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Abstract

This paper describes an application of MOHID modelling system to a shallow temperate coastal lagoon in Portugal’s western
coast (Ria de Aveiro), simulating more than one primary producer, for a better understanding of the existing ecological dynamics
and creating a useful tool to delineate land activities management practices. MOHID water quality model is driven by a physical
transport model and simulates the dynamics and productivity of the two main primary producers (phytoplankton and macroalgae)
as well as the cycling of nitrogen, carbon and oxygen in interaction with sediment and hydrodynamics. The integrated model
is forced by exchanges with the Atlantic Ocean (tide), atmosphere, and by sediment and nutrient inputs from the upstream
rivers and other discharges. Focus is given to the light parameterization of primary production, influence of hydro and sediment
dynamics and to the prediction of seaweed beds distribution. The results obtained show that the model is better adjusted to
field data with macroalgae’s simulation and that macroalgae can have an important role in primary production. Hydrodynamic
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onditions can be significant in the competition between the two primary producers, determining the predominant grou
s their limiting factors.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Estuaries are often eutrophic systems due the nutri-
nt inputs from land activities and runoff. Since they are
oastal waters, they benefit from low depths associated
ith high water mixing being characterized by high
iological activity. They are often heavily populated
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areas increasing the pressure on the quality stat
waters and the need for proper management strat
(Valiela, 1995; Carr et al., 1997). Nutrient enrichmen
can alter the structure of the ecosystem and to dea
the consequences (high water turbidity, toxic/harm
algal blooms, shifts in species, etc.) one must first
derstand the role of primary production at the sys
level (Mann, 1982; Cloern, 2001).

Nutrient uptake during algal growth is the main p
cess of nutrient removal from the water. Photosynth
oxygen production during daylight and consump
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through respiration during the night can cause great
diurnal variations in dissolved oxygen. When there
are high loads of nutrients, the system can become
over-saturated with biomass producing oxygen and
consuming nutrients during the day, supporting great
populations of consumers and decomposers. By night,
the oxygen is rapidly depleted creating anoxia condi-
tions that disrupt the system resulting in massive fish
kills under severe conditions. (Mann, 1982; Parsons et
al., 1984; Little and Kitching, 1996)

However, estuary specificities like topography,
climate and freshwater discharges modulate the
magnitude of processes and their consequences (Day
et al., 1989). In deep estuaries, benthic production
may have an insignificant contribution in relation
to pelagic one, due to light limitation. However, in
shallow areas with low mean residence times, benthic
producers like macroalgae can compete for nutrients
with phytoplankton that do not reside long enough
to use the nutrients carried from the upstream rivers
or discharges (Braunschweig et al., 2003). Sediment
dynamics has also a major role in productivity because
it determines the underwater light availability and
macroalgae attachment conditions (Portela, 1996;
Salomonsen et al., 1999).

Mathematical models that integrate hydrodynamic,
sediment transport and major water quality processes
can aid in developing hypotheses about the ecosystem
dynamics and the possibility of simulating several sce-
narios (Neves et al., 2000). MOHID is a modelling sys-
t idely
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(Miranda et al., 2000; Neves et al., 2000) and thesis
(Portela, 1996; Pina, 2001). Recently, macroalgae pro-
ductivity was included in MOHID. Models that sim-
ulate macroalgae dynamics are well reported in the
literature (Coffaro and Sfriso, 1997; Solidoro et al.,
1997; Duarte and Ferreira, 1997; Alvera-Azćarate et
al., 2003; Baird et al., 2003) each one with its own
specificities. This paper presents MOHID’s primary
production parameterizations and its application to a
temperate shallow coastal lagoon, to study the influ-
ence of benthic macroalgae in the system behaviour,
particularly in terms of phytoplankton and nutrient con-
centrations. Focus is given to the light parameterization
of primary production, influence of hydro and sediment
dynamics and to the prediction of seaweed beds distri-
bution.

