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“We concentrate on things we already know, facét Have already happened before and we
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are, therefore, unable to truly estimate risks apgortunities, too vulnerable to the impulse
to simplify, narrate, and explain, and not openu@gloto imagine the improbable.”
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ABSTRACT

The environment is a complex system where humaolpgical environment (e.g., plants,
animals, microbes), materials (eg, pollutants, wed}li and meteorological/oceanographic
conditions interact. The human impact has potentacause significant damage to the
ecological environment (e.g., potential oil spdls the coast cause risk to coastal ecosystems,
tuna industrial fishing cause risk to sharks tmatleycaught). Similarly, the human impact may
turn against the human itself by favoring the gtowt populations of unwanted species (e.g.,
poor sanitation favors the growth of microbial plgpiens that cause risk of an excessive
proportion of sick humans). Therefore, it has bdemanded an efficient method of quantifying
the risks in systems where plant, animals or miesgiopulations are involved in order to give
support to risk management in environmental issigsgries management and public health.
First, this paper proposes a methodology capaljearftifying ecological risks (i.e., likelihood
of adverse effects on the ecosystem, in the long,tdue to exposure to stressors such as
chemical, fishing, etc.) or microbial risks (i.Bkelihood of adverse effects in humans, in the
long term, due to exposure to microbial pathogeihs)ses population modeling to simulate
future changes in populations of ecologically intpot species (e.g., fish, corals, sharks), or
undesirable (e.g., parasites), under conditionaha&gos simulating the influence humans
impacting and/or managing the risks. The risk Isudated in terms of probability of extinction
or decline, explosion or growth of these populaiaver time. Second, the methodology is
applied to four case studies in Brazil. Each ofrieve their specific conclusions, as follows.
(1) Ecological Risk Assessment caused by potemtgaltime accidents in the transportation of
oil to the port of Suape. Conclusion: low but sigaint ecological risk. (2) Ecological Risk
Assessment caused by potential maritime accidentthe passage of oil tankers nearby
Fernando de Noronha. Conclusion: negligible ecoklgisk, although a more detailed analysis
is required due to limited data. (3) Microbial R&&sessment to Porto de Galinhas community
inherent to sanitation and medical treatment pmgr@onclusion: high microbial risk, the
current sanitation level is not enough to cont&ie@ $pread of schistosomiasis disease, and
periodic treatment of patients is not efficientéaluce risks significantly. (4) Ecological Risk
Assessment of tuna industrial fishing in Brazilimaters. Conclusion: industrial tuna fishing
does not cause significant risks to the populatioiMako sharks in the South Atlantic Ocean.
In each case study, several conditional scenari@® wimulated for the next 100 years,
including adverse scenarios and scenarios withcaskrol measures. Thus, it was possible to
guantify the added risk caused by each adversateaamds well as the reduced risk caused by
each control measure. In this way, the manageolbjastive information to prioritize scenarios
and evaluate the cost-effectiveness of control oreas The general conclusion of this work is
that the proposed methodology has proven to bdipaate, useful and efficient.

Keywords: Quantitative risk assessment. Ecologicak assessment. Microbial risk
assessment. Ecological modeling. Maritime accidents



RESUMO

O meio-ambiente é um sistema complexo onde interagemanos, meio ecoldgico (e.g.,
plantas, animais, microbios), materiais (e.g., e@olas, medicinais) e condi¢bes
meteorologicas/oceanograficas. O impacto humano patencial para causar danos
significativos ao meio ecoldgico (e.g., potencigizamentos de petréleo na costa causam risco
ao ecossistema costeiro, pesca industrial de aausaaisco aos tubardes que sao pescados por
acidente). Similarmente, o impacto humano pode atarvcontra o proprio humano ao
favorecer o crescimento de populacdes de espéuieseajaveis (e.g., saneamento basico
precario favorece o crescimento de populacdes debids que causam risco de haver uma
excessiva parcela de humanos doentes). Portam@jde demandado um método eficiente de
quantificar os riscos inerentes a sistemas ondelagfes de plantas, animais ou micrébios
estejam envolvidas, de forma a dar suporte paerengiamento dos riscos em problemas de
gestdo ambiental, gestdo pesqueira e saude publicqrimeiro lugar, este trabalho propde
uma metodologia capaz de quantificar riscos ecotdg(i.e., probabilidade de ocorréncia de
efeitos adversos no ecossistema, no longo prazidal@ exposicdo a estressores como
quimicos, pesca, entre outros) ou microbianos, ([mbabilidade de ocorréncia de efeitos
adversos em humanos, no longo prazo, devido a ig&moa patdgenos microbianos). Utiliza-
se a modelagem populacional para simular futuradamgas nas populacdes de espécies
ecologicamente importantes (e.g., peixes, corais)indesejaveis (e.g., parasitas), quando
condicionadas a cenarios que simulam a influénzilauwmhano causando impacto e/ou gerindo
0s riscos. O risco é calculado em termos de protatie de extingdo ou declinio, explosdo ou
crescimento, dessas populacdes ao longo do tempsegundo lugar, aplica-se a metodologia
para avaliar o risco inerente a quatro estudosade oo Brasil. Cada um deles tem sua
conclusdo especifica, como segue. (1) Analise deoREcolégico causado por potenciais
acidentes maritimos no transporte de petréleo pararto de Suape. Conclusao: baixo risco
ecologico, porém significativo. (2) Analise de Ris&colégico causado por potenciais
acidentes maritimos na passagem de navios pet®lao largo de Fernando de Noronha.
Concluséo: risco ecoldgico negligenciavel, mas anéise mais detalhada € necessaria devido
a escassez de dados. (3) Andlise de Risco Microldacomunidade de Porto de Galinhas
inerentes ao sistema de saneamento basico e pgiaitmatamento medicinal. Concluséo:
alto risco microbiano, o nivel de saneamento baatcal ndo é suficiente para conter a
proliferacdo da doenca esquistossomose, e o tratarperiodico de doentes nao é eficiente
para reduzir os riscos significativamente. (4) As&be Risco Ecoldgico causado pela pesca
industrial de atum em aguas brasileiras. Conclus@esca industrial de atuns ndo causa riscos
significativos a populacao de tubares Mako no madédlantico Sul. Em cada estudo de caso,
foram simulados diversos cenarios condicionais psuaroximos 100 anos, incluindo cenarios
adversos e cenarios com medidas de controle dosridssim, foi possivel quantificar a adicao
do risco causada por cada cenario adverso e adedlacrisco causada por cada medida de
controle. Desta forma, o gestor tem informacéo todgjepara priorizar cenarios e avaliar o
custo-beneficio das medidas de controle. A princgmnclusdo deste trabalho é que a
metodologia proposta provou-se ser praticavel glgiliciente.

Palavras-chave: Avaliagdo quantitativa de risc@lie de riscos ecoldgicos. Analise de riscos
microbianos. Modelagem ecoldgica. Acidentes maoisim
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Chapter 1 Introduction

1 INTRODUCTION

This work is within the field of Quantitative Ecgjical Risk Assessment (QERA) and
Microbial Risk Assessment (QMRA). The former is tfoemal process of estimating the
probability of adverse effects to the ecosystentheshort and long-term, due to exposure to
one or more stressors (usually chemicals). Therlathe formal process, analogous to QERA,
of estimating the probability of adverse effectditonans, in the short and long-term, due to
exposure to one or more microbial pathogens (eagteria, virus, helminths). Since the latter
is analogous to the former, it is possible to use single methodology for both processes.
However, they still have differences, which regsittie methodology to be flexible for
application to both processes, as we propose Aatade 1.1 presents the similarities and
differences between QERA and QMRA.

Table 1.1. Similarities and differences between @BRd QMRA.

Similarities QERA QMRA

Objective To predict relative risks foiTo predict relative risks for

future  scenarios and/ofuture scenarios and/or

evaluate efficacy of evaluate efficacy of
alternative managemenalternative management
actions. actions.

Methodology Proposed in this work Proposed in wWosk

Differences QERA QMRA

Adverse effect Extinction or quasiHigh proportion of human
extinction of plants of infection, disease ar
animals. mortality.

Applications Licensing of new industriaLicensing and requirements

activities, conservation qffor water and  fooc
threatened species, anhdompanies, urban water
environmental protectedprojects, urban sanitatign
areas, pesticide regulatoryprojects, disease treatment
programs, control of evasiveplans, safe use of
species, risk managemegmecreational waters (lakes,
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programs to prevent againstivers or beaches), setting

oil & gas spill in the ocear),disinfection level for sewag

D

recovery of contaminatedoutfall, etc.

areas, etc.
Stressor dynamics Undergoes transformati@mowth, reproduction and
but does not multiply death

Stressor fate and transport Physicochemical model| cological model  with

spatial dynamics included

(migration)
Frequency of exposure Rare events (more difficultRrequent events (e.g., wet
estimate) weather events)
Adaptation Chemicals do not evoly®athogens can adapt [to
genetically control measures

Both QERA and QMRA have become an important pathefdecision-making process
for managing environmental and public health proidd1-4]. They have been considered in
programs administered by the US Environmental Etioie Agency (EPA) and in similar
programs administrated by environmental agencie€anada, Europe, New Zealand and
Australia [2-6]. Both can be based on mathematiwadlels capable of providing quantitative
risk results. These models are the so-called ptpalanodels (i.e., models that simulate the
population dynamics of a single predetermined g clhe main difference is as follows. For
QERAs, the population model usually representspauladion of a plant or animal (e.g., corals,
fishes, turtles) which humans want to protect heortto reduce risks to the ecosystem’s health.
For QMRA, the model usually represents a populatiba pathogenic microorganism which
humans want to extinguish or control (e.g., baatefruses, helminths) in order to reduce risks
to public health.

Model-based QERA has been used by engineers iicipestegulatory programs, support
in decision-making about waste discharges, remediabns to clean up or treat contaminated
areas, and installation of new industrial facist{g-15]. Similarly,model-based QMRA help
risk assessors characterize the common exposuneespucausative agents, associated
symptoms, contributing immunity factors, and otbemmon threads contributing to chronic
illness [3, 4, 16].This makes both QERA and QMRAportant fields of study within

17



Chapter 1 Introduction

Production Engineering, since it is particularlefug for industries and governments to provide
information necessary to the processes of licensmgk management environmental
management and public health management. Yet,isimgly, these are subjects not introduced
in the university and so rarely applied to Brazl@oblems.

In the recent Brazilian context, QERA is applied foxic spills only and rely on
subjective rules-of-thumb or opinions of biologidtss usually done by the comparison of the
estimated concentration of the toxic substancenie@system with toxicity threshold values
for an individual of a given species. These thré&shalues are given by toxicological
information, such as the Toxicological Informati®heet (TIS) provided by CETESB [17-19].
This approach is outdated, misleading and not ablegrovide useful information for
determining risks in a Quantitative ERA (QERA), feveral reasons [20]: (i) it can only
indicate whether effects on individuals are expdatet the magnitude of effects; (ii) the results
are difficult to interpret when the comparison ore endpoint (e.g. mortality) conflicts with
that for another endpoint (e.g. fecundity); (isults are sometimes ambiguous depending on
the toxicity threshold chosen; (iv) usually doeg pmvide enough information to make a
management decision; (v) interaction among indigisunay compensate for adverse effects
on individuals; (vi) the life history and ecologl @ species can strongly influence the effects
of toxic chemicals at the population level. At hélsis approach can only be used to screen out
risks that are clearly not a problem.

Still in the recent Brazilian context, the basi¢€QMRA has been reviewed by Santana
and Franco [21]. Also, QMRA has been introducedankshops at the Public Health Faculty
of the University of Sdo Paulo (Faculdade de S&iddica,Universidade de Sdo Paulo - USP
to pharmacists, doctors and biologists. Howeveséhworkshops are just a good translation of
the EPA’s guidelines for MRA [4] and do not showyarovel approach. Besides that, to our
best knowledge, nobody has ever applied a quanatttRA (QMRA) to Brazilian problems.

This work focuses on quantitative risk assessmeptsestimate of quantitative values to
the risks), which provides objective basis to deas in environmental and risk management,
so it is highly recommended that readers have googvledge in calculus, algebra, statistics
and probability. Our assessments are model-bastdwanmodels are probabilistic in nature.
Thus, we consider uncertainties and variabilitganameters. The risk results are given in terms
of probability, undesirable consequence and timechvis useful for experts. Besides that, we

transform probabilistic risk measures into riskegaftries, which is useful to communicate risk
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for those less familiar with probabilistic systefasy., public authorities, politicians, managers,
society).

We propose our own methodology for Quantitative I&gical and Microbial Risk
Assessment based on ecological models (i.e., matiahmodel that can be used to describe
or predict ecological processes or endpoints suhp@pulation abundance, geographic
distribution, area and/or density [20, 22]). Thetmoelology is flexible for application in every
system where humans, materials (e.g., pollutarggijcmes, pesticides), physical environment
(e.g., soil, ocean, river, lake, atmosphere) amdbpical environment (e.g., plants, animals,
microbes) interact with each other.

Our methodology was originated from the need oysiesnatic procedure to assess the
quantitative ecological risks to a coastal ecosysas a result of potential maritime accidents
in oil transportation to a port (chapter 4). Aftands, the methodology was being polished and
improved by means of application to other thre@ctisdies (chapters 5, 6 and 7). In summary,
four different problems in the Brazilian contextvgabirth to our methodology as it is in this
work, they are:

1. Ecological risks to a coastal ecosystem as a resptitential maritime accidents
in oil transportation to a port (chapter 4).

2. Ecological risks to a coastal ecosystem as a resptitential maritime accidents
in coastal navigation of oil tankers nearby an emmental protected area (chapter 5).
3. Microbial risks to human populations as a resulbad sanitation (chapter 6).

4. Ecological risks to shark populations as a restiltuoa industrial fisheries
(chapter 7).

Note that the third case study is the only withie field of QMRA. However, as we
propose here a single flexible methodology for LQERA and QMRA, these terms become
just a matter of terminology. All case studies tise same methodology, which is based on
population modeling. Thus, we prefer to call itaasnethodology for QERA, although also
applicable to QMRA.

1.1 Rationale and Contribution

Ecological modeling has proved to be an efficiermtywo simulate the dynamics of
ecosystems and populations [2, 20, 22-27]. In fhecific case of ecological modeling at

population-level, it is a mathematical expressiomere the dependent variable (the future
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population abundance) is predicted through the latipn abundance at the present time and
parameters such as survival and fecundity rates).

For risk assessment, a benchmark ecological maahebe integrated to other models that
simulate risk scenarios and cause variations iarpaters of the benchmark ecological model.
Thus, a comparison of scenarios can be made agaoestchmark scenario (represented by the
no disturbance ecological model with backgrounksji@and quantify the added/reduced risk
caused by each scenario. By keeping all other peteasithe sameCgteris paribus [28, 29]
as in the benchmark ecological model (benchmarkase® and varying parameters related to
the disturbance and/or control measures we airssess, we can quantify the added risk caused
by each disturbance scenario and/or the redudedaissed by each control measure scenarios.
This is a novel means of providing a prognosishef $ystem under several scenarios for the
future. Thus, this approach does not aim to prowide prognosis that predicts the most
probable future. We go beyond that and proposeritbesg the dynamics of the system under
several possible scenarios for the future.

We provide a methodology for describing the dynamo€ the system under varying
conditions for the future, for assessing the riskssuch conditions, and for producing
meaningful conclusions that can be used to driffei@ht management of such conditions. The
methodology is thought to be generic, so thatritloa applied to any risk assessment in which
populations of any species are involved, be theywibtim or the hazard itself. We apply and
validate our methodology to four case studies. Mie¢hodology has proved to be efficient in
every one of them. Until now, there were no suchhaaology developed and tested (except
for a preliminary version of this same methodolggpposed here [30]), so this work is
innovative in its methods. Besides that, each sasdy is unprecedented itself and has its
specific rationale and contribution, which will atetailed in the introduction of chapters 4, 5,
6 and 7.

1.2 Objectives

1.2.1 General objective

To propose a flexible methodology for Quantitatizeological and Microbial Risk
Assessment based on ecological modelling. By flexi®e mean that changes can and must be

applied for every specific application.
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1.2.2 Specific objectives

To prove the efficiency and practicability of thetimodology by applying it to three case
studies in the state of Pernambuco, NortheasteanilBr

* Quantitative Ecological Risk Assessment of indastaiccidents: the case of oil
ship transportation in the coastal tropical areaatheastern Brazil (chapter 4)
[31].

* Quantitative Ecological Risk Assessment of accidleail spills on ship routes
nearby a marine national park in Brazil (chaptef32).

¢ Quantitative Microbial Risk Assessment for Schistossis: The Case of a
Patchy Environment in the Coastal Tropical Are&loftheastern Brazil (chapter
6) [33].

And one case study in the South Atlantic Ocean:

* Population dynamics of the shortfin mako sharkh@ South Atlantic Ocean: a
Quantitative Ecological Risk Assessment under s¢Vervest regimes (chapter
7).

1.3 Expected results

The methodology will be capable of effectively gtiwng risks of scenarios in systems
where humans, materials, physical environment aolddical environment interact with each
other. More specifically, the methodology will:

* Make predictions that are relevant to environmeautal risk management.

* Provide information that allows the comparison agisoenarios, as a basis for
prioritizing risk management actions under limitedources.

» Deal with uncertainty, measuring it and communiggit to risk managers on a
quantitative basis.

» Deal with environmental variability in time and spa

* Be convenient and practicable in terms of costse taind data needs.

* Be flexible so it can be adapted for every speefplication.

21



Chapter 1 Introduction

1.4 Structure of the work

This work is organized as follows. Chapter 2 présem review of the theoretical
background for understanding this work. Chapterés@nts the proposed methodology and
explains how it can tackle limitations of other eggches and methodologies. Chapters 4, 5, 6
and 7 present four case studies in the Braziliarteott where the proposed methodology is
applied with some adaptations for each specifie.c&Bach case study describes its adapted
methodology, specific contributions, results andatasions. We recommend that experts in
QERA, step from here directly to the case studieshiapters 4 to 7. Chapter 8 is concerned
with the concluding remarks, i.e. the most impartgrals and limitations of this work, practical
implications of the results, summary of the conidas taken from each case study and proposal

for future developments. In the last pages ofdbisument, readers can find a glossary of terms.
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Chapter 2 Theoretical basis

2 THEORETICAL BASIS

Here we provide a background on ecology, risks,ntjizdive risk assessment,

guantitative ecological risk assessment, and eaabgodeling.

2.1 Basic Concepts of Ecology

Ecology is the science that studies the relatidhiging beings with one another and with
the environment in which they live as well as threriprocal influences, including the human
aspects that affect and interact with the natwystiesns of the planet [31].

For the purposes of this work, it is important kari€y the definitions of environment and
ecological environment. In accordance with EPA,iemment is “the sum of all external
conditions affecting the life, development and stalvof an organism” [34]. So environment
encompasses humans, materials, physical environamehthe ecological environment itself
(plants, animals and microbes).

As stated previously, ecology studies the relatmils/ing organisms to each other and
to the environment. The biological world is verymgaex, so it was divided into biological
hierarchy levels, as shown in Figure 2.1. The eppktudies only from individual organism
level to higher levels and EPA provides definitidoghese [34]:

» Organism refers to “any form of animal or planelif

* Population refers to “a group of interbreeding migms occupying a particular
space”. Each population has its own characteristich as abundance, birth rate
(fecundity), deaths rate (mortality), age distribot dispersion, growth rate.

« Community refers to “an assemblage of populatidrdifeerent species within a
specified location in space and time. Sometim@syracular subgrouping may be
specified, such as the fish community in a lakéhersoil arthropod community
in a forest”.

* Ecosystem refers to “the interacting system obéogical community and its non-
living environmental surroundings”.

« And landscape refers to “the traits, patterns,sanetture of a specific geographic
area, including its biological composition, its gloal environment, and its
anthropogenic or social patterns. An area whereracting ecosystems are

grouped and repeated in similar form”.
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Hierarchy of Biological Endpomts

Level of Orgamzaton Ecological Belevance

* Landscape High

* Ecosystem
* Biological commumty
* Population

* Indiwidual organtsm

* Organ

* Tizsue - Biomarkers
* Cell

* Molecule |

Low

Figure 2.1 - Hierarchy of biological endpoints.
(From the ref. [20])

By the way, habitats used by most species arouddstnal sites are becoming
increasingly fragmented by human activities andseguently, several distinct populations of
same species are living spatially separated, te gfhiinteracting at some level (e.g. exchange
of individuals). In fact, there are relatively feases where the entire population resides within
a same area. Hence, most species are distributessapace as a large population of connected
subpopulations, that is, as a metapopulation. Atingrto Pastorokt al, “a metapopulation is
a set of populations of the same species in the ggameral geographic area with a potential
for migration among them” [20].

With regard to levels lower than individual organg i.e. organ, tissue, cell and
molecule, they can be biomarkers. These are mesastibedy fluids, cells, tissues or measures
taken on the whole organism, which indicate (inchemical, cellular, physiological,
compartmental or energetic terms) the presenceonfaminants or the magnitude of the
response of the target organism [35]. Still, theidwel Institute of Environmental Health
Sciences (NIEHS) states that “biomarkers play apomant role in understanding the
relationships between exposure to environmentahatads, the development of chronic human
diseases, and the identification of subgroupsaraat increased risk for disease” [36].

All these explanations complement each other afyl toeunderstand that ERA can be

conducted at all levels within the biological hietay (including biomarkers). Nevertheless, the
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methodology proposed in this work focus on popatatiand metapopulation-level risks, i.e.
the potential for adverse effects on (meta)poputati Readers are referred to the reference [20]
for models that are potentially useful for riskessment at higher-levels and to a series of four
papers, commissioned by the European Science Fhondia7-40], for the use of biomarkers
in ERA.

2.1.1 Ecotoxicology

The term ecotoxicology was proposed in 1969 bytdReologist René Truhaut during a
meeting of the Committee of the International Caluat Scientific Unions, in Stockholm.
According to Truhaut, ecotoxicology is defined #s"branch of toxicology concerned with
the study of toxic effects, caused by natural antlsgtic pollutants, to the constituents of
ecosystems, animal (including human), vegetablenaiotbbial, in an integral context” [41].

In the 1960s, based on acute toxicity tests resthis Water Quality Act — USA
established the first water quality standards uheortto protect the aquatic life. In the same
period, researches were developed focusing ondleeton of sensitive and representative
organisms of the aquatic environment and on thivetibn of organisms in laboratory. In the
same decade, the book Silent Spring, written byhBlaCarson, was published. It was widely
read and began to diffuse to the public concerpsigiesticides and environment pollution. In
the book, she calls attention to the harming afichgiof not only animals and birds but also
humans caused by the uncontrolled and unexamirstttioe use.

Throughout 1970s, some American researchers nadt@dimits established for many
toxic agents separately could not preserve, e¥felgti the water quality necessary to maintain
the aquatic life. With this in mind, the aquatigitlogy had a rapid development due to the
knowledge of complex liquid effluents toxicity amloe interactions between toxic agents in
effluents and its effects on aquatic biota. Besttlag sophisticated systems were developed in
order to conduct acute and chronic toxicity tasssng fish eggs and larvae to evaluate the toxic
effects of chemical substances on different ligget of organisms. [42]

During the 1980s and 1990s, validation studiesbbtatory toxicity tests anmbllected
aquatic water field data results showed the impadaf selecting representative species of to
evaluate toxic effects on an ecosystem. Afterwaitsjmplementation of ecotoxicology tests

was intensified for the establishment of water fyatandards. [42]
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Nowadays, the ecotoxicology plays an important nolERA because it provides basis
of knowledge about toxic effects on individual angans caused by chemical exposure as well
as about the representative species in an ecosykiewledge on individual-level effects is
essential to predict higher-level effects such aspopulation abundance (or density), on
community species richness, on productivity, or dvstributions of organisms. Likewise,
because the assessment of all species of an emwsystuld require huge costs and long time,

knowledge on which are representative speciesasssary to make the assessment tractable.
2.1.2 Population dynamics

Population dynamics is an ecology discipline whsthdies changes in the population
abundance. These studies are important to analydeuaderstand what happens to the
population in natural conditions (without chemieaposure). Incidentally, population models
are used to predict and simulate the dynamicspafpulation. This section will introduce the
main components in population dynamics, whereasose2.5 will present a comprehensive
overview of population modeling.

The populations that constitute an ecosystem age systems, i.e., they exchange energy
and matter with the external environment. Hence, artempt to describe and predict a
population dynamics requires knowledge about thteractions between:i)( system
components, i.e., organisms which compound the lppao and i) the system and the
external environment [31]. In view of that, to cheterize the dynamics of a population it is
necessary to define its survival, mortality andifedity, as well as migration, foraging behavior
and density-dependence when appropriate.

Firstly, survival means the number of individuedsa population that are alive after a
given period of time and the survival rate indicaige proportion. Pastorok et. al. [20] defines
the age-specific survival raf§; (t)] as “the proportion of individuals present in aegiwear
(t) within a given age clasg) that survives into the next age clgés- 1) in the following
year(t + 1)". Age-specific survival rates can be estimatedhgyequation below:

Si(t) = Nip1(t+ 1)/Ni(8) (2.1)
Where

S;(t) = survival rate of individuals in age classs timet

N;41(t + 1) = number of individuals in age clags+ 1) at time(t + 1)

N;(t) = number of individuals in age claG9 at time(t)
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In face of that, mortality is the number of indivals of a population that died in a given
period of time. The death rate can be expresséeSas).

With regard to fecundityR), by definition, it means “the number of live qiftng per
individual in a given age class that will survigelte counted in the first age class” [43].
Incidentally, calculating fecundity depends on #évailable data and two brief examples
might clarify it. On the one hand, e.g., for ovipas animals, fecundity can be estimated by
the equation:

F =e X pp X ps, (2.2),
where

e = actual eggs per female;

pn = probability of hatching

ps = probability of hatching surviving to age 0 year

The probability of hatching and the probabilityhadtching surviving to age 0 year are
empirically derived species-specific value betw8eand 1. In this case, it is not enough to
deriveF on the basis of knowledge about only the actuatbmer of eggs laid, i.e. one has to
include the probability of hatching and the proligbthat the newly hatched fry will survive
until the next census to recruit into age class 0.

On the other hand, if sufficient data is availafegundity can be estimated by the

equation:

Pi(£)xNo(t+1)
Fagei(t) = Té) (2.3),

where

proportion of age 0 year juveniles that were
Pi(t) = g - Co ;
produced by individuals in age class i at time t

number of juveniles at,
timet + 1 '

N;(t) = number of individuals in age class i at time t

No(t+1) =

In an effort to estimate survival and fecundityeldi data need to be collected.
Determining survival rates requires a minimum ob teonsecutive yearly field censuses; in
fact, the results will be more reliable if datanfréthree of more consecutive years are available.

In addition to that, Pauwels suggests that theusassshould be consecutive to follow the age
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classes from one year to the next and to estinggespecific survival rates, but if data for the
target species are insufficient then one couldagxtiate the information from the related
species to the target species [43].

Let us now examine features concerning the moveofenpopulation, i.e. migration and
foraging behavior. The term migration denotes tlowement of all or part of a population from
one habitat to another [44]. Incidentally, it ig itmain way of interaction between populations
within a metapopulation.

Foraging behavior consists in all methods usedrbyprganism to acquire and utilize
sources of energy and nutrients. This encompassasdn, storage, consumption and retrieval
of resources. Moreover, the foraging theory tregitedict how an animal would choose to
forage within its habitat, considering the knowledad competition, predation risk, and resource
availability [45]. The larger the foraging area, madood will be available. In contrast, the
organism will spend more energy and take more ggice the exposure to predators in areas
beyond its natural habitat will be greater. It mportant to emphasize that the population
foraging area should be considered in a QERA wherspatial structure of the environment
has important effects on the population dynamics.

Another very important mechanistic process withie tpopulation dynamics is its
regulation via density dependence on survival, atityt fecundity and movement of
populations. It is the phenomenon of populationwgho rate depending on the current
population density (or abundance). In other woadsprding to Akcakaya, density dependence
“is any non-constant relationship between poputagjoowth rate and the current population
size” [46].

As is observed in wildlife populations, they arg¢eaf changing in size, but fluctuating
around an equilibrium abundance for long time mgjounless a disturbance occurs (e.qg.
pollution, harvest, culling, poaching, catastropké;.). Consequently, it is important to
incorporate density dependence to describe a pigulaynamics because it causes the
population to reach a stationary state (which magtdate due to stochasticity only). The
equilibrium abundance is also known as the carrgiagacity. In other words, as stated by
Akcakaya, “the carrying capacity is the level otiablance above which the population tends
to decline” [8].

There are many possible mechanisms that yield gedspendence: fecundity may

decrease, mortality may increase with competition limited resources, the crowded
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conditions may lead to social strife or cannibalsfopulation growth may also be affected
negatively as population size reach very low levé&lsis phenomenon, arising from Allee
effects [47, 48], draws a small population awaynfrthe carrying capacity and toward
extinction.

Usually, to enhance population growth, density delpace factors decrease mortality,
increase fecundity, decrease emigration, or inerei@asmigration (i.e. positive density
dependence). By contrast, to retard population trowhey increase mortality, decrease
fecundity, increase emigration, or decrease imrimngi.e. negative density dependence). A
brief example can clarify the concept of densitpeledence: on the one hand, when there are
too many organisms living in the same space amiglgeart of the same population, food may
become less available and competition among theithahls starts. Consequently, negative
density dependence manifests itself (e.g., mor&viohabls dying and emigrating) so that the
abundance will decrease to a quantity in which fisaglifficient for all individuals again.

To conclude, another fundamental component of allptipn dynamics is the natural
variability in all its components. In other wordfianges in survival, fecundity, migration and
carrying capacity may occur in an unpredictablenitas. For this reason, any attempt to
describe a population dynamics should accounttimhsisticity in those parameters to better
represent reality. Section 2.5.2 and section Z508ide guidance on how to model density

dependence and on how to account for stochastiespectively.

2.2 Risk, Hazard, Threat, Control Measure, Recovery Measure, Consequences

and Accidental Scenario

There are many definitions of risk in the liter&usome are complementary, some are
supplementary and others are even antagonistidi Beea of knowledge seeks to give its
specific meaning; therefore there is no unifornrmérther in the interpretations of risk nor in
the methodologies to risk assessment.

Camacho [49] transcribes the several definitionsrigk which were the theme of
discussion and decision of the SRA Committee onridens held in San Diego in 1987,
entitled “Defining Risk”. It is presented a defion that is considered necessary and sufficient
for the interpretation of risk in this work: the Amcan Institute of Chemical Engineers
(AIChE) defines risk as a measure of human injecglogical damage or economic l0ss in

terms of both the accident likelihood and the miagia of the consequences [50].
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As this work focuses on ecological risks, the maglg of the consequences regards
ecological damage and is quantified as a measurgmef and population probability of
extinction (or decline). This measure is widelyegmed and used by the scientific community
in ERA as well as is the quantitative measure Wsetthe International Union for Conservation
of Nature (IUCN) to classify plants and animalsisk [51].

However, from an economical point of view, this @& does not completely value the
magnitude of the consequences in terms of unddgiyalvtility theory is used to value an
unwanted event and so provide the most objectideralevant measure that a decision maker
could have to rationally take decisions while exggb® uncertainty. Describing an unwanted
event in terms of time and population probabilifyeatinction (or decline) consists of about
80% of the efforts needed to value such an evetdrins of undesirability. To whom it may
concern, Campello [52] presents the new methodageigning value to undesirable events,
including a measure of risk aversion.

On the one hand, is the likelihood of occurrencamfundesirable event. On the other
hand, is the measured consequence of this evésrtns of time and population extinction (or
decline). The former is estimated using historiemiords and reliability analysis techniques
(e.g. event tree, Event Sequence Diagrams, BayBsif Networks) and it may involve both
equipment failures and human errors. The latteréslicted via exposure and consequence
assessment (e.g. fata and transport modeling, espossponse assessment, population
modeling).

It is beyond the scope of this work to provide guice on reliability analysis; for a
general view on reliability theory, models, methads applications, see the references [51, 53,
54]; and for specific information about techniqeesh as Event Sequence Diagrams (ESD),
Bayesian Belief Networks (BBN) and Human Reliapiktnalysis, see the references [55-60].
Likewise, human damage are not within the contéxhis work; for methods to calculate the
vulnerability and consequence on human healthlseeeferences [61, 62].

It is also important to differentiate between thants hazard and risk. The former is a
potential source of damage whereas the latteeisdimbination of the likelihood of occurrence
of damage and the severity of that damage (in ddfaircumstances). For example, on the one
hand, a great volume of oil under pressure hasnpateéo cause damage, so it is a hazard. On
the other hand, overpressure may cause an oilvgpiildefined circumstances (such as total

mass released, time of spill, hydraulic flow) arelse a particular damage that can be
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measured. The combination of the oil spill’s likelod of occurrence with the magnitude of the
damage characterizes the risk.

Concerning threats, control and recovery measamas$,consequences, Figure 2.2 is a
very interesting way of illustrating it. As alreadyentioned, hazard is a potential source of
damage (usually in the form of energy). Threatstlaganitiator events, which could cause the
hazard to be released, although hazard and thaeatsometimes taken to mean the same.
Control measures (e.g., safety management systans)s, automatic stops) are barriers and
preventive actions that can control the threatsawid the occurrence of the top event, so that
they reduce the top event’s frequency of occurremzk so reduce the risk. The top event is
actually the accident. Recovery measures (e.gougng of spills, burning the oil before it
reaches an ecosystem, pollution remediation, hgimitéection, translocation or reintroduction
of individuals in the population) are mitigationtiaas, which could reduce the magnitude of
the consequences and so reduce the risk. Conseguare the damage, impacts, or effects.
Importantly, preventive measures include both @rénd recovery measures. Finally, an

accidental scenario is consolidated by defineduonstances to all this factors.

ce
Threat 1 ConSequen
Threat 2 Consequence 2
Control Recovery
Measures Measures c
Threat 3 onsequence 3
Con.
t4 Se,
Thre? Quence 4
Controlling the threats Recovering from and/or
which could release minimising the effects
the Hazard of the Hazard

Figure 2.2 - The bow tie that represents the relaships between hazards, threats, controls,
top event, recovery measures and consequences.
(From the ref. [63])

Lastly, there are two types of toxic risks: riskhioman health and ecological risk. The
former refers to the potential that adverse effextee human health may occur or are occurring
due to exposure to a toxic substance. The lattersr¢o the potential that adverse ecological

effects may occur or are occurring as a resulkpbsure to a toxic substance.
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2.3 Quantitative Risk Assessment

A Quantitative Risk Assessment (QRA) allows therdifi@ation of risks, concerning
since the frequent incidents with small impactsuen the rare events with major consequences.
Thus, the QRA is necessary for objective decisiaaking related to the security of the
establishment, surrounding communities and ecoébgievironment. The major motivation of
carrying out a QRA is that in order to optimize&knsanagement measures, they should be taken
based on the results of a QRA.

