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Abstract Phosphorus (P) cycling in mangroves plays an im-
portant role in productivity but the magnitude of atmospheric
input in the mangrove P budget is still uncertain. This study
applied a box model approach to assess P budget in the Indian
Sundarban, the world’s largest mangrove ecosystem for con-
ceptual understanding of P cycling and for better representa-
tion of transport and transformation of P within the mangrove
ecosystem. The P content in the sediment (0.19–0.67 μg g−1)
was found much below its maximum retention capacity
(322 μg g−1) and was lower than the mean marine sediment
(669 μg g−1). The C:N and C:P ratios were correlated
(r2 = 0.66, P < 0.01) and the major fraction of available P
was recycled within the organic structure of mangrove eco-
system, thus maintaining productivity through conservation
strategies. Atmospheric input accounted for 56.7% of total P
input (16.06 Gg year−1) and 50% of total P output
(14.7 Gg year−1) was attributed to plant uptake. Budget clos-
ing or unaccounted P (1.36 Gg) was only 8.5% of the total
input. Two feedback pathways, i.e., input of P from dust fall-
out and biochemical mineralization of organic matter, signif-
icantly affected P availability. The findings of the study sug-
gest that atmospheric deposition is of major importance as a
natural and/or anthropogenic forcing function in the
Sundarban mangrove system.
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Introduction

Investigation on carbon–nutrient interactions has important
implications for the prediction of future carbon uptake and
storage in tropical ecosystems and global climate change
(Yang et al. 2014). In low land tropical soil, limited availabil-
ity of parent phosphorus (P) materials to provide fresh P input
through weathering (Yang and Post 2011) and prevalence of
kaolinite, aluminum, and iron oxide/hydroxides that effective-
ly sorb P (Sanchez 1977) result in strong P limitation for
tropical ecosystems (Wright et al. 2011), leading to ecosystem
retrogression (Peltzer et al. 2010). Phosphates move quickly
through plants and animals; however, the processes governing
their movement through the soil or ocean are very slow and
make the phosphorus cycle overall one of the slowest biogeo-
chemical cycles (Oelkers 2008). However, the absence of gas-
eous phases makes P cycle relatively simple in nature. Soil
phosphorus release to surface runoff and to subsurface flow is
a complex interaction between the type of P input, soil type
andmanagement, and transport processes (Branom and Sarkar
2004; Schelde et al. 2006). Human interference in the P cycle
occurs by overuse or careless use of phosphorus fertilizers that
results in eutrophication in the water part, thus inducing anox-
ic conditions (Conley et al. 2009).

Phosphate-P in tropical forests can be immobile and un-
available for plant use due to their occurrence in geochemical-
ly protected forms, i .e., P either associated with
iron/aluminum/calcium hydroxides or can be adsorbed onto
mineral surfaces or protected within mineral matrices or pres-
ent in organic compounds (Ruttenberg 1992; Cross and
Schlesinger 1995; Johnson et al. 2003); thus, organisms that
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solubilize P can have important implications for plant growth,
especially in nutrient-limited environments.

Mangrove swamps are a common feature covering 60–
70% of tropical and subtropical intertidal regions of coastal
environment (FAO 2004) and are highly productive (Alongi
2009; Clark et al. 2001) and most rich in carbon in tropics
(Donato et al. 2011). Mangrove swamps are rich in recycled
nutrients that are mainly derived from litter decomposition
(Alongi et al. 1989; Holguin et al. 2001; Ray et al. 2014).
However, mangroves are often limited by the availability of
micro- and macronutrients specially N and P, mainly due to
high nutrient use efficiency for developing cell walls (Alongi
et al. 1992; Lovelock et al. 2005; Reef et al. 2010). Many
mangrove environments tend to be nutrient limited and that,
in general, tropical soils will be less fertile, particularly in P,
which in contrast to N cannot be replaced through biological
fixation (Reich and Oleksyn 2004; Lovelock et al. 2007).
Mangrove biogeochemistry of plant and sediment derived
phosphorus focus on the large, slow moving chemical reser-
voirs and their smaller but more active exchange or cycling
either driven by biological activity in the mangrove reservoirs.
Occurrence of phosphate-solubilizing bacteria (PSB) in asso-
ciation with mangrove roots (Vazquez et al. 2000; Kothamasi
et al. 2006) serves an important role in P availability to plant
(Dick et al. 2000; Kothamasi et al. 2006; Das et al. 2014). Its
involvement in a range of processes, i.e., solubilization and
remobilization (Oberson et al. 2001; Oehl et al. 2001), affect
the dynamics and transformation of soil phosphorus and are
thus an integral part of the P cycle (Gerretsen 1948).
Mangrove swamps suffer from many of the environmental
disturbances like deforestation (Hussein 1995; Kelleher et al.
1995; Spalding et al. 1997; Valiela et al. 2001), land reclama-
tion (Terchunian et al. 1986; Primavera 1997; Singh et al.
2015), garbage and sewage dumping, and dredging and dam-
ming of rivers (Wolanski 1992). Such events could result in
transition of biological P cycling to more of geochemical pro-
cesses in tropical mangrove ecosystems (Dittmar and Lara
2001; McGrath et al. 2001). Thus, it is of interest to study at
different trophic levels and a range of spatio-temporal scales
to identify biocomplexity and overall functioning of the man-
grove ecosystem (Feller et al. 2010). The major pools of P
are live biomass (above ground and below ground) and
sediment. P input within mangrove ecosystem is driven
by various processes such as atmospheric dry and wet de-
position, canopy nutrient transfer, litter fall, organic matter
mineralization in sediment, and anthropogenic activities
(sewage, agriculture, aquaculture, etc.) (Ramos et al.
2007).P cycling in mangroves plays an important role in
productivity, yet complete ecosystem scale budgets are
rare, particularly in tropical Sundarban mangrove ecosys-
tem, which is known for high CO2 sequestration, litter fall,
and biodiversity (Ray et al. 2011; Dey et al. 2012;
Chowdhury et al. 2012).

