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ARTICLE INFO ABSTRACT

Keywords: Wetlands are very fragile systems and susceptible to being affected by human activity. S’Albufera de Mallorca
Myriophyllum spicatum Natural Park is the main wetland in Mallorca Island (Spain), and undergoes a salinization process derived from
Conductivity

the overexploitation of adjacent aquifers, which favors marine intrusion. The objective was to evaluate the effects
of salinity changes in a channel in s’Albufera de Mallorca through the analysis of biomarkers of oxidative stress in
the submerged macrophyte Myriophyllum spicatum. Six different points were analysed along a channel charac-
terized by different salinity values, ranging from ~2 to ~11. The % of macrophyte coverage in the studied
stations followed an inverse salinity pattern with greater coverage in areas of low salinity and minimal coverage
in those with higher saline concentration. The photosynthetic pigments index (D430/D665), determined in
M. spicatum leaves, was significantly higher at the stations most affected by salinity. All antioxidant enzyme
activities — catalase, superoxide dismutase, glutathione peroxidase and glutathione reductase — followed a similar
pattern of response with an increase in activity as salinity increases. Similarly, the levels of malondialdehyde, as
marker of lipid peroxidation, were also increased the stations with the highest salinity. In conclusion, marine
water intrusion causes an increase in the salinity of inland waters in s’Albufera de Mallorca, which is evidenced by
the increase in the antioxidant enzyme activities and oxidative damage.
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1. Introduction development, thus lessening those ecological values (Mitsch and Gos-
selink, 2000).
S’Albufera de Mallorca is the largest wetland in Mallorca island

(Balearic Islands, Spain) comprising an area of 1,646.48 ha (1,450 ha of

Historically, wetlands have been considered as a waste of valuable
land that could only be ‘improved’ through drainage and subsequently

taken advantage of by humans (Mitsch and Gosselink, 2000). Today, it is
well recognized that wetlands provide valuable ecological services for
humans and wildlife such as protecting and improving water quality,
providing fish and wildlife habitats or storing floodwaters (Bhowmik,
2020; Woodward and Wui, 2001). This is particularly important in
coastal flood plains (Neri-Flores et al., 2019). Paradoxically, their
functions can easily be overwhelmed in areas of intense human

which correspond to wetlands, and the rest to dune ecosystem), sur-
rounded by an area with high urban and agricultural development.
However, it is considered one of the most important biodiversity hot-
spots of the Balearic Islands, mainly due to its condition of wetland
(Pinya et al., 2008). For that reason, it was declared Natural Park in
1988, a RAMSAR wetland a year later (Riddiford and Mayol, 1996), and
it is included at Natura 2000 European network as a Special Protection
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Area for Birds ES0000038 - s’Albufera de Mallorca. The protected area
consists of a system of artificial channels that collect water from an
extensive hydro geographical basin (Taberner et al., 1995). Predomi-
nant aquatic habitats contain fresh or brackish waters, according to the
proximity of the sea. The wetland is mainly composed of reeds, with
Phragmites australis (Cav.) Steud. and Arundo donax L. as dominant
species (Ebejer, 2006).

S’Albufera de Mallorca is an area in a state of constant flux mainly due
to continuous change of anthropogenic factors, creating ecotonal in-
stabilities in the fresh and salt water coastal ecocline (Slater, 2016). In
the last years, an increase in salinity has been detected in the southwest
of this Natural Park derived from human activities causing over-
exploitation of aquifers and favouring marine intrusion (Galimont et al.,
2003; Rebassa, 2015; Veraart et al., 2004). The main human activities
responsible for the overexploitation of aquifers in S’ Albufera de Mallorca
derive from the great coastal urban and tourist development in the
1970s, just in front of the wetland, together with a greater and pro-
gressive demand for fresh water to supply agricultural tasks surrounding
the natural park (Custodio, 2018; Slater, 2016). High salinity means an
increase in ion concentration which represents an important abiotic
stress factor. At cellular level, the excess of ions in the medium causes
toxicity in the cells, due to an excessive uptake mainly Cl~ and Na™,
which induces a decrease in nutrient absorption leading to nutrient
imbalance (Parihar et al., 2015). On the other hand, ions increase causes
osmotic stress resulting in water deficit (Uddin and Juraimi, 2013).
These effects induced by the high salinity affect aquatic plants at
different levels such as germination, growth, photosynthesis, and
photosynthetic pigments (Parihar et al., 2015). If the ion concentration
reaches cytotoxic levels, metabolic processes are slowed down, prema-
ture senescence appears and, ultimately, cell death occurs (Isayenkov
and Maathuis, 2019; Lauchli and Grattan, 2007).