In other words, the QRA is used to demonstrateitke caused by the establishment and
thus help to prioritize which risks require somet s action and in the decision to choose
between different actions to reduce those riskse @htions for risk reduction may be
guantitatively evaluated and compared accordirtheo implementation costs through a cost-
benefit analysis.

In Brazil, particularly in the state of Sdo Pawdmce the publication of the declaration
N° 1, 01/23/1986 [64], by the Environment Natio&aduncil Conselho Nacional do Meio
Ambiente -CONAMA), which created the requirement of an Enmimental Impact Statement
(Estudo de Impactos Ambientai&tA/ Relatério de Impacto AmbientaRIMA) for licensing
activities significantly affecting the environmerstudies of risk assessment started to be
incorporated into this process for certain typesdistrial activities (e.g., oil refineries [65-
67]), so that, besides the problems related torstrpollution, the prevention of major
accidents should be also included in the procesisesfsing [62]. Thus, one more contribution
of QRA is that it also provides the competent arthavith relevant information for enabling
decisions on the acceptability of risk originatingm accidents.

Currently, there are several manuals for implenmentaof a QRA. The Committee for
the Prevention of Disasters (CPR), from the Ne#mal$, is a worldwide reference in the area.
They published four books identified by colors (theple, yellow, red and green books) [61,
68-70], which are often used in environmental p&sniiased on the Environmental Protection
Law, and in the fields of labor safety, transpatety and fire safety. Those books provide
methods for the determination of probabilities,giole damage and physical effects, as well as
guidelines for human quantitative risk assessment.

In Brazil, the Environmental Company of the Stat&ao Paulo@ompanhia Ambiental

do Estado de Sao PauloGETESB)published a guidelines manual for preparation odlists
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in risk assessment (version only in Portugueseijs Ethe main reference on QRA in the
country [62, 71].

Although CETESB [62] cites the risk to the envir@mwhas a totality (humans, animals,
plants, etc.) and highlights several times the ingyae of considering impacts to the ecological
environment, they describe a methodology for QRpabtée of quantifying risks to the human
health only (surrounding communities), and noti® ¢cological environment. Likewise, CPR
[61] describes in detail a methodology for humanACdRd presents separately (in its chapter
7 of only one page), a few basic guidelines andregfces for Quantitative Ecological Risk
Assessment (QERA), which are far from enough tgotimposes of this work. Hence, the next
section presents our own view about QERA and thm mederences we used to form it. In

advance, to our purposes, a QERA is nothing mare $hQRA focused on ecological risks.

2.4 Quantitative Ecological Risk Assessment

Ecological Risk Assessments (ERAS) are conducted effort to translate scientific data
into meaningful information about risks to the egptal environment. This meaningful
information may be provided by assigning valuethtorisks (i.e. by quantifying the risks), so
that an ERA can be addressed as a QERA.

The references [1, 2, 24-26] provide detailed dinds for the process of ERA. Among
them, the main theoretical reference used in thaskws the one published by the U.S.
Environmental Protection Agency (EPA) [2], for bgithe most current and on the same plot
as the others.

EPA defined ERA as “a process thataluates the likelihood (author's bold)that
adverse ecological effects may occur or are oguyirais a result of exposure to one or more
stressors”. However, for the purposes of this wdrkyas added the term “quantitative” to
emphasize that the assessment attaches a valpeios & the risk, because that is the objective
of our proposed methodology. As a result, we adiiFA’s definition and consider QERA as
“a process thaevaluates and quantifies the likelihoodhat adverse ecological effects may
occur or are occurring as a result of exposurentoa@ more stressors”.

Adverse ecological effects are “changes that ansidered undesirable because they alter
valued structural or functional characteristicecdsystems or their components. An evaluation
of adversity may consider the type, intensity, acale of the effect as well as the potential for

recovery” [2]. They are evaluated through endpogints. assessment endpoints and
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measurement endpoints. According to Pastettakl. [20], “assessment endpoiraee defined

as environmental characteristics or values thatt@ree protected (e.g. wildlife population
abundance, species diversity, or ecosystem pradiygtiand “measurement endpoingse
quantitative expressions of an observed or measuoboljical response, such as the effects of
a toxic chemical on survivorship or fecundity, tethto the valued environmental characteristic
chosen as the assessment endpoint”.

Endpoints could be expressed as effects on indiiderganisms, populations,
communities, ecosystems and landscapes. Thus, dfieitidn of QERA allows for risk
assessment to be conducted at the various leveiswwie biological hierarchy (Figure 2.1).
However, many QERASs consider only individual endg®iand fail to consider population,
ecosystem, or landscape endpoints.

Indeed, the typical QERAS suggests that ecologisklis characterized as a hazard ratio
of predicted or measured exposure to predicted dverae-effect level expressed as a
concentration or dose. This approach is also knasviine hazard quotient, which is simply the
estimated exposure divided by a toxicity thresh®ltus, one has a value to the risk, which tells
whether effects on individuals are expected (ire¢ais greater than 1) or not (in case it is less
than 1). Typically, a measured No-observed-effecel (NOEL) or Lowest-observed-effect-
level (LOEL) — see glossary for details - for théividual-level endpoint of interest are used
as toxicity threshold.

Nevertheless, the hazard quotient approach canemalyate individual-level effects and
is not able to provide useful information for detering risks to populations in a QERA.
Furthermore, Pastorait al.[20] presents several limitations of the hazardtigmb approach,
such as:

e it can only indicate whether effects on individuale expected, not the magnitude
of effects;

» the results are difficult to interpret when the drazquotient for one endpoint (e.g.
mortality) conflicts with that for another endpo{etg. fecundity);

* results are sometimes ambiguous depending onxietyahreshold chosen (e.g.
LOEL, NOEL);

e usually does not provide enough information to makeanagement decision;

e population-level processes may compensate for adwdfects on individuals;
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» the life history and ecology of a species can gfipimfluence the effects of toxic
chemicals at the population level;

e atbest, the hazard quotient can only be usedées®ut risks that are clearly not
a problem (when the hazard quotient is consideraisly than 1).

Hence, a QERA that ignores population-level effacis focuses only on individual-level
endpoints may lead to inaccurate risk estimatess Will cause errors in environmental and
risk management decisions and lead to inefficie@yerestimation of risk can lead to waste
of resources to mitigate apparent problems that rave really important, whereas the
underestimation of risk can lead to inadequatemakagement to control and prevent adverse
effects to the ecological environment.

As a matter of fact, most toxicity data are expedsas adverse effects on individual
organism, i.e. individual-level endpoints. So hanassess higher-level effects, if there are no
toxicity data expressed as higher-level endpoints?

Population-level effects or higher-level effecta t& obtained with the use of ecological
models in the QERA. Such ecological models arentisdly used to translate responses in
individual-level endpoints into effects on populati ecosystem, or landscapes endpoints.
Particularly, when they focus on population-levié¢ets, they are called population models.

In a very simple case, a population model can ptélde expected numbers of individuals
in a population in the future from estimates ofvsworship and fecundity for individual
organisms. Thus, chemical effects can be modelgubtiyrbing the survivorship and fecundity
values on the basis of knowledge about changéd®esetparameters obtained from toxicity test
results. [20]

By the way, at the end of August 2009, a groupppiraximately 30 stakeholders from
industry, government regulatory bodies, and acadendt for a 2-day workshop in Roskilde,
Denmark (RUCQ9). The purposes of the workshop wemdiscuss future uses of population
modeling in risk assessment by industry as welitesunderstanding and acceptance by
regulators. Forbest al. found that “A major motivation behind this initixa is that, for the
sake of more transparency and better risk commtioigacological risks need to be expressed
in more relevant (value-relevant) units than hazatths, and these units will often be at a
population level” [72].

Moreover, the predictive accuracy of population eledhas already been validated. For

instance, Brook et al. [73] validated the predictiof abundance and risks of decline by
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comparing the historic trajectories of 21 populasiqcollected from long-term monitoring
studies) with the results of population modelgifi@se populations. They found that predictions
were surprisingly accurate: “the risks of populatidecline closely matched observed
outcomes, there was no significant bias, and ptipulasize projections did not differ
significantly from reality”.

All things considered, one advocates the QERA aqprdnased on the use of ecological
models (particularly population models) to obtaiopplation-level measures, so that risk
analysis can assess the probability of a populaidmction (or decline) in the future under
several environmental conditions, accidental seesasand management actions. The next

section introduces theoretical basis on the usealbgical modeling in risk assessment.

2.5 Ecological Modeling in Risk Assessment

Pastoroket al. states that “an ecological model is a mathemagixptession that can be
used to describe or predict ecological processesdpoints such as population abundance (or
density), community species richness, productiwtydistributions of organisms” [20]. Thus,
population and metapopulation (i.e. set of popafetiof same species living spatially separated
but with potential for migration among them) modaie a classification of ecological models,
in which the mathematical expression is essentiadlgd to translate individual-level effects
(e.g., increased mortality, reduced fecundity) ipmpulation-level effects (e.g., reduced
abundance, increased risk of extinction), so that@an estimate the risk of adverse effects on
a population via toxicity data expressed as adwveffeets on the individual organism.

The best way to choose the assessment endpototsheck if they are directly relevant
to environmental and risk managers of the entegpiibat is, the risk assessor should keep in
contact with these managers to build the ecologizadel.

With regard to the use of ecological models in ¢batext of QERA, they should also
include toxicity extrapolation models, which areedgo extrapolate toxicity data in order to
describe effects on individuals depending on theeigs, measurement endpoint and exposure
duration. Thus, with the use of ecological modaldividual-level effects can be translated into
higher-level effects (i.e. effects on populatioopgystem or landscape), and that is the basic
rationale for ecological modeling in risk assessimen

As a result, one can estimate the risk of adveffeete on populations, ecosystem or

landscape via toxicity data expressed as adveiesgt®bn individual organisms (i.e. individual-
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level endpoints). Moreover, once formulated thelagioal model, it may aid in assessing
natural recovery, in developing monitoring programsplanning restoration of strategies, or
in deriving remedial action goals [20].

To sum up, ecological models are used to extrap@ameasurement endpoint to an
assessment endpoint. They can predict respons® ipopulation, ecosystem or landscape
(using assessment endpoints) via measured indivieal responses (using measurement
endpoints). In the specific case of a populatiordehoit is a mathematical expression where
the dependent variable (usually the future popaiadibundance) is predicted through measure
endpoints (such as survival and fecundity rated)the population abundance at the present
time.

It is important to note that there are several otwemponents in population dynamics
rather than survival and fecundity, as describedsection 2.1.2, and they can also be
incorporated into a population model. Some extarssio a population model are showed below
(for more details see the references [8, 20, 46]):

* age or stage structure;

e sex structure;

* parameters vary with time due to stochasticity;

» parameters vary with time due to deterministicdren

e parameters vary in space: population-specific neftel metapopulations (e.g.,
ref [74]);

e parameters vary with abundance: density dependence;

* additive effects: introduction, harvest, migratibatween subpopulations in a
metapopulation, and catastrophes (e.g., industcigbents).

Figure 2.3 and Figure 2.4 illustrate the idea ofesy simple ecological model at
population-level (i.e. population model); the formkustrates the natural dynamics of the
population in the future (i.e. without chemical egpre) whereas the latter includes chemical
exposure. In this very simple illustration, the ui@ population abundance (assessment
endpoint) is predicted through the survival andufelity rates (measurement endpoints) and
the initial population abundance. Once again, theee several other variables which can
influence the future population abundance. Sometitteey may not matter much, but
sometimes they may matter a lot. It depends mostlhe knowledge of the modeler about the

population, on the available data and resourcekparthe objectives of the modeling. On the
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one hand, including other variables makes the mouek realistic, on the other, it becomes
more complicated and more data is required.

* Survival and fecundity rates (measurement
endpoints)

* Initial population abundance (assessment
endpoint)

* Population model without chemical exposure

* Natural population abundance in the future
(assessment endpoint)

Figure 2.3 - Basic idea of a population model withohemical exposure
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* Dose-response function

* Survival and fecundity rates altered (measurement
endpoints)

* Initial population abundance (assessment endpoint)

* Population model with chemical exposure

* Perturbed population abundance in the future
(assessment endpoint)

Figure 2.4 - Basic idea of a population model wdtiemical exposure

Generally, field sampling is used for the estimatof values to the measurement
endpoints and the initial conditions of the assesgrandpoints, whereas an exposure-response
assessment is conducted in order to describe ldgoreship between the concentration of the
chemical and the magnitude of the individual-lexeslponses of native species (represented by
changes in measurement endpoints). This relatiprishisually specified by a dose-response
function, so that it is necessary data on long-tefi@cts of the chemical on the species being
analyzed.

Several ecological models and software are alreadilable for use in risk assessment
of toxic substances. Pastorekal. [20] conducted a critical evaluation of ecologioabdels
that are potentially useful for QERA and ranked ttagious candidate models based on
evaluation criteria that include: realism and coemjily of the model (i.e. whether key processes
are included and how they are presented); prediatforelevant assessment endpoints and
utility relative to regulatory compliance; flexily; treatment of uncertainty; degree of
development, consistency and validation; ease @hpater estimation; regulatory acceptance;
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credibility (e.g. prevalence of users, availabibtypublished reviews); and resource efficiency.
Furthermore, the best models were selected forra netailed evaluation and testing.

Nonetheless, selecting the best model depends ersghcific problem, so that the
modeler must decide it taking into account the rgan@ent objectives, the ecosystem,
chemicals of concern, receptors and endpointsefast, quality and quantity of available data,
and available resources. Thus, model selectiosuslly site- or issue-specific. Besides that,
the level of realism and precision wanted as weslltlee quality and quantity of data will
influence the complexity of the model selected [75]

Habitats used by most species around industrig@s sére becoming increasingly
fragmented by human activities and, consequergheral distinct populations of same species
are living spatially separated, in spite of intéireggat some level (e.g. exchange of individuals).
In fact, there are relatively few cases where thé&e population resides within a same area.
Hence, most species are distributed across space@sulation of connected populations, i.e.
metapopulation. According to Pastoragtkal, “a metapopulation is a set of populations of the
same species in the same general geographic afea wotential for migration among them”
[20]. This way, some ecological models are desigodihk Geographic Information System
(GIS) with a metapopulation model, combining gepbra and demographic data for risk
assessment.

By the way, the purpose of the proposed methodolsgyo conduct a QERA at
population-level. Hence, this work does not del® iconcepts related to QERA at higher
levels and it might be referring to “Population Mdidg” instead of “Ecological Modeling”.
The reason for choosing (meta)population modelnsgeiad of higher levels modeling is that
apart from providing ecologically relevant endpsjr{meta)population models are much more

tractable than higher level models. Figure 2.5stlates this point of view.
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Figure 2.5 - Evaluation of modeling endpoints basadecological relevance and tractability.
(From the ref. [76])

Other several advantages of using population madeisk assessments are related in

the reference [76]. Among them, Pastoeblal. states that

“Risk estimation based on population modeling yseldlue-relevant output (e.g.
reduced wildlife population abundance, increasduhetion risk) that can be used in
cost-benefit analyses to support management dasisioncerning siting of facilities
and mitigation actions” [76].

It is important to stress here that population ntiadewill be incorporated into the
methodology for QERA proposed in this work, whichll then be capable of assessing
population-level and metapopulation-level risksypribut not higher-level (ecosystem or
landscape) risks. Despite that, it is possiblenategically choose (meta)populations of native
species that can effectively represent the ecasystegrity.

Implementing a population model for a QERA is altjuan iterative process that
involves data gathering, modeling, model validatiomcertainty and sensitivity analysis. The
steps in implementing a population model for a QERAbe described in section 3.5. For a
detailed guidance on population modeling see tfegerce [8] as well as the reference [20] for
population modeling applied to risk assessment.

Once a population model is formulated (i.e. a mathtéecal expression), one has a
deterministic model (i.e. no probabilistic compotsgo predict adverse effects on populations
given the exposure to a chemical (in concentratiodose). However, as already mentioned,

any realistic attempt to model population dynansiosuld account for stochasticity, especially
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because fluctuation is an obvious and often predantifeature of ecological environments.

How to model stochasticity will be discussed intgsc2.5.3.

2.5.1 Age and stage structure

The age or stage structure of a population refeagé/stage classes within the population.
They attempt to consider the fact that individwdldifferent ages have different characteristics,
which are reflected in their vital rates (e.g. suml’and fecundities rates), whereas individuals
of same age have similar characteristics. Formgtguveniles may have lower survival rates
than adults or juveniles may not be able to repceduntil they become adults. Conversely, in
an unstructured (scalar) population model, the [adjaun is represented by a single age/stage,
which denotes the totality of the population. Thusstructured models are considered to be a
special case of structured models, with only oas<bf organisms [8].

Structured models are useful if the vital ratesimofividuals in different classes are
different enough to justify the discretization bkfr life span. Individual classes mean their
ages or stages. For example, population modefishavith a life span of nearly 4 years could
be structured by their ages, e.g.: zero year ald,y@ar, two years and three year; or by their
stages: juveniles (zero year old) and adults (@ wld or more). The criteria to structure a
model by stages instead of ages are: individugks are unknown; vital rates depend on stage
or size rather than age; growth is plastic, songgviduals are retarded or have accelerated
development of vital rates.

Those individuals that are the same age/stagesatereed to have the same survival and
fecundity rates. However, those rates may diffewben classes. This way, an structured
population model has a survival ra&,a fecundity ratef-x, and an abundance at timéy(t)
for each age/stage classThe abundances for each class form a vector wibeus (one for
each class), whereas the vital rates are combinfuirh a transition matrix that is used in most
population models to account for age/stage stractarfact, it is a transition matrix which has
a special structure, called a Leslie matrix for-agactured models [77, 78] and a Lefkovitch
matrix for stage-structured models [79]. Abovensaample of a Leslie matrix.

Fob Fi F
L=|S, 0 0 (2.1)
0 S 0
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Where

S; = survival rate of individuals in age class i

F; = fecundity rate of individuals in age classe i

The reason for arranging the survival rates andrféities in the form of a matrix is to
provide a convenient way to make projections ofytaion’s structure from one generation to
the next [8]. For example, for an age-structureadiehaehe distribution of abundances in the

next step is given by the matrix multiplication:

No(t+ 1) F, F, F, Ny (t)
N(t+D|=|So 0 0fx]|N(2) (2.2)
Ny,(t+ 1) 0 S5 0 N, (t)

Where

N;(T) = number of individuals at age classe i at time T

Assessors may then choose which age/stage claeseare interested in assess. In most
case, they will be interest in the total populatadoundance, which will be the sum of the age
abundances. In some cases, however, the may lbestet in the abundance of a specific class

only.

2.5.2 Density-dependence

Section 2.1.2 introduced the natural mechanisnoptifations to regulate themselves (i.e.
density dependence). This section is particulaslycerned about the mathematical modeling
of density dependence. For more details on dedsipendence see the reference [8], chapter
3.

To model density dependence, one must

» Decide which stages will count towards the abundaAt times a great amount
of individuals in a certain life stage will not caiimpact on the population’s vital
rates. For example, when adult birds compete foitdey, only the adult stage
would count towards density dependence. The abwedaken into account may
depend on all stages, selected stages or evenaveaage of all stages weighted

by their respective fecundities.
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Determine the vital rates to be altered. Dependingthe behavior of the
population, density dependence may affect fecunslityvival, migration rates, or
a combination of these. This selection needs tedberent with the transition
matrix. For example, in a model with a single statgnsity dependence cannot
affect survival rates because there are none.

Choose the form of the density dependence functibodelers can define a
density dependence function themselves, but thherkiactional forms of density
dependence used in the literature, they are [8]:

o Exponential: no density dependence. All parametelsted to density
dependence are ignored, only the stage matrixeid unscalculations.

o Scramble: as population size increases, the amolmesources per
individual decreases. If the available resourcessiiared more-or-less
equally among the individuals, there will not beoegh resources for
anybody at very high densities. This process afseming returns leads
to scramble competition, and can be modeled bystmgior Ricker
equations [80].

o Contest: if the available resources are shared uatiygso that some
individuals always receive enough resources forigakand reproduction
at the expense of other individuals, there will && be reproducing
individuals in the population. This will be thesea for example, in
populations of strongly territorial species, in wlnithe number of
territories does not change much even though tingbeu of individuals
seeking territories may change a lot. This procésiminishing returns
leads to contest competition, and can be modelethd\Beverton-Holt
equation [81].

o Ceiling: exponential growth to a ceiling. At eaghe step, the population
grows exponentially, but if N is greater than tkding, then N is set equal
to the ceiling.

Select function parameters. In case of scrambleamtest competition, the
carrying capacity (K) maximal growth rate ) need to be estimated. The
carrying capacity is the level of abundance aboliehvthe population tends to
decline. Therefore one should observe the equiltbrpopulation size for which

44



Chapter 2 Theoretical basis

the number of individuals at the next time steplteto remain the samemk is
the maximal rate of increase when the populati@t ih regulated by density
dependence is not yet influenced by it becausavotlensity. The greatest growth
rate observed might be skewed because of stocitygstausing wrong estimation
of the parameter. Therefore a more convenient fofrfinding the value one
wishes for is by making a graph of R{§)a function of N(t) (number of individuals
at time t) and using the y-intercept asaRSince considering R(t) equal to N(t+1)/
N(t) would cause both the independent and dependeiatbles to be affected by

N(t) measurement errors, a less biased option woellth consider R(t) equal to

the geometric average of N around the time step./N(t + 1)/N(t — 1). In
case of Allee effects [47, 48], the A parametdghépopulation size at which the

vital rates are reduced to half of the originalal

It is important to note that including density-degence in a population model to evaluate
the impacts of pollution (i.e. chemical risk assesst) makes the assessment less conservative,
because density-dependence effects cause popuiatiecover faster after a pollution episode
(except in the case of Allee effects). There isdutive way to understand this: after chemical
exposure, population suffers from decreasing abrwas long as significant amounts of
chemical remain present; on the one hand, if dgm&pendence is ignored, the population
growth rate remains the same and population takagel to recover; on the other hand, if
density dependence is considered, then after aa®&erin population abundance, the growth

rate suffers an increase (positive density deperegjero that population recovers faster.
2.5.3 Stochasticity

The variability and uncertainty in populations andthe environment they live is a
fundamental component of population dynamics, sd gopulation models that assume all
parameters to be constant (i.e. deterministic ns)d&il to account for unpredictable
fluctuations of real population dynamics. Conversetochastic models allow us to consider
these fluctuations. They involve replacing constarameters, such as survival and fecundity
rates, and carrying capacity, with random variabésponding to a probability distribution

function (PDF), usually a normal or lognormal wétltertain mean and variance.
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There are many different kinds of stochasticityb® incorporated into a stochastic
population model, such as:

« environmental temporal fluctuations (i.e. tempaaliation in parameters);

» spatial variation (e.g., population-specific paréenefor metapopulations);

 measurement and sampling errors that introducetiaddi uncertainty in
parameter estimates of a population;

» demographic stochasticity (because individuals oclyur in whole numbers and
most parameters may be fractional numbers, thdtd&additional uncertainty
in the number of survivors and births in the naxetstep);

* model uncertainty (i.e. uncertainty concerninggtrecture of the equations used
to describe the population)

e catastrophes (i.e. extremely environmental evelnés &adversely affect large
proportions of a population, e.g., fire, droughdaptl).

Each one of them needs a different approach to limgdée effects of their fluctuations.
This work will not delve into each one of them;dees are referred to the reference [8] for
details on this issue.

Nevertheless, catastrophes will be an especial tfpstochasticity in the proposed
methodology, because it allows accidental scendodse considered as extremely and rare
environmental events included in a population mad#l a certain probability of occurrence
per time step that may either be constant or vatly tvne. In other words, at each time step a
catastrophe (or an accidental scenario) may hapfiara certain probability. If it happens, its
effects of pollution can be modeled by changesamnameters since the present time step; if not,
all parameters remain the same. Section 2.5.5 miie@s approach in more details.

Pastoroket al.states that there are two kinds of model endpostése variables and risk

estimates:

State variablesare expressed as population, ecosystem, or |gpelsca
indicators, such as population abundance, specieBness, or landscape
fragmentation index, respectively. [ R]sk estimatesan be derived from the model
output for state variables in several ways, but t@st common is to run the
simulation multiple times in a Monte Carlo analyBisaccount for variability and

uncertainty in input variables as well as initiahditions”. [20]

In other words, what Pastorek al. meant is that risk can be estimated through meltipl
simulations of the ecological model via Monte Ca8once a stochastic model has probabilistic
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components characterized by random variables relspgno a PDF, there will be a different
result for each single run. Thus, the results alglb form a PDF which will characterize the
risk estimates (e.g., risk of extinction, risk afpplation decline). Following such a procedure
will allow variability to be evaluated as a degofeonfidence, as well as to estimate upper and
lower bounds on risk measures to evaluate uncéytain

A simpler way to deal with uncertainties is to ukem to derive worst and best case
estimates of extinction risks, based on manual ggsion parameters. Such procedure allows
estimating a range (upper and lower bounds) tomsksures, such as time to extinction, or
risk of decline. The greater are the uncertaintiggrameter values, the wider will these bounds
be. If they are too wide, uncertainty may be unptaide and do not meet the needs of risk
managers. At best, the bounds should be narrowgentm make decisions taken by risk
managers based on the lower bound the same as lthesd on the upper bound (i.e. the
difference between the lower and upper bound shoellcegardless for risk managers).

All'in all, a population model with random variabléand it should be present to better
represent reality) is a stochastic model, sinceitipait variables and/or initial conditions
respond to a PDF. Hence, the model does not pravidmgle result, but a distribution of
consequences associated to probabilities. Theseekibn presents the ways of expressing the

results of a stochastic population model.

2.5.4 Ways of expressing the risk estimates

The most traditional measure to summarize the tesifl a population model is the
expected population trajectory (i.e. the expectaahlver of individuals in a population in the
future), which is usually expressed by a mean, astehdard deviation, a minimum and
maximum values. However, several ecological-relarethlems and questions that population
models address are phrased in terms of probabiliier instance, a certain population of a
certain species may have a 50% chance of extinatidhe next 10 years (i.e. a “critically
endangered” population according to IUCN, the Imaional Union for Conservation of Nature
[51]).

The probability is usually derived from multiplensi (Monte Carlo) of a population
model and may be expressed in many ways as bel®\ [The selection of a specific
expression for the probability depends partly andbjectives of the assessment and partly on

available information for the species being mod¢agy.
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* Interval decline probability: the probability of a population declining by as
much as a given percentage of its initial valuarat time during the period of
prediction.

* Interval extinction probability: the probability of a population falling as low as
a given abundance at any time during the periqurediction.

» Terminal decline probability: the probability of a population being as much as
a given percentage lower than its initial valuéhatend of a simulation.

* Terminal extinction probability: the probability of a population being as low as
a given abundance at the end of a simulation.

« Interval explosion probability: the probability of a population equaling or
exceeding a given abundance at any time duringehed of prediction.

» Terminal explosion probability: the probability of a population being as great
as or greater than a given abundance at the eamdiafulation.

e Time to extinction: the time required by a population to decreasegs than a
given threshold abundance. This work basically uses threshold: total
extinction (i.e. zero individuals) and “half losg’e. 50% population decline).

» Time to explosion:the time required by a population to exceed argttreeshold

abundance.

Thus, for instance, to estimate the terminal exitmc probability, one runs the
simulation multiple times and counts the occurrenge which the population ends the
simulation lower than a given abundance. The pridibafof a population being as low as the
given abundance at the end of the period) willHeertumber of such occurrences divided by
the total number of rounds. Clearly, the greatehésnumber of rounds, the more precise is
the probability.

By the way, explosion probabilities and time arpeesally useful when a population
increase may be unwanted. For example, one may waestimate the probability that a
certain seaweed species outbreak will reach anogical damaging level, because it
consumes most oxygen available for fishes in the se

Also, explosion probabilities and time are usefuévaluate recovery chances, when the
objective is to estimate the recovery of a popafatinder risk management actions. In such

cases, it may be useful to estimate the time ittake the population to increase to a certain
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abundance (i.e. time to recovery, analogous totithe to explosion), or the probability of
recovery within a specified time period (analogtuthe explosion probability).
To conclude, there are other useful single measaresmmarize the predictions of the
risk curves [46], i.e.:

* Expected minimum abundance:the average (over all replications) of the
minimum population abundance of the trajectoris &n estimate of the smallest
population size that is expected to occur with shmulated time period.

* Median time to extinction: represents the most likely time required by a
population to decrease to less than a given thie@stmndance. It is the median

value in the PDF of the time to extinction.

2.5.5 Assessing impacts and risks of each accidental scenario

Through evolution, most species go naturally extitypically within ten million years
or so of their first appearance [82]. Furthermdneémnan impact may accelerate this time. By
human impact one means not only industrial accgjeltit several other kinds of human
perturbations to the ecosystem that may be conislyoaffecting a wildlife population,
especially if the ecosystem surrounds an indusddgavity. Thus, even under the condition that
no accidental scenarios might happen, a popula@sralready an implicit risk of extinction.

Therefore, assessing impacts and risks of an ageldecenario alone is not enough. It
must be compared against the present environmemalition (i.e. a non-impact scenario) to
evaluate the changes in risks. In a non-impactaegnno future impacts may occur (e.g.,
accidental scenarios), but only impacts that aeadly affecting the population.

An accidental scenario can be compared with a ngact scenario in two ways. Both
of them can provide relevant information, so th@ERA should, at best, present results using
both approaches. The first one considers only theacts (i.e. the consequences) of the
accidental scenario of concern, whereas the semamsiders both the frequency of occurrence

and the consequences (i.e. the risks).

2.5.5.1 Assessing impact

It considers that the accident is sure to occwr specified time during the simulation.
This approach ignores that the accident is a naateand considers it as an almost surely event

at specified time. This is particularly useful takiate the impacts (i.e. consequences) of the
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accident, because it presents the population dyrsnefore and after the accident. Hence, one
could compare an impact scenario to a non-impagha as a means of evaluating the
accidental scenario in terms of increase in corsecgs. Then the results may be used to
determine whether the predicted consequences astasiial enough to require pro-active

response or action. For instance, this approachiges information to answer questions such
as:

* Does the population go extinct before the accidém® what about after
the accident?

« What will the population abundance of a specieg. ®rdine) be 1 year
after exposure to the concentration of toxic suixsta (e.g. hydrocarbons)
released by the accident?

* How long after the accident would it take for thgesed population to
decline by a certain value (say 20 or 30%)?

* What is the probability of extinction in the poptita after the accident?

* What is the probability of the population dippingl®~ a given threshold
(say 20 or 30% from the original population) at ggooint in the next year
after the accident?

* If we invest a certain quantity of money (say U$000) in mitigation
actions that reduce the magnitude of impacts, wilabe the extinction
probability decrease?

2.5.5.2 Assessing risks

It considers that the accident might happen witbegain probability (equal to the
accident’s frequency of occurrence) at any timenduthe simulation. This is similar to the
catastrophe stochasticity type (section 2.5.3).sThihe results represents not only the
consequences of the accident, but the risks (hmeasure that encompasses both consequences
and frequency of occurrence). This approach alldwescomparison of a non-impact scenario
with a potential accidental scenario, in terms bérges in risk measures (e.g., risk of
extinction, risk of half loss). Also, it allows tloemparison of the accidental scenarios among

themselves, which is useful for prioritizing managat actions. For instance, this approach
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provides information to answer questions such dsweconsidering that there is a certain
chance of a catastrophic toxic spill:

« How will the population abundance fluctuate durangeriod of 50 years?

* What is the change in the risk of extinction in ffogulation?

* What is the risk of the population dipping belowigen threshold (say
20 or 30% from the original population) at somenpan a 50-year
simulation?

e« How serious are the changes in risk measures imalaion with a
potential accidental scenario when compared toalation with a non-
impact scenario? Changes may be serious if speergss categories of
risk (risk categorization will be discussed in s@t2.5.7).

* If we invest a certain quantity of money (say U$000) in mitigation
actions, what will be the extinction risk decrease?

* And if we invest the same amount of money in cdntmneasures that
reduce the accident’s frequency of occurrence, whit be the
extinction risk decrease?

* If we have only U$100,000 available for risk managet, how to
allocate this money in an effort to reduce rislkesrtiost? Which accidents

prioritize?
2.5.6 Cumulating risks of all accidental scenarios

Quantifying risks of each accidental scenario pitesia basis for categorizing them,
comparing them against a non-impact scenario, andtzing management actions. However,
it may also be useful to cumulate risks of all deaital scenarios as a basis for communicating
the total ecological risk. Therefore, this workaajgroposes an approach for cumulating risks
of all accidental scenarios in only one measueethe FN risk curve (similar to the FN curve
for the social risk in human QRA).

Once again, N is the average population declinebaur(of native species strategically
chosen to represent ecological effects) and Fuaheutative frequency of accidents with N or
greater abundance decline. This way, the greatentimber of accidental scenarios in the
assessment, the more points will have the FN cuamve,so will it be more continuous. More
details on how to build a FN curve will be givensiection 3.6.
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2.5.7 Risk categorization

Establishing risk criteria for acceptability in tiéN curve is a slow and complicated
process that requires the participation of soceiy other interested parties in its judgment. It
was not an aim of this work to establish risk crador acceptability, which is a proposal for
future works though.