Therefore, our aim is to develop a P budget for the
Sundarban mangrove ecosystem, using a box model approach
that incorporates stocks and fluxes including litterfall, deposi-
tion, plant uptake, aerosol emission, tidal exchange, above-
and below-ground biomass, and sediment stocks. This study
will provide the basic data for conceptual understanding of P
cycling and for better representation of transport and transfor-
mation of P within the mangrove ecosystem.

Materials and Methods

Study Area

The study sites were located in the Indian Sundarban, which is
part of the estuary associated with the River Ganges, on the
northeast coast of the Bay of Bengal. In 1985, the Indian
Sundarban was included in UNESCO’s list of world heritage
site, and in 1989, India designated 9360 km2 of Sundarban as
a biosphere reserve, which are subdivided into forest
(4264 km2) and aquatic (1781 km2) sub-ecosystems. The area
is covered with thick mangroves harboring 34 true mangrove
species such as Avicennia alba, A. marina, A. officinalis,
Ceriops decandra, Xylocarpus granatum, Aegialitis
rotundi fol ia , Bruguiera gymnorrhiza , Aegiceras
corniculatum, Sonneratia apetala, Excoecaria agallocha,
and Heritiera fomes. Mangrove plants rarely exceed 10 m in
height, and the over-forest trajectory of the wind (fetch) is
about 15 km.

Field work was conducted during the period between
September 2009 and March 2011 at five sites (Lothian
Island North, Stn.1; Lothian Island South, Eco Camp, Stn.2;
Prentice Island, Stn.3; Bonnie camp,Stn.4; and Halliday
Island, Stn.5) (21° 32′ and 22° 40′ N; 88° 50′ and 89° E)
(Fig. 1). These five stations were selected from virgin forest:
three are from west Sundarban (Stn.1, Stn.2, and Stn.3) and
other two were from east Sundarban (Stn.4 and Stn.5). These
islands are almost free from both direct and indirect human
interferences and are fully covered by different mangrove veg-
etation. Islands are criss-crossed by many tidal creeks and
vegetation is comparatively denser on either side of the creeks
with comparable geomorphological features. Avicennia
marina and Avicennia alba are the dominant mangrove spe-
cies at Stns.1, 2, and 3 followed by patches of Aegialitis
rotundifolia, Excoecaria agallocha, and Bruguiera
gymnorrhiza. At Stns.4 and 5, Avicenia marina with few
patches of Aegiceras corniculatu, Agialites rotundifolia,
and Phoenix paludosa are more common. The sediment
of these islands is typically muddy and alluvial in nature.
These islands are periodically inundated and exposed with
tide and are considered as representative of the Sundarban
mangrove forest.
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Biomass and Litter

For more details about climate, ecogeography, hydrodynam-
ics, biodiversity of the sites, and methodology for estimation
of above-ground biomass (AGB), below-ground biomass
(BGB), litter fall, and sediment samples, refer to Ray et al.
(2011, 2014). Briefly, quadrates (100 m × 10 m) were selected
randomly at five stations for monthly observations and AGB
and BGB were estimated using allometric equations:

AGB ¼ 1:0471 d0:864H0:635ρ−1:37 r2 ¼ 0:99; p < 0:001; n ¼ 100
� �

BGB ¼ AGB1:63=30:29 r2 ¼ 0:97; p < 0:001; n ¼ 100
� �

where d = diameter of breast height in centimeters,
H = tree height in meters, and ρ = wood density in grams
per cubic centimeter derived by Ray et al. (2011).
Monthly increment of cbh (circumference at breast height)
was recorded for 389 trees/500 m2 and the integrated val-
ue was considered to estimate the net accumulation of P
as AGB and BGB. Core samples were collected by using
a corer made of stainless steel (5.5 cm inner diameter) at
different depths, and sediment-P stock was calculated
from bulk density (ρ = 2.56 g cm3) and the P% at each
depth in the sediment profile of 0–60 cm. Litter were
collected using traps (3 × 3 m) placed randomly inside
the deep mangrove forest. All samples (AGB, BGB, litter,
and sediment) were oven-dried at 60 °C for the determi-
nation of P content. Plant-P stock and its sequestration to
forest biomass were estimated from its concentration in
dry biomass of different plant parts (leaf + stem + root).
P stock (plant and sediment) and different fluxes (litter

fall as FLitt and plant uptake as Fuptake) were expressed
in Kg P ha−1 and μmol cm−2 day−1, respectively.

Dry Deposition

Aerosol is a system of solid or liquid particles suspended by a
mixture of gases. The term aerosol covers a wide spectrum of
particles, like coarse (air-borne dust with aerodynamic diam-
eter > 10 μm) and fine mode particles (like sea salt particles,
carbon black dust, pollen, and many others with aerodynamic
diameter < 10 μm). Dry deposition of these particles is size
dependent and coarse particles with deposition velocity
> 1 cm s−1 falls out quickly (Graedel and Crutzen 1993). No
single instrument could measure particles over the entire
range. A combination of techniques was used for aerosol mea-
surements. In the present study, cascade impactors for fine
mode and Mylar strips coated with grease were used as the
collection surface (10.26 cm2) for the coarse mode.

