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Abstract: Mangroves serve as either sinks or sources for inorganic and organic nutrients and
can mitigate anthropogenic nutrient pollution, control the production in adjacent systems,
and prevent eutrophication. To better understand the nutrient dynamics in a subtropical
mangrove, we employed a three-way approach in the Nanliu River Estuary, southern China:
Pore water profiles and sediment incubations revealed benthic early diagenesis as well as
sediment—water exchange of dissolved nutrients and oxygen, while tidal sampling of estuarine
and mangrove water identified source and sink functions of the entire mangrove forest.
Fluxes of oxygen during incubations were always directed into the sediment, indicating
heterotrophy of the system. There was a net uptake of dissolved inorganic nitrogen, mainly
caused by nitrate influx, while ammonium and nitrite showed variable flux direction. Despite
high pore water concentrations, phosphate and silica showed net uptake. Fluxes of dissolved
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organic carbon were generally low except for high efflux in the dark following a storm event.
Due to the combination of small forest area and strong anthropogenic nutrient input, the net
sink function for dissolved nitrogen and phosphorus provides no significant buffer against
the eutrophication of coastal waters.

Keywords: benthic nutrient fluxes; early diagenesis; South China Sea; filtration capacity;
storm impact; sediment core incubation; mangroves

1. Introduction

Coastal ecosystems are under increasing stress from anthropogenic eutrophication. Enhanced land-ocean
fluxes of dissolved nutrients can lead to phytoplankton community shifts and production increase,
causing higher frequency of harmful algal blooms, and hypoxia and anoxia, with dramatic loss in benthic
and pelagic biodiversity and a spread in so-called “dead zones” [1-8]. These problems are particularly
severe in the tropics and subtropics (e.g., [9,10]) because many coastal ecosystems, like coral reefs and
many seagrass areas, are particularly adapted to oligotrophic conditions and sensitive to nutrient pollution.
In addition, human activity currently increases nutrient pollution more in developing countries in
subtropical and tropical areas than in developed countries in higher latitudes, where nutrient management
has evolved further. Despite this, low latitude regions are underrepresented in scientific research [11].

Mangroves covered nearly 167,000 km? in tropical and subtropical coastal regions at the beginning
of the 21st century [12]. Growing agriculture, aquaculture, and urban development led to widespread
mangrove degradation. Global loss rates are about 1% per year and the total global mangrove area has
been reduced by 35% since the 1980s (reviewed by [13]). More dramatically, in China, this number is
close to 75% [12,14]. This resulted in the loss of essential ecosystem services, including the filtration of
anthropogenic pollutants. Mangroves mediate the land—ocean transport of nutrients [15] and may protect
adjoining systems from eutrophication [16—18] caused by domestic sewage ([19,20] and references therein),
shrimp effluents [21,22], and livestock and industrial waste [23,24]. This pivotal importance in controlling
coastal eutrophication and related consequences demands intensified mangrove conservation [16].

Benthic respiration and nutrient regeneration are essential processes in coastal and estuarine ecosystems,
controlling organic carbon cycling and the flux of nutrient-type elements across the sediment—water
interface [25-27]. In mangrove forests, rates of nutrient conversion, uptake, removal, and
immobilization by benthic sedimentary processes can be higher than by than mangrove vegetation [28].
Pore water profiles of dissolved species can be used to estimate diffusive benthic fluxes relating to the
concentration gradients that result from microbial activity in the sediment [29]. However, benthic
macrofauna alter actual fluxes compared to diffusive transport through bioturbation, advection, and
foraging activity [30-34]. Fluxes are further affected by uptake and release of nutrients by
microphytobenthos and other microorganisms at the sediment surface [35-37]. Intact sediment core
incubations yield reliable results of actual fluxes [38], and have been used in different environmental
systems, including lakes (e.g., [39]), estuaries [40], coastal seas [41], and the deep sea [42]. Despite some
criticism of the application of laboratory experiments [43], other studies found no differences between
in situ and ex situ incubations [44]. Recent studies investigated total mangrove system sink and source
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function by comparing concentration differences between flood and ebb waters [16,45-48], rather than
focusing on pore waters or interface exchange. In this study we combine these approaches to answer
questions about (1) the total forest function; (2) the importance of sediment-water-fluxes; and (3) the
underlying benthic processes in a south Chinese estuarine mangrove system.