Nevertheless, the risk status originated from thpr@ach in section 2.5.5.2 can be
categorized according to the International Union @onservation Nature (IUCN) threat
categories [51]. One of the IUCN criteria (the oglyantitative one) are expressed in terms of
time and risk of extinction, so either risk cunoessumulative time to extinction can be used to
categorize risk based on these definitions. Thig \wahreatened population may be classified
into one of the 3 risk categories:

* CRITICALLY ENDANGERED: at least 50% probability eitinction within 10
years or 3 generations: whichever is longer (up teaximum of 100 years);

« ENDANGERED: at least 20% probability of extinctiovithin 20 years or 5
generations, whichever is longer (up to a maximéik0® years);

* VULNERABLE: at least 10% probability of extinctiomithin 100 years;

The IUCN risk criteria are expressed in terms délt@xtinction (zero individuals).
However, these criteria are intended to classices at high risk of global extinction in an
effort to convey the urgency of conservation issioethe international community. It is used
to classify species affected by a whole range @frenmental changes and human impact at
global-level, not to classify the interaction afiagle establishment with a local population or
metapopulation.

In this context, establishing risk criteria for gerposes of a QERA was one of the main
themes of discussion and decision in a workshopeoological modeling at Applied
Biomathematics, Setauket, New York, on August 2628011. The author of this work was
present at this workshop, together with some oftibst cited authors in the field of ecological
modeling. They concluded that it may be more appatgto express risk criteria in terms of
“half loss” (i.e. 50% population abundance declimsjead of total extinction. As a result, they

proposed the following risk categories for the msgs of a QERA:
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Table 2.1. Categories for assessing risks of eacidantal scenario in a QERA.

Category Risk of half loss Years
Critically Endangered > 50% 10
Endangered > 20% 20
Vulnerable > 10% 100
Low risk >0.1% 100
Negligible > 0.001% 100
Background risk < 0.001% 100

2.5.8 Bibliographic review of case studies

This section is especially concerned with a bibigdic review of published applications
of ecological modeling in risk assessment. Forims¢, Naitet al.applies an ecosystem model
for ERA of chemicals in a Japanese lake [7]; Paswetsents a case study to show how risks
to a brook trout $alvelinus frontinalis population exposed continually to a contaminamt (
this case the pesticide toxaphene) can be assasdepantified using ecological modeling, as
well as describes the data needed to parametefizgh population model [43]; Bartedit al.
presents an aquatic ecosystem model for estimatiopgical risks posed by toxic chemicals
in rivers, lakes, and reservoirs in Québec, Cafidlafinally, Chen uses an aquatic ecological
risk assessment model to analyze exposure andgicall@ffects and to estimate community-
level risks to fish, aquatic insects and benthicmiavertebrates in Keelung River in northern
Taiwan, associated with chemicals of potential eonsuch as ammonia, copper and zinc [15].

All those works were very useful as a basis of Keodge on ecological and toxicity
extrapolation models. It is worth noting, howewbgt none of them are within the context of
industrial accidents, as we aim to do in this work.

In addition, there are several other works on usitgogical models not specifically in
risk assessment related to chemical exposure, harlymin species conservation and
management (see reference [83]). They are also useyul though, since they contain
demonstrations of how an ecological model is im@etad. Such reference was essential as
guidance on the application example of this worgduse it contains a collection of case
studies of models applied to a variety of specieslding fishes) and implemented in the
population modeling and viability analysis softw&AMAS GIS 4.0, which is an older but
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similar version to the same software that will Isediin the application example of this work
[46].
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3 PROPOSED ECOLOGICAL AND MICROBIAL RISK ASSESSMENT
METHODOLOGY

The proposed QRA methodology is based on populatiodeling and can be used to
assess both ecological and microbial risks. Théhatgtlogy is also capable of considering
extreme and unfrequent events, but some arrangememst be made to apply the methodology
to every specific case. For example, in some c@seh as in chapters 4 and 5), the extreme
events are industrial accidents, whereas in othesindustrial accidents are not involved, but
other sources of extreme events, such as: the afa@MRA for schistosomiasis disease
(chapter 6), where extremely rainy months may draly increase schistosomiasis
transmission; and the case of QERA for mako shé&kapter 7), where environmental
catastrophes may cause reproduction failure. Ak cdudies use population modeling as basis
for quantifying risks.

The methodology considers both the event's frequenhoccurrence and the magnitude
of the adverse ecological effects, so that it gatde of quantifying ecological risks caused by
events with low frequency of occurrence and catasic consequences. It is not restricted to
assess ecological risks via individual-level endfmithat often leads to inaccurate risk
estimates. It is also able to predict the resporgepopulations to toxic exposure (via
population-level endpoints), taking into accourd thlationships between individuals, the life
history and ecology of a species. This way, thenoeiblogy can assess the risk of a population
extinction (or decline) in the future under the dibions that catastrophic accidents might
happen.

There are similarities between the methodologythedasic guidelines for preparation
of studies in risk assessment provided by CETESBarmreference [62], which is applicable to
the assessment of industrial accidents with paktdi cause damage to humans outside the
establishment (i.e. harm to people in surroundireps, located beyond the establishment
boundaries). The main similarities are in the daalie risk assessment step that involves the
consolidation of accidental scenarios via techrscgreh as Preliminary Risk Analysis (PRA);
and in the risk quantification expressed as a FiNesuwhich is similar to the FN curve to
quantify social risks used by CETESB. By contrist,main difference is that the methodology
seeks to assess ecological risks only, whereas GBTécus on human risk assessment.

The steps of the proposed methodology are as fsl{ghwown in Figure 3.1).
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Problem characterization;

Identification of hazards and consolidation of decital scenarios;
Exposure assessment

Frequency estimates;

Population modeling;

o 00k w0 N PE

Risk quantification and evaluation.

The methodology is interactive, so that revaluatiastly occur during any part of the
assessment, although deficiencies that must béusded may jeopardize resources available
to complete the QERA (e.g. time and money). Thehodlogy uses objective criteria
throughout the second, third and fourth steps deioto rule out accidental scenarios that will

not significantly contribute to the final ecologicek, avoiding waste of resources.
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Figure 3.1 — Steps in conducting the methodologuantitative Ecological Risk Assessment

for industrial accidents.

In the next sections, the aforementioned stepdiaceissed.

3.1 Problem characterization

The first step is a planning phase on which theensk assessment depends. It requires

concerned about ecological risks).

engagement between the risk assessor and othetegpeh as: risk managers, environmental
managers, ecologists, technical managers, operatods other interested parties when

appropriate (e.g. industrial leaders, governmemtirenmental groups, any segment of society

57



Chapter 3 Proposed methodology

They should be able to (1) define risk assessnssnes and objectives, (2) characterize
the establishment and installations (e.g. storagekst transport units, pipelines, loading
equipment) to be included in the QERA and (3) cti@réze ecological components (habitats,
species, life stages) in the region. Informatiommswer many of these issues may already be
available from other studies such as an Environatémppact Assessment (EIA) or even from
a human QRA.

3.1.1 Risk assessment issues and objectives

The risk assessor should ensure that the resuitie oisk assessment will meet the needs
of risk managers, i.e. how will risk assessmenp le¢ process of risk management. This way,
they should reach a general agreement on chastatssuch as:

* Nature of the problem (e.g. licensing process, Gmg}s own initiative, providing
guidance, legal mandates).

* Objectives for the QERA, including criteria for sess.

» Scale of the assessment (e.g. small area evaliratigpth or large area in less
detail).

« General spatial (e.g. local, regional, or natioaakl temporal (i.e. the time frame
over which effects will be evaluated) boundarieshef problem.

« Expected outputs of the QERA and the resourcedadlaito complete it (e.g.
personnel, time, money).

« Policy considerations (corporate policy, societalaerns, environmental laws).

« Data and information already available. When datafew, further field work is
needed to collected more data and that requires raspurces for the assessment.
When more resources are not available and newcdataot be collected, it may
be possible to extrapolate from existing data.his tase, the risk assessor and
risk managers must reach an agreement about whkabwsn and what will be
extrapolated from what is known.

« Acceptable level of uncertainty. If after the erdddhee QERA, the output does not
meet the acceptable level of uncertainty, investnoémew resources may be
requested in order to develop ways of reducing iaicgy. The obvious way to

reduce uncertainty is further field work to collenbre data, so that additional
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resources will be necessary. This way, the acckptewel of uncertainty should
comply with the resources available to completeatbgessment.

e Ecological impacts caused by past accidents.

3.1.2 Characteristics of the establishment

Here the risk assessor should collect technicabrinétion that characterize the
establishment with regard to its physical structprecess conditions, chemicals of potential
concern and installations (e.g. storage tanksspmam units, pipelines, loading equipment) in
the establishment that deals with those chemicals.

Some installations may not significantly contribtiethe risk because they do not deal
with a considerable amount of hazardous chemibakefore it is not worth considering all
installations in the QERA. It is the responsibilitfythe risk assessor to select installations to be
included in the QERA, under consultation of competprofessionals and experts. The
Committee for the Prevention of Disasters provideselection method to determine which
installations should be considered in a human QprAyided in the second chapter of the
reference [61]. This recommends a selection metifadstallations with potential to cause
ecological damage, because this method is not depémmn consequences to humans, but on
the amount of substance present in the installst@mal on the process conditions.

More specifically, the risk assessor should, ifgiioie, gather relevant information about:

» Location of the establishment.

e Layout of the establishment, pointing the hazardosigllations to be included in
the QERA. If transport units are included as daogeinstallations, the transport
route should be specified.

* Updated plants or aerial photographs showing edambgenvironments near
dangerous installations.

» Chemicals of potential concern identified by thiotdl nomenclature, including:
amount; ways of processing, handling, transport stodage; physicochemical
properties. Raw materials, intermediate and firdshproducts, byproducts,
residues and wastes should also be considered.

» Description of processes in each hazardous installand operational routines.
If possible, besides a written description, it ddaaclude drawings, diagrams

and flowcharts.

59



Chapter 3 Proposed methodology

e Operational data (e.g. flow, pressure, temperatume)the processes with
chemicals of potential concern.

» Protection and safety systems.

3.1.3 Characteristics of the ecological components

The purpose here is to gather information aboulogoeal features in the environment
possibly affected by accidents in the establishmdahce, consultants such as environmental
managers and ecologists may help the risk assemsibrhere, who should determine
characteristics such as:

» Location of ecosystems possibly affected by acdglenthe establishment.

* Area (spatial boundaries) of ecosystems to be atedy highlighting zones of
permanent preservation.

» Ecological receptors (plants and animals) in treaahighlighting key species,
e.g.: indicator species that are thought to be reensitive and therefore serve as
an early warning indicator of ecological effectgesies of scientific and
economic importance; rare and endangered speciasyspecies to be protected.
For aquatic environments, indicator species arallysfishes, invertebrates or
green algae. For sediment and soils, they aresteakplants, sediment dwelling
organisms or earthworms. Forlairepresentative species are typically birds.

» Geographic location and boundaries of populationsnetapopulations of key
species to be evaluated.

o Geographic distribution of local populations withime metapopulation
(when appropriate).

» Gather relevant information about the biology of kpecies.

» Define assessment endpoints that can effectivalyige information about the
population of key species of concern. Populatim@lleendpoints are usually

abundance, population growth rate, age/size streicand spatial distribution

IFor these types of ecosystems, the toxic concéstrat air is usually so low that sophisticatedkris

assessments are not worth conducting.
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[20]. For the purposes of this methodology, attldas population abundance must
be considered.

» Define the life stages of the species of conceththa points at which chemicals
may affect an individual [20].

* Physical stressors (e.g. hunting, fishing, bodftittathermal effluents, extreme
weather changes) already affecting the key species.

« Chemical stressors already affecting the key specie

It is important to stress that risk will be quaieiif via population models that describe the
population dynamic of key species chosen here. &prently, the process of choosing key
species should be carefully conducted by the 8skssor and consultants, because it will have
a great influence on the results of the QERA. Patparks or metapopulations of key species
should be strategically chosen in a way that atidhey are representative in the ecosystem
possibly affected; there is enough geographic amdodjraphic data on the population to build
a population model; and there is enough ecotoxigoéb data on the key species of concern
(or on related species).

When possible, one should build a visual represientaof the relationships among
representative biotic groups of ecological receptororder to illustrate the flows of energy,
carbon, or contaminants. For example, a food widiioaships among representative biotic
groups within a ecosystem is useful to illustratekey species’ position in the food web, which
helps to qualitatively understand the ecologicakease effects at higher levels than population-
level (i.e. community- and ecosystem-level).

Most information gathered in this phase will be essary to guide the mathematical

representation of the population dynamics, in thlhstep of the methodology.

3.2 Identification of hazards and consolidation of accidental scenarios

This step is similar to the second step of thedogsidelines for human QRA provided
by CETESB in the reference [62]. The differencethat here the focus is only on the
identification of accidents that may cause damaghe ecological environment.

This is a qualitative step of a risk assessmenthvhims at identifying all the initiator
events of accidents and its possible consequeneedp consolidate accidental scenarios.
Structured techniques are applied in order to ¢Eresnatically consolidate all accidental
scenarios, to (2) qualitatively rank the risks tediato each accidental scenario according to
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their frequency and severity, and to (3) selecsé¢raccidental scenarios that should be subjected
to a more detailed risk assessment (i.e. quanttaissessment) in the next steps.

The methodology makes use of the technique namediafitrary Hazard Analysis (PHA)
to perform this step, although other techniqueshsas Hazard and Operability Analysis
(HazOp), “What If?”, Failure Mode and Effect Analy¢FMEA), among others, may be used
when the risk assessor finds it is suitable foritiséallation being studied. More information
about PHA and other hazard analysis techniquesisded in the reference [84].

A worksheet is generally used to report the qualganformation that consolidate each
accidental scenario, such as: hazard, initiatoney&hat, where, when), causes, control
measures, possible consequences to the ecologicabement, as well as frequency and

severity classes. A typical PHA worksheet is présegin Table 3.1.

Table 3.1. Typical Preliminary Hazard Analysis waltket.

‘ Preliminary Hazard Analysis (PHA)

Identified Probable Possible Control Measures Recommendations | Accidental
hazards causes effects Freq. Sev. Risk and Observations | Scenario

Below is the description of information to be fdleccording to the PHA worksheet
above:

» Identified hazards: hazards with potential to cadaeage to the ecological
environment. At best, it should contain the idecdifion of the substance (CAS
number), its temperature, pressure and flow rate.

« Probable causes: description of the causes thatendyto the identified hazard
(i.e. initiator events), such as cracking or breglkiertain pipeline or equipment.

« Possible effects: possible physical effects from ¢lient (e.g. contamination of
the beach nearby, death of fishes, decrease fdgumdi fishes, restrict
photosynthesis of marine plants, reduce the abuwedahaffected populations).

e Control measures: barriers and preventive actiomschw could avoid the

occurrence of the initiator event.
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Frequency class: classification of the event orfrégguency, according to Table
3.2.

Severity class: classification of the event orséserity, according to Table 3.3.
Risk rank: qualitative value to the risk level afch accidental scenario, which is
a result of crossing the classes of frequency anergy, as illustrated in the Table
3.4. The risk is classified as Tolerable (T), Mader(M) or Not Tolerable (NT).
For tolerable risks, there is no need for additionaasures, i.e., monitoring is
necessary and sufficient to ensure that the comindl recovery measures are
maintained. To risks qualified as moderate, add#iocontrol and recovery
measures should be evaluated, aiming at risks tiedud he classification as not
tolerable risks is an indication that existing cohand recovery measures are
insufficient. Alternative methods should be conegdigfor reducing the likelihood
of occurrence and magnitude of consequences.

Recommendations and observations: recommendatioreofntrol and recovery
measures that should be taken to decrease theefreguand/or severity of the

accidental scenario.

+ Accidental scenario: Identification number to tleeidental scenario.

Table 3.2. Frequency classes.
(Adapted from the ref. [85])

Clas Descriptior
A Conceptually possible, but extremely unlikely ia lifetime of thdnstallatior.
Very unlikely Without historical reference
B Not expected to occur during the lifetime ofinstallatior, although there ar
Remote historical reference
c Likely to occu ever once durin¢the lifetime of theinstallatior.
Ocasional
D Expected to occur more than once during the lifetohtheinstallatior.
Probable
E Expected to occur several times during the lifetohtheinstallatior.
Frequent
Table 3.3. Severity classes.
(Adapted from the ref. [85])
Class Descriptior
I No damage or minor system damage, but does noé aagdogical damag
Minor
I Irrelevant ecological damag
Major
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Class Descriptior
Jiii Considerableecological damage caused by release of chemicsdshing
Critical areas beyond the boundaries of the establishmegidéntal scenario results
in ecological damage with short recovery ti
v Catastrophic ecological damage caused by releacchemicals, reachin
Catastrophic areas beyond the boundaries of the establishmestd@ntal scenario results
in ecological damage with long recovery ti

Table 3.4. Risk ranking: Tolerable (T), Moderate) @1 Not Tolerable (NT).

Frequency Categorie

A B C D E

2 IV M M NT NT NT

25 I T M M NT NT
ge T T M M M
36 | T T T T M

After all accidental scenarios have been identjfe@te should select the most relevant to
a more detailed assessment. Therefore, one shiealdycestablish the criterion considered in
the selection of the relevant accidental scenaFkos.a conservative approach, one can use a
criterion based only on the severity class. Theeefim this work, it is adopted the criterion of
severity Ill or IV to trigger accidental scenarios further analysis in the next step [62].

Because PHA is often used as an initial risk sindn early stage of a project, the results
of this step may be already available. In facg human QRA, accidents with potential to cause
damage to humans are identified and they usuallg patential to cause ecological damage as
well. In this case, most accidents have been ajrimhtified and the risk assessor should just
review the ecological effects (i.e. possible comseges) caused by these accidents.
Conversely, if a previous PHA was not conducted thas is a great opportunity to do it.
Likewise, this PHA might be used in a human QRA.

At the end of this step one should have a set oflantal scenarios characterized by
qualitative information as in Table 3.1. As alreaggntioned, all accidental scenarios classified
with severity Il or IV should be selected for faer analysis in the next step. In addition, this
step allows to systematically identify the existiagcidents and their possible ecological

damage, leading to an improved level of preparaboemergencies.

3.3 EXposure assessment

This step should be conducted for all accidentahados selected in the previous step to
a further and more detailed assessment. Firstlyonsists of applying mathematical models

that simulate the occurrence and movement of t@teases in the water, atmosphere and soil.
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More specifically, one must estimate exposure of @ecies to the chemical released,
for each accidental scenario. This includes desgithe chemical dispersion and predicting
the concentration that reaches key species of comteach instant of time, i.e. concentrations
Ci(x,y,z,t)within a defined area (spatial boundaries), faheaccidental scenariao,Chemical
fate and transport models have been often usedesoridbe and predict distribution and
concentration of chemicals in the environment. @oak on fate and transport models is
beyond the scope of this work; one suggests tleeartes [6, 86] for additional information.

For most accidental scenarios, meteorological ¢mmdi may influence the chemical
dispersion and, consequently, the estimated exposancentration. In such cases, it is
necessary to generate a set of meteorological sosrar each accidental scenaiioThus, if
one hasx accidental scenarios selected from the secondastdy meteorological scenarios

defined here, one has noxw y new accidental scenarios, each one with a spduaiiition of

exposure concentratio®(x,y,z,t) In other words, each meteorological scenariongefin this
step within each accidental scenario from the jevistep will have a specific function of
predicted chemical concentration that vary in taeme space.

A meteorological scenario is defined by meteoralagparameters that depend on the
kind of environmental media (e.g. air, soil, watéhne chemical moves through. Such
meteorological parameters could be, e.g., weathbilisy class; wind direction and speed,; air,
soil/bund, water temperature; ambient pressurejdityntides of the sea; currents of the ocean;
season of the year; etc. To do not yield an exaggeémumber of new accidental scenarios for
the QERA, it is useful to group the data in a ledinumber of representative meteorological
parameters.

Subsequently, because the next steps of the metgyddo require additional costs and
special expertise, one should decide whether temial concentration estimated is expected
to cause ecological adverse effects, for all actalescenarios. In other words, one should
select the accidental scenarios in which populdeorl effects are likely to occur, so that
population-level ecological risks should be quaedif This way, the methodology needs a
criterion to trigger accidental scenarios for fertQERA. The hazard quotient (i.e. an exposure
concentration divided by an effects concentratierd commonly applied criterion for that [2,
87]. They are quick and simple to use and do roiire special expertise from risk assessors.

In this sense, Pastorek al.[20] states that “at best, deterministic hazardtigmts |...]

can only be used to screen out chemicals, recemosite areas that are clearly not a problem
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(when the hazard quotient is considerably less ff)anin addition to that, EurEco found in
recent study that most of the chemicals, pestiatelsmarine schemes developed for ERA, use
the hazard quotient, calculated as the Predictedd@mental Concentration (PEC) divided by
the Predicted No Effect Concentration (PNEC), widate low risk when it is less than 0.01
[87]. For a conservative approach in the proposethadology, the PEC will be the local
maximunt of Ci(x,y,z,t) whereas PNEC is the concentration below whichoswume to a
substance is not expected to cause adverse effecs individual organism. The former is
provided by the results of chemical fate and transmodels and the latter by ecotoxicologial
data on the species being assessed, usually ascant@ation based endpoint known as No
Observed Effect Level (NOEL - see glossary for italThe ECOTOX database can be used
as a source for locating single chemical toxicayaedfor plants and animals [27]. It is important
to note that the PNEC is an individual-level endpaind so is the hazard quotient.

As a result, the proposed methodology uses theriomt PEC/PNEC > 0.01 to pick
accidentals scenarios to the next step. Becausaitrery conservative approach, it is likely
that no accidental scenarios that considerablyritarté to the ecological risk will be ruled out.
Nonetheless, if it concerns the risk assessor,igbtravaluate other chemical aspects such as:
persistence and biodegradability; bioaccumulatiotiptial (via bioaccumulation factor); and
solubility in water (in case of an aquatic ecosygteFor example, if the chemical is readily
degradable, population-level effects are not likelypccur, even if PEC/PNEC is greater than
0.01.

Finally, at the end of this step one should hasetaf accidental scenarios that are likely
to contribute to cause population-level effectsueBal parameters consolidate each accidental
scenario, they are mainly: hazard, initiator eveatlses, control measures, meteorological

parameters, chemical concentrat@(x,y,z,t) and hazard quotient.

3.4 Frequency estimates

For the selected accidental scenarios in the pusvitep, the frequency of occurrence
should be estimated. The output of the QERA is wEpendent on this estimate, so that an
under- or sub-estimate of this value can lead egincerrors in calculating the ecological risk.

2 By local we mean that it is within the spatial hdaries of populations being evaluated as wellitsinw
the simulated time period.
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In some risk assessments, the frequency of ocaerehan accident can be estimated
from historical records contained in databases eferences, since they are actually
representative to the case. Generic frequenciesiraed are presented in the reference [61]. In
the third chapter of this reference, Loss of Caomteent Events (LOCs) (caused by e.g.,
corrosion, construction errors, welding failurelecling of tanking vents, mechanical impact,
natural causes, domino effects, etc.) are descahddheir generic frequencies of occurrence
are estimated, for various systems in an estabéshnincluding stationary installations and
transport units such as: pressurized stationalstand vessels, atmospheric stationary tanks
and vessels, gas cylinders, pipes, pumps, heatrgels, pressure relief devices, warehouses,
storage of explosives, road tankers, tank wagaorssships.

However, those generic frequencies describe aveiagdions and may need corrections
concerning specific circumstances of the instaltatinder assessment. Due to the complexity
of some installations, it might be necessary toaxgeert opinion and Reliability Engineering
techniques (e.g., event tree, Event Sequence Dnsgidayesian Belief Networks) in order to
correct the generic frequencies taking into accdhatinfluence of control measures (e.g.,
safety management systems, alarms, automatic stapsyell as human errors that might
contribute to the occurrence of the accidental @genin other words, the risk assessment team
might need to conduct a reliability analysis inunty generic equipment failures, control
measures and human error. It is beyond the scogésafork to provide guidance on reliability
analysis; for a general view on reliability theomypdels, methods and applications, see the
references [51, 53, 54, 88]; and for specific infation about techniques such as Event
Sequence Diagrams (ESD), Bayesian Belief NetwdBN) and Human Reliability Analysis
see the references [55-60].

In addition to that, for each accidental scendre&ftequencies concerning meteorological
parameters that consolidate each accidental scefdeiined in the previous step) should be
also taken into account. Consequently, meteoroébgiatistics (deduced, for example, from a
nearby and representative meteorological statidmulsl be used to define fractional
frequencies or number of observations to each mategpcal scenario.

Finally, only accidental scenarios that contribstgnificantly to the ecological risk
should be included in the QERA under the conditithad (1) the frequency of occurrence is
equal to or greater than §(er year and (2) PEC/PNEC is greater than 0.0&. Flteria

therefore are used to trigger accidental scendapsisk quantification and evaluation via
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population modeling in the next step. The firsteaton is taken from reference [61], where it
is stated that “a threshold of §@er year as criterion for including LOCs is cowesatl
reasonable since generic LOCs leading to the relehsthe complete inventory have failure
frequencies in the range t@nd 1/ per year”. The second criterion is taken fromptevious
step of the proposed methodology and was alreaplaieed.

The output of this step is then a set of accidesgaharios that are likely to contribute to
the ecological risk, with their respective frequgestimates of occurrence. Several parameters
consolidate each accidental scenario, they arelyndiazard, initiator event, causes, control
measures, meteorological parameters, chemical ntatenCi(x,y,z,t) hazard quotient, and
frequency estimate of occurrence (that is equgteater than I®per year).

3.5 Population modeling

This step is an iterative process (see Figure Bigtly, a population model is formulated
(see section 2.5) in an effort to describe thenahpopulation dynamics of key species in the
area (without exposure to the chemical of concdtn$. necessary to formulate a population
model to each key species, if more than one isgoanalyzed. The population dynamics must
be described via assessment endpoints definederfitst step. The predicted chemical
concentrationCi(x,y,z,t) - for each accidental scenarig,that may affect a population of
concern - will be used as input variable to descthe population dynamics with chemical

exposure.
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Figure 3.2 - Iterative process of population modeli

Pastoroket al. [20] provides a detailed guidance on ecologicaldeting in risk

possible uses and limitations.

assessment. He also makes a critical evaluatisoftware designed for a QERA, pointing their

Input data will be necessary to parameterize theuladion model. The quality and

species.

predictiveness of the model depends mostly on tfadity and quantity of these data. If data

for the key species are insufficient, then one da@xtrapolate the information from related
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Typically, a population model requires informatiom the following input variables [20,
43]. age/size structure; specific survival and fetity rates for each age/size; rates of
immigration or emigration; initial abundance forchage/size; estimates of variability for the
vital rates and initial abundances; density depeoeleeffects; geographic and habitat
distribution of key species; and foraging behavidre required level of detail for a particular
variable depends on the assessment objectives.

Once the population model is formulated, it shdadd/alidated in order to make sure that
the model is a good approximation of reality anadvpdes reliable predictions. The validation
of a model is typically done by measuring the comi@nce of predictions with empirical data.
This measure may be used to characterize the itgliad other predictions.

It is still a limitation of this methodology to primle an effective method for validation.
However, there is some ways to validate a model. &@mple, if there is hardly no
chemical/physical stressors currently affecting plopulation, there is a very simple way to
validate the model: to run the population modeltipld times for a non-impact scenario and
assess its predictions. For non-impact scenatios expected that the population abundance
will remain steady (for short and middle-term podidins) or will decrease very slightly (for
long-term predictions, because it is expecteddkiaty species goes naturally extinct, although
it takes thousands of years). This way, if the pajgon model considers no physical and
chemical stressors, and the predictions show ehigdr risk of extinction or high risk of
explosion, the model may be not correct and shbalceviewed.

After validation of the model, an uncertainty arsidy of risk estimates should be
conducted in order to determine if the level ofemainty is acceptable. A simple way to deal
with uncertainties is to use them to derive worsi Aest case estimates of extinction risks,
based on changes on parameters. Such proceduretviie risk assessor to estimate a range
(upper and lower bounds) to risk measures, sughmasto extinction, or risk of decline. The
greater are the uncertainties in parameter valbnesyider will these bounds be. If these bounds
are too wide, uncertainty may be unacceptable anabtlmeet the needs of risk managers. At
best, these bounds should be narrow enough to dedisions taken by risk managers based
on the lower bound the same as those based oplee bound (i.e. the difference between the

lower and upper bound should be regardless fomnakagers).
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It is important to stress that there are sevefarotvays to measure and communicate
uncertainty. To study them and provide an effeatnsthod to evaluate uncertainty is proposal
for future developments in this methodology.

If the model is appropriate to describe the popahadlynamics of concern, uncertainties
about risk estimates are mostly because of uno@gsiabout parameters (e.g., survival rate,
fecundity rate, carrying capacity, initial poputati abundance), what is originated from
incomplete knowledge, limited sample size, measargrrror and use of surrogate data. More
precise estimates for parameters can improve thadeimoy narrowing the ranges of risk
measures. This requires further field work and dgttoering, what costs resources such as
equipment, technology, staff, time, etc.

Obviously, resources are limited, so its allocatstrould be optimized in a way that
uncertainty is reduced the most. With this in miadystematic sensitivity analysis can point
out to the most important parameters to allocateurces for further data gathering. This can
be done by observing the effects of changes innaogel parameter on population extinction
risk.

In summary, if uncertainty is acceptable, thes ithie end of this step. Otherwise, if the
present model provides risk estimates with an waeble level of uncertainty, then a
sensitivity analysis can point out to the most intgat parameters which need better estimates.
Then, further field work and data gathering on éhegrameters can improve the model. Finally,
one has an improved model (with a validated strmecaind more precise parameters) which

must be further analyzed until it is validated amdertainties are acceptable.

3.6 Risk quantification and evaluation

The output elements from the previous steps aressecy as input for this step,
essentially:
e a population model for each key species;
* apredicted concentratidh(x,y,z,t)within the area of concern for each accidental
scenarioj; t in the same unit as the time-step of the model;
« the frequency estimate of each accidental sceparitime-step of the model;
General temporal boundaries were determined itirtstestep. The risk assessor should
now define specific temporal boundaries for eadiidental scenarios, i.e. the expected time
frame over which the accidental scenario causdsgical effects, which depends basically on
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the concentratioi€i(t) within the area and on remedial actions to remchemical from the
area. This will also become an input variable (he.time of the simulation).

Subsequently, an exposure-response assessmertt beaxdnducted in order to describe
the relationship between the concentrat{®(x,y,z,t),of the chemical and the magnitude of the
individual-level responses of key species (repregsthy changes in measurement endpoints,
e.g., survival rate, fecundity rate, carrying capaclt will be usually necessary to specify a
dose-response function, which can be built frona dat long-term effects of the chemical on
key species. These are ecotoxicological data atithhl-level that basically look at the effects
of life-cycle chemical exposure on input varialdesh as age-specific fecundity, survival and
mortality. Because this is a major step in the @gichl risk assessment, this topic is not
addressed in the reference [20]. Instead, theyesidhe references [1, 24, 26] as considerable
guidance on how to analyze for toxicity and expeswsponse relationships.

By linking exposure-response relationships to tygutation model, one can now predict
how different concentrations of the chemical (ribi& for each accidental scenario there is a
predicted chemical concentration) would cause adveffects on populations of key species.

The probability of adverse effects may be represkhy probability-consequence curves.
For example, Figure 3.3 shows the consequencedioweion population abundance for three
different scenarios of chemical exposure. The s¢weays of expressing those curves were
presented in section 2.5.4 and the two ways ofsassgimpacts and risks of each accidental
scenario were described in section 2.5.5. The $kaild also be categorized according to
section 2.5.7. Lastly, a sensitivity analysis malg ansight to the QERA by exploring the

sensitivity to assumptions.
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Figure 3.3 — lllustrative example of effects onsh population for a 100 years simulation, for
three different concentrations of oil exposure.rdcms 1, 2 and 3, respectively: C(x,y,z,t) < 1ml/
C(x,y,z,t) =16 ml/L; C(x,y,z,t) = 30 ml/L.

To quantify the ecological risks of all accidergagénarios in only one measure, the values
of the consequence estimates should be combindd amitnulative frequency estimate of
occurrence. This regard was introduced in sectiér62As a result, one builds a FN curve,
where N is the average population decline numbeéiFatihe cumulative frequency of accidents
with N or greater abundance decline. For thatfdhewing steps should be conducted:

a. Select a key species,

b. Set the average population abundance decline @nthef the simulationNy;,

for each accidental scenaripfor each key species,

c. Build a list of average abundance declifd;, and its respective frequency

estimate of occurrencé_:si(y_l). It is necessary a list for each key species.
d. The FN curve is now constructed by cumulating r@fiencies in each list (i.e.

for each key species) for whidNg; is greater than or equal to N:

F(N)= DF (3.1)
OiNg=N

The Figure 3.4 shows an example of an FN curvedhatacterizes the ecological risks

originating from accidents in an establishment.
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Figure 3.4 - FN curve for representation of thelegical risks related to accidents in an

establishment (figure for demonstration purposdg)on

Together, the risk curves (for each particular @ecial scenario) and the FN curve can

be used in making conservation decisions that wev@lanning future fieldwork, assessing

impacts and evaluating management actions. Fédhedle cases, the objective of the decision

must be specified. It is assumed that the objedsivainimizing the risk. Then a cost-benefit

analysis can be made with the results of a sefiemssessments. The cost is actually the

implementation cost of alternatives to reduce rigkd the benefit is the quantified risk

reduction itself. Consequently, the selection dote for the best alternative can be based on

minimizing the cost:benefit ratio while satisfyiegher a cost or a risk constraint.

To sum up, the results of the methodology can sumjezisions such as for example:

« if we invest a certain quantity of money (say U$000) in control measures,

what will be the frequency reduction in the FN af2v

* How best to allocate this U$100,000 in order to imma@ze risk reduction? Which

accidental scenarios prioritize?

* If we change the layout of the establishment, sgttiazardous installations more

distant from ecological environments, what willthe new FN curve?

