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Summary In the present work, we assessed the carbon sequestration capacity of mangrove
forests (Avicennia marina) in relation to nutrient availability and salinity gradients along the Red
Sea coast of Saudi Arabia. This was achieved through estimating the sediment bulk density (SBD),
sediment organic carbon (SOC) concentration, SOC density, SOC pool, carbon sequestration rate
(CSR) and carbon sequestration potential (CSP). The present study was conducted at 3 locations
(northern, middle and southern), using 7 sites and 21 stands of mangrove forests (A.marina) along
�1134 km of the Red Sea coastline of Saudi Arabia (from Duba in the north to Jazan in the south),
all of which are in an arid climate. The correlation coefficients between the water characteristics
and the first two Canonical Correspondence Analysis (CCA) axes indicated that the separation of
the sediment parameters along the first axis were positively influenced by TDS (total dissolved
solids) and EC (electric conductivity) and were negatively influenced by total N and total P. On the
other hand, the second axis was negatively correlated with total N, total P, EC and TDS. The SOC
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higher than the SOC pool at the middle location (6.7 kg C m�2). In addition, the average CSR of
the northern (5.9 g C m�2 yr�1) and southern locations (6.0 g C m�2 yr�1) were significantly
higher than they were in the middle location (5.0 g C m�2 yr�1).
© 2019 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o.o. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Carbon dioxide (CO2) is one of the greenhouse gases, and it
plays a major role in climate change and global warming,
where its concentration increased from 280 ppmv in 1850 to
411 ppmv in 2019 (Page, 2019); thus, many scientists have
suggested that CO2 sequestration in soil organic carbon may
significantly contribute to reducing the effects of climate
change (Alongi, 2012, 2014; Siikamäki et al., 2012; Taillardat
et al., 2018). Furthermore, increasing soil carbon pools and
protecting carbon rich soils are key for achieving the Paris
Climate Agreement's climate targets (Rumpel et al., 2018).

Mangroves are one of the most important blue carbon
ecosystems because they act as a carbon sink and contribute
to the mitigation of atmospheric greenhouse gas emissions
(Taillardat et al., 2018). Mangroves cover approximately
137,600 km2 in 118 countries (Bunting et al., 2018); they
are typically composed of shrubs and trees and form exten-
sive forested wetlands along both muddy and carbonate
coasts in tropical and subtropical climates (Rovai et al.,
2018; Twilley et al., 2018). They usually grow in estuaries
where nutrients are plentiful; they also grow in nutrient-poor
areas such as carbonate coasts in the Caribbean and Red Sea
regions where trees are dwarfed (Lovelock et al., 2004).
Compared to terrestrial carbon pools, mangroves store more
sedimentary carbon per area than any other terrestrial eco-
system (Twilley et al., 2018), where mangrove sediments
contain up to 36.1 kg m�2 of blue carbonwithin the top 1 m of
sediment (Sanderman et al., 2018). This amount is much
greater than soil carbon pools estimated for other ecosys-
tems such as closed shrublands (11.0 kg m�2), savannas
(11.2 kg m�2), croplands (12.7 kg m�2), deciduous broadleaf
forests (13.4 kg m�2), evergreen broadleaf forests
(15.1 kg m�2), grasslands (15.5 kg m�2), open shrublands
(16.9 kg m�2), mixed forests (19.8 kg m�2), evergreen nee-
dleleaf forests (21.0 kg m�2), permanent wetlands
(24.1 kg m�2), and deciduous needleleaf forests
(25.3 kg m�2) (Sanderman et al., 2018). Mangroves also pro-
vide many beneficial environmental services to coastal com-
munities (Almahasheer et al., 2017) such as protection of the
coast from winds, erosion, and provision of food and shelter
for many types of marine life and birds (Eid et al., 2016;
Shaltout, 2016).

Mangrove forests are one of the most threatened ecosys-
tems due to urban expansion and other land uses; thus,
understanding the distribution of soil carbon in mangrove
forests is very important for prioritizing protection and
restoration efforts for climate mitigation (Sanderman
et al., 2018). In the Arabian Peninsula, mangrove forests
are found along its east and west coasts (Kumar et al., 2010).
The Red Sea is near the northern limit of mangroves in the
Indo-Pacific region, situated in the Sinai Peninsula at 288N
(Almahasheer et al., 2016a). The harsh environment of the
Red Sea region is considered a limiting agent for the growth
and prosperity of mangroves (Edwards and Head, 1987).
However, the area of Red Sea mangroves (135 km2) has
increased by 12% over the past forty years, which may be
attributed to repairing and afforestation projects (Almahash-
eer et al., 2016a). Mangrove forests of the Red Sea include
examples of euhaline-metahaline and hard-bottomed man-
groves (Price et al., 1987). Kumar et al. (2010) reported that
the mangroves along the Saudi Arabian Red Sea coast are
found as fragmented stands in intertidal zones. Price et al.
(1998) reported that mangroves of the Saudi Arabian Red Sea
coast were significantly more abundant along coastal sites
than offshore sites, as well as more abundant in southern
latitudes compared to northern latitudes. This type of vege-
tation is of special interest as it flourishes in the most
unfavourable conditions, such as areas with high salinity,
devoid of rivers, scarce rainfall and dry land (Saifullah,
1994). Avicennia marina in Saudi Arabia, covers approxi-
mately 48.4 km2 along the Red Sea coast (Almahasheer,
personal communication), and some 10.4 km2 along the Ara-
bian Gulf (Almahasheer, 2018). On the Red Sea coast of Saudi
Arabia, mangrove stands extend from the Jordanian border in
the north to the southern border in Jazan (El-Juhany, 2009)
but are not continuous due to severe environmental condi-
tions (Saifullah, 1997).

