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Lagoons along the Red Sea are socio-economically important but most vulnerable
ecosystems. Strong evaporation, strengthened due to global warming, leads to high
salinity and high temperature in surface water, which exacerbate physiological stress
in mangroves. Rabigh Lagoon is characterized by unusually large spatial differences in
nutrient dynamics and physicochemical parameters. We conducted a multi-approach
study to demonstrate how environmental factors cause growth retardation and stress
in mangroves. There were significant variations (P < 0.05) in water salinities and
temperatures, nitrogen and phosphorus abundance in sediments, and antioxidants in
mangroves among 8 sites across the lagoon. Salinity and water temperature rapidly
increased from the northern where Red Sea seawater enters to the southern end,
but dissolved oxygen declined. High salinity (44.9), high surface water temperature
(28.8°C) and relatively high nutrients at the southern end of the lagoon (S8) corresponded
to high concentrations of antioxidants. High 8'3C (—12.4%o) and 8'°N (4.9%) in the
sediments at S8 also reveal relatively high nutrient level due to stagnant water, camel
grazing, and runoff bringing in fertilizer from agriculture activities in the catchments during
seasonal flooding events. Principal component analyses showed that N and P limitation
at the lagoon entrance is the leading cause for mangrove stress, while high salinity,
temperature, and low dissolved oxygen are the predominant factors for high antioxidants
concentrations at the southern end of the lagoon.

Keywords: Rabigh Lagoon, mangrove Avicennia marina, stress, antioxidants, stable carbon and nitrogen isotopes,
sediments, high salinity, dissolved oxygen

INTRODUCTION

Mangroves play an important role in tropical and subtropical coastal ecosystems by providing food
sources, breeding grounds, carbon storage, and protection from coastal erosion (Polidoro et al.,
2010; Almahasheer et al., 2016). Mangroves are the most productive plants in the sea in terms
of average rates of gross and net primary production. However, edaphic factors such as salinity,
waterlogging, tidal frequency, surface hydrology, soil redox potentials, and nutrient limitation have
major impacts on tree height and productivity of mangroves (Feller, 1995; Lovelock et al., 2004,
2006; Naidoo, 2009). The growth, stature and productivity of mangroves rely on high levels of
nutrients in the soil (Andrews et al., 2004; Alongi, 2011; Jiménez et al., 2011; Ouyang et al., 2017),
and optimal salinity (Mckee, 1993; Lovelock et al., 2004; Naidoo, 2009).
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Stress in Rabigh Lagoon Mangrove

Dwarf mangroves are mature forests that are limited in growth
by soil conditions that may include low nutrients, high salinity,
or excessive sulfide concentrations. Depletion of key nutrients
such as nitrogen and phosphorus often results in scrub or dwarf
mangroves (Feller et al., 2003). High salinities could also result
in dwarfed plants with small and thick leaves (Patel et al,
2010; Naidoo et al., 2011) as mangroves allocate more biomass
resources to roots than shoots (Naidoo and Kift, 2006).

Mangroves are mainly distributed in the riverine delta, where
river discharges not only bring abundant nutrient supply to the
sediment but also keep salinity at a relatively low level. Therefore,
mangrove trees fringing shorelines and rivers are tall and highly
productive. However, in areas without riverine inputs, such as
islands of South East Asia and the Red Sea, dwarf stature has been
documented during the growth of mangroves due to nutrient
stress or elevated salinity (Duarte et al., 1998; Lovelock et al.,
2004; Almahasheer et al., 2017; Aljahdali and Alhassan, 2020c).
Lagoons along the Red Sea are important transition systems
providing essential socio-economic goods and services, such as
shore protection, fisheries, carbon sequestration, etc. (Aljahdali
and Alhassan, 2020a; Aljahdali et al, 2021). However, they
possess extremely harsh conditions such as drought, high salinity
and high temperature, which constitute an enormous challenge
for mangroves.