« What are the best conservation options (e.g., uarg of spills, pollution

remediation, habitat protection, translocation @ntroduction of individuals in

the population)?
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» To which value an accident’s frequency of occureemust be reduced in order
to achieve a risk level of acceptability?

The last question is particularly dependent on cisleria for acceptability. In fact, after
guantification of the risks to populations, theyndze evaluated by stakeholders (enterprise
leaders, government, environmental agencies,tetdgtermine whether the risks are tolerable
or not. However, establishing risk criteria for eptability is a slow and complicated process
that requires the participation of society in udgment. Once completed the process, there is
now a standard, i.e. a value or interval whereritle is considered tolerable. It makes law
clearer, so that less money is spent with lawyeid 0 more money can be spent with
environmental and conservation management.

Some scientists believe that the interpretatiothef results of a QERA is a political
process that requires criteria imposed by the gpcather than by the scientific community
alone. Others believe that scientists neverthdlage a responsibility to provide guidance [8].
It is not an aim of this work to provide guidanaergsk criteria for acceptability. Although it
was proposed risk categories for assessing a plarti@ccidental scenario in terms of
probability and time to half loss (see section?).,3his work does not devise risk categories in
the FN curve that cumulates risks of all accidestanarios.

Determining risk categories in the FN curve isl dilshortcoming of the proposed
methodology. With this in mind, the FN curve makes process of devising risk categories for
acceptability less difficult, because it is expezbs the same way as the societal risk in human
QRA. For example, one should determine what isttierable frequency of a population
declining by a given percentage (say 20%), ordlezable frequency of a population extinction.
And that is much more general than, for examplégrdaning risk categories for the volume
of contaminated water, as in PROTEUS model [89¢ahee each specific ecosystem has its
specific responses caused by exposure to a givameof contaminated surface water, so that

risk categorization relies on a subjective evatrabf ecologists
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4 QUANTITATIVE ECOLOGICAL RISK  ASSESSMENT OF
INDUSTRIAL ACCIDENTS: THE CASE OF OIL SHIP
TRANSPORTATION IN THE COASTAL TROPICAL AREA OF
NORTHEASTERN BRAZIL

This chapter was published as an original reseantitie in the Human and Ecological
Risk Assessment: an International Journal [31].

Accidents such as toxic spills cause massive datwalgeal ecosystems and hamper the
sustainable development of hazardous industriegeldhat only consider regularly occurring
pollution are unable to truly quantify ecologicédks (ecorisks) from these industries. This
work presents a methodology capable of quantifgicayisks related to rare and extreme events
such as industrial accidents. We developed a puveethat integrates information from
different studies that contribute to characterizarisks from industrial accidents: (1) reliability
analysis, (2) fate and transport modeling, (3)vitiial-level toxicological assessment, and (4)
population modeling. The methodology is exemplifigdan application in the project of oll
ship transportation to supply the Suape industoahplex. A fish population was strategically
chosen to represent the ecosystem’s health of Swegmh. For the critical accidental scenarios,
their frequencies of occurrence were estimatedt@dpace-time evolution of oil simulated.
The ecorisks were quantified in terms of time armpysation probability of extinction,
categorized and compared against a no-accidenasoemhe total ecorisks from all scenarios
were presented as a FN curve, where N is the a@emagpber of deaths in the population and
F the cumulative frequency of accidents with pagdd cause N or more deaths.

4.1 |Introduction

Recent industrial accidents such as toxic spilleHhseen causing catastrophic damage to
local ecosystems (i.e. plants and animals) and ezprently great financial losses to the
accountable operators. For instance, the BritighoReim spill (Gulf of Mexico, 2011), the
wrecks of the oil tankers Prestige (Spain, 2002) Brika (France, 1999) and the chemical
spills at Doflana (Spain, 1998) and Baia Mare (Roaa000) [90]. Furthermore, a high
number of less harmful (but not negligible) accidemappen every year such as the oil spills
in Campos Basin (Brazil, 2011, 2012) [91, 92] ahd Rena spill (New Zealand, 2011)
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[93].While humans restrict their thinking only tovemage events (i.e. high-frequency/low-
consequence), such large events (i.e. low-frequkighyconsequence) will continue to
surprise us and shape our world [94].

A recent perspective for ecological risk assessm&mRA) [95] incorporates the
“assessment of the prediction” into the ecologitsi (hereafter ecorisk) prediction processes
used to grant consent or approval for the constmucif major infrastructure projects. If any
risk assessment researcher undertakegtsshocassessment for the aforementioned industrial
activities (e.g., BP’s Gulf of Mexico operationsiiey will likely conclude that there were
unaddressed risks remaining, such as ecorisksdavastrophic infrastructure failures. In ERAs
for these industries, a bad prediction is very rcl@hen a catastrophic ecological damage
happens, penalizing society due to risk assessbos presumably did not considered such
events in their ERAs. Conversely, a good predici®m@almost indefinable because it takes
extremely long to observe that catastrophic ecoldgilamage really does not happen, so
society fails to reward those who can assess thprtibable”. Gibbs’s perspective may help to
improve this situation by highlighting ERAs thatcinde catastrophic accidents into their
predictions.

In this case study, we develop a methodology fangjtative ERA (QERA) of industrial
accidents [96, 97] that uses ecological modelingxidicitly quantify ecological effects caused
by industrial accidents. In addition, we presentpplication of the methodology as a means
for exemplifying it. The methodology consists gbr@cedure that integrates information from
four different specific studies that provide relevanformation for quantifying ecorisks from
industrial accidents, i.e.:

1. Fate and transport modeling that describes andgtsegispersion and concentration

of chemicals in the environment (i.e. air, soilt@q For example, we use a model that is able
to predict the space-time evolution of chemicalaamration in the ocean after a spill.

2. Individual-level toxicological assessment that slates a predicted chemical
concentration into effects on individuals (e.ggremsed mortality, reduced fecundity).

3. Reliability analysis to predict the occurrence ofidental scenarios and may involve
both equipment failures and human error. This gdrtant because industrial accidents are

usually complicated to predict given the paucityelévant data.
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4. Ecological modeling at population-level (i.e. paggidn modeling) that translates
mortality, growth, and reproductive effects on induals into population- or metapopulation-
level effects (e.g., abundance decline, growth datdine).

The last topic is particular useful for the sakenwdre transparency and better risk
communication because the expected consequences aiccident to the ecosystem are
expressed in more relevant units than individuegleffects [98]. They are expressed in terms
of effects on populations (or metapopulations) mfiradicator species strategically chosen to
represent the ecosystem’s health (e.g., specieardanore sensitive, species of scientific and
economic importance, rare and endangered spetasihg into account the relationships
between individuals, the life history and populatecology. This way, the methodology can
assess the risk of a population extinction (or ideglunder the conditions that catastrophic
accidents might happen.

The results of the methodology are risk control sneas for each Accidental Scenario
(hereafter AS) that take into account both the diotti's frequency of occurrence and the
magnitude of the consequence to a population ofanapecies. Such risk control measures are
expressed in terms of time and probability of ection and can be categorized according to the
International Union for Conservation of Nature (INJCquantitative risk criteria [51].

Quantifying risks of each AS alone provides a bé&siscategorizing them, comparing
them against a no-accident scenario (no-AS), aiwlifizing management actions. However,
it may also be useful to cumulate risks of all &Ss basis for communicating the total ecorisk.
For that, we propose a FN curve (similar to theckNe for the social risk in human QRA [61],
where N is the average number of deaths in thelptpn and F the cumulative frequency of
accidents with potential to cause N or more deaths.

4.1.1 Case study

The methodology is then applied to quantify ecarisissociated with transport and
handling of crude oil to the Suape Port and Indais@omplex (SPIC), state of Pernambuco,
Northeastern Brazil. The SPIC can be consideremha®f the largest center of investments in
Brazil. Today, the sum of investments is about W Bdillion, spent by more than 100 active
enterprises and other 35 in their implementatiomsph such as the oil refinery, three
petrochemical plants and four shipyards. Therefbtegs been seen a great subject of research
with the purpose of developing and improving thie gsoduction and operation in SPIC [99].
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Indeed oil will be supplied through an offshoreld@rin SPIC. This harbour is expected to
receive oil tankers up to 170,000 DWT (Deadweighhg) and is surrounded by very rich
aquatic ecosystems such as beaches, estuariesroves)gcoral reefs and coastal islands.
Several native species are important to the Pernambtate economy and to local human
communities. Oil spills may cause catastrophic dgarta the ecological health in SPIC and
consequently economic and social impairments. Gsgessment provides relevant and
quantitative information that can support the deaisnaking process for preventing and
managing such catastrophes. Through this case,sielpresent the methodology step-by-

step.
4.1.2 Literature review

Although most approaches for QERA (e.g., [2, 2%),1D1]) and case studies (e.qg., [7,
14, 15, 43, 102, 103]) recommend and use models atea able to quantify ecorisks at
population and higher levels, they focus on padluttaused by either regularly occurring events
of an industrial activity (e.g., chronic pollutiowaste discharge, pesticide use) or events that
already occurred (i.e. sites already contaminafBagy often ignore the potential occurrence
of accidental events that have high consequentlesit ¢hey are much less likely to occur.
However, such events do happen at some pointas@itly attempt to accurately predict long-
term ecorisks should take their potential occureento consideration. Indeed there are some
QERAs [104, 105] that consider accidental evemtgh{ese cases thexxon Valdeoil spill)
retrospectively (i.e. after the event occurredj,rimi preventively as we propose in this chapter.

As aresult, it can be argued that the typicaltitnon consists of the missing link between
ecorisks and potential industrial accidents. Ireottd tackle this drawback, Stam et al. (2000)
proposed a model to assess risk for the aquatiogical environment related to industrial
installations[89]. This model considers both a ptahbstic approach for accidents (particularly
aquatic spills) and adverse ecological effects. fohmer is calculated based on standard QRA
methodology [61] and uses correction factors ne@dedder to assess the risk from an activity
under local circumstances. And the latter is calimd as a volume of potentially contaminated
surface water. Although the approach for represgrdcological effects predicts a volume of
potentially contaminated surface water, the preseriche contaminant does not necessarily
mean relevant ecorisk [72], so that it still neadgualitative evaluation by ecotoxicologists to
translate volume of contaminated water into advers#ogical effects. For this reason, one
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relevant drawback of this model cannot be ignorefiils to directly and explicitly quantify
effects on ecological entities.

The rest of this chapter starts by presenting tbpgsed methodology. We then follow
the steps of this methodology, explaining eacthefrt by means of an example of application.
The results were then obtained by the applicatioth® methodology to the example under
consideration. The results are given in two waysrigks related to each ASs alone and
categorized according to IUCN criteria; and the ulated ecorisks related to all ASs. A
sensitivity analysis is also provided as well asliscussion of the results, its practical
implications and potential future improvements.dHyy we conclude by relating the most
important goals and shortcomings of the methodology

4.2 Material and Methods

We propose a QERA methodology directed to industdeidents with potential to cause
ecological adverse effects. It considers both ttwdant’'s frequency of occurrence and the
magnitude of the adverse ecological effects, sbitlimcapable of quantifying ecorisks caused
by low-frequency/high-consequence events. It ig@stricted to assess ecorisks via individual-
level endpoints that often leads to inaccurate estimates [20]. We incorporated ecological
modeling at population-level to predict the resgansf populations (or metapopulations) to
toxic exposure (via population-level endpointskirig into account the relationships between
individuals, the life history and population ecojod his way, the methodology can assess the
risk of a population extinction (or decline) in theure under the conditions that catastrophic
accidents might happen. The steps of the propostidadology are as follows.

Problem characterization;

Identification of hazards and consolidation of ASs;
Prospective exposure assessment;

Frequency estimates;

Population modeling;

S o

Risk quantification and evaluation.

The methodology is interactive so that revaluatioay occur during any part of the
assessment. The approach uses objective criteaaghout the second, third and fourth steps

in order to rule out ASs that will not significapttontribute to the final ecorisk, therefore
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avoiding waste of resources. The aforementionepsstdll be discussed in the following

sections by means of a case study.

4.2.1 Problem Characterization

This step aims at providing risk managers objecive@vers about the ecorisks associated
with transport and handling of crude oil to supilg Suape Port and Industrial Complex. To
ensure that the results of this assessment woudd tine needs of risk managers, the following
specific objectives were taken into consideratidantify the significant ecorisks; examine the
population dynamics (of a native species in theasurding environment) when exposed to
potential ASs for 100 years from now; quantify esks of accidental events; be as conservative
as possible in parameterization, predicting woastecscenarios; provide numerical basis of
knowledge for communicating risks; provide a bdsrscomparing, ranking and prioritizing
ASs; conduct a sensitivity analysis that expresbamges in risks measures as a function of
changes in the accidents’ frequencies and its cpesees; deal with environmental
stochasticity in time.

Most of the required data were available in theitmmental Impact Assessment [106]

and in public databases [27, 107]. The outputsunfmethodology are: risk curves of
extinction and time to population extinction fol etlevant ASs as well as for a no-AS;
comparison of results between ASs and a no-AS; iMecfor cumulating risks of all ASs;
point out further work that can effectively improrasults.

4.2.1.1 Characteristics of the industrial activity

The SPIC is expected to receive oil tankers up 70,00 DWT. As this ERA was
concerned only with accidents associated with parisand handling of crude oil, only
transport units (i.e. oil tankers) and their routeshe offshore harbour were considered. The
approach channel of the SPIC was divided into 2atpg@Figure 4.1) that represent a possible
location for an accidental oil spill. The choice & equally spaced points was subjective, i.e.
it was an acceptable trade-off between simulatitorteand capability to cover all accidental
events in the approach channel. Technical infomnatissociated with the activity were also
considered, i.e. [99, 106]: transportation ships @ouble-hull oil tankers; about 1138 ships
come in and out the harbour every year; 24 houtseisiverage duration of unloading per ship;
144 is the average number of transhipments per. yeraide oil was the only chemical of

concern in this assessment.
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Figure 4.1 - Possible points for an oil spill to lmeluded in the QERA.

4.2.1.2 Characteristics of ecological components

Among the species in the wild fauna and flora @f ¢tbastal region of Suape, we chose
to analyse fishes because they have numerous adesnas indicator species compared to
aquatic invertebrates and diatoms [108, 109], ttey have a relatively large size; short-term
effects (i.e. mortality) on fishes caused by ojp@sure are often immediately apparent, since
thousand (sometimes millions) of dead fish are dbdilmating on the coast; life-history
information is extensive for most fish speciesjrtpesition at the top of the aquatic food web
helps to provide an integrative view of the watesbnvironment; fishes are relatively easy to
identify, and therefore tends to decrease obsemvatnd measurement errors; and fishes are
typically present, even in the most polluted wat@fse indicator species selected was a local
fish population of a native species knownlCaapterus rhombeysorder Perciformes, family
Gerreidae, common name Carapeba. This is one oftis¢ common Gerreidae species in the
estuarine region of Suape, Northeastern Brazil J[1l6cal ecologists of the Tropical Fish
Ecology Lab of the University of Pernambuco (LE®E)ieve that these fishes are thought to
be more sensitive and therefore serve as an eartying indicator of ecological impacts. Also,
they have significant economic and social imporgasace local human communities consume

them as well as sell them as a means of livelihood.
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The LEPT provided demographic data about juverikdses, collected at the Suape
shallow waters during 24 consecutive months (frorardt 2008 until February 2010).
Juveniles use shallow waters and mangrove chaforelseeding and for the growth phase,
and migrate to areas of greater depth as sooregdbdtome adults. Abundance was chosen as
an assessment endpoint to provide information ati@ipopulation of concern. The initial
population abundance was estimated at 22,111 basethe aforementioned population

demographic data.

4.2.2 ldentification of Hazards and Consolidation of Accidental Scenarios

We used Preliminary Hazard Analysis (PHA) to perfothis step, although other
technigues such as “What If?” may be used whermisheassessor finds it is suitable for the
industrial activity being studied. More informati@bout PHA and other hazard analysis
techniques is provided by Ericson (2005) [84][84][85][85][84].

Each point in Figure 4.1 represents a possiblgimtor an oil spill and so can be used
to define an AS. The key inputs for a PHA were fiexacy and severity of an oil spill. For each
location, frequency would be greater if it hadiib@l possibility of Loss of Containment Events
(LOCs) during unloading activities and/or due tteemal impacts (collision with another ship,
contact with fixed or floating objects, and groumg)i, whereas severity took into account the
proximity of the location to the Suape beach,the. closer the more severe. The selection of
an AS for further assessment was based on sewniyy as in human QRA of industrial
accidents [61].

After a PHA for the 24 locations, three of them &velassified with critical severity (i.e.
class lll, considerable ecological damage, reackousystems beyond the boundaries of the
defined location and short recovery time) or catgtic severity (i.e. class IV, considerable
ecological damage, reaching ecosystems beyonddhedaries of the defined location and
long recovery time) and were selected for a mormildel analysis in the next step (i.e.
prospective exposure assessment). More specifidalty locations had catastrophic severity
class IV (i.e. 1a and 2a) and one had critical sgvelass 11l (i.e. 3a).

4.2.3 Prospective Exposure Assessment

Oceanographic and meteorological conditions ¢bastal bathymetry, tides, the distribution

of water temperature and salinity, currents, wjridluence the dispersion of oil in the ocean and
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thus the chemical concentration to which the fisipidation is exposed after an accident.
Previous works conducted on the coast of Suape [I1IZ] has shown that information on the
rainy season (from March to August) could be graluipeone meteorological scenario named
“Winter”. Similarly, data on the dry season (froragBember to February) were grouped in the
meteorological scenario named “Summer”. For eadsae of the year two tidal conditions
were considered (Spring or Neap tide) based onrmdtion collected by tide gauges installed
in the coastal Suape [111, 112]. For a conservassessment, all scenarios were simulated
with the critical initial condition of flood tidewhen the transport toward the shore is stronger.
Hence, each of the three ASs previously selectexddivaded into 4 new scenarios dependent
on the season of the year (Summer or Winter) amtldal range (Spring or Neap tide), resulting

in the evaluation of 12 ASs.

4.2.3.1 Fate and transport model

A previous study was conducted to describe therocreulation at coastal NE-Brazilian
waters using a combination of field data and nucaérodelling [111]. The results were then
used to simulate another model that incorporatesfiace-time evolution of an oil plume in
case of accident in a given location [112].

In short, the Princeton Ocean Model (POM) [113] waed to describe the coastal
circulation in the region of concern. It is one tbk most tested and used framework by
oceanographers to model coastal circulation (Elgl, 114-116]). The POM is based on the
primitive equations of momentum for a Newtoniandlut basically integrates the Reynolds
theorem discretized by finite difference method.e Tjprognostic variables are the three
components of velocity field, temperature, salinggpd two quantities which characterize the
turbulence (i.e. the turbulence kinetic energy tredturbulence macroscale). The original code
of the POM does not simulate the dispersion of cbanplumes. For this reason, it was added
to the POM routines that calculate the advectivkisive fate and transport of oil plume [112].
These routines also take into account the mainigdlyshemical mechanisms influencing on
oil balance in tropical seawater: entrainment, effightion and evaporation [117]. The local
variation of oil concentration due to these proesssere calculated in the simulation step by
step, using a set of routines based on the moéiélackay (1991), Mackay et al. (1992), and
Sebastiao and Soares (1995, 1998)[118-121], asrilbedcin Nazir et al. (2008). The
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physicochemical characteristics of the oil wereeblasn the documentation of the ADIOS
model, versions 1.1 and 2.0 [122, 123], and CONCAWEB3)[124].

Once the ocean circulation was previously estaptidhy the prognostic variables of the
POM, a new simulation was run by continuously itifggoil at the release point.(yx) on the
sea surface, during 7 days, with a constant anchalared flow rate of 1 kg/s. This value (1
kg/s) was based on the inventory study conductedrayjo et al. (2010). It will lead to the
release of about 600 tons of oil.

The simulation grid had its origin at the pointloé coastline situated 2800 meters south
of the offshore harbour. The x-axis (8 km) was aber®d perpendicular to the coastline in the
northeast direction, the y-axis (10 km) was paraédidhe coastline in the northwest direction,
and the z-axis was perpendicular upward with thgiroat ocean surface. The grid resolution
had varying spaces. The more close to the harlbeufirier it was. It is worth noting that the
simulation grid is not illustrated in Figure 4.1hwh is just a map with points that represent
possible locations for an oil spill.

The fate and transport model then predicted thee-tlependent weight of oil (in
kilograms) within each grid cell. By knowing thdereence density of this oil (910 kg/ms3) and
the volume of each grid cdliixxdyxdz) we calculated the volume of oil within each @id
converted it into millilitres of oil per litre of ater. The fish population under assessment is in
the Suape beach waters, which covers three ofitindagion grid cells and are connected to
each other. For each AfSthe concentration as a function of time to whiuod fish population
is exposed(; (xo, Yo, Zo, t) , Was defined as the arithmetic mean of the ptediconcentration

in these three cells, i.e.:

Ci(x0, Y0, 20, t) = [Ci(x1,¥1,21, ) +Ci (X2, Y2, 22, £) +Ci (X3, ¥3, 23, )] /3 (4.1)
4.2.3.2 Hazard quotient

To select only ASs that may significantly contribwo the final ecorisks, we performed
a conservative screening assessment of the togicaleeffects at individual-level by using the
hazard quotient for that, i.e. the ratio of PresgticEnvironmental Concentration (PEC) to a
Predicted No Effect Concentration (PNEC) [87]. Mapecifically, PEC was the local
maximum ofC; (x,, yo, 2o, t) Whereas PNEC was taken from toxicological dat&]1Phe value
(= 1 ml/L) for the PNEC was the Lt@o crude oil of a related species that belonghécsame

order of the Perciformes, i.Barupeneus barberinughis extrapolation was needed because
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there were no such data bmpterus rhombeudt was however considered plausible because
fishes of the same order present similar toxicaalgtharacteristics.

4.2.4 Frequency Estimates

A screening reliability analysis was conducted dase generic frequencies of LOCs for
ships, and covering loading and unloading actisjtées well as external impact. CPR18E (2005)
provides values for such frequencies per years Worth noting that such frequencies may
overestimate risks because they do not take irouat other specific circumstances that could
reduce their values (e.g., safety management sgstalarms, automatic stops). Table 4.1
presents the considered LOCs for the selected ASs.

Frequencies to the meteorological conditions wése defined as follows: 0.5 per year
for both Summer (6 months) and Winter (6 monthsgt @.5 per year for both Spring and Neap
tides, because they alternate on a weekly basis widy, each pair of meteorological condition
(season and tide) had a frequency of 0.25 per year.

Table 4.1. Possible LOCs for AS-1a, AS-2a and AS-3a

Accidental Full bore Leak of the External External
scenario rupture of the unloading impact, large impact, small
unloading arm spill spill

arm (L.2) (E.1) (E.2)
(L.1)

1a X X

2a X X

3a X X X X

4.2.5 Population Modeling

Data on the population (previously described ingh&blem characterization) were on
one stage class only (i.e. juveniles) provided they were collected in shallow coastal waters
of Suape. These fishes migrate to deeper wataaasas they become adults. In addition, data
provided the total length of each collected fishy& could estimate their age based on the von
Bertalanffy growth function [126], using life histoparameter estimates available in FishBase

[107], i.e.:Lins = 22 cm;K = 2.21/year; antb = -0.08 years, whernsis the total length that
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the fish of a population would reach if they wergtow indefinitely (also known as asymptotic
length),K is a parameter that expresses the rate at whichsyyraptotic length is approached,
andtois the hypothetical age the fish would have at Famgth, had their early life stages grown
in the manner described by the von Bertalanffy ghofunction. It could be observed that
99.8% of collected individuals were younger thamdnths. As a result, the time-step of the
model was 4 months, which is also approximate ts #ipecies’ generation time (i.e. 4.8
months) provided by life history data &apterus rhombeufpL07].

A population model was then built in the softwa®NRAS GIS v. 5 [46]. This software
Is not a model itself, but a computational toolfowdel building and stochastic simulation with
Monte Carlo engine. The model projected the pomuriabundance\) forward 100 years (or
300 time-steps) from the initial population abuncestimate (22,111 individuals) using the
mathematical expression:

N(t+1)=R(t)xN(t) 4.2)

, with R(t) the population growth rate at tinleTemporal variability was incorporated
into R(t) by establishing a lognormal distribution with aaneequal to 1.001 and a standard
deviation (SD) equal to 0.01. These values forrttean and SD were chosen to represent a
stationary state for the juvenile fish populatigve could deterministically set the mean equal
to 1 and so make the population abundance stabletiove. Instead, we made the conservative
assumption that the abundance is slightly incrgasier time with some variations due to
environmental stochasticity. This way, this modescibes the juvenile population dynamics
without chemical exposure, so that it representso@AS (benchmark) against which we
compared ASs. We made a simulation with 10,000a&{dns. For each time-step during each
replication, a value t&(t) was randomly selected.

4.3 Results and Discussion

4.3.1 Coastal Circulation and Oil Plume Dispersion

Figure 4.2 is one example of the fate and trangpodel simulation results. It shows the
oil plume dispersion in the ocean 19 hours aftgikhat location 3a considering meteorological
conditions Winter/Spring tide. It is worth mentiagithat the oil plume reached the receptor in
all simulations of ASs in the Winter season. Cosgby, the oil plume moved to the south in

all simulations of ASs in the Summer, and did redch the receptor. It is importantly to
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mention that we are referring to uncontained od. (without the implementation of a counter

pollution operation, e.g. the deployment of booms).
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Figure 4.2 - Dispersion of the oil plume 19 h aftespill at location 3a in Winter/Spring tide.

4.3.2 Hazard Quotient

All ASs in the Winter had the hazard quotient PEEE greater than 10.12. Conversely,

all ASs in the Summer had PEC/PNEC equal to zexcalse the oil plume moves to the south

in this season and does not reach the populatiacontern. We selected to the next step

(frequency estimates) only those ASs which haddagaotient greater than 0.01.

4.3.3 Frequency Estimates

Table 4.2 presents the resulting frequency estenabgether with the predicted

concentration from the methods in prospective exppoassessment.
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Table 4.2. The concentration as a function of timehich the fish population is exposed,
Ci(x9,v0,Zo, t — T), where t is the discrete simulation time-step ¢hths), T is the time-step at
which the accidental scenario i occurs; andy®) the frequency of occurrence of i

Accidental scenario Ci(x0,¥0,20,t —T) Fi(y'1)
3a-winter-neap tide 17.49,fort =T 0.09504198 x 0.25 =0.02376049
( O, fort>T
3a-winter-spring tide (10.12, fort =T 0.09504198 x 0.25 = 0.02376049
0,fort>T
2a-winter-neap tide (21.47,fort =T 1.98x10°x 0.25 = 4.9x10
0,fort>T
2a-winter- spring tide 1491, fort =T 1.98x10° x 0.25 = 4.9x10
( O, fort>T
la-winter-neap tide (23.79,fort =T 1.98x10°x 0.25 = 4.9x10
0,fort>T
1a-winter- spring tide 18.10, fort =T 1.98x10° x 0.25 = 4.9x10
( O, fort>T

4.3.4 EXxposure-Response Assessment

Data from a related fish species (iRarupeneus barberinligorovided three lethal
concentrations (i.e L& LCso and LGog) to crude oil [125] that were used to fit a logjamic
dose-response function as it was expected thétittetion rate of change quickly increases and
then levels out. Also, it was the best-fit curvagtlamong several attempts of other different
trend or regression types. Thé Ralue was 0.9953, which indicates a good fit & tlose-
response data. The fitted curve was then defineddumse-response function to the species of
concern, i.e.:

M;(t) = 0.2926 - In(C;(xo, Y0, 2o, t)) — 0.0173 (4.3)

whereM,; is the fraction of mortality caused by the occnoeof ASi.

4.3.5 Assessing Risks Of Each Accidental Scenario

Three new models were implemented to represent®$$-2a and AS-3a. To do so,
we incorporated to the no-AS model a source of renmental stochasticity (known as
catastrophgthat is independent of the year-to-year tempeaahtion of the growth ratg(t).
We included two catastrophes for each of the tim@& models, representing their possible
meteorological conditions in the Winter (i.e. Néigie or Spring tide). ASs in the Summer were
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not included because in this season the oil plurogesito the south and does not reach the
population of concern.

All catastrophes had a given frequency of occurend predicted exposure (Table 4.2).
Thus, for each time-step of each replication (tatfall0,000 replications), each of the two
catastrophes was randomly selected to strike ([Qrawaording to its frequency of occurrence.
If it does, it causes a certain fraction of motya{originated from the dose-response function)

to the population from that time-step on. This isd@led by the following mathematical

expression:
N({t+1)=R(t)-N(t)[1—M(t—T)] (4.4),
where k is the randomly selected AS to strike,

M (t —T) = 0.2926 X In(Cy,(xg, Vo, 2o, t —T)) — 0.0173 , andT the time-step at whick
strikes. Table 4.2 shows the parameter valuesaid AS. Figure 4.3 illustrates this simulation

process for one replication.
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Figure 4.3 - Conceptual diagram that represents mmication out of 10,000 for
stochastically simulating impact of potential ASs.

Over a given time period, there is a chance thgtpapulation will naturally become

extinct. This chance is termed the background[8EHKf the risks of different ASs are measured
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in terms of time and probability of extinction, ig possible to compare them against the
background risks of a no-AS. The stochastic mogetslictions were used to construct
probability-consequence curves such as the terraktaiction risk curve shown in Figure 4.4.
Each point in the curve can be interpreted as &g Y% probability that, 100 years from
now, the population abundance will be less thanTké dotted line indicates the average value,
whereas the solid lines the 95% confidence intervethe 3 vertical bars with two horizontal
tabs represent the maximum vertical difference betwa no-AS and an AS. The value of the
maximum difference is reported for AS-3a. The régnumber is the Kolmogorov-Smirnov

test statistic D (which is the maximum verticalfelience), the asterisks give the significance

level (**: 0.001), based on two-sample Kolmogorov-Smirnav [i@6]

The resulting curve for each AS model could be cameg to the curve of the no-AS
model. Extinction risk curves for no-AS, AS-1a ah8-2a are statistically superimposed, so
the potential occurrence of these ASs cause thebgulation of concern to face background
risks only. Conversely, the potential occurrenceA8t3a causes a significant added risk of

extinction.

Terminal extinction risk
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Figure 4.4 — Comparisoof a no-AS with each of the ASs, in terms of terminal extinction risk.
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4.3.5.1 Risk categorization

According to the IUCN risk criteria [51], the poted occurrence of AS-3a causes the
fish population to be categorized as “Vulnerablg(re 4.5)Risk categories are provided by
IUCN [127]. Each point in the curve can be interpreted as “there is a Y% probability that the

population abundance will be extinct in or before time-step X”.
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Figure 4.5 - Risk categorizatigior no-AS and AS-3a.

4.3.6 Sensitivity Analysis

We explored the sensitivity of the AS-3a model¢gJparameter changes which allowed
understanding how changes on specific parametseahanges in results. Firstly, we analysed
the risk sensitivity to reductions in the frequentwpccurrence. Several simulations were made
with the primary model for AS-3a, gradually redugithe catastrophes’ frequencies of
occurrence. It was observed that the frequencgctiantal scenario 3a should be reduced by
at least 42% in order to achieve a “Not Threaten&dCN risk category (i.e. less than 10%
probability of extinction within 100 years). Secbndwe analysed how reductions in the
consequences can reduce risks by gradually redtioenfraction of mortality caused by AS-
3a. It was observed that the magnitude of consemseshould be reduced by at least 20% to

achieve a “Not Threatened” IUCN risk category.
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4.3.7 Cumulating Risks Of All Accidental Scenarios

It is considered here all the six critical ASs, A&-1a, As-2a and AS-3a in the Winter,
Neap and Spring tide. Table 4.3 shows a list cd¢h&Ss (and the number of deaths caused by
each of them) sorted by their frequencies of oenge. By cumulating the sorted list of
frequencies, it was obtained the frequenciNafr more deaths. This result was used to build
the FN curve in Figure 4.6, which presents theuesgy to which it is expected to sieor
more dead fishes. It informs in a single graph, tttal ecorisks associated to the industrial
activity of concern, using the number of deathgh& fish population as an environmental
bioindicator. The y-axis is in logarithmic scaledahat is because the frequency of occurrence
of 20121 or more deaths was defined @f /year instead of zero. The value 008 /year is
the frequency criterion (in the fourth step of tinethodology, i.e. frequency estimates) to
screen out accidental scenarios that are irrelemadatms of risk. Therefore, ecorisks from any
event that occurs with a frequency less than tirashold are considered to be zero.

Table 4.3. List of accidental scenarios and thespective number of deaths (N) sorted by
their frequencies (per year).

Accidental Number of Frequency Frequency of N or more
Scenario deaths (N) (per year) deaths (per year)
la-winter-neap tide 20121 0.00000049 1E-8
2a-winter-neap tide 19458 0.00000049  0.00000049
la-winter-spring tide 18352 0.00000049 0.00000098
3a-winter-neap tide 18131 0.02376049  0.00000147
2a-winter-spring tide 17025 0.00000049 0.02376196
3a-winter-spring tide 14593 0.02376049  0.02376245
0 e 0.04752294
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Figure 4.6 - FN curve for cumulating ecorisks df&$s.

4.3.8 Discussion

The results showed that ecorisks from AS-3a caleebioindicator population to be
categorized as “Vulnerable” (Figure 4.5). Converseadther accidental scenarios cause
background risks only (Figure 4.4). From this pahtview, management actions should be
taken to reduce the frequency of occurrence andéomagnitude of the consequences of AS-
3a until risks reach a tolerable level (e.g., “Nloteatened” IUCN risk category).

There are some limitations in this QERA, i.e.: ffEguencies were estimated based on
average situations and did not take into accourtiip circumstances of the AS under
assessment (e.g., control measures); (2) faterandport model was deterministic for each
group of meteorological condition (total of foulogps); (3) toxicological data to build a dose-
response curve was extrapolated from a relatedespand data on the related species was very
scarce; (4) ecorisks related to ASs in the Sumnegewot considered because the oil plume
does not reach the population chosen as bioindicaltbhough it may reach other populations
to the south.

