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Abstract: The main purpose of this study is to set up a biogeochemistry model for the Ria de Aveiro
ecosystem and evaluate the relative importance of the main parameters and the processes occurring
at the interface between the water column and the upper layer of the bottom sediment. It addresses a
gap in modeling the interactions between the biogeochemical status of the water column and the
upper sediment layer in the Ria de Aveiro lagoon ecosystem. Traditional modeling studies treated
the bottom sediment as a rigid boundary, ignoring significant biogeochemical interactions at the
interface between the water column and the upper layer of the bottom sediment. Therefore, the model
integrates, besides the main biogeochemical processes within the water column, those occurring at
the upper benthic layer, focusing on nitrogen (N) and phosphorus (P) cycles. This approach aims
to enhance the accuracy of model predictions and understanding of the Ria de Aveiro lagoon’s
biogeochemical dynamics. The study will be focused on the following coupled state variables: TN/IN
and TP/IP, for total and inorganic nitrogen (N) and total and inorganic phosphorus (P), respectively,
where total stands for the sum of organic and inorganic components of those elements. The model was
set up and validated for some water quality stations of the Ria de Aveiro. Analysis has identified key
parameters influencing TN and TP, such as nitrification, denitrification rates, and oxygen penetration.
TN was found sensitive to nitrate and ammonium diffusion coefficients, while TP was influenced by
iron–phosphate interactions and phosphorus mineralization. Concerning the model validation, the
results demonstrated that the RMSE and MAPE values for the main variables fall within an acceptable
range, given the uncertainty related to data. The model was applied to assess the impact of the
following physical forcing: river flow, water temperature, and salinity on N and P status of the water
column. The results clearly demonstrate that bottom layer and water column interactions play an
important role in the N and P status of the water column and contribute to the N and P concentration
changes of the water. The influence of river flows alone led to contrasting behaviors among the
lagoon stations, with significant increases in TP levels, which may be attributed to sediment release
from the sediment layer. Nevertheless, the combination of high river flows and elevated nutrient
levels at the river boundaries has led to significantly increased nitrogen (N) and phosphorus (P)
levels, underscoring the influence of river flow on the interaction between bottom layer sediment and
the water column. High water temperatures typically lead to an increase in total phosphorus (TP)
levels, indicating a possible release from the sediment layer. Meanwhile, TN levels remained stable.
Salinity changes had a minor impact compared to river flow and temperature. The study emphasizes
the importance of understanding interactions between the water column and sediment, particularly
in shallow intertidal areas. Overall, the inclusion of biogeochemical interactions between the benthic
and pelagic layers represents progress in ecosystem modeling of the Ria de Aveiro.

Keywords: model sensitivity; biogeochemistry; benthic/pelagic interface; N and P-cycle; Ria de
Aveiro lagoon
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1. Introduction

Sediment biogeochemistry plays a crucial role in aquatic ecosystems through the
recycling of organic matter [1–3]. The benthic environment is a key component of marine
systems, serving as a transfer zone between the biosphere and geosphere. It modulates
the biogeochemical cycles of carbon, macro- and micronutrients, and other trace elements.
The benthic components of the aquatic ecosystems, which reside in the upper sediment
layer, have the potential to contribute to the overall system maintenance and functioning
through benthic/pelagic coupling, which involves the exchange between the sediment
layer and water column, particularly in shallow-water ecosystems. Nutrients like nitrogen
and phosphorus are recycled through processes such as mineralization and denitrification,
influencing primary productivity and ecosystem dynamics. It can be, therefore, a source of
matter for the water column (e.g., the releasing or burial of nutrients from mineralization
of organic matter) as well as a temporary or permanent sink [4–9].

The processes controlling the interaction between the benthic and pelagic layers
tend to be restricted to the surface layer of the benthic sediment–water interface, a few
centimeters deep, where most of the main chemical and biological processes occur [10,11].
In fact, the biological characteristics of the top sediment layer may have a significant
impact on how the bed reacts to outside influences. Wijsman et al. [12] found that the rate
of benthic mineralization often decreases significantly with depth into the sediment. In
some cases, oxygen depletion may occur below a few millimeters of the sediment layer,
leading to the cessation of organic material remineralization [1,13–16]. By incorporating
and more accurately quantifying the interactions between the benthic and pelagic layers,
our understanding of coastal water ecosystems can be enhanced.

Mathematical models that address the primary biogeochemical processes occurring
in both the benthic and pelagic layers can accurately replicate coastal ecosystems. One
significant advantage of this modeling approach is that once the system’s processes are
understood, the impacts of changing initial and boundary conditions can be, in principle,
well simulated [1]. However, a prerequisite for this modeling approach is a proper under-
standing of the processes being modeled. Meanwhile, processes occurring within benthic
systems are typically under-represented in marine ecosystem models, both in regional and
global applications. They are often simplified and presented as simple closure terms for
mass conservation [1,17–21]. In the past, most modeling studies of coastal water ecosystems
rarely considered the upper layer of benthic sediment as an active layer. Instead, it was
often treated as a static and rigid boundary that only interacted mechanically with the flow
through momentum and heat exchanges. This interaction was influenced by factors such as
local bottom topography, wave climate, and sediment supply. This approach is sometimes
justified because marine hydrodynamic models and pelagic biogeochemistry or plankton
models typically operate at spatial and temporal scales that are compatible over larger
scales (kilometers) in two or three dimensions, under unsteady-state assumptions. In con-
trast, benthic models are typically one-dimensional (vertical) and tend to be applied over
smaller spatial scales (millimeters to meters), assuming steady-state conditions [1,3,6,8].
As the knowledge of sediment biogeochemistry and reactive processes continues to im-
prove [22–27], pelagic/benthic models have become increasingly effective and reliable.
Indeed, fully coupled regional 3D pelagic/benthic models are now widely available and
applied in several aquatic and marine systems. These models forecast system responses to
changes in the water column’s status and/or oxygen supply, considering factors such as
environmental temperature variations, the annual cycle of organic matter accumulation, or
long-term eutrophication. They are grounded in a mechanistic understanding of sediment
processes. These are called ‘one-way’ coupled physical–biogeochemical dynamics, wherein
the influence of simulated biogeochemistry on physics is disregarded, enabling the physical
component to operate independently of the biogeochemical model [28–35].