The Nanliu River Estuary receives very high inputs of anthropogenic nutrients, bearing the potential
for eutrophication of adjacent coastal waters [49,50]. Aquaculture development has led to the loss of
mangroves as natural filtration systems, with an area reduction from 1790 ha to 515 ha between the
early 1990s and 2011 [14]. Furthermore, as is typical for coastal areas, the region is characterized by
rapid population growth. Aiming to uncover the sink and source function of these mangroves and their
filtration service, we found no substantial filtration of overwhelming anthropogenic inputs, despite net
uptake of eutrophication-critical nutrients.

2. Materials and Methods
2.1. Study Site

The Nanliu River Estuary, Guangxi, southern China (Figure 1) receives strong anthropogenic nutrient
inputs from agriculture and brackish water shrimp ponds [50] (compare Table 3 in Section 4.3).

Mangroves are dominated by a dwarf growth form of Aegiceras corniculatum, intermixed with patches
of Kandelia candel, and occupy 515 ha of the intertidal zone. Narrow bands fringe the river banks up to
7 km upstream, while larger mangrove areas form islands within the river mouth. Mostly diurnal macro
tides of up to 4.5 m induce long desiccation times of on average 18 h daily. Individual mangrove islands
are relatively small plateaus with steep banks. Consequently, strong tidal currents cause a uniform
inundation of the mangrove forest. The current mangrove area was inferred from satellite images, in which
mangroves were overlaid with digital paint, the area of which was calculated using ImageJ software
(version 1.44).

The coastal area of Guangxi is influenced by the East Asian monsoon, with cool, dry winters and springs
and warm, wet summers and autumns. Typhoons and tropical storms affect the region on average five
times a year [49]. During this study, the tropical storm Nesat passed the coast on 1 October 2011, causing
the year’s highest daily precipitation and increased suspended sediment transport in the river for several
days [51].

2.2. Field Sampling

Water from an estuarine mangrove channel was sampled hourly for 24 h over spring and neap tidal
cycles in March and September 201 1. Neap tide data from March is not shown as high tide did not inundate
mangrove sediments. High tide samples reflect the composition of water entering the mangroves. Effluents
leaving the mangroves were sampled hourly from a small nearby high intertidal creek during low tides
(Figure 1). Water was analyzed in sifu for temperature and salinity using Hach Lange sensors and probes
(Hach Lange GmbH, Berlin, Germany). Aliquots for measurements of dissolved inorganic nutrients and
dissolved organic carbon (DOC) were filtered immediately through mixed ester cellulose syringe
pre-filters into pre-rinsed HDPE bottles and combusted glass containers and fixed with mercury chloride
and phosphoric acid, respectively. Samples were stored on ice during field excursions and frozen in the



J. Mar. Sci. Eng. 2015, 3 469

laboratory until analysis within 10 weeks at the Leibniz Center for Tropical Marine Ecology (ZMT) in

Bremen, Germany.
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Figure 1. Studied mangrove site in the Nanliu River Estuary. Dark gray areas are mangrove
forest, medium gray areas are low intertidal sand banks, the small black dot shows the
sediment core sampling site, the concentric symbol shows the tidal sampling site
(21°37'6.85"" N, 109°1'40.15" E), and a small black arrow indicates the mangrove effluent
sampling site. Up- and downriver directions are indicated by black arrows. For a more
detailed map of the estuary see [50].