As the methodology is interactive, any new inforioatand revaluation can be
incorporated into the assessment at any timejrgjaatnew round in order to improve results.
The sensitivity analysis showed, for example, tianges in both frequency and consequence

of AS-3a cause significant changes in risk estismdtience, some further work to effectively
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address the aforementioned limitations are: (1dooha more detailed reliability analysis for
estimating more accurate frequencies; (2) incotpeargeteorological stochasticity into the fate
and transport model for a more accurate prospeaimosure assessment; (3) perform
toxicological tests wittbiapterus rhombeuand crude oil; (4) include another fish population
to the south of the release points and build a pogialation model with potential for migration

between the two populations so that ecorisks ml&deASs in the Summer could be also
quantified.

An uncertainty analysis was not conducted for @ERA. Since all parameters for the

case study were defined from a conservative/pessmpioint of view, a simple way to measure
uncertainty would be to conduct an optimistic siatiin for significant ASs and to estimate a

range (lower bound and upper bound) to quantifiskl r

4.4 Conclusions

This chapter presented a methodology capable aitifyiag ecorisks caused by events
with low frequency of occurrence but that may cazegastrophic ecological damage. By means
of an application, we showed that the methodolagyes to be applicable, flexible, uses data
efficiently and gives answers in a useful formateTmain goal of the methodology was to
integrate information from four different studidsat can contribute to quantify ecorisks
originating from low-frequency/high-consequence rdége namely (1) fate and transport
modeling, (2) individual-level toxicological assesnt, (3) reliability analysis and (4)
population modeling. Also, it is an iterative presge so that new information can be
incorporated into risk assessments in order to avgthe results.

The main potential benefits for an entity (e.g, @ownent, industry, etc.) that conducts a
QERA through this methodology are to: systematycalkentify the existing ecorisks from
industrial accidents; express changes in the dm0ds a function of changes in management
actions that can reduce either the frequency oflants or the magnitude of their consequences,
i.e. sensitivity analysis; provide a basis for camipg and ranking ASs, and prioritizing risk
management actions; provide numerical basis of keage for communicating to stakeholders
the total ecorisks related to all ASs in a singkgpd, i.e. FN curve; deal with stochasticity; and
examine the population dynamics of native speciesirrounding ecosystems, what provides
relevant information to tackle many other key gap®nvironmental management beyond

QERA of industrial accidents (e.g., QERA of reglylarccurring events, support in decision-

95



Chapter 4 QERA of industrial accidents: the caseila$hip transportation
in the costal tropical area of Northeastern Brazil

making about industrial waste discharges, optiresburce allocation for monitoring affected
areas, optimal conservation of native speciespa slsortcoming, no risk criteria were proposed
in the FN risk curve (Figure 4.6). Although riskteria were given for categorizing each AS

alone, no risk criteria were proposed for the cuativé risks of all ASs in the FN curve.
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5 QUANTITATIVE ECOLOGICAL RISK ASSESSMENT OF
ACCIDENTAL OIL SPILLS ON SHIP ROUTES NEARBY A MARINE
NATIONAL PARK IN BRAZIL

This chapter was published as an original reseantitie in the Human and Ecological
Risk Assessment: an International Journal [32].

Fernando de Noronha (FN) is a marine protected @ffeaie coast of Brazil. The study
of risks caused by nearby ship routes is new thaaiites concerned in preserving FN. We
identify nearby ship routes that cause FN to bemilly exposed to oil spills from tankers. A
coral species is chosen as bioindicator of the ystes1's health, which aids quantitative
approaches. We simulate oil leakage scenarios patsimistic occurrence frequencies and
corals’ mortality in case of accident. A metapopiola coral model is integrated to quantify
measures of ecological risk under the potentialubence of accidental scenarios. The
categorization of risk results according to theetnational Union for the Conservation of
Nature quantitative criteria shows that risks agligible. Due to the considerable uncertainty
in the results, we propose a more conservativegogatation of risks based not on total
metapopulation extinction, but on half loss. Agsult, risks were considered not tolerable. The
presented methodology and results are useful ipatipg authorities in their preservation
efforts such as the prioritization of sources afdrd, and selection of the most cost-effective
conservation measures for maintaining good enviental health on a realistic budget, using

this methodology as an exploratory tool.

5.1 Introduction

Fernando de Noronha (FN) is an archipelago 360 #nthe northeast coast of Brazil
(03°51'S, 0330'W). It consists of 21 islands, although the maland alone, also named FN,
occupies 17 krhof the archipelago’s total 26 km2, and is the dnhabited island [128]. Two
thirds of Noronha consists of the Marine NationatkPof FN (PARNAMAR-FN), a marine
protected area (MPA) that reaches to the 50 metdwathic line [129]. The basic objective of
the creation of PARNAMAR-FN is to preserve natueglosystems with great ecological
significance and scenic beauty, enabling scientiisearch, activities of environmental

education, recreation and ecotourism [114].
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Most projects devised and developed for preser#ARNAMAR-FN focus on the
conservation of a single representative specigs @inner dolphin, turtles, sharks, coral reefs)
[97, 130-135]. Much effort has been made in resggotanning, management, control and
supervision to minimize the adverse ecological @ffe(i.e., changes that are considered
undesirable because they alter the structure atibtmof ecosystems and its components [2])
caused by human activities within PARNAMAR-FN (efgurism, diving, fishing) [91, 110,
116, 136-145].

Managers need to assess and manage ecological(histeafter ecorisks) caused by
routine (i.e., high frequency/low consequence) huraativities within PARNAMAR-FN.
These assessments should also contemplate impeolteigie events (i.e., low frequency/high
consequence). Taleb [94] argues that surprisesesti@pworld’s history more than average
events, mainly because humans restrict their th@ki primarily to the
“average/usual/common/probable” and are alwaysrsag by the “improbable”. Recent
research efforts have shown the importance anbibtysof including improbable large events
in model-based ecological risk assessments [3]], 146

In average, 75 ships navigate daily on routes RBg.47], using landmarks to determine
the ship’s position at sea more precisely and stersily. Many of these ships are oil tankers.
We assess the accidental event of an oil spill tiamkers navigating near FN. Thus, this chapter
aims to quantify the ecorisks to PARNAMAR-FN caudsdpotential oil spills nearby. We
conduct a Quantitative Ecological Risk Assessm&iERA) of industrial accidents [31]
focusing on whether the risks of catastrophic pills are tolerable, or whether they need
management (i.e., recovery or control measures rttegt reduce risks). Figure 5.1 shows
identified ship routes nearby PARNAMAR. It shows Endmarks used for obtaining Lines
Of Position (LOPs): Pico’s Hill (A); FN LighthougB); Sdo Pedro’s Church (C); Antenna (D);
Ovo’s Island (E); Pontinha (F). We use three LQdPedtimate the ship position in each point
of each route. The LOPs were alignments, distaacelor directions. Ships drawn with
increased size for better illustration. Prevailbogrent between 0.8 and 2 knots to W. Prevailing
winds from direction SE (44%) and E (37%), forcaB®rt 2.
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Figure 5.1 — Scale 1:4222. Routes near PARNAMARH®iice and Colon — Cape of Good
Hope (PC — CGH, going); Recife — Madeira Island (REMI, going and return); Recife — Cape
Nouadhibou (REC — CN, going and return).

The rest of this chapter is structured as folldvisstly, we present the methodology used
for systematically conducting this QREA. Secondle apply the methodology to our study
region usingS.stellataas key-species, present results, categorize askk discuss their
implications. Lastly, we present concluding remaak®ut the QERA results, its advantages

and limitations.

5.2 Methodology

Most approaches to QERA.Q, [2, 25, 100, 101] and case studiegy( [7, 8, 14, 15,
102, 103, 148, 149] focus on pollution caused likeeiregularly occurring events of an
industrial activity (e.g., chronic pollution, wastéscharge, pesticide use) or events that have
already occurred (i.e., sites that are alreadyaroimated; e.g., [103, 148, 149]. They often
ignore the potential occurrence of accidental exvé&mat have high consequences, albeit they
are much less likely to occur.
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In contrast, the methodology for QERA of industaatidents presented in Duarte et al.
[31] is especially applicable to situations in whibe ecosystem is vulnerable to unlikely events
involving exposure to pollutants, which is the cdaePARNAMAR-FN and accidental oil
spills. Our case study is based on this methodolaigjyough we make some modifications for
situations in which a preliminary (screening) stéthe QERA must be conducted due to scarce
resources for conducting a detailed analysis, ggesied by Duarte et al. [31].

The methodology requires a key population of aveagpecies to be chosen to represent
the ecosystem’s health.(, species that are more sensitive, species oftffcieand economic
importance, rare and endangered species, keydtagsehips or umbrella species [150-152]),
because constructing and parameterizing a modelrédmesents the entire ecosystem is
unrealistic (Forbes et al. 2010, Forbes et al. 2011

We propose an approach that describes the key giogufor the next 100 years under
varying conditions, i.e.: (i) a benchmark sceng§fon-0) that simulates the natural population
dynamics under no perturbation and causes backdnasks; (ii) varying accidental scenarios
(ASs) with different frequency and consequencepatars. By keeping all other parameters
the same (Ceteris paribus [28, 29]) as in Scn-Ovanging parameters related to ASs, we aim
at assessing the added/reduced risk caused byA&ga@md not the absolute risk caused by a
whole range of stressors together (e.g., fishinghbal warming, pollution, diving, surfing,
predatory tourism).

Here we differentiate between the terms hazardresdas follows. The former is a
potential source of damage whereas the latteeisdimbination of the likelihood of occurrence
of damage and the severity of that damage [50]ekample, the potential oil spill from tankers
on a nearby route is a hazard to PARNAMAR-FN. Tombination of an oil spill’s likelihood
of occurrence with the magnitude of the damageABRRAMAR-FN characterizes the risk
[153].

5.2.1 Key-species

The key-species chosen to represent the ecosysés@iderastrea stellatean endemic,
common coral species in Brazil. It occurs in adl Brazilian reefs from Maranh&ao (00°53N S,
044°16N W) to Rio de Janeiro State (23°S, 042°VBX[1lt is the main reef building organism
in the oceanic islands of Atol das Rocas (03°E 5233°E 49"W) and FN [131, 155]. It usually
occurs in shallow waters up to 10 meters depth,[158].
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Corals are sessile; if the region is affected pplutant, they will be exposed and suffer
the effects of pollution [118]. Corals serve asd@nd shelter to many types of animals such
as worms, crustaceans, sponges, sea urchins, andsmpecies of fish [118]. The loss of coral
will affect both humans and terrestrial organismesause it protects the shoreline, supports

tourism, and facilitates fisheries [118].

5.2.2 Preliminary Hazard Analysis

Table 5.1, Table 5.2 and Table 5.3 show distancdslaections from landmarks in FN
to ships that navigates on routes nearby. Thedesavere identified on Pilot Charts, which
show the most recommended routes to navigation tthase taking best advantage of currents,
winds and, if possible, nearby landmarks to belédermine the ships’ position) for each month
of the year based on meteorological and oceanograjalta observed by the Brazilian Navy
from 1951 to 1972 [158]. We considered the monthemvithe routes are closest to
PARNAMAR-FN. The three identified routes are: Poaod Colén — Cape of Good Hope (PC
— CGH - November - going); Recife — Madeira IsI@R&C — MI - August — going and return);
Recife — Cape Nouadhibou (REC — CN - March — gaind return). To draw the routes, we
determined three point of ship’s positions on eamtie. We considered the first point as the
one where the ship’s crew see any landmark fofitsietime. To easily measure the distance
between points on a route, we also consideredathate first waypoint the ship’s odometer is
zero. We calculate the ship courses for each waypioot only on going routes (CGH, REC -
MI, REC - CN), but also on returning ones (REC 5 REC - CN).

A Line of Position (LOP) is defined as the geoneatriocus of all the positions that a
ship can occupy, having made a certain observaitioa,given moment [159]. A LOP can be
originated from an alignment of two landmarks, r@clion or distance to a landmark, and other
methods out of the scope of this work. It is recanded the use of at least three LOPs of the
same type or from different natures (e.g., oneadist and two directions; one alignment, one
distance and one direction) to reduce the unceyt§l»9]. The LOP from an alignment is the
most accurate one, so we use alignments when blaila

We determine alignments, distances and directibrautes to the following landmarks:
Pico’s Hill (A); FN Lighthouse (B); Sé&o Pedro’s Ghh (C); Antenna (D); Egg’s Island (E);
Pontinha (F). The courses and directions are the ¢mes, from 000° to 360°, measured
clockwise from the true North [159].
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The prevailing current at the region is to Westhvai speed from 0.7 to 2.0 knots [158,
160]. This is the South Equatorial Current, i.esugerficial warm oceanic current that flows
continuously [161]. In accordance, more detailedlists [162] show that the current usually
flows to direction between NNW and WSW, varyingspeed up to 2 knots, occasionally
exceeding this value.

Regarding winds, we register them based on ComiRass on Pilot Charts for each
month of the year [158]; we build a new CompasseRos representing the distribution of
winds throughout the entire year. Our Compass Rudieates the frequency (%) per year of
wind direction from the 8 octancts (N, NE, E, SES8V, W, NW) and of dead wind, and the
average wind strength. We verify that the prevgilivinds are from directions E and SE, with
average frequency of, respectively, 44% and 37%, awerage force Beaufort 2 (i.e., wind
speed between 4 and 6 knots [161]) for both. Tid grevailing wind is from direction S, with
average frequency of 14% and average force Beaifdius, it is expected that winds of 4 to
6 knots from between E and S will be blowing 95%hef year.

The route with the minimum distance to PARNAMAR-E\PC — CGH, with a distance
of 4.96 nautical miles (nm). However, given thevaitng currents and winds, this route was
considered an insignificant hazard. Any quantityibfpotentially spilled would probably be
transported away from PARNAMAR-FN. The same appiethe route REC — MI.

REC — CN is considered a significant hazard. Towge passes from south to east of the
Island, for so, the oil potentially spilled on timeute is likely to be transported to the coast by
the prevailing winds and currents (Figure 5.2).Hmasic ASs could occur on route REC — CN,
l.e.: (i) a head-on parallel collision of two shigs) an overtaking parallel collision, (iii) a
crossing collision with another ship on route PCGH, (iv) fire/explosion.
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Table 5.1. Route Ponce and Colén - Cape of GooceHNpvember).

FN  Lighthouse

S&o Pedro’s Church

Route Ponce and Colén - Cape of Good Hope (Novembe

Landmark Pico’s Hill (A)
(B) (€)
. 32025'18" W, |32°27'42.17"W,| 32°23'55.753" W,
Coordinates
3°50'42" S 3052'31.264" S | 3°49'59.398" S
Minimum
distance tq
4.96
PARNAMAR
(nm)
Ship  course
o 130.6
I (degrees)
% Alignment
% Distance (nm)| between A - X X
=]
o Antenna (D)
Directions
X 104.6 93.31
(degrees)
Ship  course
129.3
= (degrees)
c
(o]
0
S _ Alignment betweer
I Distance (nm) X 6.214
— B-C
e
E Directions
S 55.12 X X
o (degrees)
c Ship  course
o 130.93
N (degrees)
S
n Distance (nm) X 11.08 X
Q
= Directions
o 357.07 X 2.69
'8 (degrees)
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Table 5.2. Route Recife — Madeira Island (August).
_ ) FN Lighthouse | Sado Pedro’s Church
Landmark Pico’s Hill (A)
(B) (€)
. 32025"18" W, | 32027'42.17"W,| 32° 23" 55.753" W,
Coordinates
3°50"42" S 3952'31.264" S | 3°49'59.398" S
Minimum
distance tq
16.38
PARNAMAR
(nm)
© Ship  course _
n 21.32 (going) — 201.32 (return)
= o) (degrees)
S Qo
S % Distance (nm)| X X X
SR
o Directions
s 80.74 85.59 79.59
w (degrees)
g
3 Ship  course ]
S 21.59 (going) — 201.59 (return)
| c (degrees)
HCI_J c
= o
g = _ Alignment
" I Distance (nm) X X
5 = between A - D
o L
o E Directions
S X 102.39 93.78
o (degrees)
c Ship  course _
™ 21.75 (going) — 201.75 (return)
<© (degrees)
=
n Distance (nm) X X X
Q
= Directions
o 111.46 116.64 109.41
8 (degrees)
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Table 5.3. Route Recife — Cape Nouadhibou (March).
_ ) FN Lighthouse | Sdo Pedro’s Church
Landmark Pico’s Hill (A)
(B) (€)
. 32025"18" W, | 32027'42.17"W,| 32° 23" 55.753" W,
Coordinates
3°50"42" S 3952'31.264" S | 3°49'59.398" S
Minimum
distance tq
12.58 NM
PARNAMAR
(nm)
© Ship  course _
n 54.92 (going) — 234.92 (return)
o) (degrees)
— O
§ % Distance (nm)| X X X
S S
2 Directions
3 343.02 334.03 346.92
o (degrees)
<
o
@ :
3 Ship  course ]
> 55.87 (going) — 235.87 (return)
o (degrees)
& S
O
: s Alignment
3
-‘% N Distance (nm)| between A - X X
] 1
% 3 Ovo’s Island (E)
3 8 Directions
nd S X 327.79 343.29
o (degrees)
Ship  course _
54.16 (going) — 234.16 (return)
(degrees)
S .
c Alignment
<
= Distance (nm) X X between C —
n Pontinha (F)
L
= Directions
o 330.19 320.14 X
8 (degrees)

105




Chapter 5 QERA of accidental oil spills on ship tesu
nearby a marine national park in Brazil
_3? | | | | 1 | | 1 | |
3,75 -
2384 -
-3,85+ B},«-_
r
Prevailing current (W), 7 o
'3-9‘\ 0.8-2 knots/ - ¥ B
\\4 i o
- -~
-3,954 ~ - , L
~ N #
# #
4 ~ ” -
% - ;Zi b4
Ny PR Compass Rose
o
-4,06- ~ o s P ” (e L
~, - - IT—<
a , "
41 hd 4 14
-4 14 SN -
' A 5. 4 i
” ~
L5 LA
4,15 T T “— 5 T T T T T T
3255 325 3245 324 3235 323 3225 322 3215 -321 3205 32

Figure 5.2 - Most hazardous route (REC - CN, gang return) and key coral reef
metapopulation at Sueste Bay chosen as bioindic€#tBARNAMAR-FN ecosystem'’s health.

The chances of occurring collision scenarios &@ylito be very low, given the large
lateral sea room that permits a great distancdipssrom each other as well as a hard-over
turn in an emergency to avoid collision. Howevkeyt are still possible to occur due to human
error (e.g., crew communication failure, commantufa, helmsman failure, nautical officer
gives wrong order, no visual detection) [163, 184Je overtaking potential collision should be
treated with more caution, since the lower is #lative velocity between meeting ships, the
more likely is that problems in ship control witeur [165].

Fire/explosions are possible to occur. Accordindpigiorical records, these scenarios
are less frequent than collision [166-171]. Groagdf ships is considered impossible to occur
since the shallowest area (i.e., Alto-Fundo Drinéhee PC-CGH route) has more than 50 meters
depth.

Based on the previous discussion, we choose to Inaod® stellatametapopulation at
Sueste Bay (zoom in Figure 5.2) given that it ssgaificantly exposed location to potential oil
spills on route REC — CN.
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5.2.3 Frequency and Exposure Estimates

Li & Meng et al. [164] conducted an extensive rewief eighty-seven quantitative risk
assessment models for maritime waterwalthough none of them provided quantitative
assessments of ecological consequences, modelspnmyesed for estimating frequency of
ASs such adead-on parallel collision, overtaking parallel lisobn, crossing collision,
grounding, fire, and explosion. The estimated feggpies fall in the range from E-05 to E-04
per year. Most of these models consider a restriotgrow waterway, which is the utmost
concern to the maritime authorities, due to itheigprobability of accident when compared to
wide-open sea areas (our case). Thus, it is exppéleée the application of such models to our
case would result in frequencies lower than E-Q5ypar.

On the other hand, the International Maritime @igation (IMO) has reported historical
accident frequency statistics for various typestups world-wide covering the period form
1990s to 2007 [166-171]. The frequency of colliseomd fire/explosion for double hull oil
tankers are, respectively, 8.60E-03 and 1.10E-03ypar. Also, a formal safety assessment
with human reliability analysis that used faulesd¢o model the frequency of ship collision due
to human error on another route (with more tratfi@n on REC-CN) gave results in the order
of E-04 [163]. Therefore, we shall simulate verymservative scenarios with a frequency of
occurrence not smaller than 1.00E-03 which is gelhd most conservative frequency estimate
found in the literature (i.e., 1.10E-03 per yeanirthe statistics by IMO).

Again, for efficient use of the available resourtteperform the QERA, firstly exposure
should be conservatively estimated. We base thesexp assessment on a very conservative
point of view. If the ecorisks are negligible ewsith a very pessimistic consequence in case
of accident, one has a reasonable basis to skipsex@ modeling. Otherwise, a more detailed

risk assessment is required.

5.2.4 Metapopulation Modeling

The variables, parameters and initial conditionsthed metapopulation model are
summarized in Table 5.4. To reduce the complexitya aontinuous model, changes are
considered to happen as discrete, equally spagedisein time. This is applicable to species
with seasonal behaviors. Our model’s time-stemis year, since corals are known to have an
annual spawning period and most of their biologmzabmeters are given in units of year [156,
172].
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A coral’s life cycle is made of two phases: larval aadult [119]. Keeping track of the
abundance of larvae is not only troublesome butialsffective. Our model is built considering
the corals as having only one life phase (adult)sieveral reasons: @&.stellataindividual
generally spends 72 hours to 15 days in larval fldr29], which is a small fraction of the one
year time-step of our model; 90 to 99% of larvaeafinatural causes before reaching the adult
phase [121]; larvae are free swimming [156, 173}],130 they do not add to our assessment
endpoint, i.e., the area of colonies.

Adults live, on average, 10 years. The mortalitg aecruitment rates of the larvae are
taken into account only as influencing the fecunditte of the adults. This causes the mean
number of the area of a colonyat the next time-step4;(t + 1), when in equilibrium
(undisturbed reef), to depend solely on the areh gmowth rate at the present time-step,
respectively 4;(t))) and R;(t)), as described by the equation:

A;(t+1) =R;(t) X A;(t) (5.1)

The metapopulation model consists of 15 colonissitluted in 3 rows parallel to the
coast (zoom in Figure 5.2). The initial area of thetapopulation i§ 4;(0) = 150 cm?. The
location and size of each colony were hypothetycaddifined by expert opinion. As literature
data were given in terms of the radial growth [156¢ interpreted the coral as a circle and

calculated the mean growth rate for the area as@ibn of time, i.e., for alil:

X ri(t+1)?
7T X 1;(t)?

R;i(t) = (5.2)
wherer;(t) = r;(0) +y X t.
Note thatR;(t) decreases with time since corals allocate moreggrie growth during

early stages of life [173-178].
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Table 5.4. Variables, parameters and initial coratis. The time-step is 1 year.

Variable Symbol Description
Area  of A; () Population area at time
colonyi at A;(t) = T X 1;(t)?
time t
Parameter Symbol Description and data Value Standard deviation
source
Radius y The radius growth rate  0.273 cm/year 0.035 cm/year
growth [156].
Radius of r;(t) Colony radius at time §. r;(t) = n;(0) +y Xt
colonyi at
time t
Growth R;(t) The area growth rate Equation 2 Equation 3
rate of function
colonyi at
timet
Carrying K The maximum area of a 255 cnt
capacity colony (Barros and Pires
2006).
Half loss HL A threshold used to HJ, 75 cm?
categorize risks (section
525 =05 ) 4,0
Initial conditions Description Value
A(0) = {4,(0); 4,(0); A3(0); A4(0); A5(0); | Setof the initial areas A(0) = {8; 4; 6; 7; 11; 10;
A6(0); A7(0); Ag(0); A (0); Ayg(0); Ay1 (0); | 72N 1 9:5;14;12;13;11; 15; 20;
A1,(0); A13(0); A14(0); A15(0)} 5}
r(0) = {r,(0);,(0); r5(0); 1, (0); r5(0); Setof the initial | +(0) = {1.60; 1.13; 1.38;
14(0); 7 (0); 75 (0); 75 (0); 7 (0); 711 (0); radius of each colony 4 49. 1 87.1.78: 1.69; 1.26;
712(0); 113(0); 114(0); 7,5(0)} 2.11;1.95; 2.03; 1.87; 2.18;
2.52;1.26}
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Uncertainty about the growth rate parameter isrtaké account by calculating its
standard deviation and considering that it is ndigmdistributed. Indeed, according to the

formula for the propagation of uncertainty [179E have that:

op,(t) =

aR;(t) 2 ramxrit+D)? )2 OR;(t) \2 _ [(o(mx1i(©?) _ \?
\/(a(nxri(Hl)Z)) X( or;(t+1) O-T) + (a(nxri(t)z)) X( or;(t) O-T) (5'3)'
A recent study [156] collected data from &Ostellatacolonies at Canudos reef
(16°53.816’S; 039 04.965'W), South of Bahia, Brazil, and it was ddesed to be the biggest

colony found as an outlier, since it was 7.87 titigger than the mean colony size and almost

twice as big as the second biggest colony. Wehessdcond biggest colony size as the carrying
capacity parameter for our model (Table 5.4).

The simulations for each AS were made by the st&WRAMAS Metapop v. 6.0 [96],
that is not a model itself, but a computationall tmo stochastic simulation of a population

model via Monte Carlo methods [180].

5.2.5 Ecological Risk Categories

As we show later in this paper, we believe thassifging ecorisksaccording to the
International Union for the Conservation of Nat(lk¢CN) quantitative risk criteria [127] may
be too optimistic. The IUCN categories are usedassify species affected by a whole range
of environmental changes and human disturbancegatiral [181] or global-level, but not to
classify the risk caused by a single disturbanogefgial oil spill) to a single population, which
is our case. Thus, added to the ecorisks quantifids QERA there will be other risks caused
by other sources of disturbances (e.g., global wagnchronic pollution).

Therefore, we propose a classification systemHterecorisks quantified in this QERA
such that the results can be better interpretedskymanagers, society, and other interested
parties. This is accomplished by implementing saimnges to the IUCN categories to adapt
them to cases dealing with undesirable consequahiype “half loss” (HL) (i.e., 50% of the
initial area killed) instead of “extinction”; andenalso use additional risk instead of absolute
risk. As it will be shown in the next section, fh®posed categories are more conservative than
the IUCN categories.

Thus, we propose the following risk categories: ORALLY ENDANGERED (CR):

more than 50% additional probability of HL withi® §ears (i.e., median time to HL is shorter
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than 100 years); ENDANGERED (EN): more than 20%itanithl probability of HL within
100 years; VULNERABLE (VU): more than 10% additibmobability of HL within 100
years; NEGLIGIBLE (NE): less than 10% additionablpability of HL within 5 generations.

5.3 Results and Discussion

5.3.1 Frequency Estimates

We assume frequencies for three ASs (Scn-1, Scnek Sxn-3) based on a very
conservative point of view, i.e., respectively @.00.005 and 0.01 per year. These probabilities
are thought to be pessimistic (conservative) basethe aforementioned model results and

historical statistics in section 5.2.3.

5.3.2 Exposure Assessment

For all three ASs, we assume that an accident waaude the whole coral reef population
to be exposed to 1% concentration of oil and Kiff®of the individuals. Exposure is a plausible,
conservative assumption, since we consider thetywersentage of mortality observed for the
considered species and for the most toxic typeloTbis assumption is based on the fact that
dose-response studies between oil and corals argesShafir et al. (2007) employed a “nubbin
assay” on more than 10,000 coral fragments to atalilne long-term (after 50 days) effect of
dispersed oil fractions on two coral specieg/lophora pistillateandPocillopora damicornik
Out of the six tested dispersants in Shafir e28l07), we assume that the oil type considered
in our analysis is similar to Dispolen, which ig tmost toxic to corals [182]. In their work, an
exposure to 1% concentration of Dispolen dispersamth is already a worst-case assumption,
caused an average 47% of mortality ®tylophora pistillataand 90% orP.damicornis We
assume thab.stellatais more related t®.damicornisn, since the latter showed a greater rate
of mortality than theStylophora pistillataHence, we consider th&tstellatawould have the

same rate of mortality (90%) when exposed to 1%ailcentration.

5.3.3 Ecological Risks

Three ASs Scn-1, Scn-2, Scn-3 were introducedthr@anetapopulation model (section
5.2.4), resulting in a total of four ASs models Iflea5.5) with frequencies of occurrence and
consequences as described in sections 5.3.1 ar&d BA3 each model simulation, the AS was
selected to occur (or not) every time-step accagrthnts frequency of occurrence. If it occurs,
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it is assumed to kill 90% of each population inthetapopulation. All simulated scenarios had

10,000 replications. Figure 5.3 illustrates the wdation process of an ASs model for one
replication.

e—
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Figure 5.3 - Conceptual diagram that represents mmication out of 10,000 for
stochastically simulating impact of potential ABashed boxes indicate specific studies.

The results for the coral average area over tindegpaobability-consequence curves such
as the interval quasi-extinction risk (i.e., thelmbility that the population abundance will fall
below a certain level at least once in the next y€#rs) are shown in Figure 5.4 and Figure
5.5, respectively. When compared to the benchmamk-0§ the maximum added quasi-
extinction risk caused by each AS (i.e., the maxmuertical difference between Scn-1, Scn-
2, Scn3 curves and Scn-0 curve in Figure 5.5yaspectively, 79.7%, 82.4% and 85.5%. These
values are the Kolmogorov-Smirnov test statistigvbich is the maximum vertical difference)
[96]. The location of the maximum difference (thesishold abundance at which the difference

is maximum) is different for each scenario, i.espectively: 181, 179 and 177 cmz2.
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Figure 5.5 - S.Stellata metapopulation intervalirotion risk. Each point in the curve can be
interpreted as “there is a Y probability that, aglst once during the next 100 years, the
metapopulation abundance will be less than X”.

Other relevant results are summarized in TableGus.model is probabilistic in nature,
so risk results follow a non-parametric probabitignsity function (PDF). We also provide the

average value of the PDF in Table 5.5.
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Table 5.5. ASs, their parameters and risk resoltS.Stellata metapopulation. The parameter

F;(t) is the frequency per year of eachMy;is the mortality rate to all colonies in case atalent j.

Values with a + or — symbol me mean that they &iadpcompared to the benchmark Scn-0.

Accidental scenario parameters
Scenario Scn-0 Scn-1 Scn-2 Scn-3
F;(t) 0 0.001 0.005" 0.01
M; Not 90% 90% 90%
applicable
Results
Scenario Scn-0 Scn-1 Scn-2 Scn-3
Risk of 20%| 0 +0.0491 +0.2304 +0.4333
population
decline
Risk of| 0 +0.0317 +0.1751 +0.3642
population HL
Extinction risk | O +0.002 +0.0227 +0.0765
Median time| >100 >100 >100 >100
(years) to HL
Expected 198.5 -39.7 -62.5 -91.4
minimum
abundance
IUCN risk | Negligible Negligible Negligible Negligible
category
Proposed risk Negligible Negligible Vulnerable Endangered
category
(section 5.2.5)

5.3.4 Discussion

The no-accident scenario (Scn-0) shows significtability in population behavior,
with zero risk of extinction and HL. This indicatdsat any extinction risk estimated while

analyzing the other scenarios is due solely tattaed risk of potential oil spills.
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Due to the considerable uncertainty in the resuléscategorize risk using two different
criteria: IUCN and our proposed criteria (sectioR.5). The former is internationally accepted
to classify species at risk [127] exposed to séwrassors. However, it may be too optimistic
to classify risks from a single stressor (as is thse in this work). The latter is more
conservative since the undesirable consequenck isdtead of total extinction.

None of the three ASs caused Bstellatametapopulation more than 10% probability
of extinction in the next 100 years, which wouldvéebeen enough to classify an AS as
vulnerable according to the IUCN risk criteria [1.2Ihis indicates that, according to the IUCN
criteria, PARNAMAR-FN population oBiderastrea stellategs not exposed to significant risk
due to potential oil spills on nearby ship routes.

Scn-2 and Scn-3 cause, respectively, addition&% and 36.4% risk of HL. According
to the proposed criteria, these scenarios are @mated as VU and EN, respectively. This
indicates that the nearby ship route REC-CN causederable risk to PARNAMAR-FN. Note,
however, that the chosen probabilities of accidemtsre conservative, thus likely
overestimating occurrences of oil spills on thisteo Therefore, a more detailed QERA should

be conducted before further taking preventive messu

5.4 Conclusion

We have developed a QERA model for accidental mllsson ship routes nearby the
Fernando de Noronha marine national park in Bizasled on the methodology for QERA of
industrial accidents proposed by [31]. Our methads very conservative and make an
interesting case for more conservative risk marsafgeutilize.

The parameterization of our model was based onderable conservative estimates due
to the lack of directly relevant data regardingtltie occurrence frequency of considered ASs,
(i) meteorological and oceanographic data to mamkefate and transport and (iii) dose-
response data between oil and native coral spetiesefore, we believe that a full fledge
QERA would likely provide reduced risks results #ARNAMAR-FN, given that more
realistic ASs would likely be less conservative.

Most biological parameters involved in the QERA mlaty and simulation were based
on literature information from other locations ar@mmunication with local experts. Neither
direct observation nor in situ data collection weoaducted witts.stellatametapopulation at
Sueste Bay, PARNAMAR-FN (Figure 5.2). This limitati has been circumvented at some
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degree for two reasons: (i) the effect of uncetyaon results has been bounded by making
biological parameters vary within their range cdysibility; and (ii) theCeteris paribuq28,

29] approach has minimized output errors originditech input errors in the chosen range of
plausibility for biological assumptions. The lattéias an important implication when
interpreting results. Risk managers should knowweaquantify the additional risk caused by
a single stressor (i.e., potential oil spill), amat the absolute risk caused by a whole range of
stressors (e.g., potential oil spill, noise of shipropellers, tourism, fishing, diving/surfing,
regular occurring exposure to oil and other toxgisbal warming, navigation in restricted
waters).

