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12 Abstract

13 We have implemented new modules of seagrass and macroalgae in the
14  European Regional Seas Ecosystem Model (ERSEM). The modules were tested
15 using a version of ERSEM coupled with the General Ocean Turbulence Model
16 (GOTM) in San Quintin Bay (SQB), a coastal lagoon in Baja California, Mexico.
17  As we are working in a region where horizontal advective transport of nutrients is
18 important, we have included the horizontal nutrient gradients which result in
19 nutrient advection when combined with the local currents. The addition of the
20 Zostera marina and Ulva spp. modules to ERSEM, and the inclusion of advection
21 results in a better simulation of the seasonal and interannual trends in nutrient
22  concentrations and macrophyte biomasses in SQB. The differences between the

23 simulations with and without advection are particularly apparent during the
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upwelling periods. Therefore, by increasing the horizontal gradients of nitrate in
the model during the strong upwelling seasons a stronger advection results in
higher nitrate concentrations from May through July in 2004 and 2005. The
difference in the seasonal trend in biomasses between both macrophytes, with
Ulva spp. reaching its seasonal maximum in June-July and Z. marina reaching it
in September-October reflects the different response to the various factors
controlling their primary production. Z. marina is particularly sensitive to
variations in the photosynthetically active radiation (PAR) and the light limitation
factor, while Ulva spp. is more sensitive to changes in the maximum uptake rates
of nitrate. The model was forced using field data from the lagoon collected in

2004 and 2005.

Keywords: Z. marina, Ulva spp., Coastal Lagoon, ERSEM, GOTM, Ecosystem

modelling.

1. Introduction
Coastal lagoons are characterized by large fluctuations in physical and
biogeochemical conditions as a consequence of their location between land and
sea (Kjerfve 1994). Coastal lagoons are relatively shallow and tend to be
dominated by benthic primary producers, such as seagrass, macroalgae and
benthic microalgae rather than by phytoplankton (Tyler et al. 2001). This
promotes a strong benthic-pelagic coupling that influences carbon and nutrient

dynamics, as well various aerobic and anaerobic respiration pathways. Like
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estuaries, coastal lagoons represent environments with high productivity (Pauly
and Yafiez-Arancibia 1994).

Coupled hydrodynamic-ecosystem models are tools to assess the major
gualitative aspects of the ecosystem and help in addressing important issues for
coastal zone management (Torres et al. 2006). Marine ecosystem models
describing the geochemical and biological cycling have been developed for many
regions particularly during the last 10 years. One of the most complex marine
ecosystem models developed to date is the European Regional Seas Ecosystem
Model (ERSEM; Baretta-Bekker et al. 1995). Originally developed as a box
model describing biogeochemical cycling within the North Sea, ERSEM has
nowadays been successfully adapted to other ecosystems. For example, Allen et
al. (1998) used the model in the Adriatic Sea to contrast the ecosystem
functionality. Blackford and Burkill (2002) have applied ERSEM in the Arabian
Sea, to explore the differences between monsoonal waters and unperturbed
oligotrophics oceanic sites, while Vichi et al. (1998) used the model on seasonal
response in shallow Northern Adriatic. In this study, we have used ERSEM
coupled with the General Ocean Turbulence Model (GOTM), a 1-DV numerical
model with several modern turbulence closure schemes, which has become the
community workhorse, to simulate the physical and biogeochemical processes in
San Quintin Bay (SQB). For the model to be able to correctly represent SQB
biogeochemistry, newly developed seagrass and macroalga modules had to be

included.
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SQOB is a coastal lagoon (Figure 1) located in the coast of Baja California,
Mexico (3027'N, 11600'W), covering an area of ~ 42 km? with an average depth
of 2 m, a maximum tidal amplitude of 2.4 m during spring tides, and water
temperature ranges of 11-22 T and 13-27 T at the m outh of the bay and at the
inner end of the eastern arm, respectively (Alvarez-Borrego and Alvarez-Borrego
1982). San Quintin is a Mediterranean-type coastal lagoon (Largier et al. 1997),
and is a hypersaline system throughout year (Camacho-lbar et al. 2007). This
temperate region of the Baja California Peninsula has a mean annual
precipitation of 150 mm and a mean annual evaporation of 1400 mm; rainfall is
restricted to the period of November to March. As evidenced by saline intrusion,
over extraction of groundwater for agriculture has induced a reversal of the
groundwater flow in the coastal aquifers, making them an unlikely source of
nutrients to the bay (Aguirre-Muioz et al. 2001). Most of the inhabitants of the
catchment, which is a rural area, live away from shore. Tourism, which is one of
the main economic activities in the locality, is still limited and represents a minor
indirect source of nutrients to the bay.

