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Abstract. Nutrient dynamics based on field observations
made along the eastern Hainan Island during the period
2006–2009 were investigated to understand nutrient biogeochemical processes, and to provide an overview of human
perturbations of coastal ecosystems in this tropical region.
The rivers showed seasonal variations in nutrient concentrations, with enrichment of dissolved inorganic nitrogen
and dissolved silicate, and depletion of PO3−
4 . High riverine
concentrations of nitrate mainly originated from agricultural
fertilizer inputs. The DIN : PO3−
4 ratios ranged from 37 to
1063, suggesting preferential depletion of PO3−
4 relative to
nitrogen in rivers. Chemical weathering in the drainage area
might explain the high levels of dissolved silicate. Aquaculture ponds contained high concentrations of NH+
4 and dissolved organic nitrogen. The particulate phosphorus concentrations in the study area were lower than those reported for
estuaries worldwide. The particulate silicate levels in rivers
and lagoons were lower than the global average level. Nutrient biogeochemistry in coastal areas was affected by human activities (e.g., aquaculture, agriculture), and by natural phenomena including typhoons. The nutrient concentrations in coastal waters were low because of dispersion
of land-derived nutrients in the sea. Nutrient budgets were
built based on a steady-state box model, which showed that
riverine fluxes are magnified by estuarine processes (e.g., regeneration, desorption) in estuaries and Laoyehai Lagoon,
but not in Xiaohai Lagoon. Riverine and groundwater inputs
were the major sources of nutrients to Xiaohai and Laoyehai lagoons, respectively, and riverine inputs and aquaculture effluents were the major sources for the eastern coast

of Hainan Island. Nutrient inputs to the coastal ecosystem
increased with typhoon-induced runoff of rainwater, elucidating the important influence of typhoons on small tropical
rivers.

1

Introduction

Estuaries and coastal areas are regions of high population
density and intense human activities. The comprise approximately 7 % of the surface area of the world’s ocean, while
accounting for 30 % of the total net oceanic primary production (Alongi, 1998; Gattuso et al., 1998; Dürr et al., 2011).
The rapid increase of human activities has increased nutrient transport from land to sea in the past decades, resulting
in environmental deterioration and changes to biogeochemical processes (Seitzing et al., 2005; Halpern et al., 2008;
Qu and Kroeze, 2010). Tropical estuaries are the most biogeochemically active zones, and are more easily affected by
anthropogenic nutrient loading than estuaries at higher latitudes (Yule et al., 2010; Smith et al., 2012). This is particularly the case for the tropical South and Southeast Asia rivers
and coastal region, which have been extensively modified by
human activities, and for catchments, which have been degraded as a consequence of rapid economic development and
population growth (Jennerjahn et al., 2008; Yule et al., 2010).
These systems are highly sensitive to natural environmental
changes and human activities, including land use, geomorphologic evolution (Jia et al., 2012) and deforestation (Meunier et al., 2011). However, the nutrient characteristics and
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Table 1. Length, drainage area and annual average freshwater discharge of rivers of the eastern Hainan Island. Wenchanghe (WC)
and Wenjiaohe (WJ), in the city of Wenchang; Wanquanhe (WQ),
Jiuqujiang (JQJ) and Longgunhe (LG), in the city of Qionghai;
Longtouhe (LT), Longweihe (LW) and Taiyanghe (TY), in the city
of Wanning (Wang, 2002; Zhang et al., 2006).
Source
WC
WJ
WQ
JQJ
LG
LT
LW
TY

Douniu (town)
Pokou (village)
Wuzhi Mountains
Wangtianlang
Xianggen Ridge
Huangzhu Ridge
Liulian Ridge
Changsha Ridge

Length
(km)

Drainage Area
(km2 )

Discharge
(m3 s−1 )

37.1
56.0
163.0
50.0
38.6
42.2
61.6
82.5

380.9
522.0
3693.0
279.8
145.7
140.1
197.0
576.3

9.1
11.6
163.9
10.2
6.0
6.1
7.5
23.8

the processing of nutrients in tropical rivers and estuaries are
poorly studied relative to those in temperate zones (Thomas
et al., 2004; Smith et al., 2012).
The South China Sea (SCS) is an oligotrophic ocean located in the tropical to subtropical western Pacific Ocean.
It has a total area of approximately 3.5 × 106 km2 , and is
one of the largest marginal seas in the world (Xu et al.,
2008). The SCS is dominated by the East Asian monsoon
Fig. 1. Location map of the study area and stations for the sampling cruises along the eastern
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recent decades as a result of economic growth and urban development (Wang et al., 2008). Many estuary eutrophication
studies have focused on this large estuary system (Yin, 2002;
from freshwater to brackish water, and disperse in mangrove
Xu et al., 2008; Qiu et al., 2010), but nutrient conditions in
ecotone and the shallow estuary. Economic development has
smaller rivers and well-flushed estuaries are less well known,
increased nutrient loads and influenced nutrient cycling in
particularly along the eastern coast of Hainan Island (Fig. 1).
coastal region, resulting in accelerated degeneration of the
coastal ecosystems and the occurrence of eutrophication (Pan
Our study focused on the eastern coast of Hainan Island, which is a tropical coastal environment affected by
et al., 2007). Over recent decades many coastal mangrove arnatural processes (e.g., monsoons, upwelling and river diseas have been lost because of aquaculture, tourism, residencharge) and human activities (e.g., agriculture, aquaculture
tial and golf course developments. The mangrove forests of
and tourism) (Chai et al., 2001; Jing et al., 2009; Su et al.,
Hainan Island covered approximately 10 000 ha in 1972, but
2011a). The study area represents a diverse range of geoby 2003 approximately 57 % of these forests had been lost
morphological settings and biological habitat types. It has a
through deforestation and reclamation for aquaculture ponds
number of small mountainous rivers (Table 1), dense man(Zhou, 2004). The study coastal lagoons are subject to ingrove vegetation, and a shallow shelf with coral reefs and
tense human impacts that have caused significant changes
seagrass beds (Roder et al., 2013). Agriculture is the major
in hydrology, increased anthropogenic nutrient delivery, and
land use on the island. Terrigenous materials are transported
changed the coral reef ecosystems (Roder et al., 2013; Zhang
Biogeosciences, 11, 481–506, 2014
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Fig. 1. Continued.
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Fig. 1. continued
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ern Hainan Island are all relatively small (Table 1), and are
more readily affected by human activities and environmental change than large river systems. In addition, Hainan Is2 Materials and methods
land is frequently affected by tropical storms and typhoons
between August and September (Zhang et al., 2010); which
2.1 Study area
bring large amounts of rainfall and lead to a rapid hydrological response (Mao et al., 2006). Nutrient loads and phyHainan Island is located at the southernmost tip of China; it
toplankton biomass can increase in response to typhoonis the largest island in the SCS, and is separated from mainrelated floods. Typhoons play an important role in enhancland China by Qiongzhou Strait. It has a coastline length
ing oceanic primary productivity in oligotrophic ocean waof 1550 km, covers a land area of 35.4 × 103 km2 , and in
ters (Ning et al., 2004), especially in typhoon-dominated seas
2011 had a population of nearly 9.08 million (Hainan Statis(Zheng and Tang, 2007; Zhao et al., 2009). Under the comtical Yearbook, 2012). The area is characterized by a tropical
bined effects of human activities and natural events, coastal
monsoonal climate (Zeng and Zeng, 1989), with northerly
ecosystems of tropical region are vulnerable to these effects,
winds prevailing in winter and southerly winds dominating
which can accelerate their degradation. Hence, it is essenin summer (Wang, 2002). Annual rainfall is 1600–1800 mm,
tial to understand sources of nutrients and biogeochemical
and approximately 80 % of this falls during the wet season,
cycling processes in tropical coastal region.
i.e., from May to October (Mao et al., 2006). The coast is
Six cruises were carried out along the eastern Hainan Issubject to mixed semidiurnal microtides with typical tidal
land during the period 2006–2009. Here we present the reranges < 1 m, and approximately 1.6 m during neap and
sults of studies of nutrient dynamics in water and suspended
spring
tides (Krumme et al., 2012). Coastal upwelling occurs
matter from tropical rivers, their associated lagoons, and adalong
the
eastern coast of Hainan Island, driven by strong
jacent coast of the eastern Hainan Island. The aim of this
southwest
monsoon and topography (Jing et al., 2009; Su
study was to characterize spatiotemporal variations in the
and
Pohlmann,
2009). The upwelling commences in April
distribution of nutrients in this tropical shallow coastal region
and
ends
in
October,
and extends from 30 m water depth to
in order to delineate nutrient dynamics and biogeochemistry
10
km
offshore
(Li
et
al.,
2011a).
under the influence of natural and anthropogenic factors, and
The study area, along the eastern Hainan Island from
Tongguling to Laoyehai (LYH) Lagoon (Fig. 1), has a narrow
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continental shelf from water depth 0 to 100 m (Tang et al.,
2003), and is open to the sea. Four lagoons along the coast
were formed in a transgression process during the Quaternary period (Wang et al., 2006). These shallow lagoons are
subject to freshwater and marine interactions; they are connected to the open sea via narrow channels, and are semiclosed by sand barriers. Base on tidal amplitude, Bamen Bay
is considered to be a lagoonal inlet. The Wenchanghe (WC)
and Wenjiaohe (WJ) rivers empty into the kidney-shaped
Bamen Bay, which connects to the sea through an approximately 9.0 km long narrow natural channel (Wang et al.,
2006). An outer semi-closed bay, named Gaolong Bay, was
formed through local hydrodynamics and sediment transport.
The Wenchanghe/Wenjiaohe Estuary (WWE) is characterized by mixed semi-diurnal microtides, having a mean tidal
amplitude < 2 m (Unger et al., 2013). Riverine input, groundwater discharge and aquaculture effluents have been shown
to be the major source of nutrients entering the estuary (Liu
et al., 2011).
The Wanquanhe (WQ) is the third largest river on Hainan
Island. It empties directly into the SCS, where a dynamic typical lagoon–tidal-inlet–barrier system has formed (Zhu et al.,
2005). Approximately 3.9 × 106 t yr−1 sediment is loaded to
the estuary (Wang et al., 2006). The estuary is comprised of
two semi-closed parts: the WQ tidal inlet and Shamei Lagoon. The Tayanghe (Ty) and Lunyanghe (LY) rivers flow
through cultivated land and enter the WQ from the north. The
Jiuqujiang (JQJ) and Longgunhe (LG) empty into Shamei
Lagoon from the west and south, respectively (Wang, 2002).
The Wanquanhe Estuary (WQE) has an irregular diurnal microtidal regime with a mean range of approximately 0.7–
0.8 m (Zhu et al., 2005). The water residence time is estimated to be 0.2–4.7 days. Riverine input is the major source
of nutrients to the estuary (Li et al., 2013). The salinity of
Shamei Lagoon has been reduced to < 1 because of aquaculture activities, which have reduced the tidal hydrodynamics
(Ge et al., 2004; Jia et al., 2012).
Xiaohai (XH) Lagoon is a typical well-developed tidalinlet–lagoon system, and is the largest lagoon on Hainan
Island. The approximate surface area of the gourd-shaped
lagoon was 49 km2 in 1960, and has decreased to 44 km2
(Wang et al., 2006); it now has a mean water depth of 1.5 m
because of land reclamation and aquaculture activities (Gong
et al., 2008). Eight small rivers empty into XH Lagoon with
annual mean total discharge of 26.5 m3 s−1 . The lagoon connects to the sea through a narrow tidal channel, in which
approximately 5000 fishing cages have been installed since
1986 (Gong et al., 2008). The lagoon is a significant fishing
port on the eastern coast of Hainan Island. Aquaculture activities have expanded enormously in recent decades, and these
have resulted in deterioration of the tidal flushing efficiency.
The water residence time in the lagoon has increased from
45 to 71 days (Gong et al., 2008).
LYH Lagoon has a surface area of approximately 26 km2
(Ji et al., 2013) and is comprised of two parts: (i) the inner
Biogeosciences, 11, 481–506, 2014