Environment alterations, including salinity changes, can induce an
increase in the production of reactive oxygen species (ROS) in affected
organisms. An increase in ROS production, if not effectively deactivated,
can damage proteins, lipids and DNA, inducing oxidative stress (Gil
et al., 2019; Zhu, 2001). Organisms are provided with a complex pro-
tective mechanism consisting of antioxidant enzymes and other
non-enzymatic defences to cope with the increase in ROS in order to
avoid oxidative damage (Capo et al., 2015; Gil et al., 2019; Sureda et al.,
2017). Antioxidant enzymes include catalase (CAT) which catalyses the
detoxification of hydrogen peroxide, superoxide dismutase (SOD) which
suppresses superoxide anion, and glutathione reductase (GRd) and
glutathione peroxidase (GPx) which play a central role in glutathione
regeneration (Espinosa-Diez et al., 2015). Non-enzymatic defences such
as polyphenols, antioxidant vitamins, or glutathione can rapidly inac-
tivate radicals and oxidants reducing the oxidative damage. Glutathione
s-transferase (GST) is a phase II detoxifying enzyme that catalyses the
conjugation of glutathione to a wide variety of electrophilic substrates
(Cunha et al., 2005).

Since the induction of oxidative stress is an important way through
which salinity exerts its effect on aquatic plants (Rout and Shaw, 2001),
we hypothesize that in the areas with higher salinity of s’Albufera de
Mallorca there is an activation of antioxidant defence mechanisms. The
aim of the present study was to assess the impact of salinity changes in a
channel of s’Albufera de Mallorca due to anthropogenic factors in
oxidative stress biomarkers in the submerged macrophyte Myriophyllum
spicatum L.

2. Material and methods
2.1. Study species

The Eurasian water-milfoil, M. spicatum is an aquatic submersed
plant native to Europe, Asia, and north Africa, that usually grows in less

than 5 m depth (Sivaci et al., 2007). It is a monoic hydrophyte with a
cosmopolitan distribution comprising the European, Asian and North

Estuarine, Coastal and Shelf Science 239 (2020) 106756

African regions (GBIF, 2019). Although some authors consider that
M. spicatum is a freshwater species (Cirujano, 1997), others reported its
occurrence into oligohaline waters (Kaijser et al., 2019) or even into
brackish waters with variable levels of salinity values (Hillmann and La
Peyre, 2019). M. spicatum forms together with Potamogeton L., Zanni-
chellia L., Ceratophyllum demersum L. or Najas marina L. the habitat 3140
Hard oligo-mesotrophic waters with benthic vegetation (Llorens et al.,
2007). This habitat is listed at the Council Directive 92/43/EEC as those
with community interest whose conservation requires the designation of
special areas of conservation.

2.2. Study site and samples collection

Samples were collected in six different points of the Canal des Sol at
the s’Albufera de Mallorca Natural Park (Alctdia, Mallorca Island,
Balearic Islands, Spain) in August 2017 (Fig. 1). The selected channel is
located in the central area of the Natural Park to minimize the possible
effects of other stressors derived from urban/tourist and agricultural
activities. Because the study area is located within a protected natural
area, a premise was requested from the Natural Park management to
collect the samples. In each point salinity and temperature were deter-
mined by using a multiparametric probe (HANNA model HI 9828). An
assessment of the abundance of aquatic plants was also measured by the
percentage of occupancy, in each of the six study points. Other species
found in the study site were C. demersum and Zannichellia pedunculata
Rchb.