The present study introduces a novel approach in modeling the Ria de Aveiro ecosys-
tem by incorporating a coupled pelagic/benthic model. This model is centered on the
nitrogen (N) and phosphorus (P) cycles within the upper layer of the bottom sediment,
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integrating biogeochemical processes occurring in both the water column and sediment
interface [36–39]. Unlike previous studies, which typically focused solely on either water
column or sediment processes, this approach recognizes the bottom sediment layer as an
active component influencing nutrient recycling (specifically N and P) between the water
column and sediment interface. By incorporating the sediment layer into the model, it is
expected to better simulate the dynamics of nutrient cycling within the water ecosystem
and therefore improve the modeling accuracy. Specifically, it will seek to assess whether
this novel approach enhances the existing understanding of the lagoon’s biogeochemical
processes. The study will, therefore, provide insights into the importance of sediment bio-
geochemistry in the status of the water column nutrient and overall ecosystem functioning.

The Study Area

The Ria de Aveiro (Riav) is a well-studied estuarine system which is located at the
Northwest Atlantic coast of Portugal (40◦38′ N, 8◦45′ W). Spanning 45 km in length and
10 km in width, it exhibits an area ranging from 66 to 83 km2 during low and high tides,
respectively [40,41]. Its shallow nature characterizes this lagoon, with an average depth
of approximately 1 m. The Ria de Aveiro lagoon is semi-diurnal, experiencing two high
tides and two low tides each day. The average tidal range near the inlet is around 2 m.
However, the tidal range can vary significantly, from approximately 0.6 m during neap
tides to up to 3.2 m during spring tides. The morphology of the Riav comprises several
branching channels that converge towards the lagoon mouth, which is connected to the
ocean by a single tidal channel [40,41]. Its central regions consist of a network of smaller
channels interspersed with shallow tidal flats. These features contribute to the lagoon’s
dynamic hydrodynamics, sediment transport processes, and biogeochemical cycling. Tidal
currents and fluctuations significantly influence salinity patterns in the Ria de Aveiro. The
lagoon exhibits a well-mixed and tidal-dominant status. During high tides, seawater enters
the lagoon, leading to rapid increases in salinity levels, often approaching oceanic values,
particularly when river flow is small to moderate. Conversely, low tides facilitate the
mixing of seawater with freshwater primarily at the far end reaches, resulting in localized
salinity gradients. This situation, however, changes during periods of high runoff, where
the salinity values decrease [42–48].

The Riav ecosystem has been extensively studied using multidisciplinary approaches
encompassing physical and biogeochemical investigations. Research within this system
has focused on understanding various aspects of its hydrodynamics, sediment dynamics,
nutrient cycling, and ecological interactions. Such studies have provided valuable insights
into the functioning of lagoon ecosystems and their response to natural and anthropogenic
influences. Overall, the lagoon serves as an important model system for studying ‘estuarine’
processes, offering opportunities to advance knowledge in coastal science and contribute
to the management and conservation of similar ecosystems worldwide [42–48].

During the study period from October 2000 to June 2001, there were significant
increases in freshwater flow into the lagoon system, primarily driven by high rainfall
levels. The wet season, spanning from autumn 2000 to mid-spring 2001, experienced
a continuous rise in precipitation, peaking at around 350 mm in both December 2000
and March 2001. With observed rainfall reaching peak values of around 350 mm in
December 2000 and March 2001, given the correlation between rainfall and river flows, and
based on the knowing average flow rates for the Vouga river ([25–50 m3/s]) and Antuã river
([5–10 m3/s]), it is reasonable to expect that the increased precipitation would have led to
high river flows, and exceeding the typical average flow rates by a significant margin or
several times. This has contributed to a notable increase in freshwater input into the system,
significant changes in the salinity patterns, and a high level of nutrient inflow. Conversely,
the summer of the same period was characterized by typically drier conditions, despite
occasional precipitation. In June 2000, for instance, the minimum observed precipitation
was less than 10 mm, with a maximum of 50 mm. These dry conditions contrasted sharply
with the elevated rainfall of the study period [43–48].
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Table 1 presents the salinity, the temperature, and the nutrient concentration values as
observed during 2000–2001 at the river boundaries of the Riav. A range of salinity values of
[0–33] PSU characterizes the lagoon between the river boundaries and the ocean boundaries.
While typical salinity values at the lagoon mouth range within (30, 34) PSU during a dry
season, extremely low salinity values of 6 PSU were observed during the 2000–2001 wet
period. The water temperature experiences seasonal fluctuations, ranging from 13 ◦C to
24 ◦C throughout the year. In late autumn, winter, and early spring, temperatures vary
from 11 ◦C to 18 ◦C. Specifically, along the ocean boundary, temperatures range from
11 ◦C to 17 ◦C, while within the main lagoon body, they remain between 11 ◦C and 13 ◦C.
Conversely, during summer, the temperature rises, typically ranging between 18 ◦C and
24 ◦C. Along the ocean boundary, temperatures range from 18 ◦C to 20 ◦C, while within
the main lagoon body, they range between 20 ◦C and 24 ◦C. The nutrient concentrations
underwent significant changes during the same period. Within the river boundaries, there
were notable peaks in N-total and P-total concentrations, encompassing both inorganic and
organic phases, ranging between 0.5 and 12.0 mg/L and 0.1 and 1.5 mg/L, respectively.
Particularly, the Antuã river exhibited the highest concentrations, reaching values up
to 12.0 mg/L for N-total and 1.2 mg/L for P-total, whereas lower values were seen for
the Vouga river, with N-total and P-total up to 0.3 mg/L. Organic nitrogen constitutes,
in general, a smaller proportion of the N-total. Notably, during the autumn of 2000, the
concentration of N-total reached 3.0 mg/L in Mira, while inorganic nitrogen (IN) accounted
for only 0.1 to 0.3 mg/L. It is worth noting that during the wet period, the organic nitrogen
concentration was found to be abnormally high in some areas, reaching concentrations
up to 90% of the total nitrogen concentration. Regarding dissolved oxygen (DO) levels,
they ranged within the range of 6.5 to 12 mg/L. The highest DO values were recorded
at the ocean boundaries, averaging around 11 mg/L, as well as at the farthest reaches
of the Vouga river, where levels peaked at 12 mg/L. Seston, which refers to particulate
organic and inorganic matter suspended in water, shows wide-ranging values in the Ria
de Aveiro, but no clear patterns were found. These values can vary based on factors
such as water movement, biological activity, and the presence of organic and inorganic
material. During the study period, the concentration values ranged from 8.1 mg/L, typical
of transparent waters, to 56.9 mg/L, depicting productive or turbid environments [43].
Benthic microalgae, or microphytobenthos, play a crucial role in the ecological dynamics
of sediment and nutrient exchange in the Ria de Aveiro. Their presence and activity can
significantly impact sediment quality and the overall health of the aquatic system. Their
productivity and biomass exhibit spatiotemporal variability, influenced by factors such
as light availability, nutrient concentrations, and tidal regimes [49]. When they die or are
taken up, nutrients are released back into the sediment or the water column, contributing
to nutrient cycling and highlighting the role of sediment exchange in the nutrient budget
of the water column.