Some studies have been conducted to assess the carbon
sequestration potential (CSP) of mangrove forests along
the Saudi Arabian Red Sea coast and all these studies were
carried out in southern locations and only one was carried out
in a central location. Eid et al. (2016) explored the efficiency
of mangrove forests along the southern Saudi Arabian Red Sea
coast for CSP. Almahasheer et al. (2017) assessed the sedi-
ment organic carbon (SOC) pools and carbon sequestration
rate (CSR) in mangroves along the central Saudi Red Sea
coast. Arshad et al. (2018) evaluated the CSR in polluted and
non-polluted mangrove sediments near Jazan, an urban city
(southern Saudi Red Sea coast). Eid et al. (2019) evaluated
the impact of land use changes due to conversion of areas of
mangrove growth to shrimp farms on the SOC pool in the
sediment along the southern Saudi Red Sea coast.

As a result of human activities, nutrient availability varies
from north to south along the Saudi Red Sea coast today.
Moreover, salinity in Red Sea surface water increases north-
wards (Edwards, 1987). To our knowledge, no study has been
carried out in Saudi Arabia to evaluate the carbon seques-
tration capacity of mangrove forests along nutrient avail-
ability and salinity gradients along the entire Saudi Red Sea
coast. Thus, the present study was carried out to evaluate
sediment bulk density (SBD), SOC concentration, SOC density,
the SOC pool, the CSR and CSP in the mangrove sediments
along nutrient availability and salinity gradients along
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�1134 km of the Saudi Arabian Red Sea coastline (from Duba
in the north to Jazan in the south). Hence, the goal of the
current investigation was to evaluate probable changes in
“blue carbon” due to nutrient availability and salinity
effects. The results of this study have worldwide applications
because they can be extrapolated to similarly high-value
ecosystems to mitigate carbon emissions in other parts of
the planet and serve to mitigate their degradation.

2. Material and methods

2.1. Study area

The Red Sea coast of Saudi Arabia extends in the NW-SE
direction to a distance of 1700 km and lies between the
northern end of the Gulf of Suez at a latitude of 308N and
the southern end at Bab El-Mandeb at approximately 138N
(Fig. 1) (Saifullah, 1997). The climate of Saudi Arabia is arid
and very severe with high temperatures and minimal rainfall
(Siraj, 1984). Winds are northerly in winter and southerly in
summer (Morley, 1975). Rainfall in southwestern Saudi Arabia
is caused by monsoons formed in the Indian Ocean; thus,
rainfall increases significantly from north to south (Eid et al.,
2016). Red Sea surface temperatures increase southward,
while surface water salinity increases northwards (Edwards,
1987). Avicennia marina (Forssk.) Vierh. is the dominant
species in mangrove forests along the Saudi Red Sea coast,
while Rhizophora mucronata Lam. can be found only in
scattered patches in the Farasan Islands (Mandura et al.,
1987). According to El-Juhany (2009), mangrove forests have
been subjected tomany stresses, such as camel grazing, trash
in the sea and on the beaches, and the establishment of other
human activities such as shrimp farms.
[(Figure_1)TD$FIG]

Figure 1 Map of the study area indicating the 3
2.2. Sampling locations

Sampling was carried out (supplementary material 1) at
3 locations (northern, middle and southern), 7 sites and in
21 stands of mangrove forests (A. marina) along the Saudi
Arabian Red Sea coast (Fig. 1). The distance between
the northern and middle location is 736 km and the distance
between the middle and southern location is 398 km. The
northern location is characterized by high salinity, relatively
low temperatures, dry land and minimal rainfall (Saifullah,
1997). The middle location is characterized by extreme
climatic conditions such as high temperatures and sporadic
rainfall (Almahasheer et al., 2016b); furthermore, eutrophi-
cation is occurring as the result of sewage and fertilizer
discharging into the sea which affects mangrove growth
(Almahasheer et al., 2017). The southern location is char-
acterized by low salinity, favourable temperatures, soft
muddy soil, plentiful rainfall and an abundance of nutrients
(Saifullah, 1997). Sampling in the northern and middle loca-
tions occurred at one site with three mangrove stands (Duba
and Jeddah Cities, respectively), while in the southern loca-
tion sampling occurred at 5 sites with 15 mangrove stands
(three per site) (Fig. 1).