One composed group of leaves were taken from ten different speci-
mens of M. spicatum in each point. Samples were rapidly introduced in
hermetic recipients containing water from each sampling area and were
transported to the laboratory in less than 30 min. Once in the laboratory,
samples were dried with filter paper to remove excess water and
immediately frozen at —80 °C until biochemically analysis. Prior to
biochemical analysis, all samples were carefully checked avoiding
specimens colonized by epiphytes and discarding those evidencing any
sign of damage by grazing activity. Macrophyte samples were rinsed
with distilled water and homogenized in five volumes (w/v) of 50 mM
Tris-HCl buffer, 1 mM EDTA, pH 7.5 using a small sample dispersing
system (Ultra-Turrax® Disperser, IKA). Homogenates were centrifuged
at 9000xg, 10 min, 4 °C and supernatants were used for biochemical
assays. All biochemical analyses were referred per mg protein measured
with a commercial kit (Biorad®) using bovine serum albumin as a
standard.

2.3. Antioxidant enzymes activities

Catalase, SOD, GPX, Grd and GST enzyme activities were determined
in M. spicatum homogenates (Capo et al., 2015; Sureda et al., 2017).
Catalase activity (mK(s’l)/mg of protein) was determined using the
method described by Aebi (1984), based on the decomposition of HyOo,
monitoring the decrease in absorbance at 240 nm. SOD activity
(pKat/mg of protein) was determined by the degree of inhibition of the
reduction of cytochrome C by the superoxide anion generated by the
xanthine oxidase/hypoxanthine system (Flohe and Otting, 1984). GPx
activity was determined (nKat/mg protein) following an adaptation of
the spectrophotometric method described by Flohe and Gunzler (1984).
GRd activity was determined (nKat/mg of protein) by a modification of
the Goldberg and Spooner’s procedure (Goldberg and Spooner, 1984).
GST activity (nKat/mg protein) was determined at 314 nm using
reduced glutathione (GSH) and 1-chloro-2,4-dinitrobenzene (CDNB) as
substrates (Sureda et al., 2017). All enzymatic activities were deter-
mined in the homogenates with a Shimadzu UV-2100 spectrophotom-
eter at 25 °C.

2.4. Malondialdehyde (MDA) assay

Malondialdehyde (MDA) levels in homogenates, as lipid
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Fig. 1. Sampling locations of Myriophyllum spicatum in the s’Albufera de Mallorca Natural Park (Mallorca, Spain).

peroxidation marker, were analysed by a colorimetric assay for MDA
determination based on the reaction of MDA with a chromogenic re-
agent to yield a stable chromophore with maximal absorbance at 586 nm
(Sigma-Merk, Spain, ref. MAKO85). Briefly, samples or standards were
placed in glass tubes containing n-methyl-2phenyl-indole (10.3 mM) in
acetonitrile:methanol (3:1). HCl 12 N was added, and the samples were
incubated for 1 h at 45 °C. Absorbance was measured at 586 nm.

2.5. Photosynthetic pigments (D430/D665) index

Photosynthetic pigments index was determined following a method
previously described (Vazquez et al., 2013). This index relates the
amount of chlorophylls and carotenoids versus only chlorophylls, and
since carotenoids are more resistant to degradation, the ratio will in-
crease in stressful situations (Margalef, 1983). To proceed with the
extraction of photosynthetic pigments, leaves were incubated in acetone
during 48 h at 4 °C in dark conditions. Extracts were centrifugated and
supernatants were used to determine photosynthetic pigments. Absor-
bance at 430 nm and 635 nm were measured and the D430/D665 index
was calculated dividing absorbance at 430 nm between absorbance 665
nm.