Rabigh Lagoon, 17km long and 3km wide, is one of the
major lagoons along the Saudi Arabian west coast (Figure 1A).
The unusually high salinity allows the lagoon endowed
with Avicennia marina only (Aljahdali and Alhassan, 2020a).
Mangrove communities are present from coral reefs at the
entrance, camel islands in the middle to the southern end
of the lagoon (Figure 1B). Seawater from the Red Sea (25
~ 30°C, salinity of 39%o) enters the Rabigh Lagoon through
an open inlet (900 m wide and 2.5m deep) as surface inflow.
After circulating the lagoon, it exits in the form of subsurface
flow (Figure 1B; Aljahdali and Alhassan, 2020a; Aljahdali et al.,
2021). Strong evaporation substantially increases both water
temperature and salinity along the inflow route. The southern
end receives sporadic runoffs through urban regions (Figure 1C),
and is characterized by substantially higher organic matter and
nutrient concentrations in sediments (Aljahdali et al., 2021). It is
essential to understand how the stress in mangroves in Rabigh
Lagoon responds to environmental factors as global warming
could strengthen evaporation and elevate water temperature in
the lagoon.

Here we report a comprehensive study on environmental
factors causing stress in mangroves inside Rabigh Lagoon, and to
what extent. We collected sediments and mangrove tissues from
8 sites (S1 to S8; Figure 1) along the Red Sea water inflow in
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FIGURE 1 | Maps showing the west coast of Red Sea in Saudi Arabia (A), Rabigh Lagoon along the Red Sea (B), and the southern end of the lagoon with flood
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TABLE 1 | Physicochemical properties of seawater and average mangrove height at different sites in Rabigh Lagoon.

Sites Temp. (°C) Salinity DO (mg/L) pH MH CS (0.063-2mm) SSCS (<0.063mm) G (>2mm)  Texture

S1 24.73 39.91 6.32 8.33 4.31 84.9 14.37 0.72 Sand

S2 29.32 40.15 6.32 8.35 414 81.2 18.13 0.66 Sand

S3 25.12 40.21 6.33 8.39 4.01 78.4 21.06 0.53 Sand

S4 24.8 40.42 6.25 8.34 3.23 71.5 28.03 0.46 Sand

S5 24.98 40.66 6.24 8.32 3.12 68.6 30.97 0.42 Sand

S6 24.79 40.77 6.6 8.31 3.89 48.7 50.93 0.36 Loamy sand
S7 26.72 42.94 5.29 8.36 3.86 46.5 53.23 0.26 Loamy sand
S8 28.82 44.86 5.15 8.49 2.61 41.3 58.67 0.02 Loamy sand
Average 26.16 £0.39 4124 +0.35 6.06+0.11 836+021 3.65+0.63 65.14 &+ 6.07 34.86 + 4.98 0.43 4+ 0.08

DO, Dissolve oxygen; MH, Mangrove height; CS, Coarse sandy; SSCS, Clay and Silt particles; D, Density; G, Gravels.

Rabigh Lagoon. Those sites have distinct temperatures, salinities  is calculated from temperature and salinity following a method
and dissolved oxygen in the surface water, and nutrient levels  described in Zhang et al. (2016).

in the sediments. We measured antioxidant enzymes such as
CAT, GST, and SOD in mangroves, nutrient composition, carbon,
and nitrogen isotopes in both mangrove tissues and sediments.
Antioxidant enzymes are important biomarkers of oxidative
stress in plants (Jithesh et al., 2006; Weintraub et al., 2013; Luo
and Gu, 2018). Contributions of carbon flow from terrestrial
and marine environments could be determined using carbon
isotope (Bongiorni et al., 2015), while nitrogen isotope ratios
can serve as a good indicator of nitrogen sources in aquatic
ecosystems (Orlandi et al., 2014; Graniero et al., 2016). Our goal is
to demonstrate how nutrients in the sediments, high salinity and
temperature interacted to cause stress in mangroves, and shift of
the leading factors from the lagoon entrance to the southernend. ~ Analyses of Phosphorus in Plants and
Our study would help develop a strategy to conserve the fragile Sediments

lagoon ecosystem.