Table 1. Minimum and maximum values of the freshwater discharge, water temperature, salinity,
and nutrient concentrations (total) at the river and ocean boundaries, observed from the summer of
2000 to the spring of 2001.

Boundaries Discharge
(m3/s)

Salinity
(PSU)

Water
Temp.
(◦C)

N
(mg/L)

P
(mg/L)

DO
(mg/L)

Vouga river 50–300 0 13–19 1.4–3.7 0.1–0.2 8.0–12.0
Antuã river 20–50 0 1.3–23 4.0–12 0.1–1.2 6.5–9.5

Mira 0–10 0 16–23 1.5–5.0 0.1–0.6 8.0–9.2
Other rivers 0–10 0 13–22 1.0–10 0.1–0.9 6.5–9.0

Ocean - 6–34 13–22 0.1–1.3 0.03–0.06 8.0–11.0
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2. Material and Methods
2.1. The Main Model

The main model used in this study is a biogeochemistry model very similar to the one
used in earlier research, Mike3-EU [50,51], particularly focusing on the lower trophic levels
of the pelagic web as evidenced by Lopes et al. [46,47]. However, a key departure from the
previous model lies in the incorporation of a benthic biogeochemistry module (the upper
layer), specifically addressing the nitrogen (N) and phosphorus (P) cycles at the interface
between the water column and the upper layer of bottom sediments.

The core pelagic model (for the water column) consists of four functional groups:
chlorophyll, phytoplankton, zooplankton, and benthic vegetation and detritus, alongside
organic matter (detritus), organic and inorganic nutrients, dissolved oxygen, area-based
biomass of benthic vegetation, total nitrogen, and phosphorus.

This biogeochemistry module is integrated with a 3D hydrodynamic/transport
model [50]. This comprehensive framework solves the three-dimensional incompress-
ible Reynolds-averaged Navier–Stokes equations, employing Boussinesq and hydrostatic
pressure approximations. Furthermore, it addresses the computation of water tempera-
ture, salinity, and trace elements within the Riav system (Figure 1). The computational
modeling system aimed to solve the hydrodynamics and transport equations and uses
a rectangular horizontal computational grid composed of 265 (x-direction) by 655 cells
(y-direction) (Figure 2). This figure represents the true boundaries of the computational
domain when compared to Figure 1. In the vertical direction (z-direction), due to the
shallowness of the domain, a 3-layer sigma coordinate is utilized. These coordinates are
often used in hydrodynamic models to represent the vertical water profile more accurately,
especially in shallow areas where depth variation is significant. The time and spatial steps
are, respectively, 1.5 s and 60 m. This configuration enables absolute stability conditions
for the integration of hydrodynamics and transport equations, making it well-suited to
perform hydrodynamic and transport simulations in a stable and precise manner. This is
particularly beneficial considering the complex characteristics of the study area and the
phenomena being modeled.J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 6 of 29 

 

 

 
Figure 1. The study area: the Ria de Aveiro lagoon, with the location of the stations (St1–St8). 
Figure 1. The study area: the Ria de Aveiro lagoon, with the location of the stations (St1–St8).
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2.2. The Pelagic Biogeochemistry Module

This section describes the nitrogen (N) and phosphorus (P) cycles which occur at the
interface between the sediment layer and the water column [50,51]. It integrates the main
model (biogeochemistry) and shares some baseline state variables and input processes
with it. The exchanges with the water column involve the release of N and P by the
sediment, which is depicted as a fraction of the settled N and P, subsequently returning
to the sediment, and re-entering the water column. Figure 3 summarizes the conceptual
diagram of the pelagic model.
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2.3. The Benthic Biogeochemistry Module
2.3.1. The Nitrogen Cycle in the Sediment Layer

The processes involving N in the sediment layer in the model are described by the
following state variables, as described in [50–58], and summarized in Figure 4:

- SON for organic N in sediment;
- SNH representing total NH4-N in sediment pore water;
- SN03 indicating total NO3 in sediment;
- SNIM for immobilized N in sediments.
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Within the sediment, N can undergo mineralization into NH4, while NO3 may be deni-
trified or exchanged with inorganic N in the water column. NH4 and NO3 are considered
inorganic N (IN), with the assumption that the ratio of NH4 to NO3 in the water column just
above the sediment surface mirrors that of the sediment. Additionally, NH4 in sediment
may undergo exchange with inorganic N or be nitrified into NO3 in the uppermost sedi-
ment layer with the presence of O2. It is assumed that a fraction is available for nitrification
and for flux across the sediment surface. Given that nitrification is an aerobic process, it is
confined to the sediment layer with O2.

The processes involving the N-cycle in the sediments are depicted in Figure 3 and de-
scribed by differential equations. For instance, SON is described by the following equation:

d SON
dt

= RSON − RSONNH − RSNIM (1)

where RSON, RSONNH, and RSNIM represent processes accounting for, respectively:

- the remaining organic N in the sediment that contributes to the SON pool;
- the fraction of SON, which is mineralized into NH4;
- the fraction of the settled nitrogen which is assumed to be buried into the sedi-

ment layer.

The remaining state variables (SNH, SN03 NO3, and SNIM) are described by similar
differential equations and summarized in Supplementary Material S1.

2.3.2. The Phosphorus Cycle in the Sediment Layer

Phosphorus interacts with solid interfaces in various ways, including exchanges
occurring at the solid–liquid interface, and precipitation/dissolution reactions involving
solid-phase elements such as iron, calcium, and aluminum as described in [50–57], and
summarized in Figure 5.
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The processes involving P in the sediment layer are described by the following
state variables:

- SOP, which accounts for the organic P in sediment, which is mineralized into PO4.
The exchanges of SOP through the sediment surface occur through sedimentation of
algae and detritus P. A fraction of the settled SOP can be as well mineralized into PO4
on the sediment surface;

- SIP, which accounts for the total PO4-P in sediment pore water;
- SPFE, which accounts for the sediment PO4-P adsorbed to Fe+++; and SPIM, which

accounts for the immobile P in the sediment.

The processes involving the P-cycle in the sediments are depicted in Figure 4 and de-
scribed by differential equations. For instance, SOP is described by the following equation:

d SOP
dt

= RSOP + ROPSIP-SPIM (2)

where RSOP, ROPSIP, and SPIM represent processes accounting for, respectively:

- the remaining organic in the sediment P which flows into the organic P pool;
- the fraction of the organic P in the sediment, SOP, which is mineralized into PO4, and

is released into the pore water pool of PO4 (SIP);
- the flux of PO4 between sediment and water which accounts for the sorption and

desorption of PO4 to Fe+++.

