed abd®@m, with the maximum
concentration occurring at 15 m during the nighd 80 m during the day (Okutani
and McGowan, 1969; Zeidberg and Hamner, 2002).

Hatchlings ofL.pealeiiare also found in surface waters day and nighlieyTmove
deeper in the water column as they grow largerd@lhi et al, 1999).

Diel migration is modelled using target isolumesf@ copepods (chapter 4). During
the day a squid keeps to a depth at which irradiandéow enough to reduce the risk
of being eateh This depth is a function of squid visibility. @d visibility is

determined by its size and ambient irradiance:

2 In situ observations in Monterey Bay on the disttitn ofLL. opalescengparalarvae revealed that diel
migration starts immediately after hatching (Zeidpband Hamner, 2002). Paralarvae are vertically
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Eq.1I1.23 k= lt_ref* (Smax/ S)
Where :

|, = target isolume (W)

I ref= reference target isolume (Win

S= frontal surface area @n

Smax= frontal surface area for a S6 squidfm

At dusk (irradiance < 100 WR) squid ascends the water column swimming at its
routine speed. At dawn (irradiance > 100 Wrsquid descends the water column

chasing its target isolume.

11.5.1.3 Foraging

Not much is known about the foraging strategiesqnids. The only observations
relate to the Caribbean squiBepioteuthis sepioide@Moynihan and Rodaniche,

1982).

This species mostly rests during the day. Neak,dtle shoaling squid move to

shallow water and slowly split up into progressyvemaller groups until they are

alone throughout the night. They forage and feetil dawn, when they aggregate
into shoals.

Prey attack is elicited by visual stimyBoletzky, 1974). The impossibility of

implementing lunar phase in the current versioWB¥V meant that during night-time

squid are unable to detect the prey and feed. aRyeg@rey encounters can therefore
only occur during the day as they both migratehim virtual mesocosm in search of

their target isolume.

11.5.1.4 Corpses and pellets sinking rate

Dead squid are assumed to sink at 20-m&quid pellets sink at 10 mth

[11.5.2 INGESTION

Mortality at first feeding, or “critical-period tloey”, has received much attention in
the study of young fishes (Lasker, 1981). Vecchi¢t©81) proposed based on field

distributed above 80m, with the maximum concerdgraticcurring at 15 m during the night and 30 m
during the day (Okutani and McGowan, 1969; Zeidlzerd Hamner, 2002).
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sampling that the critical period is important afso some species of cephalopods.
The relationship between successful first feedind wolk absorption seems to be a
critical stage at which variable or high naturalrtality occurs.

Exogenous and endogenous feeding overlaps untyiakesac is completely absorbed
(Vidal et al.2002).

1.5.2.1 Endogenous feeding

All energetic costs (respiration, cal)hare covered by the energy provided by the
yolk, until its complete exhaustion. If the yolkexgy is not sufficient to cover the
costs, then the surplus costsyf.9 are covered by lipids, preferentially, or progein
Eq.lll.25 Yolkjpias= if (the energy in the yolk is sufficient to fuehergetic costs)

Yolkipias— respiration

else 0
Eq.111.26 Reurplus = if (the energy in the yolk is sufficierd fuel energetic
costs)
0
else respiration — Y @Rs
Where:

Yolkiipias = Energy in yolk (cal)
respiration = energy consumption rate (&l h

Rsurpius= €nergetic consumption rate not covered by tieeggnin yolk (cal mg)#

11.5.2.2 Exogenous feeding

Some cephalopods hatch as miniature replicas aidbk and feed in a similar way.

La Roe (1971) reported that the squid, even neveiched fry, were extremely
selective in their choice of foods; they would elttand eat only live, actively moving
animals of a limited size range. They would ndtdssad, inactive, drifting or benthic

organisms.

Hunting efficiency

Observations on laboratory rearéd opalescensrevealed that squid mastery of
copepod capture develops progressively, culmindiijngpproximately 40 days post-

hatching in adult-like prey capture behaviour andgest that it is a skill that is
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acquired in an experience-dependent manner eaggstihatching life. (Cheet al,
1996). Absolute attack speed increases in prapotid ML (Chenet al, 1996).
After 40 days a squid fead libitumreaches a ML of about 8 mm, Mk«

Eq.l.27 Hunt¢ = ML / ML max

Where:

Hunt = hunting efficiency indexwd)

ML = mantle length (mm)

ML max= maximum mantle length (mm)

Ingestion rate

Squid high activity and rapid growth needs a laageount of food and high feeding

and digestion efficiency. However, it is impossilib overfeed them (Boucher-

Rodoni et al., 1987). The cue to stop feeding wdarated is given by the pressure of
food on the stomach walls of an animal. This semdsgnal to the hypothalamus

announcing that the gut is full. So maximum ing®stiate is modelled as a function
of the gut volume that can be filled (i.e. maximungestion rate is zero if the gut is

already full). For the squidlex illecebrosusingestion of a meal required 5-15
minutes (Wallaceet al., 1981), so we can safely assume that within a tiepet30

minutes), a squid can potentially fill its gut, so:

Eq.1I1.28 Imax= [(1 — Gut) * Vgud /1800
Where:

Imax = Maximum ingestion rate (mg")
Gut = gut fullness indexwd) O: empty gut; 1: full gut

Vgut = gut volume (mr)

Squid ingestion of copepods had to be implementedifferent way compared to
copepod ingestion on diatoms. While diatoms ararasd to have a fixed volume, so
that the number of ingested diatoms correlatesh&o volume of food ingested,
copepod volume varies with its development stagen&ure copepod has a body
volume of 1mni while a N3 nauplius has a volume of 0.001 ¥mIn young

cephalopods, as in most adults, attack is elidtedisual stimuli (Boucher-Rodoni et
al., 1987). The velocity of the prey is anothectda affecting the efficiency of

capture, in relation to the swiftness of the predat Planktonic squid are only
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successful in capturing relatively slow prey sushceustacean larvae and copepods
(Boletzky, 1974a).