2. Methodology

2.1. Site description and pre-processing

Ria de Aveiro (being the name commonly attributed
to the Vouga Estuary) is a shallow temperate coastal la-
goon with extensive intertidal areas. The Ria spreads
through nearly 45 km along the occidental coast of Por-
tugal between Ovar and Mira (48◦38′N, 8◦44′W), and
a maximum width of 10 km. The total covered area of
the estuary changes between 83 km2 during spring tide
and 66 km2 in neap tide (Dias et al., 1999). Average
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em that integrates these features and has been w
tudied and applied in different estuarine ecosyst
n Tagus estuary (Portela, 1996; Pina et al., 2000, 20
ina, 2001; Braunschweig et al., 2003), in Guadiana
stuary (Cunha et al., 2000), in Douro estuary (Pina
t al., 2003) and in all Portuguese estuaries as
f an official study requested by the Portuguese

ional Water Institute (INAG, 2003) to determine wa
er quality status contributing to coastal managem
upported by modelling (following European Coun
irectives 91/271/EEC and 91/676/EEC). The w
uality model in MOHID has been also applied to oc
aters such as in seamounts (Coelho and Santos, 200),

n the western Iberian continental shelf to optimize
evel of treatment of urban discharges into coastal
ers (Neves et al., 2000).

The modelling system with the pre- and po
rocessing tools is described by several pa
epths are in the order of 1 m, but maximum depth
rtificially maintained by dredging varying betwee
nd 4 m.

Ria de Aveiro is constituted by five main chann
seeFig. 1), and for each it is possible to conside
resh water discharge: Vouga River in the Main Ch
el, Antũa River in Murtosa Channel, Caster Rive
.Jacinto/Ovar Channel, Boco River in Ilhavo Ch
el, and in Mira Channel there are some artificial dr

hat can be considered as an input of fresh water. T
oads represent not only an entrance of fresh wate
he estuary, but also an input of nutrients. The WW
Waste Water Treatment Plants) existing in Ria
ere not considered in this study because the tre
ffluents correspond to only 10% of the populat
epresenting about 0.5% of the total input in the
uary (INAG, 2003). Diffuse loads due to agricultur
and lixiviation were considered negligible when co
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Fig. 1. Ria de Aveiro estuary (left: bathymetry and grid used in model simulations; right: location of Ria de Aveiro and its channels and discharges
(in italics).

pared with the contribution of agricultural load carried
by rivers.

The hydrodynamic model was forced with a M2 tide
at the ocean boundary and considering the annual av-
erage discharge of each river shown inTable 1. Values
in this table were obtained from statistical analysis of
time series records obtained in field stations by INAG
(http://snirh.inag.pt).

The computation grid used was 326× 318 cells
wide with a variable spatial step (minimum of 50 m)
(see Fig. 1). This resolution was considered fine
enough to describe the main physical processes in the
Ria, but is not time efficient for long term simulations.
For this reason, the ecological processes, that need
at least 1 year of simulation, were computed using a
different grid, resulting from the spatial integration

Table 1
River discharges in Ria de Aveiro used in hydrodynamic simulations
(statistical analysis of time series records obtained in field stations
by INAG: http://snirh.inag.pt)

Vouga River 28.8 m3/s
Antuã River 6.3 m3/s
Caster River 5 m3/s
Boco River 2.5 m3/s
Artificial drains in Mira Channel 3 m3/s

of bathymetry, merging 4× 4 grid cells into one. The
hydrodynamic conditions were recorded into a file,
which can be used as input of the water properties
transport model. This file was recorded along a M2
tide period (12 h 25 min 30 s), being repeated along
the water quality simulation period, decreasing the
computational effort of the model.

Being a shallow estuary, Ria de Aveiro is charac-
terized by the presence of several species of algae and
vascular plants, commonly calledmoliço, used by in-
habitants in soil fertilizing. The simulation of all pho-
tosynthetic organism species present in Ria de Aveiro
by MOHID system is not possible yet, but the inclu-
sion of macroalgae processes as an additional primary
producer revealed some interesting results. In order to
study the impact of macroalgae production in the over
all water quality parameters, a comparison between the
simulations WITH and WITHOUT macroalgae will be
presented in this paper.

