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Abstract

This Ph.D. thesis presents the development, testing, and application of a benthic
ecology model inside the MOHID water modeling system. The model enabled the
simulation of the aquatic rooted platwstera noltij fil ter feeders, deposit feeders, and
microphytobenthos.The modelwas developed by following the MOHID object
oriented philosophy, which enables the integration of new model components and
processes (collectively known as featur&8shematidests andgensitivity analysis were
carried out to evaluate the performance of the mole®@ model was used to answer
questions regarding the competition between macroalga&@stdra noltiiin Ria de
Aveiro, Portugal. The results showed tlaistera noltiiis manly limited by space
availability in the presence of macroalgae in Ria de Aveiro. The model was used to
assess the role of filter feeders in the control of phytoplankton in a schematic case
study. The model enabled the detectioned#dback mechanisnietween benthic and
pelagic food websas a consequence of the filter feeders graamghytoplankton and
particulate organic matteFuture developments may includealibration ofuncertain

parametersreal case studies, and development of more complexdsatu

Keywords: model, simulation, benthos, ecology, MOHID, Portugalstera

noltii, filter feeders, deposit feeders, seagrasses.






Resumo

Estatesede doutoramentapresenta o desenvolvimento, teste e aplicacdo de um
modelo de ecologia benténiakentro do sistemade modelacdo MOHID. O modelo
permitiu a simulacdo da planta aquati€astera noltij filtradores, déitivoros e
microfitobentos. O modelti desenvolvideseguindo a filosofia orientada a obgio
MOHID, que permite a integracdo de @evcomponentes e processos. Testes
esquematicos e andlise de sensibilidade foram realizados para acallmpartamento
do modelo O modelo foi usado para responder a pet@gl sobre a competicdo entre
macralgas eZostera noltina Ria de Aveiro, Portugal. Os resultados mostraram que
Zostera noltiié limitada principalmente pela disponibilidade de espaco na presenca de
macralgas na Ria de Aveiro. O modelo foi utilizapara avaliar o papel de filtradores
no controle do fitoplanctomum caso de estudo esquematico. O modelo permitiu a
deteccdo de mecanismos de feedback entre teias alimensrtesica e pelagies,
como conseggncia do pastejdos filtradoressobre o fitplancton e matéria organica
particulada. [@senvolvimentos futuros podem incluir a calibragdo de parametros

incertos, casos de estudos reais, e desenvolvimento de caracteniaticasmplexs.

Palavraschave:modelq simulacdobentos ecologiaMOHID, Portugal Zostera

noltii, filtradores detritivoros ervas marinhas.
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Overview

This introductory sectioprovides an overviewf the thesis structur@nd its content

Chapter I Introduction and objectives

In this chapter, anoverview is given of the main characteristics of estuarine
ecosystems, including the aspects of circulation, ecology, and anthropogenic pressures. A
review of the statef-the-art status and developments in the field of ecological modeling is
provided here The main objectives of the study, research questions, and hypotheses are

described as well.

Chapter 2 Model formulation

This chapterddineatesthe formulation of the model componenthe mainmodel
assumptionstheoreticalbasis,and limitationsare described The link between the ecological

model developedh this studyand the MOHID modelling system described as well.

Chapter 3 Model testing (part 1)

Numerical tests on theeagrass modelomponentare presented in this chep The
analyss of the implemented functions is presentadpreliminary calibration of the model is
carried out to find parameters specific for simulatiorthef seagrasgostera noltii A 0-D
configuration is usedo assesshe modelbehavior Model sensitivity analysis is performed

and the results are discussed.

Chapter 4 Model testing (part 2)

Numerical tests on theenthic ecologynodelcomponentre presented in this chap
Theanalyss of the implemented functions is presented.-B Gonfiguration is ged to assess

themodel behaviorModel sensitivityanalysis is performed and the results are discussed.



Chapter 5 Case study

This chapter deals with an @lcation of the seagrass modéd a real systemRia de
Aveiro. The moderesults are verifie@gainst real observation& reference scenario for the

modelis defined to be used for the hypothesis verification.

Chapter 6 Hypoteses verification

This chapter contains the verification of the hypothesis outlined in Chapter 1.

Chapter7 - Conclusion

This concluding chapter providesoncluding remarks about the work, main

achievements, limitations amassiblefuture developments.

Appendix A

Temperature limitatiom seagrasses and in benthic organisms.

Appendix B

The ammonia preferendactorin microphytobenthos.

Appendix C

Results of sensitivity analysearried out on theeagrass model

Appendix D

Results of sensitivity analysearried out on the benthic ecology madel



Chapter 1 z Introduction and objective
1.1.Introduction

Mathematicamodels have bediirst appliedby engineers and physicisas part of the
scientific methodo describephysical processesbservedn nature. The use ohathematical
models to describe ecosystehavior datesdzrk to the beginning of the 2@entury.One of
the earliestand most popular ecological modelss the Lotka (1925 and Volterra (1926
modelused to understand tipeedatorpreydynamics Since tha, there has beemancreased
interest to apply mathematical modelsiscribe ecosystenf®dum, 197). The first models
to describe microbial loop of aquatic environmemgseproposed irthe 1940s(Riley, 194§.
Theincrease of the computational power contributed significdotine growing complexity
of ecological modelsisedto describe water column biogeochemistiyne use of models
increased in the last decaddise to the growing concerbout environmental pollution of
water, air, and land. Models which are capable to simulate biological and physical processes
are used as a complement to monitoring studies to assess water quality asihtu

eutrophication of aquatic environment

In this chapter, an overview is given of the main characteristics of estuarine
ecosystems, including the aspects of circulation, ecology, and anthropogenic pressures.
review of the statef-the-art and developments in the field of ecological modeling is prdvide
here The main objectives of the study, research questions, and hypotheses are described as

well.

1.2.Estuarine Ecasystem

Estuaries have productive habitats with high ecological and economic importance.
Most estuaries are characterized by proximity with dacgies, and receive anthropogenic
inputs coming from agriculture and urban wastes. Estuarine waters are used for aquaculture

farming, fishing, recreation, and navigation.
1.2.1. Circulation

An estuary, according to the definitionfitchard (196, 1 s -éneosexl eoastal

body of water which has a free connection with the open sea and within which sea water is

measurably diluted with fresh water derived

3



follows that the water from rivers meets the salty water of open sea and oceans, creating a
transitional area where the salinity of the ocean is decreased. Tharghltfeep water from

the ocean enters the estuary as a deep layer, and the fresh, lighter water from the estuary flows
out of the estuargloser to the surfacdhis pattern is usually observed in most estuaries with

low tidal mixing and weak runoff. Thedshwater flow is mixed with the underlying salty
water by turbulence, reducing the differences between the two layers. The basic pattern of the
estuarine circulation is often modified by several processes depending on geomorphology,
intensity of freshwateinflows, and tidal mixing. The area where the salty water meets with

the fresh waters moves up and down along the estuary with the intensity of the river flow. The
changes in salinity lead to flocculation and sinking of fine particles carried in suspehise
suspended material is transported and redistributed over the area of the estuary, leading to the
formation of mud flats. Some estuaries are dominated by the effect of tidal currents due to
friction with the bottom. The tidal mixing produces turtnde that can break the stratification

of the estuarine circulation.

The intensity of the freshwater runoff affects the primary production. In temperate
areas, estuarine circulation is affected by seasonality of freshwater inflows. During winter,
high frehwater inflows are usually caused by high freshwater runoff during rainy periods. In
summer, low freshwater inflow determines increase of the residence time of water. The effect
of the spring ruroff at the head of an estuary usually leads to a strontifisaaon. Brandtet
al. (1986 found that in the Chespeake Bay a strong pycnocline was observed in
correspondence with spring runoff. In an open ocean a strong stratification may cause a
barrier to nutrients toward the surface. However, in estuarine systems, the effect of tides

produces tnasfer of nutrients in the surface layer, enhancing primary production.

Some shallow estuaries can be mixed during the whole year by tidal action, primary
production of tidally mixed areas tend to be higher than this of coastal wistans and
Lazier, 1996.

1.2.2. Ecdogy

A biocenosis (also called biotic community, or simply ecological community) is the
set of organisms of all species coexisting in a defined space called biotope, which offers
environmental conditions necessary for its survival. The biocenosis and the biotope together

form the ecosystem. The biocenosis of estuarine ecosystems includes aiatogiponents



which are similar to other aquatic systems, such as sea, rivers, lakes, streams, and lagoons.

These biological components can be divided into two main groups:

- Pelagos: organisms that live in the water column

- Benthos: organisms living on/ingdhe bottom sediment.

The Pelagos is divided infolankton and nektorPlanktonincludespelagic animals
(zooplankton) and plants (phytoplankton) unable to move against the current. Some of them
(oloplankton) spend their whole lives as pelagic organisms; others (meroplankton) spend part
of their lives in the water column (e.g. juvenile stagell partly on the sea floor. The
plankton has two main adaptations: transparency (to eggraper$ and buoyancy (to avoid
the sinking caused by the higher density of the protoplasmic material). The plankton is the
most common form of life in the oceaasd estuaries and it is the main source of energy and

matter of the entire marine ecological system.

Nekton includesanimals capable to swim and move against the currents and the
waves, even if some of them are able to move counter current only duriaguihstage. The
nekton has developed adaptations for swimming such as long body and fins (or similar
structures). Similarly to the plankton, the animals of the nekton try to avoid the sinking by
adjustment of the gas and fat content in the body and kéathefplacement of heavy ions with
l i ghter i1ions in body fluids. Some organi sms

cartilage (lighter) and swim continuously to avoid sinking.

Plankton andnekton interact in pelagic food webs: the phytoplankigas in the
photic zone and uses solar energy for the synthesis of organic compounds from water and
inorganic nutrients. Phytoplankton is food for microorganisms that form the zooplankton (first
level consumers), which, in turn, constitute the main gowf food for fish (seconkbvel
consumers). The nutrients are thus transferred from one trophic level to another or
regeneratedy decomposers, which include bacteria and fungi which can reduce complex
organic compounds of dead plants and animals intplsiinorganic compounds usable again

by primary producers.

The term Benthos identifies plant and animal organisms that live on the bottom
sediment.The benthic habitgtunlike thepelagiconethatis threedimensionglis essentially
two-dimensional similar to terrestrial systemsThe benthos includes the same ecological
categories which are also found in the water column: the producers (plants), consumers

(animals) and decomposers (fungi and bacteria). The producers (phytobenthos) include algae

5



and cyarpbacteria An important category of plants found in shallow coastal waters is
represented by seagrasses that make up the great prairissiolonia Zostera and
CymodoceaSmaller groups include fungi and lichens. Consumers are animals (zoobenthos)
and deomposers are bacteria and fungi, including autotrophic cyanoba@egaecttiet al,

1999.

The benthic organisms are divided on the basis of their size into three categories:

- Macrobenthos (organisms which diameter is higher than 0.5 mm),

- Meiobenthos (organisms which diametebetween 0.5 and 0.062 mm).

Fromthe point of view of the movement capability, the benthos is divided into three

categories:

- Sessile (organisms that live fixed to the bottom for the entire duration of
the adult life),
- Vagile (crawling organisms and organisms wiimted appendaggsand

- Mobile (swimming organisms).

Water and substrate are the main elements that characterize the benthic environment
and are often related to each other because water penetrates into the substrate, and the
substrate may be dispersed in water. Regarding thiégpoelative to the substrat&igurel)
benthicfauna isdivided into:

- Epifauna organisms living on thsubstrateand

- Infauna organismghat live within the substrate

Substrate is affecting the type of community that inhabits the sea bottom. Rocky
bottoms are colonized bgpifaunal communities includinbivalves, encrusting sponges,
macroalgae,and snails. These types of hard substrat lass common in estuarine
environments, where there is a predominance of soft bottom due to sedimentation of large
guantities of sediment. Soft bottoms are usually inhabited by infauna and epifauna, including

worms, clams, and burrowing crabs.



epifauna

endofauna

Figurel - Distribution of benthic organisms relative to the substfiated bottom) After Cognettiet
al. (1999.

On the basis of the strategies used to collect the food, benthic organisms are usually
divided into two groups: filter feeders and deposit feeders. Benthic filterrieediect the
food by remaining anchored to the substrate, intercepting plankton and/or particulate organic
matter in the water. The filter feeders catch food particles while they are still in suspension,
while the deposit feeders collect them when thetyles on the bottom. Benthic filter feeders
have developed several strategies for feeding, such as filters, cilia and mucus, to trap food
particles and transport them to the mouth. The Arthropoda, which lack cilia, use nets made of

hair and bristles.

The kenthos includes a large taxonomic group of deposit feeders. These organisms are
able to ingest sediment and to extract the microorganisms and organic matter associated with
debris or mineral particles, so they need to ingest large amounts of sedimearac¢benough
food. Since they tend to live on loose substrates, they are generally more mobile than filter
feeders, show more adaptations for locomotion, and do not form the colonies that are
characteristic of many filter feeding animals. Some organisesca@pable to feed on both
deposited and suspended material, thus a sharp division between deposit feeders and filter

feeders is not always possible.

The benthic and pelagic systems are interconnected through several mechanisms such
as the sedimentation ofganic particles, trophic interactions, reproduction, and exchange of

gases and dissolved substances. The organic material in the water column includes a dissolved
7



fraction (DOM, Dissolved Organic Matter) and a particulate fraction (POM, Organic
Particulae Matter). Organic particles that are produced in the euphotic zonaingsthe

water column depending on weight, size, and density. The organic particles in water are
affected by physical processes (water mixing and the stratification), chemica&sgeec
(oxidation and reduction of chemical compounds), bistbgical processes (predation). The
organic particles that reach the bottom of the sea are food source for the benthic system and

added to the in situ organic remains of benthic animals and plants.

The benthos is an important vehicle through which orgaratter is processed and
sent back to the pelagic food web. Deposit feeders are capable of processing large amounts of
particulate organic matter and converting it into food for fisfie=vinton, 1989. Some
benthic organisms, such as filter feeders can control the phytoplapikimass(Jgrgensen,
1990 Smaalet al, 2013. Cloern (1982 showed this phenomenon in a study carried out in
the San Francisco Bay. The latter is a shallow area that receives significant nutrient inputs,
but in spite ofnutrient enrichmentthe phytoplankton biomass is unexpectedly low. The
zooplankton grazing on phytoplankton is only partially responsible for the reduction in the net
rate of growth of phytoplankton. It has been suggested that grazing by bivalves was the main

factor that controlled the phytoplankton biomass in San Francisc@Begensen, 1990

Benthic organisms have developed strategies to ensure reproductive success. Several
benthic invertebrates have pelagic larvae that serve to increase the chance for species survival
and spreading. Some benthic worms develop specialized segments resgonditdeding

(known as epitoke) and release them in the water.
1.2.3. Aquatic food webs

Aquatic food webs of estuarine ecosystems are similar to the food webs of other
aguatic ecosystems. The aquatic organisms are usually grouped into two main categories:
produers,consumersand decomposer®rimary producers are producers that are capable to
fixing carbon by photosynthesis (autotrophic organisms). The term primary pracicicees
different typesof organismsfrom single floating cellso multicellular organsms,which live
attachedto the substrateln this groupare includedautotrophicorganismsbelonging to
different phyla prokaryotic bacteria(both eubacteriaand archaep and threecategories of
eukaryotesgreen algaebrown algaeandred algae The vascular plantsare represented by

seagrassesuch aZostera marinaZostera noltij andPosidonia oceanica



A differencewith the terrestrial primary produceis that mostgprimary producersf
the oceansare microscopic organismgphytoplankton). The large aquatic autotrophic
organisms,such asseagrassesnd macroalgag are confined to thecoastal zoneand in
relatively shallow waterwhere they camttachto the substratbut still be within the photic

Zzone

Consumers include heterotrophic organismisch feed on primary producers and on
other consumers. Consumers which feed on primary producers are known as herbivores.
Consumers which feed on other consumers are known as carnivores. Zooplankton is part of
pelagic herbivores, while nekton includes heores and carnivores fishes. Producers and
consumers can be ordered inside a food pyrafiglife 2) in which each level is food for
another level. Primary producease the base of the pyramid because they do not eat other
organisms. Primary consumers are those consumers which feed on primary producers.
Secondary consumers are those which feed on primary consumers. At each passage from a
lower to a higher trophic lel, carbon is transferred from one level to the other. Not all of the
ingested food is used, and it takes energy to break down the food and to convert it into new
biomass, thus the efficiency of the transfer from lower levels to higher levels in the ébod w

is always low, usually about 10%.

Tertiary Consumers
(eat Secondary Consumers)

Secondary Consumers < (-
(eat Primary Consumers)
15'E level carnivores

Primary Consumers
. 9).»1
(eat Primary Producers) #‘IA

Herbivores

. R7
Primary producers %
d%
)

Algae, plants

Figure2 - Food pyramid in marine ecosystems



1.2.4. Biogeochemical cycles

Chemical elements circulate inside the biosphere by following specific paths known as
biogeochemical cycles. From among the more than 90 chemical elements available in nature,
only 40 are used to sustain life, and only sixtaeemost importantomponent®f the living
molecules: carbon (C), oxygen (O), nitrogen (N), phosphorus (P), sulfur (S), and hydrogen
(H). According to the principle thatothingis neither created nor destroyed, but everything is
transformed chemical elements, subject to thegeotemical cyclesvary theirchemical
statedue tooxidationreduction reactiong;atalyzed by living organism&hysical processes
movethe elementsn earthThree different compartments in which the elements move can be
identified: atmosphee, land, and ater. The movement of an element on earth occurhén
atmospherenostlyin the form of gasin water, the elements comesaspended or dissolved
forms. Whenthe element reaches the atmosphere moved ly the atmospheric circulation
relatively quickly In the water, the elements are moved by the rivers into the sea and
redistributed by thecurrents. When the element settles andinisorporated in ocean
sedimentsits cycleslowsdown.Part of the EEments incorporated in tlsedimens will return

to suface aly in a cycle of millions of yeardue to tectonic, volcanic, and erosive forces.

Nut r i e ndmsns@ coempoiind esserit a | for ani malUse&s d pl ar
2007. For autotrophic organismshdse nutrients nclude nitrgen, phosphorus, and
potassium. In some phytoplanktspecies, such as diatoms, silica is an important nutrient
used to build external shells.ulients are introduced in the water column by different
sources, including land, atmosphere, and rivéigufe 3). Sources of nutrients include
anthropogenic actities, such as waste discharge and agricultural practices. Mineralization of
organic matter is also a source of nutrients produced in situ by bacteriological and fungal
activity. Along with light availability, nutrients represent a key factor for the lifaquatic
primary producers. In the open sea, nitrogen is a limiting factor for primary production, while

phosphorus is usualtelimiting factor in freshwater ecosystergidodson,2005.
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1.2.5. Antropogenic pressures

Many of the worldbés | argest <cities are
people are expected to live within 100 km of a coast by ZBR8eri and Chapman, 2010
The habitat of the coastal zone is affected by human intervention and modification, with
consequences on the ecosystem. Dredging operations are usually carried out in estuaries and
coastal areas to improve navigation. However, these operations may caoseased tidal
penetration and modification of the salinity gradients inside estuaries. The main effects of
dredging and sand mining include water deepening, increase of sedimentation rates and
turbidity. Consequences of water deepening include changks iirculation and reduction
of light availability on the bottom for benthic primary producers. Increase of sedimentation

rates may cause burial of benthic communities, including seaweed and seagrass meadows.

Coastal structures such as breakwaters aadvadls are artificial structures to protect
beaches by therosion. The effect of the coastal structures is to reduce the intensity of the
waves and therefore to reduce the erosion of the coast. For this purpose they are placed in
shallow waters close @t a short distance from the coast. The building of coastal structures
implies the modification of the physical environment, and often is anticipated by dredging
operations. Coastal structures modify the circulation patterns and the morphology of the
marire habitat, with consequences for the ecosyqtualleri and Chapman, 2010Man
made structures tend to have vertical surfaces made of concrete materials opposed to the
horizortal surfaces of natural aquatic habitats, which may include rocky and sandy bottoms,
with heterogeneous shapes that provide refuge to organisms. These vertical surfaces can be

suitable only to a few ranges of organisms, such as mussels and incrusting algae
11



Significant issues related to damming have been identified in habitat modification and
loss, alteration of water discharges, temperature, and water quality. Artificial reservoirs
created upstream of a dam submerge large areas of land that was presovasgd by
vegetation. Dams affect fish migrations, because they are a barrier for fishes to reach
spawning sites upstream. Sedimemisy betrapped inside the reservoir and never reach the
areas downstream. On the other side, as the dam gets fillededithents, it also loses the

capability to store water.

Agricultural practices and urban activities are sources of sewage, fertilizers and
contaminants into estuarine waters. Excess nutrients may enhance algal blooms, and
production of particulate organicatter that is mineralized below the euphotic area. High
respiration and mineralization rates imply high oxygen depletion in the water, which can pose

a threat to the health of humans and estuarine wildlife.

1.3.The problem

Benthic organisms are impant for the functioning ofnarine ecosystesn Benthic
systems are similar to the terrestrial ones becausieeahore permanent physical structure,
presence of hard surfaces, sedentary organiants a longerm chemical storage capacity
(Duplisea, 1998 Zoobenthic communitiesainly consist ofsedentary organisms with no or
little movement capabilities and usually live in a territory of a $epvaremeters. This implies
that longliving invertebrates experience environnarthanges of the place where they live,
witnessing both climatic and anthropogenic modifications. Sessile organisms may reshape the
submerged landscape and influence the currents pattern. Benthos acts as an important vehicle
through which the settled ongi@ matter from the bottom is returned back into the pelagic
food web. Deposit feeders are able to process large amounts of organic matter particles and to
convert it into food for fisi{Levinton, 1989. Filter feeders are consunseaf organic matter
produced in the pelagic system. High biomass filter feeders may control the phytoplankton
growth and compete with zooplankton over phytoplankfidargensen, 1990 Sediment
reworking by benthic fauna facilitates the stdbution of organic particlesenhancingthe

microbial activity and thelegradation of organic matter.

Mineralization of organic matter by bacteria in the sedimeegeneratesnorganic

nutrients which are used by primary producBenthic primary prodcersuse light to convert
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inorganic nutrients into new biomasw produce oxygenand provide food for other
organisms. Seagrasses have a significant ecological importance because they provide habitat
for other species which use them as a site for lmgedeeding and shelterindlong the

coast, vinere physical conditions are favorable and the competition with other species (e.g
macroalgae) is not strong, seagrasseg/ proliferate(usually not more thad0 m depth
because of light availabilijyproviding anatural barrier to waves propagation

In the last decades, a decline of seagrass measlvagjlobal scalbas beembserved
(Burke, 2004. The present seagrass world coverage is 15% less than 10 yef®Begoand
Short, 2008 Degradation of seagrass halstategatively affects populations of species
relevant for fshing.The importancef seagrass meadows as stuual components of coastal
ecosystems has resulted in research interest being focused on the biologylagyg ef
seagrasses and onmethods for mappingnonitoring, modellingand protection of seagrass
habitats(Green and Short, 20p8Vajor causes of seagrass habitat decline werrdated to
dredging opmations, land reclamation, poconstruction, inlet opening, destructive fisi
practices, and increasing water turbidif$pilva et al, 2009 Cunha et al, 2013.
Consequences of climate changes were also identified as potential threat becausevef sea |
rise and increase of storfrequency(Green and Short, 20D8Seagrasses are knowo
provide important ecosystem servidésibiat for a wide range of speciestorm buffering,
and nutrient cycling among others) and to offarnatural barrier against wavasd erosion
(Green and Short, 2008/an der Heideet al, 201). The estimated economic value of
seagrass meadows is 19,004% & (Constanzat al, 1997. In Portugal, seagrass habitat
experiencedleclinein the las 20 yeargCunhaet al, 2013, causing mdiversity loss, and
contributedto the degradation of coastal fisheries and water quality. The main cause of
seagrasses decline in Pagjal was attributed to dredging, geomorphologic changes estuaries
and lagoons Eutrophication isone of the causes of seagramsadows decline because
increased nutrientawvailability may lead to proliferation of fastgrowing algae, such as
phytoplankton andmacroalgae The European CommissionEC) Urban Wast&Vater
Treatment Directive (91/271/EEC)assified the Ria de Aveiro, Portugata fisensitive area
in terms ofeutrophicationin Ria de Aveiro, the reduction of areas covered by seagrasses was
followed byincrease of the areas of uncovered sedimamtporting thegrowth of sparse
macroalgae populations on($ilva et al., 2009. Opportunistic and fast growing macroalgae
can occupy the space above seagrass beds and reduce space and light availability for benthic

plants.
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Eutrophication is usually referred to as the increase of @gaeth as a consagence
of anthropogenialischargesThe control of the primary production in the system is uguall
achieved by reducing nutriemputs in the system. Howevehere are mechanisms inside the
ecosystem that can contmphytoplankton biomasg-ilter feeders process large volumes of
water to retrieve food for their survival, growtlnd reproductionAs a consequence of
feeding over organic particles in the watbiter feedersmay have important role in the
control of phytoplanktorbiomass, such am Chesapeake bafCarmichaelet al, 2004
Newell et al, 201Q Cercoet al, 2013 Kellogg et al, 2013. They also provide a mhanism
for the removal of suspended particulate material from the water cpkmhanang water
cleaing.

A few studies are availablen the interaction between microphytobenthdgter
feedersand phytoplanktontahe sedimentvater interfaceMacintyreet al. (2004 proposed
a conceptual model for the role of microphytobenthos inrégeilationof benthicpelagic
coupling. The study showed that watetearing could increase microphytobenthos
productivity and biomass, enhancing the competition for nutrients between
microphytobenthos and harmful pelagic algae. Furthermore, this compdtgiween benthic
and pelagic primary producers at the sedinvestier interface could have feedbacks effects
on benthic grazers. In a Mediterranean mussel culture area, it was found that mussel beds
enhance the organic content of the sediment, and trabphiytobenthos could affect the
filter feeding efficiencyBarranguet, 1997 These feedback mechanisms between pelagic and

benthic sgtems might have consequenceshmecosystem level.

