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A B S T R A C T

The present study examines the effect of mangrove vegetation and different seasons on organic carbon pools,
distributions, and source compositions under the stressed hydro-climatological settings of the Iranian coast
(Persian Gulf). Significant seasonal and spatial differences were detected only for the δ13POC (particulate or-
ganic carbon) owing to the fluctuation of its sources. Five end-member particulate organic carbon sources (POC)
(mangrove leaf, planktonic particles, zooplankton, microphytobenthos (MPB), and sediment) contributed to the
POC pool at different levels depending on their seasonal and site-specific abundance. Variations in topographic
features such as, the elevations of mangrove and non-mangrove creeks, appeared to play an important role in
regulating POC concentrations but not DOC concentrations. Planktonic particles contributed to the POC pool
(maximum 10–65%) at the mangrove sites mostly in the summer whereas the contributions of sediment and MPB
(5–35%) increased in winter. Iranian mangroves are weak exporters of carbon to the Persian Gulf where
mangrove plant materials (leaf, litter) had little contributions to the POC and DOC pool (5–25% and 8–15%,
respectively). It is most likely that OC export in these arid regions are limited by low rainfall and river input.
Finally, seasonality and site-specific activity largely control OC dynamics in these relatively understudied arid
mangroves.

1. Introduction

Recent global estimates recognize mangroves as the most carbon (C)
rich type of forest ecosystem in the tropics. Globally mangroves store
4–20 billion tons of C in their sediment (Donato et al., 2011), which is
five times more than typically observed in temperate, boreal and tro-
pical terrestrial forests on a per-unit-area basis (Bouillon, 2011). Man-
grove forests cover 137,760 km2 worldwide, having largest extent
found in Asia (42%) followed by Africa (20%), North and Central
America (15%), Oceania (12%) and South America (11%) (Giri et al.,
2011). Mangrove-fringed coastlines are known for actively exchanging
materials and organic matter (OM) between terrestrial and marine en-
vironments, as regulated by tidal dynamics and geomorphological set-
tings (Adame and Lovelock, 2011). Previous global estimates have
shown that mangroves cover only 0.1% of the earth's continental sur-
face, but account for 11% of the total input of terrestrial particulate
organic carbon (POC) into the ocean (Jennerjahn and Ittekkot, 2002)
and 10% of the terrestrial dissolved organic carbon (DOC) exported to

the ocean (Dittmar et al., 2006). Mangroves are complex habitats where
trees have developed unique pneumatophores to survive in the rela-
tively anoxic sediment and forest are dissected by numerous channels
and creeks that drains water to the adjacent estuary or ocean. These
intertidal creeks play an important role in exporting carbon and nu-
trients through flushing of litter, coarse wood debris, and benthic algae
(such as microphytobenthos) or importing them as marine algae within
a tidal cycle, thus maintain the productivity of the system (Kristensen
and Suraswadi, 2002; Bouillon et al., 2007). Although there are several
significant reports about sources and transport of DOC and POC in
mangrove dominated coastal systems (Bouillon et al., 2007; Maher
et al., 2013; Ho et al., 2017; Ray et al., 2015, 2018a,b), there is a gap in
understanding their distribution among different habitats and intertidal
creeks. The biogeochemistry of organic carbon (OC) as a function of the
presence or absence of mangrove vegetation alongside tidal creeks is
particularly important to understand in the context of estuarine and
ocean carbon cycles.

The present study complements our previous works on the OC
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sources to food webs at the northern edges of mangrove distributions in
the Indian Ocean where mangroves thrive under extreme temperatures
(> 35 °C in summer), very low rainfall and high salinities (> 35 psu,
Al-Khayat and Jones, 1999). Our previous works at Qeshm Island
(Persian Gulf) reported that fish population dynamics and their food
sources were related to habitats and seasons (Shahraki and Fry, 2015;
Shahraki et al., 2016), and showed the dominance of phytoplankton as
sources of DOC and POC in the Iranian mangroves (Ray and Shahraki,
2016). Mangroves in the Persian Gulf have been neglected with respect
to OC dynamics. In this context, Qeshm Island is particularly important
as a reference site due to the presence of vegetated and non-vegetated
areas that can be used to understand the influence of mangrove pro-
cesses on the distribution of DOC and POC concentrations and their
stable isotopes. Furthermore, we consider seasonality as one of the vital
factors regulating DOC and POC variations in these mangroves because
previous studies in other tropical estuaries and mangroves have shown
considerable seasonality in the concentrations and sources of OC and
nutrients (Cawley et al., 2013; Leopold et al., 2016; Maher et al., 2013).

Present study is aimed at better understanding the role of habitats
and seasons in OC fluctuations in an arid mangrove region. Our main
question is: how the distributions and source compositions of DOC and
POC vary depending on the presence or absence of mangrove vegeta-
tion (i.e., mangrove vs non-mangrove sites) and contrasting seasons? To
address this, stable isotopes (δ13C, δ15N) of various end-members such
as mangrove leaf, sediment, MPB, planktonic particles and zooplankton
were used for mass-based calculations. Multivariate statistical analyses
were performed to assess whether DOC and POC differed in con-
centrations and isotopes between habitats and seasons.