The remaining state variables (SIP, SPFE NO3, and SPIM) are described by similar
differential equations and summarized in Supplementary Material S1. (in blue, the water
column; in greenish brown, the sedimentary layer).

2.4. The Statistical Tools

Model’s ability to accurately capture underlying data patterns and trends is crucial for
its validation and predictive power. This process is, in general, achieved with the help of
baseline or more advanced statistical metrics. The statistical tools presented hereafter have
the goal of providing qualitative and quantitative insight into a model predictive skill.

2.4.1. Baseline Metrics

The error metrics for time series prediction are assessed using the Mean Absolute
Percentage Error (MAPE) and the Root Mean Squared Error (RMSE), defined as follows:
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• MAPE (Mean Absolute Percentage Error): It measures the average absolute percentage
difference between predicted values and observed values/mean values. It is calculated
as the average of the absolute differences between predicted and observed values,
divided by the observed values, and multiplied by 100.

MAPE =
1
N ∑N

k = 0 |
x− y

y
| × 100 (3)

• RMSE (Root Mean Squared Error): It measures the square root of the average of the
squared differences between predicted and observed values. It provides an overall
measure of the model’s error, with higher values indicating larger errors:

RMSE =

(
1
N ∑N

k = 0(x− y)2
)1/2

(4)

where x is the predicted value and y a mean value.

2.4.2. Taylor Diagrams

Taylor diagrams allow for graphically illustrating model predictions relative to obser-
vation or to the baseline parameters, by summarizing into a diagram information about the
magnitude and the sign of the baseline statistical metrics [59]. They can help in assessing
the relative merits of various models or parameters through the analysis of the diagram.

They are based on the following relationship between the statistical metrics:

RMSD′2 = σm
2 + σr

2 − 2σmσrR (5)

where RMSD’ is defined as the unbiased RMSD,

RMSD′2 =
1
N ∑N

n = 1[(mn −m)− (rn − r)]2 (6)

σm is the standard deviations of the model field,

σm
2 =

1
N ∑N

n = 1(mn −m)2 (7)

σr is the standard deviations of the observation (or the reference) field,

σr
2 =

1
N ∑N

n = 1(rn − r)2 (8)

and R is the Pearson correlation coefficient,

R =
1
N ∑N

n = 1 (m−m)(rn − r)
σmσr

(9)

where the overbar indicates the mean value

m =
1
N ∑N

n = 1 mn (10)

3. Results
3.1. The Model Setup and Application

The model was set up and validated for the water quality stations of Figure 1 ([46–48]).
The study focused on the coupled state variables TN/IN and TP/IP, for, respectively, total
and inorganic nitrogen, N, and total and inorganic phosphorus, P, where total stands for the
sum of organic and inorganic components of those elements. Data are related to monthly
mean values for the ebbing and the flooding phase of the tidal cycle. Given this situation,
some uncertainties regarding data simulation are to be expected.
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Model Validation

The first stage prior to the model setup and validation is to identify the parameters that
have the most significant impact on the model’s performance and to fine-tune their values
for better results. In this respect, Taylor diagrams were performed for some parameter
associated to the N and P processes (see Table S2_1 and S2_2, in Supplementary Section S2)
to assess their sensitivity to a defined range of parameter variations. The results are
available in Supplementary Section S2 and summarized here. TN seems to be significantly
sensitive to the diffusion coefficient of the NO3 and NH4 into sediment, to the fraction of
the settle N to mineralization and immobilization, and to the coefficients related to the
oxygen penetration into the sediment constant. TP seems to be significantly sensitive to Fe-P
sorption and the desorption of PO4 to Fe++ into sediment, to the fraction of the settled P to
mineralization and immobilization, and to the coefficients related to oxygen penetration into
sediment. Nevertheless, the RMSE for TN ranges between 3.0× 10−2 mg/L to 0.3 mg/L, for
a very wide range of the parameter values (e.g., Diffu_coef (Sens4) was let to vary between
2.4 × 10−5 and 5.0 × 10−4 m2/day; see Table S2_2, Supplementary Section S2), is compared
to a typical mean value of 3.0 × 10−1 mg/L. Likewise, TP ranges from 2.0 × 10−2 mg/L to
3.0 × 10−2 mg/L, compared to a typical mean value of 2.0 × 10−2 mg/L. Therefore, given
the moderate range of the outputs and the fact that parameter variability is of the same
order as the typical parameter values, we can conclude that the biogeochemical processes
are relatively stable with respect to the main model parameter. Even so, given this fact,
there remain some uncertainties about the parameter values.

Figure 6 depicts the monthly time series of TN/IN and TP/IP, as simulated by the
model under typical early summer conditions, considering moderate river runoff (the
minimum values of Table 1) as defined in Section 2.1. To enhance clarity, only five out of
the eight monitoring stations in Figure 1 are displayed.
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The plot reveals that both pairs of state variables exhibit strong semi-diurnal variability.
However, unlike TN/IN, TP/IP display a continuous increase in concentration over time,
reaching peak values followed by a sharp decline towards the end of the simulation. This
divergence reflects distinct behaviors between nitrogen (N) and phosphorus (P) in response
to the physical and biogeochemical conditions of the water column. Namely, TN and TP
exhibit significantly higher concentration values compared to their respective inorganic
counterpart, IN and IP, as the former two encompass both organic and inorganic fractions.
Moreover, TN demonstrates significantly higher concentration values than TP. Indeed,
further examination of Tables 1 and 2 indicate that the simulation and observed data fall
within the same range for both variables. TN and IN values range within the range of
[0.3, 0.4] mg/L and [0.01, 0.2] mg/L, respectively, while TP and IP values lie within the
range of [0.03, 0.09] mg/L and [0.01, 0.06] mg/L, respectively. Notably, the concentrations
of the two elements differ by one order of magnitude.

Table 2. Minimum and maximum concentration values for TN, TP, Chl, and DO at the lagoon station
observed for June 2000.

St1 St2 St3 St4 St5 St6 St7 St8

TN (mg N/L) 0.03–0.2 0.27–0.32 0.31–0.65 0.26–0.32 0.10–0.20 0.37–0.60 0.37–0.60 0.10–0.60

TP (mg P/L) 0.03–0.03 0.03–0.03 0.03–0.03 0.03–0.03 0.03–0.03 0.05–0.07 0.05–0.08 0.05–0.08

PC (mg/L) 0.10–0.20 0.10–0.20 0.10–0.30 0.10–0.30 0.10–0.20 0.10–0.20 0.10–0.30 0.10–0.30

Chl (mg/L) 2–3 1–1 4–6 4–5 2–4 2–6 2–6 2–6

DO (mg/L) 9–10 9–10 9–9 9–10 9–10 8–10 8–10 8–10

Figure 7 displays horizontal and vertical snapshots for TN, TP, IN, and IP, according to
the Riav’s bathymetry in Figure 2. On the vertical axis, sigma coordinates are dimensionless.
This means they are non-dimensional and represent a fraction of the total water depth in
each layer. Therefore, in the vertical axis, the numbers correspond to layers (3 for the surface
layer, 1.5 for the mid-layer, 0 for bottom layer). The horizontal concentration distributions
exhibit a typical lagoon gradient between the mouth and the far ends of the lagoon, while
the vertical distributions depict a typical well-mixed situation of a shallow water system.