Sample Collection

Mangrove tissues and sediments were collected from coral reefs
at the entrance of Red Sea water (S1), close to the entrance (S2),
Camel Island (S3 and S4), Shuokh Island (S5, S6, and S7), and the
southern end of the lagoon (S8) (Figure 1). For each site, matured
leaves, stems and roots from 15 A. marina mangrove trees and
corresponding surface sediment (0-20 cm) were collected and
stored in polythene bags inside an iced container before taking
back to the laboratory.

Plant leaves, branches and sediments were dried in an oven
at 40°C for 48h. They were then ground into powder using

mortar and pestle, and sieved through a 53 um sieve. 0.2 g of
MATERIALS AND METHODS dried plant tissue was digested in a mixture of HNO3 and H,O;
Study Area (3:1) at 180°C for 45 min. 0.4 g of dried sediments was loaded

Rabigh Lagoon (22°45' ~ 23°00'N, 38°45' ~ 39°00'E) is one of ~ into a 50 ml digestion vessel, and 8 ml of HNO3: HCI (1:1) was
the major lagoons along the west coast of Saudi Arabia (Figure 1).  added. The vessel was placed inside an Anton-Paar PE Multiwave
In the northwest, seawater from the Red Sea enters the lagoon ~ 3000 microwave oven and digested at 200°C for about 1h
through a major inlet, refreshing the lagoon on a daily basis. The ~ (United States Environmental Protection Agency., 1997; Bakshi
tidal ranges are about 20-30 cm, and the depths in the lagoon €t al, 2018). Ultrapure Millipore Q water was then added to fill
vary from 1 to 11 m. On average, it takes 15 days for the water to  the vessel and placed on a shaker for 24h. The solution was
circulate the lagoon, with a flow rate of 50 cm s ! at the entrance ~ filtered through a GF/F filter (Whatman) and the filtrate was
and 5 to 20 cm s~ ! in the center of the lagoon. Sediment textures ~ subsequently analyzed for phosphorus content on a Varian 720-
vary from sandy soil with a higher percentage of coarse grain at ~ ES inductively coupled plasma-optical emission spectrometer.
the lagoon entrance (S1) to loamy sandy soil predominated by

clay silt and silt at S8 (Table 1), with a diversity of seagrass and Measurement of Total Organic Matter and

I reefs (Youssef and El-Sorogy, 2016; Aljahdali and Alhassan,  py: ) .
;g;‘)ar)ee s (Youssef and El-Sorogy JRaarane AN Nitrogen in Leaves and Sediments

2mg of grounded leaves were weighed into a tin capsule and

analyzed on FLASH 2000 CHNS analyzer for total carbon and
Measurement of Seawater nitrogen, following a protocol described by Zimmermann et al.
Physicochemical Parameter (1997). Concentrations of carbon and nitrogen in sediments
Depth profiles of seawater temperature, salinity, dissolved oxygen ~ were analyzed following the K;Cr,07/H,504 oxidation method
(D.0.) and pH were measured in-situ using a YSI 556 MPS  and Semimicro-Kjeldahl protocol, respectively (Yeomans and
multi-parameter meter at different sites in the lagoon. Density ~ Bremner, 1991).
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Grain Size Analyses

Oven-dried sediment samples were weighed, washed gently and
disaggregated by passing it consequently through 0.063 mm
and 2mm sieves with running water to facilitate breaking
up of clumps. The fractions of gravel (>2mm), coarse grain
(0.063~2 mm), and mud (clay and silt, <0.063 mm) were dried
and weighed to determine percentages in each fraction.

Carbon and Nitrogen Isotope Analyses
Dried sediment samples were treated with 10% HCl (v/v) to
remove carbonate and then rinsed with ultrapure Millipore Q
water till pH reached 7. They were then dried in an oven at 50°C
and ground. Dried leave samples were ground and homogenized,
and then directly analyzed. Bulk organic matter 3'°C and
815N were measured on a Thermo elementary analyzer-ConFlo
IV-Delta V Advantage mass spectrometer in Ocean College,
Zhejiang University, following a protocol described in Gong and
Zhang (2015). All 813C and 3'°N results were reported to V-PDB
and air-Nj, respectively. The standard deviation is <0.2%o.