Eq.111.29 Ig, = Min (between jaxand .1g)
IF (P> Prin)

then
Predator feeding potential Prey visibility Prey escape ability

A A A
— —~ 7

kp * Hunteff * (1 - GUE) * (Sa/ Sa—ma)) * (Irr/ Irrref) * Pspeed—ma)/ Pspee() *

z—-2z[1]
Stage specific prey volume encountered

{[(P-Pmin)*onl]z/ {[(P'Pmin)*onl] + (Kiv*PVOI)}} U
else 0

Where:

l = Stage specific ingestion rate (rhsT)

k, = predator hunting volume scan rate’§)

Hunt = hunting efficiency indexwd)

Gut = gut fullness indexwd) O: empty gut; 1: full gut

S, = copepod stage specific surface ared (m

Sa-max= Maximum surface area for an adult copepod (némz)
Irr = ambient irradiance (W)

Irr = reference irradiance (W

Pspeed= Stage specific maximum swimming speed tnh
Pspeed-max= maximum swimming speed for an adult copepod{mh
P = stage specific ambient prey concentration (préy

Pmin = Stage specific minimum ambient prey concentragjoey n’)
P.o = Stage specific prey volume (mm

Ki, = half-saturation constant (prey3n

z = current depth (m)

z[1] = depth in previous timestep (m)

The total potential volume that could be ingestga@lsquid is:
Eq.111.30 Totl, = varietysum ()

Where:

Totlg, = total potential volume that could be ingestemfml)

Varietysum = sum of the potential volume that canngested for each prey stage
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Eq.111.31 ratiolng =
if (Totlgy > Imay
then (hax/ Totlg)
else 1
Where:
ratiolng = is the ratio between maximum volume tat be ingested and the

potential volume that is available for ingestion

In the case that maximum the potential volume ithavailable for ingestion is bigger
volume that can be ingested, then the requesalsddown to avoid overfeeding.
Eq.111.32 lyv2 = (Igv/ Pyor)* ratiolng

Where:

I = Stage specific effective ingestion rate (frah

Then an ingestion request is done for each preestapending onyb, P and Rin.
Eq.l11.33 ingest (P, Bn, lgv2)

[11.5.3 DIGESTION

The total time necessary to digest a meal var@s fone species of cephalopods to
the other, and within the same species it is higinffjuenced by temperature
(Boucher-Rodoni, 1975). For octopbkedone cirrhosadigestion lasted 15 hours at
20°C, 20 hours at 15°C and 30 hours at 10°C (BauRleloni, 1973).

So | will assume that £Q (the increase in digestion rate with a temperanceease of
10°C over the reference temperature) is 2.

Observations on the digestion rate of sdllek illecebrosusreared at 10°C, revealed
that digestion rate was very high soon after fegdind then slows down gradually
(Wallace et al, 1981). The rate of food digested represents Hy faionstant
percentage of the quantity ingested and decreagbsime after feeding (Boucher-
Rodoni, 1975; Boucher-Rodoni and Mangold, 1977).

The percentage of digested food as function of 8mee ingestion is modelled using

the laboratory derived regression (Wallatal, 1981):

Eq.lll.34  Logo% food digested = 1.64 — 0.032 Last time
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.Where:
% food digested (0-100)
Lasteed_time= hours since last ingestion (h)

The percentage of food in the gut that gets digef&y.e.is therefore:

Effect of time since last feeding Tempeinture effect

Where:
Digperc = ratio of digested food in gut (0-1)

Lasteed time= hours since last ingestion (h)

Q10 = index describing the increase in digestion r&ie a 10°C increase in
temperature from the reference temperatwa (

T = ambient temperaturéQ)

Tret = reference temperature (15)

Digestion as function of temperature
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Fig.l11.3 — Digestion rate as a function of temgara and time since feeding

Fig 111.3 shows the duration of digestion of a mattifferent temperatures using the
above equation.

This compares well with laboratory observationsonplete digestion of a meal at
18°C takes about 6 hours for opalescensKarpov and Caillet, 1978) and 4-6 hours
for L. vulgaris( Bidder, 1950).

The volume of food digested in a timestep:

Eq.111.36 Processed = Gyitent* Digperc
Where:

Processed = The volume of food digested in a tiepeghn?)
GuUteonient= Gut content at the end of the timestep fnm
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111.5.4 Assimilation

Squid assimilation efficiency for proteins is vérgh, 81-92% (Lee, 1994; Wells and
Clarke, 1996). However they have a problem witidé. When they are given a fatty
diet, a large part of it (45-70% according to Weltsl Clarke, 1996) passes through
the digestive tract and floats as faeces (O’Dor\Afedls, 1987). Squid are assumed
to assimilate 85% of the digested proteins and 60%e digested lipids.
Eq.ll1.37 Qip= (CuN_poat * Ccon)/ DW
Eq.111.38 Aprotein= [(GUtyrotein + Cn_ing ) * Diperc] * Aeti prot
Eq.11.39 Avipia = if [(Qiip_max— Qip) * DW] > {[(GUtiipia + Cun_ing) * DiGperc] *
At _ip}
[(GUtiipia + Cun_ing) * Didperc] * Aetr_iip
else
[(Qp_max— Qip) * DW]
Where:
Qiip = Lipid to dry weight ratio
Qiip_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 Alipia = Protein and lipid assimilated in last timestepn(oh C)
GUtyrotein GUiipia = Protein and lipid in gut (mmol C)
Cn_ingy Can_ing = Protein and lipid ingested during last timegi@mol C)

Aett_pros Aetf lip = Protein and lipid assimilation efficiencwd)

[11.5.5 EGESTION

The proportion of digested protein and lipid thaitniot assimilated is egested as a
faecal pellet (O’'Dor and Wells, 1987). Nitrogsregested in pellets as a fixed ratio
of protein egested (ot : 0.15 mmol N mmolC).