SQB ecology is strongly influenced by the presence of extensive
meadows of the eelgrass Zostera marina (Ward et al. 2003; Jorgensen et al.
2007). Ward et al. (2003) indicate that this species covers ~40% of this lagoon,
and is dispersed throughout the Bay, forming particularly dense patches at the
inner arms. Large mats of Ulva spp. are mainly concentrated in Bahia Falsa and
also near the mouth of the bay. Although Ulva spp. is present all year around, its

biomass shows a seasonal variation with a spring maximum. Biomasses of 1400
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dry t were measuredt during spring (May) 2004 and 1160 dry t in early summer
(June) 2005, distributed in an area of 431 and 303 ha, respectively. In winter
2004 Ulva biomass reached only 35 dry t in an area of 54 ha (Zertuche-
Gonzalez, pers. comm., 2008).

The Pacific oyster Crassostrea gigas has been cultivated commercially in
the western arm of the lagoon (Bahia Falsa) since the late 70’s (Garcia-Esquivel
et al. 2004), and represents a functional group that may be explicitly included in
the SQB ecosystem model.

The main external physical and biogeochemical forcing in this lagoon is
from the neighbouring coastal ocean, strongly influenced by upwelling. Although
wind conditions may induce upwelling events throughout the year in this area, the
most intense upwelling occurs during spring and early summer (Bakun and
Nelson 1977). Upwelling pulses advect water into SQB, supplying new nitrogen
(nitrate), which is rapidly taken-up and promotes high phytoplankton, macroalgae
and seagrass productivity and biomass within the bay (Camacho-lbar et al.
2007). The frequency of the upwelling pulses likely controls the temporal
variability of primary production and nutrients at the bay’s mouth (Lara-Lara et al.

1980).

2. Description of the modelling system
To better understand the physical-biogeochemical interactions it was
decided to use a one-dimensional vertical framework to combine the best

hydrodynamic model of this kind (GOTM) and one of the most complete
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ecological models available (ERSEM). A two way coupling between water
column and biogeochemistry is applied. The dependence of the biogeochemistry
on the physics is established via vertical mixing and horizontal advection of
nutrients, temperature and salinity, light availability and many other mechanisms.
The advantage of using a 1-DV framework is that the hydrodynamics is kept as
simple as possible, while still maintaining the necessary physical processes, in
such way that we can focus on studying the importance of the newly incorporated

functional groups (i.e. Z. marina and Ulva spp.).

2.1 Physical model

A one-dimensional numerical model for the water column is applied here,
consisting of prognostic equations for horizontal velocity components,
temperature and salinity. Density is calculated by means of UNESCO equation of
state (http://fermi.jhuapl.edu/denscalc.html) as function of temperature and
salinity and hydrostatic pressure. The model is externally forced by M, and S,
barotropic tidal currents derived from observations, and wind stress, surface heat
and momentum fluxes, calculated by bulk formulae using atmospheric
measurements. A detailed description of the numerical model is given by Bolding
et al. (2002) and references therein (see http://www.gotm.net).

A k-g¢ turbulence closure scheme is used here, where the turbulent
dissipation rate is discussed in detail in Canuto et al. (2001) and Umlauf and
Burchard (2005). The stability functions used here are those suggested by

Canuto et al. (2001).
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Although advection of momentum has not been considered in the model,
the horizontal velocities combined with horizontal nutrient gradients are used to
calculate the horizontal advection of nutrients and in that way incorporate the

advection of newly upwelled nutrients from the ocean.

2.2 The ecological model

The European Regional Seas Ecosystem Model was developed by a
number of scientists at several institutes across Europe through projects under
the MAST Programme of the European Union. Many features and applications of
the ERSEM model are described in Baretta et al. (1995) and Baretta-Bekker and
Baretta (1997).

ERSEM is a modelling framework in which the ecosystem is represented
as a network of physical, chemical and biological processes. It uses a ‘functional
group’ approach to describe the ecosystem, whereby biota are grouped together
according to their trophic level and sub-divided according to size and feeding
method. The ecosystem is subdivided into three functional group types: primary
producers, consumers and decomposers. Physiological (ingestion, respiration,
excretion and egestion) and population (growth, and mortality) processes are
included in the descriptions of functional group dynamics. These dynamics are
described by fluxes of carbon and nutrients between functional groups. Each
functional group is defined by a number of components, namely carbon (C),
nitrogen (N), and phosphorus (P) and, in the case of diatoms, silicate (Si), each

of which is explicitly modelled. The phytoplankton pool is described by four
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functional groups. These are diatoms, flagellates, picoplankton and
nanoplankton. All phytoplankton groups contain internal nutrient pools and have
dynamically varying C:N:P ratios. The nutrient uptake is controlled by the
difference between the internal nutrient pool and external nutrient concentration.
The microbial loop contains bacteria, mesozooplankton and microzooplankton
each with dynamically varying C:N:P ratios.

The benthic sub-model contains a food web which describes nutrient and
carbon cycling via both aerobic and anaerobic bacterial pathways,
bioturbation/bioirrigation and the vertical transport in sediment of particulate
matter is due to the activity of benthic biota. The benthic nutrient model treats N,
P and Si, and their exchange with the pelagic system depending on the nutrient
gradients at the sediments surface. The mineralization of organic matter, coupled
to diagenetic nutrient processes in the sediments, is also included in the sub-
model (Ruardij and van Raaphorst 1995). Detailed descriptions of ERSEM can
be found in Baretta et al. (1995); Baretta-Bekker et al. (1995, 1997), Blackford
(1997), Ebenhoh et al. (1995). Full ERSEM model equations can be found at

http://www.pml.ac.uk/ecomodels/ersem.html.