Assay of Antioxidant Enzymes in Avicennia

marina

Leaves were cleaned with distilled water to remove debris and
then pulverized in an ice-cold mortar and pestle with 0.01(M)
phosphate buffer (pH 7), followed by centrifugation at 14,000
rpm and 4°C for 24 min (Kumar et al., 2016; Bakshi et al., 2018;
Aljahdali and Alhassan, 2020a,b). The supernatant was analyzed
for antioxidant activities on a Labtronics spectrophotometer
(Model: LT-291 Single Beam UV-VIS).

For assay of CAT activity, the reaction mixtures contained
0.01 M phosphate buffer, 30 mM hydrogen peroxide, and the
enzyme extract. It was measured in absorbance at 230 nm for
2 min., in gwmol/min/mg protein.

The reaction mixture for assay of GST activity was composed
of 1 mM 1-chloro 2,4-dinitrobenzene (CDNB), 0.1 M potassium
phosphate buffer at pH 6.5, I mM ~ 40 mM GSH, 100 pL of
leaf extracts in a total volume of 1mL. After the production
of Glutathione S- dinitrobenzene (GS-DNB), GST activity was
measured on a Labtronics spectrophotometer at 340 nm per min
at 25°C (Habig et al., 1974).

The assay of SOD in A. marina followed a protocol
described by Keyster et al. (2012). An aliquot (10 pl) of the
supernatant was added to a solution containing 0.1 mM xanthine,
6.25nM xanthine oxidase, 50 mM K,HPO,4, pH 7.8, 0.1 mM
EDTA, 0.025% (w/v) Triton X-100, 0.1 mM 2-(4-iodophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1),
and measured on a Labtronics spectrophotometer at absorption
at 450 nm at 37°C for 20 min. The specific activity was recorded
as units/mg protein, where 1U of enzyme activity = enzyme
concentration required to avoid 50% production of chromogen
under conditions of the assay for 1 min.

Data Analyses

The variations in nutrient concentrations in A. marina leaves,
branches, sediment, and antioxidative responses in A. marina
leaves were analyzed. At 95% confidence interval, one-way
analysis of variance (ANOVA) was performed to assess variation

in sites in terms of nutrient concentrations and stable isotopes in
A. marina and sediments. Where there is a significant difference
in concentrations, Tukeys HSD test was used to separate the
means. The t-test was used to identify differences in §!*C
and 8!°N in mangroves and sediments. Principal component
analysis (PCA) was used to determine the relationship and
contribution to variations among nutrients, C/N, N/P, carbon
and nitrogen isotope ratios, sediment grain size, physicochemical
parameters, and antioxidants in mangrove leaves. Before data
analysis, Shapiro-Wilk test was applied to check if the data
were normally distributed. Multivariate item analysis (MIA) was
applied to determine correlation among nutrients in A. marina
and antioxidant enzymes. All analyses were carried out using R
for Windows (v. 4.0.3), IBM SPSS v.22, and Minitab v.17.

RESULTS

Increasing Salinity and Temperature, and

Percentage of Mud Along the Inflow Route
Salinities in Rabigh Lagoon increased rapidly from 39.9 at the
lagoon mouth (S1) along the inflow route to 42.9 at Shuokh
Island (S7), and 44.9 at the southern end (S8) (Table 1),
while little changes were observed from S2 to S6. Sea surface
temperatures also increased from 24.3°C at S1 to 26.7°C at S7
and 28.8°C at S8. D.O. gradually decreased from 6.3 mg/L at the
entrance (S1) to 5.3 mg/L at Shuokh Island (S7) and 5.12 mg/L
at the southern end of the lagoon. pH increased gradually from
8.33 at S1 to 8.36 at S7 and 8.49 at the southern end of the lagoon
(Table 1).