2.6. Statistical analysis

Statistical analysis was carried out using a statistical package (SPSS
25.0 for Windows®). The normal distribution of the data was assessed
by applying the Kolmogorov-Smirnov test. When these assumptions
were fulfilled, the statistical significance of the differences in all the
determinations carried out was evaluated by one-way analysis of vari-
ance (ANOVA). Post hoc LSD paired comparisons were further made to
recognize deviant groups. Results were expressed as mean + S.D and P
< 0.05 was considered statistically significant.

3. Results

Table 1 represents temperature, salinity levels and percentage of
macrophyte coverage on the 6 different stations. Significant differences
in the salinity levels were observed between the investigated areas. No
significant differences were observed between areas 1, 2 and 6,
increasing significantly in 3, 4 and 5. The increase in salinity in areas 4
and 5 was significantly higher than in area 3. The % of macrophyte
coverage followed a pattern similar to salinity but inverse, with greater

Table 1
Temperature, salinity and % macrophyte coverage on sampling zones.

Station Temperature (°C) Salinity % macrophyte coverage
1 27.1 £0.6 2.30 + 0.08% 95-100

2 26.9 + 0.5 2.31 £ 0.07% 90-95

3 27.1+0.6 4.01 + 0.28° 40-45

4 27.0 £0.2 8.58 + 0.15° <5

5 26.9 £ 0.5 11.13 £ 0.13¢ <5

6 27.0 £ 0.2 2.76 + 0.16* 90-95

Temperature and salinity values and % macrophyte coverage in the different
sampling stations. One-way ANOVA, p < 0.05. Different letters indicate signif-
icant differences with respect other groups.

coverage in areas 1, 2 and 6 (>90%) and minimal coverage in zones 4
and 5 (<5%). Other macrophyte species such as C. demersum occurred at
all the stations, except for the zones 4 and 5 where they were absent
because of their lower tolerance to higher salinity values.

Fig. 2 represents the photosynthetic pigments index determined in
M. spicatum leaves. No differences in the D430/D665 index were
observed between the stations 1, 2, 3 and 6, whereas the index was
significantly higher in stations 4 and 5.

Antioxidant enzymes activities on M. spicatum recollected in the six
stations are represented in Table 2. No differences in GST activity be-
tween different stations were observed. All antioxidant enzyme activ-
ities followed a similar pattern of response with an increase in their
activities as salinity increases, although with slight differences. In all
enzymes, the stations 1, 2, 3 and 6 presented similar activities. The ac-
tivities of CAT and SOD from the stations 4 and 5 were significantly
higher respect to the stations 1, 2 and 6 but similar to the station 3 for
SOD. No significant differences were found in CAT between stations 3
and 4. GPx evidenced similar activities in all the investigated stations
except for the station 6 which has a lower activity when compared with
stations 4 and 5. The activity of GRd was significantly increased in the
stations 4 and 5 respect of other sites.

MDA levels in homogenates of M. spicatum were represented on
Fig. 3. Macrophytes sampled in stations 4 and 5 presented higher MDA
levels respect to the other stations. Furthermore, no differences in MDA
levels were observed between homogenates from stations 1, 2 and 6.
Finally, macrophytes from station 3 present high MDA levels than sta-
tion 1.
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Fig. 2. Photosynthetic pigments (D430/D665) index in Myriophyllum spicatum homogenates from the different sampling stations. One-way ANOVA, p < 0.05.

Different letters indicate significant differences with respect other groups.

Table 2
Enzyme activities.
Station Catalase SOD GPx GRd GST
1 473 +£427° 148+ 1.3 38.1+48% 178+ 19.1 +
b 1.8% 2.2
2 476 +42.4* 153+ 1.0° 397 +28% 189+ 17.1 +
b 0.72 2.3
3 573 +93.1%  20.4+3.1% 463+6.3% 224+ 19.8 +
c c b 3.52 3.4
4 721 +81.8> 26.2+3.8> 483+49* 314+ 19.8 +
N < 3.7° 3.5
5 752 +61.1°  251+05% 487 +£3.0%° 329+ 18.4 +
< 6.9" 1.4
6 456 +23.8% 159+0.5* 351+28° 171+ 16.5 +
1.8° 1.2