2. Materials and methods

2.1. Study Sites

The study was carried out at the mangrove and non-mangrove sites
of Qeshm Island (Iranian coast of Persian Gulf, 26.8°N, 55.75°E), which
has the largest mangrove area in Iran, composed exclusively of
Avicennia marina (Fig. 1). Four mangrove-dominated creeks (C1, C2,
C3, C4) and two non-mangrove creeks (C5, C6) are studied. Water from
both types of creeks ultimately flows into a main channel. C2 and C3
are situated at a lower topographic elevation and were larger in size
(low-lying creeks) than C1 and C4 (high-lying creeks) (Fig. 1). The
distance between mangrove and non-mangrove creeks is approximately
4 km. C1, C2, C3, and C4 are situated in a pristine environment. Al-
though C5 and C6 are located at the border of a small fishing harbor,
the creeks were chosen carefully so that the distance from the harbor
would minimize anthropogenic effects on ecosystem carbon dynamics.
There are no reefs, seagrass or macroalgae beds in the vicinity of the
two sites.

The mangrove forest at Qeshm Island is generally dry implying no
tidal water above the sediment interface except on spring tide. Average
tidal range is ~ 2.5m in the study area. The mangroves extend 5–50m
inland as a fringe along the creek banks, and are 3–6m tall. Sediment
texture is dominated by silt and sand (sand: 40.7%, silt: 43.2%, clay:
16.1%, Ali et al., 2017). Further details of the study area can be found
in companion papers (Shahraki et al., 2014; Shahraki, 2015; Ray and
Shahraki, 2016).

2.2. Sampling and analytical techniques

Field campaigns were conducted at the Qeshm Island during winter
(2011–2012) and summer (2012). We used a mechanized boat to reach
the mouth of all 6 creeks and collected water samples at both high and
low tide. Mangrove and non-mangrove sites were similar with respect
to many of the measured parameters. Salinity averaged 38.3 ± 0.5 psu
in the mangrove site and 40.3 ± 2.3 psu in the non-mangrove site,
suggesting a stable non-estuarine mangrove environment. Water

temperatures in winter averaged 19.6 ± 1.5 °C and 19.6 ± 2 °C for
mangrove and non-mangrove, respectively and 33.7 ± 1 °C and
34 ± 2 °C, in summer, respectively. Table 1 gives the details about the
sampling and results of water parameters. Samples of fresh (green) and
senescent (yellow) A. marina leaves were hand-picked. Leaf components
are potential POC sources in the mangrove surrounding aquatic system
due to tidal flushing of leaf/litter debris from the sediment to the ad-
jacent water (Rezende et al., 2007; Ray et al., 2018b). Due to high water
residence time at Qeshm Island (Ray and Shahraki, 2016), we expect
POC derived from leaf/litter during spring tide would persist still in the
water column and contribute to the POC pool.

Decomposing mangrove leaves were also collected from the bottoms
of the creeks and combined for analysis of C, N and their stable iso-
topes. During low tide, the top 2 cm surface sediment was sampled in
duplicate with a spoon while MPB were collected by gently scraping off
the visible mats. Plankton was sampled at high water after sunset by
filtering 10 L of water through plankton nets (10 μm mesh size).
Because it was not possible to obtain phytoplankton samples free of
zooplankton, they were considered as mixture of phyto- and zoo-
plankton, whereas zooplankton samples that were caught with a bigger
mesh size (200 μm) net were only zooplankton. Hence, all plankton
samples contained the particles of given sizes. Details of these end-
members collections were described by Shahraki et al. (2014). Water
samples were collected in triplicate from the surface using a 2 L Niskin
bottle. Samples were stored in a cool box before filtration of a known
volume of tidal water (250mL) on pre-weighed and pre-combusted
(overnight at 450 °C) 47mmWhatman GF/F filters (0.45 μm mesh size),
and subsequently dried for analysis of total suspended matter (TSM),
plankton and particulate organic carbon (POC) and particulate nitrogen
(PN) along with their isotope (δ13C, δ15N). Nutrient samples were col-
lected in 15mL plastic tubes for analysis of dissolved nitrogen (NO3/
NO2/NH4) and phosphate. Nutrient samples were freeze-dried and si-
licate samples were kept in a cooler on ice until analyses could be
performed.

For DOC and δ13DOC analyses, water samples were filtered through
syringe filters (cellulose-acetate membrane), stored each in 25mL
amber glass bottles, acidified with 0.2 M H3PO4 until the pH level fell to
2 and kept in a refrigerator. Syringe filters were soaked in deionized
distilled water for 24 h. to discard organic leaching before use. DOC
samples are available only for the summer collection. All samples (solid,
filter and water) were transported to the laboratory on ice for further
processing and analysis.