In an attempt to realistically simulate nutrient dynamics in the SQB
ecosystem, the food web with the trophic relationships among the different
groups was set up as shown in Figure 2. State variables of Z. marina and Ulva

spp. are included (Table 1) to simulate the seasonal dynamics of their biomass.

2.3 Seagrass module
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The Z. marina module is conceptually similar to the phytoplankton module
in ERSEM, and is based on the Z. marina model proposed by Bocci et al. (1997).
Seagrasses take nutrients from sediments through roots and rhizomes, and from
the water column through their shoots. Therefore, the seagrass module includes
a shoot sub-module which connects with the pelagic sub-model and a (rhizome-)
root sub-module which connects with the benthic sub-model. Both sub-models
exchange nutrients through a translocation routine.

State variables included in the module are: leaf biomass (S1) and root
biomass (S2). The rate of change of total biomass for Z. marina (S) is given by
the combination of four processes. Production (pS), respiration (rS), exudation

(eS) and mortality (morS):

Z—? =(pS -rS-eS-morS)

Light and temperature control seagrass photosynthesis. The gross
production rate (pS) was then calculated by maximum growth rate (MUmax),
modified by temperature (f;), light (f) and nutrient limitation (f\) factors:

PS =My *f ¥ 1 *

The dependence on water temperature (T) is common to all the

parameterizations of the functional groups and of many other biogeochemical

processes in ERSEM. It is written in an exponential form as:

— ~0.1%*(T-10)
ft - qlo

where Q1o is a temperature coefficient.
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The light factor (f;) is a function of the extinction coefficient (xeps), water
depth (z), and daily total radiation. The total radiation was calculated from the
ratio of the superficial (Plo) and depth irradiance (Plz). Plo (the irradiance just
below the water surface) is the astronomical irradiance reduced by loss factors:
cloud cover, absorption and reflection on the water surface (Ebenhoh et al.
1997). The photosynthetically active radiation (PAR) was multiplied by a
conversion factor (fPAR) in order to calculate superficial irradiance.

The extinction coefficient was calculated as a function of the background
extinction of water, and extinction due to phytoplankton, particulate detritus and
suspended inorganic matter. PKi is the photosynthesis half saturation constant.

Plo =PAR *fPAR

Plz =Plo * exp(—xeps * z)

f = tanh(ﬂj
pK;

Self shading effect is not included in the model, as we assume that the
plant length (typically < 0.6 m) is smaller than the average water depth in SQB (~
2 m), allowing leaves to float erect and reduce self-shading.

Fouling on seagrass leaves has been reported as an important control on
light availability, and thus on seagrass production, in eutrophic systems
(Borowitzka et al. 2006). This has lead to efforts to explicitly include epiphytic
algae in seagrass models (Plus et al. 2003; Dixon 2004). However, we have not
included ephiphytic algae in our current Z. marina module since Jorgensen et al.

(2007) reported that, in SQB, neither eelgrass shoot nor aboveground biomass

10
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were related to the epiphyte biomass over eelgrass leaves. These authors
reported relatively low epiphyte biomass on eelgrass leaves near the mouth of
the lagoon, emphasizing a top-down control of epiphytes, despite high nutrient
availability (Jorgensen et al. 2007).

The respiration rate (rS) is a function of the sum of the active respiration
(ract) and the basal respiration (rrest) rates, and the plant biomass. The active
respiration rate is proportional to pS by a respiration coefficient (pu_raS). The
basal respiration rate is a function of seawater temperature and a respiration
coefficient (pu_reS).

rS =(rrest +ract)*S
ract =pS * (pu_raS)
rrest =f, *(pu_reS)

The exudation process (eS) is a function of an exudation coefficient

(pu_eaS) t and the gross production rate:
eS =pS *(pu_eaS)
Mortality is defined by a temperature factor (f), a mortality coefficient
(pu_daS) related to tissue senescence, and seagrass biomass:
morS =pu_daS *f, *S
The rates of dissolved and particulate organic matter production in the Z.
marina module (fSSR1 and fSR6, respectively) are a function of an exudation rate

and mortality. The carbon fraction to particulate organic matter is defined by a

parameter that is the nitrogen and phosphorus fractions, determined by the

11
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minimal nitrogen/carbon and phosphorus/carbon quota. The organic matter
produced in this module is transferred into the dissolved (R1) and particulate

(R6) organic matter pools in the pelagic sub-model:
fSR6 =morS
fSR1=eS*S
The model considers Z. marina growth to be a function of the external
nutrient concentration and the nutrient content of the cell, i.e., the internal quota
relative to its upper and lower limits according to the kinetics described by Droop
(1973). Leaves can consume both nitrate (N3) and ammonium (N4) while, for the
roots, only ammonium uptake is considered, because of the prevalence of this
form of nitrogen in the sediments. The internal nitrate and ammonium
concentration in Z. marina N(3,4) and the phosphate (P) concentration is

calculated according to a set of differential equations:

dN(3,4)

it =uptake — M, N(3,4)

dP
— =uptake - *P
dt p “max
uptake = (uptakeS1 +uptakeS2) * f(N3,4)
uptakeS1 =uptakeS1,, +uptakeS1,

uptakeS2 =uptakeS2,,

In the model, nutrient uptake rates are proportional to nutrient
concentration in the water column according to Michaelis-Menten kinetics.