Eq.ll.41 Borotein= [(GUtprotein + Cn_ing ) * Digperc] * (1 - Aett_pro)

Eq.111.42 Bipid = [(GUlipia + Cun_ing) * Digperc] * (1 - At _iip)

Eq.1l1.43 By = (Bprotein®™ QN_pro)

Where:

Eprotein, Eiipia = Protein and lipid not assimilated (mmol C)
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Gutyrotein GUiipia = Protein and lipid in gut (mmol C)
Cn_ingy Can_ing = Protein and lipid ingested during last timegi@mol C)

Aeft_pros Aetf lip = Protein and lipid assimilation efficiencwd)

[11.5.6 EXCRETION

Due to the high content of protein compared tadpiprotein is used extensively for
energy and the excretion of ammonia is 2-3 timeghdr than for fishes of similar
body weight (Lee, 1994).

Ammonia excretion is a continuous linear process ahort periods of time:
Eq.lll.44 C = [respiration / (Bjt* Ceonvd]* Qn_prot* QpL_used

Where:

C = Ammonium excretion rate (mmol Nth

respiration = total metabolic cost (cahh

Enyot = Energy content in squid protein (cal g

Cconv2=mmol C to g C conversion factor

Qn_prot= N:C ratio in protein (mmol N mmoI'O

QrL_usea= Proportion of protein-lipid used to fuel metaboi

Eq.ll1.45 release [(C * Timestep) +pM excesh

Nprot_excess Body nitrogen above Qprot

111.5.7 GUT PROCESSES
11.5.7.1 Gut volume

Experimental data on squid paralarvae meals shatveanged from 5-15% DW
meal/DW body (Boucher-Rodoni, 1975; Wallace O'D@&81, Hirtle et al, 1981).
The stomach weight grows as function of body skheriey 1976).

So, squid gut volume, g¢, is assumed to grow proportionally with mantlegién
Eq.l1.46 Vgut = Vgut * ML

Where:

Vgut = gut volume (mrf

Vgut = Stomach volume coefficient (nn

ML = mantle length (mm)
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A recently hatched squid (ML:3 mm, Carbon pool:70n@mol C) has a gut volume of
0.6 mnf. It can potentially ingest about 90 C1 copepordifidual volume: 6.4x18
mm?®; carbon content: 6.3xTdmmol C ), therefore ingesting ~ 9.5% body weight.

11.5.7.2 Gut content

Gut content, Gutnen: represents the volume of food in the gut:
Eq.lll.47 GuUtontenttemp— GUtontentt PreYol

Eq.111.48 Gutonten= GUtontenttemp- Processed

Where:

Gutontenttemp= GUt content at the beginning of the timestep f)nm
GuUlontent= GUt content at the end of the timestep @nm
PreYoume= volume of food ingested in last timestep (fm

Processed = volume of food digested in currentsteye(mn)

Eq.111.49 Prey, = varietysum (IngestedCells &)
Where:
IngestedCells = number of stage-specific prey iteges last timestep (#)

P.o = stage-specific volume of prey (mm

[11.5.8 RESPIRATION

Respiration is a heterogeneous process, whose atepaomponents may vary
independently (Wells and Clarke, 1996).
Cost associated with:

* maintenance (basal metabolism),

* new somatic tissues, feeding, digestion and asiimil (sda),

* movement.

Eq.l11.50 respiration = Rs+ Rsgat Rswim
Where:

respiration = total metabolic cost (cahh
Ruas= basal metabolic rate (cafh

Rsda= specific dynamic action (cal'h

Rswin= SWimming cost (cal )
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11.5.8.1 Basal respiration

The weight-specific temperature dependent basallmét cost folL. opalescens
Roas (Ml O, kgth™) is B(A)" (O'Dor et al, 1986). This was transformed into:

Eq.l11.51 Ra.s= WW * B A" Econv
1x16

Where:

Ruas= basal metabolic cost (cafh
WW = Wet weight (mg)

B and A = respiration parametevgd)
T = temperature°C)

Econv = mIQ to cal conversion factor (cal mi¢)

11.5.8.2 Specific Dynamic Action

The cost associated with SDAgR is proportional to the amount of assimilated

carbon (protein and lipid) (Parry, 1983):
EQ-|||-52 Rda: {rsda[(A protein*Enprotein* Cconv2) + (Alipid *Enlipid * CconVZ)]}/TimeStep

Where :

rssa=Specific dynamic action coefficient/q)

Aprotein Alipia = Protein and lipid assimilated in last timestepn(oh C)
Enorotein ENipia = ENergy content of squid protein and lipid (caly
Ceonv2= gC to mmol C conversion factor (gC mmoh)C

TimeStep = timestep duration (h'js
11.5.8.3 Cost of swimming

Cost associated with swimming is estimated usiegcticulations for the locomotion

energetic cost for hatchling squltex illecebrosugO’Dor etal., 1986):

1. Calculate Re number as:
Eq.111.53 Re =(U* ML)/ v
Where:

U = swimming velocity (m3)

ML = mantle length (m)
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v = coefficient of kinematic viscosity (fom*s™)

2. Calculate the drag coefficient {C

Eq.lI1.54 G =24/R87

3. Calculate the drag force (D) kg m §%:
Eq.l11.55 D=05GpS
Where:

p = density of the water (kg i)
S = frontal surface area fin

4. Calculate the Power consumption (P¥akg nt s7:

Eq.l11.56 P=DU

5. Convert P from W to cal'using the conversion 1 W = 20,635 cal(@©'Dor
et al, 1986):

Eq.111.57 Ruin= (P * Econv2) / 24

Where:

Rswim = cost of swimming at speed U (céﬂ)h

Econv2= W to cal per day conversion factor (ca*/)
111.5.9 ENERGETICS

The flux of body protein (Budg,) and lipid (Budgnn) results from the difference
between energy gained for protein,din and lipid (Aiia) assimilated and the total
respiration cost (respiration):

Eq.ll.58  Budgnn = Aiipia — {[(respiration * timestep) + Krpiud/(ENipia * Ceonvd)}
Where:

Budgenn = flux of body lipid (mmol C)

Aiipia = Lipid assimilated in last timestep (mmol C)

respiration = total metabolic cost (cahh

timestep = timestep length (0.5 HYs

Rsurpius= Cost not covered by the yolk (mmol C)

Enipia = Energy content of squid lipid (cal g

Cconv2= gC to mmol C conversion factor (gC mmd})C

Body lipid to dry weight can never exceed its maximobserved ratio, fguax, SO the

excess lipids, Ligcess are egested as a faecal pellet (O’Dor and WEI87):
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ECI-I“-59 I-ipexcess: if {[(C NN_P00|+ BUdglNN)*lZ] / DW} > QlipMaX
then ({[(Gin_pool + Budgenn)*12] / DW}- Qjipmax) * DW else 0
Eq.111.60 Budgn = (Aprotein— {[(respiration * timestep) + Kipiud/(ENprotein *

CCOFIVZ)})*
if [(Budgcenn< 0) and (|Budgnn]>Cunpool)]
then 1 elsepR used

Where:

Budgcon = flux of body protein (mmol C)

Aprotein= Protein assimilated (mmol C)

respiration = total metabolic cost (cahh

timestep = timestep length (0.5 H}ts

Rsurpius= Cost not covered by the yolk (mmol C)
Enorotein = ENergy content of squid protein (cal’hC
Ceonv2= gC to mmol C conversion factor (gC mmoth)C
Budgenn = flux of body lipid (mmol C)

Cninpool = Lipid pool (mmol C)

QpL_used= Proportion of protein-lipid used to fuel metaboi (wvd)

[11.5.10 STARVATION

A squid dies of starvation when its Carbgyfalls below % of its maximum ever
achieved Carbggo, Cpnax Or When it has been ingesting less than 10%sof it

Carbor@omday'1 for more than three days (La Roe, 1971).
1.5.11 REMINERALISATION

As a dead squid or faecal pellet sinks througmtleeocosm, it remineralises nitrogen
as a function of its nitrogen content and ambientgerature:

EQ-|||-61 |:§\IT = Ndissolution* QRemNA( (T - TNFEf)/lO)
Where:

Rnt = Nirogen remineralisation rate (mmol Nh
Naissolution= N specific dissolution rate of N (mmol N mmath™)
Qremn = factor by which N dissolution increases withKlj (wd)

T = temperature°C) and Tes= reference temperaturdq)
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1.6 LIST OF PARAMETERS

Parameter Description Value Unit Source
A Basal respiration parameter2 1.0879 no unit O'Bxcal, 1986
Aeff lip Assimilation efficiency for lipid | 0.5 nonit
Aeff_prot Assm_ulatlon efficincy for 0.85 no unit
protein
B Basal respiration parameterl 123.7 no unit O'Btal, 1986
C_conv2 C_conv2 0.012 gC mmotC calculated
DAT_hatch DAT threshold for hatching 600 °C days rdda 2000
E_content Energy contained in squid flesh 4000 JgC
E_conv Energy conversion 4.6 c(l x38
E_conv2 fConver5|on coefficient calories 20635 cal W™
rom power
E_conv2 Energy conversion 20635 1Jg
En_lip Energy content of copepod lipiq 9000 cal yoI'?
Energy content of copepod
En_prot protein 5700 cal gC_N
G_Conv ggglrc to microgC conversion 12000 ugC mmolCt 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, 499
Q_PLused Ratio of_ protein to lipid 0 no unit
catabolism
QR10 Increase of digestion with T 2 no unit
R N R N 0.0042 no unit
r sda Cost of somatic growth 0.2 no unit Parry, 1983
- parameter
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 x10[ m?
S_maxIsolume Ref max Sa for target isolume 5.0% 10m?
Spawning_date Date of spawning 100 Days fréhddn
T ref Reference temperature 10 °C
T ref2 R_efergnce temperature for 20 oC
digestion
v C_oefﬁqent of kinematic 10x10 | ms?
viscosity
v_gut Stomach volume coefficient 0.2 rmhm
V_max Maximum swimming speed 135 thh
Vis_lIrradRef Reference irradiance 1 no unit assumed
W_conv fmgC to mmolC conversion 0.0833 mmolC mgC calculated
actor
. . . . . Bouchaud and
Yolk_lipidsRatio | Ratio Yolk:Wet Weight 0.15 mmol Galois, 1990
YolkE_cont Yolk energetic value 1.71 cal m§C Giese, 1969
Z_egg Depth of egg mass 50 m Zeidberg and

Hamner, 2002

Tab.lll.2 — Squid parameters
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APPENDIX IV - TOP CLOSURE IN LERM

V.1 LERM-PS
VP
N > P > z <
BP

Fig.IV.1 — LERM-PS.N: nutrients , P: phytoplankt@h,zooplankton, VP: visual predators, BP: backgapredators

IV.1.1 VISUAL PREDATORS IN LERM-PS

For the Azores scenario, LERM-PS visual top predatepresent a population of squid
Loligo forbesii It is an abundant species at the Azores and knbwn to graze on

copepods during the early phase of its life.
IvV.1.1.1 Exogenous equationgTop predator demography)

Exogenous equations defined in the scenario desdhib demographic state of the
predator population, in particular, its growth rate annual distribution and its vertical
distribution.