bay, which is little affected by the tide and contains many
fish ponds; and (ii) the approximately 8 km tidal channel that
connects to the sea and contains a large number of fish farming cages. The width of the tidal channel has narrowed from
425 m , which it was in the 1960s, to 75 m at present (Wang
et al., 2006). Three rivers contribute a very small discharge
(approximately 0.4 m s−1 ) directly into LYH Lagoon (Ji et
al., 2013).
2.2

Sampling

Six sampling cruises were carried out along the coast of eastern Hainan Island: on 7–15 December 2006 (winter), 12–
28 August 2007 (summer), 23 July–13 August 2008 (summer), 25 August–6 September 2008 (summer), 27 March–
14 April 2009 (spring), and 23 July–8 August 2009 (summer). A broad range of water bodies were included in the
various sampling stations (Fig. 1). We considered the cruises
in August 2007, July–August 2008 and July–August 2009
to have occurred in the wet season, and those in December 2006 and March–April 2009 to have occurred in dry
season. Anchor stations were established off Gaolong Bay,
and were monitored for 25 h in August 2007, in July 2008,
and in July 2009. During sampling cruises in July 2008
and April 2009, water samples were collected from Changqi
Bay, which is the second-largest aquaculture production area
on Hainan Island. To assess human impacts on coral reefs,
coastal water samples within the coral reef region were collected from a small boat. Water samples were also collected
from shrimp ponds and from wells (groundwater) located
within the study area.
Water samples from rivers and shrimp ponds were collected from the river/pond bank or from a small boat, using 1l acid-cleaned polyethylene bottles attached to the end
of a fiberglass reinforced plastic pole. For the estuaries and
lagoons, water sampling was based on the salinity gradient. Surface water samples were collected in acid-cleaned
polyethylene bottles during spring tides. Seawater samples
were collected from various depths in 10 L Niskin bottles,
with sampling based on CTD (SBE® 25, Seabird, USA)
readings. A WTM Multiline F/Set3 multiparameter probe
was used to measure water temperature and salinity in both
rivers and estuaries. Coastal water temperature and salinity were measured using the CTD profiler. Samples for
dissolved nutrients-testing were filtered through acid precleaned 0.45 µm pore size cellulose acetate filters. The filtrates were immediately fixed by the addition of saturated
HgCl2 solution and taken back to laboratory for analysis.
The filters were dried at 45 ◦ C and weighed to determine the
mass of suspended particulate matter (SPM), particulate inorganic phosphorus (PIP), and particulate organic phosphorus
(POP). Samples for particulate biogenic silicon (PBSi) and
lithogenic silicon (LSi) were filtered through 47 mm polycarbonate membrane filters (0.4 µm pore size) that had been
dried at 45 ◦ C.
www.biogeosciences.net/11/481/2014/
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2.3

Chemical analysis

Dissolved nutrient concentrations were determined using a
Skalar SANplus AutoAnalyzer (Liu et al., 2011). Total dissolved nitrogen (TDN) and phosphorus (TDP) were measured according to the methods of Grasshoff et al. (1999).
−
+
3−
The analytical precision for NO−
3 , NO2 , NH4 , PO4 , dissolved silicate (DSi), TDN and TDP was < 5 %. The concentration of dissolved inorganic nitrogen (DIN) is the
−
+
sum of NO−
3 , NO2 and NH4 . The concentrations of dissolved organic nitrogen (DON) and phosphorus (DOP)
were estimated by subtracting DIN from TDN and PO3−
4
from TDP, respectively.
Particulate phosphorus (PP) in SPM was measured using
the methods of Aspila et al. (1976). The extracted PO3−
4 was
measured by spectrophotometry. The analytical precision of
PP, PIP, and POP was < 5 % (Li et al., 2011b). The concentration of POP was estimated by subtracting PIP from PP.
The concentration of total phosphorus (TP) was calculated
as the sum of PP and TDP. PBSi and LSi in SPM were measured based on the methods of Ragueneau et al. (2005). The
extracted DSi was measured by spectrophotometry. The analytical precision of PBSi and LSi measurements was 7 %
(n = 7) and 8 % (n = 7), respectively (Li et al., 2011b).
2.4

Lagoon nutrient budgets

VR = Vin − Vout = −VQ − VP − VG − VW + VE .

(1)

VX (S1 − S2 ) = SR VR .

(2)

1Y =

X

outflux −

X

influx = VR CR + VX CX − VQ CQ − VP CP . (3)
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where VR is the residual flow, and VQ , VP , VG , VW , VE , Vin ,
Vout and VX are the river discharge, precipitation, groundwater, wastewater, evaporation, inflow of water to the system
of interest, outflow of water from the system of interest, and
the mixing flow between the two systems, respectively. The
volume of aquaculture effluents directly discharged into the
system of interest is not considered, as data is limited. We
assumed that the salinity of fresh water (VQ , VP and VE ) was
0. In addition, SR = (S1 + S2 )/2. S1 and S2 in Eq. (2) refer to
the average salinity of the system of interest and the adjacent
system, respectively. Hence, the total water exchange time
(τ ) of the system of interest was estimated from the ratio of
VS to (VR + VX ), where VS is the volume of the system.
In Eq. (3), CQ , CP ,CR and CX are the the average concentrations of nutrients in the river discharge, the precipitation, the
residual flow and the mixing flow, respectively. CR and CX
equate to (C1 + C2 )/2 and (C1 − C2 ), respectively. C1 and C2
are the average concentrations of nutrients in the system of
interest and the adjacent system, respectively. A negative or
positive sign for 1Y indicates that the system of interest was
a sink or a source, respectively.

3
3.1

Dissolved and particulate nutrient budgets for the coastal lagoon systems in our study were constructed based on a box
model designed by Land–Ocean Interactions in the Coastal
Zone (LOICZ) (Gordon et al., 1996). This model has been
widely used to construct dissolved and particulate nutrient
budgets in estuarine and coastal ecosystems in order to understand the internal biogeochemical processes and external nutrient inputs of the system being studied (Fang, 2004;
Savchuk, 2005; Liu et al., 2009). Hence, both dissolved and
particulate nutrient budgets in our study area were estimated
based on the box model. In our model, we assumed that the
study systems were in a steady state, and each estuary/lagoon
was treated as a single box that mixed well, except that a twobox model was used as a function of different water residence
time between Shamei Lagoon and the WQ tidal inlet in the
WQE.
Briefly, the water mass balance (Eq. 1), salinity balance
(Eq. 2), and the non-conservative fluxes of nutrient elements
(Eq. 3) based on nutrient concentrations and water budgets
were estimated as follows:
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Results
Hydrographic conditions