1.4.State-of-the-art of benthic modelling

In the last few decades the interest of research centers, universities, government
offices, local authoritiesand environmental protection agenc¢iesponsible for water quality
issues stimulaed the development of computer models. The general trend laistiyears is
moving the modeling effort towards a more complex representation of ecosygiem
accommodate for particular characteristics of studysaed to address specific water quality
issues. These changes are accompanigddigcreasing computational capacity, advances in
knowledge about natural systems, limitations of experimental technayushe necessity of

new tools to address mulisciplinary problemgMateus, 2006
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Recent developments in water quality modeling show the effort to understand complex
dynamics of marine ecosystemg example of such complex model is ERSEM (European
Regional §stem Ecological Model), which initiallwasdevelopedasa rigid twalayer nodel
(Barettaet al, 1993, followed by a 3D configuration(Moll, 2000, Moll and Radach, 2003
Seagrasses and macroalgesre addedh ERSEMin AveytuaAlcazaret al.(2008.

Models for benthic communities habeen developed in the pg&iénesguen, 1991
Chardy and Dauvin, 199BarettaBekker and Baretta, 199Duplisea, 1998Le Papeet al,
1999. Ecosystem modelling, including benhic and pelagic processes has reached high
complexity(Lumborget al, 2006 Sohmaet al, 2008 Nobreet al, 2019. Presentlymodels
of benthic food webs based on functional approacHaaigely usedHeath, 2012Morris et
al., 2019. Recent resmch focused omenthos dynamicby using Dynamic Budget theory
(Filgueira et al, 2012 Filgueiraet al, 2014 Saraivaet al, 2014. Some modelsnclude
organismsage classe@endtsen and Hansen, 20X8d transport of benthic larvg8avina
and Ménesguen, 2008

A number of models have bedocumentedh literature to describe seagrass dynamics
(Bocci et al, 1997 Elkalay et al, 2003 Simas and Ferreira, 200Zaldivar et al, 2009.
Effects of climate change hawadsobeen considere@Simaset al, 2001 Macreadieet al,
2013.

MOHID is awater modehg systemwhich contains, among othenmsodules for weer
quality and macroalgae mddwy (Trancosoet al, 2005 Deuset al, 2013. The ecology of
the benthos is simplified and limited to mineralization processes, occurring at the sediment
water interface.With this research studyan effort wasmade to include a rore
comprehensive representation of the benthic system in MOHR¢Iiding seagrasses, benthic

producers and consumers, basedlevelopment$ound in literature.

1.5. Conceptual approach

This sectiondescribs the conceptualapproach used in thisesearchto represent
marine organisms, together with its limitations and advantages. The choice of state variables
to be considered in thecosystemmodel is complicated by the diversity of species
composition of natural communitiegvery species shows a different response to the
variability of environmental conditions. However, there are processes at the ecosystem level

thatare more stable and predictable when compared to processes occurring at population or

15



individual level(Odum, 197). This aspecivasattributed to the presence of groups of species
that performidenticalfunctions. Over time, the species may charmg this has a relatively
small influence on the functional processes, which are regulated by abiotic factors and
indicate that the ecosystem as a whole shows higher stability than the popiaticeroyet

al., 1988. Ther is a widely usedmethod for the construction of ecological moddts
consiss of theaggregation ogroups with similar functionsegardless of their taxonomy,dn

the parameterization idependent dg on their size(Platt, 198%. For aquaticecosystems

probably the simplest form of aggregation is represented by the NPZD models:
N: Nutrients (nitrate, ammonium, silicate, phosphate)
P: Phytoplankton (diatoms, dinoflagellates, autotrophic bacterioplankton)
Z: Zooplankton (heterotrophic organisms such@sepods)
D: Detritus

Thesemodels aggregate the biological components into functional groups or classes:
for example, different species of phytoplankton are aggregated in the same group and state
variables are defined as nitrogen and carbon inside thegtself. These functional groups
correspond to the malevels of the food web: producers (i.e. phytoplankton), consumers (i.e.
zooplankton) and decomposers (bacteria). A key assumption is that organisms belonging to
the same functional group have tham& physiological processes atitht population
dynamics are described in terms of fluxes of carbon and nutrients between functional groups
and between organic and inorganic podtgy(re 4). Functional groups can afterwarlie
divided into size classes to create a more complex food web. An overview of patterns of
functional groups was pvaled by Totterdell (1993 Many NPZD modelgFigure 4) derive
from the work ofFasham (1990 who formulated a model to describe an oceanic mixed layer
ecosystem, divided into 7 compartments (phytoplanktonplao&ton, nitrate, ammonium,

detritus, dissolved organic nitrogeandbacteria).
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Figure4 - Conceptual diagram of a NPZD model. The squares are used to represent functional groups
(i.e. phytoplankton) and pools of inorganiatter (i.e. nitrate) and nédiving organic matter (i.e.
detritus). The arrows are fluxes ohssbetween compartments.

NPZD models have limitations ithe representation dérge organisms with lorey
life cycles compared to other organisrierexample the increase in biomass may be due to
the growth of individuals, buit can also be dueto the increasing numbef organisms
belonging to the same size class. Howetlezse models are suitable for the representation of
aquaticorganisms that are passly transported by currents and which size allows to be

expressed as concentration.

The functional group approach gives a coarse representation of the complexity of the
systems(Mann, 1988 with low predictive power(Cousins, 1985 but when sed in
conjunction with a good representation mfysical factors, NPZD models can explain a
substantial portion of the biology, especially if guided by #iggolution hydrodynamic

processegHofman and Lascara, 1998

The functional groupapproach(Figure 5) is usually applied to describe benthic
organismsgrouped accordingo their trophic rolein the benthic food web: producers (i.e.
benthic diatoms), consumers (i.e. deposit feeders) and @esens (bacteria). Several
authors use the approach ofdod websfor modding of benthos(Paceet al, 1984 Chardy
and Dauvin, 1992Duplisea, 1998Le Papeet al, 1999.
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Figure5 - Example ofa conceptual diagramf a benthic food web model

Water and substrate are the main conditioning factors for the benthic environment and
are often related to each other because water penetrates downward the substrassdrel
dispersed again umwd. Depth, temperatureoxygen availability, light and salinity may

affect the benthoas well Where light reaches the bottom, benthic diatoms can proliferate.

The organic material in the water column includeslissolved fraction (DOM,
Dissolved Organic Matter) and a particulate fraction (POM, Particulagarr Matter). The
organic particles produced ithe euphotic zone are transportalbng the water column
depending on their weight, size, density difference withsimeounding medium, and are
affected byphysical (mixing and stratification of water mas}y chemical (oxidation and
reduction of chemical compoundsind biological (predation, mineralization, production of
feces, etc,)processes. Organic particlesposited orthe seafloor are a source of food for the

benthic system and are addednaitu organicresiduef deadplants and benthic animals.

The describedunctionalis usedin this study because the focus is the ecosystem and
the community However, there are also other approaches which focus on the individual and
the population, sucls theDynamic Energy Budget (DEB) theoryhe DEB approaclis
focused on the dynansaf physiological processes in the individual organesmdescribes
the performancef an animalgrowth, development, reproduction, respiration, efcreview
of theDEB approach is givehy Nisbetet al.(2010. DEB theory uses several state variables
to characterize the state of an individual organism, thereby making the transition to population
dynamics technicall challenging(Nisbetet al, 2010. Recently, the technical ellenges are
being overcome (e.dnivalve populationgSaraivaet al, 2014), and the DEB approach is
being used to simulate populations of specific organisms, and Kpected toproduce
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developments in the near future within the molecular, physiological and ecological domains
(Souseet al, 2010.

1.6.Coupling betweenphysical and biologicalprocesses

Models couplingphysical and biologicaprocessedollow two main approaches:
Lagrangian and Eulerian. The description of the two approaches and their differences is not
the purposes of thisesearch However, in this section, a short description of the Eulerian
approach is given, because this is the epgn chosen in this study to describe the water
properties Additionally, this is the mostommonly used approach in mokel when a point
to point compason with observations is needed, and the model can use a suitable spatial

resolution.

The most generi form of an Eulerian equation describes #wolution of astate
variableP in the marine system as the sum of the variations due to transport processes and the
variations due to biological processes:

eq.1l

whereDP/Dt is the time rate of changénside a volumeof fluid. \7is the flow
velocity. Y/t is the time rate of change dife fluid property ata given fixed point local

derivativg. The fluid properties change due to local sources and sinks, and due to diffusion.
Growth processes are consideasgourceswhile respiration and mortality are consideasi

sinks.\7®) is thelocal time rate of change due tawlvective transporiThe application of a
modelwhich describes botlthe physics and biologpf the aquatic environmeméquires the
soluion of a set of equationsneequationfor each state variable of the systesbtained by

adding source and sink terms and diffusioedol.:
C Cc C

% = % +V ®P = E)n(E)P)+ Sources Sinks
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1.7.0bjectives

The primary objective of this researhthe desigrof a benthic module to simulate
the dynamics of seagrasseasjcrophytobenthos,and benthicfeeders This module is
integratedwith the MOHID water modelling systemand uses the pelagic model Water
Quality (IST, 200§. The integrationwith the MOHID modelling system is expected to
provide amore comprehensive representation of marine ecosystem dynamics in coastal and
estuarine waterslo achieve the objectiveecological mechanisms that control the structure
and functioning ofthe ecosystem will be analysed to drédve conceptual diagm of the
benthic ecosystenModel equations will be formulated on the basis of the conceptual model.
These equationswill be checked for consistency and mass conservatidre model
parameters will be assigned on the basis of literature sourceserstyisy analysiswill be
carried out. Depending omath availabilitycalibration and verificatiorof the model will be

carried out as well.

The model for seagrasses will be used to simulate the biomass of the séagrarss
noltii, one ofthe most commmwseagrass speci@sRia de Aveiro and in Portuguese estuaries.
The modelwill be used forsimulatingthe seasonal pattern of deposit feeders and filter
feeders in response to physical and biological factors, such as temperature variability, organic
matte inputs and phytoplankton dynamics, as inputs from the MOHID water modelling
system.In particular, thebenthic ecologynodel will be used to test the feedback effect of
filter feeders on phytoplankton at the wasediment interface. These objectives r@levant
for the assessment of the quality of marine coastal waters, because they are related with the
control of eutrophication. These objectives are relevant for coastal habitat conservation as
well, because seagrasses contribute to create habitaefting, breeding, and sheltering of

protectedspecies.
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1.8.Hypotheses

In the introductory part of this chapter, the main aspects of the bglaigic
coupling in coastal water were outlindd. this researchthe modelwill be used toaddress
questions related toenthicecosystems dynamics, such as the competition between seagrasses
and macroalgae, and the control of primary productiobdiyhic filter feedersTo be more

specific,the hypotheses of the study will be grouped urder reseach questiors (Q1 and
Q2):

Q1: Whenthe growth okeagrasses limited byacroalga®

Q2: Canthe model reproduce thantrol by filter feeders ophytoplanktorbiomas®

RegardingQl, the hypothesis is thatompetition between primargroducers may
occur because of light, nutrienesd spaceModelling efforts have been recently addressed to
understand the mechanisms of seagrass decline, to predict seagrass biomass, and to determine
which factors lead to predominance of macroalgae eeagrass bed®occi et al, 1997
Pluset al, 2003 AveytuaAlcazaret al, 2008 Zaldivaret al, 2009. In oligotrophic systems,
with ample lightavailability, primary producers compete for nutrie(@assarget al, 2006.
Seagrassshave rootswhich enabldo sequester nutrients from the sedimemd to survive to
lack of nutrients in the watefFalls, 2008. In eutrophic systems with an ample nutrient
supply, primary producers may compete for lighaist growing macroalgae can occupy the
space availade to other primary producers, and shadow species that are confined to the
bottom, such as rooted plants and benthic microalgae. For this reason, space availability is
another factor of competition between primary produdéustient inputs fromanthropognic
activities may causean increase oprimary production and change the balance between
primary producers in shallowater estuarine systembBollowing this, n relation to the
research question, three hypotseareformulatedto assess the competitibetweenZostera

noltii and macroalgae
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H1.1: The growth ofZostera noltiiis limited by light availability in presence of macroalgae

H1.2 The growth of Zostera noltii is limited by nutrient availabilityin presence of

macroalgae

H1.3 The growth ofZostera noltiiis limited by space availability in presence of macroalgae

To verify the three hypothesetheseagrassnodel developed in thigesearchwas
tested in Ria de Aveiro, a shallow coastal lagoon of Portugal whestera noltiiis a
common spees of the local seaweedOHID will be set up to simulate the spatial and
temporal dynamics ofZostera noltii and macroalgaeA real case study application is
described in Chaptds. This solutionwill be used as reference scenari®he model results

are verified against real observatianghe reference scenario

In Chapter 6, a scenario will be built to simulZiestera noltiiand macroalgae in Ria
de Aveiro. The results will be compared with the reference case st@hapter 5To assess
the three hypothesethie Zostera noltiigrowth limiting factors will beanalysed to understand
if the simulated species isnited by light, nutrients, and space availability in presence of

macroalgae.

RegardingQ2, several researchers investigwtthe role of benthic bivalve filter
feeders in the control of the primary production in the water col(@wern, 1982, in the
context ofan increasing concern about thiek betweeneutrophication and water quality.
Water enrichment in nutrients may cause phytoplankton blooms and uncontrolled growth of
other aquatic algae, such as macroalgae. Some undesirable effects of eutrophication are
related to high concentrations of organic matter and toxic substances producechéy s
species ofalgae Severalnatural factorscan control the phytoplankton production, such as
temperature, light, nutrient availabilitiesidence time of wateand grazing by upper levels
of the food webBenthic bivalve filter feeders may have an impat role in controlling the
primary production in the water colum@fficer et al. (1982 pointedbenthic filter feeders as
a ratural eutrophication control in the SdfranciscoBay, California.Le Papeet al. (1999
found that the grazing of phytoplankton by benthic filter feeders can rettwrecthan 50%f
chlorophyll concemaitions in the Bay of BresBased orthese considerationthe following

hypothesis is taken into account:
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H2.1: Filter feederas the modektontrol phytoplankton bgrazing

The model developed in thigsearchwill be used to assess the feedback of benthic
bivalve filter feeders on phytoplankton concentrations in the water. To verify the hypothesis,
feedbackdetween benthic and pelagic systewilf be identified by executing scenarios to
detect the effect of presence/absence of components and processes described in the model,
with a focus on the interactions between the filter feedads producersThe feedlack of
filter feeders grazing on phytoplankton will be assessed by using a schematic case study

described in Chaptet.

23



24



Chapter 2 z Model formulation

This chapteddineatesthe formulation of thanodeldeweloped in this researciihe
main assumptions of theodel are listed, as well as itseoreticalbasisand limitatiors. The
link between the ecological model and the MOHID modelling systataderibed as well.

2.1.Introduction

In thisintroductionthe main asumptions of the model will be described, includisg
limitations. The diagram ifigure6 describes the main components of the marine ecosystem

The benthicecosygtemincludes nutrients, microphytobenthos, filter feeders, deposit
feeders, and seagrassbticrophytobenthos represents benthic microalgae whichdivbe
watersedimeninterfaceanduptake nutrients from the water and from sleelment interface.
Deposit feeders (such aslkmaria romijni Melinna palmate Tharyx sp, Corophium
multisetosumcommon in Ria de Aveir@Nuneset al, 2009 ) are invertebrate organisms
which feedon microphytobenthos and on bottgrarticulate organic matteFilter feeders
feed only on suspendedrganic matter Seagrassebave roots that grow down into the
sediment. Seagrass leaves uptake nutrients from watemn and seagrass roots uptake
nutrients from sedimentnorganic nutrientproduced by respiratioare returned to the water

and can beisedby primary producers.

A detaled description of the main components of tienthic moduleis given in
specific sections of this chapter. Conceptual diagrams, equations and parameters are provided

as well.
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Figure6 - Overview of themarine ecosysteniSource http://www.glf.dfompo.gc.ca/Gulf/ByThe-
SeaGuide/TheNearshorg

2.2.Assumptions

A model is a simplified description of a real system asduch itloes not contain all
the properties of the real system, but only those wésh arenecessary tdescribe the main
processesModels are generally based on several assumptions usetaaeline to define
what the modeler considers relevant or not relevant foddiseription of the system. Inish
section, the maiassumption®f the model used in this study, together with their limitations,
are described.

The shallow water equations derived from tNewvierStokes equationare physically
based andlemonstrated to be an appropriate tool for the description of the ploysics
marine environment. On theontrary the formulation of equations for the biological state
variables isempirical and thusaffected ly many uncertainties due to tlm®emplexity and
limits of knowledgeaboutthe marineecasystem. Parameterizations useciageochemical
modelling often neglect processehkich may be important on smadkcale. The limits due to
approximations are more relevant in systems where the dynamsicdominated by local

processefPrandleet al, 1993.
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There is nomodel which offers a comprehensive description of all biological
processes occurring in the marine system. In most cases, models are formulated to solve a
specific problem, and the number of state variablesdscedto the necessaminimum to
describe e system of interesthe modeller who wants to simulate biological properties of
an ecosystem is facing uncertainties arising in the formulation of the conceptual diagram
(Which/How many ecological components should be considered?), in the connections
beween components (How many links between ecosystem components should be
considered?), in the parameterization of processes (Which processes should be expressed
explicitly, which ones should be parameterized, which ones should be neglected?), and in the
assgnationof parameter values (Are there established values for biological parameters? Are
biological parameters site specific?). In this section, the main assumptions used in this

researclare described, along with their basis and limitations.

2.2.1. Driving factors

This researchwas carried out under tressumptiorthattides, winds, and freshwater
inflows the main forcing mechanisms for thatercirculation. Theseforcing mechanisms are
provided to the model dsoundary conditions, estimated by wider modelsas measured
time seriesThe ecologicalsystem is controlledhainly by water fluxestemperatureincident
light and nutrientlischargesTemperature controls the physiological processes of organisms.
Many rates are modulated by temperature. This gensdatement applies to physical,
chemical, and physiological rat¢Soetaet and Herman, 2001 Some biological rates may
double or even triple with every 1increase of temperaturbut dove some critical values,
certain enzymes may denaturalize and organisms mayTHire is thus aemperature
tolerance intervalvhere bological processes occurinside this intervalfor temperatures
lower thanthe optimal value,metabolic ratesncrease with temperatunentil the optimal
temperature is reached at which the metabolic rates occur at their maximum value. For

temperaturesigher than the optimal value decline ofmetabolic rates is observed.

The fraction of light available for photosynthesis is knowrPhstosynthetic Active
Radiation (PAR). In water the decline oflight with depth affects the distributionf o
organi sms. AThe response okhowmpprazdssy boyhrfronna s i s
biochemical and a physiological perspective. The typical response is a saturation curve, above

a certain photosynthetic photon flux and a linear response at loildigdl. This reflects the
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properties of thghotosystemwhich is lightlimited at low lightlevels and limited by the
functioning of the enzyme system at high light levels. Above a certain threshold, this may
even lead to light inhibitiorgeneratingower rates of photosynthesis than at the optimal light
intensity. There are several mathematical formulations to describe this functional form,
involving either one or two parameters. Some include light inhibition, other do not take this
i nt o a(Baetaent artd dlerman, 2Q@oetaert2010. In this study, light inhibition was

taken into account.

The model described in thissearctaccouns for limitation due to nutrient availability

for primary producers. ANutrients are consid
produers. Nutrients from terrestrial systems wash into lakes and oceans, where additional
primary production by phytoplankton and algae helps support large communities of
zoopl ankt on, fish, sea mammal s, and birds
elements in living organisms, where they play central roles in the makeup of proteins, nucleic
acids, and energetic compounds. These elements are not always readily available to
organi s ms, S0 nutrient l i mitations can p
(Malmstrom, 2012 To account for nutrient limitation, the model developed in this research

i ncludes the dependence of primary producer
this, nutrient limiting factorsre applied to the growth rates as multiplicative dimensionless

factors.
2.2.2. Seagrasshutrient content

The Redfield ratiqRedfield, 1958 has been demonstrated to be stable in deep waters,
althoughsubstantial deviations from the Redfield stoichiometry associated with the biological
production have been report€8ambrottoet al, 1993. Neverthelessthe Redfield ratio is
still used as a general average ratitch shows little variations in the long term and on the
large scale basi¥ortzingeret al, 2001). In seagrasmodels, the nutrierquotais considered
variable because these organisms have specific mechanisms based on the variation of the
nutrient conten{Duarte, 1990 Accordingly, several authors found thaarbonnutrient (N
and P) ratios in seagrasses mreersely related to changes tine nutrient conten{Duarte,

1990, and tfat the rate of change in C:N and C:P ratios with increasing nitrogen or
phosphorus content in plant tissues should shift from high to small as nutrieht swggs

t he pl antldthisrebeachahe deagrass nutrient quota is considered to be variable,
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and the change in nutriegtiotais used to assess the nutrient limitation, in conformity with
Duarte (1990

223.0rgani smsd mobility

In this research one of the assumptions is thia¢énthic flora and fana have no
horizontal movement on the sea bottdenthic organisms angot transported byurrents
and their individual displacement capacity is smdlhis assumption is based on the
consideration that, althobigsome species of benthic faumavemovement capabilities, they
are limited in the displacements and their movements are negligible if compared with the
spatial scale of the movements occurring in the water colanghwith the modespatial

resolution

2.2.4. The vertical dimension

All benthic animalsin this researchwere assumed to have no height, unless their
height is comparable to the scale of the water depth. This assumption is based on the
consideration that the size ofost benthic organisms ranges betwaémaction of millimeters
and a few centimeters,which is negligible if compared with the spatial scale of most
processes occurring in the water column. The consequence of this assumption is that the
activity of benthic organisms is confined to the sea botwrd at the sedimemtater

interface

On the contrary, lants andmacroalgae were assumed to have a vertical dimension
because thegnayhave long leavesAs an example,eagrass leaves access nutrients and light
at different depthdt is known that according to thgpe ofspeciesthe season and the stage
of development of the plant, the leaves can reach several meters of length and the plants
extend vertically in the water column. Therefore,this researchit was assumedhat the
seagrasselsave a varyindeaves height and th#teir activity is exerted until théop of the
canopy height.

Seagrass roota/ere assumed tgrow vertically down into the sediment. It is known
that seagrass rootwe found to baypically between the upper 2 and 40 cm of sediments
(Fonseca and Thayer, 1990 he average depth occupied by the roots ranges between 1 and
14 cmbelow the surface of the sedimgdepending on the species,siwn inDuarteet al.
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(1998. However,in some species (i.e. gendssterg, roots can grow both vertically and
horizontally, with simple or branching shapes and fine hairs to facilitate nutrient absorption.
In this research, it was assumed that seagrass roots grow only verticaly ictowthe
sediment. This is a model limitation, because horizontal growth is not explicitly represented.
To parameterize the horizontal growth it was assumed that roots have a high biomass:length
ratio. This hypothesis implies that the sediment columacdsessed by roots even with low

values of belowground biomass.

2.3.Units

In MOHID, all propertiesthat arelocatedon interfaces (wateisurface ofbottom
sediment)areexpressed as mass per square nietgeg/m?). Propertiesof the water column
areexpresseds concentrationg{m’). Thefilter feeders, deposit feeders, microphytobenthos
and organic matter on the bottom sedimare expressed d&omass irkg/n’. Seagrasses are
expressed aiomass irkkg DW/n. The choice of DW (dry weight) for seagrassedus to
the fact that mostdhepar amet er s found in |iterature are
tissue. Moreover, existing models of seagragBesci et al, 1997 Elkalayet al, 2003 use
dry wedght to express seagrass biomass. Measurements of seagrass biomass available in
literature are also expressed as dry we(filva et al, 2009. The choice of dry weighto
express seagrass biomass in the model simpliiescomparison of odel results with

existingdata.

2.4.Conceptual model and equations

In this section, a description tfe benthic model is providedhe benthicecosystem
includes seagrasses, microphytobenthos, filter feeders, and deposit feeders. Sagrasses are
aquatic rooted plants which can uptake nutrients from the water and sediment.
Microphytobenthos represents kot microalgae which live on the surface of bottom
sediment and uptake nutrients from the watliment interface. Deposit feeders are
invertebrate organisms which feed particulate organic matter deposited on the bottom
sediment. In the model, deposit dees feed on microphytobenthos atetritalorganic matter
available on the surface of bottom sediment. Filter feeders feed only on organic matter that is

suspended in the wateediment interface. The overview of the benthic model is given in
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Figure 7. In this chapter, the description of the model is provided in detail, starting from

seagrasses, then benthic feeders and microphytobenthos.

2.4.1. Seagrasss

NUTRIENTS

WATER . U = Uptake
FORCINQS: Heat fluxes,_ ngh!:-, M = Mortality
Water discharges, Nutrient discharges D = Decomposition
G =Grazing
R = Respiration
T =Transport
T T T E = Egestion
i T ' T i T M — =02 processes
1 1 1
i | | U
vy v L+ 4
PHYTO M WATER :
[ PLANKTON ORGANIC D l
MATTER NUTRIENTS .
? 1
G T D M I R
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FEEDERS PHYTO
—| MATTER BENTHOS FEEDERS

Figure7 - Conceptuabverview of the benthic model.
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nutrient content(Bocci et al, 1997 AveytuaAlcazar et al, 2008 Zaldivar et al, 2009.