UptakeS1y4, uptakeS1ys and uptakeS2y,4 are, respectively, the uptake rates for

12
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ammonium and nitrate by the shoots and the uptake rate of ammonium by the
roots. KS1y4, KS1ns and KS2y, are the half-saturation coefficients in the water
column (w) and the sediments (s), and VmS1y4, VMS1lys and VMS2y4, are the

maximum uptake rates of nutrients:

[N4w]
[NAw]+KS1,,

uptakeS1, =VmS],

[N3w]
[N3w] + KS1,

uptakeS1,, = VmS],,

[N4s]
[N4s] +KS2,,

uptakeS2,, =VmS2,,

The range of internal nitrogen concentration is controlled by applying a feedback

effect to the uptake functions:

N(3,4)max —N(3,4)

NE4) = N(3,4)max —N(3,4)min

In the current version of the model, if the external nutrient concentration is high,
the internal N concentration may reach its maximum, causing uptake to cease
(i.e., luxury N uptake and storage are not included in the model). Details of the

effect of the feedback function on nutrient uptake are given in Bocci et al. (1997).

2.4 Macroalgae module

The implementation of Ulva spp. module is conceptually similar to the Ulva

rigida model of Solidoro et al. (1997).

13
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The biomass of Ulva spp. is considered to be governed by the following
processes: production (pU), respiration (rU), exudation (eU) and mortality
(morU). The general differential equation for biomass (U, expressed as g DW m’

2y which includes these processes is:

du
— =(pU-rU-eU-morU)
dt
The gross production rate (pU) is a function of the maximum growth rate
(Umax, €xpressed in time™), modified by temperature (f), light (f) and nutrient
limitation (f\) factors:
pU:pmaX *ft *fi *fN
The temperature and irradiance functions are similar to those in the Z.
marina module. The nutrient limitation factor employs “Droop kinetics” (Droop,

1973). The nitrogen and phosphorus concentrations in Ulva spp. are calculated

like in Z. marina module:

dN(3,4)

a0 =uptakeU,, +uptakeU,, =M., *N(3,4)

P
— =uptakeU, — *P
dt p P umax

The range of internal nutrient concentration is controlled by applying a feedback

effect to the uptake functions:

P = Pmax —-P
Pmax —Pmin

14
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The nutrient limitation function assumes that Ulva spp. growth is O when the

simulated internal quota equals the minimal internal quota:

_Pmin
P

f, =1

3. Model application area, initial conditions and forcing

The simulation period in this study corresponds to January 2004 to
October 2005 (beginning after a 1-year period initialization), a period which
includes two seasons of upwelling intensification in April-June each year. Due to
the one-dimensional character of GOTM, most of the state variables are
assumed to be horizontally homogeneous, depending only of the vertical z-
coordinate. The model is forced by local M, and S; along channel tidal currents
derived from an RDI acoustic Doppler current profiler (ADCP) located near the
mouth of SQB (Figure 1). As the long axis of the channel at the mouth of the bay
where currents were measured is aligned in a north-south direction, and the
station of simulation is orientated to — 45° of the m ain channel, measured tidal
velocities were re-oriented. The physical model was forced with daily
observations with a meteorological station of wind velocity, irradiance, air
temperature and atmospheric pressure from the period 2004 (Figure 3) and 2005
(data not shown). The model was initialized with January 2004 temperature and
salinity values. Some of the biogeochemical parameters in the ecosystem model
are based on in situ observations during field campaigns in spring and summer of
2004, spring 2005 and summer 2003 (e.g., Table 2 and 3). Due to the lack of

field information, all other parameters are the standard ERSEM values. This

15
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appears to be a robust approximation, as demonstrated by Blackford et al. (2004)
for a range of coastal environments, including coastal lagoons (Petihakis et al.
1999).

For the initialization of the model and due to the lack of data for the
seasonality of nutrients in SQB throughout the whole year, it was assumed that
winter nutrient concentrations are similar to values observed during mid-intensity
upwelling (6 uM for nitrate, 4 uM for ammonium, 2 pM for phosphorus and 15 pM
for silicate). Experimental and literature data were used to parameterize the
scalars for each functional group. Some parameters that were not measured
(e.g. growth rates) were estimated and adjusted to better fit of the model (Table 2
and 3). The initial biomass was set to 60 g DW m™ both for Z. marina and Ulva
spp.