2.3. Sediment sampling

Sampled stands were selected to cover mangroves' habitats
evenly to enable an accurate evaluation of mangroves' capa-
city to sequester carbon along the Saudi Red Sea coast. A
total of 187 sediment cores were collected from 21 sampled
stands to ensure a proper estimate of carbon sequestration in
mangrove sediments. The sediment samples were collected
with a 7 cm diameter hand sediment corer, which provides a
locations [[TD$INLINE] ] and the 7 sampling sites [ [TD$INLINE] ].
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perfect sediment core (Tan, 2005). The corer was pushed
down to a depth of 50 cm, and then the sediment core was
removed from the corer carefully. The sediment core was
immediately sectioned with a blade into 10 samples each of
5 cm thick (0—5, 5—10, 10—15, 15—20, 20—25, 25—30, 30—
35, 35—40, 40—45 and 45—50 cm) and packed in plastic
containers. The sample containers were tightly sealed and
stored on ice to avoid volatilization losses and to minimize
microbial activity until analysis (Eid and Shaltout, 2016).
Thus, 1383 sediment samples were collected to determine
SBD, SOC concentration, SOC density and the SOC pool.

2.4. Population characteristics

At each sampling stand, population density, height, and
crown diameter of all mangrove trees (A. marina) were
estimated inside three randomly distributed quadrates (each
of 10 � 10 m).

2.5. Sediment analysis

Each sediment sample was oven-dried at 1058C for three
days, cooled in a desiccator, andweighed to determine SBD as
follows (Wilke, 2005):

rsj ¼
mj

vj
;

where rsj is SBD [g cm�3] of the jth layer, mj is mass of
sediment sample [g] of the jth layer dried at 1058C, and vj
is the volume of the sediment sample [cm3] of the jth layer. Dry
samples were grinded and sieved to pass through a 2 mmmesh
size. Nóbrega et al. (2015) recommended using the loss on
ignitionmethod to estimate SOC inmangrove sediments in the
absence of a CHN analyser. Thus, each sample was analyzed
for SOC concentration by measuring sediment organic matter
(SOM) using the loss on ignition method at 5508C for two hours
as follows (Jones, 2001): SOM concentration [g C kg�1]
= 1000 � (weight of oven dried sample [g] � weight of sample
after ignition [g])/weight of oven dried sample [g]); SOC
[g C kg�1] = 0.5 � SOM [g C kg�1] (Pribyl, 2010).

SOC density [kg C m�3] was estimated as follows (Han
et al., 2010): SOCdj = rsj � SOCj, where SOCdj is the SOC
density [kg C m�3] of the jth layer, rsj is the SBD [g cm�3]
of the jth layer, and SOCj is the SOC concentration [g C kg�1]
of the jth layer.

SOC pool [kg C m�2] of a profile, expressed as a mass per
unit surface area to a fixed depth, was calculated as follows
(Meersmans et al., 2008):

SOCp ¼
Pk

j¼1SOCdj�Tj
Pk

j¼1Tj

�Dr;

where SOCp is the SOC pool [kg C m�2], Dr is the reference
depth (=0.5 m), Tj is the thickness [m] of the jth layer and k is
the number of the layers. CSR [g C m�2 yr�1] was estimated
based on the sedimentation rate, SBD and SOC concentration
(Xiaonan et al., 2008):

CSRi ¼ rsi�SOCi�R;

where CSRi is the CSR [g C m�2 yr�1] of the ith location, rsi is
themean SBD [g cm�3] of the ith location, SOCi is themean SOC
concentration [%] of the ith location and R is the sedimentation
rate in the mangrove forests (the Saudi mean = 2.2 mm yr�1;
Almahasheer et al., 2017).

CSP [Gg C year�1] was calculated as follows (Xiaonan
et al., 2008):

CSP ¼ CSR�A;

where CSP is the CSP [Gg C yr�1] of the mangrove stands and
A is the area [m2] of the mangrove stands.

2.6. Water sampling and analysis

At each stand, three polyethylene bottles (1000 ml) were
used to collect water samples during low tide (<0.3 m water
depth) from the water surface and were brought to the
laboratory. EC (electric conductivity) and TDS (total dis-
solved solids) were measured immediately after collection
using a conductivity meter (Hanna Instruments, HI 98130).
Then, samples were filtered using nylon Whatman membrane
filters (pore size 0.45 mm, diameter 47 mm). The filtrates
were acidified to a pH of 2.0 using nitric acid (Analar) in order
to preserve the nutrients in the samples. Molybdenum blue
(Strickland and Parsons, 1972) and indo-phenol blue (Novo-
zamsky et al., 1974) methods were applied for the determi-
nation of total P and total N, using a spectrophotometer
(Perkin Elmer, Lambda 25) at 885 and 660 nm, respectively.

2.7. Statistical analysis

Before performing an analysis of variance (ANOVA), the data
were tested for their normality of distribution and homo-
geneity of variance, and when necessary, the data were log-
transformed. One-way analysis of variance (ANOVA-1) was
used to identify statistically significant differences in the
estimated chemical parameters of seawater, SOC pool, CSR,
tree density, individual height and crown diameter of A.
marina populations among the different studied locations.
Two-way analysis of variance (ANOVA-2) was used to identify
statistically significant differences in SBD, SOC concentra-
tions and SOC density among the different studied locations
and sediment depths. Significant differences between means
among the studied locations were identified using Tukey's HSD
test at P < 0.05. The relationship between SOC concentra-
tion and SBD was examined with non-linear regression and by
calculating the Pearson correlation coefficient (Arshad et al.,
2018; Eid et al., 2019, 2016; Eid and Shaltout, 2016). To
detect the ordination of the population (tree density, indi-
vidual height and crown diameter) and sediment (SBD, SOC
concentration, SOC density, SOC pool, CSR and CSP) para-
meters along the nutrient availability and salinity gradients,
Canonical Correspondence Analysis (CCA) was conducted
using the population and sediment parameters along with
the water properties using CANOCO 5.0 for Windows (Ter
Braak and Šmilauer, 2012). Relationships between the ordi-
nation axes and the water properties were tested using
Pearson's simple linear correlation (r). All statistical analyses
were performed using SPSS 15.0 software (SPSS, 2006).