Air-Borne Dust with Aerodynamic Diameter > 10 μm

A knife-edge surrogate surface (KSS) made of polyvinyl
chloride sheet with mounted Mylar strips (Graphic Arts
Systems Cleveland, USA) coated with 2–3 mg of
Apezion L grease was used as the collection surface
(10.26 cm2) for the particles. Sampling was carried out in
the dry season from the month of January to the month of
May (151 days). Samples were collected twice a month for
24 h. The mass of deposited particles was obtained by the
difference between the initial and final weight of Mylar

Fig. 1 Location of the study area
in the Indian Sundarban,
northeast coast of the Bay of
Bengal
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strips. All of the grease from Myler strips was extracted
using hexane to collect particles from the strip. Hexane
was evaporated and residue was extracted with deionized
water following sonication at 60 °C for 3 h. The solutions
were then filtered and were analyzed for phosphate using
ion chromatography (Metrohm, 792 Basic IC). Dust depo-
sition fraction of P (μg m2 s−1) was estimated by dividing
the deposited amount with area of collection and duration
of samples.

Aerosol with Aerodynamic Diameter < 10 μm

Size-segregated aerosol samples were collected during dry
season (January to May, 151 days) on the quartz fiber sub-
strate using a cascade impactor (flow rate 1.7 m3 h−1) fitted
with a preseparator (Pacwill Environmental, Canada), and
total aerosol mass was measured by weighing the substrate,
before and after sampling using a microbalance (Metler AE
240) in a controlled environment chamber maintained at a
temperature of 23 ± 2 °C and relative humidity of 35 ± 5%.
Water-soluble inorganic PO4

−3 was extracted by ultrasonic
agitation using 20 mL deionized water for 20 min. The
extracts were filtered through a nylon membrane filter pa-
per and kept in the prewashed polypropylene bottles.
Chemical analyses for the water-soluble inorganic ions
were conducted by Ion Chromatography (Metrohm 792
basic IC) using separator columns (Metrosep Supp 3
(6.1005.320)) for anion analysis, fitted with a guard col-
umn (PRP-1 IC guard column cartridge (6.1005.050)).

Dry deposition of aerosol was determined from concen-
tration of different size fractions measured by each impac-
tor stage and deposition velocity of particle for each
impactor stage. For more details about dry deposition
velocity, refer to Sehmel and Hodgson (1978) and
Chatterjee et al. (2006).

Emission of Aerosol

Emissions of aerosol (μg m−2 s−1) was estimated by divid-
ing an atmospheric concentration of χ μg m−2 and average
wind speed of u (0.36–5.74 m s−1 at 10 m) over the phase
distance X (up to 10 km) (Gifford and Hanna 1973) with C
(= 0.7979 X/σz (1 - b) and σz = aXb) as described else-
where (Chatterjee et al. 2006). Here, a and b for different
atmospheric dispersion conditions are compared according
to Pasquill and Smith (1983). Micrometeorological param-
eters were recorded by a computerized weather station
(Model: Davis 7440). For estimating the emission fraction
of P, a distributed area source was considered in which the
water surface (1781 km2, 10,686 × 106 m3) contributions
were treated as coming from a continuous distribution of
infinitesimal sources.

Sediment and Tidal Water

Redox potential (Eh) and pH were measured in situ by lower-
ing electrodes into the sediment section (Vischer et al. 1991;
Fiedler et al. 2003). Texture analysis of air-dried sediment was
carried out following the pipette method (Piper 1950) and
porosity was calculated from the different percentages of clay,
silt, and sand (Knab et al. 2009). Pore water was separated
from sediment by means of centrifugation (30 min,
5000 rpm). Salinity was determined by Mohr–Knudsen titra-
tion. The C, N in dried sediment, and plant materials were
measured by CHN Analyzer (2400 series-11, Perkin-Elmer).
Sediment and the filtered particulate matter samples were
digested with a mixture of nitric, hydrochloric, hydrofluoric,
and perchloric acid (Sturgeon et al. 1982), and P content was
determined by the spectrophotometric method (Chang and
Jackson 1957; APHA 1995).

Tidal water samples (low and high tide) were collected by
Niskin bottles from the estuarine surface, filtered (0.45 μm
millipore) and analyzed afterwards for the estimation of total
phosphate (P) and nitrogen (N) following the standard method
of Grasshoff (1983) by spectrophotometer (Systronics, UV–
VIS Spectrophotometer, 117). Pore water nutrients were also
measured following the same method. Relative accuracy error
of ± 3% for nitrate and nitrite, ± 5% for ammonia, and ± 2%
for phosphate was achieved. The detection limits were 0.1 μM
for dissolved inorganic nitrogen (DIN) and 0.05 μM for dis-
solved inorganic phosphate (DIP). Total phosphorus (organic
and particulate) was obtained by difference subtraction of fil-
tered and unfiltered seawater samples, after acid persulphate
oxidation.

Quantification of Phosphate-Solubilizing Bacteria

To quantify phosphate-solubilizing bacteria (PSB), the 60-cm
sediment core was sectioned into 2-cm segments. For each
sampling sites (upper, middle, and lower littoral zones), the
sediment corresponding to the same depth was pooled and
10 g sample was homogenized in sterile phosphate buffer.
Serial dilutions up to 10–4 were made and inoculation was
done with 0.1 mL PSB in a selective medium named
Pikovskaya’s medium which had the following composition:
glucose (10 g), Ca3(PO4)2 (5 g), (NH4)2SO4 (0.5 g), KCl
(0.2 g), agar (20 g), isotonic solution with the sediment pre-
pared from NaCl and sterilize distilled water (1 L), and pH
maintained at (6.8–7.0) (Ramanathan et al. 2008; Das et al.
2014). Pikovskaya’s medium allows the growth of only PSB
among the other group of microbes like cellulose-degrading
bacteria, sulfate-reducing bacteria, nitrifying bacteria, and
nitrogen-fixing bacteria. Again, the colony of PSB was easily
recognized and enumerated with a clear zone around their
colony as PSB produces acids that dissolute calcium triphos-
phate used in that Pikovskaya’s medium.