The station chosen for the simulations is located 2 km from the mouth of
the bay (Figure 1). Nutrient concentration gradients used for the simulations
(Figure 4) were assumed to follow a seasonal cycle based on upwelling intensity
(see Pennington and Chavez 2000). The values used during the season of
upwelling intensification are within the higher range of our observations
calculated from the difference in nutrient concentrations at adjacent sampling
stations (Figure 1). Upwelling in the spring 2005 was more intense in comparison
to 2004, thus nitrate gradients with which the model was forced were larger in
2005 (Figure 4). It was assumed that nutrient gradients during winter, where no
observations are available, are small as biological activity in this season is

usually low and horizontal mixing may prevail.
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4. Sensitivity analysis

To examine the influence of individual parameters and processes on
nutrient concentrations and primary producers biomass, a sensitivity analysis
was performed. We have chosen parameters related to light and nutrient
availability which are the controlling factors on primary production in this
ecosystem. Sensitivity analysis has been done varying photosynthetically active
radiation (PAR), the light limitation factor, and the maximum uptake rates of
nitrate (VmS1y3 and VmUy3). Variations of + 30 and - 30% around the standard
simulation have been applied to each parameter. In the case of PAR, the
standard value used in the model is 50 W m™ (~ 15 mol quanta m? d™* reported
by Cabello-Pasini et al. 2003). In the case of the light limitation factor, a
dimensionless factor which depends on the light extinction coefficient (~1.1 m™
for SQB; Cabello-Pasini et al. 2003) and the light fraction of the day (~ 0.5, 12 h),
the standard value used is 0.68. The light limitation factor is ~ 3*light fraction
day/extinction coefficient *depth (Ebenhdh et al. 1997). The standard uptake rate
value for Z. marina (VmSyz) is 0.06 mg g DW™ h™ (Bocci et al. 1997) and the
standard value for Ulva spp. (VmUyg) is 0.7 mg g DW™ h™* (Guimaraens et al.

2005).

5. Results and discussion

In order to model nutrient dynamics in shallow coastal ecosystems such

as estuaries and coastal lagoons, where macrophytes contribute significantly to

17
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primary production, complex ecosystem models are required. ERSEM is a
complex model originally developed and validated for shelf waters (Baretta et al.
1995; Allen et al. 1998; Blackford y Burkill 2002) which has also been applied in
one coastal lagoon, Gialova lagoon (Petihakis et al. 1999). In the latter case,
ERSEM was simplified by reducing the number of original state variables and
keeping phytoplankton as the only primary producers. In our study, in order to
realistically simulate nutrient dynamics in SQB, newly developed seagrass and
macroalgae modules had to be included. To validate the inclusion of these
modules, and given the strong horizontal nutrient gradients induced in SQB by
upwelling events, GOTM had to include advection of nutrients.

The inclusion of advection in GOTM results in higher nutrient
concentrations in the simulations (Figure 5). The differences between the
simulations with and without advection are particularly apparent during the
upwelling periods where both nitrate and ammonium show a better fit to field data
(Figure 5). Although the seasonal increase in nitrate concentrations during both
upwelling periods results from the increased concentration gradient (Figure 4),
the peaks during such periods are likely caused by oscillations in phytoplankton
biomass (Figure 6).

Adding advection to GOTM also results in higher biomass of all primary
producers, leading to reported literature values of Z. marina, Ulva spp. and
diatoms (Figure 6). Without advection, the maximum foliar biomass of Z. marina
during summer-autumn is 100 g DW m™ during both years. While the maximum

of 2004 (110 g DW m™) with advection is only 10% higher that without advection,
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the maximum of 2005 is ~ 50% higher that the biomass without advection. Ibarra-
Obando et al. (2007) reported an average annual foliar biomass in SQB of 75 g
DW m?, with annual maxima ranging from ~ 80 to ~ 350 g DW m™, and an
average in the summer-autumn maxima of ~ 150 g DW m™. In the case of Ulva
spp., without advection the early-summer maximum is similar in 2004 and 2005,
with a value of ~ 80 g DW m, and when advection is included maxima are 120
and 130 g DW m? respectively. Zertuche-Gonzélez (pers. comm., 2008) report
biomasses ~ 350 g DW m™ within Ulva spp. beds near our simulation station in
SQB in spring-summer 2004 and 2005, and ~ 65 g DW m™ in late winter 2005.
As biomasses reported by these authors are for Ulva spp. beds (i.e. a site with
100% cover by this macrophyte), their values should be considered an upper
limit for biomasses expected at our simulation site where Ulva spp. and Z. marina
co-exist. Without advection, spring diatom blooms are essentially absent in our
runs while several blooms appear, with particularly high intensity, in May and
June when advection is added. Maximum diatom biomasses of 250 - 300 mg C
m™ are consistent with biomasses of ~ 240 mg C m™ estimated from chlorophyll
a measurements (~ 4 mg Chla m™) reported by Millan-Nufiez et al. (1982) for
June-July.

