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Highlights:

• Mean chlorophyll under 0.5–1 µgChla/L becomes robust and resilient in a salt lagoon.
• Both nitrogen and phosphorus loads contribute to eutrophication in a Mediterranean salt lagoon.
• Key factors in the Mar Menor (MM): phosphorus water–sediment relationship and deep water

plants.
• Recovery nitrate-polluted aquifer makes the MM more robust and resilient.
• High risk of massive mortalities when mean chlorophyll is higher than 5 µgChla/L.

Abstract: Eutrophication is a significant threat to aquatic ecosystems worldwide, and the Mar Menor
hypersaline lagoon exemplifies a coastal lagoon at risk of algal blooms due to excessive nutrient
loads, nitrogen, and phosphorus. These nutrients originate from various sources within the lagoon’s
catchment area, including urban, agricultural, and livestock activities. Regular and occasional loads—
during flood events—produce algal blooms that can significantly reduce the water oxygen content
and cause massive mortalities, as observed in recent years. A daily algal growth model (Mmag) was
developed to better understand the processes and determine key elements such as the phosphorus
water–sediment interchange and deep water plants that effect the entire ecosystem and algal growth.
The analysis developed can be applied in other wetlands around the world facing similar challenges.
In the Mar Menor, both nitrogen and phosphorus have high relevance depending on the period of the
year and the phosphorus legacy in the sediments. Floods are the main phosphorus input to the lagoon
(80–90%), which goes to the sediment and is released after during the warm months in the following
years. At the end of summer, phosphorus released from the sediment and the regular nitrate inputs
to the lagoon increase the algal bloom risk. The good status of deep water plants, which reduces the
phosphorus release in summer, is a key element to reduce the algal bloom risk. An integrated set of
measures is required to reduce the mean chlorophyll to levels under 1 or 0.5 µgChla/L that can make
the Mar Menor more robust and resilient.

Keywords: eutrophication; algal blooms; nitrogen; phosphorus; coastal lagoon Mar Menor; PATRICAL
model; aquifer recovery

1. Introduction

Eutrophication is a significant threat to lakes and lagoons worldwide and is a global
concern that is severely deteriorating aquatic ecosystems [1]. Nutrient excess is considered
as the key factor for eutrophication [2–4], specifically nitrogen (N) and phosphorus (P)
excess [5], from land sources such as agricultural and livestock practices and also urban
discharges [6]. Excessive N and P loads to lakes and lagoons enrich the water [7], producing
an increase in the plant growth, including algal bloom in the upper layers and an algae
biological decomposition in deep water that reduces the oxygen content to hypoxic or
anoxic conditions, finally producing heavy mortalities due to the lack of oxygen [1,8–10].

Algal growth depends on various factors, including irradiance, temperature, nutrient
enrichment, species interaction, salinity, and hydrodynamics [1,11–13]. In some cases,

Water 2023, 15, 3569. https://doi.org/10.3390/w15203569 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w15203569
https://doi.org/10.3390/w15203569
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://doi.org/10.3390/w15203569
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15203569?type=check_update&version=1


Water 2023, 15, 3569 2 of 16

nutrients are the key factor for algal growth [2]. Adequate irradiance (light availability) and
water temperature are essential prerequisites for maintaining the photosynthetic and sur-
vival rates of algal blooms. Irradiance has shown a stronger correlation with phytoplankton
growth compared to temperature, regardless of the nutrient concentration, and it exhibits
higher sensitivity to growth than temperature [14]. Light, temperature, and inorganic
nutrients significantly influence the biochemical processes of organisms and are considered
major factors controlling seagrass growth [15]. During certain conditions, such as summer,
when there is high irradiance and temperature, the availability of nutrients becomes the
main factor for algal bloom development. To better understand these processes and the
influence of internal nutrients, particularly phosphorus, on lake and lagoon management
and restoration, one-dimensional water quality models have been developed in recent
years [16].

In many cases, phosphorus is considered as the main driver for eutrophication and al-
gal bloom formation [17]. However, nutrient proportions (N:P ratio) and forms can have an
influence on biodiversity [18]. There are numerous examples where the eutrophication pro-
cess is associated to the N presence or to the N concentration increase in the water [18–25],
in contrast with the general view that is solely related to the phosphorus presence. Con-
sequently, a P-only reduction strategy has been argued because of the fact that P (point
source pollution) is often less costly to control than N (diffuse pollution) [18], which cannot
be enough to avoid algal blooms, especially if the internal P loads are significant in the lake
or lagoon [16].