Surface water temperature was lower in the dry season (23.3–
28.7 ◦ C) than in the wet season (27.0–33.6 ◦ C), reflecting
the seasonality of this tropical system. For XH Lagoon, the
salinity varied from 1.8 to 10.6 during the study period. The
salinity varied greatly in LYH Lagoon (9.1–33.2) with salinity gradients increasing towards the mouth of the lagoon
(Fig. 2b). The low salinity in the inner part of LYH Lagoon
(9.1–16) and XH Lagoon indicate that these carried a mixture
of fish-farming and freshwater discharge.
SPM concentrations also showed clear seasonal variation.
SPM concentration ranged from 7.85 mg L−1 to 46.3 mg L−1
in the WC (mean 20.7 mg L−1 ), and a peak (46.3 mg L−1 )
was observed following the typhoon event in 2008. SPM
concentrations in the WQ were generally similar except during the 2009 spring cruise, when SPM concentrations ranged
from 7.47 mg L−1 to 71.1 mg L−1 due to large river discharge
(maximum 278 m3 s−1 ) associated with the first rain event
in spring 2009. SPM concentrations in XH Lagoon were
higher during the wet season than during the dry season, with
means of 23.6 ± 15.2 mg L−1 and 9.94 ± 3.23 mg L−1 , respectively. In LYH Lagoon SPM concentrations ranged from
2.08 to 20.6 mg L−1 (mean 8.64 mg L−1 ), and were lower
than in XH Lagoon. The SPM levels in coastal water (mean
3.47 mg L−1 ) were lower than in rivers and the lagoons, indicating effective removal from the lagoons and coastal region.
A number of different water masses were observable in
coastal water. The surface water temperature in coastal increased from south to north in August 2007 and 2008, and
Biogeosciences, 11, 481–506, 2014
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water of Xiaohai (a) and Laoyehai (b) lagoons during the study period.

a

Fig. 2. Spatial distributions of salinity and nutrients (µM) as a function of salinity in surface waters of the Xiaohai (a) and Laoyehai (b)
lagoons during the study period.

increased from north to south in April 2009 (Fig. 3). The
cruise in August 2007 took place following a typhoon event,
which may account for the lower temperatures found relative
to those in July–August 2008, and may have led to low salinity outside the lagoons. Surface salinity ranged from 22.0 to
43
34.2 in summer and 29.7–32.9 in spring. In addition, surface salinity gradually increased from nearshore to offshore
regions, and the salinity isohalines were parallel to the coastline (Fig. 3). A cyclonic eddy appeared at 18.5◦ N with a cold
center near Bamen Bay (Su et al., 2011a), which may have
led to the high temperature/low salinity center observed dur-

Biogeosciences, 11, 481–506, 2014

ing the August–September 2008 cruise (Fig. 3d). Thermohaline stratification was found near the surface at all stations
during the 2007 and 2008 summer cruises. The temperature
isopleth in summer gradually increased from the bottom waters to the surface (Fig. S1 a, b).
3.2

Nutrients in rivers

The nutrient concentrations in rivers along the eastern coast
of Hainan Island varied greatly during the study period (Table 2). Rivers were generally enriched with DIN relative to
3−
PO3−
4 , with the DIN : PO4 ratios ranging between 37 and
www.biogeosciences.net/11/481/2014/
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b

Fig. 2. Continued.

1063 (Table 2). DIN was dominated by NO−
3 , which accounted for 56–98 % of DIN during the wet and dry seasons.
The concentrations of NO−
2 in rivers (generally > 2.0 µM) at
Wenchang were higher than those at Qionghai city, with the
exception of the JQJ in August 2009 (Table 2). The PO3−
4
concentrations were < 1.0 µM during all cruises except for
the JQJ in August 2009. The concentrations of DOP in rivers 44
during the wet season represented 52–97 % of TDP, and were
higher than in the dry season, while the DON concentrations

www.biogeosciences.net/11/481/2014/

in the dry season were higher than in the wet season (Table 2). The average concentration of DSi (mean 191 µM) was
high in rivers in our study area, especially in the WQ (mean
322 µM).
Particulate nutrient investigations were only carried out
in the WC, WJ and WQ rivers. The PP concentrations varied from 0.43 µM to 4.50 µM, and the mean concentrations
(1.48 µM) accounted for 35, 59 and 31 % of TP in the
WC, WJ and WQ rivers, respectively. In addition, the PIP

Biogeosciences, 11, 481–506, 2014

488

R. H. Li et al.: Nutrient dynamics in tropical rivers, lagoons, and coastal ecosystems

Table 2. Mean ± SD for nutrient concentrations (µmol L−1 ) and molar ratios in surface water of the Wenchanghe (WC), Wenjiaohe (WJ),
Wanquanhe (WQ), shrimp ponds and groundwater (GW), and nutrient concentration (µmol L−1 ) in other small rivers along the eastern
Hainan Island in different seasons during the investigation periods (wet season: May to October; dry season: November to April). LY:
Lunyanghe; YD: Yanduihe; SL: Shanlonghe; Ty: Tayanghe; TY: Taiyanghe. n.a.: no data.
season

NO−
3

NO−
2

NH+
4

DON

PO3−
4

DOP

PIP

POP

Si(OH)4

PBSi

LSi

DIN/DIP

Si/DIN

WC
WC
WJ
WJ
WQ
WQ
Shrimp
Shrimp
GW
GW

dry
wet
dry
wet
dry
wet
dry
wet
dry
wet

69.5 ± 29.4
65.4 ± 2.61
90.2 ± 1.53
23.8 ± 3.10
52.4 ± 16.5
39.3 ± 13.7
6.85 ± 11.1
9.67 ± 4.91
592 ± 434
446 ± 490

2.22 ± 0.93
2.79 ± 1.25
2.86 ± 0.10
2.18 ± 0.13
1.02 ± 0.42
0.91 ± 0.64
32.2 ± 95.4
103 ± 92.7
0.57 ± 1.06
1.02 ± 1.87

10.4 ± 5.79
31.9 ± 22.3
3.92 ± 0.77
7.72 ± 0.56
4.80 ± 2.22
5.81 ± 3.97
4.84 ± 6.84
93.7 ± 77.6
3.63 ± 4.42
7.07 ± 13.4

40.9 ± 29.1
18.7 ± 5.56
59.3 ± 1.78
52.9 ± 14.5
13.5 ± 11.6
11.9 ± 5.34
39.4 ± 21.7
103 ± 39.0
75.5 ± 81.3
37.3 ± 38.0

0.55 ± 0.48
0.66 ± 0.36
1.00 ± 0.09
0.35 ± 0.13
0.80 ± 0.21
0.57 ± 0.34
1.18 ± 1.56
6.17 ± 5.43
13.1 ± 31.4
2.09 ± 5.84

0.34 ± 0.20
2.14 ± 2.39
0.50 ± 0.26
2.42 ± 1.23
0.77 ± 0.41
2.41 ± 1.75
0.61 ± 0.40
0.70 ± 0.49
2.22 ± 4.95
0.34 ± 0.47

1.22 ± 0.37
1.34 ± 0.21
2.31 ± 0.81
1.25 ± 0.10
0.51 ± 0.27
0.47 ± 0.29
n.a.
n.a.
n.a.
n.a.

0.99 ± 0.53
0.93 ± 0.17
1.38 ± 0.21
1.60 ± 0.87
0.54 ± 0.26
0.45 ± 0.15
n.a.
n.a.
n.a.
n.a.

167 ± 18.4
151 ± 25.6
97.8 ± 1.92
118 ± 6.43
327 ± 69.1
317 ± 29.0
48.1 ± 56.5
54.6 ± 29.4
330 ±157
333 ±164

4.28 ± 3.77
3.28 ± 3.03
20.4 ± 4.52
6.20 ± 3.66
7.64 ± 3.16
4.88 ± 1.61
n.a.
n.a.
n.a.
n.a.

69.8 ± 44.4
159 ± 178
269 ± 50.0
89.3 ± 37.9
156 ± 155
61.7 ± 30.1
n.a.
n.a.
n.a.
n.a.

232 ± 160
171 ± 67
97 ± 7.9
99 ± 27
79 ± 30
95 ± 41
40 ± 70
36 ± 14
8430 ± 15767
3277 ± 8736

2.3 ± 0.9
1.6 ± 0.3
1.0 ± 0.04
4.7 ± 2.2
6.0 ± 1.7
7.9 ± 3.1
45 ± 86
2.2 ± 3.6
6.6 ± 19
9.0 ± 19

date

NO−
3

NO−
2

NH+
4

DON

PO3−
4

DOP

Si(OH)4

DIN/DIP

Si/DIN

SL
YD
LY
Ty
JQJ
JQJ
JQJ
LG
LT
LW
TY

Mar, 2009
Mar, 2009
Mar, 2009
Aug, 2009
Aug, 2008
Mar, 2009
Aug, 2009
Aug, 2008
Aug, 2008
Aug, 2008
Mar, 2009

97.2
144
122
57.3
35.6
96.6
70.2
55.7
32.9
35.1
97.2

5.39
2.63
5.42
1.20
0.95
1.71
2.89
0.62
0.62
0.98
5.39

4.14
2.28
5.55
9.77
7.44
5.09
6.89
8.30
9.16
8.01
4.14

33.3
30.9
35.6
54.6
20.9
38.7
50.4
20.3
10.8
6.25
33.3

0.28
0.14
0.60
0.75
0.55
0.10
2.16
0.38
0.24
0.11
0.28

0.26
0.38
0.33
0.81
1.67
0.68
n.a.
2.66
2.76
2.34
0.26

237
210
214
195
101
101
148
195
246
180
237

381
1063
218
91
143
1034
37
170
178
401
381

2.2
1.4
1.6
2.9
1.3
1.0
1.9
3.0
5.8
4.1
2.2

concentrations accounted for 58, 53 and 49 % of PP in the
WC, WJ and WQ rivers, respectively. The mean PIP and POP
concentrations in the WJ and WQ rivers were comparable
during the dry and wet seasons, and the average PIP concentration in the WC was higher in the dry season than in the wet
season (Table 2). The PIP and POP concentrations in the WC
and WJ rivers were a factor of 1.9–4.6 higher than in the WQ.
The PBSi and LSi concentrations were highly variable during the dry season, and higher than in the wet season except
for the WC (Table 2). The concentrations of PBSi in rivers
ranged from 0.91 to 25.2 µM (mean 6.71 µM). The PBSi concentrations accounted for 2, 10 and 2 % of PBSi plus silicic
acid concentration in the WC, WJ and WQ rivers, respectively. The DSi concentrations in the WQ were higher than
in the WC and WJ rivers, while, the mean concentrations of
PBSi and LSi in the WJ were higher than in other two rivers
(Table 2).
Molar DIN : PO3−
4 in rivers (Table 2) were significantly
higher than the Redfield ratio, indicating that P may limit
primary production despite high nitrate values. DSi to DIN
molar ratios were higher than or comparable to 1, which is
typical of tropical rivers generally enriched with dissolved
silicate.