2.2. Water quality model

To model organic matter cycling, a set of conserva-
tion equations are solved for the following state vari-
ables: phytoplankton and macroalgae as primary pro-

http://snirh.inag.pt/
http://snirh.inag.pt/
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Table 2
Relevant water quality model parameters used in model simulations

Variable Description Units Default Reference

Macroalgae
µMA

max(Tref) Maximum gross growth rate at the reference temperature day−1 0.4 Coffaro and Sfriso (1997);
Coffaro and Bocci (1997)

Iopt Optimum light intensity for macroalgae photosynthesis W m−2 90.0 EPA (1985)
hMA Average macroalgae bed height M 0.25 Ferreira (1989)
aMA Carbon specific shading area m2 kgC−1 11.1 Calibration
KMA

N Nitrogen half-saturation constant mgN L−1 0.065 EPA (1985), Valiela (1995)
KMA

re Endogenous respiration constant day−1 0.00175 EPA (1985), Portela (1996)
KMA

e Excretion constant – 0.008 Portela (1996)
mMA

max(Tref) Maximum mortality rate at the reference temperature day−1 0.003 Portela (1996)
KMA

m Macroalgae mortality half-saturation rate kgC m−2 day−1 0.03 Portela (1996)
GMA Grazing rate on macroalgae day−1 0.00008 Valiela (1995)
Fmax

dep Maximum deposition flux gC m−2 s−1 0.005 Dronkers and Leussen (1988)
τ∗

ero Detachment critical shear stress Pa 1 Salomonsen et al. (1999)

Phytoplankton
µMA

max(Tref) Maximum gross growth rate at the reference temperature day−1 1.8 Pina (2001)
Iopt Optimum light intensity for phytoplankton photosynthesis W m−2 100.0 EPA (1985)
KMA

N Nitrogen half-saturation constant mgN L−1 0.014 EPA (1985), Valiela (1995)
KMA

re Endogenous respiration constant day−1 0.0175 EPA (1985), Portela (1996)
KMA

e Excretion constant – 0.07 Portela (1996)
mMA

max(Tref) Maximum mortality rate at the reference temperature day−1 0.02 Portela (1996)
KMA

m Phytoplankton mortality half-saturation rate mgC L−1 day−1 0.3 Portela (1996)
E Phytoplankton assimilation efficiency – 0.6 Pina (2001)

Common parameters
αN:C Macroalgae N:C ratio (Redfield ratio) mgN mgC−1 0.18 Atkinson and Smith (1983),

Falkowski (2000)
fin/X Soluble inorganic fraction of theX excretions – 0.25 Portela (1996)
forgD/X Dissolved organic fraction of theX organic excretions – 0.25 Portela (1996)

ducers, zooplankton as consumer, dissolved nutrients,
oxygen, organic matter in the pelagic phase and or-
ganic matter in the benthic phase (particulate, refrac-
tory and non-refractory). The sinks and sources terms
(i.e. the ecological processes) are computed in Water
Quality Module of MOHID, giving the model the de-
sired flexibility to be coupled to either a Lagrangian or
an Eulerian resolution method (Pina, 2001). The pa-
rameterisation of the ecological processes in the water
column (pelagic system) is mainly adapted fromEPA
(1985), with the above mentioned state variables. Only
nitrogen and phosphorous cycles are simulated explic-
itly and therefore, the simulation of organic matter as-
sumes constant C:N:P1 ratios.

To better understand the interactions between the
phytoplankton and macroalgae, a more detailed insight

1 C—carbon; N—nitrogen; P—phosphorous.

of primary production parameterizations will be pre-
sented in the subsequent sections. The default values
for the some of the most important model parameters
are presented inTable 2.

2.2.1. Primary production
Since macroalgae and phytoplankton have the same

growth requirements (light and nutrients) and are sub-
ject to the same basic processes, the same formulations
can be used, although the specific values of some coef-
ficients will vary to characterise the difference between
the two groups. In addition, due to the morphological
characteristics of the two producers, the major differ-
ences between them can be summarised in:

• macroalgae are associated with the bottom sub-
strate and are expressed in terms of areal densities
(kg m−2) rather than volumetric densities or concen-
trations used for phytoplankton;
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• macroalgae do not have hydrodynamic transport;
• macroalgae have no settling losses, but instead they

have additional losses by scouring from the bottom
substrate, when bottom shear stress is high;

• macroalgae cannot firmly attach to the substrate in
areas characterized by high positive and regular sed-
imentation rates;

• emerged macroalgae are considered dormant, and
the productivity yield after re-immersion is not af-
fected (Bell, 1993).