Activities of antioxidant enzymes — catalase (mK(s’l)/mg of protein), superoxide
dismutase (SOD, pKat/mg of protein), glutathione peroxidase (GPx, nKat/mg
protein) and glutathione reductase (GRd, nKat/mg protein) — and detoxifying
enzyme glutathione s-transferase (GST, nKat/mg protein) in Myriophyllum spi-
catum homogenates from the different sampling stations. One-way ANOVA,
p<0.05. Different letters indicate significant differences with respect other
groups.

4. Discussion

In the last decade an increase of salinity values at s’Albufera de
Mallorca Natural Park inland waters occurred, because of different an-
thropic pressures. This increase in the degree of salinity derives mainly
from seawater intrusion due to overexploitation of aquifers (Candela
et al., 2009; Galimont et al., 2003). Water hypersalinization can cause
stress in affected aquatic plants. It has been demonstrated that saline
stress is related to an increase in hydric stress, salts toxicity, and
oxidative stress (Parihar et al., 2015). Plant populations that inhabit the
channels of s’Albufera de Mallorca are exposed to different salinity de-
gree. Higher values of salinity at waters close to the sea coast (sea
water), followed at inland waters with medium values of salinity into
brackish waters and the lower values of salinity at the most inland
waters thus classifying this last type of water into fresh water. However,
in the present study we have observed a significant increase in salinity in
three of the intermediate stations, and far away from the sea. The most
likely cause of the increase of salinity in these stations is the intrusion of
seawater through a salty water upwelling that reaches the area from the
aquifer.

M. spicatum is a hygrophyte species that can tolerate both fresh and
brackish waters (Hillmann and La Peyre, 2019; Kaijser et al., 2019;
Taberner et al., 1995). This tolerance range allows M. spicatum to live
under a wide range of salinity and under different oxidative stress
conditions. On the contrary, other species less tolerant salinity such as
C. demersum or Z. pedunculata were only present in the areas with low
salt levels (zones 1, 2, 6 and in low amounts in 3). The current results are
in agreement with those observed in the Modern Yellow River Delta
(China) where a higher resistance to salinity of M. spicatum was evi-
denced with respect to other macrophytes such as C. demersum and
Potamogeton perfoliatus L. (Li et al., 2011). In addition, it has been
observed that an increase of salinity can reduce germination and,
consequently, the abundance and distribution of macrophytes such as
Z. pedunculata and C. demersum (Short and Neckles, 1999; Stoler et al.,
2018). However, and although it has been reported that M. spicatum is
more salt tolerant than many other freshwater macrophyte species, it
also exhibits reduced growth when exposed to high salinity (Stoler et al.,
2018).

The D430/D665 index has been interpreted as a marker of the degree
of maturity of the population and the levels of stress to which plants are
subjected (Margalef, 1983). Values close to 2 in the D430/D665 index
indicate productive, young and non-stressed populations, while higher
values, close to 5 represent mature, low productive and stressed pop-
ulations. Macrophytes from zones 4 and 5, zones where the salinity is
higher than in the other studied areas, present values between 4 and 5,
suggesting that salinity causes a stressful situation in M. spicatum pop-
ulation. In addition, high salinity decreases water potential and induces
disturbances in ion homeostasis and toxicity leading to growth reduction
and limited productivity in affected plants (Parihar et al., 2015). In this
sense, a significant reduction in the levels of chlorophyll and, conse-
quently, in photosynthetic rates has been reported in different plant
species under salt stress (Amirjani, 2011; Mane et al., 2010) and also in
aquatic macrophytes (Rout and Shaw, 2001; Upadhyay and Panda,
2005).