in shrimp ponds ranged from 0.06 to 287 µM, but were typically < 0.5 µM; the exception was one site in Changqi Bay,
where the concentration reached 287 µM. The concentrations
of PO3−
4 in shrimp ponds ranged from 0.18 to 11.1 µM (mean
6.17 µM; Table 2). The DIN : PO3−
4 ratios ranged from 0.6–
216. DON represented 21–98 % of TDN, and DOP was 8–
69 % of TDP during the study. In the wet season all nutrient
concentrations (with the exceptions of NO−
3 , DOP, and DSi)
were higher in ponds than in rivers, while in the dry season,
ponds had lower concentrations than rivers except PO3−
4 and
DSi (Table 2) prior to the grow-out period.
The concentrations of nutrients in groundwater (GW)
ranged over two orders of magnitude during the investigation, and the DIN : PO3−
4 molar ratios were very high (Table 2). The mean nutrient concentrations were higher in GW
than other water bodies (rivers and ponds). In particular, the
mean concentrations of NO−
3 ranged from 446 µM in the wet
season to 592 µM in the dry season, and accounted for 90 %
of DIN, related to population density and chemical N fertilizer application. TDN was also dominated by NO−
3 (81 %,
80 %) both in the wet and dry seasons, DON contributed
11.5 % and 18.5 % of TDN, respectively.
3.4

3.3

Nutrients in shrimp ponds and groundwater

The nutrient concentrations in shrimp ponds varied considerably, as indicated by the large standard deviation (Table 2).
The mean nutrient concentrations, particularly those of NH+
4
and DON, were higher in the wet season than in the dry season (Table 2). Average NH+
4 concentrations were high, ranging 4.8 µM in the dry season to 93.7 µM in the wet season,
and accounted for 48–54 % of DIN. The NO−
2 concentrations
Biogeosciences, 11, 481–506, 2014

Nutrients distribution in the lagoons and
coastal waters

During the 2009 spring cruise the nutrient concentrations
(with the exception of DON, DOP and PBSi) in XH Lagoon
reflected linear dilution of freshwater by seawater (Fig. 2a).
Nonlinear correlations with salinity were observed during
April 2009 and August 2009. All nutrient concentrations
were higher in summer than in spring except for the concen−
tration NO−
3 and that of NO2 . DON represented 76 ± 15 %
www.biogeosciences.net/11/481/2014/

Figure 3 Horizontal distributions of surface temperature (°C), salinity and nutrients (μM) along
the eastern coast of Hainan Island. (a) 18–22 August 2007; (b) 27 July–2 August 2008; (c) 6–12
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April 2009; (d) 29 August–1 September 2008; (e) 29 July–3 August 2009.

a

Fig. 3. Horizontal distributions of surface temperature (◦ C), salinity, and nutrients (µM) along the eastern coast of Hainan Island. (a) 18–
45
22 August 2007; (b) 27 July–2 August 2008; (c) 6–12 April 2009; (d) 29 August–1 September 2008; (e) 29 July–3 August 2009.

of TDN in summer, and was 36 ± 15 % in April 2009.
DOP represented 50 ± 20 % and 47 ± 20 % of TDP in spring
and summer, respectively. Low-salinity (1.8) water containing high nutrient concentrations (NO−
3 : 45.0 µM; DON:

www.biogeosciences.net/11/481/2014/

23.8 µM) was present in the west of the inner lagoon (station
XH5); this was related to input of terrigenous materials via
river runoff. The average concentrations of PO3−
4 (0.7 µM)
were a factor of 2.0–6.9 higher than in rivers entering XH

Biogeosciences, 11, 481–506, 2014
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Fig. 3. Continued.
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c

Fig. 3. Continued.

Lagoon, while DIN was higher in rivers. This resulted in
DIN : PO3−
4 ratios of 3.0–173 (mean 48), which were significantly lower than in rivers (170–401; Table 2) around the
lagoon.
In the inner part (salinity 9–16; shaded part, Fig. 2b) of
LYH Lagoon, there was considerable variation in the nutrient concentration–salinity relationship because of aquaculture activities. In the tidal channel (salinity > 16) all nutrients other than LSi showed rapid dilution (Fig. 2b). The in−
creasing concentrations of NH+
4 and NO2 , and the stability
of DON concentration at salinity < 16 indicated input of regenerated N into the inner lagoon, where the maximum concentrations were observed. The average concentrations of nutrients, other than NO−
3 , PBSi and LSi, were higher in summer than in spring. DIN was generally dominated by NH+
4
(46–96 %) in both summer and spring. DON concentrations
accounted for 31–98 % of TDN, and were significantly lower
in April 2009. DOP represented 8–76 % of TDP. DSi concentrations in LYH Lagoon ranged from 6.02–86.4 µM, and were
significantly lower than in XH Lagoon. Large variability was

www.biogeosciences.net/11/481/2014/
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found in the concentration of PO3−
4 (0.26–4.52 µM) in the
lagoon, and the average concentration was 1.97 µM. This resulted in DIN : PO3−
4 ratios of 2.7–32 (mean 15), which were
low relative to other systems in this study.
The concentrations of nutrients in coastal waters showed
seasonal variations; they decreased significantly from inshore to offshore waters (except for DON); and they were
higher in near-bottom layers than in surface water (except
for DON and DOP) (Fig. 3). Nutrient horizontal distributions were generally consistent with surface salinity distribution, and isopleth paralleled with coastline except in August 2008 cruise. In addition, the nutrients distributions were
quite similar to the freshwater plume extending from rivers
into coastal area (Fig. 3a, c, e). A freshwater plume with high
nutrient concentrations extended to the northeast in summer
2007 and 2009 (Fig. 3a, e), but extended southwest in spring
2009 (Fig. 3c). The nutrient concentrations decreased from
south to north in August 2008, and terrigenous inputs were
not evident (Fig. 3d). The concentrations increased from the
west to the east in summer 2009 (Fig. 3e) and high nutrient

Biogeosciences, 11, 481–506, 2014
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d

Fig. 3. Continued.

concentrations were present in Qiongzhou Strait, and nutrient isopleths in Qiongzhou Strait, which can be affected by
Nandu River, were at 90°to the coastline. DON represented
47–97, 47–98, 14–97 and 22–95 % of TDN in surface water
in August 2007, July–August 2008, August 2008 and April
2009, respectively. During the study period, DOP accounted
for 27–91, 32–95, 3.7–92 and 27–87 % of TDP, respectively.

Biogeosciences, 11, 481–506, 2014
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DON and DOP were the main components of TDN and TDP
in offshore surface waters in our study region. DON and DOP
concentrations were slightly higher in surface waters than in
the near-bottom layer. In summer 2007 and 2008, the mean
concentrations of PP in coastal water accounted for 52 and
37 % of TP, and PIP accounted for 16 and 26 % of TP, respectively. PP is an important factor in our study environments.
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e

Fig. 3. Continued.

Molar ratios of DIN : PO3−
4 and DSi : DIN in August 2007,
July–August 2008 and July–August 2009 were higher than
the Redfield ratio. The DIN : PO3−
4 molar ratios ranged from
1.0 to 25 (average 11 ± 11) in August–September 2008, except for one site where the ratio was 51. The DSi : DIN ratio was higher than or comparable to the Redfield ratio in
both April 2009 and August 2008 (Table 2, S1) and decreased from nearshore to offshore waters. This indicates that
N would be the limiting element for phytoplankton growth
in shelf region, while P was the most limiting nutrient in
nearshore region for phytoplankton growth because of excessive terrigenous N input. The PBSi : POC ratio was approximately 0.05, based on POC measured in the neritic region
in August 2007 (Tian, 2009). This value is within the 0.05–

www.biogeosciences.net/11/481/2014/

1 range reported worldwide (Liu et al., 2007), although it
is lower than the Si : C ratio (0.13) for diatom growth under
nutrient-sufficient conditions (Brzezinski, 1985).
3.5

Nutrients variability at anchor stations

Stations T2-2, T2-3 and 16 were located off Gaolong Bay.
−
3−
At station T2-3 in August 2007, the NO−
3 , NO2 , PO4 and
DSi concentrations were higher in near-bottom waters than
in surface and sub-surface waters (Fig. 4a). The NH+
4 , DON
and DOP concentrations had a well-mixed vertical profile
throughout the water column (Fig. 4a). High DON concentrations (6.58–18.3 µM) were observed and comprised 72–90 %
of TDN. The DOP concentrations were 0.04–0.20 µM. The
DIN : PO3−
4 ratio in August 2007 decreased from 12–61 in
49
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station T2-2 in July 2008 and (c) station 15# in July 2009. The tide heights (cm) during July 2008
and July 2009 are provided and the red circle represents the sampling time. No data on tidal

494

R. H. Li et al.: Nutrient dynamics in tropical rivers, lagoons, and coastal ecosystems

variation were available during August 2007, and consequently the tide height is not showed.

a

Fig. 4. Concentrations of nutrients (µM) at (a) anchor station T2-3 in August 2007, (b) station T2-2 in July 2008 and (c) station 15 in July
2009. The tide heights (cm) during July 2008 and July 2009 are provided, and the red circle represents the sampling time. No data regarding
tidal variations were available for August 2007, and consequently the tide height is not show.

surface water to 14–20 in near-bottom water. The DSi : DIN
bottom water. High concentrations of DON were observed
ratio ranged from 0.50 to 0.95 in surface water and 0.64–0.98
(5.1–9.6 µM), and comprised up to 60 % of TDN throughin near-bottom water.
out the water column. The DOP concentrations were 0.09–
50
Sampling at station T2–2 commenced in 29–30 July 2008.
0.24 µM, represented 41–91 % of TDP, and showed a wellThe concentrations of all nutrients suggested a well-mixed
mixed profile (Fig. 4b).
water column (Fig. 4b). The nutrient concentrations varAt station 16 in August 2009 the nutrient concentrations
ied by a factor of 1–3 for Si(OH)4 , TDN, DON, TDP and
showed strong vertical mixing at depths < 30 m (Fig. 4c),
−
3−
+
DOP, and by 3–11 times for NO−
and the vertical distribution of nutrients was similar to that at
2 , NO3 , PO4 and NH4 .
3−
station T2-3. The NH+
The DIN : PO4 ratio decreased from 19–138 in surface wa4 concentrations (0.24–7.47 µM) were
variable throughout the water column. The NO−
ter to 17–48 in near-bottom water. The DSi : DIN ratio in3 concentrations were 0.07–0.57 µM for depths < 30 m, and reached
creased from 0.5–1.3 in surface water to 0.8–3.0 in near-

Biogeosciences, 11, 481–506, 2014

www.biogeosciences.net/11/481/2014/

R. H. Li et al.: Nutrient dynamics in tropical rivers, lagoons, and coastal ecosystems

495

b

Fig. 4. Continued.