The percentage of coarse grain (0.063 ~ 2 mm) in sediments
decreased from 84.9% at S1 to 41.3% at S8, while clay silt particles
increased from 14.37% at S1 to 58.67% S8 (Table 1). As a result,
the texture of sediment was predominantly sandy at the entrance
of the lagoon, and loamy at S8, which was due to clay materials
brought by runoff and low rate of flow.

Nutrients in Sediment and Mangrove

Tissues

Generally speaking, %OC, %TP, and %TN in the sediments at
S1 were much higher than those from S2 to S6, then increased
slightly at S7, and became significantly higher at S8 (Table 2).
They were substantially smaller than those in mangrove tissues
(Table 2). %TN in the leaves was significantly higher than those
in branches (Tukey’s HSD; p < 0.05; Table 2), but there were no
differences in %TP between them (Table 2). %TN in leaves at
S8 was about 2.5 times higher than that at S1, very close to the
ratio of % TN in the sediments at S8 vs. %TN at Site 1 (Table 2).
However, %TP in leaves at S8 was about 13 times higher than that
at S1, substantially higher than the ratio of 4 in the sediments
(Table 2), suggesting a higher enrichment factor of P in leaves
than N.

The principal component analysis with sediment grain size,
C/N ratio, N/P ratio, stable isotope, and nutrients revealed the
relationship between sediment grain size and nutrients, with a
total variation of 85.3% contributed by components 1 (66.5%)
and 2 (18.8%) (Figures 2A, 3A). Site contribution to the total
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FIGURE 3 | Principal component analysis biplot for the relationship between (A) sediment grain size and nutrients (B) nutrients, physicochemical parameters,
antioxidants, and mangrove height. OC, Percentage of organic carbon; TN, Total nitrate; TP, Total phosphate; C:N, Carbon-Nitrogen ratio; N:P, Nitrogen-Phosphorus
ratio; 8'3C, Carbon isotope; 8'°N, Nitrogen isotope; CS, Coarse sandy; SSCS, Clay and Silt particles; G, Gravels; CAT, Catalase; GST, Glutathione-S-transferase;
SOD, Superoxide dismutase; p, Density; DO, Dissolve oxygen; Temp, Temperature; MH, Mangrove height.

GST (10.13 umol/mg protein) and SOD (3.06 pmol/mg protein),
while mangroves in the southern end of the lagoon, S8, had the
highest CAT (12.60 pumol/mg protein), GST (53.36 pmol/mg
protein), and SOD (9.65 pumol/min/mg protein) (Table 2).
Multivariate item analysis (MIA) of the correlation among
organic carbon, total nitrogen and total phosphate in leaves of A.
marina and antioxidant enzymes (Figure 5) showed that organic
carbon, total nitrogen and total phosphate in A. marina leaves
and antioxidant enzyme activities were correlated significantly
(p < 0.0001). There was also a negative relationship between
the antioxidants (CAT, GST and SOD), salinity and mangrove
height (r = —0.7203) and dissolve oxygen (r = —0.9396)
(Figures 2B, 3B). Site contribution was highest at S8 (Figure 4B).

Salinity, followed by nutrients, and temperature in order, are
most important factors contributing to the total variations at Site
S8, and they had a negative relationship with mangrove height
and DO (Figures 2B, 3B, 4B).

Carbon and Nitrogen Isotope in Mangrove

Tissues and Sediments

813C values of mangrove leaves and branches ranged from
—27.35 ~ —25.80 %o, and —26.89 ~ —24.06 %o, respectively
(Table 3), indicating no significant difference among mangrove
tissues. The lowest 8!3C values of leaves and branches occurred
at S1 while highest at S8 (Table 3). The §!3C values in sediments
were substantially higher than those in mangroves (Table 3), and
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TABLE 3 | Stable isotopes, C:N and N:P in sediment and mangrove A. marina.