Sediment cores were sampled using 70 cm long transparent Plexiglas liners with an internal diameter
of 72 mm (Hydrobios, Kiel, Germany). Within a large mangrove patch, cores were taken from the edge
of the forest near a high intertidal creek (Figure 1). Replicate cores were taken within an area of no more
than 10 m?. During sampling we took care to keep an undisturbed, horizontal sediment surface. Cores
were sectioned after use and slices were macroscopically examined. No cores contained macrofauna or
roots. Thus, the effect of bioturbation is excluded in this study.
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Cores for the extraction of pore water were sampled in triplicate on 3 March and 22 September 2011.
On 3 October 2011, after the tropical storm Nesat, one additional core was taken. The coefficient of
variability of triplicate pore water concentrations of all nutrients was generally low (<0.2) at any given
sediment depth, indicating that one core can be regarded as representative. Immediately after sampling
and removal of overlying water, pore water was extracted in 2 cm intervals through pre-drilled holes
using Rhizones® (Rhizosphere, Wageningen, The Netherlands) attached to clean syringes. No more than
2-5 mL were extracted from each sediment depth, of which ca. 1.5 mL were transferred to 2 mL
incubation vials. Samples for the analysis of phosphate, sulfate, and silica were acidified with
concentrated hydrochloric acid to approximately 1% and stored at 4 °C; those for analysis of nitrate,
nitrite, and ammonium were stored frozen.

For sediment incubation six cores were taken on 16 March and 3 October 2011. Overlying water was
removed to avoid sediment resuspension and cores were transported to the lab within 2 h.

2.3. Core Incubation Experiment

All cores were pre-incubated with 50 mL of filtered brackish estuarine water for about 1 h to ensure water
saturation of the pore space. Two and four core replicates, respectively, were used for the measurement
of dissolved oxygen (DO) and nutrient fluxes. Two empty core liners served as control incubations. For
DO measurements cores were adjusted to a headspace of about 500 mL in the liners, completely filled
with filtered (GF/F, 0.45 um) estuarine water and sealed without disturbance of the sediment surface.
The sealing caps had holes to accommodate a LDO dissolved oxygen sensor (Hach-Lange, Berlin,
Germany). Measurements of DO concentration and saturation, and water temperature were done half
hourly. For nutrient measurement 500 mL of filtered estuarine water were added and cores were covered
to prevent evaporation. Water samples were drawn hourly through a sampling port in the cover cap.
Using this port, the extracted volume was replaced with demineralized water to maintain the incubated
volume. To prevent stratification of the water column, incubated water in all cores was permanently
circulated using a peristaltic pump. A pump rate of 2 to 2.5 L-h™! was chosen to ensure complete
circulation of the volume between samplings, while preserving an undisturbed sediment surface. The
incubation lasted for eight hours under constant light and temperature conditions. Ambient temperature
was chosen according to average seasonal air temperature to be 16 °C in March and 25 °C in October
(Table 1). Throughout the incubation, the water temperature remained nearly constant, with maximum
standard deviations of 0.7 °C in March and 0.4 °C in October. Following incubation in the light the
overlying water was replaced, and the cores were reused for dark incubation.

Table 1. Initial concentrations of dissolved nutrients and oxygen at the beginning of the
incubation experiment, as well as monthly average ambient air temperature and air temperature
during incubation.

Initial Concentrations [pM] Temperature [°C]

Monthly During
Average Incubation
16 March 2011  197.0 54 9.0 2.8 76.5 383.0 3085 15.3 16.0
3 October 2011 849 43 19.1 1.5 942 3715 223.1 25.6 25.0