Table 3 collects TN, IN, TP, and IP metrics (RMSE and MAPE) of the simulation for the
eight stations of Figure 1, according to relations (11) and (12), for a typical summer situation.
While y denotes the simulations, y′ represents data mean values for summer 2000 as shown
in Table 2 (above). It is worth noting that the data only cover the ebbing and flooding
phases of the tidal cycle, posing a significant constraint on the model validation process.

Table 3. The metrics for TN/IN and TP/IP for a typical summer situation. RM = RMSE; MP = MAPE
(Mean Absolute Percentage Error).

St1 St2 St3 St4 St5 St6 St7 St8

TN RM (mg N/L) 7.41 × 10−2 5.24 × 10−2 7.85 × 10−2 2.76 × 10−2 9.44 × 10−2 5.42 × 10−2 1.45 × 10−1 2.12 × 10−1

TN MP (%) 20 15 20 9 24 16 42 51

IN RM (mg N/L) 5.93 × 10−2 1.31 × 10−1 1.21 × 10−1 1.46 × 10−1 7.79 × 10−2 1.14 × 10−1 1.06 × 10−1 1.43 × 10−1

IN MP (%) 15 33 30 35 20 29 25 36

TP RM (mg P/L) 9.09 × 10−3 4.53 × 10−3 6.64 × 10−3 4.41 × 10−3 9.47 × 10−3 3.13 × 10−3 3.33 × 10−3 4.02 × 10−3

TP MP (%) 30 15 22 15 32 52 56 67

IP RM (mg P/L) 8.11 × 10−3 1.35 × 10−2 1.45 × 10−3 1.64 × 10−3 1.08 × 10−3 5.25 × 10−3 4.48 × 10−3 3.92 × 10−3

IP MP (%) 27 45 5 6 4 18 15 13
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Figure 7. Horizontal and vertical distribution snapshots for TN, TP, IN, and IP for a typical summer
situation (June 2000). In the vertical axis, the numbers correspond to layers (3 for the surface layer,
1.5 for the mid-layer, 0 for the bottom layer).

The RMSE values for TN range from 0.02 to 0.07 mg/L, except for stations 5, 7, and
8, where the values are close to 0.1 mg/L. Meanwhile, IN exhibits higher RMSE values,
ranging from 0.07 to 0.1 mg/L, except for St1, which is approximately 0.05 mg/L. Similarly,
RMSE values for TP and IP fall within the range of 0.003 to 0.009 mg/L and 0.001 to
0.13 mg/L, respectively.

Regarding MAPE, for TN and IN, the values are around 30%, except for St7 and 8,
where they reach 42% and 51% for TN. For TP and IP, the values range from 5% to 30%,
except for St6, 7, and 8, where they reach values higher than 50% for TP.

To further assess the model’s validity, a simulation was conducted for a typical spring
situation, considering the average river flows, as defined in Section 2.1. Table 4 presents
TN, IN, TP, and IP simulation metrics for the eight stations. The RMSE values for TN
range from 0.016 to 0.10 mg/L, with typical values falling within [0.1, 0.2] mg/L, except for
St3 (0.6 mg/L). Meanwhile, the MAPE values range within [6%, 57%], with higher values
observed at St1, 5, 7, and 8. IN exhibits RMSE values within [0.026, 0.550] mg/L, while
MAPE demonstrates higher values ([45%, 70%]), particularly noticeable at St5, 6, 7, and 8.
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Table 4. The metrics for TN and IN and TP and IP for a typical spring situation. RM = RMSE;
MP = MAPE (Mean Absolute Percentage Error).

St1 St2 St3 St4 St5 St6 St7 St8

TN RM (mg N/L) 5.34 × 10−2 2.17 × 10−2 1.22 × 10−1 5.28 × 10−1 4.53 × 10−2 1.59 × 10−2 1.14 × 10−1 9.16 × 10−2

TN MP (%) 54 22 20 6 45 16 57 46

IN RM (mg N/L) 2.65 × 10−2 4.84 × 10−2 1.48 × 10−1 5.48 × 10−1 3.97 × 10−2 4.61 × 10−2 1.44 × 10−1 1.33 × 10−1

IN MP (%) 27 49 25 6 40 47 71 65

TP RM (mg P/L) 2.68 × 10−2 7.45 × 10−3 5.73 × 10−3 1.37 × 10−2 2.09 × 10−2 1.03 × 10−2 8.65 × 10−3 1.64 × 10−2

TP MP (%) 67 19 15 19 52 26 21 41

IP RM (mg P/L) 1.82 × 10−2 3.27 × 10−2 3.53 × 10−2 4.78 × 10−2 2.65 × 10−2 3.79 × 10−2 2.93 × 10−2 2.35 × 10−2

IP MP (%) 46 82 88 64 53 63 73 59

The RMSE values for TP range from 0.005 to 0.02 mg/L, with typical values in the
range of [0.04, 0.07] mg/L, whereas MAPE values fall within [15%, 67%], with higher values
observed at St1, 5, and 8 (>40%). IP presents RMSE values of a comparable order, generally
higher overall, while MAPE displays extremely high values ([45%, 88%]) across all stations.

As concluding remarks, concerning the results, the deviation between the simulation
and data for nitrogen (N) and phosphorus (P), as indicated by both RMSE and MAPE
values, despite some discrepancies, namely high MAPE values, depicts some divergence
between the simulated and observed data. Nevertheless, the results can be considered
acceptable, as they fall within an acceptable range of values, given the uncertainty of the
data, which can be attributed to the low time resolution of the sampling. Additionally, the
simulated time series reveal significant tidal oscillations over daily and fortnightly cycles,
requiring high-resolution data for verification. Therefore, there is still room for further
improving the model validation to increase confidence in its predictions and to ensure
that it is robust enough to handle a variety of scenarios. Despite this, the current model
configuration can be used for further proceedings.