The addition of nutrient advection also results in a better simulation of the
seasonal and interannual trends in nutrient concentrations and macrophyte
biomasses in SQB. During the strong upwelling season (April-June), horizontal
nutrient (particularly nitrate) gradients increase as a result of increased nutrient

concentrations at the oceanic end due to the advection of upwelled waters
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(Camacho-Ibar et al. 2007). Therefore, by increasing the horizontal gradients of
nitrate in the model during the strong upwelling seasons a stronger advection
results in higher nitrate concentrations from May through July in 2004 and 2005
(Figure 5). However, in spite of the increase in nutrient concentration with the
inclusion of advection, the simulated values during the upwelling periods are
below the concentrations measured in field samples. This difference between
modelled and observed values is more apparent for nitrate in 2005, when
stronger upwelling in the region promoted higher nitrate concentrations (up to 14
MM) at the modelled site. This discrepancy is mostly due to the consumption of
nitrate by Ulva spp. as indicated by the maximum nitrate concentration (~ 10.5
MM) observed in the simulation when the Ulva spp. module is switched-off
(Figure 5).

The difference in the seasonal trend in biomasses between both
macrophytes, with Ulva spp. reaching its seasonal maximum in June-July and Z.
marina reaching it in September-October reflects the different response to the
various factors controlling their primary production. In the case of seagrasses,
production is frequently regulated by underwater irradiance, temperature and
environmental nutrient availability (Dennison and Alberte 1982; Trancoso et al.
2005), with underwater light availability being usually the most important
controlling factor (Zimmerman et al. 1987; Cabello-Pasini et al. 2003). By
contrast, Ulva spp. production is usually regulated by nitrogen availability and,

therefore, uptake rates (Burd and Dunton 2001; Guimaraens et al. 2005).
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The seasonal evolution of Z. marina foliar biomass in our simulations, as
expected, shows a maximum in late summer and early autumn of 150 g dry w m’
2 when seawater temperature is maxima, and decreases to ~ 70 g dry w mZin
winter and early spring. The rapid increase in biomass occurs in June-July
(Figure 6) when light irradiance is at its peak (Figure 3). This is a similar pattern
to the one described for eelgrass in SQB (Poumian-Tapia and Ibarra-Obando
1999; Cabello-Pasini et al. 2003; Ibarra-Obando et al. 2007). The interannual
difference in our simulations, with higher biomasses observed in 2005, is not due
to a difference in irradiance but it is likely due to the increased availability of
nitrate. Ibarra-Obando et al. (2007) speculate that the large interannual variability
in foliar biomass they observed in Z. marina in SQB, were associated with
variations in nutrient availability. ERSEM-GOTM simulations result in a seasonal
cycle of the Ulva spp. biomass, with values starting to increase in May, reaching
maxima of 130 g dry w C m in June-July, and rapidly decreasing by 50 % from
September through April in response to relatively low nitrate availability (Figure
6). Ulva spp. is generally sparse in winter and early spring when its growth is
likely limited by environmental factors such as light and temperature. The
interannual variation in maximum Ulva spp. biomass induced by higher nitrate
concentrations in the model agree with the observations by Zertuche-Gonzélez
(pers. comm., 2008) who report higher densities in Ulva spp. beds and higher
nitrogen content in the plants in June 2005 as compared to May 2004.

Simulated biomasses in our model are particularly sensitive to light related

parameters (PAR and light limitation factor) in the case of Z. marina, and to
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maximum nitrate uptake rate variations in the case of Ulva spp. We hypothesized
that in SQB water temperature, compared with light, has only a minor control on
the seasonal patterns of Z. marina (and Ulva spp.) biomass, as optimal
temperature for Z. marina growth has been reported between 15 and 20 T
(Kaldy and Lee 2007), a temperature range typical for the seasonal variation in
mean daily temperature near the mouth within SQB (data not shown). Cabello-
Pasini et al. (2003) estimated the annual variations of Z. marina biomass at three
coastal lagoons in Baja California, Mexico, and concluded that irradiance is the
most important factor controlling annual variations of biomass and distribution of
this seagrass. Kaldy and Lee (2007) reported that temperature is not an
important factor controlling seasonal variations in Z. marina biomass in Yaquina
Bay, Oregon, an estuarine system in the California Current also influenced by
coastal upwelling, where temperature ranges from 9 to 13 C.

In our sensitivity analysis, variations in PAR by = 30% produce
concomitant changes in foliar Z. marina biomass which are more apparent in
both maxima (~ 20 - 25 g DW m™). Ulva spp. also responds to variations in PAR,
although its changes (< 10 g DW m™) are smaller than for Z. marina (Figure 7).
The higher sensitivity of Z. marina to light changes is also evident when the light
limitation factor is varied (Figure 8). Whereas foliar Z. marina biomass varies ~
15 — 20 g DW m™ with a + 30% variation in the light limitation factor (biomass
increases as light extinction decreases), Ulva spp. biomass changes ~ 10 g DW