Date NO;~ NO, NHs PO Si DOC 0,
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Fluxes of dissolved oxygen and nutrients in individual incubation cores were calculated by linear
regression of concentration (corrected for dilution) over time (nine times: initial concentrations
plus eight hourly samples). Outliers were removed from the regression according to the method by
Mortazavi et al. [52]; out of a total of 1323 data pairs, 22 were removed. In no case did the removal
change the significance of correlations. Hourly fluxes are equal to the slope of the outlier-free regression
line if linear correlation was significant (p < 0.05); otherwise net fluxes are defined as zero. Total
sediment nutrient fluxes were calculated as the difference of averages in sediment incubations and
controls. Statistical comparison of sediment treatment and control fluxes revealed low power (alpha) of
t-tests due to small sample size. Where alpha was high enough to yield reliable results, treatment and
control fluxes were significantly different at p < 0.05. Negative values represent influxes, positive ones
represent effluxes. Dissolved inorganic nitrogen (DIN) fluxes were calculated as sum of nitrate (NO3"),
nitrite (NO2") and ammonium (NH4") sediment fluxes.

2.4. Sample Analysis

Dissolved inorganic nutrients in water from tidal sampling and mangrove effluents, as well as in
incubation samples, were determined with an autoanalyzer (Skalar, San System, Breda, The Netherlands).
Measurements for NO3~, NO2~, phosphate (PO4*"), and silica (Si) were done spectrophotometrically
following Grasshoff et al. [53], while NH4" was determined fluorometrically following Kérouel and
Aminot [54]. DOC was analyzed by chemoluminescence after platinum catalyzed combustion at 720 °C
in a Shimadzu TOC-VCPH (Shimadzu Corp., Kyoto, Japan).

In pore water samples, PO4+>~, Si, sulfate (SO4>"), and sodium (Na") were measured by ICP-OES
(Thermo, iCAP 6300 Duo, Waltham, MA, USA) using 3- and 5-fold dilutions. Measurements were
validated with the certified seawater reference standard CASS-5 (National Research Council of Canada,
Ottawa, Canada). A spike solution was added to the reference standard as pore water concentrations of
PO+~ and Si are distinctly higher in the mangrove samples than in the reference material (PO4*":
accuracy: 0.3%, precision: 1.2%; Si: 1.4%, 1.9%; SO4>": 2.7%, 1.9%; Na*: 0.9%, 3.1%). NH4*, NO3™ +
NO:z ", and NO2™ were determined by auto analyzer (Seal Analytical, QuA Atro, Southampton, UK). NO3~
was calculated as difference between NO3™ + NO2~ and NOz . A multi-ion standard solution (Bernd Kraft
GmbH, Duisburg, Germany) was used for quality control (NHs": accuracy: 8.5%, precision: 8.7%;
NO3; + NO27: 5.8%, 4.6%, NO27: 4.1%, 5.0%).

3. Results
3.1. Concentration Differences between Estuarine Water and Mangrove Effluents

Nutrient concentrations in the estuarine channel varied strongly at low salinities during low tides
(Figure 2). At salinities > 10, NO3~, NO2, and Si showed near conservative behavior. The same was
true for NHs" and PO4>~ during spring tides, while neap tide showed highly variable concentrations.

Concentrations in mangrove effluents mostly deviated positively (NH4*, Si) or negatively (NO3,
NO2", PO47) from those expected from mixing of riverine and marine endmembers (Figure 2).
Compared to inundating marine waters, mangrove effluents had higher concentrations of NH4", Si, and
DOC, but lower concentrations of NO3~, NO2", and PO+~ (Figure 2). During spring tides, lower salinity
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in effluents than high tide samples indicated influence of freshwater from the river. This cannot explain
the decrease of NO3~, NO2~, and PO4*", since concentrations of all nutrients are higher in riverine than
marine water [50]. In September, concentrations of Si and NH4" were higher in effluents than in riverine

water, indicating a source within the mangrove.
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Figure 2. Concentrations of dissolved inorganic nutrients and dissolved organic carbon
(DOC) from 24 h estuarine tidal cycles (open symbols) and from mangrove effluents (solid
symbols) plotted against salinity. Diamonds are from spring tide of March 2011, while
circles and squares are from spring and neap tides of September 2011, respectively. Values
of high tide samples inundating mangrove sediments are marked +.
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3.2. Mangrove Sediment Pore Water Profiles