Following an exponential population growth model,
where the temporal variation of biomass depends on the
existent biomass (Gotelli, 1995), one can say that pri-
mary production of either phytoplankton or macroalgae
(X) is governed by the equation:

∂ΦX

∂t
= (µX − rX − exX −mX −GX)ΦX (1)

where t is the time (day),ΦX biomass (gC m−3 for
phytoplankton; kgC m−2 for macroalgae) and the oth-
ers can be seen as the net production rate, com-
posed of:µX—the gross growth rate (day−1); rX—the
total respiration rate (day−1); exX—the excretion
rate (day−1); mX—the natural mortality rate (non-
predatory) (day−1); GX—the grazing rate (day−1).

Facilitating result analysis, a simple parameteriza-
tion was used for gross growth rate. It was defined as
a function of water temperature, availability of photo-
synthetic active radiation (PAR) and nutrients in the
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concentration (mgN L−1) andP the phosphorous con-
centration (mgP L−1). Temperature and light limitation
factors follow an inhibition law and nutrient limitation
factors follow Michaelis–Menten saturation law. Light
limitation factor formulation is based on an integra-
tion of Steele photosynthetic response curve within the
water column (Pina, 2001) (see Eq.(7)).

The model assumes that growth rates are deter-
mined by external concentrations of available nutrients.
Therefore, nutrient composition of algal cells remains
constant (fixed stoichiometry models) and growth and
nutrient uptake rates are linearly dependent. Thus, the
assumed C:N:P ratio is the Redfield ratio (106:16:1;
average in marine environment) for macroalgae,
phytoplankton, zooplankton and non-living organic
matter (Atkinson and Smith, 1983; Falkowski, 2000).
Although stoichiometric cellular ratios depend on
species, cell dimension, external and physiological
conditions, most water quality models use the fixed
stoichiometry approach because it simplifies the
model without prejudice of results, unless one wants to
simulate explicitly luxury uptake and nutrient storage
in organisms (EPA, 1985; Valiela, 1995). Respiration
(rXe ), excretion (exX) and mortality (mX) formulations
can be seen in EPA reference ecological model (EPA,
1985). Grazing rate on macroalgae is computed by
an imposed rate, while for phytoplankton its value
depends on zooplankton dynamics (Pina, 2001).
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ater column. The major growth limitation nutrie
re nitrogen and phosphorous because carbon is
vailable in excess, and micronutrients like iron, m
anese, etc. are only limitative in oligotrophic syste
he joint dependence of these variables is define
eparate growth limiting factors (functionψ in Eq.(2)),
hat can range from a value of 0 to 1. A value of 1 me
he factor does not limit growth (i.e. light is at optimu
ntensity, nutrients are available in excess, etc.).
imiting factors are then combined with a maxim
ross growth rate at a reference temperature as i

ollowing equation:

X =µXmax(Tref) × Ψ (T ) × Ψ (I) × min(Ψ (N), Ψ (P))

(2)

hereT is the temperature (◦C), I the radiation inten
ity (W m−2), N the nitrogen (ammonia and nitra
.2.2. Light availability
Photosynthetic organisms only exist where ligh

ble to reach their cells. This means that phytoplan
s limited to the uppermost layers of the water colu
photic zone) and that benthic algae are confine
hallow coastal waters where light reaches the bot
he depth to which photosynthesis will occur is de
ined mainly by (1) the incident surface radiation,

he extinction of light in the water, and (3) the pho
ynthetic response to light. In the water column,
ambert–Beer law defines the attenuation of light w
epth:

(z) = I0 e−kz (3)

hereI (W m−2) is the light intensity at a given dep
(m), I0 the light intensity at the surface andk the light
xtinction coefficient (m−1).
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The majority of the water quality models reviewed
byParsons et al. (1984), Rivera (1997)andPina (2001)
compute the water column light extinction coefficient
considering phytoplankton self-shading effect and par-
ticulate suspended material, establishing the following
relationship:

k = kw + kpCp + ksCs (4)

wherek andC stand for specific light extinction coef-
ficient and concentration, and index w, p and s refer to
water, phytoplankton’s chlorophyll and total suspended
solid in the water column. The different set of parame-
ters to be used should be based on local measurements
(speciallyks) that allow the determination of the overall
extinction coefficient. By applying the Lambert–Beer
law, with a given extinction coefficient, one can com-
pute the light available for photosynthesis at a given
depth.