Total organic carbon (TOC) and total nitrogen (TN) content (%) of
the solid powdered samples and filter residues were determined with an
Euro EA3000 Elemental Analyzer. Samples for δ13C and δ15N were
analyzed with a Delta Plus isotope ratio mass spectrometer connected to
the Carlo Erba Flash EA elemental analyzer via a Finnigan ConFloII
interface. The carbon and nitrogen analysis are expressed in conven-
tional delta (δ) notation as parts per mil (‰). The analytical precision
(average of measured data subtracted by the arithmetic mean) of the
measurement was< 0.12‰ for both δ13C and δ15N. The DOC con-
centration was determined using a Shimadzu TOC-VCSH Analyzer and
NDIR detector (non-dispersive infrared detector) calibrated against
potassium hydrogen phthalate. DOC stable isotope analysis was carried
out at MPI-Jena isotope laboratory (Germany) using a HPLC system
coupled to a DELTAplus XP IRMS through an LC IsoLink interface
(Thermo Fisher Scientific, Germany). The δ13DOC values were reported
as per mil relative to the PDB standard with an overall uncertainty
of± 0.10‰ (see Ray and Shahraki, 2016 and Scheibe et al., 2012). The
study only examines the effect of different seasons on the particulate
organic carbon (POC) pools due to the scarcity of dissolved organic
carbon (DOC) data in the winter.

Bathymetric surveys of the creeks were carried out at the end of the
sampling period in February 2012 to assess the local topography with
respect to tidal inundation and drainage patterns. The survey included
measuring water levels across different horizontal transects for each
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Fig. 1. Location of the study area in the region, sampling sites: mangrove (with four intertidal creeks) and non-mangrove (with 2 intertidal bare creeks), bathymetric
maps of creeks 1, 2, 3, 4, 5, and 6. Relationship between level of intertidal inundation and GIS-generated volume (m³) are shown in the graphs.
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creek using a tape measure, GPS and a compass, then drawing ap-
proximate inundation areas on a grid map in the field. This information
was used with GIS software to produce a bathymetric map of each creek
(Fig. 1).

2.3. Data analysis

2.3.1. Multivariate approach
Two-way PERMANOVA (permutational multivariate analysis of

variance) models were used to assess whether intertidal POC and PN
differed in concentration and δ13C and δ15N values between habitats
and seasons. Canonical analysis of principal coordinates (CAP) was
used as a constrained ordination procedure to visualize significant
differences revealed by PERMANOVA. CAP is a canonical multivariate
discriminant analysis that maximizes the differences among a priori
defined groups. Analyses were performed on square root-transformed
data and based on Bray-Curtis distances (Anderson et al., 2008). Due to
scarcity of DOC concentration in winter, data were computed only for
POC concentration and δ13C stable isotope to assess their variations on
seasonal and habitat basis.

2.3.2. End-member mixing model
Concentration and isotope mixing relationships were examined for

POC-based linear mixing correlations (C vs. Cxδ13C). The purpose of
this analysis was to calculate the slope values (δ13C‰). Such modelling
can provide insights into the source signature of POC at seasonal and
spatial scales. Isotope results (13C and 15N) of the end-members were
used to calculate their contributions (%) to the POC pool for each creek.
In total, five end-members were assessed: mangrove leaf, sediment,
MPB, planktonic particles and zooplankton. Due to lack of vegetation at
C5 and C6, we applied four end-members excluding mangrove leaf.

In mangrove biogeochemical studies, end-member mixing equations
have been used in quite a number of studies that assumed insignificant
diagenetic alternations of particulate organic matter (POM) (Ray et al.,
2015; Gontharet et al., 2014). The mass balance equations for this study
are as follows:

= + +

+ +

δ N f x[δ N] f x [δ N] f x [δ N]
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Where, f represents relative fractions of each POM sources. The δ13C
and δ15N isotope values of the habitat-wise different end-members were
used to calculate the range of their feasible proportions in the POM. We
used IsoSource software (version 1.3.1) to calculate the multiple com-
binations of the source proportions in given mixture of sample (Phillips
and Gregg, 2003) following the above three linear mixing equations.
Although IsoSource has proven informative in studies of mangrove
contributions in food webs and OC sources (Benstead et al., 2006),
there are limitation in the program, like exclusion of degree of frac-
tionations in end-members, and low concentration-dependent adjust-
ments, especially for N concentration (Phillips and Koch, 2001).