According to the IUCN risk categories, the riske aegligible. On the other hand, we
have proposed more conservative risk categoriesranunicate risks, where the undesirable
consequence is not ‘total population extinctionirakJCN categories, but ‘half loss’. By using
our categories, we conclude that the industriak&gtunder consideration causes the marine
ecosystem of PARNAMAR-FN to be endangered; and aendetailed QERA is required,
including:

» Collaboration of the Brazilian Navy to provide ass¢o the database of the
Maritime Monitoring System of Support to the OiltAdties (SIMMAP) [183].

* More data gathering about oceanographic and mdogpcal characteristics
(i.e., other observed currents, sea surface termyverand salinity).

e In situ study of thé&.stellatan PARNAMAR-FN (e.g., [156].

* Frequency modeling including human error. The aadidrequency models for
ships include estimates of the frequency of shifistan, grounding, fire,
explosion and other accidents in a specific watea.alhrough a carefully
constructed Bayesian network, historical data ctdie in different locations and
expert judgment, a frequency model can incorpdratean error, hardware

failure, and other factors [163, 184-186].

* Fate and transport modeling to describe the spamedvolution of oil in case of

accident (e.g., [31, 112, 187].
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Finally, this work has secondary contributions sash

* The preliminary hazard analysis may be useful tduate other ecorisks not
caused by potential oil spills, but also relatethenavigation of ships on the
routes. For example, the noise of the propellefgasting ships may interfere in
the breeding, feeding and rest of dolphins andrahenals in PARNAMAR-

FN [188]). Also, the suspected criminal action egsels spilling small amounts
of hydrocarbons in the coastal region when thegrclbeir tanks (reported by
local experts who have found pieces of oil sludgdeaches in PARNAMAR-
FN) may be causing ecological adverse effects.métodology and results in
this chapter are potentially useful in supportiagulatory authorities such as
Instituto Chico Mendes de Conservacgao da Biodidade — ICMBIo in their
preservation efforts of the marine ecosystem sadhe prioritization of sources
of hazard, and selection of the most cost-effeativeservation measures for
maintaining good environmental health on a realistidget, using this model as

an exploratory (not decision-making) tool.
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6 QUANTITATIVE MICROBIAL RISK  ASSESSMENT FOR
SCHISTOSOMIASIS: THE CASE OF A PATCHY ENVIRONMENT IN
THE COASTAL TROPICAL AREA OF NORTHEASTERN BRAZIL

This chapter was published as an original reseatotie in the Journal of Risk Analysis
[33].

This chapter describes the development of a sttichasodel for QMRA for the
Schistosoma mansoni (SkBrasite, which causes an endemic disease of pudnicern. The
model provides answers in a useful format for pubkalth decisions, uses data and expert
opinion, and can be applied to any landscape whergnaiBiomphalaria glabratas the main
intermediate host (South and Central America, theibbean, and Africa). It incorporates
several realistic and case-specific features: stagetured parasite populations, periodic
praziquantel (PZQ) drug treatment for humans, dgdgpendence, extreme events (prolonged
rainfall), site-specific sanitation quality, enummental stochasticity, monthly rainfall variation,
uncertainty in parameters, and spatial dynamics.pAfameterize the model through a real-
world application in the district of Porto de Gdilas (PG), one of the main touristic destinations
in Brazil, where previous studies identified foargsite populations within the metapopulation.
The results provide a good approximation of theadiyics of the system and are in agreement
with our field observations, i.e., the lack of lwasifrastructure (sanitation level and health
programs) makes PG a suitable habitat for the sierste and growth of a parasite
metapopulation. We quantify the risk of SM metagdapon explosion and quasi-extinction and
the time to metapopulation explosion and quasiretitn. We evaluate the sensitivity of the
results under varying scenarios of future periddQ treatment (based on the Brazilian
Ministry of Health's plan) and sanitation qual¥ye conclude that the plan might be useful to
slow SM metapopulation growth but not to controfAdiditional investments in better sanitation

are necessary.

6.1 Introduction

Schistosomiasis is a family of diseases causethbydrms of the genus Schistosoma. It
Is possibly the most widespread public health mwbin the world: there are approximately

200 million infected people worldwide [189] and raathan 700 million people living in
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endemic areas [190%chistosoma mansof8M) is one of the three most common schistosomes
and affects large geographical areas in severailtdes. Its prevalence is estimated to be 8-10
million people in Brazil alone, the northeast regi®ing the most endemic area [191].

SM has the following simplified life cycle composetifour life-stages [192] (Figure
6.1): Adult parasites (male and female) live withumans (definitive host), and they breed and
release eggs through human feces; viable eggs hatthrelease miracidia into the aquatic
environment; miracidia penetrate susceptible sn@a#s, those living in water) where they
multiply in the form of sporocysts (snails are SMréermediate host, usually the species
Biomphalaria glabratd sporocysts are released into the environmetitariorm of cercariae;
and (5) cercariae penetrate the skin of exposecahgmmigrate to internal veins, and mature
into adult parasites.

Aquatic environment

Miracidia

Free-living

====================================

Snail B. glabrata '

| ' ‘ Adult ‘ i

v ;
Sporocysts parasites

i Intermediate host ; Definitive host i
: : : i

___________________________________

i Aquatic Environment

Cercariae

Free-living

Figure 6.1 - Simplified schematic representatiothef life cycle of SM.

Since 1975, when the schistosomiasis control progkas implemented in Brazil, the
main strategy to control this disease has beenséatuon treatment. Currently, the
recommendation from the Brazilian Ministry of H&a{BMH) is to treat cases using the drug
Praziquantel (PZQ) to reduce the number of infegieople and the parasite load [193]. An

additional strategy to control this parasitosifoisused on sanitation because the lack of this
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environmental infrastructure is identified as sedetinant for schistosomiasis as it permits fecal
contamination of snail breeding sites [194].

Generally, to model an ecosystem, such as thossview in the transmission of SM,
some simplifying assumptions are necessary. Fompba traditional approaches for
epidemiological modeling are based on deterministoxiels that often have the number of
human hosts as the assessment endpoint and thaifigsential equations to describe the
movement of individuals between states, such aseptible, latent, infected and recovered
[195]. Similarly, the most recent methods for stieemiasis modeling also focus on evaluating
the number of infected humans [149, 196-198]. Tsblke these host-focused approaches,
additional assumptions have to be made regarditiy the resulting intricate indirect-cycle
equations that model the dynamics of schistosom(asy., they assume that parasites are over-
dispersed and have a negative binomial distribuidimong human hosts) and consequently the
estimation of additional parameters (e.g., the giumg parameter related to the distribution of
parasites). However, these methods do not empdeysitivity analysis to evaluate changes in
the results as a function of changes in the assangpand parameters, nor is an uncertainty
analysis conducted to measure the bounds of thses

In this context, this chapter aims to develop adespiological model that overcomes the
aforementioned drawbacks and that is tailored foar@itative Risk Assessment (QRA) of
Schistosoma mansorio the best of our knowledge, this is the finste that QRA has been
used in a Brazilian context for schistosomiasishia proposed model, the important features
of SM population dynamics are handled from a veiffeknt standpoint than from the
abovementioned traditional assumptions. First, theposed ecological model for
schistosomiasis focuses on the parasite populabandance itself rather than taking the usual
host-focused approach. This parasite-based appreashoriginally proposed by Milner-
Gulland et al. [127] to examine the population dyies of a tapeworm in Kazakhstan’s desert
areas and is adopted here for the following readbiesresults are sufficiently relevant for a
QRA,; it reduces the number of simplifying assumpsioit can more effectively address
uncertain changes due to environmental factors, (#1g incorporation of effects of rainfall
variability); the impact of spatial heterogeneityaynbe evaluated in the dynamics of the
transmission of parasites [127, 163, 164, 199, ;2t4¥e-specific data becomes more tractable
when focusing on single species; and parametenattin becomes a simpler task in real case

applications.
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Secondly, the proposed model is probabilistic itureaand thus may be used to provide
useful information to the decision-makers becatiabaws for the followingi) the assessment
of uncertainty through the specification of lowadaipper bounds on the results of intengst;
modeling the behavior of SM living within a patclepvironment, i.e., the dispersion of
parasites among patches is considered to occughrimfected snails that migrate from one
patch to another, thus migration is stage-speddic sporocysts; andii) it allows for
quantification of the probability of extinction €i, zero individuals), quasi-extinction and
explosion (i.e., abundance crosses a defined tbidskinder scenarios regarding different
control strategies, thus assessing their effectisenn terms of the probability of undesirable
and/or desirable events (i.e., risk). By using #upproach, it is possible identify the most
suitable patches where SM might be able to pemsigt, hence help to target public control
strategies to reduce human infections in thosesarea

Some regions in Brazil still have poor sanitati@mditions [12], which contributes to
both the persistence and growth of schistosomi&esent findings from a spatial analysis
[133] identified the district of Porto de Galinh@s5) as a site where SM is a hazard of concern
due to the considerable numbers of snail breedieg and schistosomiasis cases that have been
registered in the last ten years [133, 142]. P®aated in the southern coast of the state of
Pernambuco, northeastern Brazil (Figure 6.2), dis&ance of approximately 60 km from the
state capital (Recife), and it is one of the masited places by Brazilians and foreign tourists
due to its beautiful beaches and warm sea. Destattractiveness of the site, a recent study
[201] identified four critical patches for SM poptibns in PG (Figure 6.2), i.e., Merepe Il
(ME), Soco (SO), Pantanal (PA), and Salinas (SAjitation quality is extremely low in these
patches; most houses discharge their sewage teidodl cesspits, whereas some houses
simply dump their sewage outdoors without any tresit. The latter situation will be
considered to characterize an important featutbeproposed model: the impact of sanitation

level.
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educated guesses by experts have also been usal.bé shown that the outcomes of the

approach provide a very good approximation of theadhics of the case-specific system.
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Figure 6.2 - Map of Porto de Galinhas, PernambuBrazil, and its four critical patches for

To estimate the model parameters, field observateord data from the literature have

been gathered to fulfill the requirements of therapch. However, due to the lack of published
and empirical data to model the dynamics goverrlrg transmission of schistosomiasis,

schistosomiasis [129], i.e., to treat only peopid\positive tests for SM in localities where the
prevalence rate is less than 15%; to treat infegésgble and all of their cohabiters if the rate is

between 15% and 25%; and to collectively treagtieatest number of individuals over the age
of 5 if the rate is greater than 25%. These cateaiill be used to construct different scenarios
to evaluate BMH’s policy against a do-nothing piathe district of Porto de Galinhas-PE; the
5% and 25% prevalence limits are used to definethhesholds for metapopulation quasi-
extinction and explosion, respectively. Thus, friims applied example, it will be shown that

the proposed approach can provide useful answarspdiblic health decision-makers
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responsible for endemic areas (e.g., municipaliiegyhborhoods, districts, rural communities,
farms, and villages) where the sriBibmphalaria glabratas the main intermediate host (e.g.,

South and Central America, the Caribbean, and &jric

6.2 The Model Structure

Although the proposed model structure is thoughbeogeneric, it can be tailored to
incorporate many realistic and case-specific femtusuch as i) the spatial structure of the
specific SM metapopulation (i.e., the set of lgpapulations of the same species in the same
general geographic area with a potential for migraamong one another [20]); ii) a stage-
structured SM population; iii) periodic drug prograto treat humans; iv) density dependence
(DD) (i.e., a change in the influence of any factioat affects population growth as the
population density changes [8, 202]); v) rare evef@g., periods of extreme rainfall or
drought); and vi) site-specific sanitation quality.

Note that focusing on the parasite population du#snean that the snail’'s density and
human exposure will be ignored. These featuresimillicitly be modeled to some extent by
assuming that both the parasite carrying capacity\étal rates are stochastic and dependent
on monthly variations in susceptible snail denghy, probability of a cercaria finding a human
to infect, the probability of untreated feces eingmater (“water” is used here in the sense of
a flooded area, usually puddles or ponds on tHasiof a patch), and rainfall.

Therefore, we construct a model that is flexibl@arameterization and that can predict
the patch-specific population abundance of SM urttier following conditions: monthly
variations in human exposure, probability of uniedafeces entering water and abundance of
susceptible snails; periodic PZQ drug treatmera itertain percentage of infected humans;
changes in patch-specific sanitation level; pagasitigration among local populations; and
stochasticity in parameters. All monthly variationsthe parameters are proportional to a
discrete, annually periodic function that descritzasfall, ;.

The model describes a metapopulation composeduoffgpulations in the patches ME,
SO, PA and SA, with potential for migration fromeopatch to another. Each population is
stage-structured by (1) miracidium (viable onl\3) éporocyst (sporocysts have three life-
stages, but we only model the first because itifscgent for our purposes), (3) cercaria, and

(4) adult parasites. Migration is stage-specificdporocysts. LeNi(t) denote the number of
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s-stage parasites in patctat timet. The model projects the adult parasite abundaWfg,),
for all i, forward 240 months (20 years) from June 2011 (¢ erfdil July 2031 (t = 240).

Because parasites occupy individual hosts, DD acatithe intra-host level. We do not
model DD in the definitive host, although we ddhe intermediate host by making sporocyst
abundance dependent on snail density. The DD g/@iling (i.e., exponential growth to the
carrying capacity of populatian K¢ [8, 202]), so that the maximum number of Sporayst
populationi at time-stef+1 is K/, ;.

To modelK}, we proceed as follows. It is not important to mbthe exact number of
sporocystsN.(t), but only the number of cercariae that they predper time-step. Neves
[192] states that there is a significantly greataiss of SM tissue within snails infected with
two miracidia when compared to snails infected wathsingle miracidium; however, no
significant increase in SM tissue was observediwisimails infected with increasing loads of
miracidia (more than 2). Thus, we assume that datqaroduction by a snail infected with a
single miracidium ix, whereas that by two or more miracidi&is i.e., the asymptotic number
of sporocysts per snail that makes a significafiieince in cercarial productivity is 2. Then,
K} is assumed to be the product of the abundanagsckptibleB. glabratawithin patchi, S¢;
the proportion of snails that are not refractorySbl, p; and the asymptotic number of
Sporocysts per snail, 2; i.& = 2 p - St.

The following algorithm represents one replicatiimn stochastically simulating the
metapopulation model. For each iteration, repeatalowing steps for alil:

1) Project population-specific stage abundances:

[ Ni(t+1) 0 0 0 al,(t+1) [N{(t) 0
N5+ D | az 0 0 NO|_| 0
Ni(t+ 1) 0 as 0 0 Ni(®) 0
l Ni(t + 1) 0 0 als(t+1)  au [Ni(t) LAHO)

2) Update projections df"’;(t + 1) to account for DDN'5(t + 1) =
max{N”é (t+1), Kti+1}.

3) Update projections a¥’;(t + 1) to account for the migration of sporocysts by
adding the number of immigrants and subtractinghtimaber of emigrants for each
population:
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[NE(E+1)] [NYEC+ 1)] [NYE( + 1] [NYE( + 1]

INZSA(t +1) | _ | N'$A(t + 1) |+ - | N'$A(t + 1) |_ . |N'§A(t +1) ]|

lNZSO (t+1) J lzv'go (t+1) xa lzv'go (t+1) J xa [N'go (t+1) J
NPA(t+ 1) N'5A(t + 1) N'5A(t + 1) N'PA(t + 1)

whereay, is the transition rate from stageto s, «a, is the periodic mortality of adult
parasites caused by PZQ, dii,,., is the migration matrix composed of the migratiates
of sporocysts from patghto patchi, m;;. Most transition rates are random variables that a
constant over time; therefore, a value is randoselgcted for a replication and held constant
for the entire 240 iterations of this replicati@xcept foral,(t) andai,(t), which are non-
parametric stochastic processes because they tredmalom and dependent on, respectively,
the probability of untreated feces entering watad the probability of a cercaria finding a
human to infect. These probabilities vary accordmime-dependent rainfall.

The software RAMAS Metapop v.5.0 [46] is used foe simulations. This software is
not a model itself but a computational tool for apeipulation model construction and

probabilistic simulation via the Monte Carlo metHa4].

6.3 QRA for schistosomiasis in PORTO DE GALINHAS

Ecological modeling has been used for chemical QERA 203]. After a review of the
methods for microbial QRA [130], we realized thatexological model would also be useful
to underpin the microbial QRA in this chapter. We#bsequently used the model structure
described in section 2 to conduct a QRA for SM tigio the following steps: problem
characterization, consolidation of scenarios, eMpmsassessment, exposure-response
assessment, model parameterization and initial itond, and risk quantification and

evaluation.

6.3.1 Problem characterization

The problem consists of quantitatively assessiegigks of SM to provide public health
managers with objective answers about schistos@rdgaamics in PG under several control
strategies. To ensure that the results of thissaasent would meet the needs of managers, we
chose the adult parasite abundance within eachaognuand within the entire metapopulation
of PG as an assessment endpoint. We omitted tlee lifidrstage abundances from the final
results because the stage length is too short ablicghealth managers are most interested in

the number of infected humans, which can be estidnfom the number of adult parasites.
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This assessment is based on a probabilistic mdd#l provides risk results as a
probability distribution for assessment endpoinggrotime, with an average value, a 95%
confidence interval, and lower and upper limitsiSTQRA is intended to be conservative in the
sense of not underestimating risks.

The outputs of this QRA are as follows: time senépopulation and metapopulation
abundance for 20 years; risk curves of extinctigmasi-extinction and explosion; time to
metapopulation extinction, quasi-extinction andlegn; and a comparison of these results
for all scenarios defined in the next section.

The Laboratory of Schistosomiasis, Aggeu Magalh&sesearch Centre-Fiocruz
(CPgAM) provided the following empirical data: saptible snail density per month in 36
breeding sites and their geographic coordinatdeated from July 2010 to June 2011 [201];
an epidemiological survey on the number of infed¢tachan individuals per patch in PG (i.e.,
ME = 14, SO = 96, PA =40, and SA = 259) colledtedh a sample of 2757 people out of 5607
registered people, collected between August-Decer@d&0 [201]; Figure 6.3, which was
constructed based on field observations and detlreesnaximum flooded area in PG during
the rainiest period of the year (June); and th@@moon of residences within each patch that
have no sewage collection system (SWCS) (i.e.,sfae simply discharged outdoors),
originating from a sanitary survey in 479 residen(®8 in ME, 126 in SO, 64 in PA, and 236
in SA) in 2011 [16]. Data on monthly rainfall (mwkre also collected at the meteorological
station of Ipojuca from 1956 to 2010, which werewptded by the Meteorological Laboratory
of Pernambuco (LAMEPE). Regional rainfall infornmati(and variability) were also confirmed
from Global Precipitation Analysis — the GPCP datab [186]. The main sources of
information used to understand SM ecology in PG ewéleves [192] and personal
communications with researchers at CPgAM who haxtensive knowledge about the
transmission dynamics of schistosomiasis. Thedlitee and empirical data do not provide
sufficient information to estimate all paramete®erning the transmission dynamics of
schistosomiasis. We estimated the missing parameiar educated guesses by CPqAM’s

experts (section 6.3.5).
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6.3.2 Consolidation of scenarios

Our model does not attempt to be precisely pradictinly descriptive. It is quite intricate
to predict/assess all the potential events (e.gteanological and environmental conditions,
numerous control strategies, changes in sanitgtiatity, rare events) that might occur in the
future and influence schistosomiasis transmissmoPG. It is possible to construct several
models based on scenarios under predefined consligiod compare them against a benchmark
scenario such that we can evaluate changes in SMnags (and the reduced/added risk)
caused by each predefined condition.

The benchmark scenario (Scn-0) is defined as fallow

* No PZQ drug treatment during the simulation period;

* The sanitation level (SL) for each patch in evepnth of the simulation is
equal to 1 minus the proportion of residences walsWCS in 2012, i.e.,
SLygr = 96.3%, SLsy = 94.5%, SLp, = 78.2%, SLsa = 92.8%.

« Susceptible snail density for each month of siniotaperiod,St, will be equal
to the observed susceptible snails for each moegtihiden July 2010 and June
2011(Figure 6.4).

» Rainfall climatology was used in the simulationganing that monthly
averaged quantities (1956-2010) were calculateddoh month of the
simulation period. We model a discrete annuallyqake function,r;, that
represents the average rainfall in moinfsee the rainfall line in Figure 6.5 and

Figure 6.6).
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illustrate its proportionality tqp}, (t).
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Figure 6.6 - Probability of a cercaria finding a man to infect as a function of time-step,

pis(t) for each patch i. Time-step 1 represents Julyl2@he function is annually periodic until the
end of the simulation at time-step 240. Here theraye month (ainfall was divided by 100,000 to
better illustrate its proportionality tp}5(t).

To assess the efficiency of BMH'’s plan [129], wastbucted two scenarios: pessimistic,
in the sense of not underestimating risks; andptic, underestimating risks. The pessimistic
PZQ scenario (Scn-1a) assumes that an effective @fd3ZQ (i.e., 40-60 mg/kg, divided into
two doses [131]) is periodically (every 5 yearsyegi to 70% of infected humans if the
prevalence rate is less than 15%, 90% if the satgeater than 25%, and a linearly adjusted
value (from 70% to 90%) as the rate changes fro% i 25%; the first treatment is in May
2013, and the parasitological cure rate is 80%]Jfld@lLother conditions remain equal to Scn-
0. The optimistic PZQ scenario (Scn-1b) assumedsath&ffective dose is periodically (every
3.5 years) given to 80% of infected humans if trewvalence rate is less than 15%, 100% if the
rate is greater than 25%, and a linearly adjuséddev(from 80% to 100%) as the rate changes
from 15% to 25%; the cure rate is 90% [131]; arelfifst treatment is in May 2013; all other
conditions remain equal to Scn-0.

Using PZQ in 80%-100% of infected humans is anemaly optimistic (almost

impossible) assumption because many infected peaaenot be treated due to
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contraindications (pregnancy or impeditive disegsalssences or refusals. By making this
assumption, we want to underestimate risks as rasigossible and evaluate whether a perfect

PZQ mass treatment would be adequate to contredskstransmission.

6.3.3 Exposure assessment

6.3.3.1 Snail exposure to Miracidia

Susceptible snails are those living in water, megutihat they are exposed to miracidia
throughout the entire month and every month (domatnd frequency, respectively). The
magnitude of exposure is characterized by the atmfumiracidia in water, which is given by
the number of miracidia at each time-step throlnghmathematical expressions in section 6.2.
The production of viable miracidia by one adultgsde is calculated as the product of the
number of eggs being excreted in the feces by ragbadult parasites and the probability of
feces entering surface water in which susceptitdéslive,p! ,(t). The egg excretion rate has
a value of 6000 (lower limit), 7500 (average) af®d® (upper limit) eggs/month [192, 204].
The probabilitypl , (t), depends oSL; and on the proportion of each patch’s total amee@ed
by surface water. To calculate an approximationpfg(t) and incorporate variations as a
function of time and patch we proceed as follows.

The proportion of surface water area in each pa@cls estimated by using the definition
of SL; in section 6.3.2, the drawing utilities of Micrds®owerPoint and ArcMap 10.1 (see
Figure 6.3). Field observations support the hypsgbethat the flooding area is directly
proportional to rainfall in all 4 patches and that flooding occurs when there is no rainfall.
We simply assume that the flooding area is lineeglgted to rainfall because a better model
that relates these variables could not be madéocduéack of data (e.g., figures similar to Figure
6.3 for all months of the year). Because Figuraépesents the maximum flooded area, which
occurs in the rainiest month (i.e., June, to 12k, V¥ k € positive integers,Z*), the
probability pt,(12k) = P; - (1 — SL;). The probability of untreated feces entering wéer
each month in patdhis calculated ag!,(t) = r, - pt,(12k) /1y, a discrete, annually periodic
function with monthly fluctuations, i.e.pi,(t) = pi,(t+ 12k), Vk € Z*. Figure 6.5
illustrates these functions. Note that the maxinflomded area in Figure 6.3 is modeled as an
annual event that occurs in June. In the other hsoott the year, the flooded area is smaller, in

accordance with monthly rainfall.
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6.3.3.2 Human exposure to cercariae

Humans are exposed to cercariae when a part af hbdy (frequently the feet) is in
water. To quantify exposure, we use measures d¢f thotation and magnitude. We consider
the duration per time-step for each patEh, as linearly related to the flooding area and to
rainfall. Experts at CPqAM provided educated gugsdmut the duration of human exposure
(hours/month) in the rainiest month (June) for foer patches, i.e.EME =9,E79, =
12,EFf = 15,and E;4. = 30. The functionr, is used to estimatB} for other months, i.e.,
El =1, - EL, /1121, a discrete, annually periodic function.

The magnitude of human exposure, given by the numbeercariae at each time-step
calculated through the equations in Section 6.@edds on the production of cercariae by one
sporocyst. Literature data provide the productiboescariae by onB. glabratainfected with
a single miracidium, i.e., 160 (average) and 2Ggh(temissions) [146]. Because a single
successful miracidium becomes a single sporoc$&[ive assume these values to be the same
as the production of cercariae by one sporocysinGorporate DD effects, we assume that a
susceptible snail can carry no more than 2 spots¢gsction 6.2).

6.3.4 Exposure-response assessment

6.3.4.1 Probability of a miracidium successfully infectiagusceptible snail

Miracidia are attracted by chemical cues producgdrails that disperse through the
water [192]. We assume that they find a suscepsib&el to infect at time-stepvhen they are
in water that has susceptible snails. After miriaciohd aB. glabratasnail, only approximately
30% are able to penetrate and develop, 30% peadtuatdo not develop, and 40% are unable
to penetrate [192]. We assume that the probaholitg miracidium successfully infecting a
susceptible snail is 0.3.

6.3.4.2 Probability of a cercaria successfully infectinguaman

This parameter is calculated as the product gbtbkability of a cercaria finding a human
to infect, pi;(t), the probability that this individual is not immeinand the proportion of
cercariae able to penetrate and develop in humanapproximation tl,(t) is calculated as
a function of the frequency per time-step in whichuman is exposed{/month) times the

frequency per time-step in which cercariae aresadiie., for 42 hours after released by a snalil
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[192]). Then,p};(t) = (Ei/720) x (42/720), assuming that all months have 720 hours and
that “human is exposed” and “cercaria is actived ardependent events (Figure 6.6).The
second and third parameters were provided by expéantons as 90% and 80%, respectively.

The probability of a cercaria successfully infegtimnhuman is equal @9 x 0.8 x pi,(t).

6.3.5 Model parameterization and initial conditions

Table 6.1 summarizes the model variables, parameted initial conditions. Some
studies from the literature have already estimgiathmeters governing the transmission
dynamics of schistosomiasis, which we use in tlp@sed model: eggs/day excreted by a pair
of adult parasites, time-span of cercarial productand mean parasite load per human [204];
daily production of cercariae 8. Glabratainfected with a single miracidium [146]; and adult
parasite lifetime, PZQ-induced death of adult pégasasymptotic number of Sporocysts per
snail, and proportion of viable Miracidia capabfepenetrating and growing iB. glabrata
[192]. On the other hand, the remaining requiresesft the model were estimated via
conservative educated opinions by experts at CPqAM.

Some parameters were estimated using a mean valuwsleers using a lower limit, mean
and upper limit ¢,, 0, wy). To make the latter stochastic, we consider thay have a
truncated normal distribution and that the ermanf[®w — w,, wy — @]) corresponds to ac3
interval; therefore, such parameters will be ranigoselected to fall between their limits in
99,865% of replications. It is believed that ona ocaake good use of a Gaussian approach in
vital rates because there is a reasonable reasoanfidom values not to be too far away from
the average, i.e., there are biological limitatipnsventing very large deviations and natural
forces of equilibrium bringing vital rates backtteir average values [180]. For probabilistic
simulation, the software converts the normal distiion of vital rates into a corresponding
lognormal distribution. This conversion avoids biasulting from truncation becauge= 0
[202, 205].

With regard to migration, we make some assumptionsodel it in a simplistic way. We
assume that dispersal of adult parasites in hunsamsgligible; that migration among patches
is stage-specific for sporocysts, which occursubtosnails either actively migrating during
dry months or being passively transported by tetetams during rainy months; that snails
migrate at the same rate upstream as that downstthat snails migrate at the same rate in all
months of the year (i.e., they migrate actively pasgsively at the same rate); and that migration
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barriers are not considered. Overall, we make tigeation ratesm;;, dependant on the distance
between patche®);;. We calculate the coordinates of a central bregdoint(x;, y;) of each
patch,i, by weighting the x and \xi,, yi,), coordinates of each breeding site withby its
average number of infected snails per montp, whereb is the breeding site withii{b =

1,...6 in ME; 1 in SO; 1,2 in PA; and 1,...,.27 in SATL6.e.,x; = Yoy p—25b__ and

nr of sitesini’

yi = g p —2Yib__ Then, D;; = \/(Xi —x;)% + (vi —y;)*. We use these data to set a

nrof sitesini’
function forS! (Figure 6.4), i.e$i = sum of observed susceptible snail abundancenatitch
i in July 20118} = in August 2011, ..S}, = in June 2012. TheS! is made annually periodic,
ie,Si=s .., vk €Z".

Based on the number of infected individuals peclpa PG (section 6.3.1) and on the
mean parasite load per human, we estimate thaliatiundances of adult parasit¥g(0); the
metapopulation explosion threshoM, .,,;; and the metapopulation quasi-extinction threshold
N, ex:(Table 6.1). The initial abundances of the remajrstages were set at O for all patches
because field data about such values are scarcgeapdlifficult to collect. Assuming such
values is equivalent to making all the initial ptaiion abundances concentrated in the adult
parasite stage, which is extremely unrealistic. p#gformed several simulations of Scn-0 to
observe how much time is required until the praparof individuals in each stage of each
particular population reaches a more realistiaithistion. We observed that at time-step 12, all
populations reach approximately the following agerdistribution: 52.92% miracidia, 0.01%
sporocysts, 45.95% cercariae, and 0,13% adult ipega8Ve use this distribution as the initial

conditions and thus exclude the 12 initial timgast&om the risk calculations.
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Table 6.1. Definition of variables and parametdrse discrete time-unit is one month.

Variable Symbol | Description
Number of adult Ni(t) | Assessment endpoint described |as
parasites in patch minimum, average and maximum values,
at timet. with a 95% confidence interval.
Average monthlyy n, Annually periodic function modeled from
rainfall data on the average monthly rainfall fram
1956 to 2010
Exposure duration  E} Annually periodic function dependent on
and frequency in for human exposure (duration and
patchi at timet. frequency) in hours/month.
Magnitude of snail N}(t) | Number of Miracidia in patch at timet,
exposure predicted as a minimum, average and
maximum values, with a 95% confidente
interval.
Magnitude of| Ni(t) | Number of cercariae in patahat timet,
human exposure predicted as a minimum, average and
maximum values, with a 95% confidence
interval.
Patch-specific SL; The proportion of houses that collect their
sanitation level sewage through individual cesspits |or
another system.
Snail density at s} Assumed equal to the observed suscepfible
time-stept for patch snails for each month between July 2010
[ and June 2011 (Figure 6.4).
Parameter Symbol | Assumptions(w,, @, wy) (data source) Mean c
Transition rate from al,(t) | Eggs/month (6000, 7500, 9000)[204]. 6000 - pi,(t) | 500
Adult to Miracidium Probability of untreated feces getting into ;
water,pi, (t) (Figure 6.5). \/@
Permanence rate  a,, Adult life time (0, 5, 30 years) [192]. 0.98 0.004
from Adult to Adult
Transition rate from  a,, Probability of a viable miracidium finding p 0.3
Miracidium to snail B. Glabratato infect (1,ifS} > 0; 0, if
Sporocyst Si=0)[192].
Viable Miracidia capable of penetrating apd

growing inB. Glabrata(30%) [192].
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Parameter Symbol | Assumptions(w;, @, wy) (data source) Mean c
Transition rate from a3, Daily production of Cercariae by ori8. 4800 400
Sporocyst to Glabratainfected with a single Miracidium

Cercaria (70, 160, 200)[146].

Permanence rate a,, Time-span (months) of cercarial productipn 0.66 0.043
from Sporocyst tg (1.17, 2.92, 4.67) [204].

Sporocyst

Transition rate from ai,(t) | Human hosts immune to infection (90%) 0.72 - pi;(t)
Cercaria to Adult (from CPgAM).
Probability of a Cercaria finding a human|to
infect, pi;(t) (Figure 6.6).

Cercariae capable of penetrating and

developing in a human (0.8) (from
CPgAM).
Carrying Capacity K Asymptotic number of Sporocysts per snailk} = 20,9 - S}
(2)[192].
Snail density at time-step t for patchS},
(Figure 6.4).

Immune snails (10%) (from CPgAM).

Migration rates off my; Distance between patchesD;; (from | m;;

Sporocysts among Geographic Information System). = exp(_pilj/“’“)
patches

Periodic PZQ drug a, Frequency at which PZQ is periodicallyVaries according
treatment given to infected humans (scenario). to scenario (see
Proportion of infected humans that are section 6.3.2)

treated (scenario).
PZQ-induced death of Adult Parasites

[192].
Mean parasite load u Total number of individuals in a data det 114
per human (597) [204].

Total number of parasites in the same data
set (67908) [204].

Metapopulation N, ., | Prevalence rate upper threshold in human 159799
explosion threshold population (25%) [129].
Mean parasite load per human (114) [204].
Total of registered people in the four patches
(5607) [201].
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Parameter Symbol | Assumptions(w;, @, wy) (data source) Mean c
Metapopulation Nyeye | Prevalence rate lower threshold in human 31960
guasi-extinction population (5%) [129].
threshold
Initial conditions Description Mean c

NME(0) Initial abundance of Adult Parasites in Merepe Il 798

NF4(0) Initial abundance of Adult Parasites in Salinas. 14763

N;9(0) Initial abundance of Adult Parasites in Soco. 5472

NFA(0) Initial abundance of Adult Parasites in Pantanal. 2280
N£(0), N£(0), Ni(0) | Initial abundance of the remaining stages for |all 0

patches.

6.4 Results and Discussion

6.4.1 Risk quantification and evaluation

Here, we present the main risk results of eachasteand a comparison between each
of the results and Scn-0. Table 6.2 shows the roptdation structure at the final time-step of
the Scn-0 simulation to identify the most suitapétches where an SM population might be
able to grow. Indeed, Salinas is the most suitpbteh for SM to grow and persist, followed
by Soco, Pantanal and Merepe lll. Patch-specsicmeduction actions would work best if they
follow this order of priority.