In the benthic boundary layer, light will be attenu-
ated mainly by macroalgalthalli that exert an intense
self-shading effect. The total amount of shading effect
depends of thethalli density, i.e., biomass density, as
well as on macroalgal morphology. Following this and
recognising that there are no sufficient in-depth studies
of macroalgae’s light needs, a somewhat different ap-
proach must be undertaken for the light extinction co-
efficient in the benthic boundary layer. The prevailing
light absorbing components will be macroalgaethalli
and therefore the extinction coefficient must depend
o oint
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t

k
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Fig. 2. Top and side views of sparse and dense macroalgae meadows
at different tide levels. Side view shows vertical orientation, top view
represents the area of overlap. AfterDennison (1979)in Fonseca and
Kenworthy (1987).

shading area accounts only for the surface area that
causes shading, and thus, it will be lower than the to-
tal surface area given by the values above. An average
height for the macroalgal bed was used considering
that the more elongated are macroalgae’s fronds, the
more they will be subject to higher drag and friction
forces, increasing the probability of being broken or
detached from the substratum. When emerged, even if
only partial, the self-shading effect is severely aggra-
vated by the bending of the stipes (Fig. 2) and thus the
multiplication by the second factor in Eq.(5).

2.2.3. Photosynthetic response to light
The relationship of photosynthetic rate to light in-

tensity in macroalgae is similar to that found in single-
celled algae (EPA, 1985; Valiela, 1995), and can be
defined with Steele photoinhibition law (Steele, 1962):

P

Pmax
= I

Iopt
exp

(
1 − I

Iopt

)
(6)

whereP is the photosynthetic rate at a given light in-
tensity I (W m−2) for an organism that has a maxi-
mum photosynthetic ratePmax at the optimal (saturat-
ing) light intensityIopt. The light limitation factor used
in Eq.(2) is obtained by:

Ψ (I) =
∫ h

0

P

Pmax
d (7)
n their biomass, height and morphology. The j
ependence of these factors can be adjusted to the
ariables of the model resulting in the following re
ionship:

MA = aabs×ΦMA

min(hMA , hWC)
× max

(
hMA

hWC
,1

)
(5)

herekMA is the macroalgae bed light extinction c
fficient (m−1), aabs the carbon-specific shading a
m2 kgC−1),ΦMA the macroalgal biomass (kgC m−2),
MA the macroalgal bed average height andhWC the
ater column height (m). The carbon-specific sha
rea depends on frond andthalli morphology. Macroa
ae’s carbon-specific absorption cross-section va
ere determined byEnriquez et al. (1994)and used
y Baird et al. (2003)and vary between 11.1 a
45.3 m2 kgC−1 (mean of 54.1 m2 kgC−1) depending
n the macroalgal morphology. The carbon-spe
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with h = hWC for phytoplankton andh = min(hWC,hMA )
for macroalgae.

2.2.4. Macroalgae establishment and distribution
In contrast with phytoplankton, macroalgae grow at-

tached to substrata and are not transported in the water
column unless dislodged or broken by ambient water
currents and waves. Yet, they also depend on moving
water. Advection and diffusion transport are respon-
sible for dispersing the spores, washing away waste
products and sediments, and transport of dissolved
materials such as nutrients and gases (Kaandorp and
Kübler, 2001). Therefore, determination of macroalgal
attachment conditions constitutes a significant factor in
macroalgal production patterns.

The breakability effect can be accounted by the
definition of macroalgal erosion zones, based on the
concept of critical bottom shear stress, establishing
an analogy with Partheniades’s approach for sediment
dynamics (Partheniades, 1965). In this approach, when
bottom shear stresses are higher than a critical value,
erosion of sediments will occur. In a similar way, when
the shear stress acting on attached macroalgae by the
water velocity is higher than a critical value, macroal-
gae will detach and, from this point, considered as par-
ticulate non-living matter. According toSalomonsen
et al. (1999), critical bottom shear velocities for
macroalgal detachment can range from 0.012 m s−1

(for small dimension macroalgae) to 0.15 m s−1, i.e.,
from 0.14 to 22.5 N m−2 in shear stress units.

h in
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(kg m−3),ωS the settling velocity (m s−1), τ the bottom
shear stress andτ∗dep the sediment critical deposition
shear stress (Krone, 1962). Typical estuarine sediment
deposition fluxes are in the order of magnitude of
approximately 5× 10−3 g m−2 s−1 given by typical
settling velocities of magnitude 10−4 m s−1, near-bed
sediment concentrations of 100 mg L−1, and bottom
shear stresses of about one half the critical deposition
shear stress (Dronkers and Leussen, 1988).