The Mar Menor (MM) is a salt coastal lagoon that has suffered algal blooms with
massive mortalities in recent years due to the nutrient loads from its catchment area [26].
This coastal area has been in a critical ecological condition since 1980, when intensive
irrigation agriculture expanded to the surroundings of this salted lagoon [27]. This is a
clear example of a singular natural ecosystem threatened by human activities [28], as it is
happening in many lakes and lagoons worldwide. Related to the nutrient sources when
produced, this lagoon exhibits a high level of complexity. On one hand, there are nutrient
loads originating from agricultural and livestock practices (diffuse pollution) as well as
from urban areas (point pollution). On the other hand, there are regular nutrient loads
throughout the year and occasional nutrient loads during floods. Also, climate change
scenarios can significantly affect the MM in the future due to the changes in the deep water
plants’ response to the temperature [29].

The novelty of this work lies in establishing the mathematical connection between
the nutrient loads generated in the catchment area and the eutrophication process in a
coastal lagoon. This is obtained by combining a basin model with a daily lagoon model
and analyzing, with a global and integrate overview, all the nutrient transport processes in
the catchment and the internal factors in the lagoon. The connection between the internal
lagoon factors and the nutrient sources from the catchment enables us to determine how
each nutrient source impacts the lagoon and the effectiveness when each source is reduced.
Understanding the relationship between the nutrient loads and the response of algal blooms
is a crucial element to establish measures for preventing algal blooms in the MM lagoon, so
the main purpose of this research is to identify the key factors that produce algal blooms in
the Mar Menor in order to help its managers in formulating measures to reduce the risk of
algal blooms.

2. Study Case and Data
Study Area

The Mar Menor (MM) is one of the largest (135 km2) hypersaline (38–46 psu, mean
44 psu) coastal lagoons in the Mediterranean [30], and it is usually more saline than
Mediterranean Sea (38–40 psu), which gives the lagoon an extraordinary environmental
value (Figure 1a) and constitutes it as a refuge for some species such as Pinna nobilis, a
Mediterranean-endemic filter-feeding mollusk that has a massive mortality rate in most of
the Spanish Mediterranean coast [31,32], relegating its populations to coastal lagoons or
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estuaries with salinities beyond the 36.5–39.7 psu [33]. The lagoon was designated as a Ram-
sar wetland in 1994 and it is located on the southeastern coast of Spain (37.7◦ N/−0.78◦ W)
in a semi-arid region in the Segura River Basin District (RBD) (Figure 1b).

Water 2023, 15, x FOR PEER REVIEW  3  of  17 
 

 

(Figure 1a) and constitutes it as a refuge for some species such as Pinna nobilis, a Mediter-

ranean-endemic filter-feeding mollusk  that has a massive mortality rate  in most of  the 

Spanish Mediterranean coast [31,32], relegating its populations to coastal lagoons or estu-

aries with salinities beyond the 36.5–39.7 psu [33]. The lagoon was designated as a Ramsar 

wetland in 1994 and it is located on the southeastern coast of Spain (37.7° N/−0.78° W) in 

a semi-arid region in the Segura River Basin District (RBD) (Figure 1b). 

The inland watershed is drained via “Rambla del Albujón” (Figure 1c) and several 

ephemerons rivers that only produce surface runoff during rainfall events. It has 1244 km2 

with around 75% of agricultural land [26] that converts this area into one of the main na-

tional and international producers of agricultural food in Europe [34]. In the catchment 

area,  it  includes  the “Campo de Cartagena”  (CC) aquifer, a sedimentary multi-layered 

aquifer heavy polluted by nitrates (Figure 1c), with a mean value of 200 mgNO3/L and 250 

mgNO3/L in the nearest area to the MM [35]. The aquifer is drained via the “Rambla del 

Albujón” in its final stretch [36] (3.3 hm3/year) and have groundwater direct discharges to 

the MM (6.9–8.5 hm3/year) [37,38] with high nitrate levels (250 mgNO3/L). 

 

Figure 1. (a) Mar Menor location, (b) Segura River Basin, (c) “Campo de Cartagena” aquifer and 

“Rambla del Albujón”, and the (d) final stretch of Rambla del Albujón with groundwater discharge 

areas marked (e) river flows (m3/s) to the Mar Menor from real-time gauging station (SAIH Albujón) 

and weekly measurements (ESAMUR). 