Predator growth

Laboratory experiment oholigo forbesii estimated daily growth rates of 7% of its
mantle length (ML) in its first months of life (fity.2). During this period squid feed on
planktonic organisms, mainly copepods (Vovk 197Hhbetts, 1977). Juveniles 4 cm
long switch to a diet made of euphausiids and am@rms (Vovk and Khvichiya, 1980;
Vovk, 1985). The maximum ML at which predator feeoh copepods is therefore
assumed to be 40 mm. It takes about 100 daysyYouag squid, growing at a daily rate
of 7% of its mantle length, to switch diet.
Eq.IV.1 S = If (dyearis between gland Ghay

then S*[(p+1) Y9} else 0
S = Mantle length (mm)
So= Mantle length at immigration (3 mm)
p = daily growth rate (7% ML)
do= Day of top predator immigration (90 £ April)
dmax = Day of top predator emigration (221 =MAugust).
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Predator growth rate

ML (mm)
S
WW (9)

C 2! 5 7! 10
time (days)

_._ML—o—W‘

Fig.IV.2 — Predator growth rate expressed as méantigth and wet weight
Predator annual distribution

Squid eggs all hatch simultaneously on tfeApril, they feed on copepods until mid-
July, before switching diet. The mortality rate mfedator population is assumed to
follow a negative exponential function of the tinoé the year. Every year the
concentration of predators is set back to itsahitalue.

Eq.IV.2 N = If (dyearis between gland Ghay)

N) e —[(dyear — dO)/dstar] else 0

then
N; = Top predator vertically integrated concentra(jpredators i)
No= Top predator vertically integrated concentratimmigration (3000 predatorsn

dstar = d* = e-folding time (150)

Vertical distribution of predators

The concentration of visual top predators is assbinde homogeneous in the top 100m.

So there are 30 predators petimthe top 100 m.
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IvV.1.1.2 Endogenous equations

Ingestion

Visual top predators feed on all copepod stages,obarwintering, dead and pellets.
The maximum rate of ingestion is modelled as thaimam daily percentage of body
weight that can be consumed (Koueta and BoucaudsGag001). Maximum ingestion
rate is therefore a function of the weight of thredator and the weight of the prey.
Ingestion rate depends on the concentration andilitis of prey and ambient
temperature. The visibility of the prey is deteradnby the ambient irradiance and the
surface area of the prey (fig.IV.3). Ingestiorerain never exceed maximum ingestion

rate.

Predator

weight T
v
MAX INGESTION RATE - INGESTION RATE
4 A 7}
Prey Prey conc Prey
weight visibility

Fig.IV.3 — Predator ingestion rate, internal antemal controlling factors

S is converted into predator weight, G (mmol C) gsin
Eq.IV.3 G =[2.37 *LOGop (S) —1.22] / 12 [Hurley,1976]

12 converts mg C into mmol C.

Eq.IV.4 Wig = [0.3 + (0.7 *( T/Ter)] * [IF (St< Snax)
then & Snax else 1 ]

Where:

W, = effect of temperature and size on swimminvg)(

T = ambient temperature Q)

Tref = Reference temperature ()

Smax= Maximum mantle length (15 mm)
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Eq.IV.5 nax= {G * 0.6156 ¢ [0-0321(dyear—doll /(86400 * R

Where

G = predator weight (mmol C)

0.6156 ¢ [0-0321(dyear—dol] (5 eta and Boucaud-Camou, 2001) determines theimmum
percentage (expressed as 0-1) of predator carbpthfB can be ingested per day by a
predator as function of time since immigratiog4g- cv) (fig.IV.4).

This is then divided by 86,400 & o convert daily maximum C ingestion td, and by
Psi.e = the prey stage specific carbon content (mmok/Prto convert from mmolCto

# prey § (tab.IV.1).

Maximum feeding ratio vs days since hatching for
Sepia officinalis
(from Koueta and Boucaud-Camou, 2001)

®

y = 61-568-0.032].)(
R =1

Max feeding ratio
(% body weight/day)

P NWDOo
oNeoNeoNeolNolNoelNolNe

10 20 30 40 50 60

days since hatching

o

Fig.IV.4 — Top predator maximum ingestion rate

Eq.IV.6 lg, =
Min (between }axand

then
Prey visibility Prey escape ability Prey apundance

A A -~ — -~

-

th * kp * (Sa/ Sa—ma)) * (|IT/ |rrref) * (Pspeed—ma>/ Pspee() * {(P'Pmin)zl [(P'Pmin)"'Kiv]}

else 0
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Where:

Il = Stage specific ingestion rate (prey s

W,, = effect of temperature and size on swimmivg)(

K, = predator hunting volume scan rate’¢m)

S. = Stage specific surface ared’ (see table 1)

Samax= Maximum surface area for an adult copepod (1189>m? )
Irr = ambient irradiance (WH)

Irr,et = reference irradiance (W

Pspeed= Stage specific maximum swimming speed Bnh
Pspeed-mac Maximum swimming speed for an adult copepod fnh
P = Stage specific ambient prey concentration (préy

Pmin = Stage specific minimum ambient prey concentrafmey nr)

Kiv = Half-saturation constant (prey¥n

Development
stage Stage description Kp i Prin Kiv S Pspeed
(mmol C) (prey i) (prey n¥) m2 m/h

N3 Nauplius 11 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 | 0.00% 6.25E-05 1000 1E6 2.62E-08 9.14
C2 Copepodite Il 0.001 9.20E-05 1000 1E6 2.97E-08 10.36
C3 Copepodite 111 0.001 2.10E-04 1000 1E6 3.88E-08 13.53
POW4 Pre-overwintering CIV 0.00 5.83E-04 1000 1E6 5.42E-08 18.91
POWS5 Pre-overwintering CV 0.00} 1.25E-03 1000 1E6 6.95E-08 24.24
OWD4 Overwintering descent CIV 0.00[L 5.83E-04 1000 1E6 5.42E-08 18.91
OWD5 Overwintering descent CV 0.00L 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
OWAS5 Overwintering ascent CV 0.00L 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
C40W Copepodite IV after OW 0.00§p 5.83E-04 1000 1E6 5.42E-08 18.91
C5 Copepodite V 0.00] 1.25E-03 1000 1E6 6.95E-08 24.24
C6 Copepodite VI 0.00) 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 0.00L 8.33E-03 1000 1E6 1.29E-07 45.00

Tab.lV.1 — Visual top predator stage-specific ppayameters

268



Matteo Sinerchia APPENDIX IV - TOP CLOSURE IN LERM

Faecal pellets

A pellet, containing all the nitrogen and carbogdsted, is released every timestep. As it
sinks at a constant speed of 10 it is remineralised by an implicit bacteria pogtion.