3.2. The Influence of the Physical Forcing on the Nitrogen and Phosphorus State of the
Water Column

The model was applied to investigate the impact of the following physical forcings
on the status of TN and TP. The baseline situation corresponds to the wet 2001 spring
situation, corresponding to the maximum values of river flows (Table 1), leading to high
salinity spatial and temporal variability (0, 34). The water temperature varied within
(13, 16) ◦C, for, respectively, the ocean and the river boundaries. To focus exclusively on the
interaction between the water column and the sediment layer, N and P concentrations at
all the boundaries were set as constants for all of the simulations, including the baseline,
and, respectively, 0.01 mg/L and 0.001 mg/L, which are minimal values considering the
typical values of Figure 6. This choice was aimed at minimizing the influence of boundary
conditions on the state of the water column and highlighting the potential effects of the
bottom layer and water column interactions.

The simulation results are compared to the baseline simulation. For this, a residual is
computed by subtracting the simulation from the baseline. The time series for the baseline
simulation are similar to those of Figure 6 and, therefore, are not presented. Instead,
Figure 8 gives a snapshot of the surface salinity, the surface temperature, the surface TN
and the surface TP, taken on the 23rd day of the simulation, for the maximum river flow
situation (corresponding to the baseline simulation). It can be observed that, excluding the
ocean boundary, the salinity inside the lagoon shows low values, falling within the interval
of (0–20) psu, well below typical values of (25–34) psu. Indeed, comparing Figure 8a with
Figure 9a, which was taken under the minimum river flow situation (for a scenario which
will be applied in Section 3.2.1), it turns out that there is a big difference between the two
situations: in the case of weak river flows, the salinity influence is confined to the far end
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of the lagoon, and the values are almost close to that of the ocean salinity, except for the
salinity near the river boundaries. The temperature snapshots (Figure 8b) do not show
marked gradients as salinity, since the most significant variations are localized near the
river boundaries. The maximum values for TN and TP for the baseline (Figure 8c,d) of
0.3 mg/L and 0.05 mg/L, respectively, are slightly lower than those of Figure 6, but of the
same order. Even so, these values are very significant, since the N and P concentration
values imposed at the river boundaries were minimal. The results clearly demonstrate that
bottom layer and water column interactions play an important role in the N and P status of
the water column. The following sections will focus exclusively on residual outputs.
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Figure 9. Snapshots of the salinity and temperature, taken under the minimum river flow situation,
on the 23rd day of the simulation.

3.2.1. The River Flow Influence

This experiment aimed to assess the influence of river flow on the N and P status of the
water column. The river flows were set to the minimum values (Table 1), while the remain-
ing physical and biogeochemical conditions remained unchanged relative to the baseline.

Figure 10 presents the IN, TN, IP, and TP time series for the baseline and the residuals,
respectively. St2, St6, and St7 present minimum and negative IN residual values (between
−0.05 and −0.15 mg/L). The absolute values reach maximum values that are of the same
order as the baseline values (between 0.1 and 0.15 mg/L). St1, St5, and St8 present positive
residual values (between 0.0 and 0.1 mg/L), although St8 presents negative values at the
end of the simulation. When comparing the absolute values of the residuals with the
baseline maximum values, it can be observed that both are of the same order for St2, St6,
and St7 (ranging between 0.05 and 0.15 mg/L), while they are one order lower for St1, St5,
and St8 (0.00 to 0.05 mg/L against 0.15 to 0.25 mg/L). Similarly, IP presents minimum and
negative residual values (between 0 and −0.02 mg/L) for St2, St6, and St7, while positive
values (between 0.0 and 0.01 mg/L) for St1, St5, and St8. When comparing the maximum
values of the absolute residuals with the baseline maximum values, both are of the same
order, even though the former show higher values (between 0.01 and 0.04 mg/L against
0.00 and 0.01 mg/L). TP residual values seem to have the same behavior as the inorganic
counterparts but are one order of magnitude higher than the baseline maximum values.
Minimum and negative values (between 0 and −0.6 mg/L) are observed for St2, St6, and
St7, while maximum and positive values for St1, St5, and St8 (between 0 and 0.2 mg/L).
TN does not present significant residual values, as they are almost positive and below
0.05 mg/L, and well below the baseline values (~0.3 mg/L).

Figure 11 presents the Taylor diagrams of the absolute values of the residuals for the
same variables as in Figure 12. The diagrams visually illustrate the standard deviation (SD)
and the correlations (CR) between the stations, which can explain some spatial variability
between them. The stations appear to be grouped into two clusters with similar SD and CR:
St1, St5, and St8 form one cluster, while St2, St6, and St57 form the other. In each diagram,
the first cluster is less correlated with St1 (CR < 0.5) and shows the highest SD values,
approximately 0.05 mg/L, 0.006 mg/L, 0.006 mg/L, and 0.12 mg/L for IN, IP, TN, and
TP, respectively.
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The results lead to the conclusion that there was a net increase of IN, IP, and TP
concentrations at the water column at St2, St6, and St7 of the simulation compared to
the baseline, while the contrary occurred at St1, St5, and St8. When compared to TN, the
absolute values of the residuals for TP are significantly high, reaching values as important
as 0.6 mg/L. Therefore, it can be concluded that there was a net balance of total nitrogen,
and net increase of total phosphorus in the water column. Concerning phosphorus, the
increase in the concentration may be explained by an enhanced release from the sediment
bed into the water column. When comparing the first group of stations (St1, St5, and
St8) with the second one (St2, St6, and St7), the contrasting results between them may be
explained by the competing influence of oceanic and riverine waters. Indeed, the former
stations are situated along the St. Jacinto channel, which is dominated by strong tidal
currents and characterized by ocean/brackish water influence, while the latter are under
the riverine/brackish water influence. The stations appear to be grouped into two clusters
with similar SD and CR: St1, St5, and St8 form one cluster, while St2, St6, and St57 form the
other. This result corroborates well with the description of clusters and with the standard
deviation values obtained with the Taylor diagrams. This effect seems to be very relevant
for TP and less relevant for TN.



J. Mar. Sci. Eng. 2024, 12, 1310 18 of 26

3.2.2. The Water Temperature Influence

This experiment aims to assess the influence of water temperature on the TN and TP
status of the water column. Compared to the baseline situation, the water temperatures
at the ocean and the river boundaries were increased to the interval (19 ◦C to 23 ◦C),
for the ocean and the river boundaries, respectively, while the remaining physical and
biogeochemical conditions remained unchanged relative to the baseline.