The water and nutrients inputs to the MM come from different mechanisms divided 

in regular inputs and occasional inputs (floods). Regular inputs are direct groundwater 

discharges and surface river flows in the “Rambla del Albujón” (Figure 1c), which con-

tains  Waste  Water  Treatment  Plants  (WTP)  discharges  (“Torre  Pacheco”  and  “Los 

Figure 1. (a) Mar Menor location, (b) Segura River Basin, (c) “Campo de Cartagena” aquifer and
“Rambla del Albujón”, and the (d) final stretch of Rambla del Albujón with groundwater discharge
areas marked (e) river flows (m3/s) to the Mar Menor from real-time gauging station (SAIH Albujón)
and weekly measurements (ESAMUR).

The inland watershed is drained via “Rambla del Albujón” (Figure 1c) and several
ephemerons rivers that only produce surface runoff during rainfall events. It has 1244 km2

with around 75% of agricultural land [26] that converts this area into one of the main
national and international producers of agricultural food in Europe [34]. In the catchment
area, it includes the “Campo de Cartagena” (CC) aquifer, a sedimentary multi-layered
aquifer heavy polluted by nitrates (Figure 1c), with a mean value of 200 mgNO3/L and
250 mgNO3/L in the nearest area to the MM [35]. The aquifer is drained via the “Rambla
del Albujón” in its final stretch [36] (3.3 hm3/year) and have groundwater direct discharges
to the MM (6.9–8.5 hm3/year) [37,38] with high nitrate levels (250 mgNO3/L).

The water and nutrients inputs to the MM come from different mechanisms divided
in regular inputs and occasional inputs (floods). Regular inputs are direct groundwater
discharges and surface river flows in the “Rambla del Albujón” (Figure 1c), which contains
Waste Water Treatment Plants (WTP) discharges (“Torre Pacheco” and “Los Alcázares”)
with a low nitrate level and high phosphorus, as well as subsurface runoff from the CC
aquifer, with a high nitrate content (250 mgNO3/L) and without phosphorus.

Surface regular flows in the “Rambla del Albujón” are measured with a recent real-time
gauging station (SAIH Albujón, Figure 1d) and direct weekly measurements (ESAMUR,
“Entidad de Saneamiento y Depuración de la Región de Murcia”). River flows vary from
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0.10 to 0.15 m3/s (3.1 y 4.7 hm3/year) (Figure 1e), and its mean nitrate concentration
is 180 mgNO3/L and 0.5 mgP/L for the total phosphorus. Total loads from the surface
discharges are estimated in around 672 tnNO3/year and 1.9 tnP/year (Table 1), which are
similar values as reported by the Segura River Basin Authority.

Table 1. Nutrient loads to the Mar Menor per year and flood event, nitrate and total phosphorus.

Flow Temporally Flow Source

Volume
hm3/year

hm3/event
(a)

Nitrate
mgNO3/L

(b)

Nitrate
tnNO3/year

tnNO3/event
a × b

Total
Phosphorus

mgP/L
(c)

Total
Phosphorus

tnP/year
tnP/event

a × c

Continuous year Surface and
subsurface water 3.7 180 672 0.5 1.9

Continuous year Groundwater 7.0 250 1750 0.0 0.0

Annual Total 10.7 2421 0.5 1.9

Small and
frequent events Surface 5 25 125 0.5–1.0 2.5–5.0

Extreme Events Surface 20 25 500 0.5–1.0 10–20

During rainfall events, the nitrate concentration drop down to around 25–30 mgNO3/L
and the total phosphorus concentration is around 0.5 or 1.0 mgP/L. The high amount of
total phosphorus is possible to come from urban overflows or from the irrigation fields
as phosphorus attached to the sediments, as is observed in other agricultural areas with
a heavy historical application of phosphorus [39]. Occasional phosphorus loads during
rainfall events can be 10–20 times higher than the regular loads. This fact produces a large
amount of available phosphorus in the ecosystem during the following days after rainfall
events, so there is a very high risk of algal blooms, and consequently, of mortality. Sentinel
Satellite images of the MM [40] show an increase in the chlorophyll content 3–10 days after
small rainfall events and how it requires around 1 month to recover the initial status [37].