Stations 813C sq 813C my 31%Cm 815N g4 31°N m, 3°N'm C:Nsg C:Nm, C:Np, N:Psqy N:Pm, N:Pm
St —13.38 —26.89 —27.35 3.42 25 2.81 9.32 19.75 17.35 3.42 4.80 5.10
S2 —13.35 —25.85 —26.40 3.45 2.54 2.84 9.37 22.86 22.71 1.31 4.32 4.89
S3 —12.95 —25.51 —26.80 3.93 2.73 2.93 11.00 20.51 14.12 4.52 6.01 6.24
sS4 —13.32 —26.21 —26.31 3.48 2.84 2.87 10.00 25.5 15.31 2.30 5.72 9.01
S5 —13.01 —26.02 —27.30 4.30 2.97 3.20 10.16 23.64 15.01 4.42 3.56 5.14
S6 —13.11 —26.13 —26.44 4.39 3.05 3.27 5.40 20.52 16.05 1.10 3.61 9.26
S7 —13.01 —24.61 —26.40 4.42 3.11 3.29 12.56 16.32 11.51 2.70 1.35 1.91
S8 —12.38 —24.06 —25.80 4.90 3.15 3.41 15.28 8.23 8.41 1.03 1.42 0.92
Average —13.06 —25.66 —26.60 4.04 2.86 3.08 10.39 19.67 15.06 2.60 3.85 5.31

Sd, Sediment; mb, Mangrove branches; m, Mangrove leaves; C:N, Carbon-Nitrogen ratio; N:F, Nitrogen-Phosphorus ratio.
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increased from —13.38 %o at S1 to —12.38 %o at S8 (Table 3).
8!°N values of mangrove leaves ranged from 2.81 %o at S1 to 3.41
%o at S8 (Table 3). 8!°N of branches showed the same pattern
(Table 3). Sediment 8'°N values increased from 3.42 %o at S1 to
4.90 %o at the southern end of the lagoon (S8), and all are higher
than those in mangrove branches (2.86 = 0.75%o) and leaves (3.08
+ 0.89%0).

813C values in the sediments were positively correlated
with C/N ratios (r = 0.7221), organic carbon contents (r =
0.8547), total nitrogen contents (r = 0.8136) and total phosphate
contents (0.8452) (Figures 2A, 3A). Similarly, $"°N values in
the sediments had a positive correlation with C/N (r = 0.7899)
(Figures 2A, 3A). 813C and 8'°N values were also affected
by dissolved oxygen and mangrove height (Figures 2B, 3B),
especially at the southern end (S8) (Figure 2). Moreover, there
was a negative correlation between N/P (r = —0.2215) with $13¢C
and 5!°N (Figures 2B, 3B).

DISCUSSION

Restricted Circulation to the Southern End

of the Lagoon

It takes 15 days on average for water to circulate the lagoon
and the inflow rate is typically at 50cm s~ (Aljahdali et al,
2021). Strong evaporation led to an abrupt increase in salinity
and temperature from S1 to S8 (Table1). As a result surface
seawater density increased gradually from 1,027.14kg m~ at
S1 and 1,025.83kg m™> at S2 to 1,028.81kg m~> at S7 and

1,029.55kg m~2 at the southern end of the lagoon (S8). Thus,
a large portion of inflow seawater sinks and becomes subsurface
outflow, and only a small portion of Red Sea water could reach
Site 8. The restricted circulation contributed to low D.O at S8
due to low solubility in warmer water and stagnant water body
(Saravanakumar et al., 2008), and predominance of clay and silt
in texture (Table 1).

Distribution of Nutrients in Rabigh Lagoon
The significant variations in %TN and %TP in the sediments
are most likely due to restricted circulation inside the lagoon,
sediment texture, land runoff input, and camel grazing. The most
striking feature was the substantial enrichment of N and P at the
southern end (S8).

High nitrogen, phosphorus and organic carbon in the
sediments at Site S8 (Table1) could be attributed to the
predominance by clay and silt, as clay particles have a high
capacity of absorption of nutrients in form of organic molecules
(Naidu et al., 1982), and the stagnant status of water body
favorable for organic matter preservation. Additional potential
contribution might be from runoff entering the Rabigh Lagoon
at S8 due to seasonal flood events (Zaigham et al, 2017).
The runoff has two important catchments, Rabigh City and
Wadi Rabigh, and there are agricultural activities around their
drainage distributaries (Figure 1B). In addition, camel grazing
is more prevalent at site S8 due to easy access, and their fecal
pellets consequently increase both N and P in the sediments, as
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reported in a southern Australian lagoon mangrove ecosystem
(Reef et al., 2014).