3. Results and discussion

In order to provide a better evaluation, the model
results can be analyzed for the estuary as a whole,
or integrated in different boxes (seeFig. 3c). The in-
tegration in boxes allows the comparison of the an-
nual average values obtained from the model results,
in the different boxes, with field data values mea-
sured in stations located in each box. The boxes were
drawn according to the zone of influence of each dis-
charge and the resemblance in water residence time.
The stations are represented inFig. 3a and b. MR
stations were performed in the scope of ModelRia
project (financed by the Portuguese Science and Tech-
nology Foundation) and sampled in June and Septem-
ber of 2000. RA stations correspond to Portuguese
Hydrographical Institute (Instituto Hidrográfico) sam-
ples, in the scope of a Portuguese estuarine coastal
monitoring program. The information is available only
i yto-
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On the other hand, macroalgae cannot attac
laces where the substrate is sufficiently not rigid, s
s the ones subject sediment deposition. In an estu
ystem, deposition zones are spatially stable and
ypical deposition patterns, not just because of hy
ynamic factors but also due to salinity effects. S
ent dynamics is dependent on hydrodynamic fac

tidal flow and wave action), the nature of the subst
topography and total sediment load) and salinity (fl
ulation effects). Hence, deposition fluxes can be g
y:

dep = dMdep

dt
= (CωS)B

(
1 − τ

τ∗dep

)
(8)

hereFdep is the deposition flux (kg m−2 s−1), Mdep
he sediment deposited concentration (kg m−2), t
he time (s),C the near-bed sediment concentra
n terms of annual average of nutrients and ph
lankton for the years between 1989 and 1993 an
ebruary 2002.

The hydrodynamic results of the simulations in
e Aveiro showed that there is an important reci

ation inside the estuary, which generates high w
ixing from different parts of the estuary. Close

he estuary mouth there is a complete mixing of wa
ut the residence times of each different part seem
e different. Defining residence time as time requ

or 80% of the water to leave the Ria, and apply
he Lagrangian tracers model of MOHID, the aver
esidence time of Ria de Aveiro was calculated a
ays. Boxes 1, 3 and 7 (Fig. 3c) are areas with high
esidence times, making these areas advantageo
hytoplankton growth because it resides long eno

o use the dissolved nutrients. The hydrodynamic
ults are more deeply analyzed inINAG (2003).
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Fig. 3. (a) and (b) Location of sampling stations used to evaluate the results of the model; (c) integration boxes in Ria de Aveiro.

The water quality results allowed the comparison
between annual average concentrations of some
properties (obtained from model results WITH and
WITHOUT macroalgae) and field data records in each
box, as represented alongFig. 4. Phytoplankton and
zooplankton concentration, obtained in the simulation
with macroalgae, is closer to field data records in
every box (Fig. 4a and b), indicating that the inclusion
of macroalgae improved the model results, regarding
phytoplankton and zooplankton biomass.Fig. 4c
shows that ammonia concentrations obtained by the
model WITH macroalgae are a little lower than WITH-
OUT macroalgae, but are both within the confidence
intervals of field data, except for box 1. This can be
explained by a possible underestimation of Caster
River’s nutrient loads by the model and by the fact
that we are comparing punctual station records – see
station RA15 inFig. 3b – with spatially average results
in 1.6 km2 (area of box 1). In nitrate results, the differ-
ences between the two simulations are quite significant
(Fig. 4d). The average concentration values obtained
WITH macroalgae are much lower than WITHOUT
macroalgae. Comparing with field data records, the

results WITH macroalgae seem to be too low and
WITHOUT macroalgae the results have a better ap-
proximation to the field data. Thus, results can suggest
that, either nitrate sources in the system were underes-
timated or, there is a different source of nitrate in the
system that is not being considered in this study, such
as underground water contribution. The area surround-
ing Ria de Aveiro has extensive agriculture systems
and field lixiviation (caused by rain or irrigation) can
possibly lead nitrate compounds to Ria de Aveiro
through surface (rivers) or underground (which is not
considered in this study). More detailed studies will
be needed to calibrate the model results and conclude
about the precision of results regarding this aspect.