However, in the present study, Isosource constrains the possible con-
tributions to POM pool when the number of sources is large, defining
minimum caveats associated with this program. In this procedure, each
of the many isotopically feasible solutions can be examined to calculate
a proportion for that combined source (Phillips, 2012). These end-
member sources are significantly different from each other with regard
to their stable isotopes compositions both seasonally and spatially,
which was a main reason of choosing them as selective sources of the
POM (Student's t-test in MINITAB version 13.1: summer mangrove, t46
= −10.5, P= 0.001; summer non-mangrove, t22 = −6.66, P=0.007;
winter mangrove, t56 = −12.56, P= 0.001; winter non-mangrove, t25
= −8.12, P= 0.004). As there is no significant difference in δ13C
signature found between leaf/litter and other mangrove plant organs
(like root, branches, twigs), to avoid resulting difficulties in detecting
contribution level of each plant sources, only leaf/litter debris are
chosen as the representative of plant end-member for POM source
identification (Ellison et al., 1996). In this study, sediment and plankton
end-members basically represent mixture of eroded debris, and parti-
cles of given sizes, respectively. IsoSource analyzed the data at a tol-
erance level of 0.01 and increment limit of 1%. The particular source
increment values of 1% was chosen as a convenient and appropriate
level of precision for examining possible partitioning among sources
(Phillips and Gregg, 2003).

Because of logistic reason, we could not collect δ15N of dissolved
inorganic/organic N. Therefore, we could not run the IsoSource soft-
ware for DOM source identification. Instead, we explained the role of
mangroves in DOC export (Section 4.3) from our previous results of
end-member calculation that applied elemental ratios and isotopes of
DOM, leaf, plankton, and MPB (refers to Ray and Shahraki, 2016).

3. Results

Seasonal and habitat-wise variations of concentrations and stable
isotopes of POC, PN and DOC in all six creeks are shown in Table 2.
These parameters varied across the creeks, such as the C3 creek that
showed maximum POC and PN concentrations (481 ± 13 μM and
59 ± 22 μM, respectively) in summer when TSM was also highest at
the site (511 ± 185mg L−1). The δ13POC did not change appreciably
among mangrove tidal creeks in summer (ranging from –21.4 to
–22.5‰), however, they were more negative than that found for the
non-mangrove creeks (C5: –19.4 ± 0.9‰; C6: –17.7 ± 0.6‰). Such
strong isotopic variations between habitats in summer became marginal
in winter when non-mangrove sites exported more negative POC similar
to the mangrove sites (C1–4: –21.2 to –23.2‰; C5–6: –23.7 to –23.9‰).
Taking both seasons into account and averaging POC and δ13POC se-
parately for mangrove and non-mangrove creeks, the mangrove habitat
had higher concentrations and more negative δ13C (332 ± 88 μM
and –22.3 ± 0.7‰, respectively) than the non-mangrove habitat
(264 ± 70 μM and –21.1 ± 3.1‰, respectively). The δ15PN values
were relatively higher in summer than winter (4.6–6.4‰ and
3.8–5.5‰; respectively), with minimum value found at the non-man-
grove creek (C6). DOC concentration did not differ much between ha-
bitats, ranging from 302 to 332 μM for C1 to C4 and 296–309 μM for C5
to C6. The δ13DOC was most negative at C3 (–25.9 ± 1.3‰) and most
positive at C6 (–23.2 ± 1.5‰).

Table 1
Mean ± SD of environmental parameters measured in different months at the water surface during slack high tide at the mouth of intertidal mangrove creeks in
Qeshm Island, Iran. N: Number of measurements for each variable. In total, there were 6 sampling sites and sampling were carried out every seven days (considering
the lunar cycles) and daily cycle (day/night) and 3 months (December, March and August) and total of 96 sampling events.

Sampling Time N Salinity (psu) Water temperature (°C) pH Oxygen concentration (mg L−1)

December 2011–January 2012 32 38.3 ± 0.6 19.9 ± 1.2 8.1 ± 0.1 8.7 ± 0.5
February–March 2012 32 37.9 ± 0.4 19.4 ± 1.7 8.2 ± 0.7 9.3 ± 0.7
August–September 2012 32 38.7 ± 0.3 33.7 ± 1.5 8.2 ± 0.2 6.5 ± 1.2
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PERMANOVA tests showed that seasonal and habitat-level (man-
grove vs. non-mangrove) differences in δ13POC were significant at the
0.001–0.02 level (Table 3). Interactions between seasons and sites were
significant (P=0.001) only for δ13POC. Both PN and δ15PN did not
show any significant variations between seasons and sites and with
their interactions. A weak correlation between the mangrove and non-
mangrove sites was observed in summer for DOC (P=0.172) and
δ13DOC (P=0.061)

Further examination of the significant factors from the PERMAN-
OVA tests of Table 3 was performed (in this case for δ13POC) using the
CAP routine with leave-one-out procedures, and results indicated a low
overall allocation success for the factor “non-mangrove creeks” (45.5%)
despite being recognized as significant in PERMANOVA tests. However,
greater CAP allocation success was achieved for the mangrove creeks
(72%). In general, high allocation success was reported for the seasons,
particularly for winter (85%). Thus, both season and creeks were
identified as consistent factors of δ13POC variations based on the CAP
results (Table 4).