Estuaries and Coasts (2018) 41:1036–1049 1039



Diffusive and Advective P Flux Estimations

Diffusive P fluxes (μmol m−2 day−1) were calculated using the
following equation (Berner 1980): FDiff = − φDs(δC/δZ)Z = 0,
where FDiff is the diffusive flux, φ is the porosity of the sed-
iment (0.7, Ray et al. 2014), Ds is the whole sediment diffu-
sion coefficient (cm2 s−1) obtained from the following formula
(Iversen and Jorgensen 1993): Ds = D0/1 + n(1 − φ), whereD0

is the free solution diffusion coefficient, and n = 3 (Knab et al.
2009). The concentration gradient at zero depth, (δC/δZ)Z = 0,
was estimated by linear regression between concentrations
and depths.

Advective P fluxes (Fadv) from intertidal forest sediment to
the estuarine water column were estimated by using the fol-
lowing relation (Reay et al. 1995): F = Φ × ν × C, where
Φ = porosity of sediment, ν = average linear velocity = d/Φ
(d = specific discharge), and C = pore water P concentration.
In the end of the calculation, Φ is nullified. The specific dis-
charge (9.6 ± 1.7 cm day−1 or cm3 cm−2 day−1, Dutta et al.
2015) for the intertidal sediment was recorded by measuring
the rate of accumulation of pore water in an excavated pit of
known surface area during low tide.

Sedimentation flux of particulate P (Fpart) was estimated
by multiplying the particulate P concentration with the
mass accumulation rate (0.41–0.78 g cm−2 year−1,
Banerjee et al. 2011).

For the estimation of river input and coastal exchange of P,
land ocean interactions in the coastal zone (LOICZ) approach
(Gordon et al. 1996, Mukhopadhyay et al. 2006) was used for
the mangrove-dominated estuarine system. Residual flow

(VR = VQ + VP − VE) and exchange flow [VX = VR × SR/
(Sestuary − Socean)] were calculated from fresh water inflow
(VQ), precipitation (VP), evaporation (VE), and salinity of the
out flowing water (SR = average salinity of the system and
adjacent seawater, SR = (Sestuary + Socean) / 2). Using mean P
concentration during high tide and low tide, river runoff (VQ
Priver), residual flow [VR(Pestuary + Pocean) / 2], and exchange
flow [Vx(Pestuarine − Pocean)] were calculated for the monsoon
and non-monsoon periods.

Statistical Analysis

Statistical analysis was performed by MINITAB (version
13.1) statistical software package. Any doubtful data was test-
ed using the Q test. The ratio Q was calculated by arranging
the data in decreasing order of numbers, and the difference
between the suspect number and its nearest neighbor was di-
vided by the difference between the highest and lowest num-
ber. The ratio was compared with tabulated values of Q at the
95% confidence level (Christian 2001). A one-way analysis of
variance (ANOVA) and t test were employed to test differ-
ences of data among stations.

Results

Seasonal variations of physico-chemical properties of sediment
and water are given in (Table 1). Mangrove ecosystems were
influenced by seasonal changes in temperature (winter,

Table 1 Summary of physico-
chemical properties of mangrove
sediment (dry weight basis, nmol
g−1) and pore water and tidal wa-
ter nutrients (μM).
PSB = phosphate-solubilizing
bacteria, TEP = total exchange-
able PO4-P, DIN = dissolve inor-
ganic nitrogen (NO3 + NO2 +
NH4) averaged for each season
during the study period (mean ±
SD, n = 48)

Parameters Pre-monsoon Monsoon Post-monsoon

pH 8.23 ± 0.05 7.72 ± 0.22 8.21 ± 0.04

Salinity (pore water) 30.0 ± 2.5 18.9 ± 1.2 20.5 ± 1.5

Eh (mv) − 45.45 ± 119 − 78.37 ± 59.0 − 70.64 ± 65.8

Org-C (%) 0.85 ± 0.12 0.75 ± 0.10 1.11 ± 0.18

PSB (C.F.U × 106 g−1) 0.77 ± 0.25 0.91 ± 0.22 1.09 ± 0.28

TEP

Sediment 9.77 ± 0.97 8.03 ± 1.3 16.5 ± 3.4

Pore water 1.1 ± 0.3 1.62 ± 0.05 0.78 ± 0.08

Tidal water 0.59 ± 0.33 0.95 ± 0.15 0.46 ± 0.17

DIN

Sediment 206 ± 70 133 ± 41 325 ± 58

Pore water 4.84 ± 1.5 4.93 ± 2.5 4.7 ± 1.9

Tidal water 18.85 ± 2.5 24.11 ± 2.8 21.91 ± 1.8

Sediment texture

Sand % 6.0 ± 0.57 5.0 ± 1.4 16.0 ± 4.1

Silt % 80.0 ± 5.3 87.0 ± 4.3 72.0 ± 5.1

Clay % 14.0 ± 1.1 8.0 ± 1.3 12.0 ± 3.5

Porosity 0.7 0.7 0.7

Diffusion constant (cm2 s−1) 9.26 × 10–6 9.26 × 10–6 9.26 × 10–6
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19.1 ± 4 °C versus monsoon and non-monsoon, 29.1 ± 2 °C)
and mean salinity (Sestuary, 19 psu versus Socean, coastal water,
31 psu). Suspended particulate matter concentration ranged
f rom 50 ± 12 mg L − 1 i n t he non -monsoon to
150 ± 35 mg L−1 in the monsoon. Sediment textural analysis
showed that silt (72–87%) was the major component of sedi-
ment followed by 5–16% sand and 8–14% clay (Table 1). Total
organic carbon in sediments exhibited a greater concentration in
the post-monsoon compared to other times of the year. Average
concentration of inorganic nitrogen (190 ± 50 nmol g−1 d.w.)
was greater than phosphorus (11.4 ± 3.6 nmol g−1 d.w.) with
N:P ratio of 17. Down-core phosphate and PSB profile (Fig. 2a,
b) exhibited an overall decreasing trend with depth. Maximum
average population of PSB (1.53 CFU × 106 g−1 dry wt. of
sed.) was found during the non-monsoon from the surface sed-
iment and minimum was found during the monsoon
(0.55 CFU × 106 g−1 dry wt. of sed.) at 60 cm of depth.