3. Results

For seawater samples, TDS showed a significant concentra-
tion gradient, with highest values in the north and lowest
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Figure 2 Variation in the water characteristics of the three locations supporting Avicennia marina populations along the Red Sea
coast of Saudi Arabia. Vertical bars indicate the standard errors of the means. F-values represent the one-way ANOVA. Means followed
by different letters are significantly different at P < 0.05 according to the Tukey's HSD test.

Table 1 Characteristics [mean � standard error] of Avicennia marina populations along the Red Sea coast of Saudi Arabia.

Location Tree density [ind. 100 m2] Tree height [cm ind.�1] Tree crown diameter [cm ind.�1]

North 7.7a � 0.9 106.1b � 6.2 100.7b � 5.7
Middle 26.4c � 2.3 75.6a � 2.4 66.5a � 3.4
South 13.6b � 0.7 198.6c � 4.4 226.5c � 4.7

F value 24.4 *** 173.1 *** 257.9 ***

F-values represent the one-way ANOVA, ***: P < 0.001. Means in the same columns followed by different letters are significantly different at
P < 0.05 according to Tukey's HSD test.
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values in the south, while EC reflected a similar but insig-
nificant concentration gradient. Total P and total N in sea-
water samples differed significantly among studied locations,
where highest concentrations in the middle, and lowest
concentrations in the north (Fig. 2).

The population of A. marina in the middle location had
the highest tree density (26.4 ind. 100 m2), but the
lowest tree height (75.6 cm ind.�1) and crown diameter
(66.5 cm ind.�1). In contrast, its population in the southern
location had the highest tree height (198.6 cm ind.�1) and
crown diameter (226.5 cm ind.�1), but a medium tree den-
sity (13.6 ind. 100 m2) (Table 1). The correlation coefficients
between the water characteristics and the first two CCA axes
(Fig. 3 and Table 2) indicated that the separation of A.marina
population parameters along the first axis was positively
influenced by total N and total P, while the second axis
was negatively correlated with total P.

The correlation coefficients between the water charac-
teristics and the first two CCA axes (Fig. 4 and Table 2)
indicated that the separation of the sediment parameters
along the first axis were positively influenced by TDS and EC
and negatively influenced by total N and total P. In contrast,
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Figure 3 CCA biplot with water characteristics [!] and popu-
lation parameters [+] of Avicennia marina growing along the Red
Sea coast of Saudi Arabia.

Table 2 Inter-set correlations of water properties with CCA
axes.

Water property Axis 1 Axis 2

Sediment parameters
EC [mS cm�1] 0.53 �0.56
TDS [ppt] 0.55 �0.54
Total P [mg L�1] �0.29 �0.57
Total N [mg L�1] �0.44 �0.61
Population parameters
EC [mS cm�1] 0.24 0.01
TDS [ppt] 0.26 0.04
Total P [mg L�1] 0.91 �0.10
Total N [mg L�1] 0.64 0.03

EC: electric conductivity; TDS: total dissolved solids.

[(Figure_4)TD$FIG]

Figure 4 CCA biplot with water characteristics [!] and sedi-
ment parameters [+] supporting Avicennia marina populations
along the Red Sea coast of Saudi Arabia.
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the second axis was negatively correlated with total N, total
P, EC and TDS. The total mean of SBD, SOC concentration, SOC
density, SOC pool and CSR differed significantly among
the studied locations (Table 3). The distribution of SBD in
the northern location showed higher mean values where it
increased significantly from 1.6 g cm�3 at a depth of 0—5 cm
up to 2.3 g cm�3 at a depth of 25—30 cm. On the other hand,
the distribution of SBD in the middle location increased
significantly from 1.3 g cm�3 at a depth of 0—5 cm and up
to 1.6 g cm�3 at a depth of 10—15 cm. The distribution of
mean SBD in the southern location increased significantly
from 1.3 g cm�3 at a depth of 0—5 cm and up to 1.7 g cm�3 at
a depth of 30—35 cm (Fig. 5).