Isotopic mixing results showed significant correlations for POC in all
four plots (Fig. 2a, b, c, d). Slopes (i.e. δ13C‰) derived from mixing of
POC and δ13POC were stable in the mangrove sites in two seasons
unlike at the non-mangroves where it changed from –19.8‰ in winter
to –24.0‰ in summer, clearly indicating seasonal effects in modifying
POC source signature at the sites.

Results of the seasonal and creek-wise variations for total organic
carbon (TOC in %) and δ13C in different organic carbon sources are
shown in Tables 5 and 6, respectively. Leaf and litter at the mangrove
creeks contained higher C in winter (41.5–44.4%) than summer
(36.5–39%). Similar and reverse trends were found for the sediment
(0.8–1.3% in winter and 0.3–0.4% in summer) and plankton (1–1.8% in
winter and 1.2–2.6% in summer), respectively, for both habitats. TOC
in zooplankton and MPB did not change appreciably between different
seasons and habitats. The δ13C in sediment ranged from –15.4 to
–20.3‰ in summer and –15.3 to –22.3‰ in winter with heavier carbon
obtained for the non-mangrove creeks. Contrasting patterns of δ13C in

MPB was observed between two habitats where non-mangrove creeks
contained more positive carbon (–11‰) than mangrove creeks
(–18.2 ± 1.1‰) in summer and seasonal differences in this pattern
was minimal. Results of the δ15N of different end-members are given in
Table S1, but detailed discussion of these results are beyond the scope
of this article. Similarly, in Table S2 nutrients results were shown for 2
non-mangrove and 1 mangrove sites but these findings are mentioned
only briefly in the discussion section.

The contributions of five different end-members to the POM pool at
each tidal creek are presented in Fig. 3. Planktonic particles were the
large source of POM (range 10–65%, mean 28%) in summer while all
the end-members made nearly equal contributions in winter (plankton
+zooplankton 0–30%, sedimentary OC 5–20%, leaf 5–25%, MPB
25–35%) at the mangrove sites. For the non-mangrove sites, POC values
were mostly composed of plankton (20–60%) and sediment (33–47%)
in summer whereas all four end-members (planktonic particles, zoo-
plankton, sediment, and MPB) contributed nearly equally in winter
(range 10–40%).

4. Discussion

4.1. Creek morphology, vegetation and carbon dynamics

In the mangrove sites, C2 and C3 have larger inundation areas
during spring tide (6481m2 and 11,460m2, respectively) than C1 and
C4 (2774m2 and 3881m2, respectively) (Shahraki et al., 2016). Such
creek morphology enables the delivery of eroded sediment to the
channel water accounting for the high level of TSM and POC at C2 and
C3 in both seasons. It was found that POC:TSM weight ratio ranged
between 0.9% and 1.1% in the low-lying creeks (C2 and C3) being
slightly higher than the high-lying creeks (C1 and C4) (0.8–0.9%)
possibly indicating greater soil erosion in these creeks due to more
surface area exposed to strong tidal currents. The reverse trend of POC
concentration was observed for the non-mangrove creeks where POC at
low-lying C6 (10,822m2) was 1.3–2 times lower than the high-lying C5
(5676m2). Such deviations of POC content among the creeks could be
attributed to factors other than topography because source composi-
tions as indicated by δ13POC values in these sites varied between the
two seasons (P=0.001, Table 3) and eroded sediment and MPB were
not always the main sources of suspended organic carbon. Similarly, the
isotopic distribution of POC may be less sensitive to topographical
differences due to the contributions of multiple sources to the POC pool.

The geomorphology of the creeks had little influence on the DOC
variations and source compositions in the water as indicated by the
marginal changes in δ13DOC. It has been proposed that high inundation
area and gentle slopes in mangrove ecosystem promote carbon and

Table 3
Results of 2-way PERMANOVA, testing the effects of habitats, seasons and their interactions on POC, PN, DOC with their isotopes. Df - degrees of freedom; Sum Sq –
sum of squares; Pseudo -F - F value by permutation, Bold indicates statistical significance with P < 0.05, P-values based on 984 permutations.

POC df SS Pseudo-F P(perm) δ13POC df SS Pseudo-F P(perm)

Site 1 4518.5 3.77E− 02 0.856 Site 1 9.5068 4.5126 0.026
Season 1 48,403 0.40403 0.555 Season 1 63.927 30.345 0.001
SixSe 1 28,005 0.23376 0.646 SixSe 1 39.969 18.972 0.001
Residual 54 6.47E+ 06 Residual 54 113.76
Total 57 6.53E+ 06 Total 57 192.26
PN δ15PN
Site 1 40.914 0.029159 0.875 Site 1 1.2606 0.64679 0.427
Season 1 765.72 0.54572 0.459 Season 1 0.14485 7.43E− 02 0.799
SixSe 1 341.41 0.24332 0.615 SixSe 1 1.6032 0.82256 0.351
Residual 54 75,769 Residual 54 105.25
Total 57 76,596 Total 57 109.1
DOC δ13C DOC
Site 1 511.99 2.1547 0.172 Site 1 21.843 3.9738 0.061
Residual 17 4039.3 237.61 Residual 16 87.948
Total 18 4551.3 Total 17 109.79

Table 4
Canonical analysis of principal coordinates (CAP) testing the effect of habitats
(mangrove and non-mangrove) and seasons (winter and summer) of the δ13POC
values. Allocation success = percentage of points correctly allocated into each
group; δ2= square canonical correlation.