3.88–9.02 µM in bottom waters. The concentrations of DSi
increased steadily from 2.82–4.26 µM at depths < 30 m to
7.64–13.0 µM in bottom waters. For depths < 30 m the
DIN : PO3−
4 ratio was 3.6–21 (average 11), and in bottom water was 10–17 (average 14). The DSi : DIN ratio decreased
from 0.4–12 (average: 2.1) at depths < 30 m to 1.0–1.4 (average: 1.1) in bottom waters.

for XH and LYH lagoons in Table 4, and particulate nutrient
budgets for the WWE and WQE.
For the water budget, wastewater from domestic, industrial and aquaculture effluents discharge directly into
the lagoons has been ignored as no data were available.
The mean submarine groundwater discharge into LYH Lagoon was calculated to be 4.11 × 106 m3 day−1 , based on
the excess radium isotopes and the water age in the la3.6 Water and nutrient budgets in the lagoons
goon in April 2010 (Ji et al., 2013). The total freshwater discharge from rivers into XH and LYH lagoons was
Liu et al. (2011) and Li et al. (2013) have provided detailed
3 −1 and 0.4 m3 s−1 , respectively. Precipitation lev51 26.5 m s
descriptions of the dissolved nutrient budgets in the WWE
els of 65.3 × 106 m3 yr−1 and 14.2 × 106 m3 yr−1 (VP ) were
and WQE, respectively. Here we describe nutrient budgets
www.biogeosciences.net/11/481/2014/
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c

Fig. 4. Continued.

reduced by 35.4 × 106 m3 yr−1 and 7.80 × 106 m3 yr−1 of
evaporation (VE ) in XH and LYH lagoons, respectively.
Based on water balance, the net water exchanges (VR )
from XH and LYH lagoons to the SCS were calculated to
be 864 × 106 m3 yr−1 and 1519 × 106 m3 yr−1 , respectively.
The water exchange flow (VX ) from the SCS to XH and LYH
lagoons was 717 × 106 m3 yr−1 and 2660 × 106 m3 yr−1 , respectively. The volumes (VS ) of XH and LYH lagoons were
6.6 × 107 m3 and 5.0 × 107 m3 , respectively. The total water
exchange times (τ ) for XH and LYH lagoons, estimated from
the VS /(VX + VR ) ratio, were 15.2 days and 4.4 days, respectively.
Nutrient transport fluxes from river, rainwater and submarine groundwater into the study systems were determined
from surveys undertaken in the period 2006–2009. The nutrient concentrations in rainwater were based on measurements made during 2006–2009 at Wenchang, Qinglan (Liu 52
Biogeosciences, 11, 481–506, 2014

et al., 2011). Submarine groundwater discharge (SGD) was
ignored as no data were available for XH Lagoon. Atmospheric deposition as a source of nutrient input was very
limited because of the small surface area involved. Nutrient budget results showed that nutrient loads in XH Lagoon
are mainly derived from riverine inputs, and the lagoon behaves as a sink for all nutrients except PO3−
4 and DON. As
one nutrient source, river discharge into LYH Lagoon is very
limited (0.4 m s−1 ; Ji et al., 2013) and contains low concentrations of dissolved inorganic nutrients (mean values in−
+
3−
clude NO−
2 : 0.67 µM, NO3 : 1.63 µM, NH4 : 3.40 µM, PO4 :
1.30 µM, DSi: 25.2 µM). Additionally, the amounts of dissolved organic and particulate nutrients were based on measurements for rivers around XH Lagoon. The results showed
+
that LYH Lagoon behaved as a source of NO−
2 , NH4 , PIP,
−
3−
POP, PBSi, and LSi, and as a sink for NO3 , PO4 , DSi,
TDN, DON, TDP and DOP. Groundwater was the major
www.biogeosciences.net/11/481/2014/
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Table 3. (A) Observed nutrient yields (Obs.) (× 103 mol
km−2 yr−1 ) in rivers of the eastern Hainan Island. (B) Areal nutrients yields (×103 mol km−2 yr−1 ) for tropical and nontropical
rivers Data sources: a , Jennerjahn (2012); b , Liu et al. (2009).
Panel A: observed nutrient yields (× 103 mol km−2 yr−1 )
of rivers along the eastern Hainan Island

WC
WJ
WQ
JQJ
LG
LT
LW
TY

DIN

PO3−
4

DSi

51
37
62
78
43
77
43
46

0.5
0.4
0.9
1.1
0.2
0.5
0.3
0.1

120
76
448
134
160
268
319
234

Panel B: the areal yields (× 103 mol km−2 yr−1 )
of nutrients in the tropical and nontropical rivers

Large tropical riversa
Large nontropical riversa
Daguhe, Chinab
Keum, Koreab
Yongjiang, Chinab
Pearl River, Chinab
Kallada, Indiaa
Brantas, Indonesiaa
Citanduy, Indonesiaa

DIN

DSi

PO3−
4

13
23
16
110
104
67
10
91
51

81
36
5.4
50
147
91
81
149
284

0.9
1.6
0.03
0.8
2.6
0.6
6.0
2.9
2.0

source of nutrients entering LYH Lagoon. In addition, the
nutrient budgets indicated that the WWE behaved as a sink
of LSi, and as a source of PIP, POP and PBSi. Both Shamei
Lagoon and the WQ tidal inlet behaved as a source of particulate P and silicon, without considering wastewater and
aquaculture effluents.
4
4.1

Discussion
Nutrient dynamics in rivers

The observed spatiotemporal variations of dissolved nutrients in rivers were probably the result of the systems and
seasonally varying interaction of natural and anthropogenic
factors. Compared with other small to medium-sized rivers
of temperate China (Liu et al., 2009), the DIN concentrations (16.0–144 µM) in our study rivers were lower, and were
comparable to subtropical rivers of China (Liu et al., 2009).
The DIN levels were lower than in some tropical rivers that
are significantly affected by human activities, such as Naliu
River (55–220 µM; Kaiser et al., 2013) and Tamsui River
(Wen et al., 2008) in China, Wonokromo River (123 µM)
(Jennerjahn et al., 2004) and Brantas River (142–169 µM) in
www.biogeosciences.net/11/481/2014/

497

Indonesia (Jennerjahn, 2012). However, DIN concentrations
were much higher than in other large and less disturbed rivers
worldwide, such as the Amazon and Zaire (Cai et al., 2004).
Anthropogenic activities (e.g., agriculture, aquaculture and
deforestation) may be major sources of DIN in our study
rivers. In these rivers, the mean concentrations of PO3−
4 were
within the range of pristine (0.5 µM) to clean water (1.4 µM),
and higher than in other Chinese rivers, including the Yanglujiang, Daguhe and Oujiang (Liu et al., 2009). Population has
been growing in recent decades in the cities of Wenchang,
Qionghai, and Wanning (Fig. 5; Hainan Statistical Yearbook,
2010). Cultivated areas for crop production decreased in
those cities in the past decades, while crop yield per unit area
increased from 1095 kg ha−1 in 1952, 4083 kg ha−1 in 1999.
Hence, more fertilizer was used to increase crop production
from 1987–2011, especially in Qionghai, and more than 50 %
of the applied N may have been transported to rivers because of the low fertilizer uptake efficiency (approximately
30–50 % in tropical regions; Han et al., 2010). Wastewater
can increase nutrient levels, as shown for Tamsui River in
Taiwan (Wen et al., 2008). Thus, the influence of human activities is very important in this tropical region, and must be
considered.
Because of their geological and climatic settings, tropical river basins play a major role in chemical weathering
and transfer of DSi to rivers and oceans (Bouwman et al.,
2013). The concentrations of DSi (range 96.2–396 µM, mean
252 µM) in study rivers were high for tropical river systems
(global average level in tropical systems approximately 180–
190 µM; Jennerjahn, 2012), and also higher than the mean
concentration for Asian freshwater systems (196 µM; Cornelis et al., 2011). DSi is mainly derived from natural sources
(e.g., chemical weathering), and is little affected by human
activities (Jennerjahn et al., 2009). The combination of lithology, climate and tectonic activity are frequently cited to explain high DSi values (Liu et al., 2009). Additionally, deforestation is also well-known for enhancing erosion and transporting nutrients to rivers. Silicate and carbonate rocks are
the main rock types of Hainan Island, and chemical weathering rate (42 t km−2 yr−1 ; Li, 2009) in the eastern Hainan Island is higher than the average global level (36 t km−2 yr−1 ).
Rivers in the study area are all dominated by precipitation,
and forest and mangroves have been deforested for agriculture and aquaculture. These factors may explain the high DSi
levels found in the freshwater systems in this study.
It is known that riverine transport of phosphorus mainly
exists in the solid phase; DIP load is increased by as much
as five times because of release of phosphate from particles entering the sea. Average SPM concentrations in the
WC, WJ and WQ rivers (19.2 mg L−1 ) were low compared
to other Chinese rivers (7–44 mg L−1 ; Liu et al., 2009),
and PP levels were lower than the Daguhe (2.86 µM), Jiulongjiang (2.47 µM) and Changjiang (2.87 µM) (Liu et al.,
2009). As a good proxy for diatom abundance, the average
concentrations of PBSi in the Amazon, Connecticut, Danube,
Biogeosciences, 11, 481–506, 2014
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Table 4. Nutrient budgets (106 mol yr−1 ) in Xiaohai (XH) and Laoyehai (LYH) lagoons. C1 and C2 are the average nutrient concentrations
in the system of interest and the adjacent system, respectively.VR CR , VX CX and 1 are the residual nutrient transport out of the system of
interest, the mixing exchange flux of nutrients, and the non-conservative flux of nutrients, respectively. Negative and positive signs of 1
indicate that the system is a sink or a source, respectively.
NO−
3