Pore water concentrations of NOs~ decreased quickly within the first centimeters while NH4", PO4>",
and Si increased with sediment depth (Figure 3a—c). Depth integrated concentrations of Si and NOs3~
were significantly lower in March (Figure 3a) than in September (Figure 3b) (¢ and U tests). In March,
PO4>~ and Si concentrations were low in the top 5 cm of the sediment, then increased strongly towards
a sediment depth of about 8 cm, where the gradient decreased considerably. After the tropical storm in
October, surface sediment NO3~ and NO2™ concentrations were distinctly higher (Figure 3c) compared
to regular summer profiles (Figure 3b). Concentrations of NH4" remained low in the top 10 cm, showing
just a slight increase below 15 cm sediment depth (Figure 3c).
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Figure 3. Pore water nutrient concentration profiles of mangrove sediment cores during
spring (March) (a); regular summer (September) (b); and post-storm conditions in October (c).
In (¢) no data is available for PO+~ and Si below 5 cm sediment depth. Significantly different
concentrations in surface sediments between samplings are marked by different symbols in
the top right corner of panels (<0 cm, >5 cm; one-way ANOVA, p <0.05).
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Figure 4 shows the net SO4>~ reduction as the difference between SO4*~ concentrations measured in
pore water and calculated from profiles of sodium (Na") as a conservative indicator for salinity. Net
SO4* reduction occurred in March and September. Depth integrated average reduction (2.9 vs. 4.2 mM)
was higher in September. The difference was not statistically significant (¢-test, p > 0.05), however, and
maximum values occurred at sediment depth in March. No SO4> reduction was apparent in post-storm
surface sediments (Figure 4c). Low SO4? concentrations in surface sediments also reflect the increased

influence of freshwater from typhoon-enhanced river discharge compared to regular summer conditions
(Figure 4b).
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Figure 4. Pore water profiles of measured (black dots) and salinity-based (open dots)
SO4* concentrations and net SO4* reduction (gray triangles) in March (a); regular summer
in September (b); and post-storm conditions in October (¢).

3.3. Mangrove Sediment—Water Fluxes

Table 1 shows the dissolved nutrient concentrations of water used in the intact core incubation experiment.
Concentrations of dissolved oxygen were higher in March, and despite the higher oxygen solubility at
lower water temperature caused higher DO saturation (96.4%) compared to October (89.9%).

3.3.1. Dissolved Oxygen

Dissolved oxygen fluxes were always directed into the sediment and stronger in the dark than in the
light. In our calculations we assume that respiration (Resp) equals measured dark fluxes (oxygen removal
without simultaneous production), net primary production (NPP—the sum of photosynthetic oxygen
production and oxygen removal) equals measured light fluxes, and gross primary production
(GPP—photosynthetic oxygen production) is calculated as their difference (Figure 5). Respiration, net
primary production, and gross primary production were stronger in March than October. The ratio of
GPP to respiration (P:R) changed from —0.13 in March to —0.22 in October (Figure 5b).
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Applying a respiratory quotient (RQ; CO2 release/Oz uptake) of 1 [55-57], aerobic respiration caused
a carbon oxidation of 752 umolC-m2-h™! and 669 umolC-m2-h"!, while GPP fixed 193 umolC-m >-h"! and
248 umolC-m >-h™! in March and October, respectively. Considering 12 daylight hours in March and 14 h
in October for GPP, these rates resulted in a net efflux of CO2 from the sediment of 15,724 pmolC-m>-day !
and 12,583 pmolC-m2-day !, respectively. Based on the calculated carbon uptake during GPP and
a C:N ratio of 10 for microphytobenthos (see [36]), the nitrogen demand for primary production was
231 umoIN'm2-day ' and 348 pmoIN-m2-day ' during March and October, respectively (Table 2a). It
should be noted that RQ and C:N may vary in time and space and these calculations are first order estimates.
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Figure 5. Hourly (a) and diel (b) total fluxes of dissolved oxygen. Respiration (Resp) equals
measured dark fluxes, net primary production (NPP) equals measured light fluxes, and gross
primary production (GPP) is calculated as their difference. Panel (b) also shows the ratio of
GPP to respiration (P:R).