SOC concentrations in the southern location showed
higher mean values where they declined significantly
from 19.7 g C kg�1 at a depth of 0—5 cm to 13.7 g C kg�1

at a depth of 40—45 cm, while SOC concentrations in the
Table 3 Mean � standard error of sediment bulk density [SBD], s
pool and carbon sequestration rate [CSR] in the 3 Avicennia marin

Location SBD [g cm�3] SOC concentration [g C kg�1] SOC d

North 1.9b � 0.04 14.4a � 0.3 26.9b

Middle 1.5a � 0.03 15.9b � 0.3 22.7a

South 1.5a � 0.01 18.1c � 0.2 27.1b

F value 42.9 *** 10.5 *** 9.1 ***

F-values represent the one-way ANOVA, ***: P < 0.001. Means in the sam
P < 0.05 according to Tukey's HSD test.
middle location declined significantly from 16.7 g C kg�1 at a
depth of 0—5 cm to 13.6 g C kg�1 at a depth of 20—25 cm.
In contrast, SOC concentrations in the northern location
showed lower mean values, declining significantly from
15.3 g C kg�1 at a depth of 0—5 cm to 12.1 g C kg�1 at a depth
of 20—25 cm (Fig. 6). Consistent with the results, an expo-
nential function was developed between SBD [g cm�3] and
SOC concentrations [g C kg�1] for the sediments in Saudi
Arabian Red Sea mangroves, where SOC concentrations
and SBD were negatively correlated (Fig. 7).

In the northern location, SOC density significantly
declined from 27.2 kg C m�3 at a depth of 10—15 cm to a
minimum of 23.9 kg C m�3 at a depth of 20—25 cm then
increased to 32.5 kg C m�3 at a depth of 30—35 cm, before
finally decreasing to 25.4 kg C m�3 at a depth of 35—40; SOC
density in the southern location significantly decreased from
27.2 kg C m�3 at a depth of 5—10 cm to 26.1 kg C m�3 at a
depth of 10—15 cm, and then it increased to 29.4 kg C m�3 at
a depth of 30—35 cm and finally decreased to 21.2 kg C m�3

at a depth of 45—50 cm. On the other hand, the middle
location showed lower mean SOC density values where
they significantly decreased from 25.8 kg C m�3 at a depth
of 10—15 cm to 21.0 kg C m�3 at a depth of 20—25 cm (Fig. 8).

The northern and southern locations have similar SOC
pools (10.5 and 10.4 kg C m�2, respectively), while the value
ediment organic carbon [SOC] concentration, SOC density, SOC
a locations along the Red Sea coast of Saudi Arabia.

ensity [kg C m�3] SOC pool [kg C m�2] CSR [g C m�2 yr�1]

� 0.9 10.5b � 0.5 5.9b � 0.2
� 0.5 6.7a � 0.4 5.0a � 0.1
� 0.3 10.4b � 0.3 6.0b � 0.1

17.0 *** 13.5 ***

e columns followed by different letters are significantly different at
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Figure 6 Distribution of sediment organic carbon concentration [g C kg�1] in relation to sediment depth [cm] in three locations of
Avicennia marina populations along the Red Sea coast of Saudi Arabia. Horizontal bars indicate the standard errors of the means.
F-values represent the two-way ANOVAs. Location: North/Middle/South; Depth: 0—5, 5—10, 10—15, 15—20, 20—25, 25—30, 30—35,
35—40, 40—45, 45—50 cm. ***: P < 0.001, ns: not significant [i.e., P > 0.05].

[(Figure_5)TD$FIG]

Figure 5 Distribution of sediment bulk density [g cm�3] in relation to sediment depth [cm] in three locations of Avicennia marina
populations along the Red Sea coast of Saudi Arabia. Horizontal bars indicate the standard errors of the means. F-values represent the
two-way ANOVAs. Location: North/Middle/South; Depth: 0—5, 5—10, 10—15, 15—20, 20—25, 25—30, 30—35, 35—40, 40—45, 45—50 cm.
***: P < 0.001.
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of the middle location was 6.7 kg C m�2. In addition, the
average CSR of the middle location (5.0 g C m�2 yr�1)
was significantly lower than those of the northern
(5.9 g C m�2 yr�1) and southern locations (6.0 g C m�2 yr�1)
(Table 3). Based on the area of the mangrove stands
(48.4 km2) in the study area and the CSR, the total CSP of
mangrove forests along the Saudi Arabian Red Sea coast was
0.27 Gg C yr�1.
4. Discussion

The present results indicate that SOC concentrations were
adversely affected by the increase in total P and total N. On
the other hand, SBD was positively affected by higher EC and
TDS. Salinity and nutrient abundance have been shown to
affect the productivity of mangroves. High salinity levels can
result in physiological stress to mangrove trees, forcing them
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Figure 7 Non-linear correlation between sediment organic carbon [SOC] concentration [g C kg�1] and sediment bulk density
[SBD, g cm�3] for sediment samples from three locations of Avicennia marina populations along the Red Sea coast of Saudi Arabia.
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to shift more energy to osmotic regulation within the plant
and reducing energy in plant growth (Alongi, 2014; Mizanur
Rahman et al., 2015); this added stress ultimately leads to a
decrease in leaf and stem production, making them less
available to become incorporated into the sediments (Arshad
et al., 2018). Vaiphasa et al. (2007) reported that shrimp
pond effluents had dramatic effects on the survival of man-
groves surrounding the ponds, where it has been reported
that the disposal of nutrients (e.g., N and P) can accelerate
the decomposition of mangrove SOM and thereby reduce SOC
pools (Feller et al., 2003; Suárez-Abelenda et al., 2014).
Moreover, Arshad et al. (2018) showed that sewage discharge
lead to death of pneumatophores, which have been shown to
affect mangrove productivity. The death of pneumatophores
decreases the aeration area which apparently affects the
respiration rate of the root system, nutrient uptake and plant
growth, consequently leading to retarded growth of man-
groves (Mandura, 1997). In the current study, seawater ana-
lysis reflected decreasing gradients of EC and TDS from the
north to the south. The middle location was characterized by
the highest concentrations of total P and total N, while the
northern location had the lowest. These results are consis-
tent with the studies of Saifullah (1997), Alongi (2011) and
Triantafyllou et al. (2014).