Factor m Allocation success (%) Total δ2 P

Habitat Mangrove Non-mangrove
1 78.7 45.4 72.4 0.04 0.02

Season Winter Summer
1 85.3 52.9 75.8 0.1 0.001
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nutrients export to the adjacent coastal water (Adame and Lovelock,
2011), but these had little influence on DOC for the present study.
Chaikaew and Chavanich (2017) found local topography and soil
drainage were important drivers in determining carbon storage in
mangroves of the NE Gulf of Thailand and hypothesized that flat to-
pography in mangroves could weaken erosional processes, resulting in
low carbon export and favoring water logged conditions, consequently
storing more carbon due to slow decomposition.

Relatively high leaf δ13C in mangrove creeks in winter than in
summer (difference of ~2‰, Table 4) is most likely the result of lower
isotopic discrimination caused by high water use efficiency as man-
groves cope with stressful conditions such as hyper salinity and low
rainfall (Ball, 1988; Lin and Sternberg, 1993). Sedimentary OC in both
sites is mainly composed of MPB (Ray and Shahraki, 2016); however,
greater depletion in δ13C in the mangroves sites is attributed to the
incorporation of more negative carbon of mangrove origin into the OC
pool. Higher values of δ13C of MPB at C5 and C6 in both seasons (mean
~ –13‰) could reflect high rates of production by benthic algae
growing in high sunlight in the absence of shading by mangroves. At
the non-mangrove creeks, low δ15N of MPB (Table S1) reflect the
dominance of N2 fixing cyanobacteria, which are known to have the
most positive δ13C values among aquatic autotrophs (e.g. Shahraki
et al., 2014; Al-Zaidan et al., 2006).

4.2. Role of mangroves in POC export

Both habitat and season emerged as important and significant dri-
vers of δ13POC variations in Qeshm mangroves. Planktonic particles
dominated in the mangrove sites in summer whereas, terrigenous or-
ganic carbon (leaf, sedimentary OC, MPB) contributed mostly to the
POC pool in winter.

Given the lack of other productive habitats in the proximity to the
Qeshm mangroves, the low contribution of mangroves to the POC pools
may be mainly due to low productivity in arid environments that lack
freshwater input. Furthermore, isotopic mixing results in mangrove

sites suggest that plankton are the primary source of POC in the water
during both seasons (Fig. 2a, c) and that these arid mangrove sites are
importing POC. In contrast, wet mangrove ecosystems export POC to
the coastal water (e.g. Brazilian mangroves, Rezende et al., 2007; In-
dian Sundarbans, Ray et al., 2018b). Under similar arid settings,
Almahasheer et al. (2017) also reported lack of terrigenous input to the
POC pool (δ13 C = −11.3 ± 1.6‰) for the Red Sea mangroves rather
POC source were limited to marine phytoplankton production and
import from the sea. Significant seasonality of POC source compositions
was observed for the non-mangroves where apart from sediment,
plankton and MPB, other external sources such as sewage from the local
harbor (a few hundred meters away) may also contribute to the POC
pool in summer (Fig. 2b, d). Though C5 and C6 were located at a dis-
tance from such effects, there may have been sewage inputs at C6, as
evidenced by relatively positive δ13POC (–17.7‰) and the δ15PN
(3.8‰) which were similar to the values reported for sewage-derived
POM around the US coasts (–16.5‰ and 2.5‰ respectively; Van Dover
et al., 1992; Spies et al., 1989; Sweeney and Kaplan, 1980). However,
the variation in nutrient concentrations was fairly low in both habitats,
with dissolved inorganic nitrogen (NO3 +NH4 +NO2) and phosphate
concentrations were< 5 μM and< 0.5 μM, respectively (Table S2),
suggesting insignificant effects on the water quality arising from sewage
disposal. Also elevated oxygen levels at both sites (> 100% saturation)
suggested low biochemical oxygen demand (BOD). Therefore, anthro-
pogenic OC sources at the non-mangrove and mangrove sites appear to
be negligible. Evidence that marine and/or algal-derived OM are the
major sources of POM include minimal seasonal and site-specific var-
iations in PN and δ15PN that could be attributed to the perennial source
of both pelagic and benthic algae in the POM. This is consistent with
our previous study that showed insignificant contributions of mangrove
plants to the PN pool (Ray and Shahraki, 2016), which is further re-
flected by the PERMANOVA results (Table 3, p > 0.05) between
mangrove and non-mangrove sites.