Dissolved inorganic phosphorus is a dominant component in total phosphorus pools in marine

coastal waters and it was identified as a limiting nutrient égrsess productio(iTouchette

and Burkholder, 200 Zhang and Huang, 20)l1Seagrasses uptake phosphorus mainly

throughroots (McRoy and Barsdate, 19¥.(5eagrass models should include uptake of both

nitrogen and phosphoruln this study, aseagrass model was proposed which to include the

main characteristics of all seagrasses. oeleldevelopment followed existing approaches
(Bocciet al, 1997 AveytuaAlcazaret al, 2008 Zaldivaret al, 2009 usedfor modeling of
seagrasseby taking into accounieaves, roots, variable nutrient content, and uptake of
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nutrientsthroughroots and leaves:urthermore, the model inclusiphosphorus metabolism

in the plant.

Conceptual diagram

The diagram inFigure 8 shows the conceptual model of seagrdegeloped in this
research The plants canuptake nutrients from water and from bottom sedimeiftse
nutrients are represented in the model as nitrate;(N&d ammonia(NHg,) in the watey
ammonia in the sedimer(fNH,s), phosphate in the watePQ,), and phosphate in the
sediment POyy). Nutrientcontent inside plans nitrogen (N) and phosphorus (P). Part of the
carbonfixed by leaves L) is transferredd roots (R) Mortality of leaves and roots generates
detrital organic matter (OM)n the water and in the sediment, respectivMineralization of

organic matteregeneratenutrients.

A
=
NO3w "‘L@i’
- NHaw o N
| ] ()
L NHas

§

| PO4s o{ P

—+ PO4w oM

Figure8 - Conceptual model of seagrass.

Theseagrasmodel included the following state variables:
Leaves biomassL (kg DW/n7);
Roots biomassR (kg DW/n¥);

Pl ant 6 sconenttNr(coNgmé)n

- == =4 =4

Pl ant 6s gohtens (@RNMuU s
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Ammonia in water NH4w (g N/m3);

Nitrate in water NO3w(g N/nt);

Ammonia in sedimentNH4s(g N/m?);

Particulate organic nitrogen in watePONw(g N/m3);
Particulate organic phosphorus in wat®OPw(g P/n?);
Particulate organic nitrogen in sedime®ONs(g N/n?);

Particulate organic phosphorussiediment POPs(g P/nT); and,

A =_ =2 =2 -4 -4 - =

Phosphate in sedimeRD4s(g P/n?).

OM in Figure 8 is a generic designatioto indicate state variables which represent
detrital organic matter such as particulate organic nitrogen in water (PONw), particulate
organic phosphorus in the wa@®OPw), particulate organic nitrogen in the sediment (PONS),

and particulate organic phosphorus in the sediment (POPS).

Governing equations

A system of Ordinary Differential Equations (ODESs)swmrmulated.Leaves and

roots dynamics were expressed as

%:(1- tr)GA-mQ
t eq.2

R @a-m®
dt eq.3

whereG is the gross growth ratd/fay) representing new material produced through
photosynthesisni s t he r oot s 6%, endm is the leavey martality ete (daya y
1. Carbon transfer from leaves to roots was parameterized by using a translocation coefficient
tr (dimensionless), based @lesen and Sandensen (1993 This coefficients used inother
seagrass mode{Bocciet al, 1997 Elkalayet al, 2003 Zaldivaret al,, 2009.

Gross growthrateG (1/day)is formulated as:
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G=g,., & T)&1)FL)F(N,P) eq.4

wheregmaxis the maximum growth rate (1/day)(T) is the dimensionless temperature
limiting factor (Appendix A) F(l) is thedimensionlessight limiting factor €q.5). F(L) is the
dimensionless space limiting fact¢eq. 6). F(N, P)is the dimensionless nutriefimiting
factor, €q. 7). Limiting factorscan vary betwee@ (total limtation) and 1 (no limitation),

when the maximum growth rate is obtained.

Temperature limitation

The dependence of growth on temperatarexpressed by bellshaped function for
F(T) described inTrancoso (2002 which valuesare O at the limits of the temperature
tolerated by the plantand 1 at optimal tempetae This formulationis also used by other
authors(Bocci et al, 1997 Elkalay et al, 2003 Zaldivar et al, 2009. Equations for the

temperature limitation amgivenin Appendix A.

Light limitation

The light limiting factorF=(1), defines the relationship between ambierttligvels and
the primary p thetid rate(€ransodo, 200R tntthts sngdelseagrass rgwth
dependencen light is describedwith a MichaelisMenten kineticaaccordng to experimental
observations on growttDennison, 1979Drew, 1979 Olesen and Sandensen, 1993nd on
photosynthesislepemlence(Marshet al, 1986 Bulthuis, 1987. Half-saturationconstantfor
growth (KL) hasbeenestimatedrom datareportedby Olesen and Sardiensen (1993at a
temperaturef 21°C(Bocciet al, 1997.

IC
. +KL eq.5

F(l)=

where l; is the light available at the top of the seagrass canopy he@tulated
according taSteele (196 KL in is thehalf-saturationconstant for lightequal to bout 500
kcal/nf/day ©r 24 Wint) (Bocciet al, 1997.
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Space limitation

The space limiting factor was proposed in other models for alaovebelowground
biomass(Verhagen and Nienhuis, 198Bocci et al, 1997 Elkalay et al, 2003. In the
seagrassnodel, a simple space limiting factB(L) (dimensionless}he equation fronBocci
et al. (1997 basd on the maximum leaves biomassly, was modified to include the

dependence atiie biomass afacroalgae

° ~ é Q ~
F) =% Sming.maxg®, 1- =g
¢cL+M=+ g C Kinax =) eq.6

whereKmax (kg DW/n?) is the maximunbiomassof seagrasteavesM (kg DW/nT)
is the biomass of macroalgae. If M=0, the space limiting factor depenyg on the leaves
biomass | f M |0, the space available for seagr
other plants and macroalgae in the systé€he maximumbiomassof plants varies with the
type of speciesand differentiates them in the mod&ome values of K.x were found in
literature for some seagrass species. As an example, a modeling detwelpped for
Posidonia oceanicéElkalayet al, 2003, useda maximumleaves biomasgalue of 0.750 kg
DW/m?. A modeling stidy developed forZostera marina(Bocci et al, 1997, useda
maximumleaves biomassalue of 05 kg DW/n?.

Nutrient limitation

The nutrient limitation was expressed as:

f(N,P) =min(f (P), f(N)) eq.7

where;
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& 4 1000%- N min

22

f (N) = max@®, minag, _ ——00
® &8 Ncrit - Nmin 88
£ 8 00
¢ eq.8
% %1000 - Pmin3
f (P) = max@®, minag, 5 L,:' RP —— 00
& crit- Pmin g
2"g &
¢ ' eq.9

whereNmin (g N/kg DW) andPmin(g P/kg DW) are the minimum tnogenquotaand
the minimumphosphorugjuota respectivelyNcrit (g N/kg DW) andPcrit (g P/kg DW) are
the critical nitrogenquota and the critical phosphoruguotg respectively(Duarte, 1990
Bocciet al, 1997. The multiplication by 1000 is done to convert P fromP¥gf to g P/nf.

N and Pincrease with uptake of external nutrients, and dee as e wi t h

growth. The dynamics ohitrogen and phosphorus conten¢ described as

dN_U,-GAG,
dt 1000 eq.10
dP_U,-GA0,
dt 1000 eq.11

The total uptake of nitrogedy (g N/mf/day), following the MichaelisMenten kinetics
(Bocciet al, 1997 Elkalayet al, 2003 Zaldivaret al, 2009, is given as:

UN :UXIVH4 +U\r<lvo3 +U§H4
eq.12

The superscriptv indicates uptake from water asdndicates uptake from sediment.

uw, . .
nH4 s the uptake of ammonia from water (g Niday):
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o, =iy NEA g6 oo

i NH4W + KNH4W eq 13
uw._ . .
Nosis the uptake of nitrate from water (g N/ay):
o =viovey NS png aooo
NO3,, + K yoaw eq.14
S
Unhais the uptake of ammonia from sediment (g Ntray):
. NH4 e
US, =viieg = Con@RA000
NH4S+KNH4S eq 15

wherev """ (kg Nkg DW/day), VN (kg Nkg DW/day), andv "'+ (kg N/kg

DW/day), are themaximumuptake rate of ammonia from water, theximumuptake rate of

nitrate from water, and thmaximumuptake rate of ammonia from sediment, respectively.

The termfbn (eq. 16) describes the feedback oitrogen content on the uptake of
external nutrierg(Bocciet al, 1997%:

%2 % Nmax 1000 &
fbn = maxe®, minag, L+R &0
2 s) % N max- N min 88
& ¢ =

eq.16

Nmax(g N/kg DW) is the maximunmitrogenquota(Bocci et al, 1997%. The uptake of
phosphatéJs (g P/nf/day), is given as:

— W s
Up =Upos tUpo,

eq.17
where:
UM, =V P % endh oo
PO4W+ PO4
eq.18

37



US, =V 9% (yndRA000
PO4, +Kpo, 19
eq.

wherev"* (kg Pkg DW/day) is the maximumuptake rate of phosphat&naw (9

N/m®), Knosw (@ N/M®), Knmas (g NIM®), and Kpos (g PPM®), are the half-saturation
concentrations for the uptake of ammonia from wakerhalf-saturationconcentration for the
uptake of nitrate from waterthe half-saturationconcentrationfor ammonia uptake from

sedimentsand thehalf-saturatiorconcentration for phosphate uptakespectively.

The feedback gbhosphorus content on theqaphate uptakesidescribed as

% % Pmax- 100(&%
fop= max?, miné P max- PrrlgirT : &
= g @
¢ h eq.20

where Pmax (g P/kg DW) is the maximum phosphorugiota (Duarte, 1990
Mineralization of organic matter leads to recycling of nutrieets 21 to eq. 24). For mass

conservation, mortality of seagrasses is addedetoittanic matter pools:

dPONS_ 1+ (6, &1 - min, PONs
dt D,
eq.21
dPOPS_ 1 R, &L - min, POPs
dt D,
eq.22
dPONw_ m Q Q, Ol— min,, PONw
dt D,
eq.23
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dPOPw _
dt

mQaQ, Olj— - min,, POPw

eq.24

whereD,, (m) andDs (m) is the thickness of the water layer and the thickness of the
sediment layer, respectivelyning and min, is the mineralization rate in water and in
sediment.For mass conservation, uptake of nutrients was subtracted from the equations for
NH4w, NO3w, NH4s andPO4s(eq.25t0 eq.29).

ANHAW _ _yw L 4 min,_ PONW
dt D,
eq.25
dNH4S:-U§H4i+minSPONs
dt D,
eq.26
dNOsw .., 1
dt _'UNosD_W
eq.27
P > :
POs _. UPO4+m|nSPOPs
dt D,
eq.28
PO4w o :
dPO4 =-UP°4+m|nWPOPW
dt D,
eq.29

The growth of the plant generates oxygen production invtiter The mineralization
of organic matter consumes oxygen from the wdtbe oxygen state variable the waterns
updated as:

d T R . .32
95, :GCILCDCOD—C%- manCPONCDNC%

dt
eq.30

whereO; is in mg Q/l, (that is the same as /). rcis the ratio g C: kW in

seagrasseuate, 1990. 32 is the molecular weight @xygenand 12 is the atomic weight
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of carbon rycis the ratio gN: g C in organic matterRedfield, 1958 The process of
mineralization in the water is calculated by tWaterQuality module in MOHIDFor this
reason it is not described in this section, and it can be found iWéter Quality manual
(IST, 200§.

The mineralization process the sediments responsible for oxygen depletion, but it
is also regulted by oxygen availabilityFollowing the approach used in tNEOHID benthos
modulé, the oxygen limiing function is computed as

G,

1) =570z
, +0.

eq.31

where O, is the oxygen concentration in mg/O(or g Q/m°). Mineralization is
computed as:

__ékmMScj(C%) C%:>C%
=" 10.3¢k

min

min -
a0 (G,) 0, ¢ 0,

mins min

eq.32

wherekmins (1/day) is the reference mineralization rate fimganic matterlf oxygen
level reaches a minimun®g¢nirn), anaerobic mineralization occurs at a rate that is 30% of the
mineralization rate in aerobic conditionEhis percentage was established by following the
CAEDYM model(Hipseyet al, 2003.

Pl antds decay

The plantéase desayw function of pl ant 6s
expr ess t hes gflinationtofespiratior anky, ywith the respiration rate increasing
exponentially with temperatu@®occiet al, 1997 Elkalayet al, 2003 Zaldivaret al, 2009.

Some authors include exudation and natural mortality as constan{AstaguaAlcazar et

al., 2008, or as a function of temperature and wind sp&ddset al, 2003. Seagrasses are

! (http://www.mohid.com/wiki/index.php?tite=Module_Benthos
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vascular plantsand, similarly to terrestrial plants, are subject to leaves abscission before
winter, when the duration of daylight shortens. In many tempergs¢éerss, fall is
characterized by high absolute amounts of litter export because nagrgsses shed most of

their leavesdhiomass in fal(Mateoet al, 2006. Dead leaves are transported by the action of
waves and currents. I n this f otheomofaldytwere n , t
expressed as:

(qf'ql)

m =mye eq.33

wheremy is the mortality rategs is the daylight duration (9.5 hours) in fall, agds
the daylight duration (hours) at the simulation titnealculated according t6orsytheet al.
(1995. The same type of equation was used for roots decay rate, by reptacimigh myo,
that is the roots mortality rate (1/day).

Canopy height

The canopy height is the average height of seagrass beds, and it depends on the length
of theleavesand on theheight of the water column. As an exampestera noltij a largely
diffuse specisfoundin Portuguese estuaries, h@sbonshapeddark green leavesf 0.5-1.5
mm widthandapproximately 20 cntength(Phillips and Mefiez, 1988 Zostera noltiicanopy
height can reach 1P0 cm (Paul et al, 201]). Zostera mana is the dominant eagrass
specis in the northermAtlantic, butit is widely distributed in the northern Pacitis well
(Shortet al, 2007%. Its ribbonshaped, dark green leaves generally gg®%50 cm in length
(although lengths up to 3 m habeenobserved) and vary in width between 2 and 10 mm
(Fonseca and Cahalan, 1992 thisresearcht was assumed that the biomass of the leaves is
proportional to the length of the leaves, thus the length ofietheescan be calculated from
leaves biomass, by using an average ratio between leaves length and biorassstudy,
this ratio is indicated by the symbol r, (m*g DW). Sometypical values ofry, for Zostera

speciesvere drawn from data found in literature and summariz&abie 1.

41

h



Tablel1 Average atio between leaves length and biomass for some seagrass species.

Specie r, (M*/g DW) | Location | Reference

Zostera marina 0.0080.02 California| Tennant (2006

Zostera capricorni| 0.00020.02 | Australia | McKenzie (1994

Zostera caulescen 0.0080.123 | Japan Komatsuet al. (2003

Nakaokeaet al. (2003

Zostera noltii 0.0020.005 | France Pluset al.(200])

Light availability

When seagrassleaves are submergedight availability decreases due to water
deepening. During low tide, leaves proximity to the water surface increases, as well as light
availability (Koch et al, 2009. Leaves are bent by the flow duriefpb tide as shown in
Figure9.
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Figure9i Diagram of tidal influence on leaveanopy structure afosteraplants. At high tide (left),
the circles represent space occupied by plants withdgghity At low tide (right), the lines represent
leaves floating at the water surfagdter Dennison (1979

During ebbtide, the canopy height ih\arter, and the leaves are floating on the water
surface. In thissituation the leaves access the light available at the water surface. During
flood tide, the plants are submerged, and light available at the top of canopy is lower because
of light extincion with increasingdepth. Following the conceptual diagramFigure9, the
height of the canopyh€) can be calculated as the minimum between the length of the leaves
(Is), and the water deptiDg):

=min(ls, DZ
& ( ) eq.34

Is can be estimated from theverageratio between length and biomass of leaves
(Tablel):

Is=min(100C L3 1,1 ..) eq.35

wherelqnax (M) is the maximum leaves lengthhe light extinction along the depth is
calculated byusg t he St e el ednsderingthathbel wateridepth chanQes with
tide, and that théength of thdeaveschanges with biomaskght availability at the top ofhe

canopy changes dynamically with the height of the canopy and with the water depth:
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_@le*®™ nh <Dz
=]
il h.2 DZ

C

eq.36

wherely (W/m?) is the light at the sea surface, andl/m) is the light extinction
coefficient.An illustration ofeq.36is provided inFigurel0.

.
o
PV(\
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Ie=1Io

he <= DZ
he =DZ

Figure10 - Light extinction withincreasingdepth and light available at the top of seagrass calwopy
(eq.36), for high tide (left) and low tide (righth, is the height of the canoply,is the light available
at the water surface, ami¥ is the depth of the water column.

Parameters

The parametersf the seagrass model are listedl'aible2. Reference values are given
for several specieas well The value of 0.06 fogmax (1/day) isfor Zostera maringBocci et
al., 1997. The value of 1.24 fogmax (1/day) is referred tdRuppiamaritima (Newell and
Koch, 2004. The values oNmin (g N/kg DW), Ncrit (g N/kg DW), Nmax(g N/kg DW),
Kntaw (@ N/MP), Kynoaw (@ N/MP), Knias (@ N/MP), Kinax (kg DW/nT) and V4 (g N/kg

DW/day) are referred t&ostera maringBocci et al, 1997. The value of 1.98 fow ' !*" (g
N/kg DW/day) is referred toAmphibolisantarctica The value of 90.72 fov \"'** (g N/kg
DW/day)is referred taqRuppia maritimaThe value of31 for v °4(g P/kg DW#lay)and 0.37

for Keos (g P/nT), arereferred toZostera noltii Values inTable 2, reported fromDuarte
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(1990, are from a studyn nutrient content of 27 seagrass species at 30 locatongiled
from literaturesourcesThe value of 0.038for mo (1/day) is referred t®osidonia oceanica
(Elkalay et al, 2003, and the value of.041 is referred t&Zostera marina(Bocci et al,
1997). The value of 0.0041 fom, (1/day) is referred t®@osidonia oceanicgElkalayet al,
2003, and the value of 0.015 is referredZimstera maringBocciet al, 1997.
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Table2 - List of parameters used in teeagrasmodel. References to the souroéparameter values

were given as well.

Symbol Description Unit Value Reference
Omax Seagrass maximum growth rate | day? 0.06 Bocciet al.(1997%);
(Zostera marina Newell and Koch (2004
1.24
(Ruppia maritimg
Kmax Maximum leavediomass kg DW/n? 0.5 Bocciet al.(1997)
(Zostera mariny
Nmin Minimum nitrogenquota g N/kg DW 5 Bocciet al.(1997)
(Zostera mariny
Necrit Critical nitrogen qota g N/kg DW 15 Bocciet al.(1997)
(Zostera marina
Nmax Maximum nitrogen gquota g N/kg DW 30 Bocciet al.(1997)
(Zostera marina
Pmin Minimum phosphorus quota g P/kg DW 0.44 Duarte (199D
(Several species)
Pcrit Critical phosphorus quota g P/kg DW 1.33 Duarte (199D
(Several species)
Pmax Maximum internal phosphorugy g P/kg DW 2.67 Duarte (199D
guota (Several species)
rn N: DW ratioin seagrasses g N/kg DW 19 Duarte (1999
(Several species)
rp P: DW ratioin seagrasses g P/kg DW 2.3 Duarte (199D
(Several species)
yNH4w | Leaves maximum uptake q g N/kg DW/day | 1.98 Touchette and Burkholde
max ammonia (AmphibolisAntarctica) (2000
90.72
(Ruppia maritimgu
KnHaw Leaveshalf-saturationconstant for| g N/nt 0.13 Bocciet al.(1997)
ammonia (Zostera marina
\/ NOsw Leaves maximum uptake of nitratg g N/kg DW/day | 1.24i 25 Touchette and Burkholde|
max (2000
Knosw Leaveshalf-saturationconstant for| g N/n? 0.23 Bocciet al. (1997
nitrate (Zostera mariny
\/ NH4s | Roots maximum uptake rate ¢ g N/kg DW/day | 0.48 Bocciet al.(1997)
max ammonia (Zostera marina
Knhas Roots half-saturation constant for| g N/n? 0.9 Bocciet al. (1997
ammonia (Zostera marina
\/ Po4 Maximum uptake rate of phosphat| g P/kg DW/day | 31 Touchette and Burkholde|
max (Zostera nolti) (2000
Kpos Half-saturation  constant for| g P/n? 0.37 Touchette and Burkholde
phosphate (2000
Mo Leaves base decay rate day? 0.0038 Elkalayet al.(2003
(Posidonia oceanica Bocciet al.(1997)
0.041
(Zostera mariny
Mo Roots base decay rate day? 0.0041 Elkalayet al.(2003
(Posidonia oceanica Bocciet al.(1997)
0.015
(Zostera marina
tr Carbon translocation coefficient - 0.25 Olesen and Sanrdensen
(Zostera marina (1993
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More details about seagrass uptake rates anesaifation constants are provided in
Table3 which shows data compiled Bypuchette and Burkholder (2000

Table3 - Uptake rates ankdalf-satirationconstant for several seagrass spedésr Touchette and

Burkholder (200D

tNutrient uptake parameters reported in seagrass species based on the Michaelis—Menten model for uptake

kinetics, including tissue (leaf, root), nutrient, V,

max

(half-saturation constant, pM), and a (uptake affinity =V_, /K)

(maximum uptake rate, pmol g~' dry weight h™"), K

Species Nutrient V, K, a Source

Leaf

Temperate

Amphibolis antarctica NH, 5.9-43.1 9.5-74.3 0.6-0.8 Pedersen et al. (1997)
Phyllospadix torreyi NH, 95.6-2043 9.3-33.9 - Terrados and Williams (1997)
Phyllospadix torreyi NO; 249-754 44-170 - Terrados and Williams (1997)
Ruppia maritima NH, 243-270 9.0-17.7 5.5 Thursby and Harlin (1984)
Zostera marina NH; 20.5 9.2 2.2 Thursby and Harlin (1982)
Zostera marina NO;Z - 23 - lizumi and Hattori (1982)
Zostera noltii (excised)* PO7’ 7.0 10 0.7 Pérez-Lloréns and Niell (1995)
Zostera noltii® PO~ 43 12.1 1.1 Pérez-Lloréns and Niell (1995)
Tropical/subtropical

Thalassia hemprichii* PO’ 2.2-32 7.7-15 0.12-0.19  Stapel et al. (1996)

Thalassia hemprichii NH, 32-37 21-60 0.52-0.85 Stapel et al. (1996)

Thalassia testudinum NH, 8.3-16.4 7.6—-15 0.57-2.82 Lee and Dunton (1999)
Thalassia testudinum NO; 3.7-6.5 2.2-38.5 0.15-1.68 Lee and Dunton (1999)

Root

Temperate

Amphibolis antarctica NH, 1.1 4.7 0.2 Pedersen et al. (1997)

Ruppia maritima NH; 48-56 2.8-12.6 20.1 Thursby and Harlin (1984)
Zostera marina NH, 211 104 0.5 Thursby and Harlin (1982)
Zostera marina NH, - 30 - lizumi and Hattori (1982)
Tropical/subtropical

Thalassia testudinum NH, 7.9-73.3 34.4-765.5 0.03-0.30 Lee and Dunton (1999)

* Note: minimum substrate level (S, ) was also available for Zostera noltii (excised leaf, 2.5 pM; leaf, 2.6
M) and Thalassia hemprichii (leaf, 0.7—-1.1 puM).
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2.4.2. Benthic feeders and microphytobenthos

Benthic feeder

In thisresearchtwo categories of benthic feeders are taken into account: filter feeders
and deposit feeders. The difference between filter feeders and deposit &gedéjthe type
of kinetic equationused to express grazing) the sources of fogdand 3) the paraneter
values The cycle of organic matter at teedimeriwater interfacevas represented by using a
set of ODEs for the following benthic components: organic matter, nutrients, oxygen, benthic
feeders, and microphytobenthos. The benthic ehadis structued in a way that several
sources of food can be defined fogeneric benthic feedeFhe diagram irFigure 11 shows
the conceptuaimodel ofa generic benthic feedeY.ellow boxes represent state variables of
the benthic system, blue boxes represent state variables of the pelagic system, and arrows
indicate mass flows. A generic benthic feeder (BENTHIC FEEDER) has access to several
sources of food in the water: phytapkton (PHYTO), benthic producers
(MICROPHYTOBENTHOS, particulate organic matter in water (POM Water) and
particulate organic mattesn the bottomsediment (POMBottom). Respiration processes
consume oxygen and producetrients Mortality and egestion aradded to the existing pool

of organic matteon the bottomsediment.

Grazng \A

MUTRIENTS
Respiraton | OXYGEN

BENTHIC FEEDER
Mortabty
< Egestion
FOM Bﬂt@‘*
Grazing

Egeston
MICROPHYTOBENTHOS H FOOD <

Figurell - Conceptual moel of a generic benthic feeder.

FOOD
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Governing equations

dBF

The equation foa generidenthic feeder (BF), was formulated ag.37):

— =g, BF- r,.BF - m,.BF

dt

eq.37

whereBF is the biomass of the benthic feeder (kg €/mggr is the benthic feeder

growth rate (1/day)tgr is the benthic feeder respiration rate (1/day), amgis the benthic

feeder mortality rate (1/day)n the model, the benthic feeders were divided into two main

groups: filter feeders (FF), and deposit feeders (DF).