Antioxidant enzyme activities, as well as oxidative stress products
such as MDA, are often used as biomarkers of stress levels to which a
plant population is exposed (Gil et al., 2019; Sureda et al., 2017).
Accordingly, it is widely described that exposure to high salinity con-
ditions results in the induction of an excessive accumulation of ROS that
establishes a situation of oxidative stress (Gil et al., 2019; Parihar et al.,
2015). Specifically, saline stress can lead to stomatal closure by reducing
the availability of carbon dioxide in the leaves and inhibiting carbon
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Fig. 3. Malondialdehyde (MDA) levels in Myriophyllum spicatum homogenates from the different sampling stations. One-way ANOVA, p < 0.05. Different letters

indicate significant differences with respect other groups.

fixation, which exposes chloroplasts to excess excitation energy and, in
turn increases ROS generation (Ahmad et al., 2010). In the present study
it has been observed that an increase in water salinity causes a signifi-
cant increase in the activity of antioxidant enzymes CAT, SOD, GPx and
GRd activities. These results suggest that high salinity causes an increase
in antioxidant defences in M. spicatum to cope with saline stress. In an in
vitro study, it was observed that M. spicatum leaves responded to
increased levels of salinity with a progressive increase in CAT, SOD, GPx
and ascorbate peroxidase activities (Li et al., 2011). Moreover, the re-
sults obtained in the present study are in agreement with previous
works, which documented an increase in ROS production, in the activ-
ities of antioxidant enzymes and a disturbance in the uptake and
translocation of macro and micronutrients when submerged aquatic
macrophytes C. demersum, Najas graminea Delile, Najas indica (Willd.)
Cham., and Hydrilla verticillata (L.f.) Royle were exposed to high salinity
(Dogan and Demirors Saygideger, 2018; Mallik et al., 2011; Rout and
Shaw, 2001). However, despite the increased antioxidant enzymes ac-
tivities ROS production was not completely deactivated, since a signif-
icant increase in MDA, a marker of lipids peroxidation, was observed in
areas with higher salinity. Similar results were found in the submerged
macrophytes Spirodela polyrhiza (L.) Schleid., Pistia stratiotes L., Salvinia
molesta D.Mitch. exposed to salinity stress, evidenced by an increased
H203 accumulation and lipid peroxidation (Cheng, 2011; Upadhyay and
Panda, 2005).

Higher values of salinity alter the density of M. spicatum, and of all
macrophytes in general, causing severe effects throughout the
ecosystem. In these lotic or running waters, where phytoplankton is
poorly represented, the primary production is carried out by macro-
phyte species, such as M. spicatum (Margalef, 1983). Thus, a decrease in
plant density and, consequently, a decrease in primary production,
would trigger a serious threat to the entire aquatic ecosystem, which
would affect trophic networks. The impact is even worse, considering
that it is concomitant with the occurrence of invasive species at the
natural park, specifically the common carp Cyprinus carpio L., 1758
(Riddiford et al., 2014). This fish species feeds on the macrophytes but
also is a bottom detri-omnivore feeder that resuspends the muddy sed-
iments and produces water turbidity decreasing light penetration. This
feeding activity is detrimental to the macrophyte species (Lougheed
et al., 1998; Miller and Crowl, 2006; Parkos III et al., 2003), and further
worsens the survival of the macrophyte species in this highly impacted
habitat. Therefore, the increase in water salinity, together with the
appearance of invasive species, would act synergistically against

macrophyte species, reducing their abundance and increasing their
stress, affecting primary production.

In conclusion, marine water intrusion into aquifers causes an in-
crease in the salinity of inland waters in s’Albufera de Mallorca Natural
Park. This increased salinity induces oxidative stress in the submerged
macrophyte M. spicatum, which is evidenced by the increase in the
antioxidant enzyme activities. However, this increase in antioxidant
defences damage is not able to prevent the occurrence of oxidative
damage in the areas studied with the highest salinity. Major attention
should be addressed to improve the management of the aquifer and to
reduce the impact of the intrusion of saline waters into the Natural Park.
Environmental government should focus on the conservation of aquatic
macrophytes according to their relevance with the primary production,
and therefore the livelihood of the entire ecosystem.
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