The Mar Menor mean depth is 4.7 m, with a maximum depth around 7 m [41], and the
water temperature has an annual cycle from 11 ◦C in February to 30 ◦C in August. The MM
is connected to the Mediterranean Sea by three inlets: “Las Encañizadas”, “El Estacio” and
“Marchamalo”. One of them, “El Estacio”, was widened in the 1970s with a 4–5 m depth
to be navigable [42], which produced a sharp reduction in the salinity and temperature in
the lagoon due to the greater interchange of water with the Mediterranean Sea [43]. The
reduction in salinity also produced that Cymodocea nodosa (phanerogam) was replaced by
Caulerpa prolifera (alga) in a large area of the lagoon and the transformation of the entire
ecosystem. Currently, Caulerpa prolifera extends over the entire lagoon relegating Cymodocea
nodosa only to the sandy bar next to the coast [44,45].

There are many estimations of the lagoon volume from 580 hm3 [46], 610 hm3 [47],
and 630 hm3 [48] to 725 hm3 [49]. The lagoon has a large interchange flow with the
Mediterranean Sea, where the total water inflow is estimated around 920 hm3/year via
the “El Estacio” and “Marchalano” sea gates (Table 2). Also, there is a positive water
balance and net inflow from the Mediterranean Sea of 171 hm3/year [49] to compensate the
evaporation of 183 hm3/year [50] from the lagoon that produces the increase in the salinity.

Mean chlorophyll levels in the MM (Figure 2a) are historically lower than 5 µgChla/L
(1 µgChla/L = 1 mgChla/m3) [51,52]. When this mean level is overpassed, there is a high
risk of mortalities in the MM, because in a specific area (the data from the Mar Menor
scientific server [53]), chlorophyll can be greater than 7 or 10 µgChla/L (Figure 2b), and
this can then produce phytoplankton degradation that consumes oxygen in deep water.
If the oxygen levels are under 2 mgO2/L (Figure 2c), a massive mortality process can
be produced, such as the mortalities which occurred in 2019 and 2021 [44,54]. Based on
historical records, mean values lower than 2 µgChla/L are associated with a low risk of
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algal bloom in the lagoon, which is well related to the threshold defined under the Water
Frame Work Directive (WFD) for the MM, which is 1.8 µgChla/L for a Good Status and
1.1 µgChla/L for a Very Good Status (Royal Decree 817/2015) [55].

Table 2. Water interchanges between Mar Menor and Sea (adapted from [49]).

Gates, Sea Connection Main Flow Direction hm3/day hm3/year

Las Encañizadas outflow −0.30 −109.5

El Estacio inflow 2.06 751.9

outflow −1.76 −642.4

netflow 0.30 109.5

Marchamalo inflow 0.47 171.6

Total input flow inflow 2.53 923.5

Total Net Flow inflow 0.47 171.6
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scientific server [53]).

3. Methods and Models

An integrated conceptual Catchment–Lagoon model (Figure 3) has developed and it
reflects how nutrient loads, from nitrogen and phosphorus application in the agricultural
fields and urban discharges, reach the Mar Menor lagoon, producing algal growth. Two
models are used to analyze the relationship between the measures implemented in the
catchment area and their effects in the MM lagoon. The first model, PATRICAL [56],
establishes the connection between the nitrogen doses applied in agricultural fields and the
resulting nitrate concentration in both the aquifer and surface runoff. The second model,
Mmag (Mar Menor algal growth model), simulates daily algal growth based on the nutrient
inputs to the lagoon.
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model for the lagoon MMag.

The conceptual Catchment–Lagoon model, related to the nutrient loads and its effect
in the lagoon, has three main parts: pressure, interception, and assimilation. The first one,
pressure, corresponds with the nutrient application in the catchment and how it arrives to
the lagoon, which is simulated via the PATRICAL model. The second one, interception,
corresponds with the different elements to remove or eliminate nitrate at the end of the
catchment before it arrives to the Mar Menor, such as water pumping stations or green
filters. The third one, assimilation, corresponds with the internal processes that occur
in the lagoon with the nutrients and the algal bloom risk, which is simulated with the
Mmag model.

The first part, pressure, is simulated via the PATRICAL model, which is a nitrogen
transport model for large basins widely used in Spain; in the context of WFD implemen-
tation, it is used to determine the aquifer nitrate levels, necessary measures to recovery
aquifers, and the time needed. The model is a large-scale (medium/large RBs), conceptual,
monthly, and spatially distributed (grid 1 × 1 km2) water balance [57] and water quality
model [56], for multi-decadal periods of 50–100 years. It is also used to assess the measures
to recovery nitrate-polluted aquifers and their effect in environmental ecosystems [39].