Filter feeders arbenthic invertebi@sfeeding on suspended particulate organic matter

from thewater at thesedimemnwater interfaceDeposit feeders feed amicrophytobenthos

and ondetrital organicmatterwhich is deposited on the surface of the sediment. These two

groups of benthic feeders are described in the next seclitiesbenthic ecology model

includes the following state variables:

T

=4 =_ =4 =4 -4 -4 -4 4 -4 -4 A =

Filter feeders FF (kg Gm?);

Deposit feedersDF (kg C/m?);

Microphytobenthos MP (kg C/n);

Ammonia in water NH4w (g N/n?);

Nitrate in water NO3w(g N/nr);

Phosphatén water- PO4v (g Pm°);

Particulate organicarbonin water- POCw (g C/m°);

Particulate organic nitrogen in watePONw(g N/nr);

Particulate organic phosphorus in wat®OPw(g P/n?);
Particulate organicarbonon the bottonsediment POCb (g C/m?);
Particulate organic nitrogesn the bottonsediment PONb(g N/nf);
Particulate organiphosphorusn the bottonsediment POPb(g P'm?);

Oxygen in water O (g OJ/m°).
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2.4.2.1. Filter feeders

Filter feeders arbenthic invertebratefgeding on suspended particulate organic matter

from thewater at thesedimertwater interfaceln reality, ®me of themuse tentacles; some

others use filters to catch the food from the wdtethe model the name of filter feeders is

used to indicatéenthicfeeders which use filtration mechanisms for feedBenthicfeeders

that use tentacles are not included in thelehd'he filter feeders growth rate is expressed as

a function offiltration rate, temperature, oxygen concentragtiand suspended sediment

concentration at theedimemwater interfaceThe growth othefilter feederwas assumed to

be proportional to &

feed

er s bi omas

s and

t The cbnoeptdal c o n c e

diagram of the filter feeder is shown kiigure12. This diagram is obtaineflom the onean

Figurel11l, by including only the feeding on water organic particles (phytoplanktorir@md

Wate). Yellow boxesin Figure 12 represent state variables of the benthic system, and blue

boxes represent state variables of the pelagic system. Filter feeders mortadiggeation are

added to the existing pool detrital organic matter on the bottom sediment. Respiration of

filter feeders implies oxygen consumption and ammonia production. Mineralization of

organic matter in water and sediment, growth and decay of paykiph, and resuspension

of particulate organic matteare taken into account as well, but not represented in the figure

to keep the drawinglear.

POM Water

Respira

FILTER FEEDERS
Mortality

NUTRIENTS

A

tion OXYGEN

POM Bottom }47

Egestion

Figurel2 - Conceptual diagram of filter feeders in the model.

Detrital organic matter in the water column and phytoplankton were considered as

food sourcedor filter feedersFF (kg C /nf). Filter feeders growth, respirationdamortality,

were formulated as
50



—— =0 FF - rFF - m-FF
eq.38

where ger (1/day) is the filter feeder growth ratese (1/day) is the filter feeder
respiration rate, anther (1/day) is the filter feeder mortality rat€he filter feeders growth

rate(eq.39) was expressed as:

- -Phy EOQN 0
O = lFF?phyglooo-'-aPOM 1000 2

o

eq.39

where Phy is the phytoplankton concentration at the sedirveater interface,
expressed ag C/nT (or mg C/l). POG, is the particulate orgamicarbon in water expressed as

g C/n? (or mg C/). a,, (Table4) is the filter feeders assimilation efficiency for grazimg o
phytoplankton.a..,, (Table 4) is the filter feeders assimilation efficiency for graziog

particulate organic matter in the water column. Elearanceate | (m*/kg C/day)(Meyers
et al, 2000 was expresd as a function of the maximuctearanceate | epmax (M/kg C/day)
multiplied by the dimensionless temperature limiting faéf®y (appendix A), the suspended
sedment limiting factor €q.41), the density limiting factorf(FF) in eq.42), ard the oxygen
limiting factorf(O,), (eq.43):

s f(T)3 f(SED? f(FF)3 f(O,)

ler = 1 er max

eq.40

All limiting factors are dimensionless and bounded between 0 and 1. The dependence
of the filtration rate on the concentration of total suspended sedifeentsl) wasproposed

by using a linear relationship given as:

£ e &

f (SED) =min; 0, maxg0, §
[ e ¢

eq.41
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whereSED(g/l) is the concentration of suspended sediments in WD, ax (9/1) is
the maximum concentration of suspended sediments tolerated by filter feBeeasty
limiting factorf(FF) was expresed ageq.42), following Le Papeet d. (1999:

FF - Fru, @
FFmax_ F in =

mi

é o
f(FF)=1- maXéO,min%,
© ¢ eq.42

where FFin (kg C/nf) and FFpax (kg C/nf) are the minimum and maximufiiter
feeded biomass valuewhich are limiting the growth ratélypoxiamay affecffiltration rates
and respiration processes. The dependence of the filtration rate on the oxygen concentration at
the sedimenwater interfacavas described by using the dimensionless oxygen limiting factor
(eq. 43), F(Oy), following the approach used in the MOHID Benthos model
(http://www.mohid.com/wiki/index.php?titte=Module_Benthos
OZ

F(02)=O K eq.43
2 0,

whereQO,is the oxygen concentration at teedimenwater interfacen mg QJ/l. Koz

is the concentration of oxygen (in mg/punder which the growth rate is redudad50%.

Thegrazingby filter feeders ovephytoplankton iexpresseds €q.44):

by, = s OFF &
Vv
eq.44
bpny (/day) is a grazingrate by filter feesersysed inthe differential equation of
phytoplankton(seeeq.102). A is the area of the calculation cell{nandV is the volumeof
the calculation cell (). Uy (dimensionless) is the assimilation efficiency for grazafg
phytoplankton.The grazing by filter feeders odetrital organic matter in the water is

expressed as:

POCw_to_FF =-1..FF é POC,

eq.45
POCw_to_FF (g C/nt/day) isadded to thalifferential equation o

detritalorganiccarbon in the watglPOG,, g C/n?) (eq.96).
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PONw to_FF =POCw to_FF G 46
eq.

PONw_to_FF (g N/m’/day) is added to thedifferential equation of particulate
detritalorganic nitrogerin the wate(PON,, g Nm°) (eq.97).

POPw_to_ FF = POCw_to_ FF (. i
eq.

POPw_to_FF (g P/nf/day) is added to thedifferential equation of particulate

detrital organic phosphoruis the water{POR,, in g P/m®) (eq.98). The bottom sediment is
represented aBOG, (particulatedetrital organic carbon on the bottom sediméntkg C/nf),
PON, (particulatedetrital organic nitrogen on the bottom sedimentkg N/nf) and POR,
(particulatedetrital organic phosphorus on the bottom sediménkg P/nf). For the mass
balance ofparticulatedetrital organic matter on the bottom sedireit is necessary to
account forthe mortality of filter feeders, and of the egested fractairthe growth tern{1-
Ubom) and (2Ubny):

FF_to_POC, = (1- apg,) O, GO ¢FF +

1000
-Phy ..
+ (1' aPhy)IFF C?LW)CFF M FF

eq.48

FF _to_POG, (kg Cinf/day) is added to the differential equatiohdetrital organic

matterin the sedimenfeq.93). This flux of carbon can be converted into flux of nitrogen or
flux of phosphorus by using fixed ratios between nitrogen, carbon, laospporusin the

detritalorganic matter:

FF_to_PON,=FF _to_POG, &, 45
eq.

FF_to_POR=FF to_POG (.. 0
eq.
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rnc is the N:Cratio, andrpc is theP:Cratio in detrital organic matter FF _to_ PON,

(kg N/mf/day) is added to the differential equation prticulatedetrital organic nitrogen in
the sedimen{eq. 94). FF _to_ POR (kg P/nf/day) is added to the differential equation of

particulateorganic phosphorus in the sedimésr. 95).

The mortality ratemgr (1/day), was defined as a function of temperature and oxygen

concentratior{Meyerset al, 2000 (eq.51):

My = rnFFOFFdFeC(T) c[)]-' F(Oz)]
eq.51

The oxygen limiting factolF(O;) tends to 0 with decreasing oxygen concentration.
According to the above equation, the mortality rate increases with decreasing oxygen
concentration, and with increasing temperature. The respiratiomgaté/day), was defined

as a function of oxygen acentration and temperatueq(52):

lee =l o P (T)F(O,) eq.52

whererero is the base respiration rate (1/day). The respiration rate decreases with
decreasing oxygen concentration, because filter feeders are aerobic organisms, and they need

oxygen for respiration process**(T) is the temperature decay factexpressed agq.53):

ec — ac(T-20)
Feee(T) =Tt 6q.53

whereT 2 is the Arrheniusdimensionless coefficient for decay due to temperature

(USCE, 200). The respiration term:is

FF _to_NH4=r, GFF G, oo
Vv
eq.54
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FF _to_NH4(g N/m’day) is addedas negative fluxo the differential equation of

ammonia in the wateNH4, (g N/nT) (eq. 90). The respiration term is converted into

phosphate as follows:

FF_to_PO4=r, GFF Q.. 4000
%
eq.55

FF _to_PO4 (g P/nt/day) is added to the differential equati@i the phosphate at
the sedimentvater interface PQg (g P/nT) (eq.91).

Oxygen consumption due to respiration is accoufaeds follows:

02_to_FF =-r.. &°FF 324000
VvV 12
eq.56

02_to_FF (g OJ/m’day) is added as sinto the differential equation of the oxygen

0, (g O,/m’) atthe sedimentvater interfacdeq.92). 32/12 is the ratio between the molecular

weight of oxyga, and the atomic weight of carbon
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Parameters

Parameterf the filter feeders modehre given inTable 4. Reference values are

provided as well.

Table4 - Parameters of the filter feedar®del.

Parametel Description Unit Value | Reference

It max Filter feeder maximum filtration| m*(daykg | 0.216E3| (Meyers et al,
rate (03] 2000

Ubhy Filter feeder assimilatiol - 0.8 USCE (D00)

efficiency forphytoplankton

Uom Filter feeder assimilatiol - 0.8 USCE (2000
efficiency for particulate organi
matter
r'eFo Filter feeder baseespiratiorrate | 1/day 0.013 USCE (2000
Mero Filter feeder base mortality rate | 1/day 0.013 USCE (2000
SEDhax Maximum sediment concentratiq g/l 0.1 USCE (2000

tolerated by filter feeders

Koz Oxygen concentration limitatior; mg Gyl 0.5 www.mohid.com
constant
T e Temperature respiration factor | - 1.08 USCE (2000
(. P:Cratio gPgC 0.024 | IST (2009
v N:C ratio gNgC 0.18 IST (2009
FFmin Minimum consumer biomasthat | kg C/nf 0.005 Le Pape et al.
limits filtration rate (1999

FFmax Maximum consumer biomasthat | kg C/nf 0.020 |Le Pape et al.
limits filtration rate (1999
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2.4.2.2. Deposit feeders

Conceptual diagram

The conceptuatliagram used for deposit feeders in the mod@rrésentedn Figure
13. Yellow boxes represent state variables of the benthic system, and blue boxes represent
state variables of the pelagic system. Deposit feemBrsumeparticulate organic matter and
microphybbenthos in the sediment. Deposit feeders mortality and egest@uded to the
existing pool of deital organic matter in the sediment. Respiration of deposit feeders implies
oxygen consumption and ammonia production. Mineralization of organic matieter and
sediment, growth and decay of microphytobenthos, and resuspension of particulate organic

matter were considered in the model as well, butdaescribedn thefigure to keepit clear.

AMMONIA
3
Respiration OXYGEN

DEPOSIT FEEDERS
Mortality
‘ A
POM Sediment
Feeding
Egestion
MICROPHYTOBENTHOS FOOD =

Figurel3- Conceptual diagram of deposit feeders in the benthic model.

Governing equations

In the model, a deposit feeder canly feed on food available on the sea bottom
(Figure 13), (microphytobenthos and particulate orgamaetter deposited at the interface
sediment water). In deposit feeders, the growth rate is a function of the maximum ingestion

rate, temperature, oxygen concentration, and deposit feemteass The grazing in deposit
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feeders was assumed to follalae MikaelisMenten kineticYUSCE, 200). Deposit feeders
source and sinterms €q.57) were described as:

dDF
T:gDFDF' rDFDF' mDFDF
eq.57

For mass balance, the mortality temm.DF was added to the existing pool of
deposited particulate organic matter in the sediment. The respiratiomedf was added

to the existing pool of dissolved ammonia at$kdimemwater interfacéeq.90). Michaelis
Menten kinetics was used to express deposit feeders gaziogd (USCE, 2000 (eq.58):

A MP POC, ©
Oor = Iopgmpm+apombm8
¢ c ©" eq.58

MP is the microphytobenthdsiomass(kg C/nf). K¢ is thehalf-saturatiorconstant for
food uptake (kg C/R). Ioe is the ingestion rate, limited by temperature, density of the feeder,
and oxygerconcentrationmodified from(USCE, 2000 (eq.59):

lorme® T(T)2 T(0,)° f(DF)

IDF

eq.59

Temperaturdimiting factor is described in Appendix Ahe oxygen limiting factor is
the same asin eq. 43 for filter feeders. For the mass balance, the graziog
microphytobenthos is subtracted to ttiéferential equation of themicrophytobenthosegg.
70). The grazing on particulate organic matter is subtracted to the equation of the particulate
organic matterdq.93). The density limiting factor is expressed(&dlowing Le Pa et al.

(1999):

o

e a4 DF-DF, @
f(DF) =1- maxg@,mingg, ———— ™ Q
( ) é % DFmax- DFmin—aJl:l

eq.60
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whereDFpin (kg C/nf) andDFmax (kg C/nf) are the minimum and maximudeposit
feeded diomass valuesvhich are limiting the growth rateSimilarly to filter feeders, the
mortality rate, mpe (1/day), was defined as a function of oxygen concentration and
temperaturemodified from(USCE, 2000 (eq.61):

My = %FOFSEC(T)[]-' f(oz)]
eq.61

For the mass balance of particulate organic matter, it is necessary to docdbst

mortality of deposit feeders, and of the egested fractiohbd) and (2Uup):

DF _to_POGQG =-lyapoy ﬂDF +
* POG, + K¢
MP
+(1- ayp) ————DF +m,.DF
( MP) MP+ KC rnDF

eq.62

Considering the grazingnoparticulate organiamatter the difference between the
grazing term and the fraction-{bomy) Of the grazing term gives just the fractidibom, to be
added to the differential equation of thettom particulate organicarbon éq. 93). The
egestedfraction (1-Uyp) of the grazing o microphytobenthos isdded to the differential

equdion of bottom particulate organimatteras well:

DF_to_PON, =DF _to_ POG, () s
eq.

DF _to_ POR =DF _to_ POG, (.. y
eq.

DF _to_PON, (kg N/nf/day) is added to the differential equation of particulate
organic nitrogen in the sedime@q. 94). DF _to_ POR (kg P/nf/day) is added to the

differential equation of particulate organic phosphorus in the sed{ieg@5).
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The respiration rate,pr (1/day), was defined as a function of oxygen concentration
and temperaturenodified from(USCE, 2000 (eq.65).

For = ToroFor (1) T(O) 60,65

where rprp IS the base respiration rate (1/day). Similarly to filter feeders, the
respiration rate decreases with decreasing oxygen concentration, because deposit feeders are
aerobic organisms, and they need oxygen for respiration prdegsSer) is the temperature

decay factor, expressed @SCE, 2000 (eq.66):

ec — adT-20)
For (T) =Tz eq.66

where T 2° is the Arrheniusdimensionless factor for temperature ded®SCE,

2000. The respiration term isonsidered as dissolved nutrients that are released in tee wat
as ammonia and phosphate:

DF _to_NH4=r,. DF @Ncédooo
Y,
eq.67

DF _to_NH4 (g N/m/day) is added to the differential equation thie phosphate at
the sedimentvater interfac&H4,, (g N/nt) (eq.90).

DF to_PO4=r,. (DF @Pcédooo
%
eq.68

DF to_PO4 (g P/n/day) is added to the differential equation tbfe phosphate at

the sedimentvater interfacd?04, (g P/n?) (eg.91). Oxygen consumption due to respiration

is accountedor as follows:
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O2_to_DF =-ry CDF(%?%@OOO eq.69

02_to_DF (g O/m®day) is added as sinto the differential equation of the oxygen

0, (g O,/m’) atthe sedimentvater interfacdeq.92). 32/12 is the ratio betweehe molecular
weight of oxygerand the atomic weight of carbon.
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Parameters

Parameter®f the deposit feeders modate given inTable 5. Reference values are

given as well.
Table5 - Parameters of the depof@ederamodel

Parameter | Description Unit Value | Reference

| DFmax Deposit feedel I/day 0.05 Le Pape et al.
maximum ingestior] (1999
rate

I'bFo Deposit feeder bas 1/day 0.0075 |Le Pape et al.
respiration rate (1999

Uvp Deposit feede] - 0.25 Le Pape et al.
assimilation efficiency (2999
for microphytobenthos

Uhowmb Deposit feede] - 0.25 Le Pape et al.
assimilation efficiency (1999
for particulate organif
matter

Mbro Deposit feeder bas 1/day 0.0018 |Le Pape et al.
mortality rate (1999

Koz Oxygen concentratiol mg Oyl 0.5 www.mohid.com
limitation constant

Trac Temperature respiratio - 1.08 USCE (2000
factor

DFmin Minimum density thal{ kg C/nf [ 0.002 |[Le Pape et al.
limits ingestion rate (1999

DF max Maximum density tha| kg C/m’ 0.006 |Le Pape et al.
limits ingestion rate (1999

Kc Half-saturaion constant| kg C/nf 0.001 |Le Pape et al.
for food uptake (1999

(N P:C ratio gPgC 0.024 | IST (2006
Mue N:C ratio gN:gC 0.18 IST (2006
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2.4.2.3. Microphytobentos
Conceptual diagram

A conceptual diagram of microphytobenthos is giverFigure 14. Yellow boxes
represent state variables of the benthic system, and blue boxes represent state variables of the
pelagic systemMicrophytobenthos uptakes nutrients from the water at the sedwveget
interface, and deposit feedsrfeed on microphytobenthos. Oxygen is produced by
photosynthesis and consumed by respiration. Dead microphytobenthos is added to the existing

pool ofdetritalorganic matter on the bottom sediment.

POM Bottom

Yy

Mortality

Uptake

Y

MICROPHYTOBENTHOS

NUTRIENTS
l —

h

A

OXYGEMN T )
Pradation
A
DEPOSIT FEEDER

Raspiration

Figurel14 - Microphytobenthos conceptual diagram.

Governing equations

The model formicrophytobenthoss used to represent benthmacro algae which are
able to photosynthe=e on the bottom sedimenthese benthienicro algae aremodeled by
using theeq.70:

ddﬂ):(l- 1)9,,MP- m,.MP- MF _to_DF
t eq.70

whereMP is the microphytobenthos in kg C/ngwe is the microphobenthos growth
rate (1/day): (-) is the fraction of the growth that goes to respira{Blackford, 2002, myp
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is the natural mortality rate of microphytobenthos (1/day), lifd to_DF (kg C/nf/day)

is thegrazingrate bydeposit feeders:

MP

MF to DF=l,——— DF
MP + K,

eq.71

For the explanation of thgrazingterm by deposit feeders on microphytobenthos
pleasealsorefer tosection2.4.2.2 If no grazersof microphytobenthoare defined, the decay

of microphytobenthos occurs only due to natural mortality, 8 to DF =0. The

microphytobenthos growth rai® expressed d&q.72):

Iup =V F (1) F(T) F(MP) min(f (N), f (P))
eq.72

whereVmaxis the maximum growth rate (1/dayf)l) is the dimensionless light limiting
factor, f(T) is the dimensionless temperature limiting factifMP) is the dimensionless
density limiting factorf(N) andf(P) express the limitation due twtrogenand phosphorus
The density limiting factof(MP) [-] is expressed in the same wayfasbenthic feederéeq.
73):

e & i A
f(MP) =1.- maXéO.,mmg_,Mg
é (; Mpmax - M min —L'j

eq.73

where MPmin (kg C/nf) and MPnay (kg C/nf) are the minimum and maximum

microphytobenthos biomasggich arelimiting the microphytobenthogrowth rate.

The light limitation factorf(l) (dimensionless), follows thEvans and Parslow (1985

model eq.74:

a @AF%OUOTT]
\/Vrsax + a ? PA%OUOTT\

f(l)=
eq.74
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Uis the slope of the PI curve [1/(day(Wi)). PARytomis the Photosynthetic Active
Radiation (W/m) which reacheshe bottom sediment.

The dimensionless ternfi@\) andf(P) are given ageq.75andeq.76) :

£ (N) =_NH4, + NOB,
Ky + NH4, + NO3, 25
eq.
K, +PO4, 26
eq.

whereNH4,, (mg N/I) is the ammonia at the sediment watagerface NO3, (mg N/I)
is the nitrate at the sediment waiaterface and PO4, (mg P/l) is the phosphate at the
sediment watelinterface Ky (mg N/I) is the half-saturationconstant for the uptake of
nitrogen and Kp (mg P/l) is thehalf-saturationconstant for the uptake @hosphorusThe
values of the saturation constants were givehable 6. For massonservationammonia is

consumed by the microphytobenthos uptake and generated by microphytobenthos respiration
(eq.77):

MP_to_NH4:f("_'gMPC'MPC"DNCédOOO- YNH4gMP<:'Mp®NC§dooc eq.77

whereEwns is the dimensionless ammonia preference factor, calculaigesagbedn

Appendix B.rycis the N:Cratio.

Nitrate at thesedimemwater interfaces consumed by uptaKeq.78):

MP_to_NO3=-(1- Y \44)9u-MP @NcédOOO
eq.78

MP_to NO3 (g N/n/day) is added to the equation of nitrate in wa(BiO3w,
gN/m°) (eq.89).
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Phosphate at theedimentwater interfacas consumed by uptake and generated by
respiration(eq.79):

MP_to_PO4=f @, MP Q. édooo- 9ypMP @, édooc

eq.79

MP_to_PO4 (g P/nf/day) is added to thdifferentialequation of phosphate in water

(PO4w g P/m®) (eq.91). Mortality is added to the existing pool of depositedanic matter
on the bottom sedimefrq.80):

MP_to_ POG =+m,MP

eq.80
MP_to_PON, =MP_to_ POG, @, o1

eq.
MP_to_POR =MP_to_POG Q.. -

eq.

MP_to_POG, (kg C/m?day) is added to the equation pérticulate organic carbon
in the sedimen(POCy,, kg C/nf) (eq. 93). MP_to_ PON, (kg N/mf/day) is added to the

equation of particulate organic carbon in the sedim@®N, kg N/nf) (eq. 94).
MP_to_POR (kg P/m?day) is added to the equation of particulate organic phosphorus in

the sedimentPOR,, kg P/nf) (eq.95).

The mortality of themicrophytobenthoss expressed dgq.83):

Myp = MypoFiec(T) 0q.83

where ™vro s the base mortality rate (1/day) and the temperature decay function

Fie%(T)is given ageq.84):

66



_ dT-20
R =R .

The oxygen is produced bgrowth and it is consumed byespiration of
microphytobenthogeq.85):

32A,
02_to_MP =(1- £)g,,,MP>=—Q000
_to_MP=(1-7)gueMP—+

eq.85

0O2_to_MP (g OJ/mday)is adled to the differential equation of oxygen in water
(eq.92).
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Parameters
Parametersf the microphytobenthos modele given inTable6.

Table6 - Parametersf the microphytobenthanodel

Parametel| Description Unit Value | Reference

Vinax Microphytobenthosmaximum growth| I/day 2. Blackford (2002
rate

Mvipo Microphytobenthosmortality rate 1/day 0.02 | IST (2009

L Microphytobenthos respiration| [-] 0.05 | Blackford (2002
fraction

U Slopeof PI curve 1/(day(W/n?)) | 0.025 | Evans and Parslo

(1985

Kn Half-saturatiorconstant for N uptake| mg N/I 0.014 | IST (2009

Kp Half-saturatiorconstant for P ptake | mg N/I 0.001 | IST (2009

MPin Minimum density that limits ingestio| kg C/nf 0.001 | Blackford (2002
rate

Le Papest al.(1999

MPax Maximum density that limits ingestio| kg C/nf 0.005 | Blackford (2002

rate Le Papest al.(1999

T, Jac Temperature respiration factor | - 1.08 | USCE (2000
Y Ammonia preference factor - - Appendix B
Moc P:C ratio gPgC 0.024| IST (2006
Iye N:C ratio gN:gC 0.18 | IST (2009
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Summary of the equations forfilter feerers, depositfeeders and microphytobenthos

In this section, a summary of the equations of the beifgleiders and microphytobenthiss

provided.
IMP _ 1- £)g,oMP- m,MP- MF _to_DF
dt
e(.86
dE:gFFFF - feeFF - M FF
dt eq.87
EZQDFDF' oe DF - my. DF
dt
eq.88
de_CBW =MP_to_NO3
t eq.89
ANHAW_ \ip_to_NH4+DF _to_NH4+FF _to_NH4
dt
eg.90
dPOAw _ MP_to_PO4+DF _to_PO4+FF _to_PO4
dt
eq.91
da, _
—2=02_to_MP+02 to_ DF+02_to FF
dt -
eq.92
dP;)Q =MP_to_POG, +DF _to_POG, +FF _to_POG,
t eq.93
dPON, _\p to_PON,+DF _to_PON,+FF _to_PON,
dt eq.94
dF;OE’) =MP_to_POR +DF _to_POR +FF _to_POR
t eq.95
dPg)QV =POCw _to_FF
t eq.96
dPON, _ ponw 1o FF
dt
eq.97
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dPOP,
dt

=POPw_to_FF
eq.98

It is important to say that the differential equatiatescribed abovdor nitrate,
ammonia, phosphate, particulate organic matter in wiatdude only the processes described
in the benthic ecology model. The modifications of these properties due to water column
biogeochemistry (uptake of nutrients by phytoplankton, mortality and respiration of
phytoplankton and zooplankton, mineralizatiinorganic matter) were not included in this
list, because they are already calculated by other modules in MOHdiDphytoplankton,

which is not a state variable of the benthic ecology mqiehse refer teq.102
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2.5. The MOHID water modelling system

MOHID is a water modelling system developed at the Marine Technology Research
Centre MARETEC) at Instituto Superior Técnic@IST), Universidade de Lisbodortugal.
MOHID was appliedo estuaries, lagoons, reservoirs, and coastal eseels,as to the Sado
Estuary(Cancino and Neves, 199Bartins et al, 200J), to the Aveiro lagoon in Portugal
(Vaz et al, 2007, to the Ria deVigo in Spain(Taboadaet al, 1999, to the Western
European Margir{Coelhoet al, 1999, and to theTucurui reservoir in Brazi{Deuset al,

2013, among otherdn this section, gartialdescriptionof the model is given, because a full
description is out of the scope of the thesis. However, more details can be fddinahidaet
al. (2000 and inPina (200

2.5.1. Hydrodynamics

The Hydrodynamic Module is the core of the MOHIDaw&r modelling system ant
can be used fobi-dimensional(2-D) and three dimensional3-D) applications. In this
researchthe model was applied with al® configuration, and theocresponding equations
are

‘:: éux(uD)+$(vD)u—0

eq.99
H 1 WA épua, pug, pa pHu @
(uD)+ uD)+ (uvD) wD=-g DM+ + Dt a0 8+ HEan BT eq.100
eux( s W I T uyé%\ ey
’u(vD)+  (uvD)+ (VZD)‘S+ qu=—g‘Duh l‘y+D aaA 8 E%\h&g
eUX [V a My eUX(; X+ We W eq.101

whereu and v are the velocity components along tkeand y directions;f is the
Coriolis parameter and it is a function of latituéd is the coefftient of horizontal viscosity
t* and ¢ are the wind stresses along thand they directions, respectivel\D is the total
depth of the upper layer calculatedxsH+/A, whereH is its undisturbed thicknesand /1 is

the interfaciadeflection(Kantha and Clayson, 2000
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In this research, the model was set up by usingDadepth integrated model. This
means that the study area wasuassd to have an intense vertical mixing, and that the water
column is vertically homogeneous. Based on this assumption, a single water layer was
defined for the study area, with a variable depth defined by the bottom topography. This
choice is justified bythe shallowness of the study areas considered in this work, and by the
necessity to use a configuration with a relatively -lmywnputational cost. However, it is
important to highlight that shallow estuaries may have stratification, which influences water
residence time as well as biological processes occurring in the water and at the water
sediment interface. A-B model would ensure a more detailed representation of the system,

at an increased computational cost.