3.3.2. Dissolved Nutrient and Organic Carbon Fluxes

Fluxes of dissolved inorganic nitrogen (DIN) were always directed into the sediment (Figure 6).
Uptake was stronger during dark conditions, while diel fluxes were comparable in March and October.
Flux directions of individual DIN species were equal during light and dark incubations. In March, NO3~
showed influx, while NO2~ and NH4" were released from the sediment. NO3™ influx was lower in October
and influx of DIN was maintained by uptake of NH4" and NO2". Uptake of dissolved Si occurred during
light conditions and was stronger in October. No net flux was detected in the dark. In March, PO4>~
fluxes were directed into the sediment. Higher light influx in October was balanced by dark efflux to
result in similar diel PO4>~ uptake as in March. Dissolved organic carbon (DOC) was generally taken up
by the sediment, except for a strong release during the dark in October, which resulted in a net diel efflux.
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Table 2. Hourly and diel benthic fluxes. (a) Respiration, NPP, and GPP (all in pumol O2), as
well as calculated CO: flux and nitrogen (N) demand, assuming a respiratory quotient (RQ)

of 1 and a C:N ratio for microphytobenthos of 10, diel fluxes are based on 12 and 14 hours

of daylight in March and October, respectively; (b) Nutrient fluxes measured during core

incubations. Diel fluxes are based on an inundation time of 6 h per day.

Hourly flux [pmol m™2 h™]

Daily flux [pmol m™

day™']

a Spring Summer Spring Summer
Respiration —499.4 —669.3 —-11985.1 —16062.2
NPP —270.5 —420.8 —9238.4  —12583.2
GPP 228.9 248.5 2746.7 3478.9
CO; efflux 499.4 669.3 11985.1 16062.2
CO influx —228.9 —248.5 —2746.7 —3478.9
CO; net flux 384.9 5243 9238.4 12583.2
N demand 22.9 24.8 274.7 347.9
b
Mﬁzi‘;rsed Light  Dark Light  Dark Diel Diel
NOs™ -279.1  -339.6 -16.3 -83.9 —1856.1 —266.7
NO,™ 37.0 13.1 4.5 -17.1 150.4 -27.1
NH," 28.4 85.9 -104.3 2518 3429 —994.3
DIN —213.7  -240.6 -116.1  —352.7 —1362.7 —1288.1
PO, —14.3 -12.1 -30.2 11.1 -79.1 —=78.0
Si -6.3 0.0 =51.7 0.0 —-19.0 —181.1
DOC =790.5 -305.6 —1518.4  3900.7 —3288.3 4437.3

4. Discussion
4.1. Sediment-Dissolved Oxygen Fluxes

The respiration rates in sediments of the Nanliu mangrove forest are within the range found in similar
Asian and Australian mangrove settings [28,55,56,58—65], but are lower than in the mangrove sediments
of Central America [66,67]. Oxygen uptake rates are particularly low compared to mangroves of the
Jiulongjiang Estuary in China, for which Alongi ef al. [68] assumed that rapid sediment accumulation
supplies reactive organic matter supporting high respiration rate. Respiration rates observed in the present
study may also be low because of lacking bioturbation (e.g., crab burrows) in sampled sediment cores.
Oxygen decrease in overlying water has been shown to be higher in areas with burrows compared to
undisturbed sediments in the same mangrove [66]. Burrows and roots, furthermore, promote respiration
during desiccation [56]. Though differences between inundated and desiccated respiration cannot be
generalized [56,58,64,69], the diel rates shown in Figure 5b should be considered minimum fluxes. Rates
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of gross primary production (GPP) are also lower than in other mangrove systems [59,61]. This may be
due to low microphytobenthos biomass, as GPP and the P:R ratio are similar to those in mangrove
systems with low benthic microalgal standing stocks [70].
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Figure 6. Total sediment fluxes of dissolved nutrients; (a) hourly [umol-m2-h"!]; and (b)
diel [umol-m2-day ']. Dissolved inorganic nitrogen (DIN) flux is calculated as the sum of
nitrate (NO3"), nitrite (NO2"), and ammonium (NH4") fluxes. Diel fluxes are based on an
inundation time of 6 h per day.