Based on the Spanish Nitrogen Balance [58]’s average application of nitrogen, in herba-
ceous and woody crops, it is around 350 kgN/ha (300 kgN/ha over the entire aquifer) [37]
and produces a nitrogen surplus in the form of pressure around 180 kgN/ha (160 kgN/ha
over the entire aquifer) (Figure 3). This pressure is concordant with the nitrate concentration
values calculated for the “Campo de Cartagena” aquifer via the PATRICAL model. Both
model results and the data observed in the groundwater network indicate that the mean
nitrate level in the aquifer is around 200 mgNO3/L and 250 mgNO3/L in the area near the
contact with the MM.

Over the “Campo de Cartagena” aquifer, there is around 400 pig farms with 800,000 pigs
that produces around 5700 tN/year. Total manures, pigs, and others are around 8000 tN/ha,
which represents a pressure of 160 kgN/ha in the agricultural land over the aquifer. Since
pig manure is not a fertilizer appreciated by farmers and there is no evidence of the massive
use of it as a fertilizer in this area, the not-well-solved management of this manure can be
a potential pressure over the aquifer representing 110–120 kgN/ha, which represents the
largest part (65%) of the current nitrogen surplus calculated in this area (185 kgN/ha).

The second part, interception, corresponds with the available infrastructures to remove
nutrients, such as pumping stations and green filters. Currently, there is only a water
pumping station called “Bombeo del Albujón” at the end of the “Rambla del Albujón”
(Figure 3) that can elevate around 1.8 hm3/year of water for reuse in irrigation. This station
can take water from the drainage network, which drains the CC aquifer in this area, and
from the final stretch of the “Rambla del Albujón”.
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The third part, assimilation, is simulated via the MMag model, which is a daily model
specifically developed to simulate algal growth in a well-mixed lagoon, considering the
main nutrient inputs of nitrogen and phosphorus under stationary conditions (Figure 4).
The model includes three main phases: phase I, the water–soil interaction based on an
adapted version of the Danish model [59] for salt water, where the phosphorus and nitrogen
content in water can be compared with real observations in water; phase II, the deep water
plants’ growth that includes a combination of both Cymodocea nodosa (plant) and Caulerpa
proligera (alga) growth, which is based on the Relative Growth Rate (RGR) and mortality
rate that depend on water temperature [60] and salinity; and phase III, the upper layer
algal growth, which is also based in the RGR and the mortality rate for both filamentous
algae such as Chaetomorpha linum (“Cabello de Angel” in Spanish) or Enteromorpha intestinalis
(“Ova marina” in Spanish), and other microscopic marine algae (phytoplankton), which is
compared with chlorophyll measurements. The model was calibrated with the best data
available on the nitrogen, phosphorus, and chlorophyll concentration in the MM. Model
details and equations are included in the Supplementary Material.

1 

 

 

Figure 4. Mar Menor algal growth model (MMag model) conceptual processes.

The intermediate results of the model are the deep water plants’ density and filamen-
tous algae density, both in kg/m2, respectively indicate the amount of deep water plants in
the soil and the quantity of filamentous algae in the water. The deep water plants’ density
results are compared with the observed data of the amount of macrophytes in the Mar
Menor.

4. Results and Discussion
4.1. Model Calibration and System Response

The model developed, the MMAg model, has been calibrated considering the current
conditions to reproduce algal growth produced during the summer of 2021, when specific
areas reached to 10 µgChla/L of the chlorophyll concentration. That year is repeated four
times to check the stability of the model. The model is applied to a cell of the Mar Menor
lagoon corresponding with 20% of the nearest area to the “Rambla del Albujón” mouth and
includes the operation of the Albujón pumping station extracting around 1.8 hm3/year. A
model calibration and sensitivity analysis is developed to determine how each parameter
affects the model results, grading them from low to very high (Table 3).
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Table 3. Mmag model component parameters calibrated and parameters sensitivity.