2.5.2. Water Quality

The water quality model calculates sourceand sink terms for biogeochemical
properties, in each cell of the grid, and in each time instant. The source atetsislofeach
property describe chemical and biological processes associated with the biogeochemical
cycles of carbon,itrogen and phosphorushe Water Quality Module in MOHID includes

more than 2@roperties, including nutrients, organic matter phytoplankiod zooplankton.

The processes involving phytoplankton and macroalgae are similar, since they are both
photosynihetic organisms. The only difference is that macroalgae live fixed to a substrate, and
the phytoplankton is transported in the water column. Seagrasses are different from
phytoplankton and macroalgae because they uptake nutrients not only from watéspbut a
from the sediment. When detached by erosion, seagrass leaves are transported by currents as
detrital organic matter. This means that seagrasses are not capable of photosynthesis when

detached, whereas macroalgae are capable of photosynthesis whieadietac

The dynamics of phytoplanktoand macroalgaeare simulated in MOHID by
considering growth,grazing respiration, excretion, and naturalortality. The generic

equationfor phytoplanktoris as follows:

dPh
dt y: (nghy' Fony™ €ony™ Moy~ Ppny~ bphy)Phy
e(q.102
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wheret is the time and fhytoplankton concentratiofiPhy) is expressed ig C/n? (or
mg C/I). The terms in parenthesis represent the net growth rate, given by the sum of the
following rates: the gross growth ratgny (day %), the total respiration rate pny (day ), the
excretion ratesyn, (day %), the natural mortality raten,y (day %), the grazing rat@pny (day™)
by zooplankton andthe grazing rat®gny (day?) by filter feeders The growth rate depends on
water temperature, nutrients and light in the water colurhe. complete description of the
terms in the parenthesis @q.102 along withmodel parametergsan be found in the MOHID
Water Quality Manua(IST, 2006, Fernandest al. (2006, and inTrancosoet al (2005.
Thegrazing ratédyny (day?) by benthicfeedersds described irq.44.

The light extinction coefficierit (1/m)in the watelis calculated as:

k=k,+kC, 6 +kC,
PP eq.103

whereC indicates concentration, and indicgsp, ands refer to water, phytoplankton
chlorophyll concentrationand cohesive sediment concentratiaiespectively.in MOHID
there is an option to defindbe effect of other properties on the light extinction coefficient
For a given property with concentrati@j,o, and extinction coefficienkyrqp, it is possible to

account for its effect on the light extinction coefficient by adding the prodycC  to the

prop

right side ofeq.103

2.5.3. Bottom shear stress

In MOHID wave parameters are used by the sedimeater interface module to
compute bottom shear stress, whighised both in hydrodynamics and in sediment transport,
controlling erosion and deposition processesViOHID, waves can erodgeeagrasbed when
the critical shear stress is higher than a defined value (expressedsipegied by the user.
Erodedseagrass leaveme assumed to be particulate organic matiet can be transported
passively by currentdVhenseagrasbed is erodedis biomass is set to a minimum value.

generalit is estimated that seagrasses do not exist at flow velocities above 1.5 m per second
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or at very exposed shoré&reve and Binzer, 2004 Currents and wave action prevent
seagrass growth and distribution by causiagpensiomand transport of the siedent.

In this section some information is provided about how bottom shear stress is
calculated in MOHID. This information can be used by model users to set a critical value for

bottom shear stres®r seagrass bedsn MOHID the bottom shear stregg(Pa) can be

calculated as a function dfottom velocityonly, or as a function of wave3he general

formula used in MOHID to calculat®ttom shear stress

t, =Ch@Z O (due to currents)

t,,=Ch@Z, O (due to waves)
eq.104

r (1000 kg/m) is the water densityy, (m/s) is thebottomfluid velocity, ¢, (Pa) is the
bottom shear stress due to curretig(Pa) is the bottom shear strekge to waves,y, (m/s)
is thebottomorbital velocity, andCh (-) is the Chezy number. According to the formulation
based orbottomvelocity only, the Chezy number ¢alculatedas afunction of water depth

and rugosity:

. 2
e [}
é K u

> karman:
Ch=¢é— -U
éInar *hgu

& 0
r =
€ ¢ : eq.105

wherekarman(-) is the Von Karman constant (equal to Or4()m) is the rugosity, and
h (m) is the water depttAccording toGreve and Binzer (20Q4at a velocity of 1.5 m/s no
seagrass bed is preséfithe velocity u,=1.5m/sis considered as the critical bed shs@iess

for seagrass bedprfh=1 m,r=0.0025 m,, =8.5Pa Bottom shear stress at velocily=1.5

m/s is depicted ifrigure 15 for different depths.
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bottom shear stress for u=1.5 m/fs
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Figurel5 - Bottom shear stress at velocity=t.5 m/s for different depths.

According to the formulation based on combined waves and tsy€nis given as:

Ch=0.25F,
eq.106
F. is a dimensionless factor calculated as:
- 5.977+5.2135§1aeAﬂvg(‘,l
F,=e ¢r- c,=-0.194
eq.107

wherer (m) is the bottom rugosityAbw=u, /W; W=2p /T, and T (sec) is the

wave periodThe bottomorbital velocity u,,y (M/s)is given as:

_1 Weh,

u = @ ="
" 2sinh(N3 h)
eq.108

whereh (m) is the water depthh,, is the wave height (mandN=2p// . / (m) is

wave length/ =c2 T, andc is thewave @lerity (m/s) Forh=1 m, T=10s ¢, anduy, vary

with the wave heighs shownn Table 7.
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Table7 - ¢, anduy, for different values oh,, (h=1 m,T=10s)

hy(m) 0.10| 0.20| 0.30| 0.40| 0.50| 0.60| 0.70| 0.80| 0.90| 1.00| 1.10| 1.20| 1.30| 1.40
Upy (M/S) | 0.15| 0.31| 0.46| 0.62| 0.77| 0.93| 1.08| 1.24| 1.39| 1.54| 1.70| 1.85| 2.01| 2.16

1,w(Pa) | 0.13] 0.39] 0.77| 1.24| 1.81| 2.47| 3.21| 4.04| 4.96| 5.95| 7.02| 8.17| 9.39| 10.69

2.5.4. Integration in MOHID

The modeldescribed in this chapterasintegrated inthe MOHID water modeling

system by using a set of three modules:

1 Benthidccology module
1 SeagrassesWatateractions moduteand,

1 Seagrass&ediminteractions module

The BenthicEology module is the module responsifide solving all the differential
equations described in this chapter for seagrasses, benthic feeders, microphytobenthos, and
particulate organic matter and nutrients at the sediment waknface. Theother two
modules are used only when seagrasses are computed, andréhegsponsible fothe
calculation ofthe seagrassiptake of nutrients from water column and sedim&he three
modules were written in FORTRAN 95 and they were included in the MQidt2available
at http://mohid.codeplex.comin MOHID there are interfaces which enaltihe transferof
information between modules. These interfaces are: Module Interface, Module
InterfaceSedimentWater, and Module InterfaceWaterAir. In ieéearch Module Interface
and Module InterfaceSedimentWater were modified to enable #@msférof information
betweenBenthicEcologySeagrassWaterinteractions module and SeagrassSediminteractions
module(Figure16).
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Figurel6 - Conceptual diagram of the links existing betwdammodulesnside MOHID.
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Chapter 3 z Model testing (part 1)
3.1.Introduction

In this chapter the main limiting functions of tkeagrass modelre described. A
preliminary calibration of the modeis carried out to estimatparameters specific for the
seagrasgostera noltii Mass conservation tests are performed inla dbnfigurdion of the
model to verify the consistency of the numerical formulation with the estimated parameters.
Sensitivity analysis is carried out to establish the influence of model parameters on the overall

model results.

3.2.Function plots

In this section, the mailimiting factorsof theseagrasssaredescribed.

Temperature limitation

Seagrass growth is dependent on temperature varigiignese and Binzer, 2004
Zosteraspeciescan tolerate sea surface temperas from about 5°C, with an optimum
growth and germination ranggarting from10 - 15 °C (Yonge, 1949 According to recent
studies, grvival of Zosterais still possible at 37° C, while highteamperatures led to a sudden
drop in photosyntheticcapacity followed by mortality thabccurs more rapidly with
increasing temperaturéslassaet al, 2009.

Theformulation used to expresiependence of growth on temperatureseagrasses is
the same as the one used for other modules in MOHID to express the effect of temperature on
t he or gani s mslibe dgpendemde hof groath enstemperatisreexpressed \b
establishing an optimal temperature for seagrass growth, and an optimal interval of tolerance.
A bell-shaped functiorfappendix A) anddescribed inTrancoso (200R takes into account
the range of temperature toleratedsbggrasses. The functieanesbetween 0 and 1, with a
maximum (equaling 1) in correspondence with thinogl temperaturéFigurel?). This bell
shapedtnction is similar to already used formulations found in literature for seagrass species
(Bocciet al, 1997 Elkalayet al, 2003 Zaldivaret al, 20(®).
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Figure17 - Temperature limiting function calculated as in equation A.1T£'=10°C; T,2"'= 30°C;
Tiin = 5 °C; Tax=37 °C (see appendix A)

Spacelimitation

Competition between different species of seag@sasd between macroalgae and
seagrasses may also set limits to growth and distribubtmer plants and algae grow and
become larger, and eventually cover the bottom and suppress the growth of other Dlants
noltii often colonises the intertidal zone or the shallow waters where other species cannot
establish populations. In deeper waters wh&renarinaor C. nodosacan establish, they

apparently have a competitive advantage Zanadbltii beds will disap e a(@réve and Binzer,
2009).

The space limiting factd{L) used in this model was describednrChapter2 (eq.6).
The space limiting factor as a function of the leaviesnasss depicted irFigure 18 for M=0
kg DW/n¥, and for three different values Kf.. The parameteKmaxdepends on the study
area and it is determined from d4Biber et al, 2009. The formulation fromBocci et al.
(1997 was extended to include the effect of macroalgaedoyng the macroalgae biomass to
Kmax This formulation can have limitations because the growth of seagrasses can be already
limited at low values of macroalgae biomass. However, there is no information available in
literature about the minimum macroalgderbass at which seagrass starts to be affected by

space limitation. A better formulation can be developed if data is available to test different
formulations.
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Figurel18- Spacdimiting factoras a function of seagrass leaves, calculfxted eq.6, for M=0 kg
DW/n?, and for three different values If;

When other plants or algae are presentkg DW/m?in eq.6), the space occupied

by other plants and algae is limiting the growth of seagrasses leaves, as skaunah.

©
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o o
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Figurel9 - Space limiting &ctoras a function of seagrass leaves, calculated)#; for two different
values of M and for K.«= 0.2kg DW/nt.
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Nutrient limitation

The seagrass modelccounts fothe limiting effect of nutrient content on growth and

uptake of nutrients, following the approach described@acci et al. (1997. The limiting

factorsf(N) andfone x pr essing the effect o fth andiuptake gen ¢

were described ieg. 8 andin eq. 16 in Chapter2, respectively The function plots for these

equations are given ifrigure 20. The red line in Figure 20 shows thatf(N) increases

(decreasesyith the increasingdecreasingpf plant nitrogencontent, which mass that the

growth is limited bylow concentration of nitrogen in the plant. Thieie line inFigure 20

shows thatbn decreases with increasing nitrogen content, which means thalatiteptakes

nitrogen only if its reserve is not completdis means that at low nitrogeoiotain the plant,

the plant is growing lesand it will try to uptake morenitrogen from the environmentvhen

t he

plantés nitrogen quota i s hisggbestingthate

growth is limited by other factors.

The limiting factorsf(P) and fbp expressing the effect of phosphorus content on

[l
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0.5
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pl ant 6s

=fhn

/ —f(N)

0 5 10 15 20 25 30 35

Internal Nitrogen content (mg N/g DW)

Figure20 - Nitrogen limitingfactors €q.8 andeq.16).

g r o avddéscribed ideq. @ gndireek. 20 in Chapter2, respectively. The

function plots for these equationgagiven inFigure21. The figure shows thd(P) increases

upt

with increasing phosphorus content, which means that the growth is limited at low

concentratios of phosphorus in the planEigure 21 also shows thatfbp decreases with
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increasing phosphorus content, which means that the uptake of phosphorus is limited at high
phosphoruscontentin the plant. This means that at lowosphorusquota the plant is

growing less but itisuptk i ng mor e phosphorus from the e

phosphorugjuota is highthe uptakeof external phosphorus reduced, and the phosphorus

contentsconss med to enabl e plantds growt h.
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Figure21 - Phosphorus limihg factors, €q.9 andeq.20).

Light limitation

Seagrasses are limited by light availability as other primary producers of the aquatic
environment.Light is a limited resource in the aquatic environment because it extinguishes
exponentially with increasing depthk this research light limitation in seagrassesvas
expressed by using Michaeldenten saturation law, based on previous studies documented
by Bocci et al. (1997). The light limiting factor Figure22) is calculated as a function of the
light available at the top of the canofgy(W/m?), (eq.5).
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Figure22 - Light limiting factor as a function of light available at top candpy, for different values
of KL (eq.5).

The |l ight available at the top of the <can
for light extinctionwith increasingdepth, considering that the height of the canopy varies
with tide and with the biomass of the plaet|(36). The example irFigure23 shows the light
available at top of canopyic{ W/n?) as a function of deptkiSteele, 196R for a canopy
height hc =1 m. When the water depth is lower than theight of the canopy, the light
available at the top of the canopy equals the light available at the surface of the water. When
the water depth is higher than the height of the canopy, light available at the top of the canopy
follows anexponential decay wh increasingdepth.
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Figure23- Light available at the top of the canopy as a function of water depth for three different
values of light availablat thesurface [) (eq.36), and considering.=1 mandk=0.05 1/m.

3.3.Preliminary model calibration

In this section a preliminamnodelcalibration of theseagrass modéd carried out to

estimateparameters specific for the seagrdestera noltii

The seagrasmodel is generic because it contains characteristics common to several
seagrass species. However, model parameters can vary from one species to another. Existing
seagrass modeluse specifi values for the species to be simulat@bcci et al, 1997
Elkalay et al, 2003. As an examplea model developed foPosidonia oceanicéElkalay et
al., 2003 uses a maximumleavesbiomass value of 0.750 kg DW#mA model forZostera
marina (Bocci et al, 1997 uses a maximum leaves density of about 0.5 kg DW/m
(parameteKnay. In thisresearchthe model was used to simulate the spetastera noltii
Data found in literature show that maximusomassof Zostera noltiiin the Palmones
Estuary, Spainwasabout 0.26 kg DW/m(PérezLloréns and Niell, 1998 This suggestthat
the value of 0.5 kg DW/fnfor the parametemax from Bocci et al. (1997 used forZostera
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marinais not adequate to descri@®stera noltiidynamics although the two species belong
to the same genuZ¢sterg.

No values were found in literature to express the maximum growth rat&adtera
noltii. Bocci et al. (1997 used a growth rate of 0.06dbly forZostera marinaHowever, this
value ofgmax may be inadequate to describe the growth ratéastera noltii The lack of
information about specific parameters fdpstera noltiiled to the necessity to use a
calibration toolwhich to compare reatlata and model results, to estimate a new set of

parameter valugbat can be usefdr Zostera noltii

Useof a calibration tool

When information to establish parameter values is insufficient, it may be necessary to
calculate and deploy parameter valbgsusing a calibration tool. Calibration is based on the
optimization of an objective functidhat minimizes the difference between model results and
realdata Model parameters are changetil a set of parameter values is found to minimize
the differerce between model results aneld data(Ditmars, 1983

In this researcha preliminary calibration of the model was carried out by usiireg
MATLAB optimization toolbox The calibration toohas the following inputs: a system of
ODEs a set of parameters, and a datab@bke. system of ODEs is the system of equations
already described for theeagrass modellhe parameters were describedTable 8. The
databaseonsists ofime series omeasuredostera noltileaves and roots biomalg Pérez
Lloréns and Niell (1998 Thesetime series are used to cpare thesimulatedZostera noltii
biomass (leaves and rootgith data.The tool calculates th&olution of the ODEover a time
interval, and calculates thaifference betweersimulated and measurddaves and roots
biomassover the same time intervaDn the basis of this differencé¢he tool ealuates the
error of the model with respect to data, and defanasw set of parameters that is expected to
decrease the error between data and model. The new set is used for the next iteration, until a
set of paameterds found to minimizehe error of the modelith respect to datat the end

of theiteration cycle the new set of parameters is provided as output of the calibration.
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Preliminary calibration results

The calibration produced a set of estimgp@dameters listed ifable8. The overall
results of the model calibration had a satisfactory agreement with kigiare(24a). The
calibration procedure changed the valug,gffrom 0.06 to 0.23 da¥ This value was in the
range of previous studies, between 0.06 and 1.2 ¢Bgcci et al, 1997 Hipseyet al,

2003 Newell and Koch, 2004 A model which is using a parameter for maximdostera
noltii leaves biomassKay was not found in literatureThe parametewas initializedto a
value already used in a model for anotAesteraspecies (in this caséostera maring and

then the calibration tool changedriom 0.5 to 0.228 kg DW/f This value was found to be
more consistent with the maximum values foundterature for the same speciesaximum
values ofZostera noltiibiomassin literature were found to be beten0.18 and 0.26 kg
DW/m? (PérezLloréns and Niell, 1993Pluset al, 200). Leaves decay rate was changed
from 0.0041 to 0.064 ddy This new value is in the same order of magnitude of the leaves
decay rate of 0.041 used irZastera marinanodd (Bocciet al, 1997. Roots decay rate was
changed from 0.0038 to 0.035 dayhis new value is in the same order of magnitude of the
roots decay rate of 0.015 dhysed in aZostera marinamodel (Bocci et al, 199%. The
maximum uptake rates for nitrogen were changed to values very similar to the initial ones,

and they remained in the rangf the literature values reportedTiouchette and Bikholder

(2000. V" Was changed from 2 to 1.7 g N/kg DW/dé(yNﬁ;xogw was changed from 1.44 to

1.07 g N/kg DW/dayY=" was changed from 0.48 to 0.14 g N/kg DW/d4¥. was changed

from the initialvalueof 0.015 to 0.21 g P/kg DW/day, remaining in the range of igtarted

in Touchette and Burkholder (2000Few stdlies on seagrasses phosphate uptake are
available in literature(Romero et al, 200§. These studies refer mostly fbhalassia
hemprichij for which the reported maximum phosphorus uptake rate from leaves ranges
between 0.28 and 0.42 g P/kg DW/day, and shows that seagrasses have a phosphate affinity in

the same order of magnitude as that for ammonium.

The translocation coefficienit was slghtly changed from 0.25 to 0.28. The internal
nitrogen quota\crit was changed from 15 to 16 g N/ kg DWimaxwas changed from 30 to
31 g N/kg DW.Nmin remained unchanged after calibration. Parameters for the internal
phosphorus quotBmin Pcrit, andPmaxwere changed from 0.44, 1.33, and 2.67 g P/kg DW
to 0.14, 0.8, and 3.14 g P/kg DW, respectively. However, the value of 3.4 g P/kg DW for
Pmaxprovided by the automatic calibration was changed to 6 g P/kgrDdvderto better

adjust to data of phosphorgsntent reported ifPérezLloréns and Niell (1998 The half-
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saturationconstants for nutrient uptake were changed by the calibration procedure, but they
remained in the same order of magnitude of the initial guessiyiagio changed fronl9 to

16.2 g N/kg DW, and the- ratiofrom 2.3 to 1.8 g P/kg DW.
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Table81 Parameter valuesstimateddy calibration

Symbol | Description Unit Estimated value|
Omax Seagrass maximum growth rate day’ 0.23
Kimax Maximum leaves biomass kg DW/n? 0.228
Nmin Minimum internal nitrogen quota g N/kg DW 5
Ncrit Critical internal nitrogen quota g N/kg DW 16
Nmax Maximum internal nitrogen quota g N/kg DW 31
Pmin Minimum internal phosphorus quota g P/kg DW 0.14
Pcrit Critical internal phosphorus quota g P/kg DW 0.8
Pmax Maximum internal phosphorus quota g P/kg DW 3.14
N N: DW ratioin seagrasses g N/kg DW 16.2
rp P: DWratioin seagrasses g P/kg DW 1.8
Vr:laerw Leaves maximum uptake of ammonia g N/(kg DW-day) | 1.7
KnHaw Leaveshalf-saturatiorconstant for ammonid g N/nt 0.13
Vi n?laimw Leaves maximum uptake of nitrate g N/(kg DW-day) | 1.07
Knosw Leaveshalf-saturatiorconstant for nitrate | g N/n? 0.12
\/ NHas Roots maximum uptake rate of ammonia | g N/(kg DW-day) | 0.14
Knhas Rootshalf-saturatiorconstant for ammonia| g N/m3 0.8
an’acgf Maximum uptake rate of phosphate g P/(kg DW-day) | 0.21
Kpoa Half-saturatiorconstant for phosphate g P/nt 0.017
Mo Leaves base decay rate day’ 0.035
Mo Roots base decay rate day? 0.064
mins Mineralization rate in the sediment day’ 0.06
miny, Mineralization rate in the water day’ 0.04
tr Carbon translocation coefficient - 0.28
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3.4.Verification

The new set of parameters established by calibration was used to verify the results of
the modebwith observeddata Observed dta used for verification consisted of time series of
Zostera noltiileaves and roots biomass B¢rezlloréns and Niell (1998and collected
betweenApril 1988 andDecember 1988, in the Palmones River estuary, Spain. The results of
the verification are shown iRigure24b. Simulated biomass of leaves and roots increased in
response to light and nutrients in spring, reached a maximum in summer, and decreased in
autumn. Simulated leaves biomass ranged betw@®anahd 0.16 kg DW/fm with an average
of 0.12 kg DW/n. Simulated roots biomass ranged between 0.03 and 0.07 kg HWittm
an average of 0.06 kg DW/m Tot al pl antés biomass ranged
DW/m?, with an average of 0.18 kg DW/niThese esults arén agreementwith previous
studies observeddata reported foZostera noltiiin the Thau Lagoon, Frand®lus et al,

20017), showed that the biomass of the leaves along the year varied between 13.6 and 173.8 g
DW/m?. Leaves biomass dfostera noltiiin the Arcachon Bay, France, ranged between 81

and 101 g DW/rh(Pluset al, 200]). A studyconcerningseasonal dynamics @bstera noltii
biomass in the Palmonesvigr Estuary, Spain(jPérezLloréns and Niell, 1993 revealed that
phant s bi omass r aongdwmmf, wite thenedmum i fate aumohedr?

the other hand, biomass Bbstera noltiiin Ria Aveiro, Portugalyariedbetween85 and142

g DW/n?, with an average value of 107 g DW/(Silvaet al, 2009.
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3.5.Testing

In this section, mass conservation tests are performed D @dhfiguration of the
model to verify the consistency of the numerical formulation. A long term run is carried out to

test the behavior of the model over time.
Multi -year run

Theseagrassodelwas tested by using al configuration to execute simple tests to
verify mass conservation in the systehine model was executeaver a period of 10 years
without advectiordiffusion processes. For the model forcing, typiclrface water
temperatue and surface radiation values foid-latitude of the northern hemisphenere
used(Figure 25 and Figure 26). The model parameters were assigned with values shown in
Table 8. Initial conditionswere used fronTable 9. The variation of the state variables as a

function of time was determined@he time steusedwas 10 sec.