Pellets remineralization is modeled as in copefofidl.2.17).

IV.1.2 BACKGROUND TOP PREDATORS
IvV.1.2.1 Exogenous equationgTop predator demography)

Background top predators are assumed to maintaomstant size (40 mm). They are
present all year at a constant concentration (3030 and they are homogeneously
distributed in the top 100m. They feed on all qukstages, but overwintering, corpses

and pellets.

IvV.1.2.2 Endogenous equations

The maximum rate of ingestion for background prexats based on the equation used
for visual predators (Koueta and Boucaud-Camoul2Q00is calculated as the maximum
daily percentage of body weight that can be consurs the weight of the predator is
kept constant, maximum ingestion rate depends @mtight of the prey. The bigger the
prey the less can be ingested by the predatoryi@edversa. Ingestion rate is function of
the ambient concentration of prey and temperatiigd\(.5). Ingestion rate can never

exceed maximum ingestion rate.

INGESTION RATE

MAX INGESTION RATE

A 4

A A

Prey Prey conc
weight

Fig.IV.5 — Predator ingestion rate, internal antemal controlling factors

As the size of the predator is constant, maximurogrgage of C that can be ingested is
reduced to a constant, Imgx 6.5 x10° mmol C &
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This is divided by B, = the prey stage specific carbon content (mmokS/Prto convert
from mmolC &'to # prey & (tab.2).

Eq.IV.7 Imax= Imax4o/ Psize
W,q describes the effect of temperature solely onshge:
Eq.IV.8 Wiy = 0.3 + (0.7 * T/Tref)

As ingestion is not visually elicited, the preyikity component is not considered.
Eq.IV.9 lg, =

Min (between }axand

[IF (P> Pnin)

then

th * kp * {(P'Pmin)zl [(P'Pmin)+Kiv]}

else 0)
Development

stage Stage description Kp siP Prin Kiy

(mmol C) (prey ) (prey nv)

N3 Nauplius 11l 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 | 0.0001 |  6.25E-05 1000 1E6
c2 Copepodite 11 0.0001 | 9.20E-05 1000 1E6
c3 Copepodite 1l 0.0001| 2.10E-04 1000 1E6
POW4 Pre-overwintering CIV 0.0001| 5 83E-04 1000 1E6
POWS5 Pre-overwintering CV 0.0001 ) 3 25E-03 1000 1E6
owbD4 Overwintering descent Clv | 00001 | 583F.04 1000 1E6
OWD5 Overwintering descent CV 0.0001 ) 1.25E-03 1000 1E6
ow4 Overwintering CIV 0.0001 |  583E-04 1000 1E6
ows 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 | 3 25E-03 1000 1E6
c4 Copepodite IV 0.0001| 5 83E-04 1000 1E6
c40wW 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 ]  333E-03 1000 1E6
Ad Adult 0.0001 | 7.50E-03 1000 1E6
Ma Mature 0.0001 | g 33E-03 1000 1E6
Se Senescent 0.0001 | g 33E-03 1000 1E6

Table.lV.2 — Background top predator stage-spepifey parameters

Faecal pellets are produced, sink and get remisethin exactly the same way as for

visual top predators.
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IV.2 LERM-ES

BP

\4

VP

Fig.IV.6 — LERM-ES: N: Nutrients , P: Phytoplankiéfi Zooplankton, S: Squid paralarva;: visual

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

IV.2.1 VISUAL PREDATORS IN LERM-ES

LERM-ES visual top predators represent a populatfdargerLoligo forbesii

IvV.2.1.1 Exogenous equationgTop predator demography)

Exogenous equations defined in the scenario deschb demographic state of the

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

distribution.

Predator growth

Laboratory experiment oboligo forbesiiestimated daily growth rates of about 2% in its

mantle length (ML) after its first months of life.

Eq.IV.10 S = If (dyearis between gland Ghay)
then  §*[(p + 1)~
else O

S = Mantle length (mm)

Sy = Mantle length at immigration (15 mm)

p = daily growth rate (2% ML)

do= Day of top predator immigration (90 £ April)

dmax = Day of top predator emigration (221 =MAugust).
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Predator annual distribution

Squid eggs all hatch simultaneously on tfeApril, they feed on copepods until mid-
July, before switching diet. The mortality rate miedator population is assumed to
follow a negative exponential function of the tinoé the year. Every year the
concentration of predators is set back to itsahitalue.
Eq.lV.11 N = If (dyearis between gland 6hay)

then N) e —[(dyear — dO)/dstar]

else O
N; = Top predator vertically integrated concentra(jpredators i)
No= Top predator vertically integrated concentratiimmigration (3000 predatorsn

dstar = d* = e-folding time (150)
Vertical distribution of predators

The concentration of visual top predators is assibitode homogeneous in the top 100m.
So there are 30 predators petimthe top 100 m.