Phase Component Parameter Calibrated Dimension Description Sensitivity

I

Danish model
Phosphorus

bF 0.002975 - Sedimentation rate High

tF 0.4 - T dependence High

bS 0.047 - Sedimentation release Low

Tl 20 ◦C Temperature threshold High

Nitrogen K’ 2.6 1/year Nitrogen
sedimentation Medium

II Deep species

RGR 30 ◦C 10 mg/g/day Relative Growth Rate Very High

RGR 20 ◦C 4 mg/g/day Relative Growth Rate Very High

Return P 35% % High

Return N 10% % High
Mortality 0.018 days−1 High

III

Filamentous

RGR 30 ◦C 30 mg/g/day Relative Growth Rate High

RGR 20 ◦C 12 mg/g/day Relative Growth Rate High

Return P 40% % Low

Return N 10% % Low

Mortality 0.006 days−1 High

Algae

RGR 30◦ 75 mg/g/day Relative Growth Rate High

RGR 20◦ 22 mg/g/day Relative Growth Rate High

Return P 40% % Low

Return N 10% % Low

Mortality 0.014 days−1 High

The Danish model was originally developed for shallow fresh waters [59], hence the
calibrated parameters obtained for the MM is five times higher than the original values
and this result perfectly fits to a salt water lagoon, which is 5 to 10 times more soluble
than fresh water [61]. By adapting the Danish model to the MM, it establishes a larger
deposition of phosphorus in the sediments in winter with cool waters, and a larger release
of phosphorus from the sediments in warm waters during summer. On the other hand, a
nitrogen deposition indicates that 0.5% of the nitrogen available in water is deposited in
the sediments each day.

Model phase II corresponds with the deep water plants’ growth, such as phanerogams
plants (Cymodocea nodosa) and algae (Caulerpa prolifera). The literature considers (Figure 5)
that RGR for Cymodocea nodosa varies from 0.00 at a 15 ◦C water temperature to 0.01
(10 mg/g/day) at a 30◦ water temperature, and RGR for Caulerpa prolifera is twice as much
as the previous case varying from 0.00 at 15 ◦C to 0.02 (20 mg/g/day) at 30 ◦C [60]. RGR is
one of the most sensitive parameters of the model, becoming a key factor in the stability and
behaviour of the model. The Cymodocea nodosa upper thermal limit is reported to be around
34 ◦C [62,63] or 34–35 ◦C [64], and for Caulerpa prolifera, it is reported to be 33 ◦C [60], which
is one or two degrees lower than the other. It is recommended to develop specific studies
to determine the RGR curves depending on water temperature and salinity for the Mar
Menor deep water plant species.

Calibrated RGR for deep vegetation is 10 mg/d/day at 30 ◦C, which corresponds with
the value of the Cymodocea nodosa, so the model results indicate that this species dominate
the global response in the MM, as it is reported to have a larger presence of Cymodocea
nodosa (phanerogam) [44] in the samples analyzed in the MM [65].
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The third phase, corresponding with algal growth, has higher values of RGR than
deep water plants, from 3 (filamentous) to 7 (algae) times greater, and its growth produces
shadows that block light from entering into deeper waters, reducing the deep water plants’
growth and increasing its mortality. The algae mortality rate also has an important role with
0.6% per day for filamentous and 1.4% per day for algae. The phytoplankton concentration
can be compared with the measured data of chlorophyll in the lagoon.

The results show the great importance of understanding the phosphorus release
from sediment to water during the warm months in summer (Figure 6d). The amount of
available phosphorus in winter is very reduced, where only the phosphorus that arrives
from “Rambla del Albujón” is available before sedimentation is produced, due to the
main direction of phosphorus changing to sedimentation in the cold water months, so
phosphorus clearly limits algal growth in winter. On the other hand, the adapted Danish
model produces a heavy release of phosphorus from the sediment to water in the warm
months. In these months, a large amount of phosphorus is available in the ecosystem, so a
rapid growth is produced; therefore, the available nitrogen in water is decreasing (Figure 6e),
as well it is observed in the reduced number of available data. Hence, nitrogen can become
the limiting factor in these months. This greater amount of available phosphorus in the
warm months, combined with the nitrogen presence, produces a high risk of algal bloom in
the warm months (Figure 6a).

Based on the model results, most parts of available phosphorus in water come from the
sediment (94%), so the internal load has a high relevant role in the behaviour of the system
nowadays. These results are coherent with a large and increasing amount of phosphorus
reported in the sediment in the last years from 293 mgP/kg in 2017 to 405 mgP/kg in
2020 [65]. Considering that the typical phosphorus content in soil can range from poor soils
with 150 µg/g (=mg/kg) to rich soils with 700 µg/g [66], it can be considered that the MM
sediments are currently rich in phosphorus content, as phosphorus legacy.