A seasonal trend was a common feature for physico-
chemical parameters and all stations showed lower salinity,
pH, N, and P in sediment and greater N and P in tidal and
pore water during the monsoon compared to the other time of
the year (t test P < 0.05–0.10).

Above Ground (AGB-P), Below Ground (BGB-P),
and Sediment-P

The allocation of C, N, and P among different components of
mangroves is given in Table 2. AGB-P was increased from
75.52 to 99.45 Kg P ha−1 and BGB-P from 26.19 to
40.86 Kg P ha−1 (Fig. 3). Spatial variation of AGB-P, BGB-
P, and sediment-P stock showed the highest level at Halliday
Island (Stn.5. 122.5, 63.5 Kg P ha−1) and the lowest at Eco
Camp (Stn.2, 64.7, 13.09 Kg P ha−1) (Fig. 4). The meanAGB-
P, 99.9 ± 22.5 Kg P ha−1, was found 2.8 times greater than
BGB-Pwith coefficient of variance (CV) of 22.5% for AGB-P
and 57% for BGB-P. Phosphorus stock in the sediment
(expressed as depth integrated value) ranged from 3.19 to
4.86 Kg P ha−1 across stations with an average stock of
4.08 ± 0.67 Kg P ha−1 and CVof 16.4%.

To find how much of the variation in our measurements of
AGB-P, BGB-P was due to between sample differences and
how much due to random variability within the samples,
ANOVA test was applied. Observed value of F was 0.23 ver-
sus the critical value of F 2.13 with (10, 33) degrees of

Table 2 Seasonal variations of elemental C, N, P, and their molar ratios
in different mangrove parts and sediments (avg. up to 60 cm depth)

Dry wt% Pre-monsoon Monsoon Post-monsoon

Living leaf

C% 46.47 ± 3.5 46.62 ± 3.2 46.92 ± 2.8

N% 1.84 ± 0.45 1.84 ± 0.45 1.85 ± 0.45

P% 0.10 ± 0.03 0.10 ± 0.02 0.09 ± 0.02

C:N:P 1200:40:1 1204:40:1 1338:29:1

Leaf litter

C% 40.01 ± 2.6 41.32 ± 2.4 42.84 ± 2.0

N% 1.17 ± 0.08 1.18 ± 0.11 1.18 ± 0.09

P% 0.11 ± 0.09 0.12 ± 0.12 0.12 ± 0.16

C:N:P 940:35.5:1 889:39:1 922:22:1

Stem

C% 42.42 ± 0.4 42.88 ± 0.4 42.98 ± 0.3

N% 1.02 ± 0.09 1.02 ± 0.1 1.02 ± 0.12

P% 0.08 ± 0.01 0.09 ± 0.03 0.09 ± 0.01

C:N:P 1369:28:1 1230:25:1 1233:25:1

Root

C% 44.98 ± 1.3 44.81 ± 1.1 43.37 ± 1.1

N% 1.17 ± 0.08 1.19 ± 0.16 1.21 ± 0.13

P% 0.10 ± 0.03 0.11 ± 0.02 0.12 ± 0.01

C:N:P 1162:26:1 1052:24:1 934:22:1

Sediment

C% 0.85 ± 0.12 0.75 ± 0.10 1.11 ± 0.18

N% 0.045 ± 0.01 0.061 ± 0.01 0.072 ± 0.00

P% 0.012 ± 0.0 0.024 ± 0.0 0.033 ± 0.0

C:N:P 183:8.3:1 81:5.6:1 87:4.8:1
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Fig. 2 Down-core seasonal variations of a phosphate concentration and
b phosphate-solubilizing bacteria (PSB) count
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freedom at P = 0.05, indicating that the difference of observed
parameters at different sites was insignificant.

Litter P

Average concentrations of P in litters (0.11–0.12%) of mainly
Avicennia mangroves were similar in three seasons (Table 2).
Litter fall showed monthly variation and average FLitt-P was
1 2 6 . 2 ± 7 8 . 7 μmo l m − 2 d a y − 1 . T h e h i g h e s t
(364 μmol m−2 day−1) and lowest (72.36 μmol m−2 day−1)
values of FLitt-P occurred in December and July, respectively
(Fig. 5), with 62.3% coefficient of variance.