IvV.2.1.2 Endogenous equations

Ingestion

Visual top predators feed on all squid stages, reatuited, dead and pellets. The
maximum rate of ingestion is modelled as the maxrmaaily percentage of body weight
that can be consumed (Koueta and Boucaud-Camod,).2Baximum ingestion rate is
therefore a function of the weight of the predatnd the weight of the prey. Ingestion
rate depends on the concentration and visibilitprefy, hunting efficiency and ambient
temperature. The visibility of the prey is deteradnby the ambient irradiance and the
surface area of the prey (fig.IV.7). The huntirificeency of capture is modeled as the
velocity of the prey (prey escape ability) in redatto the swiftness of the predator
(Wtg). Hunting efficiency is modelled as functiohthe ratio of squid ML and the stage-
specific squid maximum swimming speed (tab.IV.3).

Ingestion rate can never exceed maximum inges#tm r
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Predator

weight T
MAX INGESTION RATE INGESTION RATE
T A A T
Prey Prey conc Prey Hunting
weight visibility efficiency

Fig.IV.7 — Predator ingestion rate, internal anttexal controlling factors

S is converted into predator weight, G (mmol C) gsin
Eq.IV.12 G =[2.37*LOGo (S) — 1.22] / 12 [Hurley,1976]

12 converts mg C into mmol C.

Eq.IV.13 W =[0.3 + (0.7 *( T/Ter)] * [IF (St< Smay)
then &/ Snax else 1 ]

Where:

W,, = effect of temperature and size on swimminvg)(

T = ambient temperature Q)

Tret = Reference temperature Q)

Smax= Maximum mantle length (40 mm)

Eq.IV.14 Iax= {G * 0.6156 ¢ [00321(dyear—d0ll; (85400 * B,

Where:

G = predator weight (mmol C)

0.6156 ¢ [0-0321"(dyear—doll (i 5 eta and Boucaud-Camou, 2001) determines theimum
percentage (expressed as 0-1) of predator carbptingéGcan be ingested per day by a
predator as function of time since immigratioge4e- cbv) (fig.1V.4).

This is then divided by 86,400 & o convert daily maximum C ingestion t, sind by
Psi,e = the prey stage specific carbon content (mmokS/Prto convert from mmolC $to
# prey § (see tab.IV.3).
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Eq.IV.15 lg =
Min (between }axand
[IF (P> Prin)
then
Prey visibility Prey escape ability Prey apundance
th * kp * (Sa/ Sa—ma)) * (lrr/ |rrref) * (Pspeed—ma>/ Pspee() * {(P'Pmin)zl [(P'Pmin)"'Kiv]}
else 0)
Where:

Il = Stage specific ingestion rate (prey s

W,, = effect of temperature and size on swimminvg)(

K, = predator hunting volume scan rate’qm)

S. = Stage specific surface area’(see tab.IV.3)

Sa.max= Maximum surface area for a stage 6 squid (1.29xd )
Irr = ambient irradiance (WH)

Irr,et = reference irradiance (W

Pspeed= Stage specific maximum swimming speed {inh
Pspeed-mac Maximum swimming speed for a S6 squid thh

P = Stage specific ambient prey concentration (préy

Pmin = Stage specific minimum ambient prey concentrafmey nr)
Ki, = Half-saturation constant (preyin

Development
stage Stage description Kp| siZP Phin Kiv S, Pspeed
(mmol C) (prey ) (prey n¥) m2 m/h
s1 <3mm 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
sa 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-specificygparameters

Faecal pellets

A pellet, containing all the nitrogen and carbogested, is released every timestep. As it
sinks at a constant speed of 10"miis remineralised by an implicit bacteria pogtion.

Pellets remineralization is modeled as in copefofidl.2.17).
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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 existestage, with a subpopulation of 30
individuals per particle. There is one particle petre between 0-100 m, for a total of
100 patrticles. Particles in the existence stagenawer split or merged. Faecal pellets,

released as a new agent, are immediately mergédhatother pellets in the same layer
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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 \dENYig the course of the

project was the inclusion of stages. This had iogpions for the following issues.
V.1.1 Ingestion

Prior to LERM, the VEW had been specified towardsdelling the WB model
(Woods and Barkmann, 1986), which had two explpopulations: diatom and
copepod. Members of the same species were allatihe size, hence diatoms were
considered of equal size to each other and it vsas@cessary for the copepods to
make a choice between different types of food. RMEhowever models different
sizes of predators and prey and it would be incorte use a “one rate fits all”
approach to ingestion. Instead, an approach wasregqwhereby a predator could
choose to eat prey of different sizes but of threesapecies differently to each other.
The further challenge was to limit the computatlor@st; while the most intuitive
method could be to allow the predator to “intertefjdhe properties of each prey
and decide its ingestion rate accordingly, thisetgb one-to-one interaction would
be prohibitively slow when considering many agentsracting.

A compromise was designed, which involved forciaghefunctional group to have
one or more stages, and each plankton agent @haach member of a functional
group), must be in one of those stages at any fimgestion was then redesigned so
that instead of choosing just the species to ingegestion 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 languagehie VEW, to handle

transitions between different stages; the “changmfimand causes a change from
one stage to another, whereas “pchange” allowslaapilistic change in stage. This
allowed rules to be written where a plankter magwgrand on reaching some

criteria, change stage.
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Considering also that in different stages of grqwégh plankter may behave
differently, (while still being the same specieff)e capability was added for
functions to be switched on or off depending ondtage the plankter is currently in.
Hence, a reproduction function can be set to oocly if a plankter is in a adult
stage, or certain functions could be switch offdarover-wintering stage. Not only
did this greatly enhance the capabilities of the W/Ebut it also mimics

approximately what happens in nature.
V.1.3 Reproduction, and generic creation

The function for creating offspring was then enteheo that parents could create
children with a different stage to themselves. dtsvalso noted that this mechanism
was equally applicable for creating pellets, whicttil then had required a separate
special function in the VEW’s modelling languagehi®& a pellet is not a “stage” of

its parent, it seemed more convenient to use desfogeate” command, rather than

separate functions for “create-offspring”, and ‘aespellet”.
V.1.4 Other applications of stages.