NO−
2

NH+
4

PO3−
4

Si(OH)4

Freshwater discharge (= VQ CQ )
XH
40.0
0.52
7.28
0.26
LYH
0.03
0.007
0.04
0.02
Atmospheric deposition (= VP CP )
XH
1.10
0.01
1.40
0.02
LYH
0.24
0.003
0.31
0.004
Groundwater discharge (= VG CG )
LYH
318
1.11
8.04
18.2
Residual flow (= VR CR , CR = (C1 + C2 )/2)
XH
−4.85 −0.42 −3.35 −0.32
LYH −5.22 −1.57 −19.8 −1.56
Mixing exchange (= VX CX , CX = (C2 –C1 ))
XH
−5.24
0.012 −3.30 −0.35
LYH −7.85 −2.85 −60.8 −4.79
Sink/source (1Y = 6outflux–6influx)
XH
−28.0 −0.12 −2.04
0.40
LYH
−306
3.30
72.1 −11.8

TDN

DON

TDP

DOP

PIP

POP

PBSi

LSi

184
0.32

60.3
0.91

13.0
0.20

2.52
0.04

2.26
0.03

2.15
0.03

1.56
0.02

18.6
0.28

163
2.47

0.07
0.01

3.37
0.74

0.85
0.17

0.04
0.009

0.02
0.005

n.a.
n.a.

n.a.
n.a.

n.a.
n.a.

n.a.
n.a.

256

510

176

30.5

12.3

n.a.

n.a.

n.a.

n.a.

−62.5
−37.8

−22.3
−63.6

−13.7
−37.1

−0.62
−2.19

−0.29
−0.64

−0.48
−0.60

−0.61
−0.69

−6.01
−5.52

−45.4
−26.0

−91.6
−87.2

−18.8
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−10.2
−83.8

−0.52
−5.78

−0.16
−1.01

−0.75
−1.94

−0.87
−1.91

−6.58
−6.70

−74.0
−85.6

−30.0
−131

−22.6
−293

10.1
−55.5

−1.42
−22.5

−1.83
−10.7

−0.92
2.51

−0.078
2.57

−5.96
11.9

−43.8
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Rhine, Mississippi, Lena and Congo rivers (28 µM, range
from 2.68 ± 0.52 µM to 73.9 ± 17.6 µM; Conley, 1997) was
higher than the average PBSi levels (6.71 µM) in rivers along
the eastern coast of Hainan Island. The PBSi levels in these
rivers were also lower than those in other Chinese rivers in
the vicinity of Jiaozhou Bay (2.16–50.5 µM; Liu et al., 2008).
The contribution of PBSi to total silicon (silicic acid plus
PBSi) in rivers in this study was lower than in other rivers
worldwide (16 %; Conley, 1997).
We estimated the areal yields of nutrients as the product of nutrient concentration with average freshwater discharge divided by the drainage area (Table 3). Both DIN and
PO3−
4 areal yields in study rivers were higher than the average yields of large tropical and nontropical rivers which estimated based on the formulas of Smith et al. (2003). In addition, the areal yields of DIN in rivers were higher than in the
tropical Kallada River (Table 3). The areal yields of PO3−
4 in
rivers were significantly lower than those in the Kallada and
Citanduy rivers (Table 3). While both DIN and PO43− areal
yields were lower than those in the tropical Brantas River
(Table 3), which is located in the most favorable region on
the Earth with regard to weathering and erosion conditions
(Jennerjahn, 2012), and were also lower than in small temperate rivers, such as the Keum and Yongjiang rivers which
are significantly affected by anthropogenic (Liu et al., 2009;
Table 3). On a global scale the DIN and DIP yields showed
significantly relationships with population density and runoff
per unit area (Smith et al., 2003). Population density was
244 inhabitants per km−2 in 2010 (Hainan Statistical Yearbook, 2011) and runoff per area was low compared with other

Biogeosciences, 11, 481–506, 2014

rivers. High anthropogenic N and P inputs can lead to high
areal yields of DIN and DIP. Anthropogenic activities may
be the main reason for high N areal yields in the study area.
The use of fertilizer in Wenchang (2600 kg ha−1 ), Qionghai (5700 kg ha−1 ), and Wanning (2100 kg ha−1 ) in 2009
(Hainan Statistical Yearbook, 2010) were much higher than
the global average (90 kg ha−1 ; Jennerjahn, 2012). The uptake efficiency of nitrogen fertilizer was only 30–50 % in the
tropical region of China (Han et al., 2010). Under such conditions nitrogen could easily be washed into the rivers, resulting in high nitrogen yields. While P yields were low the
tropical rivers systems in our study, which might be related
to adsorptions onto particulates as in the other Chinese rivers
(Liu et al., 2009). P emission was 3–4 % from soils in Jakenan in Indonesia (Jennerjahn et al., 2009). P emission in our
study area might be significantly lower than N and that might
be one reason for the low P yield in those rivers.
The areal yields of DSi from the study rivers (particularly
the WQ) were significantly higher than the average yields
reported for large tropical and nontropical rivers. The average
areal yield of DSi from the WQ (448 × 103 mol km−2 yr−1 )
was much higher than from the tropical Citanduy River in
Indonesia, which has a drainage area comparable to that of
the WQ. DSi areal yields were also significantly higher than
for other Chinese rivers (Table 3). High chemical weathering
rates may be responsible for high DSi areal yields.
4.2

Nutrient dynamics in lagoons and coastal waters

The nutrient-rich Longtouhe (LT) and Longweihe (LW)
rivers (Table 2) empty directly into the northern lagoon,
www.biogeosciences.net/11/481/2014/
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2001, 2005, 2007, 2009, 2010, 2011 and 2012.

Fig. 5. Changes in population (× 104 ), cultivated area (× 103 ha), fertilizer application (× 104 tons), crop production (kg ha−1 ), aquaculture
area (× 102 ha) and wastewater discharge (tons) for the Hainan Island from 1952–2011, and the cities of Wenchang, Qionghai, and Wanning,
1987–2011. The left ordinate represents changes for the entire island, and the right ordinate represents changes for each city. The data are
from the H ainanStatisticalY earbook for 1988, 1989, 1993, 1997, 2000, 2001, 2005, 2007, 2009, 2010, 2011 and 2012.