Figure 12 presents the residual time series for IN, TN, IP, and TP. Except for St8,
IN residual values for the remaining stations are consistently negatives (between −0.05
and 0 mg/L), corresponding to absolute values significantly below the baseline values
(between 0.1 and 0.2 mg/L), corresponding to a decrease in the simulation concentrations
relative to the baseline. St8 shows the lowest and negative residual values during most of
the simulations (up to day 23) reaching the minimum value of 0.15, followed by a sharp
increase up to the end of the simulation to 0.2 mg/L. IP presents moderate absolute residual
values (between 0 and 0.01 mg/L), except again for St8, which shows higher absolute values
(between 0 and 0.01 mg/L), with St2, St5, and St7 showing positive values and St1, St6,
and St8 negative values. TN residuals exhibit a similar trend as IN, but the values are one
order below, between −0.02 and 0.02 mg/L. In contrast, TP shows significantly negative
residual values, ranging between −0.05 and 0 mg/L, with St8 showing the lowest values,
ranging between −0.1 and 0 mg/L. It is worth noting that the maximum absolute values
of the residuals for TP are of the same order of magnitude as the baseline maximum
values, ranging between 0 and 0.05 mg/L, whereas for TN residuals, they are insignificant
in comparison.

Figure 13 presents the Taylor diagrams of the absolute values of the residuals for the
same variables as for Figure 14. St5, St6, and St7 seem to form a cluster with similar SD
and CR for IN and IP, while the remaining stations appear to be less consistently grouped,
forming clusters for some variables and not for others. St58 seems rather isolated from the
other stations, and together with St2, shows the highest SD values (>0.0010 mg/L for IN, IP
and >0.010 for TN and TP). In general, it can be observed that all stations are low correlated
with St1 (CR < 0.5).
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Figure 13. The Taylor diagrams of the residuals for IN (a), TN (b), IP (c), and TP (d), at St1, St2 St5,
St6, St7, and St8 under the temperature influence. The standard deviations are multiplied by 1000.
For convenience, St1 was considered the reference station.
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salinity influence.

If we, therefore, exclude St8, the results show a decrease in the residual values for all
variables, corresponding to a net increase in the simulation’s concentration compared to the
baseline, and thus a release from the bed to the water column of both N and P organic and
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inorganic phases. St8 exhibits a singular behavior compared to the other stations because
of the significant increase in residual values at the end of the simulation for IN, IP, and TP,
which corresponds to a net decrease in the simulation concentration. This may indicate
a net reduction of the inorganic nitrogen and the phosphorus release from the bed into
the water column for this station, in contrast to the others. It is worth noting again that
TN shows tiny residual values, indicating no significant response of total nitrogen content
in the water column to the temperature forcing. As in the previous case (the river flow
influence), there is a balance of total nitrogen in the water column, while there is a net
release of phosphorus from the sediment layer. This effect is relevant for St8, attesting the
high values of the residual concentrations.

3.2.3. The Salinity Influence

This experiment aimed to assess the influence of salinity on the TN and TP status of
the water column. Compared to the baseline situation, the water salinity inside the lagoon
was set to vary within a higher range of the boundary conditions (25 to 34 PSU) for the river
and the ocean boundaries, respectively, while the remaining physical and biogeochemical
conditions remained unchanged relative to the baseline.

Figure 14 presents the IN, TN, IP, and TP residual time series. TN and TP show small
residual values. Indeed, while TP residuals are nearly null, TN is well below 0.05 mg/L and,
therefore, significantly lower than the baseline concentration values, which are of the order
of 0.3 mg/L. Although IN and IP still present small residual values and fluctuate around
zero, they cannot be neglected. Indeed, IN and IP reach maximum absolute values of
0.5 mg/L and 0.01 mg/L, respectively, which are comparable to the baseline concentration
values. While IN presents positive residual values, IP does so only for St2, St6, and St7, with
St2 reaching values as high as 0.01 mg/L, i.e., of the same order as the baseline concentration
values. Neglecting TN and TP residual values, the results lead to the conclusion that the
total nitrogen and phosphorus of the water column did not change significantly between
the simulation and the baseline, and are, therefore, practically unresponsive to salinity
changes when compared to the influences of river flow or water temperature. However, a
closer look at the results reveals a tendency for a slightly increased concentrations with the
salinity of both IN and IP in the water column, if disregarding the slight IP decrease at St7,
St5, and St8 at the end of the simulation. Due to the small values of the residuals, no Taylor
diagrams for this case are shown.

3.3. Simulating the Nitrogen and Phosphorus State of the Water Column under River Flow and
Nutrient Pulses

It is worth examining the 2001 spring situation in which the nutrient concentrations
reached significant peaks at the river boundaries, as depicted in Table 1. Figure 15 presents
the residual time series for IN, TN, IP, and TP for this scenario. For clarity, St8 has been
omitted as it produces similar results to St6 and St7. Since the simulation values are higher
than the baseline, and to get positive residuals, the last one was computed by subtracting
the baseline from the simulation. The hydrodynamic conditions at the river boundaries
were the same as the baseline (high river runoff, Table 1), and the nutrient concentrations
were set at their maximum values.

It can be observed that, compared to the influence of salinity and water temperature,
the residual values are higher by two orders of magnitude. Indeed, the concentrations
of total phosphorus (TP) and total nitrogen (TN) more than tripled, from 0.1 mg/L and
0.4 mg/L to 0.4 mg/L and 1.8 mg/L, respectively. In other words, in a situation result-
ing from a conjunction of high river runoff and nutrient pulses at its boundaries, the
biogeochemical status of the water column is significantly affected, potentially leading
to a significant increase in N and P concentrations. Therefore, the results suggest that a
combined situation of intense river runoff and nutrient pulses at the river boundaries can
completely overshadow the effect of the interaction between the water column and the
sediment layer.
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4. Discussion and Conclusions

Until now, few, if any, modeling studies have delved into the relationship between the
biogeochemical status of the water column and the upper layer of sediment in the Riav
lagoon ecosystem. Typically, models treated the bottom as a rigid boundary, isolated from
the water column, thus overlooking any biogeochemical activity in the upper sediment layer.
This study seeks to bridge this gap, to have a tool that enables assessing the significance
of biogeochemical processes occurring in the surface sediment layer on water column
biogeochemistry and looking into their impact in the water column. The model version
utilized in this study is a pelagic model that integrates the upper layer of benthic processes,
specifically focusing on the nitrogen (N) and phosphorus (P) cycles within the upper layer
of bottom sediment. In theory, this approach is anticipated to improve the accuracy of the
model predictions and the comprehension of the Riav biogeochemical functioning. The
model outputs considered in this study include the following state variables: TN (total
nitrogen) and TP (total phosphorus), which encompass both organic and inorganic forms
of nitrogen and phosphorus.