The 8!°N values at site S8 are substantially higher than those
reported in A. marina in Australia (1.6 ~ 2.2%o) (Costanzo et al.,
2005), most likely due to anthropogenic influences. Agricultural
waste could cause an increase in 3'°N signatures in mangrove
ecosystems (Zulkifli et al., 2016; Khan et al., 2017, 2019). For
example, 3!°N values of mangroves in New Zealand reached
(5.4 ~ 9.8%0) (Gritcan et al, 2016), and those in Matang
mangrove reserve in Malaysia were as high as 8.67%o because of
disposed polluted water by industrial zone close to the study area
(Khan et al., 2017).

Different Factors for Stress in Mangroves
Across Rabigh Lagoon

Antioxidants such as CAT, GST and SOD can scavenge reactive
oxygen species such as HyO;, OH, O etc. produced by
organisms under stress (Shahid et al., 2014; Li et al., 2018; Asaeda
and Barnuevo, 2019). Therefore, they can serve as biomarkers
and early signals for physiological responses of A. marina to
stress (Tausz et al., 2004; Jithesh et al.,, 2006; Caregnato et al.,
2008; Aljahdali and Alhassan, 2020a,c). A negative correlation
between antioxidants and mangrove height (r = —0.7203) is a
result of the response of antioxidants to stress in mangroves
(Farzana et al., 2019). High salinity or low nutrient could affect
mangrove height and cause an increase in antioxidants activities
(Das et al., 2016).

There were significant variations in CAT, GST and SOD in
mangroves across from lagoon entrance to the southern end,
with the highest average values at sites S6, S7, and S8. A positive
correlation between %OC, %TN, and % TP and the three enzymes
(Figure 3) indicates that low nutrient most likely led to stress
in mangroves at Rabigh Lagoon (Wojdylo et al., 2007; Radusien
et al., 2019; Aljahdali and Alhassan, 2020b). Our previous study
(Aljahdali and Alhassan, 2020a) at Rabigh lagoon showed weak
positive correlations between Zn (CAT: r = 0.202, GST: r =
0.341, and SOD: r = 0.210), Cr (CAT: r = 0.276, GST: r =
0.158 and SOD: r = 0.279) and Cd (CAT: r = 0.090, GST: r =
0.096 and SOD: r = 0.097) with antioxidant enzymes activity.
In contrast, stronger positive correlations were recorded in this
study between salinity (CAT: r = 0.9784, GST: r = 0.9718, and
SOD: r = 0.9781), nutrients; %TN (CAT: r = 0.9878, GST: r
= 0.9678 and SOD: r = 0.9871), and %TP (CAT: r = 0.9776,
GST: r = 0.9754, and SOD: r = 0.9788) and antioxidant enzymes
activity. This gives an insight into possible higher contribution
to stress by salinity and nutrient limitation than other stressors
such as metals that were determined in the same study
area previously. In another ex-situ experimental setup, CAT,
SOD and peroxidase activities were stimulated in Excoecaria
agallocha, a species of mangrove, as the concentrations of
salinity increase from 5 to 25 psu under excess nutrient addition
(Chen and Ye, 2014).

Khan et al. (2019) found out that mangrove A. marina
possessing the highest biomass, density, and height (12.9m) in
Matang Mangrove Forest Reserve, Malaysia, had very high %N