which may explain the high nutrient concentrations found
creased, especially in Wenchang, where it has increased by
at station XH2. We found that DON was the dominant disa factor of 8.8 (Fig. 5). N and P fluxes can be enhanced by
solved N component in the lagoons. The reason for that could
organic matter recycling in sediment introduced from aquabe the many fish cages in the lagoons. Most of the dissolved
culture activities. Terrestrial inputs and aquaculture activities
nitrogen leaching from the feed, and shrimp feces was in orare important sources of nutrients in XH Lagoon. The inganic rather than in organic forms (Burford and Williams,
put of large quantities of nutrients into a small lagoon (such
2001). In addition, studies on total organic carbon and N
as LYH Lagoon) through SGD could significantly affect its
contents in Shamei and XH lagoons indicated that in recent
ecosystem. Hypoxia conditions were found in the inner part
decades organic matter sources and nitrate loading were inof LYH Lagoon in August 2009 (Sun, 2011).
creasingly affected by human activities, and eutrophication
The average concentrations of PP (0.5–1.4 µM) in the
was observed (Jia et al., 2012; Liu and Ge, 2012). Isotope
WWE and WQE, and in XH and LYH lagoons were lower
analysis also indicated that sedimentation rate in XH Lagoon 53 than in other estuaries worldwide, including the Delaware esafter 1988 was approximately twofold that in the previous
tuary (PP 1–2 µM; Lebo and Sharp, 1993), the Humber estudecade because of anthropogenic activities, which has led to
ary (PIP 14.3 µM, POP 4.8 µM; Prastka and Malcolm, 1994),
a significant increase in input of authigenic organic matter
and the Changjiang estuary (PIP 2.00 µM, POP 1.02 µM;
(Liu et al., 2007). Moreover, the aquaculture area has also inWang et al., 2009). The lower concentrations found in this
www.biogeosciences.net/11/481/2014/
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study may be related to low SPM content in the estuarine/lagoon systems. The PBSi concentrations in these systems (Table 2, Fig. 2) were comparable to those in the Aulne
estuary (5.6–52 µM; Ragueneau et al., 2005) and Drake Passage estuary (4.24 µM; Turner et al., 2003), but higher than
those in the Changjiang estuary (0.2–2.8 µM; Liu et al., 2005)
and Jiaozhou Bay (2.19 µM; Luo et al., 2008). LSi levels
along the eastern Hainan Island varied widely, and the average concentrations were approximately 1.1–13 times those
in the Changjiang (21.1 ± 12.1 µM; Liu et al., 2009). In the
WWE and WQE the PBSi and LSi concentrations were positively correlated with SPM, suggesting that the high concentrations of these nutrients in the lagoons may be related to a
high weathering rate.
The relatively high nutrient concentrations in coastal waters close to the shore reflect considerable input from land,
and suggest the effects of anthropogenic perturbation in the
adjacent terrestrial areas. In addition, high nutrient concentrations associated with low salinity were apparent under
high river discharge conditions (278 m3 s−1 in spring 2009
and 100 m3 s−1 summer 2007, Fig. 3a, e) indicating that
river discharge might control the distribution of nutrients in
coastal waters close to the shore. Several reports have suggested that river discharge is the main factor controlling matter transfer from land to sea, especially for small rivers (Ludwig et al., 2009; Han et al., 2012). Moreover, the seasonal
variation of salinity, temperature and nutrients appeared to
be closely coupled to monsoons. In summer, a plume of low
salinity water with high nutrient levels extended northeast
(Fig. 3a), may be under the combined effects of large river
discharges and the Hainan Coastal Current, which travels
from south to north (Chu et al., 1999). However, in spring,
a nutrient-rich plume extended southwest under the effects
of the WQ diluted water and northerly winds (Fig. 3c). In
the long run, coastal ecosystems will be changed because of
freshwater input with high nutrient levels, as has happened in
other Chinese seas (Liu et al., 2009). Red tides have occurred
along the east coastal of Hainan Island because of human activities (Pan et al., 2007).
Mangroves act as filters for river-derived nutrient pollutants in tropical and subtropical areas, protecting seagrass beds and coral reef ecosystems, and offering a potential means of reducing the export of pollutants from aquaculture (nutrients, pesticides, organic matter) (Jennerjahn,
2012). Mangrove sediments act as sinks for N and P in the
WWE (Liu et al., 2011). Material temporarily trapped at
low tide in the lagoon and the filtering effect of Bamen Bay
could considerably reduce nutrient export to coastal waters
(Zhang et al., 2013). However, 73 % of the fringing riverine mangrove in the WWE has been lost since the 1960s
and has been replaced by aquaculture ponds (Krumme et al.,
2012). 6151 t yr−1 total organic carbon, 1292 t yr−1 total N,
and 51 t yr−1 dissolved phosphate are exported from pond
aquaculture to coastal and back-reef waters of the northeast
Hainan Island (Herbeck et al., 2013). In addition, the WWE
Biogeosciences, 11, 481–506, 2014

is a shallow water body with a short water residence time
(approximately 7.8 days; Liu et al., 2011), and consequently
heavy rainfall leading to high levels of river discharge can reduce the filtering effect of the estuary, leading to the release
of material to the coastal environment. Because of typhoons,
high SPM levels (42 mg L−1 ) and nutrients were found on
the Dongjiao, Yelin and Tanmen reef flats (Herbeck et al.,
2013; Roder et al., 2013), resulting in reduced light availability and increased sedimentation stress for reef-flat communities (Roder et al., 2013). In recent decades there has been
increased anthropogenic organic matter transport from the
WWE to the coastal sea, because of the degradation of mangrove forests and the expansion of aquaculture (Bao et al.,
2013). Untreated municipal sewage from Wenchang is another potential source of dissolved nutrients and particulate
organic matter entering the estuary (Herbeck et al., 2011).
Thus, more nutrients would be transported to the ocean, contributing to the degradation of the coastal ecosystems.
Freshwater containing high nutrient concentrations directly enters the SCS through the narrow tidal inlet in the
WQE (Fig. 1), especially when large quantities of river runoff
occur in connection with heavy rain. Water residence time is
only 0.2 days in the tidal inlet, and estuarine filtering can
be readily disrupted. Approximately 60 % of Shamei Lagoon
(which is in the southern part of the WQE) is used for fish and
shrimp ponds, and is connected to the sea through the tidal
inlet. Isotope analysis has indicated that large inputs of N and
P stimulate the growth of phytoplankton in the lagoon (Jia et
al., 2012), and suggest that nutrient accumulation in the lagoon has led to eutrophication and changes to the ecological
structure. Large quantities of nutrients will be input to coastal
region through the tidal inlet. High nutrients plume appeared
off the WQE (Fig. 3a, c) in our study. Nutrient enrichment
in coastal waters often results in increased algal biomass, reducing water clarity and causing a loss of submerged macrophytes (Spivak et al., 2009). Hence, the coastal ecosystem off
the WQE may be more significantly affected.
The morphology of XH Lagoon has been changed since
1972 through human interventions and total river discharge
into the lagoon was reduced following the diversion of the
Taiyanghe (TY) in 1972. In addition, the sand barrier has
been continuously extended and the tidal inlet narrowed, and
the tidal influence barely reaches the middle and southern
parts of the lagoon. The northern part of the lagoon is more
readily affected by tidal current and river runoff compared
to the inner lagoon. Hence, the southern part of the lagoon
has become a dead zone, where the water residence time is
longer than 150 days (Gong et al., 2008). Total organic carbon and total N levels in sediment indicate that authigenic organic matter significantly increased in the lagoon after 1988
because of aquaculture activities, and that large nutrient inputs have deteriorated the water quality of XH Lagoon (Liu et
al., 2007). High nutrient levels are maintained in XH Lagoon,
resulting in algal or phytoplankton blooms and depleted oxygen; this has been confirmed by isotope analysis (Liu and Ge,
www.biogeosciences.net/11/481/2014/
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2012). Furthermore, the lagoon entrance mouth has narrowed
from 140 m to less than 30 m in the last 30 yr because of land
reclamation and cage culture in the tidal inlet (Wang et al.,
2003). The lagoon formed a deposit and was shallow. This
caused serious inundation in October 2000, when a violent
typhoon hit the island (Yu et al., 2002; Wang et al., 2003).
Large quantities of materials from the lagoon transport to
the ocean company with rainfall. Additionally, the TY empties directly into the SCS following the diversion. A study
in August 2008 showed that 7.7 × 104 mol day−1 of DIN,
4
−1 of
0.2 × 103 mol day−1 of PO3−
4 , and 31.5 × 10 mol day
dissolved silicate transported directly to the SCS in the TY,
affecting coastal ecosystems.
Coastal erosion may be another source of materials entering coastal waters and transported by longshore drift and
coastal currents. The coastline is receding by approximately
10 m per year (Wang, 1998), and this may be a consequence
of sea level rise, which, based on data for 1977–1978 and
1980–1993, has been estimated to be of 0.92 mm yr−1 along
the eastern coast (Wang, 2002). Furthermore, the coral reef
(approximately 500–1000 m wide) has been subject to serious degradation because of human activities in the past 20 yr,
resulting in shoreline erosion. The coastal barrier in our study
region is still growing, and the lagoons may be closed to the
sea in the future. Nutrient dynamics will be affected by these
terrain changes.
Studies of SGD along the eastern coast of Hainan Island
are very limited. Nutrient budgets based on box models indicated that SGD is important source of nutrient to the WWE
and WQE (Liu et al., 2011; Li et al., 2013). Horizontal eddy
diffusion fluxes of nutrients from coast to offshore area were
estimated based on nutrient gradients and horizontal eddy
diffusion coefficient values, were estimated in August 2007
using 228 Ra (Su et al., 2011b). This analysis showed that
over 6 months 2.3 × 108 mol of N, 1.5 × 107 mol of P and
5.1 × 108 mol of Si were transported from the study area to
the SCS, 100 km off the coastline. Li et al. (2012) reported
that spatially discrete and temporally episodic nutrient fluxes,
caused by physical phenomena such as eddies, fronts and filaments, could have an important effect in regions where phytoplankton growth is nutrient limited.
Moreover, the WQE, and XH and LYH lagoons were all
separated from the ocean by sand barriers, which continue to
expand under the action of southeasterly winds that transport
sediment from south to north (Wang and Li, 2006). Due to
the combined effects of human activities and natural factors,
the lagoons can be transformed into closed water bodies, resulting in eutrophication because of high nutrient levels and
alterations to these small, dynamic and fragile ecosystems.
Such changes could result in changes to the coastal system
associated with changed riverine fluxes, activities such as
mariculture, aeolian input (dust), and potentially circulation
patterns (Kress et al., 2005).
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Nutrient fluxes from the lagoons to the SCS