The inverse relationship between density and the size of
A. marina individuals in the middle location (highest density
versus smallest size), as found by the present study, may be
partially related to the effect of intraspecific competition
(Shaltout and Ayyad, 1988). Plants with neighbours close by
will grow less than plants with few or distant neighbours
(Weiner, 1984). However, assessing the effect of intraspecific
competition on the population dynamics of A. marina along
the Saudi Arabian Red Sea coast, needs further field and
experimental studies. In addition, the patchy distribution
and stunting nature of mangroves in this location may also be
due to dry land, paucity of rainfall, land use changes and high
concentrations of P and N in the seawater due to the dis-
charge of sewage and fertilizers (Almahasheer et al., 2017;
Alongi, 2011; Kumar et al., 2010; Naidoo, 2009; Saifullah,
1997). On the other hand, the largest mangroves were
recorded in the southern location, but they were associated
with a relatively low population density; this may be partially
due to a decrease in intraspecific competition that often
leads to an increase in plant size. The present study showed
that the density of A. marina was positively correlated with
total N and total P. Thus, the relatively low concentrations of
N and P in the seawater in the southern location may explain
the relatively low density of mangroves trees at this location
compared with the middle location (Sato et al., 2011).

SBD is a dynamic feature that differs with structural
conditions within the sediment. SBD is the dry weight of
specific sediment volume (Pravin et al., 2013); it is used as an
indicator of sediment strength and/or mechanical resistance
to plant growth and is used as a first step in evaluating SOC
concentrations (Drewry et al., 2008). Our results showed that
SBD gradually increased with depth in all the studied loca-
tions; this finding is consistent with those of Eid and Shaltout
(2016) along the Egyptian Red Sea coast, and Eid et al. (2016)
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Figure 8 Distribution of sediment organic carbon density [kg C m�3] in relation to sediment depth [cm] in three locations of
Avicennia marina populations along the Red Sea coast of Saudi Arabia. Horizontal bars indicate the standard errors of the means.
F-values represent the two-way ANOVAs. Location: North/Middle/South; Depth: 0—5, 5—10, 10—15, 15—20, 20—25, 25—30, 30—35,
35—40, 40—45, 45—50 cm. ***: P < 0.001, ns: not significant [i.e., P > 0.05].
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and Arshad et al. (2018) along the southern Saudi Arabian Red
Sea coast. This behaviour of SBD can be attributed to the
accumulation of tailings and plant remains in the surface
and sub-surface layers of the sediments (Sherry et al., 1998),
which lead to changes in the organic matter content, porosity
and compaction (Pravin et al., 2013).

SOC concentrations in mangrove forests originate from
local mangrove production (litter falls and underground
roots: autochthonous; Alongi, 1998), trapped seaweeds
and seagrasses (Mandura et al., 1988), benthic algae (Yong
et al., 2011), and the tidal flux from adjacent coastal envir-
onments (allochthonous; Allison et al., 2003), which is sub-
sequently deposited within the mangroves (Bouillon et al.,
2003; Chen et al., 2012). There were gradual decreases in
SOC concentrations in all locations of the study area, from
surface sediments where most carbon inputs occur to the
deeper sediment layers. Eid and Shaltout (2016), Eid et al.
(2016) and Arshad et al. (2018) reported a similar pattern for
A. marina sediments in the Egyptian and Saudi Arabian
Red Sea mangroves. In addition, Schile et al. (2017) reported
a similar pattern for mature (A. marina) and planted
(A. germinans) mangrove sediments along 600 km of coast-
line in the United Arab Emirates. The variation in SOC con-
centrations with depth may be due to the interaction of
complex processes such as hydrologic/sediment regimes,
decomposition, biological cycling, leaching, illuviation, soil
erosion, weathering of minerals, and atmospheric deposition
(Girmay and Singh, 2012; Sanderman et al., 2018).

The mean SOC concentration in our study (16.1 g C kg�1)
was lower than the global mean value (22.0 g C kg�1; Kris-
tensen et al., 2008), and it was lower than that of mangrove
forests in many other countries (Table 4) such as Australia,
Thailand, Indonesia, Palau, Mexico, Brazil, and Micronesia;
however, it is higher than reported values in Egypt, China,
Japan, India, and Vietnam. The global variations in mangrove
SOC concentrations are driven by specific regional carbon
dynamics (Twilley et al., 2018). Thus, the low SOC concen-
trations in the study area may be attributed to an absence of
riverine sediments and organic matter along the coasts and in
the seawater due to the lack of rivers (Almahasheer et al.,
2017), a rocky ground and a low population density of man-
groves in the north, stunted trees and pollution in the middle
and the relatively high SBD in the north and south.