Table 6.2. Metapopulation structure at final timtegs

Population Min -SD Average +SD Max
Salinas 51,259 60,612 64,95( 69,288 95,456
Soco 39,211 45,901 48,794 51,68y 69,586
Pantanal 31,152 36,842 38,994 41,146 51,505
Merepe IlI 7,859 11,073 14,414 17,75% 76,755

To evaluate the efficiency of drug treatment iredise control, one should examine Figure
6.7 and Figure 6.8, which illustrate a projectidrS® metapopulation abundance in PG and
time to explosion, respectively, i.e., a cumulagpvebability distribution for the time to exceed
an average prevalence of 25% infected humans inTR&points between Scn-1a and Scn-1b

are a measure of uncertainty for BMH’s action plahich should be compared to Scn-0, which
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represents a do-nothing plan. According to Figuie 6 is useful for BMH'’s plan to maintain
an abundance of approximately 30,000 and 140,00Qenhmately after and before treatment,

respectively. Figure 6.8 shows that BMH’s plan gigantly reduces the time to explosion.

2,0E+05 - =4 Scn-0 upper bound

1.8E+05 - ~*~Sen-0lower bound

=—Scn-la

1,6E+05 -
* Scn-1b

1,4E+05 -
1,2E+05 -

1,OE+05 -

Abundance

8, 0E+04 -

6.0E+04 -

4,0E+04 Scn-1b

2,0E+04

0,0E+00 T T T T T T T T T |
0 24 48 72 96 120 144 168 192 216 240

Time-step (months)

Figure 6.7 - Summary of the abundance of the metalption in Porto de Galinhas as it
changes over time for the Brazilian Ministry of htha plan (points between the pessimistic Scn-1a
and the optimistic Scn-1b) compared to a do-notipitagy (Scn-0). The area between the dotted lines
of Scn-0 represents a measure of uncertainty fim-aothing plan. The area between the solid lines
of Scn-1a and Scn-1b represents a measure of agrfor the Brazilian Ministry of Health’s plan.
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Figure 6.8 - Time to explosion, i.e., cumulativelpbility distribution for the time that the
metapopulation size will exceed the explosion tiokes(or 25% prevalence rate in PG). The average
(solid lines) and 95% confidence interval (dottek$) are all output for each scenario. Each pant

the solid line of a scenario can be interpreteditis expected a Y probability that the
metapopulation abundance will exceed 159,799 ibafore the time-step X".

Other important results are as follows: Scn-1b eauthe explosion risk (i.e., the
probability that the prevalence rate will excee@2b or before 240 months) to be reduced by
96% when compared to a do-nothing plan; the metapbpn extinction risk is zero for all
scenarios; and BMH’s action plan alone (i.e., withionprovements in SWCSs) is not useful
to maintain the prevalence rate under 5%).

A sensitivity analysis of gradual decreases inghaportion of houses with no sewage
collection (1 — SL;, for all i) showed that partial improvements in SWCSs foipatches do
not cause a significant difference in maintainihg prevalence under 5%, even when in
combination with periodic PZQ treatment, i.e., pinevalence decreases below 5% after a mass
treatment but rapidly increases again. Such impnargs are only significant when fully
implemented, i.e., albL; = 100%. A simulation of a complete improvement in all S¥/S
showed that the prevalence would remain under 5&héhafter 17.5 months (median time to
metapopulation quasi-extinction), with no needR@Q treatment, although the disease would

not be extinct before 240 months. A simulation ofanmplete improvement in all SWCs
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integrated with periodic PZQ mass treatments shavatithe disease would be completely
eliminated between 231 and more than 240 monthsvebasidering the median time to
metapopulation extinction for an optimistic andgesstic view of BMH’s plan, respectively.
A simulation of a complete improvement in SWCs anlysalinas (most suitable patch), with
all the SWCs in the other patches left as Scn<ylted in risk curves superimposed onto risk
curves for Scn-0, showing that it is not efficidot focus limited resources on the most

susceptible patch for controlling the metapoputatignamics.

6.4.2 Discussion

The results show that BMH's plan is useful for gigantly reducing the chances of a
disease outbreak in PG, even from a pessimistgppetive. Nevertheless, BMH’s plan is not
useful for controlling SM persistence in the loegrt, even from an optimistic perspective.
BMH’s plan [129] does not objectively state its awith regard to schistosomiasis. Note that
the plan may be efficient if the aim is to mainttie prevalence rate in PG under 6% in the
optimistic scenario and 24% in the pessimistic agen even though this result does not
consider PZQ side effects (nausea, epigastric paaclache, dizziness, and drowsiness) that
would hinder the widespread use of PZQ. If the &no maintain the prevalence under 5%,
PZQ mass treatments are not useful, but a fullaovgment in SWCs alone would achieve this
aim in approximately 1.5 year. Partial improvemantSWCs proved to be ineffective.

If the aim is to drive the SM metapopulation tataxtinction (i.e., zero adult parasites),
and thus eliminate schistosomiasis in PG, BMH's\ptaequally as efficient as a do-nothing
plan. Managers should thus evaluate integratedegies. A complete improvement in all
SWCs integrated with BMH’s plan showed to be usefidliminating schistosomiasis in PG,
although this goal would require more than 19 yéais did not quantify the efficiency of other
control strategies (vaccination, snail control) dese they are still a challenge to science and

seldom applied by public managers [192].

6.5 Conclusions

Our model does not attempt to be precisely predictonly descriptive. It is a tool for
describing the dynamics of the system under preddficonditions for the future (PZQ
treatment plan, sanitation quality, meteorologmahditions, and rare events), for evaluating

the role of such conditions, and for producing negiinl conclusions that could be used to
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drive public health decisions. Hence, the modebisful for decisions under uncertainty, but a
careful interpretation of the results is very intpaot.

The output from the proposed model is consistettt thie literature description of what
occurred after a mass treatment of more than 3omiilumans in endemic areas of northeastern
Brazil: the prevalence rate is rapidly reduced, &ftger stopping treatment, it returns to the
original value in a few years [192]. The model fesware also consistent with our field
observations in PG: Salinas is the most suitakiehglar SM; drug treatment is not sufficient
for eliminating the disease; and sanitation quahtprovements are only useful when fully
implemented.

Some changes in the model parameters make it apfdico any landscape whesge
glabratais the main intermediate host of SM. The data #natcurrently available were not
adequate for completely parameterizing the modePfd. More extensive field surveys and
laboratory experiments are required before somanpaters can be estimated with more
confidence. In particular, the migration rates wesémated based on many simplifications.
Field studies are required for estimating moreigeemigration model parameters that consider
the differences between upstream and downstreamatioig, time-dependent migration, and
migration barriers.

The scenarios hold rainfall and sanitation at thatial levels for the entire 20-year
projection. An improved rainfall model is being @é&ped using support vector machines (such
as those made for the prediction of sea surfacpdeature [172]) that considers annual shifts
in rainfall. This improvement will make our modeltput for PG more realistic. Gradual shifts
in the sanitation parameter are not realistic beeaeal changes in sanitation would require the
execution of a 1-year project that will construciter and sanitation facilities, budgeted at
approximately 1 billion dollars [206]. If effectilye executed, this project would rapidly
improve sanitation levels in all four patches fralmost 0% to 100%. According to our model
output, this measure alone would decrease preval@te to less than 5% after approximately
19 months.
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7 POPULATION DYNAMICS OF THE SHORTFIN MAKO SHARK IN
THE SOUTH ATLANTIC OCEAN: A QUANTITATIVE ECOLOGICAL
RISK ASSESSMENT UNDER SEVERAL HARVEST REGIMES

In the date of publication of this thesis, this jufes was being considered as an original
research article for publication in the journal F2.ONE.

Tunas and tuna-like species are an important foodce, used mostly for canning and
sashimi, and, due to their high economic value artknsive international trade, are an
important global commodity. Most of the world’s cla¢s of sharks are taken incidentally by
tuna fishing gear, constituting bycatch that ineemathe extinction risk of several species of
shark. This not only alters ecosystem functionsdomyoving top predators, but may also hinder
the industry production itself due to cutoff measuset by international authorities (i.e., if a
bycatch species population declines to less th&s@dts undisturbed abundance, fishing must
stop). Thus, risk assessment of bycatch spec@sngsjor interest and relevance for both shark
conservation and tuna industry production. Thisepdpcusses on a very important bycatch
species of worldwide tuna fisheries, i.e., shortfiako shark. We propose and describe in
details a stochastic model to simulate female @il abundance of shortfin mako shark over
the years under varying harvest regimes and conteasures. The flexibility of the model
makes it practicable to simulate hundreds of scesguick the most relevant ones, analyze and
compare their results (e.g., added risk of poputagxtinction caused by a given harvest
regime, median time to extinction, expected minimbimmass, risk of low harvest, risk
reduction caused by control measure). This is Usefuan aid for rational decisions under
uncertainty. Furthermore, we propose risk categdrie., Negligible, Vulnerable, Endangered
and Critically Endangered), which is useful forieasisk communication to interested parties.
The proposed model can be applied to any shortéikanshark population by changing initial
conditions and harvest parameters. We presenteastady with the South Atlantic population
in order to validate the model and demonstrateittzathieves its intended purpose. The model
has proven to be efficient for risk assessmentaddve management decisions for sustainable

production.
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7.1 Introduction

Fishes represent the only major food source sivdsted from wild populations [207].
Tunas and tuna-like species (hereafter referretlirzess) are an important food source, used
mostly for canning and sashimi, and, due to theghheconomic value and extensive
international trade, are an important global comityod' he tuna industry is one of the most
complex and highly dynamic of the world’s seafondustries. Tuna fishing is undertaken by
thousands of vessels in the Pacific, Indian andrit oceans, using a range of gear types (e.g.,
longline) [208-211]. The export value of tuna prothin 2004 was US$6.2 billion representing
8.7% of total global fish trade [209].

Most of the world’s catches of sharks are takemdentally by various types of tuna
fishing gear, constituting bycatch that is eithiscdrded at sea or landed for sale [212]. Bycatch
increases the extinction risk of several specieshark, altering ecosystem functions by
removing top predators [213]. In turn, bycatch alaoses economical risk to the industry itself
because of conservation limits set by the Inteomati Commission for the Conservation of
Atlantic Tunas (ICCAT), i.e., a cutoff threshold fehich fishing should stop, often set at 20%
of the unfished equilibrium abundance of relevgdcses such as the mako shark [214]. In
other words, if mako shark population declines mibwan 80% of its unfished equilibrium
abundance, tunas’ harvest must be forbidden.

This work aims at developing a stochastic modemMaluate shortfin mako shark (SMA)
(Isurus oxyrinchuspopulation dynamics under harvest regimes andralomeasures for the
future. This is useful for both the conservatiomako sharks and the sustainable management
of tuna industry.

We focus on a shark species mainly because therbd®n increasing concern about the
status of some shark stocks and the population-&#ects caused by their exploitation [212,
213, 215-217]. More specifically, it focuses on BMA for several reasons [215, 216, 218,
219]: (i) its relatively high abundance and preseimcmultiple and widespread fisheries; (ii) it
Is captured in great numbers in all oceans andsraslone of the most dominant species caught
in pelagic longlines and gillnets; (iii) it is cadsred an apex predator at the top of the marine
environment food web; (iv) female SMAs are beinggt# below the size of maturity; (v)
unlike most shark species, the SMA is economidailyortant for both its quality of meat and
fins; (vi) it is a valuable product of the peladgangline swordfish and tuna fisheries; (vii)

failures in conservation management of SMA cani¢peificant and costly.
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The proposed model considers only females becheseare the most relevant to avoid
extinction. Females are the one who produce newiduhls and keep the life cycle on. An
extreme example to explain this is a populatiorl ahillion SMAs composed by too few
females and most males. An assessment of the \popl@ation size would say SMA are not
under risk of extinction, but an assessment of feipapulation size would say otherwise. Thus,
keeping track of females is more effective to eatdquasi-extinction risk. Furthermore, most
available data is given for females only, probdidgause of the same aforementioned reason.
Hereafter, “population”, if not specified, refers“female population”.

We propose a model that describes the SMA femaieddnce for the next 100 years under
varying conditions, i.e.: (i) a benchmark sceng§8on-0) that simulates the natural population
dynamics under no harvest and causes backgroukg] (i§ varying harvest scenarios with
different harvest parameters and (iii) harvest ades with and without a cutoff threshold for
which not harvest occurs if abundance falls below i

By keeping all other parameters the sa@etéris paribus [28, 29]as in Scn-0 and varying
parameters related to harvest, we aim at assessengadded/reduced ecorisk (i.e., “the
probability that ecological adverse effects mayunar are occurring as a result of exposure to
one or more stressors” [2, 220]) caused by eacalebascenario. Likewise, by keeping all other
parameters the same and varying the cutoff thrdsheg aim to assess the reduced ecorisk
caused by this threshold that is, in fact, a comr@asure to satisfy conservation objectives.

In this way, our model is a tool for describing thgnamics of the system under varying
conditions for the future (harvest regime and duteéasure), for evaluating the role of such
conditions, and for producing meaningful conclusidinat can be used to drive management
decisions. The model is thought to be generichabit can be applied to any SMA population
(e.g., South Atlantic, North Atlantic, North Pacifioy making minor changes in parameters
and initial conditions. We conduct a case studyhwhie SMA South Atlantic population and
evaluate extinction risk and yield associated witernative decisions about harvest rates and
cutoff threshold. Therefore, the results providgdtiee simulation of scenarios in the model

are:

e probability distribution functions (PDFs) for theoportion of abundance decline

within 100 years;
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* cumulative distribution functions (CDFs) for themé to quasi-extinction (i.e., 80%
population decline) within 100 years;
e point estimates originated from either the PDFEDFs, i.e.:
o Yyear-specific risk of quasi-extinction (i.e., proiay of 80% abundance
decline);
0 median time to quasi-extinction;
0 expected minimum abundance (i.e., an estimateeo$thallest population
size that is expected to occur within 100 years).;
0 expected total harvest weight at the end of sirariat
o and year-specific risk of low harvest (i.e., thekability that the annual
harvest will be at or below a threshold measure).
» risk categories and ranking of scenarios for betisk communication to
stakeholders;
« reduced risk caused by control measures;
* suggested harvest regime that not only reduceseogatson concerns but also
achieves maximal benefits by increasing yield dlaerlong term at tolerable risk
of low harvest.

The paper is organized as follows. First, we pre\acorief review. Second, we propose a
model structure to describe the dynamics of théegysn any ocean. Third, we parameterize
the proposed model and conduct a study case iBdhth Atlantic, explaining every parameter
assumption subsection by subsection. Next, we ibestie results and their interpretation.

Finally, we conclude the work by presenting the eidmenefits and shortcomings.

7.1.1 Literature review and an overview of the proposed model

An ecological model is a mathematical expressiah¢hn be used to describe ecological

processes or endpoints such as population abuné@ndensity), community species richness,
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productivity, or distributions of organisms. Ecolcey modelling can be conducted at all levels
within the biological hierarchy (molecule, celkgue, organ, individual organism, population,
metapopulation, community, ecosystem and landsc&pedhe one hand, models at individual
and lower levels have low ecological relevance &y provide ambiguous results. On the
other, models at community and higher levels are tmmplex for structuring and
parameterization in real-world case studies. Iis $ense, recent research has shown that
population-level ecological models achieve the braske-off between ecological relevance and
tractability [20, 22, 27, 32, 33, 153].

First, our model is classified as a population nhode., a classification of ecological
models, in which mathematical expressions are tseéescribe the dynamics of a population
through population-level endpoints (e.g., abundpso¢hat one can estimate the risk of adverse
effects (e.g., extinction, quasi-extinction) onapplation caused by control variables such as
industrial activity, toxic accidents, harvestingamagement, recovery measures, pesticide use
and predatory tourism [8, 20, 22, 27, 31-33, 220}22

Second, our model is stochastic, since parametersed as random variables to account
for deviations around a central value over time tuenvironmental variation, low-frequency
events, measurement error and uncertainty. Thigssd on the following rationale. Harvesting
generally accelerates the process of extinctiod,aanadequate approach, including not only
studies of ecology and population status, but atechasticity and uncertainty, is needed to
improve the management of exploited species [Z28heries management and conservation
need to include uncertainty in the decision-malgnacess [224].

Third, we consider the effect of model uncertamby only by using random variables for
parameters, but also by making conservative assonsptfor uncertain parameters and
uncertain initial conditions due to insufficientfanmation; this is suggested by [225]. In
accordance, we believe that it is better to be @wagive and have the confidence that risks are
overestimated than ignoring the unknowns (or toeredsumptions based on the most probable
estimate) and give a chance for risk results tarmerestimated. Thus, we give answers that
may error on the high (and, therefore conservasidy). Prevention is better than cure and lot
cheaper.

Finally, our model also integrates extreme evesits;e it accelerates the process of
extinction and then should be considered for a ewmadive assessment. Most population

models often ignore the potential occurrence of ppabability, high-consequence events (i.e.,
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events, which cannot be easily predicted becauskeopaucity of data about it; one about
which we have to wait too long to collect case-dpedata, e.g., overwintering, contemporary
warming, cyclones, tornados). Such events may sawvere consequences, albeit they are much
less likely to occur. However, they do happen atespoint in the long-term, so that any attempt
to assess accurately long-term ecorisks shouldidensheir potential occurrence. Recent
research efforts have shown the importance andifggsof including improbable large events

in model-based ecological risk assessments [31-83,

Regarding similar models in the literature, evasutih the SMA is physiologically unique,
economically important, and exploited in relativdgrge numbers [218], there are few
population models for this species [215, 216]. Bhamed at diagnosing the population status
over the last 30 years by quantifying measures ssgbast and current biomass, abundance,
and trend in abundance. Conversely, we aim to tdestire population dynamics under varying
scenarios from the present to the future so tlzairitbe a useful tool for rational decisions under
uncertainty.

There are some applications of marine fish stoahgsbpulation models for risk
assessment [10, 11, 13, 31] that also look touhed, i.e., the modeling aim is to describe the
population dynamics under predefined conditionsftbe present to the future whereas past
data are used only for estimating the model pararsetnd initial conditions. They include
stochasticity in parameters and results are giveteims of probability as a measure of
uncertainty. To our best knowledge, there is ndvsnodeling applied to shark populations.

Yet, our modelling approach is similar to the twodals of herring [10, 13] in the
following aspects: it evaluates the extinction sislhused by harvest; includes stochasticity and
uncertainty in parameters; has the flexibility toclude a cutoff measure; and includes
unfrequent events that may cause recruitment &fiue., when stage-0 individuals have poor
survival due to hypothetical events such as paltyticonstruction or any human impact in
breeding areas on the coast; or environmentallydad recruitment failure such as hurricanes,
earthquakes, tsunamis). The exact cause of re@nitfailure remains a mystery and there is
no research about its effects in SMA, but we susiet recruitment failure may also occur
with SMA as happens with other marine fishes [136]2 This is speculative and may
overestimate risks, but we prefer to conservativelgsider the unknowns than ignore them
[94].
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Our approach is different in the following aspe¢isthe proposed model describes a
population of a shark species, which is the utrdd&rence because sharks and herrings have
remarkably different life histories; (ii) it moddismales only; (iii) it measures uncertainty about
the future harvest regime through a plausible rarfigeenarios; (iv) it evaluates the risk caused

by conservative scenarios of harvest regime [218].

7.2 The proposed model

The equations in the algorithm below constitute emegic model for SMA female
abundance that can be parameterized to describeytiemics of the system in any ocean.
Although the proposed model structure is thoughigtgeneric, it can be tailored to incorporate
many realistic and case-specific features sucli)asstage-structured SMA population (pups,
juveniles, mature adults, and post-reproductivétag\ii) stage-specific initial abundance; (iii)
stochasticity and uncertainty in parameters suclswasgival and fecundity; (iv) density
dependence (DD) (i.e., a change in the influena@ngffactor that affects population growth as
the population density changes [8, 27]; (v) unfeaglevents that may cause recruitment failure;
(vi) stage-specific annual harvest as a proportibthe stage-specific abundance; and (vii)
cutoff threshold for which no harvest occurs if abbance is below it. Table 7.1 summarizes the
model variables, parameters and initial conditidriise estimate of values for parameters and
initial conditions will explained in later sectianBor now, it is sufficient for the reader to

understand the first and second columns in Taldle 7.

Table 7.1. Definition of variables and parametdrse discrete time unit is 1 year.

Variable Symbol Description

Number of] N(t) | Assessment endpoint.
female Population abundance at time
SMA at time t. The sum of the number of
t females in all stages. It s

described as minimum,
average and maximum valugs
with  a 95% confidence

interval.
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Number of| N,(t) |Abundance of female SMA

female pups. It is described as

SMA in minimum, average and

stage 0 at maximum values with a 95%

timet confidence interval.

Number of| N;(t) |Abundance of female SMA

female juveniles. It is described as

SMA in minimum, average and

stage 1 af maximum values with a 95%

timet confidence interval.

Number of| N,(t) |Abundance of female SMA

female mature adults. It is described

SMA in as minimum, average and

stage 2 at maximum values with a 95%

timet confidence interval.

Number of| N;(t) |Abundance of female SMA

female post-reproductive adults. It |s

SMA in described as  minimum,

stage 3 at average and maximum valugs

timet with  a 95% confidence
interval.

Parameter | Symbol| Assumptions (w;, @, wy) | Mean Max SD
(derived from) and/or

Min

Transition a0 Survival of age 0 class (0.8Yp.87 NIL

rate  from [215]

stage 0 to

stage 1 (per

year)
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Permanence p, Annual survival rate for age 1+= Max =|= (0.924
rate in stage (i.e., 1 year or more) is in theD.875*(2 | 0.97*(21 | —
1 (per year) range of 0.78-0.97 [215], thu®-1)/20 =|- 1)/21 =| 0.739)/6
we assume mean = 0.875. | 0.831 0.924; =0.031
Median (50%) age at maturity Min =
for females is in the range of 0.78*(19
19-21 years [227], thus we -1)/19 =
assume mean = 20 years. 0.739
Transition a,; | Annual survival rate for age 1+= Max =|= (0.051
rate  from is in the range of 0.78-0.9Y0.875/20 | 0.97/19 =| —
stage 1 tg [215], thus we assume mean = 0.044 | 0.051 0.044)/3
stage 2 (pe 0.785. =0.002
year) Median (50%) age at maturity
for females is in the range of
19-21 years [227], thus we
assume mean = 20.
Permanence p, Annual survival rate for age 1+= Max =|= (0.849
rate in stage is in the range of 0.78-0.9Y0.875*(6 | 0.97*(8 —| —
2 (per year) [215], thus we assume mean = 1)/6 = 1)/8 =|0.729)/3
0.875. 0.729 0.849; =0.04
Age that female SMA reach
sexual mortality is within the
range of 25-27 years, [22§],
thus we assume mean = 26.
Average duration in stage 2|=
26 — 20 = 6 years.
Max duration in stage 2 = 27|—
19 = 8 years.
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Fecundity f Litter size ranges from 4 to= Max =|= (4.583
rate  from 27.5 and mean litter size €12.5/3)* | (27.5/3)* | —
stage 2 to ( 12.5[229]. 0.5 =1 0.5 =|2.083)/3
(per year) Reproductive periodicity (82.083 4.583 =0.833

years) [215].

Probability of producing a

female pup = 0.5.
Transition ass, Annual survival rate for age 1+= 0.875/6| Min = | =(0.146 -
rate  from is in the range of 0.78-0.97/=0.146 |0.78/8 =|0.098)/3
stage 2 tQ [215]. 0.098 =0.016
stage 3 (pe Age that female SMA reaches
year) sexual mortality is within the

range of 25-27 years [228].

Average duration in stage 2|=

26 — 20 = 6 years.

Max duration in stage 2 = 27|—

19.
Permanence p; Annual survival rate for age 1+0.875 Max =/ =(0.970 -
rate in stage is in the range of 0.78-0.97, 0.97 0.875)/3
3 (per year) mean = 0.875 [215]. =0.032
Carrying K The SMA biomass under=
Capacity virgin conditions| (956,777,

(956,777,000 kg) (from S6,000/205.

Table 19, Anon [215]) 031)*0.5

Sex ratio in the population (1=

female: 1 male) [230] 2,333,24

Female SMA mean8

weight (205.031 kg) (fro

length-weight correlation aZ[:j

growth function in

Parameters, Stochasticity and

Error section)
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Population | ycutoff | Unfished equilibrium| =

cutoff/quasi abundance (2,333,248) [215] 2,333,24

-extinction Cutoff threshold is often set aB*0.2 =

threshold 20% of unfished equilibrium 466,650
abundance [214]

Frequency Ff Based on population models 00.1

(per year) of other marine fishes [13, 226]

recruitment

failure

Stage 0 M™ | Based on population models 00.05

abundance other marine fishes [13, 226]

multiplier if

recruitment

failure

occurs

Initial Symbol | Assumptions Mean

conditions

Initial Ny(0) | Refers to Initial Conditions 381,279

abundance section

of female

pups

Initial N,(0) |Refers to Initial Conditions1,431,33

abundance section 7

of female

juveniles

Initial N,(0) | Refers to Initial Conditions 194,529

abundance section

of female

mature

adults
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Initial N;(0) | Refers to Initial Conditions 151,271
abundance section

of female

post-

reproductive

adults

A harvest H,,, |Estimated catches of SMAs |i250 mt
weight 2010 (2,496 mt) [215].

threshold Sex selectivity by the fisheny

for  which (1 female: 1 male) (onboard
harvest i observers data).

considered Proportion  of  minimum

low if harvest weight in 2010 tp
bellow this consider that harvest is low
threshold (20%) (from expert opinion).

The proposed model is not deterministic; it inclid@certainty. The effect of parameter
uncertainty on outcomes can be bounded by fittipgadoability distribution function (PDF)
(e.g., Normal or Lognormal) to each parameter amdsem their average value, lower and
upper ranges of plausibility. By including stocheist in parameters via Monte Carlo
simulation [180] the model is able to account facls sources of uncertainty. We fit a PDF to
each parameter using data, literature informataad,expert opinion, so parameters are random
variables following a PDF. Our model also has texilbility to include known and/or suspected
variations in vital rates (survival and fecunditgused by low-frequency, high-consequence
events such as recruitment failure.

Female individuals in the population are structurgfdur stages (pups, juveniles, mature
adults, and post-reproductive adults) based onacleristics such as their weight, survival,
fecundity and harvest rate. A summary of the ferSAI4 life history in our model is as follows
(Figure 7.1) [218]. Pups (stage 0) are born ag&hdse who survive until age 1 become
juveniles (stage 1). The juveniles who surviveliht age of 19-21, reach maturity and become
mature adults (stage 2). Mature adults who surphagluce new pups until the age of 25-27

years, when they reach sexual mortality and beqooséreproductive adults (stage 3). Post-
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reproductive adults naturally die at an averagecd@2 years. By doing so, we can project the
stage-specific population abundance using a Lefkbvnatrix (also known as Stage matrix)

[231].

logN(2.083.0.833) logN(0.146,0.016)
0.870 logN(0.044,0.002) / Poat Y
\/"’—f/ Mature 4 |r' reproductive ]
o Pnps , \ Adults :I Ad“lr$
.-" \ i
Stage . Juveniles Stagc 2 ;;" Stage 3 /
.\\_/ Stage 1 /
logh{0.831,0.031) lﬂgl\{{) 739.0.040) logN(0.875,0.032)

Figure 7.1 - Female SMA life cycle. The values alibe arrows are estimates for the
transition and permanence rates per year.

The model integrates DD. Authors of fish case @sidiad difficulty choosing the DD
parameters. Most assumed Ceiling-type DD [220] bee# is conservative in that productivity
is likely underestimated at low density, and, hetioe risk of extinction will be overestimated
[221]. This is reasonable because other types ofiidiease vital rates at low density. For a
conservative approach, we also assume Ceilingdfpeln the ceiling model, vital rates are
not affected until the population reaches the ¢agrgapacity. If the population grows so much
that it reaches the carrying capacky,then it remains at that level until a populatdecline
takes it below this level. In this case, the cagycapacity acts as a population ceiling [220].
These conditions are modeled in the first and sgsteps of the algorithm below.

Now let N;(t) be the abundance of females in stagd& the abundance of female
population;s; the survival rate (per year) of females in stagethe permanence rate (per year)
of females in stage f the fecundity rate (pups per year); the transition rate (per year) from
stageg to stage, wherei is the line and the column in the matriX is the carrying capacity
(i.e., the level of abundance above which poputatemds to decline [220]k; is the harvest
rate for stage; N“°// is the abundance threshold for cutoff; &id is the frequency per

year that recruitment failure occurs. Note thaf = sq; p1 = S; — a1, P2 = Sy — a3,; and

pP3 = Ss.
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The following algorithm represents one replicatiimn stochastically simulating the
population model. Each equation of the algorithr lbé further explained in more details. For
each iteration, repeat the following steps foi:all

) If N < K, then make:

[No(t + 1)] 0 0 f 0 [No(t)
Ny (t+1) _|%0 P2 0 0[N (D) (7.1):
N, (t+1) 0 a; p2 O lNz(t) e
N3(t + 1) 0 0 asz; p3llN;(t)
No(t + 1)] [NO (t+ 1)] 1—hy
cuto Nl(t +1) _ Nl(t +1) 1-h
b. If N > N/ then mak Nz(t+1)J_[N2(t+1) *|1—h, (7.2).
N3(t+1) N3(t+ 1)1 11— h;
[No(t +1) 0.169
i) Otherwise x;g N B = [k7|0678 (7.3)
Ni(t+ 1) 0.068

i) Generate random numbérfrom a uniform distribution

r IN(E+1D)| [N (t+1) 1
a. fU<F™, then.lNz(t L )|= lNZ(t +0l*| 1 (7.4).
N;(t+ 11 INg(t+ 1) 1

Equation 7.1 is a Lefkovitch matrix [231]. This edon describes the natural dynamics

of the population.

Equation 7.2 describes the effect of harvest. Harwethe simulation was structured to
reflect age selectivity by the fishery. For eachnsgio, harvest was included by removing a
certain proportion of the stage-specific populaterery year, and a cutoff threshold was
included to simulate a control measure in whichhaovest occurs if the abundance declines
bellow this threshold.

Equation 7.3 describes the DD effect. The constantsquation 3 refer to the stable
population distribution (i.e., the proportion otdimiduals in each stage when the population
dynamics reach a stationary state, i.e., 16,9%0a6&,8% juveniles, 8,6% mature adults and

6,8% post-reproductive adults). This distributienbiased only on the stage matrix for the
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benchmark scenario. It is the result of matrix gsial (eigen analysis). For more details see
references [96, 221, 232].

Equation 7.4 describes unfrequent events that aagseitment failure. This is modelled
via Bernoulli trials [146, 221].

7.3 Case study

We conduct a case study and parameterize the mopoedel to the South Atlantic as

described in the next subsections.

7.3.1 Materials and Data Sources

Information used in the modeling is derived fromvesal public sources. Estimates of
parameters related to the harvest distributiontafes and sex were derived from onboard
observers data made available by the Brazilian $thypiof Fisheries and Aquaculture [233].
An onboard observer after each set filled out tiglboks. Data included individual records of
33 vessels in the South Atlantic that registeretd 246 SMAs catches between December/2004
and February/2009. Useful information to this wimiiluded: the vessel identification, onboard
observer identification, date, location of fishigipund (latitude and longitude), effort (number
of hooks), fork length (cm) and sex (male, femaleat available).

To translate information given in terms of lengtkoi weight or age and the inverse, we
use the length-weight correlation [234] (Equatfos) and the 3-parameter Gompertz growth
function for SMA, [235] (Equation 7.6), which pratkd the most biologically reasonable
estimates for females, i.e., respectively:

WT =5.2432 x 1076 x (FL)3147, (7.5)
where: WT = Total weight; FL = Fork length (i.ehgtlength of a fish measured from the tip of
the snout to the end of the middle caudal fin r@yd is used in fishes in which is difficult to

tell where the vertebral column ends [106]

L(t) = LyeS@¢") andg = lnL°°/LO, (7.6)
where: t is the age (yearg); = 88 cm;L., = 366 cm; andk = 0.087year 1.
From the female total catches, only 7,359 had tfuek length measured, so that we

calculate (respectively for age 0, juvenile, matadalt and post-reproductive adult): the annual
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catch distribution among stages, i4C; = [6.0%, 92.2%, 0.4%, 1.5%] and the average weight
of each stage (kg), i.e.: 6.7, 113.9, 329.5, 41IMBs, stage-specific harvest rates are estimated
for a specific scenario as follows:

h = (population harvest rate per year for the specific scenario)X Yy N;i(0)XAC; (7 7)
l - .
N;(0)

A catch time series for the South Atlantic [215bwais that 2,946 metric tons (mt) of
SMAs were harvested in 2010. They assume no segtsaty by the fishery, then half of these
catches are considered females (i.e., 1248 mg)vtdue is not a parameter of the model. It is
just an indicator for comparing the total numbeSMAs removed from the population in the
first time-step of each scenario simulation, assigntinat the first time-step is 2010. By doing
so, we want that the simulated harvest in the fiins¢-step to be close to the estimated harvest
in 2010 according to ICCAT [215], then to estimiie proportion of the population harvested
in 2010 and to use this proportion to consolidaieést scenarios for the future. However, the
methods for catch estimates [215] are not clear.dé/aot know if they consider SMAs that
are discarded at sea, then we conservatively asthaheeal catches are at least greater than
catch estimates as follows.

Bycatch of SMAs results in substantial number of/A&Mbeing discarded dead or dying
every year. Quantifying total harvest from bycatckhallenging because comprehensive data
on these discards are unavailable [219]. We assumhenortality of SMAS is greater than catch
estimates [215] for two reasons: estimates arermetestic and may not include uncertainty
about (i) post-release mortality [210, 219, 236] &) the catches of sharks that were illegally
discarded at sea to make space for tunas in thedre

We interviewed an observer and data monitor thakeaonboard of the Japanese tuna
longline vessel Kinei Maru 108 that had capacitytiock 200 tons of fish meat. This is the
same observer in recent news about irregularifi@amanese vessels fishing in Brazilian waters
[237, 238]. He stated:‘do not know how many. We (observers) cannot tegikat. | just
know that many sharks, including the makos, areadted at sea after they were stocked in
the freezer. The Master wants to catch tunas toennadre money. If at the end of the voyage
there is not enough space for tunas in the freahes; are going to discard sharks for making
space in the freezer for tunas. The same situdid@pens in most vessels and these sharks are
not included in public data.