Flux Estimates

The depth profile of P in the sediment (Fig. 2a) indicates its
downward diffusion and the diffusion coefficient (Ds) for the

sediment column was calculated to be 9 × 10−6 cm2 s−1 for the
sediment with density of 2.56 g cm−3. From the concentrations
of P in pore water (0.78–1.68 μM) and in suspended particu-
late matter (0.2 μM), total advective and sedimentation fluxes
of P were estimated at 3.61 and 0.78 Gg P year−1, respectively.
Diffusive P flux varied between 0.22 and 3.47μmolm−2 day−1

(Fig. 5) or 0.06 Gg P year−1.
The amount of fresh water flowing (VQ) into the estuarine

system was estimated to be 72.5 × 109 m3 and about 58%
occurred during the monsoon (mid June to mid October).
Annual rain fall (VP) and evaporation from the water surface
(VE, in m3) were calculated to be 8.4 × 109 and 5.4 × 109,
respectively. Net residual flows (VR) of 50.58 × 109 and
24.96 × 109 m3 and the exchange flow (VX, m

3) of
105.36 × 109 and 52.0 × 109 m3 were found during the mon-
soon and non-monsoon periods, respectively. Mean P concen-
tration (μM) increased from 0.78 (non-monsoon) to 1.17
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(monsoon) at the river end of the estuary. Tidal variation of
mean P concentration in the estuary showed higher values
during low tide (LT) than that of high tide (HT) (1.12 μM
(monsoon) and 0.82 μM (non-monsoon) versus 0.85 μM
(monsoon) and 0.51 μM (non-monsoon)). Seasonal variation
of river runoff of P showed maximum value during the mon-
soonwith value of 1.53Ggwhich decreased to 0.74 Gg during
the non-monsoon period. The salinity gradient ranged from
0.5–1.5 psu at the river end to 30–32 psu at the surface ocean
and an intermediate value of 17.9–27 psu at the mid estuary.
Since there was quantifiable salinity and P gradient with little
stratification (P = 1.0163–0.019 S, r2 = 0.67, P < 0.02, n = 10),
this mangrove-dominated estuary was considered suitable for
LOICZ modeling. The net residual flows of 1.98 Gg P
(LT = 1.11Gg, HT = 0.86) in the monsoon decreased to
0.71 Gg P (LT = 0.42 Gg, HT = 0.29Gg) in the non-
monsoon period and the exchange flows of 2.59 Gg P
(LT = 1.54 Gg, HT = 1.05 Gg) in the monsoon decreased to
0.73 Gg P (LT = 0.49 Gg, HT = 0.24 Gg) in the non-monsoon
period. The net exchange flow (3.3 Gg P) was greater than the
residual flow (2.7 Gg P). The annual flux, calculated as the
sum of the seasonal fluxes, and total residual and exchange
flow (6.0 Gg P year−1) were greater than the river input
(2.3 Gg P year−1) resulting net export of 3.7 Gg P year−1.

Aerosol Emission and Dry Deposition of P

The average concentration of PO4
3− in aerosol was found to

be 10.01 ± 5.56 μg m−3 (November 15.97 μg m−3, December
to February 2.59 μg m−3, March to April 10.00 μg m−3, May
to June 11.97 μg m−3). The P fluxes emitted to the atmosphere
were estimated at 0.002 μg m−2 s−1 in December to February
to 0.14 μg m−2 s−1 in May to June or 1.4 Gg P year−1. The dry
deposition flux of PO4

−3 was found to vary between
4.2 × 10−3 to 0.86 μg m−2 s−1 with an average deposition of
0.32 μg m−2 s−1 or 5.8 Gg P year−1. The dust deposition flux
of PO4

−3 ranged from 7.43 mg m−2 day−1 in February to

55.3 mg m−2day−1 in April with an average value of
22.5 ± 18.01 mg m−2 day−1 or 4.7 Gg P year−1.

Discussion

The study sites were dominated by silty clay-type sedimentary
environment (alluvial). In the clay minerals, kaolinite could be
associated with quartz, illite, and chlorite (Rajkumar et al.
2012) and the net negative charge, surface area, and porosity
of the sediment could play a major role on its adsorption
capacity (Alkan et al. 2004).

P in litter (0.12%) compares well with that reported for
Rhizophora (0.10 ± 0.02%, Betoulle et al. 2001) and
Kandelia mangroves (0.14%, Lin and Zheng 1986). Woody
residues had the lowest nutrient concentrations in the data set,
followed by leaf and roots. The molar C, N, P ratio observed
for mangrove litter was consistent composition reported for
mangrove litter (1300:33:1, Gordon et al. 1996). Despite rel-
atively low phosphorus concentration among the components
of mangrove forest, the C:N and C:P ratios were strongly
correlated (C:P = 790 + 8.94 (C:N), r2 = 0.66, P < 0.01),
indicating that in general sediments are similarly rich in both
nutrients and progressive increase of nutrient concentrations
from plant residues to sedimentary organic matter. Nutrient
mineralization from plant residues is predominantly con-
trolled by the activity of decomposer organisms.
Decomposers tend to grow following relatively rigid stoichio-
metric requirements (Cleveland and Liptzin 2007), and carbon
and nutrients are typically processed together in order to
achieve balanced growth conditions (Sinsabaugh and
Moorhead 1994; Sinsabaugh et al. 2008). The stoichiometric
composition of litter can affect the decomposer carbon-use
efficiency (e) and it decreases with degree of recalcitrance of
organic compounds in litter. Manzoni et al. (2010) proposed a
stoichiometric model of litter mineralization, and variability in
e was explained by the initial litter (C:N)L0 ratio and critical
(C:N)CR ratio, as follows:

0

0.5

1

1.5

2

2.5

3

3.5

4

0

50

100

150

200

250

300

350

400

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

R
at

e 
(µ

m
o

l 
m

-2
d

ay
-1

)

R
at

e 
(µ

m
o

l 
m

-2
d

ay
-1

)

Litter P fall

Plant P assimilation

Diffusive P flux (water-soil)

Fig. 5 Monthly variations of P-
flux (in 2010) in terms of litter,
plant uptake, and diffusive
transport

Estuaries and Coasts (2018) 41:1036–1049 1043



e ¼ 6:25 C : Nð ÞL0‐0:77
C : Nð ÞCR ¼ 2:33 C : Nð Þ0:75

Variability in the P evolution during litter decomposition
was also computed by changes in e with residual effect of
(C/P)B and (C/P)CR, as follows:

C : Pð ÞB ¼ 14:3 C : Pð ÞL0
C : Pð ÞCR ¼ 2:27 C : Pð ÞL00:84

In this study, e and critical C:N and C:P ratios for mangrove
litter were found to be 0.31–0.55, 24.5–43, and 681–979,
respectively. Since initial C:N (23–49) and C:P (889–1369)
in plant residue were high compared to the decomposer re-
quirements (C:N = 8.6–10.1, C:P = 83.6–93.5, Manzoni et al.
2010), nutrients seemed to be initially immobilized from the
environment by decomposers. As decomposition proceeded,
this difference decreased, as shown clearly by the decreasing
trend of sediment plant residue carbon:nutrient ratios
(C:N = 14–22; C:P = 81–183, Table 2). When they become
lower than the critical level (C:N = 24.5, C:P = 681–979), their
net release occurred (Berg and McClaugherty 2003; Moore
et al. 2006; Parton et al. 2007). Decomposers showed
carbon-use efficiency of 0.86–1.0 for sediment C:N range of
10.6–13 and support the hypothesis that decomposers adapt to
low sediment C:N plant residue by enhancing their carbon-use
efficiency in mangrove sediment.

A general decrease of both phosphate and PSB with depth
(Fig. 2a, b) indicated the presence of phosphate-containing
minerals which could be a source of phosphate for PSB in
the Sundarban mangrove sediment. Sundby et al. (1992) re-
ported that the non-mobilized phosphorus buried in the accu-
mulating sediment appeared to consist mostly of stable min-
erals such as apatite, and phosphatase enzyme from those
microbes (PSB) solubilized the phosphate-containing min-
erals (Rodrıiguez et al. 2006; Rahaman et al. 2013).

Box Model

The basic characteristics of P cycle are often described in
terms of the content in the various reservoirs and the
fluxes between them (Lerman et al. 1975; Butcher et al.
1992). Box model representation of phosphorus cycle in
the Sundarban mangrove system is presented in Fig. 6, in
which quantities of P are depicted as uniform within each
box, and the flux between them is shown with arrows
depending on their net concentrations. There are six
coupled reservoirs of P in the model: P in the form of
aerosol in the atmosphere, P in the form of organic matter
in above- and below-ground biomass, P in the form of
organic and inorganic matter in sediment, land estuary
and ocean. The fundamental processes involved in the
model are as follows: (1) dust aerosol deposition from

the atmosphere and aerosol emission from the forest and
surrounding mangrove water, (2) litter from above-ground
biomass and roots as below-ground biomass in the sedi-
ment, (3) breakdown of plant litter to inorganic P followed
by their advective and diffusive exchange between sedi-
ment and water, (4) transport of land derive P and depo-
sition of particulate P, (5) out welling of P from the man-
grove system to the coastal water.

Phosphate enters the atmosphere from a variety of sources
such as continental-derived dust, sea spray, and plant pollen
(Mahowald et al. 2005). The net addition of P from atmo-
spheric source (dry deposition of aerosol + dust deposition −
emission = 5.8 + 4.73 − 1.36) was found to be
9.17 Gg P year−1. The dust deposition of P (4.73 Gg year−1

or 1.11 g m−2 year−1) observed in this study was greater than
that of Amazon forest (6025 × 109 km2, Borges et al. 2015).
Yu et al. (2015) suggested that dust deposition of P (6–
37 Gg P year−1 or 1–6 mg m−2 year−1) could be attributed to
deposition of long range African dust, and Okin et al. (2004)
suggested that Amazon rain forests depend on Aeolian depo-
sition for the long-term maintenance of net primary produc-
tivity (NPP). Enhanced dust loading (in addition to the locally
generated aerosol) transported from the arid and semiarid re-
gion of western India and beyond could be responsible for
high dust deposition of P over the Sundarban. Continental
air masses driven by northeasterly (and easterly) wind flow
during winter and northwesterly (and westerly) wind flow
passing over Indo-Gangetic plain during pre-monsoon
brought dust aerosols over Sundarban (Dey et al. 2004).
During this time, due to enhanced convection and steep pres-
sure gradient across the Indo-Gangetic region along with a
considerable heat wave running across the region, the dust
aerosols were transported from the arid and semiarid regions
of western India driven by the pre-monsoon westerlies and
mixed up with the natural and anthropogenic aerosols over
the Indo-Gangetic basin (Chatterjee et al. 2012).

Forest biomass and sediment-P pool (up to 60 cm depth)
was 49.7 Gg P, out of which 97% was in the biomass pool.
Litter fall (6.1 Gg P year−1), dry deposition, and riverine input
were the major source of phosphorus in the mangrove sedi-
ment. Apart from diffusive transport and sedimentation of
particulate P (0.78 Gg P year−1) occurred from the estuarine
water surrounding mangroves, suggesting role of phytoplank-
ton production (Biswas et al. 2004) to modify the riverine flux
of P before it was being released to the coastal water.
However, mangrove sediment was a P sink which was con-
sistent with studies in coastal and in particular estuarine sed-
iment (Jonge and de Villerius 1989). Phosphate concentra-
tions of 0.19 to 0.67 μg g−1 in the Sundarban mangrove sed-
iment were below its maximum adsorption capacity
(Γm = 322.58 μg g−1 or 10.4 μmol g−1, Mandal et al. 2011)
and were lower than those of tropical forest sediment (6.66–
24.9 μmol g−1, Palm et al. 2007), mean marine sediment

1044 Estuaries and Coasts (2018) 41:1036–1049



(21.6 μmol g−1, Bowen 1979), and other mangrove sediment
(Australian, 3.22–51.6 μmol g−1, Clough et al. 1983). The
residence time of P (= total mass of P in reservoir/rate of
P removal from reservoir) incorporated into sediment was
relatively short (51 days) compared to the mangrove bio-
mass (7.9 year). Major portion of the available nutrients
was at all times in the biomass and was recycled within
the organic structure of the system and according to
Odum’s hypothesis (Odum 1971); the pattern of nutrient
cycling in the tropics is, in several important ways, differ-
ent from that in the temperate zone. In cold regions, a large
portion of the organic matter and available nutrients is at
all times in the soil or sediment; in the tropics, a much
larger percentage is in the biomass and is recycled within
the organic structure of the system.