Arid mangrove stands in Iran were effective retainers of most of
their production due to minimum rainfall, and the absence of river

Fig. 2. Isotope mixing relationship for POC at spatial and temporal scales. Slope at the mangrove sites represents marine signature of the ‘added POC’ while at the
non-mangrove sites shows fluctuations of both marine and terrigenous material between two seasons.
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discharge that could drive hydrologic export (i.e. outwelling) of OC
from the forest floor. Evidence of OC retention owing to input from the
seagrasses was shown by Walton et al. (2014) for the similar arid
mangroves in Qatar; however, such vegetation is absent in our study
sites, meaning only mangrove-derived carbon would be available for
export to the sea. The absence of rainfall appears to significantly reduce
outwelling from arid mangrove ecosystems (Loneragan et al., 1997) and
may explain carbon retention in arid mangrove ecosystems similar to
the Qeshm Island mangroves (Schile et al., 2016). Leaf-litter processing
by crabs may significantly reduce the amount of mangrove-derived POC
available for export (Olafsson et al., 2002; Kristensen, 2008). In the
Gazi Bay mangroves (Kenya), Andreetta et al. (2014) observed that
burrowing sesarmid crabs living under the vegetation potentially pre-
served OC in the deeper sediment while MPB could supply OC in the
surface sediment. Shahraki et al. (2014) observed that microbenthic
feeders such as Pentaprion longimanus, Acanthopagrus latus, and Poma-
dasys kaakan in both mangrove and non-mangroves sites at Qeshm Is-
land relied on MPB as a food source. Because leaf-eating crabs reduce
the availability of MPB (one of the main sources of POC) for export
through burial, we may further infer that POC export from the Qeshm
Island mangroves is regulated by hydrodynamics (rainfall setting, tidal
regime), habitat (mangrove, non-mangrove), and faunal benthic ac-
tivity.

4.3. Role of mangroves in DOC export

Leaching of mangrove plant materials through surface and pore
water export are generally recognized as the major pathways of DOC
transport into the mangrove-dominated coastal waters (Bouillon et al.,
2007; Dittmar and Lara, 2001; Troxler et al., 2015). Below ground
properties, such as mangrove pore water generally contains 2–3 times
higher DOC concentration than overlying water (Ray et al., 2018a)
accelerating DOC export via tidal pumping and seepage. However, our
previous results at Qeshm mangroves showed such terrigenous DOC
output less effective than marine DOC input (Ray and Shahraki, 2016).
The same report calculated marine algae as highest contributor to DOC
(mean 82%, range 80–86%), followed by mangrove leaves (12%,
8–15%), suggesting oceanic import dominated over mangrove-derived
DOC export. Ray and Shahraki et al. (2016) further suggested that the
high residence time of water in the Gulf promoted high phytoplankton
biomass and thus high rates of DOC input from phytoplankton de-
composition. This result contrasts with more humid tropical mangroves
where mangrove-derived DOC export to the sea was reported to be
large and mangroves contributed significantly to the DOC pool. For
example, mangrove-derived DOC is important in the Sundarbans (Ray
et al., 2018b), Everglades (Ho et al., 2017) and Brazilian mangroves
(Rezende et al., 2007). This assumption of weak DOC export from
Qeshm Island is supported by the PERMANOVA results that show al-
most no variations in DOC concentrations or isotopic signatures be-
tween mangrove and non-mangrove sites. We expected greater varia-
bility between these different habitats due to DOC leaching from
mangrove plants and pore water. Isotopic results in both habitats sug-
gest a mixture of sources in the DOC pool where pelagic contribution
would be greater relative to mangroves and other allochthonous
sources (like effluents from nearby fishing harbor). Despite the lack of
freshwater input and rainfall at these Iranian intertidal sites, phyto-
plankton production is sustained by sufficient sunlight and nutrients
imported from the sea for sustained in-situ production (Ray et al.,
2016). Hence, phytoplankton DOC release is important apart from other
mechanisms such as grazer excretion and cellular lysis (Rushansky and
Legrand, 1996). Low mangrove contributions to the DOC export could
be attributed to the biophysical factors such as, (1) hydrology (low river
runoff and rainfall) and (2) biology (low forest productivity).

With regard to hydrological factors, minimum freshwater input and
rainfall throughout the year, is probably the key reason of low man-
grove exports of OC (both DOC and POC) unlike in Everglades, whereTa
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their export increased 5–10 fold during the rainy season (Bergamaschi
et al., 2012, Cawley et al., 2013). A similar argument was given for
higher DOC during the rainy season in the Brazilian mangroves by
Dittmar et al. (2001). The absence of rainfall appeared to significantly
reduce export from mangroves of Gulf of Carpentaria, Australia and
partly explained carbon retention in the estuary (Loneragan et al.,
1997). In addition to these factors, the tidal flat is inundated only
during spring tide, so the lack of tidal flushing and pore water exchange
could be another reason for weak DOC export by these mangroves.