Nutrient fluxes from the lagoons to the SCS were estimated
as the sum of the net residual flux (VR CR ) and the mixing
flux (VX CX ). Nutrient fluxes were a factor of 392–1878 of
the riverine input (Fmodel = V C Q ) to LYH Lagoon due to the
influence of SGD. With the exception of PO3−
4 and DON,
nutrient fluxes to the SCS were lower than riverine input
to XH Lagoon. This might be related to aquaculture activities, which decreased the tidal flushing efficiency. As a result,
large quantities of nutrients were retained in XH Lagoon.
Total nutrient fluxes from the estuaries and lagoons to
coastal region were calculated based on nutrient budgets. The
results showed that DON represented 29 % of TDN, DOP
was 40 % of TDP, and PP accounted for 48 % of TP. The
potential for DON and DOP to act as nutrient sources for
primary producers when phytoplankton growth was limited
has long been recognized (Engeland et al., 2010; Huang et
al., 2005). This suggests that the transport of large quantities of both dissolved organic nitrogen and phosphate from
the lagoons to the SCS is important, and might determine the
impact on receiving coastal ecosystems, especially within the
coral reef region.
The flux ratios of DIN : PO3−
4 and DSi : DIN were approximately 40 and 3.0, respectively. The loading ratio exceeded the Redfield ratio, demonstrating that the ecosystem
in the coastal zone of the SCS would be affected by nutrient
transport. Total N and dissolved phosphate transported to the
coastal region through effluent from shrimp ponds accounted
for 22 % of nitrogen fluxes and 15 % of phosphorus fluxes.
Primary production in the continental shelf region (< 200 m)
of the SCS would be 602.3 × 106 t C yr−1 based on data for
two seasons (summer and winter) (Ning et al., 2004). Based
on the Redfield stoichiometric ratio (C : N : P = 106 : 16 : 1),
10.7 × 107 t yr−1 of N and 6.6 × 106 t yr−1 of phosphate
would be assimilated by primary producers. The lagoons
contributions to the continental shelf region (< 200 m) of the
SCS could account for 0.005 % of nitrogen and 0.005 % of
phosphate. The contribution of terrigenous nutrient input to
primary production of the SCS is limited.
SGD, which is the major source of nutrients entering LYH
Lagoon, was not included in water budgets for XH Lagoon.
An estimate of SGD in XH Lagoon based on SGD observations in the WWE (3.4 ± 5.0 m s−1 ; Su et al., 2011) suggests it accounts for approximately 13 % of the freshwater
discharge into the lagoon. Hence, if SGD is considered, XH
Lagoon would be a sink of all nutrients. Estimation of SGD
for XH Lagoon based on SGD in LYH Lagoon suggests it accounts for a factor of approximately 1.8 that of the freshwater
discharge into the lagoon. SGD would be the major source
of nutrients in XH Lagoon. Furthermore, XH Lagoon is an
important site for aquatic products and is the fishing port of
Wanning (Gong et al., 2008), but aquaculture effluents were
not included in the water budgets for this lagoon or LYH
Lagoon. The area of Wanning used for marine aquaculture
Biogeosciences, 11, 481–506, 2014
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increased from 233 ha in 1989 to 1495 ha in 2008 (Hainan
Statistical Yearbook, 1992, 2009). Uncertainties in the estimation of the water budgets in XH Lagoon could be up
to 25 % if aquaculture effluents were considered as in the
WWE (210 × 106 m3 yr−1 ; Liu et al., 2011), and could be
up to 14 % for LYH Lagoon. Hence, PO3−
4 and DON budgets in XH Lagoon would reverse a source to a sink if SGD
and aquaculture effluents were considered, while the NO−
2
budget would switch from a source to a sink if aquaculture
effluents were considered in LYH Lagoon. More nutrients
would be found to be stored in XH and LYH lagoons if SGD
and aquaculture effluents were taken into account. In addition, domestic sewage and agriculture pollutants (e.g., pesticides and fertilizers) were not included in the water budgets.
Sewage is an important source of nutrients for freshwater and
coastal marine ecosystems (Bouwman et al., 2013). Therefore, more studies on nutrient transport related to submarine
groundwater, wastewater and aquaculture are needed.
4.4

Role of typhoon in biogeochemistry of nutrients

Typhoons are an important natural phenomenon that can affect the biogeochemistry of nutrients in coastal zones. Nutrient biogeochemistry would be changed in a short time,
especially in small rivers during storm events. The eastern
Hainan Island has the highest precipitation on the island with
increasing rate at 2.228 mm yr−1 (Wang et al., 2006), and
typhoon–induced rainfall can account for 36 % of total annual rainfall (Wang, 1985). The effect of land-derived anthropogenic nutrients can be reinforced by typhoon-related rainfall (Jennerjahn, 2012). Increased N and P loading in rivers
can enhance rates of photosynthetic and heterotrophic productivity, resulting in fundamental changes to aquatic food
webs (Bouwman et al., 2013).
Typhoon Damrey made landfall on the eastern Hainan Island on 25 September 2005, with > 300 mm of rainfall occurring on 26 September (Zheng and Tang, 2007). The daily
water discharge from the WQ increased from 64.4 m3 s−1
to 278 m3 s−1 following the first rainfall event (approximately 118 mm) in April 2009. Typhoon Kammuri made
landfall along the south coast of China in the western part
of the Guangdong province on 6 August 2008. On 7 August
2008 it passed the study area in a distance of approximately
200 km. The daily water discharge of Nandu River, which
empties into Qiongzhou Strait, increased from 249 m3 s−1
on 6 August 2008 to 1615 m3 s−1 on 7 August. The WQ
discharge gradually increased over the following few days
and peaked at 220 m3 s−1 five days after the typhoon. Freshwater (salinity = 0) reached the estuary mouth following the
typhoon, where, prior to the typhoon, salinity was approximately 31 in the WQE. SPM concentrations increased from
3.05–21.5 mg L−1 to 12.0–23.3 mg L−1 in the estuary. Nutrient fluxes from the WQE to the SCS following the typhoon
in August 2008 exceeded the pre-typhoon fluxes by a factor of 2.6–4.7. River discharges, SPM and nutrients derived
Biogeosciences, 11, 481–506, 2014

from agriculture, aquaculture and urban effluents exported
into coastal water also increased in the WWE following the
typhoon (Herbeck et al., 2011; Liu et al., 2011), and the coral
reef was affected by the large nutrient and SPM loads (Roder
et al., 2013). A violent typhoon made landfall at Wanning in
October 2000. Terrigenous material from towns, cultivated
areas and fish ponds adjacent to XH Lagoon was transported
to the sea, accompanied by typhoon-induced rainfall (Tian
and Li, 2007). These results show that the influence of human activities is strengthened by typhoon phenomena. If typhoons, which, like Damrey and Kammuri, are often accompanied by heavy rainfall directly made landfall in the study
area, large fluvial discharge is caused. Large quantities of dissolved and particulate materials must be exported to coastal
waters as a result. Observations in August 2007 took place
following a typhoon event; low salinity (22.0) with high nutrients (NO−
3 : 25.0 µM) appeared in coastal waters off the
WQE (Fig. 3a). In addition, atmospheric deposition during
normal typhoon events (rainfall 300 mm; Liu et al., 2011) in
the study coastal region could represent approximately 11,
17 and 10 % of the annual atmospheric deposition of DIN,
PO3−
4 and DSi, respectively. The offshore waters are more
easily affected by typhoon rainfall than by normal rainfall
discharge, which tends to be confined to the coastal shelf.
Upwelling is a significant source of the nutrients (particularly PO3−
4 ) that enter the shelf ecosystem and affect phytoplankton succession (Liu et al., 2000; Ou et al., 2008).
Upwelling events occur frequently during the summer monsoon period along the eastern Hainan shelf (Su et al., 2011a).
Additionally, typhoons potentially affecting Hainan Island
mainly occur from May to November (Ren et al., 2002; Liu
et al., 2011). The combination of a typhoon and upwelling
could enhance phytoplankton biomass production by causing transport of nutrient-rich water from estuaries to offshore
and bringing deep waters to surface along the eastern Hainan
coast. Zheng and Tang (2007) reported that two phytoplankton blooms were triggered by Typhoon Damrey which passed
through the Hainan Island during September 2005 due to nutrients transport from land and below to the surface water via
upwelling.
Tropical storms are likely to increase in strength, duration,
destructiveness and frequency in response to global climate
change (Knutson et al., 2010; Kaiser et al., 2013). For coastal
waters this will result in more frequent short-term changes to
freshwater and nutrient inputs, especially in the study area
where the water residence time is so short and easily interrupted. Increased hurricane/typhoon activity may enhance
silicate weathering rates and exacerbate current sediment delivery loads, thereby increasing POC delivery and burial in
mountainous rivers (Goldsmith et al., 2008). Hence, more research on the influence of typhoons is needed.
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Conclusions

This study has provided data for dissolved and particulate
nutrient concentrations along the eastern Hainan Island during both the wet and the dry season. Under the combined
effects of natural processes and human activities (including agriculture, aquaculture and urban wastewater), large
quantities of nutrients are transported to, and affect, the
coastal ecosystems.
All nutrients showed seasonal variation and decreased
from rivers towards the coast. The nutrients in rivers were
mainly affected by agriculture; they were enriched with DIN
and DSi, and depleted in PO3−
4 . As a result of human activities the DIN areal yields were apparently higher than
the average yields reported for large tropical and nontropical rivers. The PO3−
4 concentrations and areal yields in rivers
were lower than those reported for other tropical rivers. The
dissolved silicate levels and areal yields were higher than in
other tropical river systems worldwide because of rock type
and the high rate of chemical weathering. TDP was dominated by DOP, and the PP contribution to TP was significant.
Nutrient processes in the lagoons were significantly affected by riverine inputs, aquaculture activities and groundwater. The estuaries and lagoons have short response times
to flood events, and large quantities of nutrients were transported to the eastern coast of Hainan Island. A simple steadystate box model was used to construct nutrient budgets to
investigate nutrient biogeochemical process along the eastern coast of Hainan Island. The model’s results indicate that
riverine input is the major source of nutrients to the WWE,
WQE and XH Lagoon, and GW is the major source of nutrient input to LYH Lagoon. Particularly riverine nitrogen
and phosphorus export into coastal areas from anthropogenic
land-based sources. Most nutrients would be buried in the
sediment or transformed into other forms in the lagoons. Nutrient ratios showed that the potential limiting nutrient for
phytoplankton growth within the coral reef region was P because of large quantities of nitrogen inputs from terrestrial,
while N was the limiting nutrient for phytoplankton growth
in the coastal waters of the northern South China Sea. Nutrient inputs to the coastal ecosystem increased with typhooninduced runoff of rainwater, elucidating the important impact
of typhoons on small tropical rivers.
Supplementary material related to this article is
available online at http://www.biogeosciences.net/11/481/
2014/bg-11-481-2014-supplement.pdf.
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