Table9 - Initial conditionsused for seagrassodelmulti-years run

State variabld{ Initial Value Unit
L 0.11 |kg DW/nf
R 0.053 |kg DW/nt
N 0.0024 | kg N/nt
P 0.000164 | kg P /nt
NH4w 1 g N/n?
NO3w 1 g N/n?
NH4s 1 g N/n?
PO4s 1 g P/n?
PONs 1 g N/n??
POPs 0.13 g P/n?
PONw 1 g N/nt
POPw 0.13 g P/n?
PO4w 0.1 g P/n?
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Simulated nitrogerand phosphorupercentare shown irFigure27 and inFigure 28.
Simulated ammonia, nitrgteand particulate organic nitrogeswre shown inFigure 29.
Simulated particulate organic nitrogen in sediment and particulate organic phosphorus in
sediment are shown iRigure30 andFigure31. Simulated seagrass leaves and roots biomass
iIs shown inFigure 32. Simulated C:N and C:P rasovere inversely related with nutrient
content Figure 33 and Figure 35), in conformity with previous studiefDuarte, 1990
Campbellet al, 2012. The rate of change in C:N and C:P ratios with increasing nitrogen or
phosphorus content in plant tissues should shift from high to small as nutriehyt siggts
t he pl an t(@uarte,dWnEh@ idverse relationship between CaNd C:Pratios and
nutrient content was described Byarte (1999 (Figure34 andFigure35).
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Figure25 - Temperature used to force the model. For rydtr runs the same set of data was
repeated.
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Figure26 - Surface radiation used to force g@agrasmodel. For multiyear runs the same set of data
was repeated.
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Mass conservéion

This section describes the mass conservation in the simulated systés test, a
closed systemwas considered where total massnust be constant over timéds a
consequence, no nutrient inputs/outpuiere considered.Total mass Kigure 37) was
expressed as total nitrogen and total phosphorus in the system. Total nitrogen at each time t
was calculated by summing up the mass of the state \@slaldR, NO3w NH4w, N, PONw
PONs,andNH4s at time t, expressed as grams of nitroJertal phosphorus in the system at
each timet was calculated by summing up the mass of the state variapRsPOPw P,
POPs PO4s andPOA4w, all expressed as grams of phosphorus. The results showed that total
nitrogen and total phosphorus in the system were constant over time, and this demonstrated

that thesimulated system was consiy the mass
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days

Figure371 Total mas in the simulated system expressed as total P and total N.

3.6. Sensitivity analysis

In this section, sensitivity analysis is carried out t@lagsth the influence of model
parametes on the overall model result§&ensitivity analysis is carried out hysing two
methodologies: Local Sensitivity analysis (LSA), and Global sensitivity analysis (GSA). The

results of the two methodologies are compared.
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Methodology

Model results strongly depend on initial conditions, forcing functions, equatods
parameters. The latter are not always known because lafck of information and difficulty
to measure them. The accuramybiological models is often affectdary the uncertainties in
the measurement and estimation of model paramékéasino et al, 200§. Sensitivity
analysis is a technique to evaluate ttmpact of parameter variations on simulated variables,
and to assess uncertainty model parameters. Several methodologies are available in
literature for the calculation dheimpact parametersn model outputs. These methodologies
are divided into two rain groups: Local Sensitivity Analysis (LSA) and Global Sensitivity
Analysis (GSA). LSA evaluasgparameter changes with respect to a baseline (nominal value),
and the consequent variationsrmodel outputs are quantified. LSAsw computational
cosk and they are useful when model parameters are knowlme with low uncertainty.
However, br quantitative analysis, these techniques were foorzkinappropriateMarino
et al, 200§. GSA is based on multiple model evaluationsing Monte Carlo simulations.
Monte Carlosimulationmethods are commonly used to penfiomultiple model simulations
by using randomly generated model inpi\Msrino et al, 2009. Recent studies demonstrated
that LSA and GSA give very different results andttt is not advisable to drawonclusions
about parameter sensitivity calculated by L@Aarino et al, 2008 Quillet et al, 2013. The
sensitivity analysis of theeagrass modelas computed by using both methodologies. The
results of LSA applied to theeagrass modehbn be found iAscione Kenowt al. (2013. A
brief comparison of the results of the two methodologies is presented at the end of this
chapter.GSA techniques are implemented by using sampling and vaimsesl techniques
(Saltelli, 2002 Saltellietal., 2004. Correlation coefficients are considered the most efficient
and reliableonesamong the samplingasedindices(Saltelli and Marivoet, 199Marino et
al., 2008.
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In this section GSA was carried out tquantifyuncertainties bmodelparameters and to
assess their effects anodel resultsThe GSA aimed tadenify model parameters witra
high impact orthe model resultsSamplingbased sensitivity indices were calculated to assess
the impact of parameters on model results. State variables of the model were consitiered as
response variabseagainst which to test the effect of parameter changes. The methodology for
sensitvity analysis Figure 38) follows established5SA proceduregMarino et al, 2008
Cazelleset al, 2013.

Parameter Sampling

'

LSH matrix

4

Monte Carlo
Simulation

Model Output

}

Sensitivity analysisand
GSA Indices

Figure38 - Sensitivity analysis flow chart.

The GSA methodology was divided into 4 steps: (1) Sampling of parameters; (2)
Monte Carlo simulation; (3) Calculation of global sensitivity indicasgl, (4) Significance

tests.

In step (1), the values of the parameters are established on the basis of random
sampling from probability distribution functions (pdf)véty parameter is assumed to have a
pdf (uniform or normal), which is divided into N intetsawith an equal probability. N

independent samples are extracted from each pdf (N equiprobable values of the same
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parameter are drawn from the pdfpr the sampling of the pdf the Latin Hypercube Sampling
(LSH) techniquewas used(McKay et al, 200Q Marino et al, 200§, which was found
superior to random sampling, and explores the entire parameter(Saaedleset al, 2013.
Parameter values were stored in a LSH matrix of Nskza(hereafter named as X), where n

is the number of parameters and N is the sample size. In GSA techniques, parameters are
assumed to have a uniform or normal distribution between a minimum and a maximum value.
To define the interval of variation of model paretersnormal distributionsvere usedvith

themean equal to thealues listed inrable8, andthevariance equal t850% of the mean.

In step (2), a set of N =1008imulations was carried out. At each simulation the
solution of the model was calculated over a time interval of 360 days. The results of the runs
were stored in a matrix of response variables (hereafter named as Y), containing time series of
themodel otputs for allof the state variables and N simulations.

In step (3) X and Y were usedto calculate samplirgased GSA indices such tee
Pearson correlation coefficient (PC@)e Spearman correlation coefficient (SCC), ahd
Partial ranked correlatiocoefficient (PRCC)When thecorrelationcoefficient isgreder than
0, this indicates a positive linear relationshighen thecorrelationcoefficient is less than 0O,
this indicates aegativelinear relationshipFor the calculation of GSA indiceX,and Y were
considered aghe independent variable and dependent variable, respectively. For each
combination of state variable and parameter, the GSA indices were calculated. To calculate
the SCC for a sample of size N, the elementsXodnd Y are conveted into ranks.The
ranking transformation consists of assigning scores to the elements of the X and Y. As an
example, for each column of X, rank 1 is assigned to the smallest value, rank 2 is assigned to
the second higher value, and so on until rank &sggned to the highest value. The result is a
matrix of scores (or rankslPRCC is calculated by using ratdansformed datas well The
partial correlation between X and Y is given g definition ofn controllingvariablesZ =
(Bendtsen and Hansen, 20,L3and by applying a rank transformation of X and Y. PRCC is
the correlation between the residgiresulting from the linear regression of ranked X with Z,
and of ranked Y with Z.

Finally, in step (4), significance tests were carried out to assess if relationships
detected by the correlation coefficients were the result of a chanites hesearclhe model
state variableare considerecas dependent variables, and model paramateisdependent
variables. To assess significance of correlations, paitest thypothesis testingas carried

out Two hypothesesvere proposed the null hypothesis HO states that no correlation is
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present between the state variable and the parameter. The alternative hypothesis H1 states that
there is a correlation between the state variable and the parafrtetertest was usedto

calculate thdevel of significance of the correlation, named agajue. Three significance
levelsU(0.05, 0.01, 0.001) were established for the test-valpe< Umeans that HO can be
rejected at the significance level For example fold=0.05 and pvalue<, thereis 95%
confidence that a linear relationship exists. As a consequences Hfjeced and the
alternative hypothesis His acceped at the significance levell If p-valuex, it cannotbe

95% confident that aefationship exists, séll (correlation exist) is rejectedand HO(no

correlationexists)is accepéd

Global Sensitivity analysis results

Combination of GSA indices results antest resultsvere givenin Table 10. Three
Global Sensitivityindices (PCC, SCC, and PRCC) wagiven for each couple consisting of
state variable and model parame@olors indicate significance level: from light grey to dark
grey, three levels of significance are described: 0.844pe<0.05; 0.001<palue<0.01 and,
p-value<0.001. Epty cells indicate that the correlati@not significant (pvalue>0.05). The
sign indicates positive (+) ora negative {) correlation.Theinter-comparison between GSA
indices showed that PCC, SCC, and PRCC pravdi#erent correlations and significance
levels for the same couple consisting of state variable and model parafadtkr10). In
overall, for the same couples of parametiaite variable, PRCC detected the highest number
of correlations than the other two metrics (SCC and PCC). It can be concludeR@@ts
themost sensitive metric in the detection of correlatigregative or positiveetween model
parameters and model state variables. The higher sensitivity of PRCC with respect to SCC
and PCCwasin agreemenwith previous studies bilarino et al. (2008. Since PRCC was
established to be the most sensitmetric, itwasused in the analysis of results provided in

Table10. Following this choice, parameters were classified as follows:
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PRCC withp-value<0.00Xdarkgrey) high sensitivity
PRCC with0.001<pvalue<0.01(grey) medium sensitivity
PRCC with0.01<pvalue<0.05light gray) low sensitivity

= =/ 4 =4

PRCC with pvalue > 0.05 (empty cells): no sensitivity

Resultsin Table 10 showed that K.« affected all state variables, thus it wiag most
sensitive parametelhis means tha.xis important in determining model uncarity. The
parameteKax had positive correlation with state variabRPO®@Ns POPs PONw POPw; L,
andR. This means that the maximum biomass of the plant has a feedback effect on organic
matter in the systenKmax has negative correlation with nutrient concentrationwater and
sedi ment. This means that the higher the pla
This result is in conformity with the negative correlation existing between the maximum
growth rategmax and dissolved nutrients in threystem. The parametersthvino sensitivity
were thehalf-saturationconstants for nutrients uptakeamelyKypaw, Knosw andKpos and
parameters representing internal phosphorus conenin(and Pcrit). Among all thehalf-
saturationconstantsKnnas had the highest sensitivity with respect to ammonia in sediment
(state variableNH4g. Parameters representing minimum and criticsitogen quota (Nmin,

Ncrit,) had low to no sensitivity The maximum nitrogerquota (Nmay affected state
variablesN, NH4w, NO3w, POPs ard POPw The maximum phosphoruguota (Pmax
affected state variable®, PO4w and PO4s The parameten " affected only the

concentration of nitrate in the waté&t@3w). Leaves and roots biomass (state variablasd

R) were affected mostly bghanges oparametersng, mo, V.M, tr, Kmnax 'n, @ndgmax The

state variables that were less affected by changes of parameterdN@@vwe NH4s and

PONs Nitrogen content(N) wasmostly affected by changes of parametegs mo, V',

Kmax I'n , andNmax Phosphorus contenP) was mostly affected by changes of parameters

Mo, V.24, Kmax andPmax

max !
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Comparison between LSA and GSA

The sensitivity analysis of theeagrass modetas computed by using bottSA and
GSA methodologies. The results of LSA applied to 8sagrass modatan be found in
Appendix E.A brief comparison of the results of the two methodologies is provided in this
sectionfor the state variables which represent the seagnasselyleaves biomask, roots
biomassR, nitrogen contenlN, and phosphorus contelat The GSA showed thaeavesand

roots biomass were affected mostly by changes of parammersy, VN5, tr, Kmax I'n ,

andgmax On the other side, the LSA methodology revealed that roots were affected mainly by
Mo, tr, Kmax I'n @nd gmax In overall, the LSA methodology did not detect the effect of the

parameterv 4" on roots biomass result3his means that a variation of 10% of the
parameten,""**was not sufficient to determine the sensitivity of plagameten/ M4 . LSA

results showed thdatmin and Ncrit have high impact on leaves biomass, whereas the GSA
results revealed that these two parameters do not influence significantly the results of leaves
biomass.The results of LSA methodology poidt®ut thatitrogen conten{N) was affected

mainly by parameter®imin Nmax ry andgmax Whereas th&SA results showed thattrogen

contentwas affected by parametensg, mo, VN0, Knax I'n , and Nmax LSA results

revealed thaphosphorusontent(P) was affected mainlpy parameter$min, Pmax Vo4

max !

Ko, @ndmo, whereas th&SA results showed that phosphorus content was affected by

parametersng, VP> Kmax e , andPmax These results confirmed that th8A and GSA
methodologies give different resultSollowing the findings of the most recent literature
(Marino et al, 2008 Quillet et al, 2013, the results of GSA should be regarded as more
reliable because they exploaewide spectrum of parameter valusa statistical basis. On
the other sidel. SA methods explora very limited areaof model response to parameter
variation(Quillet et al, 2013.
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Table107 Global Sensitivity analys resultdor theseagrass model
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Summary

This chaper described the main functions (secti®®) used in theseagrass model
presented irsection2.4.1 Model parameters were not available in literature for the specie
Zostera noltij and thisled to the necessity to use a calibration tool to estimate model
parametergor this particular seagss specieésection3.3). The calibration tool estimated a
new set of model parameters that was foundnioimize the differencebetween data and
model resultsThis new set of parameters was used as reference to sirdoktra noltii
dynamicsThe model simulated the evolution of pl
maxima in late summeiin conformity with literatureModel equations were proven to be
mathematically consistent and the integration method was demonstrated to be numerically
correct, by performing mass conservation tgstebal Sensitivity Aalysiswas carried out to
find parameters witkhe highest impact on model results.overall, themaximumbiomassof
| eaves was identified as an i mportant par aim
biomass was affected mostly by mortality rates, growth rates, and carbon translocation
processes from leaves to rodtialf-saturationconstants &d no sensitivity on model results.

The results of Global Sensitivity Analysis were compared with results of Local Sensitivity

Analysis. The comparison revealed that the two methodologies can give different results.

The model presented in this work is gan and it ca be applied to other seagrass
species and to other study areas. For applicatiodgfévent speciest would be necessary to

do a recalibration of model parameters
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Chapter 4 - Model testing (part 2)
4.1.Introduction

In this chaptefunction plotsof the benthic ecology model are describ®dnsitivity
analysis is performed to investigate the effect of parameters on model régafs.
conservation tests are performed in -® Gonfiguration to verify the consistency tie

numerical formulation.

4.2.Function plots

Sediment limiting factor

Filter feederdfiltration rate is affected by the concentration of suspended sdélids.
high concentration of suspended solifitration rates are reduced as ingestion rates saturate.
This is often the case undeigh inorganic solid loading, which can then lead to nutritional
problems for bivalvegMeyerset al, 200Q USCE, 200). In the model, the dependence of
filter feeders on the concentration fiispended solids is represented by a linear function of
sediment concentrationsd.41 andFigure39).
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Figure39 - Sediment limiting function as a function of sediment concentragiqré(). A value of
SED.x=100 mg/l was considered in the chart.
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Biomasslimiting factor

The growth ratef benthic organismbas been observed to be regulatedh@density
of epibenthic population@-rédette and Lefaivre, 1990n the model, gpwth rate of lenthic
feeders (filter feeders and deposit feeders) and microphytobentassassumed to be
dependent on thenaximum biomassof the organismgeq. 42, eq. 60, andeq. 73). The
parametes used in this model for the representation of bm@mass limiting factorwere
derived fromLe Papeet al. (1999 and Blackford (2002. As an example, the biomass
limiting factor for filter feeders€q.42) is described irFigure40. The same type of chart is

used to describhe dependence afeposit feeders and microphytobenthoghair biomass.
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0.6 ‘\
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F(FF)[]

Figure40i Filter feedershiomasdimiting factor(eq.42).

Temperature dependence of benthic growth rates

The dependence of growth on temperati@rebenthic organisms is the same as the
one used for other modules in MOHID to express the effectda e mper at ur e on
growth ratesThe temperature limiting factas expressed bg bellshaped function foF(T)
described infrancoso (200R which values vary between 0 and 1, with a maximum (equaling
1) in correspondence with the optimal temperatarel a minimum (equaling 0) in

correspondence with minimuand maximum temperature values tolerated by the organisms
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(Appendix A) The MOHID Water Quality model and thseagrass modalse the same
approach to describe the temperature limiting factor for plankton and seagrasses, respectively.

Oxygen limiting factor

In general, estuarineenthic invertebrates arot able to sustain themselves at oxygen
concentrationower than2.0-2.5mg O,/ (Pearson and Rosenberg, 19Vieyerset al, 2000.
The model includes the dependence of benthic feeders on oxygen concergrpd@ The
oxygen limiting factor Figure 41) tends to 1 with increasing oxygen concentration. This
meansthat the growth rate will tend thhe maximum growth rate witincreasing oxygen

concentration.
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Figure4li Filter feeders and deposit feederygen limiting factor(eq.43).

Temperature dependence obenthic feedersmortality and respiration rates

Respiration by benthicnacrofaunaenhances the recycling of nutrieriack to the
water column and increases the sediment oxygen de(us@dE, 200). In the model, bth
the respiration andhe mortality rates have Arrhenius temperature dependenegss3),
based onMeyerset al. (2000. The temperature dependence factor used in the model is

depicted inFigure42. This factoris used to represent the effect of temperature on respiration
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and mortality processes for filter feeders and deposit feeders. In the case of
microphytobenthos his approach is notised because microphytobenthos respiration is
calculated as a fraction of the growth term, following the approach descrili&lddkford
(2002.

0.8 /
w06 /

0.2

0 5 10 15 20

Temperature (°C)

Figure42 - Temperaturelependence factor in bentlieedergespiration and mortalityeq.53).

Microphytobenthos nutrient limiting factors

Nutrient limitation in microphytobenthos is described by using the Michdééaten
kinetics. This type of kinetic is frequently used in ecological models to deagtb&e of
nutrients by algae (phytoplankton, macroalgae, emcfophytobenthos)in thisresearchthe
microphytobenthos uptake rate uses tMichaelisMenten kinetics with the same
parameterization usefdr phytoplanktonin MOHID Water Quality model (IST, 200§ for
nitrogen and phosphorus uptalkegure43 andFigure44).

110



e
o

F(N) [-]

=
i

0 01 02 03 04 05 06 07 08 09 1
NH4,+NO3,, (mgN/l1)

Figure43i Nitrogen limiting factorfor microphytobenthoseQ.75), for Ky =0.014 mg N/I.
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Figure44i Phosphorus limiting factor for microphytobenthes.(76), for Kp=0.001mg P/I.

4.3.Testing

The benthic ecology model was tested by usingDaddnfiguration to execute simple
tests to verify the mass conservation in the sysidma.modelwas executedver a period of
5 yearswithout advectiordiffusion processes\No input/output of nutrients were considered.
For the model forcing, typical temperature and surface radiation valuesddatitude of the

northern hemisphemsere usedFigure25 andFigure26) (the same forcing used feeagrass
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model testing) Initial conditions are presented ifable 11. The model parameters were
assigned with values shownTable4, Table5, andTable6. The values of the state variables
attimet+tdwer e cal cul ated by adding variabl esd so
time t.In this way, the variation of the state variables as a function of time was determined.

this tests, the zooplankton is not present in the system.

Tablel1l - Initial conditions used for benthic ecology model testing.

State variable | Value Unit
MP 0.0001 kg C/nf
DF 0.00001 kg C/Inf
FF 0.000001 kg C/nf
NO3w 0.002 g N/I
NH4w 0.001 g N/l
PO4w 0.001 g P/l
PHY 0.0001 g C/l
POG, 0.001 g C/l
POG, 0.01 kg C/Int

MP
FF
DF
POC,

0.009

0.008 [~

0.007 -

0.006 -

0.005 -

kg C/m?2

0.004 -

0.003 1~

0.002

0.001

0 r r r r r r r
0 200 400 600 800 1000 1200 1400 1600 1800
Time (days)

Figure457 Benthic model results for microphytobenthos (MP), filter feeders (FF), deposit feeders
(DF), and particulate organic carbon on bottom sediment,@®C a period of 5 years.
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Figure46i Simulated concentrations of nitrate (NO3) and ammonia (NH4) in the water, for a period
of 5 years.
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Figure47i Simulated concentrations of phytoplankton (PHY) and particulate organic carbog)(POC
in the water for a period of 5 years.
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Mass conservation

The system in consideration is a closed system, where no external inputs or outputs are taken
into account; therefore the total mass must be constant over time. Total mass was expressed as
total ntrogen and total phosphorus in the system. The results showed that total nitrogen and

phosphorus in the system were constant over time, and thragd8gwas conserved.

x 10°

7 Total N
Total P

l r r r r r r r r
0 200 400 600 800 1000 1200 1400 1600 1800

days

Figure481 Total mass in the system expressed as totaldNi@tal P.

4.4.Sensitivity analysis

Global Sensitivity Analysis was carried out tuantify uncertainties b model 6 s
parameters and to assess their effectanmael results The methodology for sensitivity
analysiswas the same as the one described foGlobal Sensitivity Aalysis of theseagrass
model (seesection 3.6). Samplingbased sensitivity indices were calculated to assess the
impact of parameters on modeisults. State variables of the model were considerddeas
response variabdeagainst which to test the effect of parameter changes. Monte Carlo
simulation methodswere used to perform multiple model simulations by using randomly

generated model inpufMarino et al, 2008.

The results of the combination of GSAdioes and significance tests are reported in
Table12 Three Global Sensitivity Indices (PCC, SCC, and PRCC) are giv&éalle 12 for
each couple consisgnof state variable and model parameteolors indicate significance
level: from light grey to dark grey, three levels of significance are described: 0.01<p
value<0.05; 0.001<palue<0.01 and p-value<0.001 Empty cells indicate that the
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correlation wasot significant (pvalue>0.05). The sign indicategositive (+) ora negative
(-) correlation.State variables representing solutes are referred as concentrations at the water

sediment interface.

GSA resultspresented apox plots were included as weih Appendix D.Results
show that phytoplankton was affected mostly by parametfgrs Mmwveo and rego. Filter
feeders were affected bywpo, rrro, and Ukr. Microphytobenthos was affected mostly by
Mvro, Vmax @aNdMPrax Filter feeders showed a negative relationship with, and a positive
relationship withmypo (between 0.25 and 0.61). Deposit feeders were mostly affected by
Iormax Ubr, Kc, andreso. Nutrients, particulate organic matter, and oxygen at the water
sedment interface, were also affected Mpax Mwvpo, and repo. In overall, growth and
respiration processes related to microphytobenthos and filter feeders are important in
determining model uncertaintfComparison between GSA indices showed that PCC, SCC,
and PRCC provide different correlations and significance levels for the same couple
consisting of state varitdand model parametdPRCC absolute values were higher than the
absolute values of PCC and SCC. This result is consistent with previous fingjiogted in
Marino et al. (2008, comparing PCC, SCC, and PRCC.
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Tablel2i Global Sensitivity analysis results for the benthic ecology model.

Myvpo

Vimax

PCC
L SCcC
PRCC
PCC
U SCC +
PRCC
PCC
KN SCcC
PRCC
PCC
KP SCC
PRCC +
PCC
MPmin | SCC
PRCC -
PCC
MPmax | SCC
PRCC
PCC
I'bro SCC
PRCC
PCC
Mpro Scc
PRCC
PCC -
IDFmax SCC aF -
PRCC
PCC
Kc SCC
PRCC g + + =
PCC
Wk SCC
PRCC
PCC
Th  |scc
PRCC
PCC
DFmin | SCC
PRCC
PCC
DFmax | SCC
PRCC
PCC - +
Iero SCC +
PRCC - -
PCC +
Mero SCC +
PRCC
PCC
IFFmax SCcC
PRCC -
PCC + -
U SCC + -
PRCC + + -
PCC

Té?c SCC + + =
PRCC
PCC
FFmin SCC -
PCC
FFmax | SCC
PRCC
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Conclusion

The bentlc ecology model described in ChapBawas tested to verify the consistency
of the mathematical formulatio®ensitivity analysis was carried outdetermine parameters
to which the model is mosessitive on a statistical basis. The sensitivity analysis, based on
Monte-Carlo simulations, caldatedthree Global Sensitivity Indices (Pearson, Spearman, and
partial rank correlation coefficientsyvhich enabled to classify parameters with different
levels of impact on model resultsThe sensitivity analysis identified four main model
parameters whh affected model resultsVmax Mupo, MPmax and rero. These parameters
should be regarded &ise main source of model uncertainty. The value of these parameters
may be estimated throughurther model calibration or they can be measured through

laboratay experiments

The benthic ecology model includes explicitly grazing phytoplankton and
particulate organic matter in the water by benthic bivalve filter feedgre interaction
between benthic grazers and phytoplankton aso affect water turbidity, whichas an
impact on benthicbiota. Macrobenthos such as deposit and suspension feetirsan
important role in sedimenwater interactions byrocessingorganic matter fronthe water
column and by releasing inorganic nefits. Although the model is simplified and it does not
contain all characteristics of the real system, it includes the o@geochemicatomponents

neededo describehe coupling betweeaquaticand benthic food webs.
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Chapter 5 z CaseStudy

This chapter deals witthe application of the MOHID seagrass model to Ria de
Aveiro, Portugal. The model results are verified against real observatiomsference
scenario for theseagrass modet setup and presented in this chapter and usedtlier
hypotheses verification in Chapter 6.