The deep water plants’ density (kg/m2) obtained is around 0.09–0.11 kg/m2 (Figure 6b),
of which the value is very close to the total macrophyte content in the MM, as estimated
in 2018 with 0.08 kg/m2 [45]. The amount of deep water plants has varied strongly
during the last years due to the heavy rainfall (DANA) produced in December of 2016
and the posterior environmental crisis in the MM, mainly in the Cymodocea nodosa, but not
affecting the Caulerpa prolifera located near the sea barrier [44]. The well-developed cover
by Cymodocea nodosa in 2014 disappeared due to the DANA in 2016 to only 1400 tn. After
the DANA, it has been in a recuperation process until 2018 with 6200 tn [45].

Deep water plants are one of the most important processes related to the algal blooms
of the MM. In the model, the presence of a well-developed deep vegetation increases the
nutrient retention and reduces the algal bloom risk. On the other hand, if deep water
plants disappear, the algal bloom risk increases highly, as is also indicated by other authors
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mentioning marine benthic macrophyte meadows can be an important element in the
resistance of the ecosystem to algal blooms [45]. Also, various deep water plants with
different responses to temperature and salinity can produce diverse responses in the
ecosystem [67].
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In relation with the nutrient inputs, considering both nitrogen and phosphorus are
necessary to increase the chlorophyll levels in the lagoon, a large release of phosphorus
is produced in summer (high water temperature) from the sediments, so there is always
enough phosphorus in the water during this period. Therefore, nitrogen becomes the
limiting factor and changes in the external nitrogen inputs have a significant effect in the
final chlorophyll levels in summer. The main phosphorus inputs from rainfall events have
a significant effect in the chlorophyll levels through the increasing phosphorus legacy in
the sediments and their subsequent release in the following summers.

Considering only continuous annual external inputs to the lagoon, the N:P ratio (=287)
is extremely high due to the large amount of nitrogen. If it is also included, the phosphorus
loads during floods the N:P ratio is reduced and ranges from 30 to 130. However, when it is
included, the internal load of phosphorus from the sediment N:P ratio decreases to around
14. In all cases, the N:P ratio is more consistent with the green algae presence in the MM.

Controlling the nutrient inputs has allowed many lakes, lagoons, rivers, estuaries, and
coastal ecosystems to recover rapidly from eutrophication. However, in some systems,
recovery has been slow or negligible [12]. In addition, when a lake has a large internal
loading of phosphorus, removing the external phosphorus source might not be an effective
restoration technique for this lake [16]. Therefore, in the case of the MM in the present,
controlling the regular nitrogen inputs and reducing the large amount of phosphorus inputs
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during floods, in order to reduce the phosphorus legacy and the internal load, are the key
elements to reduce the algal bloom risk.

4.2. Measures to Reduce Algal Bloom Risk

The measures applied to eutrophic lake restoration are from the external measures to
reduce the nutrient loads to the internal measures designed to either retain nutrients in the
sediments or remove them from the lake ecosystem [68]. Multiple strategies have to be
developed in the Mar Menor [69], so a set of different types of measures will be applied in
the next years in the catchment and the MM.