In the current study, we developed negative exponential
functions for the studied locations, where SBD increased
while SOC decreased with soil depth. Comparable results
were reported by Yang et al. (2014) for mangrove coasts of
the Leizhou Peninsula (southern China), by Eid et al. (2016)
and Arshad et al. (2018) for mangrove sediments along the
Red Sea in southern Saudi Arabia, by Schile et al. (2017) for
sediments of mature and planted mangroves along the coast-
line in the United Arab Emirates, by Eid and Shaltout (2016)
for mangrove sediments along the Egyptian Red Sea coast,
and by Donato et al. (2011) for mangrove sediments in the
tropics. It is also consistent with the study of Pravin et al.
(2013), who reported that the increase in organic matter
leads to decreased bulk density of soil.

The current study showed that SOC density significantly
declined with depth, which is consistent with many previous
studies such as that of Arshad et al. (2018), Almahasheer
et al. (2017) and Eid et al. (2016). Additionally, the mean SOC
density formangroves sediments of the Saudi Arabian Red Sea
coast, as estimated in the present study (25.6 kg C m�3), was
lower than those of mangrove forests in many regions, such
as estuarine mangroves sediments (38.0 kg C m�3), oceanic
mangroves sediments (61.0 kg C m�3), Rookery Bay in Florida
(510.0 kg C m�3) and Abu Dhabi, UAE (1200.0 kg C m�3)
(Almahasheer et al., 2017). In addition, themean SOC density
in the present study was higher than that of Kosrae Island
mangroves (23.0 kg C m�3; Almahasheer et al., 2017) and
some Egyptian mangroves (21.4 kg C m�3; Eid and Shaltout,
2016). The relatively low SOC density along the Saudi Arabian



Table 4 Mean of sediment organic carbon [SOC] concentration [g C kg�1] and SOC pool [kg C m�2] in the Avicennia marina
locations along the Red Sea coast of Saudi Arabia compared with those reported in different mangrove forests around the globe.

Location SOC concentration SOC pool Depth [cm] Reference

Red Sea coast, Saudi Arabia 16.1 9.2 50 Present study
Central Saudi Red Sea coast 6.0 4.3 100 Almahasheer et al. (2017)
Arabian Gulf, United Arab Emirates 10.2—15.6 100 Schile et al. (2017)
Red Sea coast, Egypt 15.7 8.6 40 Eid and Shaltout (2016)
Africa Sahel, Senegal 9.0 40 Woomer et al. (2004)
Arid Western Australia 37.0 14.4 100 Alongi et al. (2000),

Alongi et al. (2003)
Ao Sawi, Thailand 39.2 100 Alongi et al. (2001)
Fujian province, Southeastern China 11.3 60 Xue et al. (2009)
Leizhou Peninsula, China 9.5 8.7 100 Yang et al. (2014)
Shenzhen Bay, China 1.1—61.4 6.6 100 Lunstrum and Chen (2014)
Okinawa Island, Japan 7.7—20.1 5.7 100 Khan et al. (2007)
Sundarbans, India 6.1 2.6 30 Ray et al. (2011)
Xuan Thuy National Park, Vietnam 7.8 2 Tue et al. (2012)
Segara Anakan Lagoon, Kongsi Island
and Thousand Islands, Indonesia

42.4 39.1 100 Kusumaningtyas et al. (2019)

La Paz Bay, Mexico 10.0—23.9 45 Ochoa-Gómez et al. (2019)
Karastic coastal region, Mexico 168.9 48.4 100 Adame et al. (2013)
Tamandaré, Brazil 58.4 46 Sanders et al. (2010)
Sepetiba Bay, Brazil 36.5 15 Lacerda et al. (1995)
Ceará State, Brazil 8.2 40 Nóbrega et al. (2019)
Sao Paulo, Brazil 210.6 80 Ferreira et al. (2010)
Ruunuw mangrove forest, Micronesia 104.3 12.1 100 Kauffman et al. (2011)
Airai mangrove forest, Palau 182.6 56.7 100 Kauffman et al. (2011)
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Red Sea coast may be due to certain habitat characteristics
and geomorphological settings that are not favourable for
organic carbon sequestration (Almahasheer et al., 2017).

The current results indicate that the SOC pool in the
middle location (6.7 kg C m�2) was lower than that in the
northern (10.5 kg C m�2) and southern (10.4 kg C m�2) loca-
tion, proving that anthropogenic factors resulting from the
industrial and urban expansion in the middle location in
recent years, played a significant role in the SOC pool value
(Almahasheer et al., 2017; Arshad et al., 2018). Moreover,
the mean SOC pool in southern locations (10.4 kg C m�2) in
the present study was found to be below that mean reported
(29.2 kg C m�2) by Eid et al. (2019) in three homogenous sites
near Jazan. This is clearly related to different sampling
depths as they sampled sediments to 100 cm depth, while
in the current study, the sediments were sampled to a 50 cm
depth from five heterogeneous sites (Amaq, Al-Birk, Al-
Shuqaiq, Sabya and Jazan). The low SOC pool capacity of
Red Sea mangroves, especially in the middle part of the
coast, may also be attributed to severe environmental con-
ditions, leading to limited mangrove growth with dwarfed
trees and a low biomass (Almahasheer et al., 2016b,c).