5.1.Introduction

In Portugal seagrasbabitat experienced deadation in the last 20 yegiSunhaet al,
2013, causingpiodiversity loss, and contributing to degradation of cdstheries and water
quality. Zostera noltiicoverage in Riale Aveiro, Portugal, was about 8 Krin 1984, and it
decreased down to 3 Krin 2004(Silva et al, 2009 Cunhaet al, 2013. This decline in Ria
de Aveiro was attributed ta combination of factors such as dgatg, deepening of channels,
loss of finesediments, siltation, nutrietwashing, increasing tidal wave penetratiamd
increasing water currentSilva et al, 2009 Cunhaet al, 2013. In Ria de Aveiro, the
reduction of areas covered by seagrasses was followednbgcrease of the areas of
uncovered sedimensupporting thegrowth of sparse macroalgae populations dSlyva et
al., 2009. Opportunistic and fagrowing macroalgae can occupy the space above seagrasses
beds and reduce space and light availability for benthic plants and microphytobenthos.
Increase in nitrogen and phosphorus lsvely affect the equilibrium between primary
producers in the studyea. Eutrophication is one of the causes of seagnasslows decline
because increased nutrievailability mayleadto proliferation of lightabsorbing algaesuch
as phytoplankton anchacroalgaeln this chapter the seagrass modés applied to Ria de
Aveiro to study the distribution afostera noltibiomass over time and space. The model
results are compared with real observationZadtera noltiibiomass in the study area. The
application developed in this chapter will be used in Chapter 6 asran@&fecenario to test

the hypothessdescribed in Chapterrélative to the first research question (R1)

5.2.Study area

Ria de Aveiro (41°N, 9°W) is a shallow temperate marine coastal lagoon of Portugal,

with a complex morphology, a wide intertidal araad a productive ecosystem. The system
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is characterized by five main canals (Caster, Antua, Vouga, Boco, and Mira) divided into
several channels which converge into a simgigeton the Portuguese Atlantic codbkigure

49). The total submerged areatbf estuary changes between 83 kiaring spring tideand

66 knt duringneap tidg(Dias and Lopes, 2006Averagedepthis 1 m (with respect to mean

sea level) but maximum depths aeetificially maintained by dredging varying betweearid

4 m(Trancoscet al, 2005. The inlet has a length 4£3 km, a width of 0.35 km, anddepth

of 20 m(Dias and Lopes, 2006Previous studies frorwWaz et al. (2009 indicated that the
residence time of water in Ria de Aveiro varies according to the freshwater inflow regime,
from a minimum of 4 dgs at exteme freshwater inflof1000 ni/s) to more than 10 days

low freshwater inflowDuring a tidal cycle, the tidal prism is betweerxZ8uring minimum
spring tide) and 76 (during maximum spring tideligher than the total fluvial discharge
(Dias et al, 2000. Following this, it can be concluded that the circulation in the lagoon is
driven mainly by tidal forcing. However, thecombination of freshwater inflows and tides
determines a salinity gradient along the lagwarying between (n proximity of the Vouga

river and36 in the bar entrancé/az and Dias, 2008 The Ria de Aeiro has an important
ecologicalrole because it provides habitat to severaltected species arsite for feeding,
shelteing, andbreedingto many species valuable for fishing. Ria de Avewas classified as

a Special Protection Areby the EU Bird diective (79/409/EEQ. Nutrient inputs to the
lagoon come mainly from surface runoff and from agriculture fields, while point sources are
less than 10% of the total nutrient loéEerreiraet al, 2003. However, the lagoon is
considered a high productive system, with a moderate eutrophication level, being classified as

a Asensitive areaodo in terms of eutrophicatio

Historically, the luxuriant seagrass véaeon of Riade Aveiro was used in agriculture
for harvesting, but this activity declined after the 1960s becauszmfomicand social
reasongSilva et al, 20094. The dense seagrass coverage incli@@@mogeton pectinatus
Ruppia cirrhosaZostera noltij and Zostera marinaZostera noltiiis acommon plant in the
Ria de Aveiro, with recognized ecologicateérest because it is the base of many food chains.
Together with other algae and vascular pladtstera noltiiis part ofthe seaweedf Ria de
Aveiro (Figure50). Theplanthas dark green leavegtweerd and20 cmlengthby 0.5 to 2

mm width. The stems are simple or branched, usually up to 1@wegtH (www.biorede.pt).
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Figure49 - Geographic location of Ria de Aveiro. Bathymetry of the coastal area, main rivers, flow
inputs, wind sensor, and seagrass monitoring sta@masndicated as well.

Figure5071 Saltmarsh andnarshgrass digibution in Ria de Aveiro (source&ww.biorede.pt).
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5.3.Data

Wind data used in this researtthforce the hydrodynamic model werdrieved from
the database of the Portuguese National Information System of Water resdbiki&dH (-
http://snirh.pt/) for the period 01/01/200381/01/2005.Wind velocity and direction were
measuredoy a Thies Clima/Youngnstalled at a height of 2 m with respect to the ground
level, at the Gafanha da Nazaré statfd0.616 N,-8.706 E) Wind velocity wassampled
every minute andhourly mean valuesvere storedDuring rainy periods, the systestored
every minute instantaneous vasuef wind velocity. hstantaneous valseof wind direction

werestoral every hourThe geographic location of the sensor is displaydegare49.

o - Velocidade do vento média didria (m/s)

<~ GAFANHA DA NAZARE (10E/03UG)

Figure5171 Wind speed measured at Gafanha da Nazaré s{dfosil6 N,-8.706 E) Source:

www.snirh.pt

Water level data used in thiesearchto validate the hydrodynamic modelere
provided by the Portuguese Hydrographical Institute (IH), for Avieartour (40.64 N;8.74
E) (Figure49). Water level data were calculated from harmonic anapeifrmed fromone
year oftide gauge observatior(81/05/1999 to 3105/2000 on a computer type IBM PC
compatibleof the IH OceangraphicDivision (http://www.hidrografico.pt

The presentesearctbenefitsfrom valuable monitoring data collected in Ria de Aveiro

by the University of AveirdSilva et al, 2009. These data were of vital importance because
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theyenablel to verify the model against real observatiohgstera noltibiomass data used to
verify the model were diected in ten sampling pointscated in thentertidal area®f Ria de

Aveiro with Zostera noltiibeds during the period October 2002December 2004Biomass

data were available at 10 out of 13 samp8tajons displayed ifFigure49 (seagrass biomass

data were not available at stations 7, 9, and 11). The complete description of sampling
methods and laboratory analysised to retriev&ostera noltibiomass can be found Bilva

et al.(2009.

5.4.Model setup

A 2-D hydrodynamiebiogeochemical model of Ria de Aveiro was usEde gridof
the 2D modelhad 87x 81 cells andh variable resolution between 0.2 and 1 @gure52).
The model vas forced with average dailgischarges fleshwater inflow and nutrient
concentrationgoming fromthe main canals of the Ria de Aveifeigure 56, Figure57, and
Figure 58). These discharges wemlculated by theSoil and Water Assessment Too
(SWAT), applied to the Vouga catchme@WAT is a spatially semlistributed system,
developed by théJnited States Department of Agricultu(gSDA) Agricultural Research
Service (ARS) to simulate the impact of management decision on the surface runoff,
sediment transport and nutrients load in large basins, taking into account the land use, soll

type and forest management practices.

At the open boundary, constant values were assumed for physical and biogeochemical
properties. Wind datavere retrieved fsm the SNIRH databasewiww.snirh.p). The model
simulated hydrodynamics and watbiogeochemistry and providedfields of velocity,
temperature, salinity and biogeochemical properties as output over timeotled time span
was two years (01/01/200301/01/2005), witha time step varying between 10 and 15 sec.
The diffusion coefficients for water propertiegre calculated as a function of the Schmidt

number and horizontal turbulent viscosity.
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Figure52 - Horizontal model grid
5.4.1. Initial conditions

Initial conditions for seagrass biomass were defined on the basis of existing data of
seagrass biomass in Ria de Avdigiva et al, 2009, described above. On the basis of these
data, the Ria de Aveiro was divided into sareas, each of them Viag a different initial
value for seagrass biomaddhe initial conditions of seagrass leaves are shownguare53.

The initial conditions of seagrass roots are shawigure54. The initial conditions used for
the other properties in the model are mépwd at the end of this chapter

B0.00 I

45.00

30,00

g DW/mZ

15.00

0.000

Ria de Aveiro 2003141
M el Sy Seagrass leaves (initial conditions) 0h Omin

Figure53i Initial conditions for seagrass leaves.
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Figure547 Initial conditions for seagrass roots.

5.4.2. Boundary conditions

SWAT provided daily values dfeshwater inflow and nutriemputs for the MOHID
application(Figure55to Figure58).
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Figure55 - Freshwater inflows at the main riveainals, calculated by SWAT model applied to the
Vouga catchmenSource of data: Eng. Pedro Chambel, MARETEC, IST.
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Figure5717 Ammonia inflows at the main river canals, calculated by SWAT model applied to the

Vouga catchmenSource of data: Eng. Pedro Chambel, MARETEC, IST.

126



Vouga

A o

Mira

Caster

PO4 {mg P)

o

i A

s

A\

YR Y

LA

A

AN

Pt

Jan-03

Mar-03

Mai-03

Jul-03

Set-03

Noy-03

Jan-04

Mar-04

Mai-04

Jul-04

Set-04

Nov-04

Figure58 - Phosphaténflows at the main river canals, calculated by SWAT model applied to the
Vouga catchmenSource of data: Eng. Pedro Chambel, MARETEC, IST.

5.5. Sensitivity analysis

The sensitivity analysis aimed to assess parameters withithg h e s t

results. A Sensitivity Index (SI) was calculated, defined as:

DX /X,
Sl; =media Dp./p.‘
J J

whereX is the state variable, i is the index of the state variable, p is the parameter, and

j is the index of the parameter. S| was computed for a £30% parameters variation. When SI<0

/X

eq.109

mp act

(or SI >0), this means that the parameter variation produced a decreasean@nease) of the

state variable XAscione Kenowet al, 2013. To address the impact ehch parameter, the

following criteria were used:

T
T
T

If SI < 0.025, the parameter was classified with low impact

If 0.025 <SI < 0.1 the parameter was classified with medium impact;

If SI > 0.1, the parameter is considered with high impact.
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For each parameter variation, a model run was carried out for a 1 year duration. To
account for the spatial distribution of the model results, time series were generated from
model outputs at the stations frdfigure49. The average of the time series was taken into

account as representative of the model results in the study area.

5.6. Model verification

The coherence between model and datahe referencescenariowas analyzed in
terms of correlation coefficient, determination coefficient?, and root mean square error
RMSE The correlation coefficient measures the strength and the direction of a linear
relationship between two variables. TRMSEis a masure frequently used to evaluate the
differences between predictions antiservations(Anderson and Woessner, 1992The

mathematical formula for computimgs:

né XY, '.a?.Xié Yi
r=—— i:i ‘zlnizl . , -1¢rel
()-8 ) 0 (1) & 0

eq.110

wherex; is the measured variablg,is the predicted variable, andis the number of
pairs of data. Th&MSEis a frequently used measuoe the differences between predictions
and observation@Anderson and Woessner, 199ZheRMSEis given by

eq.
111

wherex; are the observationy, arethe values predicted by the model, ant the

number of observations.
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5.7.Resultsand discussion

5.7.1. Sensitivity analysis results

Results of sensitivity analysis are reported able13 Light grey cells in tablé refer
to |SI|<0.025; grey cells refer to 0.1<|SI1|<0.025; dark grey cells refer to |SI| > 0.1. The table
includes the results obtained for 30% increase of the pagenéfhe sign +/indicates
positive/negative values of Sl, respectiveBells with no sign indicate SI=0Che seagrass
growth rate gaxand the leaves mortality rate¢rto) had the highest impact on seagrass state
variables (leaves, roots, internalroggen and internal phosphoru8)nmonia and nitrate were
affected mostly by changes in parametdmax morip, Pmax andPcrit. Leaves mortality
rate morty affected mostly seagrass state variables (leaves, roots, internal nitrogen and
internal phosphorgsandthe particulate organic matter in water, including particulate organic
nitrogen (PON) and particulate organic phosphorus (P®®pts mortality ratemorto
affected mostly seagrass roots and particulate organic matter in water. The seagrass maximum
nitrogen contentNmax affected inorganic nutrients (nitrate and ammonia) and seagrass
nitrogen content. The other parameters had medium to low impact. It camdaded that
parameters with highest impact on model resultsgagg mortp, andPmax, because these
parameterdad high impact|§1/>0.3 on more than three state variables at the same time.
This result is consistent with the sensitivity analysishef seagrass model descril¥stione
Kenov et al. (2013, which classifiedgmx and mort, and Pmaxas parameters with highest

impact on model results.
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Table13 - Sensitivity analysis results

NH4 NO3 NO2 DONr DONr PONv PO4 DOPr DOPnr PORv PHY O2 PONb POPb
+ + + + +

GMAX
MORTRO
NMAX
NMIN
MORTLO
NCRIT
PMAX
PMIN
PCRIT
KTR
VMAXNH4

+ = = = = = +

- - + = = +

VMAXPO4W
+ +
VMAXPO4s
= + + + + + + + -
KNO3W
+ + + + - + + + - = =
KNH4W
- - - + - + - - - -
KNH4S
- - + + + - +
woaw I Bl e
+ o+ +
KPO4S
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5.7.2. Model results

The model results for water level were compared with data in the reference
scenario Figure59). The results of the model gave a good agreement with(data
0.99,RMSE=0.12 m).
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Figure59 - Comparison betweemodel resultandwater level of thénstituto Hidrografico (see
Figure49).

Comparison between simulated and measured tempeddtaeas provided in
Figure60. The resultdor temperature gave a good agreement with dathestations
(Table14).

131



5T1 - Temperature §T2 - Temperature

40 40
30 a0
o;_;ﬂ = rrioclel I3 = rriodel
1 w2 ’W«T’. data
10 10
1} T T T T T o T T T T T
Jan-03  Mai-03  Set-03 Jan-04  Mai-04  Set-04 Jan-03  Mai-03  Set-03  Jan-04  Mai-04 Set-04
ST4 - Temperature 5T5 - Temperature
40 40
30 30

é.am w==rn adel o model
m dsta 1 W data

10 10

1] T T T T T

Jan-03 Mai-02  Set-03 Jan-04  Mai-04  Set-04

1} T T T T T
Jarr03 Mai-03  Set-03 Jan-04 Mai-04  Set-04

ST1Z - Temperature ST13 - Temperature
40 40
30 a0
5] 8]
° L model ° o model
20 20
m data data
10 = n 10 =
0 T T T T T 1} T T T T T
Jan-02  Mai-03  Set-03 Jan-04  Mai-04  Set-04 Jan-02  Mai-03  Set-02 Jan-04  Mai-04  Set-04

Figure60 - Comparison between simulated and measured temperature in selected stations of Ria
de Aveiro. For the location of the stations, please refEigore49. Source oflata:
Universidade de Aveir¢Silvaet al, 2009.

Tablel4i Results of model verification for temperature. RMSE is the root mean square error,
is the correlation coefficient, amélis the determination coefficienEor the location of the
stations, please refer Fagure49.

ST1|ST2|ST3|ST4|ST5|ST6|ST8|ST10| ST11| ST12| ST13
RMSE|2.00|1.78|2.51| 2.28|2.42|2.77|3.04| 2.79| 8.96| 3.08| 3.02
r 0.95/0.96/0.95/0.91/0.84/0.92/0.91| 0.92| 0.99| 0.87| 0.91
r’ 0.90/0.93/0.91/0.83/0.70/0.85/0.82| 0.84| 0.98| 0.76| 0.83

The results of the model gave a good agreement with data in stations ST6, ST8,
ST12 and ST13 Table15), andlower agreement in the other stations. This result can
be improved in the future by using ab3model to accountor salinity stratification
along the water columnComparison betweenimulated and measured salinity was

provided inFigure61.
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Figure61 - Comparison between simulated and measured salinity in selected stations of Ria de
Aveiro. For the location of the stations, please reféiigore49. Source of dea: Universidade
de Aveiro(Silvaet al, 2009.

Tablel57 Results oimodel verificatiorfor salinity. RMSE is the root mean square erroig
the correlation coefficient, andis the determination coefficierffor the location of the
stations, please refer Fagure49.

ST1 |ST2|ST3|ST4|STS5 |ST6|ST8|ST10/ST11 ST12| ST13
RMSE| 8.52|3.18|3.41|7.48| 10.05| 8.84/9.96| 6.42| 8.89| 6.77| 7.16
r -0.04/0.26/0.68|0.66| 0.46/0.85/0.79| 0.71| 0.98| 0.86, 0.89
r’ 0.00/0.07/0.46|/0.44| 0.21/0.72/0.63| 0.50| 0.95| 0.74| 0.80

Comparison between simulated and measured seagrass biomass was préigled 2 and

Table 16. Seagrass biomass showed to be related to seasonal changes of
temperature, with maxima summer and minima in wintefhe results of theeagrass
model gave better agreement with data in stations ST2, ST4, abd & ST12
Zostera noltiigrowth rategmax was initially set to 0.23 1/day, but the results of the
model showed better fit to data wilhax= 0.12 1/day. Thealibrationresults shown in
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Figure62 were obtaied with the set of parametegivenin Table8 but with gmax= 0.12
1/day.
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Figure62 - Comparison between simulated and measdp=steranoltii biomass in the stations
described irFigure49.Source of data Source of data: Universidade de Ay8iteaet al,
2009.

Tablel6 - Results okeagrass modéal the stations shown iRigure49. RMSE is the root mean
square error, r is the correlation coefficient, anid the determination coefficient. N.A. means
Not Applicable

ST1|ST2|ST3 |ST4|ST5|ST6 | ST8|ST10| ST12| ST13
RMSE (kg DW)| 0.06| 0.04| N.A. | 0.04| 0.05| 0.06/0.06| 0.02| 0.02| 0.02
r 0.44/0.66/ N.A. | 0.77| 0.65|-0.24| 0.59| 0.58| 0.64| 0.35
r’ 0.19/0.43/N.A. | 0.60|0.42| 0.06/0.35| 0.34| 0.40| 0.12

Resultsof biomass infST3 are not shown because the model simulaiggd shear
stress in station,3hus seagrassesere not simulateth ST3. The bottom shear stress in
the model dependsiostly on the bathymetryThis means that the bathymetry of the

model should be improvead future applications of the model.
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Zostera wltii only grows in muddy sediment, which can be related to water
retention sediment during exposu@ilva et al, 2009. The lower values oFostera
noltii biomasswere simulatedin the north of the lagoonS{10, ST12 and ST13)n

conformity with previous monitoring studi€Silvaet al, 2009.

Some examples of time series for the light limiting factor are display€igime63
for selected station®uring the yearthe light limiting factor showed valuetose to 1
during the day (between 0.8 and 0.9) in all statidiiés means that the growth of the
plant wasnat limited by light availability. This result confirmed thaZostera noltii
rarely showsadaptationto light since it primarily grows in shallow intertidal waters
with sufficient light (Greve and Binzer, 2004concluding that light is not a limiting

factor forZostera noltiiin Ria de Aveiro.
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Figure63i Light limiting function €q.5) in selected stations

The growth of thdeaves was limited by maximum leaves biomassshown in
Figure64. In ST2, the space limiting factor ranged betw@édnand 0.9, with an average
of 0.5. In ST4, the space limiting factor ranged between 0.4 and 0.8, with an average of
0.6. In ST5, the space limiting factor ranged betw®.7 and 0.9, with an average of
0.8. In ST8, the space limiting factor ranged between 0.2 and 0.9, with an average of
0.5. In overall,the spaceavailability limited the growth of seagrasses in the late
summer, when the biomass of tleavesreache its maximum.The spaceavailability
limited the growth ofZostera noltiiin ST8 more than in the other three stations
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displayed inFigure 64, because the biomass vatuin ST8 were higher thanesefor
ST2, ST4, and ST5The biomass of the plant in statio835, ST10, ST11, and ST12
was not significantly limited by space availability becausebitbenassof the plant was
low.
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Figure64i Space limiting function€q.6) in selected stations
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The seagrasgrowth was limited by nutriest as shown irFigure 65 for some
selected stations'he results are referred ég. 8 andeq. 16. The value of(N) in ST2
varied between a minimum of 0.06 and a maximum of 1, with an average of 0.6. The
value off(N) in ST4 varied between a minimum of 0.6 and a maximum of 1, with an
avaage of 0.8. The value d{N) in ST5 varied between a minimum of 0.8 and a
maximum of 1, with an average of 0.9. The valuef(bf) in ST8 varied between a
minimum of 0.94 and a maximum of 1, with an average of OI9& comparison
between the statiorshovs t hat t he plantds growth in ST5
this of ST2 and ST4ecause the plant accumulated more nutrients in ST5 and ST8 than
in ST2 and ST4In overall, the results show thaostera noltiiwas more limited by

nutrientsin summer han in winter Similar results were obtained f{P) as well.

Theseresultsarerelated to thep | a mterdaknutrient quota. When the nitrogen
quota(or phosphorus quotalecreases, the plant is depleted in nitrogen (or phosphorus)
content with respedi carbon contentand the nutrient limiting factoi(N) (or f(P))
decreases (higher limitatianJhis means that the lower the nitrogen (or phosphorus)
quota, the higher thgrowth limitation due to nutrient depletiomhe depletion of
internal nutrientdas the consequence to increase the internal ratio between carbon and

nitrogen (or between carbon and phosphorus).

Theresults inFigure65 show the uptake limitation due to nutrient content. The
value offbnin ST2 varied between a minimum ofadd a maximum of 0.97, with an
average of 0.64. The value &fn in ST4 varied betwee a minimum of 0 and a
maximum of 0.75, with an average of 0.47. The valuébnfin ST5 varied between a
minimum of 0.0 and a maximum of 0.63, with an average of 0.36. The vafbe iof

ST8 varied between a minimum of 0.0 and a maximum of 0.63, widlvenage of 0@

Results offbn in Figure 65 show that when the plahtgrowth is limited by
internal nutrient depletion, the uptake of nutrients incred&s®kwing this, the nutrient
uptakeis limited more in the winter than in the sumnf@ince thedepletion of nutrients
has a positivédeedbackon the uptake of external nutrienitscan be concludethat the

internal nutrient content regulates the uptake of external nutrients from the water.
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Figure6571 Nitrogen limiting factors(eq.8 andeq.16) in selected stations

Time series of nitrogen quota in the plant were providedrigure 66. The
internal nitrogerquotain the stations varied between a minimum of 5 g N/kg DW and a
maximum of 30 g N/kg DW.Time series of phosphorus quota in the plant were
provided inFigure67. The phosphorugjuotain the stations varied between a minimum
of 0.14 g Plkg DW and a maximum oB g Pkg DW. In oveall, nitrogen and
phosphorus quotahowedseasonality in alktations, with minima in spring/summer,
and maxima in winter.This result is consistent with the seasonality of nutrient

limitation described above.
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Figure661 SimulatedZostera noltiirelative nitrogen conterin thestations described iRigure
49,
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Figure67i SimulatedZostera noltiirelative phosphorus content in thimtions described in
Figure49.
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Tablel7 - Initial and boundary conditions used for water properties.

Property name Initial conditionvalue |Boundary conditiorvalug  Unit
salinity 36 36 psu
temperature 15 15 °C
ammonia 0.002 0 mg N/I
nitrate 0.1 0 mg N/I
nitrite 0.001 0 mg N/I
dissolved refractory organic nitrogen 0.001 0 mg N/I

dissolved nosrefractory organic nitrogel

0.001 0 mg N/|
particulateorganic nitrogen
0.001 0 mg N/|
inorganic phosphorus 0.02 0 mg P/I
dissolved refractory organic phosphort 0.001 0 mg P/
dissolved nofrefractory organic
phosphorus 0.001 0 mg P/I
particulate organic phosphorus 0.001 0 mg P/
phytoplankton
0.001 0 mg C/I
zooplankton
0.001 0 mg N/|
cohesive sediment
10 0 mg/I
oxygen 8 8 mg/|
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Tablel8 - Initial conditions at the sedimemtater interface.

Property name Initial condition value Unit
cohesive sediment 0 kg /m?
particulateorganic 0 kg N/m?

nitrogen
particulate organic 0 kg PIm?
phosphorus
ammonia 0 kg N/m?
oxygen 0 kg O,/m?
inorganic phosphorus 0 kg/m?
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5.8.Conclusion

Zostera noltiiis an intertidal species of Ria de Aveiro adapted to live under tidal
regimes In this research a seagrass model was applied simulate the spatial and
temporal distribution of theseagrasgostera noltiiin Ria de Aveiro.The simulation
was carried out over a period of 2 years (22084. The model results showed good
agreement with reabbservations of water level, salinity, temperature, and seagrass
biomass.The formulation used in the model enabled the simulation of the response of
the ecosystem to environmental changes, accounting for physical and biological factors
simultaneouslyThe results showed that the growth of the plant is not limited by light
availability, in conformity with literature studies, because the plant is living at low
depth where light is enough to enable photosynthesis. The plant was limited bgtnutrie
availability during summer, and less limited by nutrients during winter. Following this,
the p | a nntea nutrient quota increases during winter, and decreases during
summer. This is reflecteloly the uptake of nutrients, which is higher in summer than in

winter, neededo compensattor the depletiorof internal nutrients.

Although the model is a simplified description of the reality, it contains the ma
characteristics of aquatic rooted plaatsd it couldbe used to simulate othseagrass
species Seagrasses are part of the benthic system and are different from pelagic
producers, because they are not transported by adwelifiosion processes and their
biology is connected to processes occurring in water and in sediment. Seagrasses
stabilize the sdiment, retain nutrients, and create habitat for many species. The
importance of these plants as ecosystem engineers and sinks of carbon deserves
investigation through the combination of monitoring and modeling studies. This
researclprovided an examplef how monitoring and modeling can be integrated to aid

coastal habitat management.
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Chapter 6 z Hypotheses Testing

This chapter is dedicated to the verification of the hypotheses described in
Chapterl.8.