The oxygen results (Fig. 4e) WITH macroalgae tend
to be, on average, higher than WITHOUT macroalgae,
as a result of one more photosynthetic organism present
in Ria de Aveiro, increasing oxygen production. These
results are also higher than field data records, possibly
because the high mixing of water reduces dissolved
oxygen concentration. The fact that we are running
simulation with a M2 + S2 tide may cause some un-
derestimation of mixing effects in water.
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Fig. 4. (a–e) Annual concentration of phytoplankton, zooplankton, ammonia, nitrate and oxygen computed by the model (WITH and WITHOUT
macroalgae) and field data measured in the boxes (data measured among 1989–1993, 2000 and 2002).

Fig. 5a–g represents the annual evolution of
properties average concentration in the estuary (WITH
and WITHOUT macroalgae), for the fifth year of sim-
ulation when the model gives stable cyclic evolution
profiles. The widths of the lines represent the diurnal
variations giving a measure of the temporal variation
along a tide cycle. The graphs show significant
differences between these two simulations, in all
properties.

In agreement withFig. 4, graphs inFig. 5 show
that phytoplankton and zooplankton concentration in

Ria de Aveiro are quite reduced in the presence of
macroalgae, mainly because of the large reduction of
nitrate in the system. Consequently, the extension of
“prey-predator” relation between phytoplankton and
zooplankton is reduced too. The major process limit-
ing phytoplankton growth is, now, only the availability
of nutrients, having zooplankton predation an insignif-
icant contribution controlling the phytoplankton stock.
This can be better verified inFig. 6that shows the two
organism’s dynamics when considering each scenario
separately.
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Fig. 5. (a–g) Comparison of the annual evolution of properties spatial average concentration in Ria de Aveiro WITH and WITHOUT macroalgae
in model simulations.
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Fig. 6. (a) and (b) Phytoplankton and zooplankton dynamics WITH and WITHOUT macroalgae in model simulations.

With macroalgae in the system, the availability of
nutrients in water column is reduced, mostly nitrate
(Fig. 5c and d). In terms of ammonia, the existence
of another primary producer, leads to more excretion
products, accelerating mineralization processes and,
for that reason, the ammonia concentration does not
decrease strongly, as nitrate. InFig. 5e and f it is also
interesting to notice the increase in DON and PON
concentration, in the macroalgae simulation, which in-
dicates the great importance of macroalgae excretions
in nutrients dynamics. As expected, there is an increase
in the average oxygen concentration (Fig. 5g), not only
because there is one more primary producer, but also
because macroalgae are attached and cannot be ex-
ported off estuary like phytoplankton. One should no-
tice that oxygen gradients are also amplified, leading to
the conclusion that the system is more prone to anoxic
events.

Fig. 7 represents the evolution of macroalgae aver-
age biomass (kgC m−2) over 6 years, where is possible
to see macroalgae biomass increasing and stabilizing
after the fifth year. The low nutrient input in Ria de
Aveiro is responsible for the continuous growth but
with a negative acceleration. In fact, nutrients avail-
ability in the system is the most important limiting fac-
tor, as it is shown inFig. 8. However, phytoplankton
concentrations and macroalgae’s densities are not high
enough to cause a significant self-shading effect (notice
the high light limitation factor values inFig. 8) and thus,
net growth is always positive. This means that Ria de
A and
n ass
v
p

macroalgae biomass in Tagus estuary (Portugal) which
is a deep and turbid estuary, causing benthic producers
to be mainly limited by light.

From the model results analysis it is also possible
to compare the difference between the phytoplankton
limitation factors in both simulations.Fig. 9a–c rep-
resents the evolution of light and nutrients limitation,
and also the total limitation, for phytoplankton growth,
which is computed as the multiplication of all factors
(light, nutrient and temperature). The limitation caused
by temperature is not shown because both simulations
have equal conditions and its effect is not significant
compared to others.