Estimates of initial abundance and carrying cagawkere derived from a stock

assessment conducted by ICCAT [215]. Estimatesacdmeters related to the ecology and
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population dynamics (i.e., natural mortality, agel growth, reproduction, stage-specific life
span, age at first maturity, age-weight) were datifrom literature. Table 7.1 describes the
model parameters and their source of informatiam.tke cases where there is more than one
source of information for the same parameter, veeiag the one with the wider confidence
interval in order to be more conservative. We Ueedoftware RAMAS Metapop v.6.0 [96]
that is a computational tool for population modahstruction and probabilistic simulation via
Monte Carlo methods [180].

7.3.2 Parameters, Stochasticity and Error

Table 7.1 presents the parameters governing theantgs of the system. Some
parameters were estimated based on a mean valuwelaerd on a lower limit, mean and upper
limit (w;, @, wy) provided in the literature. To make the latteshabilistic, we consider that
they have a truncated normal distribution and thiaé error (mako — w;, wy —

o, (wy — wy)/2]) corresponds to ac3interval; therefore, such parameters will be ramlyo
selected to fall between their limits in 99.865%elications. It is believed that one can make
good use of a Gaussian approach in vital ratesusedhere is a reasonable reason for random
values not to be too far away from the average,there are biological limitations preventing
very large deviations and natural forces of equiim bringing vital rates back to their average
values [94]. For probabilistic simulation, the sadte converts the normal distribution of vital
rates into a corresponding lognormal distributidhis conversion avoids bias resulting from
truncation because > 0 [221, 239].

As for improbable large events (Equation 7.4), w&uane that the population is exposed
each year to a 10% probability of recruitment fal(i.e.,F™/ = 0.1/year) that decreases stage
0 abundance to 5% of the value expected if thedebe®n no such event. Carrying capacity
(K) was estimated (Table 7.1) based on the pomnabiomass provided by the stock
assessment (i.e., 956,777 mt from Scenario-6 greate [215]) under virgin conditions (the
current population abundance if there was no fiphiMost simulation scenarios included
annual harvest that prevented abundance from megtie ceiling defined by K, thus DD does

not influence the results of management strategies.
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7.3.3 Initial Conditions

First, we derive the initial population abundanoaf the stock assessment by ICCAT
[215]. They simulated 13 scenarios with varyingamaeters and provided the SMA biomass in
2010 as result of each simulation. We considereffext of uncertainty in initial biomass by
using the result of the scenario with the lowesti@ai.e., 885,085 mt from Scenario-6, Table
19 [215]. Next, we assume that the initial stagstriiution is equal to the steady stage

distribution in Equation 7.3. This results in tindial conditions in Table 7.1.

7.3.4 Harvest Scenarios

From the proposed model, we simulated hundredamElst scenarios by varying catches
from zero to thirty-two times greater than catctineates in 2010.. It would not be practicable
to show results of all simulated scenarios, thend@.2 presents the parameters of six relevant
scenarios in the case study (i.e., zero, one, mwen, twenty-one and thirty-two times greater
than catch estimates in 2010), where the parargtethe harvest annual rate for stageu©ff
is the cutoff abundance threshold; total harvegtieésproportion of the female population that
is removed every year; number of catches at fiear yfemales only) is not a parameter, but a
measurement endpoint used to calibrate the prapoai female population that is removed
every year.

The number of catches at the initial time-stepe®as an indicator to compare scenarios
before simulating them. Harvest scenarios are cwvasee because they assume that initial
catches are greater than catch estimates in 2Qifbsr of catches will increase (decrease) as
abundance increases (decreases), since harvestiedad as a proportion of abundance.

Table 7.2. Harvest parameters.

Harvest Scn-0 Scn-CE Scn-1 Scn-2 Scn-3 Scn-4
scenario
Total harvest per0 0.29% 1% 2% 6% 9%
year
hy 0 0.10% 0.34% 0.67% 2.02% 3.03%
hy 0 0.40% 1.39% 2.87% 8.34% 12.51%
h, 0 0.01% 0.04% 0.08% 0.25% 0.38%
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Harvest Scn-0 Scn-CE Scn-1 Scn-2 Scn-3 Scn-4
scenario
h 0 0.06% 0.21% 0.41% 1.24% 1.87%
Number of| 0 6,259 21,584 43,168 129,505 194,257

female catche

1°2)

at first year

Number of timeg 0 1 4 7 21 32
that simulated
catches are
greater thar
catch estimate
[215]

[92)

The real number of SMA catches is uncertain. Asgsesated by [225], the effect of
parameter uncertainty on outcomes can be consideyedonsolidating scenarios with
parameters chosen from the lower and upper rangaaoiibility. From discussions with
onboard observer, it is plausible to assume ttataaches in 2010 are not smaller than Catch
Estimates (CE) and not greater than seven tim&gdtconsolidate two scenarios (Table 7.2)
to represent the range of plausibility (i.e., Sda-&hd Scn-2) as well as four other relevant
scenarios: no-fishing (Scn-0); an intermediate witkin the range of plausibility (Scn-1, i.e.,
initial catches are four times greater than CE)essimistic one above the range of plausibility
(Scn-3, i.e., twenty-one times greater than CE(l, @m extremely pessimistic one (Scn-4, i.e.,
thirty-two times greater than CE).

By simulating Scn-0, we aim at evaluating the ratpopulation dynamics, quantify its
background risks and the added risk caused byedlhant scenarios when compared to
background risks. By simulating Scn-CE, Scn-1 aad-& we aim to propagate the effect of
uncertainty about real catches. It is improbabbg tieal catches will be out of the assumed
range of plausibility between Scn-CE and Scn-2. el@mv, a conservative manager may think
it is necessary to evaluate the improbable. Thysidoulating Scn-3 and Scn-4, we intend to
meet the needs of conservative risk managers asidage if such heavy harvest regimes are

sustainable.
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We simulate all harvest scenarios with and withoutbff to evaluate the maximum
reduced risk caused by this management threshatdshin fact, a control measure to satisfy
conservation objectives. The quantified numbemasgo on two-sample Kolmogorov-Smirnov
test [96].

7.3.5 Proposed Risk Categories

We aim to categorize risks so that results candigebinterpreted by risk managers,
society, and other interested parties. We make straeges to the categories of risks assigned
by the International Union for the ConservatioNafture (IUCN) [127] in order to adapt them
to our case, i.e.,; undesirable consequence “gudsietion” instead of “extinction”; and
additional risk instead of absolute risk. It is onfant to note that the proposed categories are
more conservative than the IUCN categories. Therlare used to classify species affected by
a whole range of environmental changes and huns&orbance at regional [181] or global-
levels, whereas the former is proposed to classks caused by a single stressor (harvest) to
a single population, which is our case. Then, vappse the following risk categories:

- CRITICALLY ENDANGERED (CR): more than 50% additidrnarobability of quasi-

extinction within 3 generations (i.e., median titnequasi-extinction is shorter than 3
generations);

-  ENDANGERED (EN): more than 20% additional probalibf quasi-extinction within
5 generations;

- VULNERABLE (VU): more than 10% additional probalyliof quasi-extinction within
5 generations;

- NEGLIGIBLE (NE): less than 10% additional probatyilof quasi-extinction within 5
generations.

We assume that female SMAs have a generation tin2® gears [106] and harvest

scenarios that cause NE risks are considered sabtai
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7.4 Results and Discussion

Figure 7.2 illustrates a projection of female SMx@emmge abundance in the South
Atlanticas it changes over time for several hargesharios (Scn-0, Scn-CE, Scn-1, Scn-2, Scn-
3 and Scn-4, respectively, 0%, 0.29%, 1%, 2%, 683 of the population removed every

year).

2,50E+06

2,00E+H06

5 1,50E+06

1.00E+06 =8—Scn-CE = Scn-0

Female SMA abundance

Sen-1
—t—Scn-2
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Figure 7.2 - Female SMA average abundance for eglegcenarios.

The Scn-0 curve represents the population dynarisfishing occurs. Scn-0 curve is
superimposed on Scn-CE, which shows the populadramics if real catches were as
described by landing data. The abundance reactdsmamic equilibrium at the carrying
capacity.

The range between Scn-CE and Scn-2 (2% annual dtaiugrves is a measure of the
effect of uncertainty about real catches. An anhaalest between 0.29% and 2% would cause
the expected population abundance in 100 yearsrioiriate between 2,198,456 (biomass =
450,752 mt) and 2,089,189 females (428,349 mt):.15A% annual harvest) is an intermediate
scenario within the plausible range of uncertaimtyile Scn-3 and Scn-4 (6% and 9% annual
harvest, respectively) are improbable scenariogwshow rapid population decrease in case

of heavy harvest regimes.
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Table 7.3 summarizes the main risk results, i@bgbility and time to quasi-extinction
(80% decline) within 100 years, and expected mimmabundance. Values with a + or —
symbol mean that they are being compared to thehmeark Scn-0, except for the maximum
effect of cutoff measure, which is being compamedhie same scenario without cutoff. The
maximum effect of cutoff is measured as the maxinreduced risk of a scenario with and
without cutoff. The reported number is the KolmageSmirnov test statistic D (which is the
maximum vertical difference between risk curvesisddl on a two sample Kolmogorov-
Smirnov test [96]. The approximate location (pofrét which maximum reduced risk occurs,
I.e., percentage of decline) is also given.

The risk of harvest scenarios are indicated botladubtional risk of quasi-extinction
compared to the benchmark (Scn-0) and as redugeetd minimum abundance compared
to Scn-0. The median time to quasi-extinction iswdated from the CDF for the time that the
population size will fall bellow the quasi-extinati threshold. Only Scn-4 had the median of
its distribution shorter than 100 years, i.e., 5@%bability of quasi-extinction within 56 years.

All other scenarios had less than 50% probabilityu@si-extinction within 100 years.

Table 7.3. Summary of risk results.

Harvest Scn-0 Scn-CE Scn-1 Scn-2 Scn-3 Scn-4
scenario

Risk of quasi-| 0 0 0 0 +0.106 +0.878
extinction

Risk category NE NE NE NE VU CR
Median time| >100 >100 >100 >100 >100 56
(years) to quasit

extinction

Expected 332,785 -5,007 -16,704 -35,012 -162,308  -252,054
minimum

biomass (mt)

Maximum effect| Not Not Not Not -0.057 risk| -0.721 risk
of cutoff | applicable | significant | significant | significant| of 83%| of 87%
measure population| population

decline decline
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Expected yield Not 73,660 241,554 469,821 1,000,000 886,04
(total harvest applicable

O1

weight (mt))
Risk of low| Not 0 0 0 0.132 0.887
harvest € 250| applicable
mt)

The Scn-3 and Scn-4 curves (Figure 7.2) represamtobable scenarios, but are useful
to describe an overfishing situation in which tlogpplation rapidly declines to, respectively,
1,260,764 (258,496 mt) and 519,322 (106,477 mtafesm Scn-3 causes an additional 10.6%
risk of quasi-extinction within 5 generations, thers classified as VU. Scn-4 causes 56.2%

probability of quasi-extinction within 3 generatgrso it is categorized as CR.

7.4.1 The effect of the cutoff threshold measure

We quantify the maximum effect caused by the cutofinagement threshold. We
simulate all harvest scenarios with and withoubffutompare their risk of population decline
and measure the maximum reduced risk and the pbimhich it occurs (Table 7.3). For Scn-
4, the cutoff measure reduces by 72% the risk &6 ®dpulation decline. For Scn-3, it reduces
by 5.7% the risk of 83% population decline. For ather scenarios, risk reduction is

insignificant.
7.4.2 Harvest Results

These results are useful to yield management. e gf SMA is not only important as
a secondary product, but also as an indicator ifedld yof tuna, since SMA are bycatched by
various types of tuna and tuna-like fishing geanud, changes in SMA harvest means
proportional changes in tuna harvest. The numbesMA catches as a proportion of tuna
catches depends on several specific factors suttteagssel fishing gear and fishing grounds.
Thus, the vessel interested in how the presentedl Bvest results impact their yield of tuna
should make their own estimates.

Scn-0 is not applicable here since it is not adyeg scenario. Figure 7.3 shows, for each

harvest scenario, the expected total weight of dsiras a function of time. The harvest is
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calculated based on the average weight of eacle ¢Mgterials and Data Sources section).

Total harvest for the 100 years of simulation askl of low harvest are presented in Table 7.3.

250E+07

2.00E+Q7

; 1.50E+07

erage annual harvest

£ 1.00E+07

A

5.00E+06

0.00E+00 o
0 10 20 30 40 50 60 70 80 90 100
Time (vears)

Figure 7.3 - Average weight of female SMA harvest &unction of time for each harvest
scenario (Scn-CE, Scn-1, Scn-2, Scn-3 and Scn-4).

At the beginning of the 100 years simulation, iexpected that Scn-4 yields the most,
but the population rapidly drops (Figure 7.2) aneintharvest decreases (Figure 7.3) until it is
lighter than Scn-3 at year 25 and than Scn-2 at§@aThe results suggest that harvesting 6%
of the population every year (Scn-3) is the redinat causes the heaviest yield, with significant
risk of low harvest (13.2%). Harvesting 2% everalyéScn-2) causes a good and consistent
yield every year and no risk of low harvest.

Therefore, it is suggested a harvest regime thatesponds to remove 2% of the
population per year (Scn-2), thus providing maximexpected yield at negligible risk
(sustainable production) and no risk of low harv8sh-CE and Scn-1 are also sustainable, but
yields are low and might not satisfy the demand-$@and Scn-4 are not good for both
conservation and production because: (i) they atesustainable, i.e., Scn-3 is categorized as
VE and Scn-4 as CR; (i) although Scn-3 maximizetdy it causes a considerable risk of low

harvest (13%); and (iii) Scn-4 does not provide imasn yield and risk of low harvest is high
(89%).
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7.5 Conclusions

This paper deals with a very important bycatch ssecf worldwide tuna fisheries. Its
capture is of major conservation concern, thusghigect is of major interest and relevance for
pelagic fisheries and for their management. Yetd,ttethodology to approach the problem is
innovative.

The proposed model can be applied to any SMA pdipualay changing initial conditions
and harvest parameters. We conducted a case sitidthe SMA South Atlantic population in
order to test the model and found consistent r@sult

The model is most useful for risk managers as driasirational decisions about harvest
regimes under uncertainty. The flexibility of theodel makes it practicable to simulate and
evaluate hundreds of scenarios and analyze trsittse The risk results of relevant scenarios
can be translated into risk categories for easiennsunication to stakeholders. The model
flexibility also allows for update of parameters ramv data becomes available every year.
Private companies interested in sustainable pramucen thus register data of SMA bycatch
and use them as an input in the model, which ishnmgre reliable given that the public data
used in our study provide SMA landings (i.e., theynot show SMAs discarded at sea).

It is very difficult to discuss our model advantage improvements relatively to others
already proposed and accepted in previous ICCAdksassessment of the species [215, 216]
because their model structure and parameterizasonot clearly described. Thus, one
advantage of this work is that we present a cleathodology to build and parameterize the
model. We provide a detailed step-by-step procettureplicate the model.

It is important to note that the proposed modeliitis the main contribution of this work,
not the case study. By means of the case stuahjhich we use limited public data, we calibrate
and validate the model. It is not our aim neitleeptedict the real SMA population abundance
in the South Atlantic nor to conclude whether taey really endangered by tuna fishing or not.
The results of the case study prove that the misddile to generate consistent results and that
is all. However, the model is clearly described aad be used in future works together with
more data gathering for quantifying the real ri§lSMA extinction implied by tuna fishing.

This work focused on a single species, thus i faladdress more complicated problems
that involve environmental variability, spatial .gtture, and changes in productivity due to
habitat modification. A multi-species model at giem-level that includes tuna, tuna-like

fishes and other shark species would better represality. However, there is no such model
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applied to pelagic fisheries management, mainlyabse of limited information in the field of
Ecology to quantify the interaction among thesecise
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8 CONCLUSIONS

It was proposed a methodology capable of quantfyilsks in systems where the
biological environment (plants, animals, microbas® involved and susceptible to human
disturbance. By means of probabilistic ecologicaldeding, risk could be quantified as a
measure of probability and undesirable consequewneetime. The main goal was to provide
a systematic way of conducting either an ecologacainicrobial risk assessment based on
ecological modeling and proving its efficiency ypdying it to four case studies in different
Brazilian problems (chapters 4, 5, 6 and 7). Ath case studies, each one of them had its
specific conclusions (see sections 4.4, 5.4, 6d57ab).

As to the theoretical background (chapter 2), it weovided a detailed review on the
basic concepts of ecology, risks, risk assessmeattitative risk assessment and QERA. This
is mostly useful for engineers, biologists, oceaaphers and researchers starting in this field
of study. It was given several basic referenceschvivill probably save lots of time of new
researchers conducting a bibliographic review is field.

As to the proposed methodology (chapter 3), itdpeific goals such as:

» It can integrate reliability analysis for estimatifrequencies of occurrence of
accidental scenarios caused by equipment failureigran error.

e |t can integrate meteorology and oceanography $bimating frequencies of
occurrence of environmental extreme events.

» [t can use fate and transport modeling to preditividual-level exposure in case
of a particular toxic spill scenario.

e It can use dose-response modeling and hazard quatieestimate individual-
level adverse effects.

» It uses population modeling to translate individigadel into population-level
adverse effects.

e It provides results that allows for the comparisdrthe added risk caused by
varying impact scenarios as well as the reducddaasised by varying control
measures, as a basis for prioritizing risk manageémeeasures under limited

resources.
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» Itis capable of presenting the total ecologicsisiof an establishment in a single
risk measure (i.e. FN risk curve), as a simple w@yommunicate risks to
stakeholders.

» It deals with environmental variability in time asdace.

« It can point out further work that can effectivatyprove results via a sensitivity
analysis.

» It can deal with uncertainty, measuring it and camioating it to risk managers
on a quantitative basis.

« ltis flexible in terms of data needs, i.e., caa ssveral types of data.

» It is flexible in terms of application, i.e., cae ldapted for application to any
system where the extinction/explosion, quasi-etméexplosion or
decline/increase of a population of a certain sg®ecis an undesirable
consequence.

* It uses objective criteria throughout the secohuldtand fourth steps in order to
rule out accidental scenarios that will not conttéto the final ecological risk,
avoiding waste of cost and time.

» Itwas tested and validated by applying it to foase studies in different Brazilian
problems, proving that the methodology is efficjdigxible and applicable in
practice.

Additional benefits of the methodology are desatilseep by step as follows. The first
step of the methodology allows for an improved klealge about dangerous installations or
activities, chemicals of concern and charactegstit the ecological environments possibly
affected. It also encourages interaction of thieassessor with other professionals such as risk
managers, environmental managers, ecologists, itsdhmanagers and operators. The second
step allows to systematically identify the existimagards and their possible damage, causing
an improved level of preparation to emergencies.

The third step provides a screening assessmehé @dological damage possibly caused
by the identified hazards. It provides methods redpet individual-level exposure. Most of
these methods are deterministic and some uncertiairthe results of the risk assessment is
originated from their predictions. Uncertainty damreduced by identifying the most influent

meteorological conditions and creating meteorolaigscenarios.
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The frequencies of extreme events are estimatie ifourth step. Also, some uncertainty
in the results of the risk assessment is origindtech frequency estimates. This can be
minimized by conducting a detailed case-specifi@bbdity analysis.

The fifth step of the methodology uses mathemativadieling applied to ecology (i.e.
population modeling) to translate individual-lewposure (predicted in the third step) into
population-level effects. Population modeling prdvte be an efficient approach to quantify
ecological risks caused by human impact, providiagults in more relevant units than
individual-level effects. The iterative process implementing a population model was
presented in a comprehensive scheme.

Some uncertainty in the final results of the QERAdriginated from uncertainty in the
population model, which is originated from: difflies in data gathering; difficulties in
parameter estimation; weak ability to validate gapan models; effects of alternative model
structures. Nonetheless, uncertainty is an indelgblaracteristic of any future prediction. It
does not make population modeling unfeasible ag &mit is evaluated and communicated to
decision makers. To make this claim, one needsrtectly represent uncertainty in the results.
In this sense, the methodology measures uncertajngstimating a range (lower bound and
upper bound) to risk measures based on the bestastl case of impact scenarios.

Besides being useful to a QERA for industrial aenid, the population model built in
the fifth step provides relevant information to Ki@c many key gaps in environmental
management, such as: optimal resource allocatiormionitoring affected areas, optimal
management of threatened and endangered specigsuwmpcontrol of undesirable species,
and spatial planning for landscape restorationmaadagement.

The ecological risks originating from accidentamestablishment are quantified in the
sixth step. Risks can be assessed in a compaggipm@ach, in which ecological risks related
to each impact scenario are compared with ecolbgales in the absence of any disturbance
(i.e. a no-impact scenario). Thus, the decisionenakn evaluate different alternatives of risk
reduction via a cost-benefit analysis. It is impattto note again that the proposed methodology
is interactive, so that revaluation may occur dyiremy part of the assessment or new
information can be incorporated to improve results.

It is worth mentioning that the methodology usuakguires more than one person to
perform it. In other words, the methodology dematedsn work because specific knowledge

on several different fields of studies is necessiarynost cases, team should be composed by
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a risk assessor, a biologist, a fate and trangpodeler (e.g., an oceanographer, if toxic
disperses through the ocean), a reliability anayst a system engineer.

8.1 Limitations

« There are more complex and accurate ways of megsand communicating
uncertainty than the approach used in the methggoloe. based on the
difference between the best and worst case of agtatiscenarios).

e There are more complex and accurate ways of estighiequency of maritime
accidents than the approach used in the case stndibapters 4 and 5.

« In order to avoid waste of resources, we propos@#zard quotient (PEC/PNEC)
in the third step of the proposed methodology (eac3.3) as a first criterion to
screen out risk scenarios that are clearly notoblpm. This is based on other
studies, which have found that PEC/PNEC < 0.01visrg conservative criterion.
However, this criterion may be not conservative ugio for extremely
conservative risk assessments.

* As a second criterion, in the fourth step of thehuodology (section 3.4), we
screen out scenarios that are clearly not a proiflémir estimated frequency of
occurrence is lower that £Qer year. Unlike the first criterion, this may to®
conservative, since generic accidents have fregegtmver than 10.

* The severity classes in Table 3.3 are subjective.

8.2 Future studies

In order to tackle the limitations aforementionédis proposed the following future
studies:

» to study the several concepts and techniques @frtansty analysis in population
models, compare their performances, determine #s Wway to estimate and
communicate uncertainty in a QERA for industriatidents, and incorporate it
into the methodology;

» to study maritime waterway quantitative risk asses® models [163, 164, 240],
compare their performance, determine the best wagstimate frequency of
maritime accidents in the case studies in chaptrtd45 and incorporate it into

the case studies.
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» to propose ecological risk criteria for acceptapiln terms of the results provided
by the FN risk curve;

» to investigate the role of expert opinion (i.e. legests) in order to improve the
parameterization of a population model, focusingtbe study of Bayesian
methods to do so;

» to incorporate expert opinion in the fifth stepe(ipopulation modeling) of the
methodology using Bayesian methods.

* Inthe case of the criterion PEC/PNEC < 0.01 (sec8.3) being not conservative
enough to screen out scenarios for a specificaggdessment, we suggest either
using an even lower PEC/PNEC criterion (e.g., 0)@hot using it at all, at the
chance of having to model and simulate irreleveskt scenarios.

+ In the case of the frequency of occurrence € [iér year (section 3.4) being over
conservative to screen out scenarios for a spetgicassessment, we suggest
using a higher criterion (e.g., 70 at the chance of ignoring relevant risk
scenarios.

e to propose more objective severity classes (Talde 3

8.2.1 Future applications

The proposed methodology can be applied to angsysthere humans (e.g., industry,
turism, fishing, urban environment), materials (eppllutants, drugs), physical environment
(e.g., soil, ocean, river, lake, atmosphere) amdbpical environment (e.g., plants, animals,
microbes) interact with each other. It is usefugtode many other applications in any region
of the world. As follows we suggest high relevardlgems that the proposed methodology can
assist:

* Quantifying zika virus risk of explosion in a sgecregion and the reduced risk
implied by control measures.

* Quantifying dengue virus risk of explosion in adfie region and the reduced
risk implied by control measures.

* More development on the space-time evolution ofrothe ocean, exploring its
evolution in the long-term (decades).

* More development on the schistosomiasis model,oeixy the risks caused by

events of extreme rain.
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* More development on the coral reef model, explothegrisks caused by global

warming and coastal erosion.
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GLOSSARY

Abundance: the total number or density (number per unit areairmt volume) of
organisms in a given location.

Acute toxicity: the ability of a chemical to cause a toxic respoiseorganisms
immediately or shortly after exposure.

Adverse ecological effectsChanges that are considered undesirable becaegalter
valued structural or functional characteristicecdsystems or their components. An evaluation
of adversity may consider the type, intensity, acale of the effect as well as the potential for
recovery.

Age Class:a category comprising individuals of a given agthimia population.

Agent: Any physical, chemical, or biological entity thacinduce an adverse response
(synonymous with stressor).

Age-specific fecundity:the number of eggs or offspring produced per umetby an
individual of a specified age.

Age-specific survival:the proportion of individuals of agealive at timet who will be
alive at timet+1.

Assessment endpointenvironmental characteristic or value that is tgphmected (e.g.
population abundance, species diversity, or ecesygrroductivity).

Biodegradation: a process by which microbial organisms transfomalter (through
metabolic or enzymatic action) the structure ofralzals introduced into the environment.

Biomarkers: measures of body fluids, cells, tissues or messtaken on the whole
organism, indicating, in terms biochemical, celtufahysiological, compartmental or energetic,
the presence of contaminants substances or theito@gmof the response of the target
organism.

Biota: living groups of organisms or species.

Biotic: living organisms, usually referring to the biologlicomponents of an ecosystem.

Chronic toxicity: the ability of a chemical to produce a toxic resg@when an organism

is exposed over a long period of time.
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Community: an assemblage of populations of different specighiwa specified
location in space and time. Sometimes, a parti@uagrouping may be specified, such as the
fish community in a lake or the soil arthropod coumity in a forest.

Conceptual modei A conceptual model in problem formulation is atten description
and visual representation of predicted relationrsbhgtween ecological entities and the stressors
to which they may be exposed.

Density dependencea change in the influence of any factor (a derd#yendent factor)
that affects population growth as population dgnslitanges. Density-dependent factors tend
to retard population growth by increasing mortabtyemigration or decreasing fecundity as
population density increases. They enhance populagrowth by decreasing mortality or
increasing fecundity as population density decrease

Dose:the amount of chemical taken into an organism pérai time.

Deadweight tonnage:a measure of how much weight a ship is carryingaor safely
carry. It is the sum of the weights of cargo, fuegsh water, ballast water, provisions,
passengers, and crew.

EC5y: the toxicant concentration at which 50% of the tegianisms show effects (e.g.
mortality).

Ecological entity: A general term that may refer to a species, agrmf species, an
ecosystem function or characteristic, or a spedif@abitat. An ecological entity is one
component of an assessment endpoint.

Ecological model:a mathematical expression that can be used toibesar predict
ecological processes or endpoints such as populaimndance (or density), community
species richness, productivity, or distribution®afanisms.

Ecological relevance One of the three criteria for assessment endpsahection.
Ecologically relevant endpoints reflect importarftaacteristics of the system and are
functionally related to other endpoints.

Ecological risk assessmentThe process that evaluates the likelihood thatees®
ecological effects may occur or are occurring essalt of exposure to one or more stressors.

Ecosystem: the interacting system of a biological communityd aits non-living

environmental surroundings.
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Ecotoxicology:the branch of toxicology concerned with the stuthpgic effects, caused
by natural or synthetic pollutants, to the constiis of ecosystems, animal (including human),
vegetable and microbial, in an integral context.

Emigration: the movement of an individual or group out of agaaor population.

Endpoint: the biological or ecological unit or variable bemgasured or assessed.

Environmental Impact Statement (EIS) Environmental impact statements are
prepared under the national environmental polidybgdfederal agencies as they evaluate the
environmental consequences of proposed actionss EE3cribe baseline environmental
conditions; the purpose of, need for, and consempgenf a proposed action; the no-action
alternative; and the consequences of a reasorate of alternative actions. A separate risk
assessment could be prepared for each alternatigecomparative risk assessment might be
developed. However, risk assessment is not theappyoach used in EISs.

Exposure The contact or co-occurrence of a stressor wrgtaptor.

Exposure-response assessment description of the relationship between the
concentration (or dose) of the chemical that caaskerse effects and the magnitude of the
response of the receptor.

Fate and transport model: a description of how a chemical is carried throtigé
environment. This may include transport throughldgacal as well as physical parts of the
environment.

Fecundity: the number of live offspring per individual in avgh age class that will
survive to be counted in the first age class.

Fish measurement: Standard Length (SL)efers to the length of a fish measured from
the tip of the snout to the posterior end of th& Mertebra or to the posterior end of the
midlateral portion of the hypural plate. Simply piis measurement excludes the length of the
caudal fin;Total length (TL) refers to the length from the tip of the snouthe tip of the
longer lobe of the caudal fin, usually measuredhthe lobes compressed along the midline. It
Is a straight-line measure, not measured overuhee®f the bodyFork length (FL) refers to
the length from the tip of the snout to the enthefmiddle caudal fin rays.

Geographic information system (GIS):software that combines a database and mapping
capability; often used in spatially explicit moahgi

Grow rate: the rate of change of population abundance. Depgndn the context,

growth rate could also refer to the rate of changeass or size of an organism.
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Habitat: the place where animals and plants normally liiéegnocharacterized by a
dominant plant form or physical characteristic.

Hazard quotient: the ratio of an estimated exposure concentratioddee) to a toxicity
threshold expressed in the same units.

Immigration: the movement of an individual or group into a newpuydation or
geographical region.

Indicator species:species thought to be more sensitive and thersfemee as an early
warning indicator of ecological effects.

Key species:species strategically chosen to represent ecologifects in the risk
assessment. Key species can be, for example, tadispecies that are thought to be more
sensitive and therefore serve as an early warmdgator of ecological effects, species of
scientific and economic importance, rare and enel@thspecies, or any species to be protected.

Landscape:the traits, patterns, and structure of a spec#mggaphic area, including its
biological composition, its physical environmemntdats anthropogenic or social patterns. An
area where interacting ecosystems are groupedepedted in similar form.

Life stage:a developmental stage of an organism (for examplenile, adult, egg, pupa,
larva).

Life story: the temporal pattern and habitat association®flifges (e.g. egg, larva, pupa
and adult in an insect or egg, fry, smolt, juvended adult in a salmon) and the schedule of
births and deaths for a species.

Lowest-observed-effect-level (LOEL): the lowest concentration or amount of a
substance, found by experiment or observation uthdesame defined conditions of exposure,
that causes any alteration in morphology, functiocapacity, growth, development, or life span
of target organisms.

Measurement endpoints: quantitative expressions of an observed or measured
biological response, such as the effects of a tchx@mnical on survivorship or fecundity, related
to the valued environmental characteristic choseth@ assessment endpoint.

Microbial risk assessmentithe process that evaluates the likelihood that @eveffects
on humans may occur or are occurring as a resuéxpbsure to one or more microbial
pathogens.

Migration: the movement of an individual or group into or otiin area or population.

Mortality: the number of individuals of a population that die given period of time.
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Neap tide:when the tide’s range is at its minimum.

No-observed-effect-level (NOEL)the greatest concentration or amount of a substanc
found by experiment or observation under the sasfieedd conditions of exposure, that causes
no alterations of morphology, functional capacggowth, development, or life span of target
organisms.

Organism: any form of animal or plant life.

Population growth rate: the rate at which numbers of individuals are adtiedhe
population over time.

Population: a group of interbreeding organisms occupying aq@adar space.

Predicted Environmental Concentration (PEC): the local maximum of a predicted
concentration functio(x,y,z,tyelated to an accidental scenario.

Predicted No Effect Concentration (PNEC):the concentration below which exposure
to a substance is not expected to cause adveeszeff

Productivity: the rate of production of living biomass in a p@tigdn or community.

Receptor. The ecological entity that might be exposed strassor.

Recovery. The rate and extent of return of a populatioca@nmunity to some aspect(s)
of its previous condition. Because of the dynanature of ecological systems, the attributes
of a “recovered” system should be carefully defined

Recovery measures:mitigation actions which could reduce the magnituafethe
consequences of an accidental scenario, and soedide risk.

Remedial action goals:a subset of remedial action objectives consistihnghedium-
specific chemical concentrations that are protectoi human health and the ecological
environment.

Spatially explicit model: a model that tracks spatial information (e.g. lteations of
organisms or the pattern of a landscape).

Species: An organism belonging to such a category, represenn binomial
nomenclature by an uncapitalized Latin adjectivaaun following a capitalized genus name,
as inAnanas comosuyshe pineapple, anlquus caballusthe horse.

Species richnessthe total number of species in a location or thalper per unit area or

volume.
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Spring tide: when the tide’s range is at its maximum. It ismamed after the season (i.e.
spring) but, like that word, derives from an earheeaning of jump, burst forth, rise as in a
natural spring.

Stressor:any physical, chemical, or biological entity thahénduce an adverse response
in an organism.

Survival: the number of individuals of a population that aliee after a given period of
time.

Threshold: the chemical concentration (or dose) at which ptatsar biological effects
begin to be produced.

Toxicity extrapolation model: any mathematical expression for extrapolating tioxic
data between species, endpoints, exposure duratdadsso forth. Also includes uncertainty
factors.

Toxicity test: a test in which organisms are exposed to chemicasest medium (for
example, waste, sediment, soil) to determine thextsf of exposure.
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