Having designed stages and the accompanying sufuypuntions in a very generic
way, a number of other modelling applications magkenuse of them. One such
example was a conceptual study into modelling epidimgy (Cope, 2006). This
study used stages to allow diatom to be classifisddiseased, immune, or
infectious. Although the work was entirely concegtuit has shown that it is
possible using stages to model plankton diseaséstaathat 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 modéiatthad a relatively slow

sinking speed for dead diatoms and faecal pelletnsiderably less than one metre
per half-hour timestep, noting that the internal&ure of the mesocosm in the
VEW is stratified into one-metre layers. This sirdke was considerably smaller

than in nature, which has pellets and dead diatmmsmonly sinking at 10 metres
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per hour. When adjusting this sink rate, it becaotear that VEW only
remineralised chemical at the instantaneous deytlstritus and pellets at the end
of a timestep, and did not take account of the reyarough which they had
travelled. For a simulation where agents do ndt swore than a layer in a timestep,
this omission is harmless, but for simulations vehagents sink faster than that (an
adult copepod pellet can sink at a rate of abounh®, Paffenhofer and Kwnoles,
1979), the results would be incorrect, showingpstiti bands of remineralised
chemical (fig.V.1a).

As a result of this discovery, remineralisation wasritten, assuming that plankton
move from one depth to another between timestepsoastant speed, and
apportioning the chemical remineralised to eacterayetween the starting and
ending depth, depending upon the fraction of theestep the plankter spent in it
(fig.V.1b).

> 1
1425
im 744 ] <X
ts ts+1 s ts+1

Fig.V.1 — Remineralisation before (a) and afterfih) The black line shows the trajectory of a

sinking pellet. The dotted line shows the locatimdl magnitude of chemical remineralisation.
V.3 Ingestion over depth

The VEW prior to the LERM research had assumedatoed could move through a
number of layers in one timestep, and so a systminbleen set up where predators
would issue a “request for food” in each layer thiesjted, depending on the fraction
of the timestep spent in each layer as they swaaugjn their trajectory. What the
VEW had not taken into account at that stage, viias the prey may also be
swimming across multiple layers during a timesidus was due to the fact that in
the earlier versions of the VEW the diatom was @hé/ prey and it sank slowly

(less than a layer per timestep) through the mesocdn contrast, in LERM-ES
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copepods and squid can swim through more than ogieentayer per timestep

(fig.V.2). The result of this lacking was that thleances of squid eating copepod
were greatly reduced. Whether they got any foodlladlepended on the chance of
the copepods “landing” in the locality of the sqaida timestep boundary (V.2b); if
they started below the squid location, and swanvalibe vertical location squid

(fig.V.2a), then despite the fact they must haverswthrough the predators, no
predation would occur. It turned out that this wassource of considerable
instability.

After demonstrating this erroneous behaviour, tigestion code of the VEW was
rewritten, and all agents were set to record irhdager the fraction of the timestep
they spent in it (fig.V.2c). The ingestion routin@sould then compute the
concentrations of the prey using these recordserdhan just the final positions of
the prey at the end of a timestep. This is padrty important when a predator
movement is small compared to that of the prey (@gen a squid is keeping
position at a “safe” depth during the day, and pools are migrating upwards after
feeding in the deep chlorophyll maximum). As a lesid this fix, inter-annual

variability from the average in squid recruitmertceased from 34% to 12%.

- ®
®

m 4

ts ts+1 s ts+ls ts
Fig.V.2 — Ingestion before (a,b) and after fix (B)otted line: movement of a prey, black line:
movement of the predator. * marks where the preybmingested if a predator swims through that

layer. ® shows where ingestion actually ocauthis example. a) No ingestion occurs. The fsey

effectively swimming through the predator locatgafely. b) Ingestion occur, as the prey landed

within the layers visited by the predator. ¢) pgeys 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 glations produced results with

substantially lower noise, there was a considerpbtéormance cost of keeping the
records of all the locations plankton swam throagh later calculating the number
of individuals available for ingestion. A brief pilong exercise showed that the

majority of this performance cost was spent dealmigh agents above the

turbocline; since all the agents are randomly mlaes an approximation for

turbulence, the number of crossovers between pexdand prey may be extremely
large here. Indeed, if total mixing occurs, theergwpredator above the turbocline
should cross over with every prey.

This observation turns out to be very useful, beeatiwe know every predator and
prey should meet each other (which the assumptansurbulence state they

should), then the space above the turbocline canrémed as homogenous.
Therefore, by creating, just for the purposes a@festion, an artificial layer that

tracks all the predators and prey above the tun@chnd handles them as if they

were all interacting in the same layer, a cruceaf@grmance saving can be made.
V.5 The Virtual Ecology Workbench 3.1

In Spring 2007, work was finished on the first testsions of VEW 3.1, the next
generation of the VEW software. This was an alncostplete rewrite of the VEW,
replacing interfaces that were found to be awkwand adding functionality that
was always found to be lacking in the old. The LERMdel was the single
customer for these improvements, which took eiglaintims to engineer. Many
features were added to LERM’s specification.

« Biological events — the introduction of a set aénkton of a given species
and stage, at a specified moment in the simulatidsed for spawning
events, or introduction of foreign organisms.

* Chemical recycling — a mathematical adjustment ¢hatbe made to recover
chemical that is remineralised in the system betbes annual maximum

turbocline, and will never return to circulation.
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Logging of chemicals held internally by planktefsaogiven species and
stage.

Logging of ingestion — how many individuals of argm species and stage
were ingested, and which predator (species ane stagested them.
Physical events — while previous work (Woasal, 2005) had mentioned
the need to adjust the oceanic heat loss, VEWgabled this to be done at a
user-interface level, and LERM was used to bothalestrate the instability,

and test the correct adjustment for the Azoresystes.
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