m (Figure 8).
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Understanding and predicting through modelling the effect of changes of
light availability on Z. marina communities is important to understanding the SQB
ecosystem. The annual variation of the biomass and photosynthesis of Z. marina
in three coastal lagoons along the coast of Baja California, including SQB, have
been related to differences in irradiance, water clarity and temperature (Cabello-
Pasini et al. 2003). In general there is an increase of the levels of irradiance and
of the annual variation in temperature in the lagoons to the south of SQB. The
smaller availability of light in SQB causes a latitudinal difference in the spatial
distribution of Z. marina, with an increase in biomasses of intertidal meadows in
this lagoon (Cabello-Pasini et al. 2003) as seagrass depth limits are strongly
related to the underwater light penetration and light extinction (Duarte et al.
2007). This distribution makes SQB seagrass meadows particularly sensitive to
natural and human induced changes in water quality. Ward et al. (2003) reported
a 34% loss of subtidal seagrass coverage over a 13-yr period apparently due to
an increase in water turbidity, whereas only a 13% gain was observed in
intertidal areas. If urban areas and tourism increase around the bay, water clarity
issues can be a threat to Z. marina communities. For example, sediment
transported from cleared land to coastal water can indirectly damage seagrass
by blocking out the light that it needs to grow. Phytoplankton and epiphytic
macroalgae are a common result of excess nutrients delivered to coastal waters;
increased amounts of these producers may remove a large percentage of the
light that would otherwise have been available for seagrass photosynthesis

(Ralph et al. 2006).
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In contrast to the seagrass, in our model Ulva spp. is less sensitive to light
availability and more sensitive to nitrogen availability as is frequently the case in
upwelling influenced coastal ecosystems (Guimaraens et al. 2005). The 30%
variation in the maximum uptake rate of nitrate (i.e. nitrate consumption by the
plant) results in a variation ~ 10 g DW m™ of Z. marina shoot biomass and a
variation ~ 25 — 35 g DW m™ of Ulva spp. (Figure 9). Although nitrogen is
generally considered the most limiting nutrient to eelgrass, seagrasses can take
nitrogen (especially ammonium) and phosphorus from sediment pore water and
the water column (mostly nitrate) (Kaldy and Lee 2007). The importance of
leaves versus roots uptake depends, in part, on nutrient concentrations in the
water column. In SQB concentrations of interstitial ammonium are typically > 200
MM (unpublished data), a value well above the suggested threshold concentration
for nitrogen limitation for seagrass growth (Lee and Dunton 2000). However, our
sensitivity analysis supports the previous suggestion that interannual variability in
foliar biomass in Z. marina observed in our simulations are associated with
variations in nitrate availability/consumption as has been suggested for SQB
(Ibarra-Obando et al. 2007).

The larger sensitivity of Ulva spp. biomass to nitrate uptake in our
simulations for SQB (i.e. Ulva spp. biomass changes ~ 30% with a 30% variation
in the maximum uptake rate whereas Z. marina biomass only varies ~ 10%), is
consistent with macroalgae models for other coastal systems (Guimaraens et al.
2005, Trancoso et al. 2005). In a modelling study of macroalgae in a shallow

temperate coastal lagoon, Trancoso et al. (2005) indicate that nitrogen
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availability in the system is the most important limiting factor of macroalgae
growth. In turn, their modelling results show a significant control of macroalgae
on dissolved nitrogen concentrations. This was also observed in our study, where
without Ulva spp. nitrate concentrations in the water column increased by ~ 4 yM
(Figure 5). This is a substantial variation considering the ~ 3 yM mean annual
nitrate concentration at our modelling site. This higher sensitivity of Ulva spp. to
nitrogen uptake is also consistent with the spatial distribution of Ulva spp. carbon
stocks within SQB, as higher densities and larger beds are observed near the
mouth of the lagoon where the influence of nitrate supply from the ocean is larger
than at the inner ends (Camacho-Ibar et al. 2007). The larger biomass of Ulva
toward the south of the lagoon may additionally be explained by the
accumulation of floating beds due to the action of NW dominant winds which

induce residual surface currents towards the SE (Flores-Vidal 2006).

6. Conclusion

Our results show that the advection of nutrients added to GOTM
significantly improved the simulation of the seasonal nutrient concentrations, and
Ulva spp. and Z. marina biomasses in SQB, an upwelling influenced coastal
ecosystem.

The addition of the Z. marina and Ulva spp. modules to ERSEM, a
complex ecosystem model, allowed for the representation of seasonal trends of
the biomasses of these macrophytes. However, field data are required to validate

the magnitudes of biomasses which may show intense interannual variations. Z.
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marina is particularly sensitive to PAR and the light limitation factor whereas Ulva
spp. is more sensitive to the maximum uptake rates of nitrate. Consequently, for
a better estimation of seasonal variation of Ulva spp. biomass in SQB, a
calibration of maximum uptake rates of nitrate is required. In order to simulate
more realistically the dynamics of Z. marina and Ulva spp. biomass in SQB and
other shallow coastal ecosystems, factors such as shoot loss due to wave action,

grazing, self shading and epiphyte fouling, have to be included in the model.
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Figure captions

Figure 1. Map of San Quintin Bay showing the station of simulation (8), the
sampling stations (6 and 10) used for calculation of the nutrient concentration
gradients, the sampling stations and the location of the ADCP mooring. The —45°
angle indicates the orientation of the channel in which station E8 is located, and
is the angle for which ADCP data were rotated.

Figure 2. Biological and physical interactions between the components used in
the coupled model GOTM-ERSEM (General Ocean Turbulence Model-European
Regional Seas Ecosystem Model).