With regard to biological factors, low productivity of these dry
mangroves could also account for this trend of weak OC export.
Although the measurements of forest productivity at Qeshm Island are
scarce, we found trees are 3–6m in height, which is much lower than
more humid tropical mangroves (French Guiana: 4–20m, Fromard

et al., 2004; Indian Sundarbans: 4–10m, Ray et al., 2011; Indonesia:
21–26m, Komiyama et al., 1988, 2008; Malaysia: 15 m, Ong et al.,
1982). Arid mangroves around Persian Gulf tend to have low OC
(<1%, this study) in the sediment compared to other wet mangroves
(> 10%, Indo-Pacific mangroves, Donato et al., 2011). Poor OC pre-
servation was reported for the arid mangroves in the United Arab
Emirates (sequestration rate = 15 g Corg m−2 yr−1, 10-fold less than
global mean) due to the oligotrophic nature and low mangrove inputs
to the Red Sea (Almahasheer et al., 2017; Schile et al., 2016), like the
present settings of the Iranian mangroves. Although there is no report of
direct measurement of litter fall or live biomass for the Iranian man-
groves, it can be presumed that a higher ratio of sand in the sediment of
Qeshm Island mangroves (> 50%, Ansari et al., 2014) and stressful
environmental conditions (very hot summer and cold winter, very little
rainfall and hyper salinity) are not conducive for mangrove plant
growth.

5. Conclusion

Major conclusions from this study are:

(1) Mangrove vegetation has negligible role in the POC dynamics of the
near-shore waters of Qeshm Island. Although mangrove contributes
up to 25% of the DOC pool, their role in exporting DOC is small.
Marine import of planktonic OC could account for the observed
DOC and POC concentrations and isotopic variations rather than
mangrove-derived export of these compounds.

(2) Seasonality and site-specific features are more significant for POC
than DOC.

(3) Multiple biophysical factors such as lack of fresh water, thermal
stress, hyper-salinity, and low plant productivity might be re-
sponsible for low rates of OC export from mangroves to the Persian
Gulf.
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Table 6
Results of δ13C of the TOC present in different end-members at the mangrove and non-mangrove creeks. SD = standard deviation, n= sample size.

Parameters Summer

Mangrove Non-mangrove

δ13C ‰ C1 C2 C3 C4 C5 C6

Leaf Mean± SD (n) –28.5 ± 0.3 (5) –30.2 ± 0.3 (4) –28.7 ± 0.4 (3) –29.1 – –
Litter Mean± SD (n) – –30.14 – –28.7 ± 0.5 (3) – –
Sediment Mean± SD (n) –19.3 – – –16.7 ± 1.0 (2) –20.3 ± 0.7 (3) –15.4 ± 2.0 (4)
MPB Mean± SD (n) –19.5 ± 1.6 (4) –18.2 ± 0.1 (4) –18.4 ± 0.9 (4) –16.7 ± 1.2 (2) –11.0 ± 0.8 (3) –11.1 ± 0.8 (3)
Plankton Mean± SD (n) –21.1 ± 1.5 (3) –20.5 ± 1.7 (3) –20.7 ± 1.2 (3) –20.7 ± 1.1 (4) –20.2 ± 1.0 (2) –19.1 ± 0.8 (3)
Zooplankton Mean± SD (n) –23.0 ± 0.6 (3) –22.5 ± 0.4 (3) –24.3 ± 1.3 (3) –23.3 ± 2.2 (2) –21.1 ± 1.0 (3) –18.6 ± 1.8 (3)

Parameters Winter

Mangrove Non-mangrove

δ13C ‰ C1 C2 C3 C4 C5 C6

Leaf –27.5 ± 0.4 (3) –27.6 ± 0.9 (3) –26.7 ± 1.5 (5) –27.4 ± 0.3 (5) – –
Litter –27.9 – – – – –
Sediment –19.5 ± 0.3 (2) –19.3 ± 0.3 (2) –17.9 ± 1.0 (3) –22.3 ± 3.5 (2) –15.3 –18.9 ± 1.3 (4)
MPB –23.1 (1) –16.7 ± 2.1 (6) –17.0 ± 1.3 (3) –15.6 –15.7 ± 3.6 (4) –12.8 ± 0.6 (2)
Plankton –23.8 ± 0.1 (3) –23.7 ± 0.1 (3) –23.3 ± 0.7 (5) –23.4 ± 0.7 (3) –22.1 ± 0.8 (4) –21.8 ± 1.9 (4)
Zooplankton –24.3 ± 0.2 (3) –23.8 ± 0.7 (4) –23.6 ± 0.4 (4) –24.1 ± 0.2 (2) –23.5 ± 0.9 (4) –22.9 ± 1.8 (3)

*MPB=microphytobenthos.

Fig. 3. End-member mixing results yield various proportion of sources in the
POC pool based on season (winter and summer) and habitat (mangrove and
non-mangrove). Mean contributions (%) of sources are plotted while ranges of
contributions derived from Isosource model are shown besides the bars. In the
legend, Plank. and Zoo represent planktonic particles and zooplankton, re-
spectively.
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