Assessing the influence of river flow alone, on the nitrogen (N) and phosphorus (P)
levels in the water column, in the scenario of a significant reduction in river flows compared
to the baseline, allowed us to reveal some contrasting behavior between TN and TP and
the tendency of the station group or clusters of stations for IN, IP, and TP. One group of
stations experienced a relative concentration increase while the other did the opposite. The
tendency of the spatial variability among the stations was confirmed by Taylor diagrams
which showed the same stations clustered based on similar standard deviation (SD) and
correlation (CR) values. This alignment highlights the distinct and competing influences
of oceanic and riverine/brackish waters on nutrient dynamics, particularly impactful for
TP rather than TN. Furthermore, the combined effects of high nutrient levels and river
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runoff provided key insights into this result. Indeed, increasing nutrient concentrations
at the river boundaries led to a significant rise in both nitrogen and phosphorus levels
of the water column, especially IN, which clearly indicates that this effect significantly
boosts nutrient concentrations of the water column, underscoring the major influence of
river runoff on nutrient status, which, in cases of nutrient pulses, may significantly exceed
the contributions from interactions between the water column and the sediment layer.
Salinity and water temperature are important in the long-term average flow patterns of the
lagoon, such as residual circulation within most of the lagunar systems. Indeed, salinity
and temperature play a crucial role in the circulation of the lagoon, particularly under
conditions of high river runoff [43,44,48]. The results evidence a net increase of N and
P concentrations (both inorganic and total) with the increasing the water temperature,
but it is worth emphasizing the contrasting trend between TP and TN, which points out
that TN seems to weakly response to the water temperature changes, corresponding to a
balance situation in the water column, unlike TP. A less consistent cluster organization
was observed for the temperature when compared to the river flow. Concerning salinity,
the results point out a limited responsiveness of N and P to salinity changes compared
to the river flow or the water temperature influences. However, a closer examination
reveals a slight tendency of the concentrations increase in the water column, for both the
inorganic nitrogen and the inorganic phosphorus, while total nitrogen and total phosphorus
concentrations remained quite unchanged.

The influence of biogeochemical fluxes between the water column and sediment on
total nitrogen (TN) and total phosphorus (TP) can be better understood by assessing the
predicted rates of nitrogen (N) and phosphorus (P) released from the water column. These
rates are often influenced by factors such as temperature, water turbulence, and biological
activity. Typical rates for nitrogen and phosphorus release from the water column can
range from 0.5 to 3 mg/m2/day and from 0.01 to 0.2 mg/m2/day, respectively [60]. In
contrast, the mineralization rates for organic N and P in sediment range from 0 to 0.1/day.
Furthermore, typical values for the oxygen penetration rate are on the order of 0.1/day,
while the diffusion coefficients for NO3, NH4, and SIP range from 10−3 to 10−5 m2/day [61].
Consequently, the time scales of these processes should be in the order of several days,
considering the vertical fluxes at the water/sediment interface. Indeed, comparing those
values to the typical tidal time scales values [40,41], we can conclude that the time scales of
the biogeochemistry processes are very large compared to the tidal ones. This significance
becomes more apparent when considering the turbulent time scales of horizontal turbulent
fluxes which are smaller, which typically operate over minutes or hours for shallow water
like that of the Riav. Consequently, turbulence is the effective mechanism for transporting
suspended and dissolved matter, and, therefore, dominates over biogeochemical processes.
Nevertheless, shallow water systems like the Riav, which are composed by wide intertidal
areas and characterized by high residence times [46,47,60], can have localized processes in
time and space where the biogeochemistry may assume a crucial role over the long term.
These areas can serve as reservoirs of nutrients, particularly for the regenerated fraction.

The study highlighted several aspects: First, under the river influence, two distinct
groups of stations emerged: one with increased nutrient concentrations and higher vari-
ability, and another with decreased concentrations and lower variability. Total nitrogen
(TN) remained stable, while total phosphorus (TP) showed a significant increase due to
sediment release. These contrasting behaviors were attributed to the influence of oceanic
and riverine waters. The rising water temperature led to increased phosphorus levels,
with minimal changes in nitrogen levels. This suggests a release of phosphorus from the
sediment into the water column, while the total nitrogen level remained relatively stable.
Salinity had a limited impact on nutrient concentrations compared to the two physical
factors, depicting only slight observed increases in inorganic nitrogen and phosphorus.
Overall, the results highlight the significant influence of river flow and temperature on
nutrient dynamics in the lagoon. The inclusion of biogeochemistry interactions between the
benthic and pelagic layers represents significant progress in simulating the complexity of
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ecosystems like the Ria de Aveiro lagoon. Although the results have shown that sediment
bed and water column interaction play an important factor in the N and P states of the
water column, in a situation of high river runoffs and nutrient pulse at the river boundaries,
those effects seem completely overshadowed by the latter.

The present modeling study aimed to introduce this novel approach rather than sim-
ply simulating the local ecosystem to assess how changes in conditions within the water
column and at the bottom can significantly affect ecosystem processes. Indeed, it is crucial
to deepen the understanding from an integrated perspective of the functioning of the
water column/bottom in shallow intertidal systems like the Riav. The original approach
of the present study lies in the fact that it considers the bottom sediment an active layer,
considering factors such as nutrient fluxes and the transfer between different compart-
ments of the aquatic ecosystem. The study underscores the necessity of implementing
new integrated monitoring programs to track environmental parameters, including water
quality, temperature, salinity, nutrients, and sediments, like the 2000 Modelria program [48].
This comprehensive monitoring approach is essential for a continuous assessment of how
conditions in the water column interact with those running at the bottom and for validating
alternative modeling approaches. There is a crucial need to understand and quantify the
interactions between the water column and the bottom sediment from the multidisciplinary
process approach and parameter estimations. This entails investigating the composition
and dynamics of sediments at the bottom of the water body, encompassing processes such
as sedimentation, resuspension, and bioturbation, and elucidating how these processes
are influenced by activities in the water column, including those occurring in tidal flats
and salt marshes. By combining various methodological approaches, such as field studies,
modeling, and monitoring programs, it is possible to obtain a more comprehensive under-
standing of the influence of the interaction between the water column and the bottom on
aquatic ecosystems like the Riav. This integrated approach is essential for future studies
and for effective ecosystem modeling, management, and conservation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse12081310/s1, Figure S1_1. The N-cycle in the sediments.
Figure S1_2. The P-cycle in the sediments. Table S2_1. Main parameters for the N and P cycle in the
sediment 107 = 58. Table S2_2. The sensitivity parameter for the experiments. (a) Baseline (calibrated
values); (b) Experiment. Figure S2_1. Taylor diagrams for TN parameter’s sensitivity analysis.
Figure S2_2. Taylor diagrams for TP parameter’s sensitivity analysis. Additionally, references [62–75]
are included in the text of this Supplementary section.
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