6.1.Introduction

A methodology based on scenario comparison is used to verify the hypotheses

related tahe proposedesearch questions.

For the first research questioRl i Whenthe growth of seagrasses limited by
macroalgae)?a scenario is built to simulatostera noltiand macroalgae in Ria de
Aveiro, and the results are compared with the case study of CHaptesed as a

reference.

For the second research questiQ2 { Can the model reproduce the control by
filter feeders on phytoplankton biomags? schematic case study is set up and three
scenarios are used for the evaluation of the obleenthic filter feedergrazingon

phytoplanktorconcentration

6.2.Q1: When the growh of seagrasses limited byacroalgae?

In this section, the threleypotheseselative to the first research questi(l)
described in sectiofh.8 were verified. Thecase study described @hapter5 was used
as a reference scenaramainst whih to compare a second scenariowhich both

Zostera noltiland macroalgae asgmulatedn Ria de Aveiro.
For simplicity, the two scenariosarelabelled aB1 andB2:

1 B1: refereme scenario (described in Chaptey with seagrassesnly
(Zostera nolti)

1 B2:scenario with seagrassg@&ostera nolti) and macroalgae.

The wo scenarios werasedto assess the compeétih between macroalgae and

seagrassds terms of light, nutrients, and space

Model setup
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The model setup in B2 is the sarae B1, described in Chaptér The only
difference between the two scenarios Wespresence of macroalgaeB2. This means
that inthe two scenarios, the sarheundary conditions, the same freshwater inflows
(Figure 55), and the same nutriemputs (Figure 56, Figure 57, and Figure 58) were

used.The macroalgae biomassB2 was initialized with a valuefd.0 g C/nf.

Results and discussion

In overall, he comparison oB1 with B2 shows that inthe presence of
macroalgae the biomass Hdstera noltiiis lower than thisn B1. The main evidence of
this result is provided ifrigure68 andFigure69. The reasoffior the decline oZostera
noltii in the presence of macroalgae is asedsi® the next sectiorthrough hypotheses
verification Time series of seagrass limiting factors analysed to understand which

factors influence the growth @ostera noltiwhen macroalgae are present
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H1.1: The growth of Zostera noltii is limited by light availability in presence of

macroalgae

To verify HL1, theZostera noltiilight limiting factorin B1 was compared with
the Zostera noltiilight limiting factor inB2. Time series of the light limiting factor for
selected stations were reportedFigure 70. In ST2, theZostera noltiilight limiting
factor in B2 was 0.37% (average annual value) lower thanithiB1. In ST5, the
Zostera noltiilight limiting factorin B2 was 0.3% (average aunal value) lower than
this in B1. In ST8, theZostera noltiilight limiting factor in B2 was 2.5% (average
annual value) lower than this Bil. In overdl, it can be concluded thatostera noltii

wasnot significantlylimited by light in presence ghacralgae.
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H1.2: The growth of Zostera noltii is limited by nutrient availability in presence of

macroalgae

Seagrasseshould not be affected by lack of nutrients becabsgdo not rely
only on nutrients that are dissolved in the water,oltant 6 s r oot s can abs
from sedi me nutrient reuirements mrseagrésaes lower than for other
aquaticorganisms suchs macroalgae and phytoplankton. It is estim#dtatseagraes
require about 4 times lesstrogen and phosphorous per weight thenytoplankton
cellso (Greve and Binzer, 2004However, it hasbeen demonstrated that nutrient
limitation changes with the relative nutrient content of thentp(Buarte, 1990 The
nutrientlimitation in seagrasses can be analyzed interms oNC and C:lddtsr at i o s :
that are strongly nitrogen(or phosphorus) limited shouldabe tissues depletedh i
nitrogen (or phosphorus) relad to their carbortontent, and should, therefore, show
high C:N (or C:P) ratiasAs nutrientavailability increags t o meet t he pl ant (
their tissues should become progressively enrichedtiogen and phosphorus relative
to the carbon contenimplying decreasing C:ld n d C: RDuart,t199P s 0

To verify H1.2, time series oEZostera noltiinutrientcontentwere comparedni
B1 and B. Examples of time series were provided for stations ST2, ST4, ST5, and ST8
(Figure 71, Figure 72, Figure 73, andFigure 74, respectively)The blue lines represent
the scenario without macroalgaBl), and the red lines represent the scenario with
macroalgae B2). The results show thanitrogen content N (kg/f) in B2 was lower
than thisin B1. The relative nutrient conteiggéeeFigure71, Figure72, Figure73, and
Figure 74) washigher inthe presence of macroalgae because thenhss of the plant

was lower in B.
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The rate of change in C:N and C:P ratios wittréasing nitrogen or phosphorus
content in plant tissues should shift from high to small as nutrient supply meets the
pl ant 6 s (DdadenEod-sllowing this, aghe C:N (or C:P) ratio increases, the
plant ismorelimited by the nutrients availability. As an examgleg results for the C:N
ratio simulated in ST2 are given kigure 75. The results of the simulated C:N ratio
show that the plant was limited by nutrients in sumaret less limited by nutrients in
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winter. The results obtained for the C:N ratio are reflected in the results of the nitrogen

limiting factor f(N) for ST2 (eq. 8), al presented irrigure 75. The value off(N) is

hi gher in winter than in summer, showing ¢t}
in the summer and less limitéy nutrients in the winteiSimilar results were obtained

in the other stations as well.
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Figure7571 SimulatedZostera noltiiC:N ratio inB1(blue line) and in B2 (red liné) station
ST2

In overal, the results of the modah B2 show higher concentrations of
ammonia than thisgn B1. The explanation of this result is that tpeesence of
macroalgagadditionally to seagrasses and phytoplanktatermines more respiration
and mneralization of organic matter in the systefhe overall increase of ammonia in
the simulated system is consistent with previous applications of the MOHID macroalgae
model in Ria de AveirqTrancosoet al, 2005. Some examples of the increase of
ammonia in the system are presentedrigure 76, Figure 77, andFigure 78 for ST4

ST5,and ST8respectivelyThe results were similar in other stations as well.
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Following these considerations, it can be concluded that there are two
mechanismscontributing to the increaseof the nitrogen quota in seagrassesthe
presence of macroalgae: the first one is the reduction ¢f the bidmass in termsfo
dry weight;and,the second one is the increase of external nutri@ntsnonia)in the
system inthe presence of macroalga8ubsequentlyit is possible to conclude that the
presence of macroalgae in the systis not limiting the nutrientwvailability for

seagrasses.

H1.3: The growth of Zostera noltii is limited by space availability in presence of

macroalgae

The third hypothesisis that seagrasseme limited by space availability in
presence of macroalgaé&o verify H1.3 the simulatedZostera noltiispace limiting
factor €q.6) wascompared in B1 andB The results of the comparison are presented
in Figure 79 for selected stains The blue lines representethscenario without

macroalgae (B), and the red lines represéim¢ scenario with macroalgaeaB
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In overall, the space limiting factan B2 was lower tharthisin B1. In ST2, the
Zostera noltiispace limiting &ctor inB2 was 54% (average annual value) lower than
this of S1.In ST4, theZostera noltiispace limiting factor irB2 was 56% (average
annual value) lower than this B1. In ST5, theZostera noltiispace limiting factor in
B2 was 11% (average annuallua) lower than thisn B1. In ST8, theZostera noltii
space limiting factor iB2 was 70% (average annual value) lower thanithil. The

biomass of the plant in B2 was lower than this of B1. It can be concluded that space is a
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significant factor in the limitation afostera noltigrowth when macroalgae are present.
However, in some points of the domain, such as in ST5Zdlséera noltiibiomass in

B2 was higher than thi;n B1. In ST5, the macroalgae were present with very low
biomass thus they were not competing with plants for space. The simation was
found in ST1,where macroalgae biomass was lower than 10 g°.CTinis result
suggested that the presence of low macroalgae biomass is not limitirgpahe
availability for seagrasses

6.3.Q2: Can the model reproduce the control by filter feeders on

phytoplankton biomass?

In this section, the hypothesis relative to the second research que@&dn (

described in Chaptdr.8 was verified.

H2.1: Filter feederan the modetontrol phytoplanktoiomassy grazing

To verify H2.1, a methodology based on scenario simulation wasTket.
overall settings used fdhe ecosystem simuteon aredescribed in this sectiofhree

scenarios were built
1) S1: Scenario without filter feeders grazing on phytoplankton and without

microphytobenthos and deposit feeders;

2) S2: Scenario with filter feeders grazing on phytoplankton and without

microphytobenths and deposit feedersnd,

3) S3: Scenario with filter feeders grazing on phytoplankton and with

microphytobenthos and deposit feeders.

In all scenarios the cycle of primary production and organic matter in the water
was computediFor each scenario, the ohel was executed over a period of 360 days
with reference parameter values frdmble4, Table5, andTable6. The ime stepused
was 1 secThe simulation domain was defined inside the model as a contiguous
stirred tankwith dimension15x15x15m (Figure80). The model spatial grid had 5 x 5
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m horizontal resolution. The model is depth averaged and the transport of solutes and
particulate properties due to advection and mixing were considered as well. An inlet
was included at the & oorner, containinginput of water, nutrients, oxygen, and
particulate organic matter. An outlet was included at W Sorner, containingutput

of water, nutrients, oxygen, and particulate organic matter. The modeketds
calculate the heat fluxes #Hte waterair interface in order to simulate the shortwave
solar radiation seasonal pattern at 4taittudes, as described the MOHID manual
available online (www.mohid.com)lhe deposition of organic matter and inorganic

sediments was assumed to ocgua constant sedimeftitan rate.

The model accounts fanineralization in the water and on the bottom sediments.
The model was forced with nutrientput at the inlet Kigure 80), and with solar
radiation calculated bthe MOHID modules for surface heat exchangeat fluxes are
computed at the wateir interface, in order to calculatiee light extinction with depth.

The water inflow was set to a constant value @0n? day* during the winterand to a
lower value of 0.12 rhday* during the summer, to reproduce a seasonal freshwater
cycle at midlatitudes.Nutrientconcentratioa at the inlet were assumed to be constant.
More specifically, the discharged nitrateconcentration was 0.02 mg N*, the
discharged ammonia concentratiamas 0.002 mg NI?, the discharged oxygen
concentration was 8 mg,0", the discharged cohesive sedimenincentration was set

to 10 mgl™, andthedischarged phosphate cemtration was set to 0.001 mdP
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Figure80 - Model domain. The domiaihas a constant depth of 15amd the depth of the outlet
is 5 m. Aninlet is included in the-H corner.
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Three scenarios S1, S2, and S3 weaeried outto detect feedbacks in the
ecosystemEFigure81 andFigure82 provided the main evidence of these feedbatks.
widths of the lines irFigure 81 and Figure 82 represent the diurnal variations due to
light and temperature clec The concentration of nitraté-igure 81a) at the sediment
water interfacein S2 and in S3 is higher &h thisin S1. This means thatitrate
concentrationat the watersediment interface was higher when benthic filter feeders
were included in the simulatioffhis suggested that the consumption of nitettéhe
sedimemwater interfacewas mainly due to phytoplankton activity, and that when
phytoplankton decreasekie to benthic grazing, the nitrate concentration increases in
the waterThe concentration of nitrate in S3 is lower than thiS2. This difference can
be explained by consumption of nitrate at the sedimewer interface due to the
inclusion of micropytobenthos in S3The hytoplankton concentratioffrigure81b) in
the water was reduced by benthic grazing, cauailagver consumption of nitrate and

ammonia.

The results of S2 and S3 showed that benthic filter feeders had conttbe
phytoplankton biomass throughout the yeBnis comparison provided the evidence
necessary to verify the hypothesis that filter feeders control phytoplankton
concentrations in the vier. The ammonia concentratigiigure81c) was higher in S2
and S3comparedo S1 (positive feedbacks), becausehatb e nt hi ¢ f eeder sé6 r

and mineralizatiof bio-deposits.

The filter feederdiomass in S1 is about 2.16 times lower (average annual value)
than thisin S2 and S3 because benthic graznghytoplankton is not simulated in S1.
In S3, the competitiobetween phytoplankton and microphytobentivas added to the
grazing effect by filter feeders, witbnhanced negative feedback phytoplankton
biomass. As a consequence of the competition between microphytobenthos and
phytoplankton, the introduction of microphytobenthos determined a reduction of
phytoplankton biomasslhis negative feedbacknghytoplankton was reflectday the
filter feeders(Figure 81d), which biomass in S3 was 5% lower (average annual value)
than thisin S2

159



. . b
Nitrate concentration (@) Phytoplankton concentration (b)

0.03 0.20
S1 S2 S3
S 00 ——Sl—S2 83 5 0I5
\ &}
" \\ 2010 -
E 00l - B0 i

\k__.j

000 T T T T T 000 T T T T T T
Jan Mar Mai Jun Ago Cut Dez Jan Mar Mai Jun Ago Out Dez
0.03 Ammonia concentration (© 200 Filter feeders biomass (d)
— D] — 53 —5] —(32 33
— 002 - g 150
¢ S 100 _—
&0 . —
g 001 4 Y Y
N —— 5.0
0.00 : | : | : : 0.0 :,_/I"I/y
Jan Mar Mai Jun Ago Out Dez JTan Mar Mai Jun Ago Out Dez

Figure81i Model results for the three scenarios S1, S2, and S3

Depositfeeders and microphytobenthos were simulated in S3 (&idyire 82a
andFigure82b). The smulateddeposit feederbiomass ranged between 1 and 3.5 g C
m?, which iscomparable to the range between 1 and 5ng°@eported inLe Papeet al.
(1999. The microphytobenthos biomass§igure 82b) varied during the year between
0.1and 1.8 g Gn?, with a maximum in summer anch minimum in winter, which is
comparable wh ranges between 0.5 and 2 grC from Blackford (2002)In addition
to the results about pelagic biogeochemistry, the feedbagkybdplankton grazingn
the light extinction coefficient was observed in the model tegaigure82c). The light
extinction coefficient in S2 was 12% lower (average annual value) thamtBis The
light extinction coefficient in S3 was 17% lower (eage annual value) than thisS1.
The introduction of benthic grazingn phytoplankton determined a reduction of the
light extinction coefficient in the S$2 scenario comparison. In overall, the
concentration of oxygen at the sedimueratter interface des not change significantly in
the three scenarios. The concentratddroxygen in the waterHjgure 82d) decreases
slightly from S2 to S3, as a result of more respiration in the system due to the presence
of benthic filter feeders and deposit feeders
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Figure821 Model results for the three scenarios S1, S2, and S3.

Simulated densities of filter feede(Bigure 81d) were comparable to literature
values fromLe Papeet al.(1999. However, results published ire Papeet al. (1999,
show a decline othe filter feedershiomassin fall, probably due to grazing by
consumers in the upper levels of the food webth@a model, a compartment for
carnivorous was not included, thus no decline of filter feeders dfailhnggas observed.
Simulated densities of filter feeders, ranging between 1 argil@&™?, are comparable
to literaturevaluesbetween 1 and 8 g @?(Le Pa et al, 1999, and between 5 and
20 g Cm (Schélet al, 2002 Descyet al, 2003.

In overall, the simulatedphytoplankton and microphytobenthos biomasses were
comparabléebetween themWhen integratedlongthe depth, the maximum biomass of
phytoplankton was about 4 gr&?, and the maximum microphytobenthos biomass was
about 1.8 g Om? Results shoed a qualitative agreement witliterature reported
rangesfor filter feeders, depositeeders, and microphytobenthos biomddewever,
future developments of the modmlay include filter feederdecay due to grazing by

upper trophic levels

The presence of filter feeders in the system determined negative feedback on
phytoplankton, and impwement of water transparency (by decreasing the light

extinction coefficient). The model was capable to reproduce a mechanism for the
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removal of suspended particulate material from the water column. The ianalys
results also showed that theesence obrganisms lead to more oxygen depletimm

the water. Nutrients at the sedimevdter interface are available to phytoplankton as
well as to microalgae, identified in the model as microphytobenthos. The uptake of
nutrients by microphytobenthos can bentrolled by grazersAs an example, hie
decline of microphytobenthos in fall was due to grazing by deposit feeders. These
resultswere consistent with previous studies fraBtackford (202 who simulated a
benthic ecosystem of the Northern Adriatic Sealuding deposit feeders grazimm
microphytobenthosin this research the presence of microphytobenthos triggeeed
competition for nutrients with pelagic primary produceas the sedimemwater
interface. This type of competition is important because it may have feedbacks on light
extinction coefficients. Téa consequerfeedback on light extinction was found to be a

key factor inthe control of harmful algal blooméMacintyreet al, 20049.

This hypothesis was not investigated in this study. However, the model
simulates the lighéxtinction due to phytoplankton, thus it is ready to enable this type of
analysis.The scenario with filter feeders does not include seagrasses and macroalgae. If
they were included, it is expected to have an increase of nutrients due to the presence of
more species (more respiration). These nutrients could be consumed by macroalgae and
seagrasses. Since macroalgae have higher growth rate, they may outcompete seagrasses

in areas where nutrient concentrations are higher.

Results shoed a qualitative agreememwith literature reportedangesof datafor
filter feeders, deposit feeders, and microphytobenthos biontdsaever, future
developments of théenthic ecologynodel may include filter feederdecay due to
grazing by upper trophic leveli this researchMOHID proved to be flexible in the
incorporation of new propertiesf the ecosystemFuture developments may include
experimental scenarios to calibrate uncertain parameteed case studies, and

validation of nodel results.
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Chapter 7 - Conclusion
7.1.Conclusion

Estuarine and coastal waters are highly productive habitats, where the coupling
between pelagic and benthic systems plays an important role on ecosystem dynamics.
Producers, consumers, and decomposers in the ecosystem are dfjeatadtic and
biotic factors, including temperature, light availability, water turbidity, depth, nutrient
inputs, water residence timandgrazing, among othefsox et al, 201Q. Thereis still
a lack of knowledge on the complex interactions betwéauna,microflora and
sedimentMurphy et al, 200§. Mathematical models, which integrate hydrodynamics,
sediment transport and water quality processes, are useful tools to formulate hypotheses
about ecosystem dynamics, and to simulate different scen®ids.this researcha
modeling approach was setitvestigate the relationships between benthic and pelagic
components of the marine ecosystem, including seagrasses, benthic feeders, and

microphytobenthos.

Theseagrass modelas applied to answer questions about the competition between
macroalgae and sgasses in Ria de Aveiro, Portug@he results of the model show
that Zostera noltiiis not significantly limited by light in Ria de Aveiro, because of the
shallowness of the lagoo#ostera noltiiis an intertidal specis adapted to live under
tidal regmes. The presence of macroalgae in the model does not siffadicantly
light availability forseagrasse3wo mechanismsontribuedto nitrogen quotancrease
in seagrasses in presence of macroalgae: the first one is the reduction of the biomass of
the plant in terms of dry weight and; the second one is the increase of external nutrients
(ammonia) in the system in presence of macroalljaeverall the main factor that is
limiting the growth of seagrasses in presence of macroalgae in the model is the

competition for space.

Seagrasseare part of the benthic system and are different from other primary
producers in the water column, because they are not transported by add#tison
processes and their biology is connected to processes in watsgdineent. Seagrasses
stabilize the sediment, retain nutrients, and create habitat for many species. The
importance of these plants as ecosystem engineers and sink of carbon deserves

investigation through combination of monitoring and modeling studiesforhmulation
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used in the model enabled to simulate the response of the ecosystem to environmental
changes, accountingr physical and biological factors at the same time. Jéegrass
model outputs can be easily analyzethieform of time series and mapsnabling easy

calibration(Trancoscet al, 20095.

The space limiting function is a coarse representation of the process of
competition for space between macroalgae and seagrasses. MOHID accounts for the
effect of floating macroalgae on light extinction over the water column, and thile o
top of seagrass beds. The space limiting function was written under the hypothesis that
macroalgae and seagrasses occupy the same physical space for rooting, and when this
space is occupied by macroalgae, there is no space for seagrasses to estéhliShe
conclusion of the study shows that seagrasses are limited by space and not by light
availability in presence of macroalgae. This is not always true because light limitation
due to floating macroalgae seem to be more important than spaceidim{tderques
J., pers.comm.). This means that the model formulation should be further investigated to
improve the description of how space and light limit seagrasses in presence of

macroalgae.

This study included the development and testing tieathic eclogy model
including benthic filter feeders, deposit feeders, and microphytobenthos. Grazing by
filter feederson phytoplankton and particulate organic matteth@ewater were included
in the model Thecomplexity of the links between the benthic andagal system were
addressed by carrying out ecosystem simulatidnalysis of the scenarios enabkbe
detecion and quantitation offeedbacks between benthic and pelagic systems, with a
focus on processes related to filter feeders and primary produEeesiback
mechanisms on light extinction in the water were observed in the model, as a
consequence of filter feeders grazomgphytoplankton and particulate organic matter in

the water.

The hypothesis ofMacintyre et al, 20094 was not investigated in this study.
However, the model simulates the light extinction due to phytoplankton, thus it is ready
to enable this type of analysis. The scenario with filter feeders does not include
seagrasses and macroalgae. If they were included, it is expected to have an increase of
nutrients due to the presence of more species (more respiration). These nutriehts coul
be consumed by macroalgae and seagrasses. Since macroalgae have higher growth rate,

they may outcompete seagrasses in areas where nutrient concentrations are higher.
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The model is valuable for studying interactions between compartments inside the
benthicsystem, andor investigatingfeedbackdetweenthe benthic systenand water
column biogeochemistryrhe coupling of théenthicmodel in MOHIDmay be usetb

supportstudies abouthanagement agutrophication

This model presnted in this study represengglvancement to the present
development of MOHID water modelling system, which included only deposition and

mineralization of organic matter.

The inclusion of the seagrass model in MOHID opened new possibilities to study
interactions between primary prashrs (phytoplankton, macroalgae, and seagrasses) in
response to natural and anthropogenic factors (nutrient inputs variations, temperature
variations due to climate change, storms occurrence, among others). The flexibility of
the model and its open souréermat enables to include new characteristics. For
example, in the future the model may become more complex by adding a feedback
effect by seagrasses over suspended sediment (seagrasses are capable to retain

sediment), or over the bottom drag coefficiesgiggrasses may alter the bed rugosity).

Recent developments in seagrass modelling are concerned with functional and
structuralplant modellingincluding apex and internode development for different plant
speciegRentonet al, 201]). The calibration and validation dfigse models require a
large amount of data for a period of at least two years, inclddiablength of rhizome,
the number of rhizome internodes, the total number of shoots and the length of the
longest axisOn the other sidebenthic food webs based fiamctional approach arill
largely used(Heath, 2012 Morris et al, 2014. Recent ressch focused on complex
benthic food web models including age clasf@endtsen and Hansen, 2018nd
transport of bethic larvae(Savina and Ménesguen, 2008he model proposed ithis
study does not include structural developmamd age classebut it can be used to
simulate and predict the average distribution of benthic organisms in the study area.
With data availability, the model can be further developed and expanded tdeinclu
structural development in different speci€le present knowledge of the model shows
that data availability is a threat to model development. Parameterization of processes
was based mainly on data collected from literature sources. If the model vedspeeV
today, the first step should be a monitoring study to collect data for model
parameterization, calibration, and validation. With data availability, it would be possible

to think about a more complex model with age classes for benthic organisms and
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structural plants developmenthe sensitivity analysis pointed out parameters with
highest impact on model results. These parameters are the main source of model
uncertainty, and should be further investigated for future model improvement.
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Appendix A

Temperature limitatiomn Seagrasses and in benthic organisras expressehly
a bellshaped function varying between 0 and 1, with a maximum in correspondence of
the optimal temperature. According Teancoso (200R the temperature depesrtte
F(T) can be expressed &g A.1-A.5):

F(T) = K, (T) &Ky (T) (A1)
KaM =13 ; [Zjl: : 1J (A.2)
Ko()=—— ; [ZZ - = (A3)
G = Trﬁi’; |n%fj )8 (A.5)
where:

T °Plis the minimum temperature for the optimal growth interval (13 °C)
T.°P'is the maximum temperature for the optimal growth interval (28 °C)

Tminis the minimum tolerable temperature (6 °C)
TmaxiS the maximum tolerable temperature (37 °C)

K1, K, K3, K4 are dimensionless constanscontrol temperatuneesponse
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Appendix B

The ammonia preference factdh,,is calculated in the same way as for
phytoplankton in th&MOHID WaterQuality moduleg(IST, 200§:

x, =NH4, ONO3,

x, =(Ky, +NH4, )? (K, +NO3,)

X =Ky 3 NH4,

x, =(NH4, +NO3, )? (K, +NO3,)

60 for x, =0 and for x, =0
XX + XX,
NH4w is the ammonia concentration in the water iN/g(in the cell closest to
the bottom, where the vertical layer k=1) N{8 N/I) is the nitrate concentration at the
sedimemwater interfacdin the cell closest to the bottom, where the vertical layer k=1).

Ky is the half-saturationconstant for the togen uptake bymicrophytobenthas
described inable®6.
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Appendix C

Results of sensitivity analysisarried out on theeagrass modeOn each box,
the central mark is the median, the edges of the box are the 25th and the 75th
percentiles, the whiskers extend to the most extreme data points not considered outliers,
and outliers are plotted individually.
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Partial Rank Correlation Coefficient (PRCC)
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Phosphate in water
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Appendix D

Results of sensitivity analysisarried out on the benthic ecology mad®h each
box, the centramark is the median, the edges of the box are the 25th and the 75th
percentiles, the whiskers extend to the most extreme data points not considered outliers,
and outliers are plotted individually.
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