In MOHID system, phytoplankton growth light lim-
itation factor is computed considering, not only the evo-
lution of the solar radiation along the year (depending
on the local coordinates and the sun course), but also
the self-shading effect from phytoplankton (see Section
2.2.2). WITH macroalgae, the phytoplankton concen-

F x
c

veiro has particularly special conditions of depth
utrient dynamics to allow high macroalgae biom
alues such as approximately 150 gC m−2. To com-
are,Ferreira (1989)averaged a value of 5 gC m−2 for
ig. 7. Macroalgae concentration (kgC m−2) evolution, along si
onsecutive years.
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Fig. 8. Macroalgae growth limiting factors during the fifth year of simulation.

trations have a significant diminution in Ria de Aveiro
and, consequently, the self-shade effect is reduced, in-
creasing light limitation factor. It is important to notice
that WITH macroalgae the seasonal variability of the
light limitation factor is not so profound, as a result of
no significant variation in phytoplankton concentration

(Fig. 6). Nutrients limitation is higher in the presence
of macroalgae (which corresponds to lower limitation
factors) because macroalgae uptake represents an im-
portant sink of nutrients in the system. This result cor-
roborates with the conclusions discussed above, where
nutrients were considered as the major factor limiting

WITH
Fig. 9. Factors limiting the phytoplankton growth
 and WITHOUT macroalgae (fifth year of simulation).
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Fig. 10. (a) Macroalgae distribution in Ria de Aveiro after 6 years of simulation. Dashed boxes emphasize the common areas; (b) SaltMarsh
and Marsh Grass distribution in Ria de Aveiro (adapted fromwww.biorede.pt).

primary production. From the total limitation factor
evolution, showed inFig. 9c, it is possible to conclude
that phytoplankton growth is, in average, more limited
in the simulation WITH macroalgae, which explains
lower values of concentration in Ria de Aveiro (Fig. 5a).

Fig. 10a represents macroalgae distribution in Ria
de Aveiro after 6 years of simulation. The model re-
sults indicate areas next to rivers discharge as prefer-
ential establishment areas for macroalgae, particularly
near Caster River discharge, one of the major nutrients
contributors in Ria de Aveiro according to ModelRia
project field data. The establishment pattern is in accor-
dance with the salt marsh areas presented inFig. 10b,
indicating that the criteria used for macroalgae distri-
bution can be considered as valid.

The fact that the preferential establishment areas
(near Caster, Antũa and Boco River discharges) are
the ones with higher residence times implies that there
is a strong competitive factor between macroalgae and

phytoplankton, both for light and nutrients. This can
be confirmed by the changes of phytoplankton con-
centration evolution in the presence of macroalgae
(Fig. 6).

4. Conclusion

MOHID is a modelling system programmed in an
object-oriented philosophy, allowing a simple integra-
tion of new simulation properties, such as macroalgae.
The model has proved to be flexible in the incorpo-
ration of a new simulation property such as macroal-
gae that has the particularity of being a component of
the water quality model not transported by advection
or diffusion, and in constant interaction with sediment
dynamics. These features enable the dynamic predic-
tion of macroalgae establishment patterns, as well as
their productivity rates. In addition, the light extinction

http://www.biorede.pt/
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formulation used for macroalgae enables the possibil-
ity of simulating a wide range of macroalgal morpho-
logic behavioural patterns. The simple and systematic
parameterizations used in the water quality model as-
sociated with the format of model results (analysis of
punctual or spatially integrated results) allow an easy
calibration of model results.

In MOHID application to Ria de Aveiro, the re-
sults show that the model is better adjusted to field
data with macroalgae simulation and that they can
have a significant role in primary production. In the
presence of macroalgae, phytoplankton biomass pro-
duction inside Ria de Aveiro was significantly re-
duced and the total photosynthetic biomass is mainly
comprised by macroalgae. The main reason for this
greater development of macroalgae, instead of phy-
toplankton, is the fact that the macroalgae stay in-
side the estuary for longer time, allowing them to
consume more nutrients and produce more biomass,
while phytoplankton depends on the transport of wa-
ter trough Ria de Aveiro and, after 20 days (accord-
ing to the model results) all phytoplankton inside the
estuary will be washout to the ocean. These results
show that macroalgae cause a shift in phytoplankton
growth limitation. Instead of being limited by zoo-
plankton, phytoplankton is mainly limited by nutri-
ents, due to uptake by macroalgae. This reduction in
their biomass allied to an insufficient residence time,
decreases the self-shading effect and eliminates light
as one of the limitations to primary production in this
e
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Appendix A. Supplementary data

Supplementary data associated with this article
can be found, in the online version, at10.1016/
j.ecolmodel.2005.01.054.
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