The total P flux to the sediment after summing up all sources
of P (Gg P year−1), i.e., litter fall (6.1), diffusion (0.06), sedi-
mentation particulate matter (0.8), and net atmospheric deposi-
tion (9.1), was 16.06 Gg P year−1. The total removal of P due to
plant uptake (7.4 Gg P year−1), advective transport
(3.6 Gg P year−1), and export (3.7 Gg P year−1 = (Vx +
VR − VQ)) from mangrove system to coastal water was
14.7 Gg P year−1 and plant uptake accounted for 46.1% of the
total input. Therefore, the missing P in the budget was
1.36 Gg P year−1 or 0.3 g P m−2 year−1 which corresponds to
8.5% of the total input of P to the Indian Sundarban mangrove
system. Pore water advection and/or submarine groundwater
discharge (SGD) could enhance benthic fluxes in intertidal flats
(Santos et al. 2012). In contrast to nitrogen (N), concentration of
P in the pore water was approximately double the tidal water
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Fig. 6 Photographic overview of P cycle in the Sundarban during the
study period. The figure depicts schematic box diagram of P reservoir
inventories (unit of stock = Gg P, flux = Gg P year−1 mean ± SD) at the
Sundarban; (i) aerosol emission, (ii) dry deposition, (iii) litterfall, (iv)

plant uptake, (v) diffusive flux, (vi) sedimentation of particulate P flux,
(vii) advective flux, (viii) surface runoff, (ix) estuarine export. Areas
considered for data upscaling for each fluxes are as follows: (i–v) and
(viii) = 4264 km2; (vi) and (vii) = 1781 km2

Estuaries and Coasts (2018) 41:1036–1049 1045



value and loss of P through sediment pores characterized by
advective dispersal was about 62-fold as large as that of dis-
persal due to molecular diffusion. Pore water advection rate
(8.64–11.52 cm day−1) previously estimated by Dutta et al.
(2015) and used here for the estimation of advective dispersal
of P was very close to the values reported for Waikarea
(27 ± 7 cm day−1) and Te Puna (14 ± 5 cm day−1) estuary
intertidal flats of New Zealand (Santos et al. 2014). Wang
et al. (2014) estimated pore water exchange rate of 13–
15 cm day−1 into the Sanggou Bay facing Yellow Sea using
radon mass balance and showed that SGD-derived DIP flux
was 15-fold as large as that of sea water-sediment exchange.
Benthic macrofauna-like crabs maintain ecosystem functioning
through sediment reworking and consumption of litter, thus
reducing detritus available for export and enhancing retention
and recycling of nutrients (Kristensen and Alongi 2006;
Aschenbroich et al. 2016). Large population of bioirrigators
such as tellinid bivalves and crab burrows common in the in-
tertidal flats could drive significant modifications in the sedi-
mentation rate, sediment texture, and surface topography. These
could modify pore water flow (Chakraborty and Choudhury
1992; Stieglitz et al. 2000; Li et al. 2009; Santos et al. 2014)
and could account missing P in the budget of Sundarban man-
grove forest.

Stimulation of terrestrial plant production by rising CO2

concentration as evidenced by the free-air CO2 enrichment
(FACE) experiments indicated increased NPP of forests by
23 ± 2% in response to atmospheric CO2 enrichment to
550 ppm (Norby et al. 2005) and was projected to slow the
increase in atmospheric CO2 and the trajectory of climatic
warming (Matthews 2007; Denman et al. 2007). However,
this negative feedback on atmospheric CO2 was uncertain
because of the expectation that feedbacks through the N and
P cycles would reduce this so-called CO2 fertilization effect
(Thornton et al. 2007).

Dynamic Sundarban carbon cycle model (Ray et al. 2013)
simulated 1.17- and 2-fold increase of carbon storage in live
biomass and sediment, respectively, resulting from the re-
sponses of mangroves to atmospheric CO2 elevated to
580 ppmv. This could increase sequestration of P in long-
lived biomass or sediment pools under elevated CO2, resulting
in further decline of P availability in the tight P budget of
Sundarban, and could induce a negative feedback further on
mangrove productivity increase under elevated CO2.

Conclusion

A reservoir-based mass budget of phosphorus has been con-
structed for the Indian Sundarban mangroves considering live
and sedimentary stocks and biogeochemical fluxes operating
within the ecosystem. This is the first comprehensive study on

P cycle for the region and the major conclusions drawn from
this study are as follows:

(a) Despite relatively low phosphorus concentration among
the components of mangrove forest, the C:N and C:P
ratios are strongly correlated and the major fraction of
the available P in the Sundarban mangrove ecosystem
is at all times in the biomass and is recycled within the
organic structure of the system.

(b) The interactions of C, N, and P play important roles in
regulating the availability of P and carbon uptake and
storage, suggesting that the Sundarban mangrove eco-
system responses to increasing atmospheric [CO2] will
interact strongly with changes in the P cycle.

(c) The input of P from fallout from dust and biochemical
mineralization of organic P can significantly affect P
availability and determine the extent of P limitation in
Sundarban mangrove forest under elevated atmospheric
CO2.
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