In the present study, the sediment profile in themangrove
forests along the Saudi Arabian Red Sea coast (0—50 cm) had
a mean SOC pool of 9.2 kg C m�2, which was lower than that
of Indonesian, Palauan, Mexican, Australian and Micronesian
mangrove sediments (Table 4) at a depth of 100 cm. On the
other hand, it was higher than Egyptian mangrove sediments
at a depth of 40 cm depth. This hemispheric variation in
SOC pools is due to local and regional geomorphic and
geophysical drivers (Rovai et al., 2018; Twilley et al.,
2018), vegetation type or density, forest age, anthropogenic
impacts, tidal range, biotic influences, hydrology and
climate (Nóbrega et al., 2019; Taillardat et al., 2018).
Donato et al. (2011) added that the mangrove organic
sediments can exceed a depth of 3 m in some places; thus,
the SOC pool in the current study may underestimate the
carbon sequestration capacity because we only sampled
sediments to a depth of 50 cm.

The accumulation of organic carbon in soils is the result of
a balance between the input of autochthonous material
through primary production or the deposition of allochtho-
nous material versus the output due to decomposition/
mineralization, erosion, and leaching (see Nóbrega et al.,
2019). In our study, the mean CSR of mangrove forests along
the Saudi Arabian Red Sea coast is 5.6 g C m�2 yr�1. This
value is consistent with the value of Arshad et al. (2018),
who reported an average CSR of 4.7 g C m�2 yr�1 in southern
Saudi Red Sea mangrove sediments, and it is close to the
value of Almahasheer et al. (2017), who reported an average
CSR of 3.5 g C m�2 yr�1 in central Red Sea mangrove sedi-
ments. On the other hand, the average CSR of the current
study (5.6 g C m�2 yr�1) is 29.0-fold lower than the average
value of 163.0 g C m�2 yr�1 of the mangroves at the
global scale (Breithaupt et al., 2012). The relatively low
CSR in Saudi Red Sea mangroves is most likely due to the
oligotrophic nature of the Red Sea, the lack of rivers,
the extremely arid conditions affecting mangrove growth
(Almahasheer et al., 2017), the lower primary productivity
in Red Sea mangrove forests (Arshad et al., 2018), and the
heavy metal pollution that may negatively influence primary
production (Arshad et al., 2018; Bouillon et al., 2008).
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Despite the importance of mangrove forests and their
effective role in carbon sequestration and mitigating climate
change (Sanderman et al., 2018),mangrove forests are one of
the most threatened and rapidly degraded natural environ-
ments in the world (Sanderman et al., 2018; Siikamäki et al.,
2012). Although Almahasheer et al. (2016a) stated that the
area of mangrove forests along the Red Sea coasts have
increased by 12% over the past forty years due to the efforts
of local authorities, mangrove trees in the Red Sea still face
many threats such as the establishment of resorts, oil indus-
try development, overcutting, overgrazing (Hussain and Kho-
jat, 1993), oil and sewage pollution (Shaltout et al., 2018),
and the conversion ofmangrove forests into shrimp farms (Eid
et al., 2019). Therefore, in 2017, a decree was issued by the
Council of Ministers of Saudi Arabia to form the Standing
Committee for the Protection of the Environment of Coastal
Areas. One of the tasks of this committee is to protect
mangrove environments. Based on the area of mangrove
stands along the Saudi Arabian Red Sea coast (48.4 km2)
and CSR, the total CSP of mangrove forests distributed along
the Saudi Arabian Red Sea coast is 0.27 Gg C yr�1. The rela-
tively low CSP of Saudi Arabian Red Sea mangroves may be
due to harsh environmental conditions such as low rainfall
and high temperatures. Moreover, the sediments are com-
posed mainly of biogenic coarse carbonates making the con-
tribution of Saudi Arabian Red Sea mangroves to the carbon
sequestration process limited (Almahasheer et al., 2017). It
is, therefore, necessary to protect Saudi Arabian Red Sea
mangrove ecosystems to improve their carbon sequestration
potential and to benefit the other ecosystem services that
they offer.

5. Limitations and uncertainties

To explore the effect of nutrient availability and salinity
gradients on mangrove forests, the present study was con-
ducted at 3 locations (northern, middle and southern), 7 sites
and in 21 stands of mangrove forests (A. marina) along
�1134 km of the arid climate of the Saudi Arabian Red Sea
coast. Although EC, TDS, total P and total N were determined
in 3 seawater samples, which were collected from each stand
to represent the nutrient availability and salinity gradients,
factors other than EC, TDS, total P and total N might have
also contributed to the differences in sediment (SBD, SOC
concentration, SOC density, SOC pool and CSR) parameters
among the locations. These factors include the geomorpho-
logic settings, tidal input, human interference, seasonal
variations (which play a role in changing the carbon dynamics
in arid mangroves; Ray and Weigt, 2018) and finally metho-
dological assumptions that were made in the manuscript: the
relation between organic matter and organic carbon (SOM vs.
SOC) and a constant sedimentation rate in the investigated
sites. Thus, future research should examine the effects
of each of the abovementioned factors on carbon dynamics
of mangroves in greater detail.
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