Figure 3. Observed meteorological data during 2004 used to force the physical
model. Daily observations for the whole year are shown for air temperature,
atmospheric pressure and irradiance, and daily observations for May to July (the
strong upwelling) are shown for wind velocity.

Figure 4. Nutrient concentration gradients (solid line) used to simulate the
seasonal horizontal advection of nutrients through GOTM. Observed gradients
calculated with field data (dots) show increased nitrate gradients (stronger
advection) and increased short term variability (due to intensification-relaxing
alternation) during the upwelling intensification season (April to July).

Figure 5. Nutrient concentrations computed with the model, with and without
advection, and without Ulva spp.. Dots indicate field data.

Figure 6. Model results, with and without nutrient advection, of Z. marina, Ulva

spp. and diatom biomasses.
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Figure 7. Results of the sensitivity analysis obtained by varying PAR, by +30%
around its nominal value, in the Z. marina and Ulva spp. modules.

Figure 8. Results of the sensitivity analysis obtained by varying the light limitation
factor, by +30% around its nominal value, in the Z. marina and Ulva spp.
modules.

Figure 9. Results of the sensitivity analysis obtained by varying the maximum
uptake rate of nitrate, by +30% around its nominal value, in the Z. marina and

Ulva spp. modules.
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Tables

Table 1. Symbols and description of the state variables in the model.

Variable Description Dimension

P Phosphate mmol P m™

N (3) Nitrate mmol N m™

N (4) Ammonium mmol N m™

Si Silicate mmol Si m>

Ri(1) Dissolved organic matter mg C m>, mmol N-P m™
Ri(6) Particulate organic matter mg C m>, mmol N-P m™
0(2) Dissolved oxygen mg C m>

0(3) Carbon dioxide mg C m>

P1,P2,P3 Diatoms, Flagellates, Nanoplankton mg C m>, mmol N-P-Si m™
B1 Pelagic Bacteria mg C m>, mmol N-P m™
Z4.75 Mesozooplankton, Microzooplankton mg C m~, mmol N-P m™
H1,H2 Bacteria aerobic, Bacteria anaerobic mg C m™, mmol N-P m™
Y2,Y3,Y4 Deposit feeders, Suspension feeders mg C m™, mmol N-P m™
Y5 Meiobenthos, Benthic carnivores

S1,S2 Z. marina (leaf, roots) mg C m>, mmol N-P m™
U Ulva spp. mg C m>, mmol N-P m™®







Tables

Table 2. Parameters for the seagrass module.

Symbol Unit Value
Maximal growth leaf LimaxST d’ 0.08
Maximal growth roots HmaxS2 d’ 0.04
g10 value temperature q10 - 2.00
Basal respiration leaf rrestS1 d’ 0.01
Basal respiration roots rrestS2 d’ 0.0005
Activity respiration leaf ractS1 e 0.001
Activity respiration roots ractS2 -—-- 0.0005
Exudation leaf Pu_eaS1 d’ 0.10
Exudation roots Pu_eaS2 d’ 0.004
Minimal N:C ratio Nmin mmol N:mmol C 0.006
Maximum N:C ratio Nmax mmol N:mmol C 0.05
Minimal P:C ratio Pmin mmol P:mmol C 0.00042
Maximum P:C ratio Pmax mmol P:mmol C 0.00078
Uptake rate of N3 VmS1n3 mg (g Dw)'h™ 0.06
Uptake rate of N4 VmS1n4 mg (g Dw) "' h™ 0.3
Uptake rate of P VmS1P mg (g Dw)'h™ 0.05
Uptake rate of N4 VmS2n4 mg (g Dw) " h™ 0.83
Half constant nitrate leaf KS1n3 - 2.00
Half constant ammonium roots KS2n4 -—-- 0.50
Half constant phosphorus leaf KS1P -—-- 2.00
Half constant phosphorus roots KS2P - 0.50
Mortality constant leaf Pu_daS1 d’ 0.01
Mortality constant roots Pu_daS2 d’ 0.005
Active radiation coefficient fPAR — 0.50




Tables

Table 3. Parameters for the macroalga module.

Parameter Symbol Unit Value
Maximal growth Limax d’ 0.25
g10 value temperature q10 - 2.00
Basal respiration rrestU d’ 0.001
Activity respiration ractU - 0.030
Exudation Pu_eaU d’ 0.200
Minimal N:C ratio Nmin mmol N:mmol C 0.0012
Maximum N:C ratio Nmax mmol N:mmol C 0.090
Minimal P:C ratio Pmin mmol P:mmol C  0.00087
Maximum P:C ratio Pmax mmol P:mmol C  0.00031
Uptake rate of N3 VmUn3 mg (g Dw)"' h™ 0.7
Uptake rate of N4 VmUn4 mg (g Dw)'h™ 2.0
Uptake rate of P VmUP mg (g Dw)' h™ 0.23
Half constant nitrate KUn3 -—-- 2.00
Half constant phosphorus KUP -—-- 0.323
Mortality constant Pu_daU d’ 0.009
Active radiation coefficient fPAR -—-- 0.50
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