(12.01%) and %P (0.276%). In the oligotrophic central Red Sea,
however, %TN and %TP in the stunted mangrove trees of A.
marina leaves were only 0.84 ~ 2.89%, and 0.007 ~ 0.12%,
respectively (Garcias-Bonet et al., 2019). %TN and %TP in the
sediments were 0.025 to 0.639%, and 0.014 to 0.098% (Garcias-
Bonet et al,, 2019). In Rabigh Lagoon, %TN and %TP in A.
marina leaves from S1 to S7 ranged from 1.22 ~ 2.12 % to 0.14 ~
1.07 %. On the other hand, N and P in the sediments from S1 to
S7 ranged from 0.02 to 0.09 % and 0.01 to 0.03 %, respectively
(Table 2). It is worth pointing out that though %TN in leaves
under stress was only about 1/10 of that in healthy mangrove
leaves in Malaysia, %TP in mangrove leaves under stress or
healthy conditions were close. Such phenomenon indicates that
N limitation was the main cause for stress in mangroves from S1
to S7. On the other hand, they were better off compared to those
in the oligotrophic central Red Sea.

S8 has significantly higher N and P in both leaves and
sediments. %TN and %TP in A. marina leaves at S8 were
3.2 and 2.6%, respectively (Table2). %TN and %TP in the
sediments at S8 were 0.15%and 0.12%, respectively (Table 2).
%TN in leaves at S8 was about % of that in healthy leaves
in Malaysia. In our case, %TP in leaves at S8 was much
higher than those in Sites S1 to S7, suggesting that N
limitation is no longer the main cause for the biggest stress
in mangroves at S8. S8 is distinct from the rest sites as
it features high salinity, high temperature and low D.O. in
surface water, and high N and P in the sediments. Lowest
D.O. at site S8 in Rabigh Lagoon coincided with the lowest
average mangrove height, suggesting that low D.O. in mangrove
ecosystem exacerbates degradation or stress in mangroves
(Prasad, 2012).

The negative correlation between mangrove height and
salinity, and temperature (r = —0.7203) might be due to
the fact that high salinity results in decreased nitrogen
accumulation and inhibition of potassium uptake (Chen and
Ye, 2014) and thus incur oxidative stress in mangroves
(Takemura et al, 2000). While 83C of sediment at S8
was higher than that at S1 by 1%, §!°C of leaves in A.
marina at S8 was 2.8%o heavier than that at S1 (Table 3).
The extra enrichment of 13C in A. marina was most likely
due to stress by extremely high salinity, 44.86 (Table 1).
A previous study showed that an increase in salinity from
13 to 24 caused a dramatic increase in 3'C values from
—33.81 to —28.41 %o in Matang mangrove forest reserve,
Malaysia (Khan et al., 2017). Stress has indirect consequence of
reduced stomatal conductance, resulting in decrease intercellular
CO, pressure. Since '2C is preferentially assimilated due
to discrimination during diffusion and decarboxylation, the
reduced CO, pressure causes >C enrichment in the assimilated
material (van Groenigen and van Kessel, 2002).

Extreme high temperatures constitute another type of abiotic
stress in mangrove stands, as they can affect mangroves’
developmental, physiological and biochemical integrity
(Vuleta et al., 2015). When mangroves were exposed to
elevated temperatures above ambient (>25°C), leaf abscission,
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shoot growth inhibition, fruit damage have been reported
(Bita and Gerats, 2013).

CONCLUSION

Rabigh Lagoon is characterized by seawater exchange with the
Red Sea through an open inlet, but strong evaporation led to
the rapid increase in salinity and temperature along the inflow
route. Surface water sinks to become subsurface outflow, before
reaching the southern end. Restricted circulation resulted in
large salinity, temperature, nitrogen, and phosphorus abundance
gradients from the northern entrance to the southern end in
the lagoon.

Nitrogen limitation in Rabigh Lagoon from S1 to S7 are the
main causes for stress in mangroves, but is better off compared to
oligotrophic central Red Sea. The higher concentrations of N and
815N value at the southern end were due to stagnant water, runoff
bringing agriculture fertilizer from catchments during seasonal
flooding events, and frequent camel grazing. At the southern
end, the extra enrichment in §'*C in leaves relative to that in the
sediment was caused by stress due to extremely high salinity. As
a result, high salinity is the predominant factor for the biggest
stress inside the lagoon. Our work would be helpful to develop
a strategy to preserve fragile ecosystem in lagoons along the
Red Sea when global warming strengthens increasing salinities
in lagoons.
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