The most effective measure for the MM is to reduce the nitrate pollution in the “Campo
de Cartagena” aquifer and accomplish the WFD requirements for groundwaters, which
dictates that nitrate levels must be under 50 mgNO3/L. Based on the PATRICAL model
results, this can be obtained by reducing the nitrogen surplus by means of improving
the irrigation systems and reducing half the amount of nitrogen applied in this area. It
is demonstrated that current nitrogen application, both mineral and manures, produces
a large amount of nitrogen excess and heavy pollutes the aquifer. This reduction has
two significant effects. The first one is a great reduction in a few years, around 2–3 years, in
the amount of nitrogen and phosphorus in soil (Figure 7a) that could be mobilized during
rainfall events and reach to the MM, increasing the algal bloom risk after floods. The second
one is the gradual reduction in the CC nitrate levels to 100 mgNO3/L in around 6 years
and 50 mgNO3/L in around 12 years (Figure 7b), so the nitrate loads from the aquifer
to the MM will significantly lower in the medium-term, with 50 mgNO3/L for the direct
groundwater discharges and 30 mgNO3/L for the surface waters.
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While the medium-term measures reduced the nitrate levels in the aquifer, other
measures can also apply in the short-time, such as artificial wetlands and green filters
around the MM, a denitrification system for the surface runoff of the “Rambla del Albujón”,
an improvement of the WWTPs and an increase of the Albujón pumping station capacity
(from current 1.8 hm3/year to 2.8 hm3/year). None of these measures are enough by
itself to reduce the risk of algal blooms in the MM, so a combination of them is necessary,
and together, can reduce the nitrate levels in the surface runoff from 180 mgNO3/L to
around 50 mgNO3/L. Under these conditions, there is a small reduction in the deep water
plants’ density, due to the lesser amount of nutrients that reach the lagoon; the phosphorus
content in soil is reduced to around 20%, which is associated with a lower deep water
plants’ density; there is a heavy reduction in the filamentous plant density, to less than half;
and finally, a great reduction in the chlorophyll levels is produced. Most of the time, the
chlorophyll levels are below 2 µgChla/L (Figure 8a), so the algal bloom risk will be low.
Only in the warmer months of July and August will the chlorophyll be around 2 µgChla/L.
However, under these conditions, there is still a remaining algal bloom risk in the MM if a
flood occurs with a large contribution of nutrients, so the MM is still vulnerable.
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Applying both type of measures, in short-term and in medium-term, the chlorophyll
levels and algal bloom risks are very low (Figure 8b), the filamentous algae disappears and
the phosphorus content in soil is strongly reduced, so the phosphorus legacy in the MM
is gradually reduced. In this scenario, the PATRICAL model indicates that the amount of
nutrients in agricultural soil are four times lower, so the nutrients contributions during
flood events will be lower to the lagoon, and then the MM will be more robust and resilient
against flood events that may occur.

5. Conclusions

The Mar Menor coastal lagoon is one of the largest hypersaline lagoon in the Mediter-
ranean that is threatened by excessive nutrient loads, nitrogen, and phosphorus from its
contributive basin. In the last few years, different events were characterized by a heavy rise
of chlorophyll levels above 5 µgChla/L, which have produced massive mortality in many
species, so this chlorophyll level can be considered as a high risk of algal blooms. Mean
chlorophyll levels lower than 2 µgChla/L can be considered as a low level of phytoplankton
for the MM lagoon. Although, to make the lagoon more robust and resilient, the mean
chlorophyll level should be lower than 0.5–1 µgChla/L.

Solar irradiance, nitrogen, and phosphorus are necessary for algal bloom. Nitro-
gen comes from the “Campo de Cartagena” aquifer, a heavy nitrate-polluted aquifer
(200 mgNO3/L). Floods are the main external phosphorus source that can contribute 10 to
20 times the annual load from the regular sources, increasing the phosphorus legacy in the
sediments of the MM. This phosphorus will be released to the water in the following years
during the warm months, where around 94% of phosphorus inputs to the water come from
internal loads from the sediments, increasing the algal bloom risk in these months.

The Mar Menor daily model of algal growth (MMag) shows the great importance of
deep water plants in the behavior of the MM and its resilient capacity. A well-developed
layer of deep water plants absorbs and retains more nutrients and avoids the phosphorus
release in summer, significantly reducing the algal bloom risk. In winter, especially in the
cold water months, phosphorus tends to move from water to the sediment, increasing the
phosphorus content in soil, the phosphorus legacy, and limiting the algal growth. On the
other hand, during the warm months in summer, there is an important phosphorus release
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from soil to the water, so a large amount of phosphorous is available for filamentous and
algal growth, becoming nitrate as the limiting factor in these months.

Limiting the regular nitrogen inputs and occasional phosphorus inputs during floods
are the main factors to reduce the algal blooms’ risk in the Mar Menor. Measures to recover
the MM need to reduce the mean chlorophyll level below 1 or 0.5 µgChla/L to make the
system more resilient in the face of large nutrient loads that are produced during flood
events, especially phosphorus loads.

The best measure to reduce the nutrient inputs to the MM is to decrease the nitrate
levels in the “Campo de Cartagena” aquifer, following the requirements of the Water
Framework Directive that will require between 6 and 12 years, due to aquifer inertia. This
situation can be obtained by means of improving agricultural practices, including reducing
the nutrient doses to half, which also reduces the amount of nitrogen and phosphorus
content in soil, which can be mobilized during flood events.

During the intermediate period before aquifer recovery takes place, implementing
short-term measures such as artificial wetlands, green filters, denitrification plants, and
increasing the volume pumped in the “Albujón” pumping station help reduce the nitrogen
loads entering the MM and mitigate the risk of algal blooms under normal conditions.
However, it is important to note that there is still a risk of algal blooms if severe flood
events occur.
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