Stronger O2 uptake occurred in March (Figure 5). Generally, increased sediment O2 dynamics and
gas fluxes during are expected during warmer seasons [52,60,62,68,70—74], which favor the activity of
benthic microorganisms [75—77]. Higher GPP in October indicates that microphytobenthos productivity
indeed did increase. Decreased aerobic respiration is likely due to sediment disturbance by the tropical
storm Nesat a few days before the experiment. Sediment mobilization by extreme storms ventilates the
pore space [78,79], reducing the demand for oxidizing agents. Together with increased GPP, this led to
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lower Oz influx on October. The decreased reductive state of the post-storm sediments is also reflected
in nutrient dynamics (Section 4.2).

Constant net uptake of dissolved oxygen in the incubation experiment (Figure 5) shows that the benthic
system of these mangroves is always heterotrophic, as is common in mangrove sediments [56,60,70,72,80],
which are consequently a net source of carbon dioxide (COz) to the overlying bottom water [72]. CO2
efflux from sediments of the Nanliu mangrove (Table 2a) is only about 10%—50% of the CO: production
measured in mangroves and adjacent mudflats in Thailand [58,60,64] and China [68]. Calculated
aerobically driven CO: efflux is amended by anaerobic carbon oxidation, with SO4>~ reduction dominating
belowground carbon oxidation in mangroves [55,64,68,69]. Net SO4>~ depletion should be exceeded by
the actual carbon oxidation with SO4>~ (e.g., [81]). SO4*" reduction in the Nanliu mangrove (Figure 4)
may thus strongly increase COz efflux over the values calculated from Oz uptake.

4.2. Organic Carbon and Nutrient Fluxes

Dissolved organic carbon (DOC) exhibits the strongest benthic fluxes measured in the Nanliu mangrove
forest (Figure 6), but rates are low compared to other mangroves, estuaries, and shallow coastal
areas [82,83]. The observed temporal variability in benthic DOC flux magnitude and direction is common
in mangroves (e.g., [47,60,62]). Despite high pore water concentrations, efflux may cease or even reverse
direction due to DOC uptake by bacteria at the sediment surface [70,84,85].

Benthic-dissolved nitrogen fluxes in the Nanliu mangrove forest are within the range measured
in other mangrove areas, and show comparatively low temporal variability between March and
October [28,55,58,61-64,68,86]. Both the incubation experiment (Figure 6) and pore water profiles
(Figure 3) show that the sediments are a sink for dissolved nitrogen. Mangrove sediments are generally
DIN sinks, mostly due to the uptake of NOs~, while NH4" often shows efflux [60-62,87-91]. Several
benthic processes cause the removal of NOs™ from overlying water. While assimilation by primary
producers removes NO3™ [92], it is probably no major NOs™ sink as daytime nitrogen removal strongly
exceeded GPP-associated nitrogen demand (Table 2), and NO3;™ uptake was higher in the dark (Figure 6).
Pore water profiles from the Nanliu mangrove forest indicate the removal of NO3~ by denitrification
(compare e.g., [26]), an important sink for NO3™~ in mangroves (e.g., [93,94]), during which NO3" retains
oxidizing conditions when oxygen availability is limited [39]. This reducing process can increase with
NOs3™ availability [91,95,96], but see [72,97]. Since NO3™ is the most common form of anthropogenic
nitrogen input [98—102], denitrification is particularly important in heavily impacted systems [93] such
as the studied mangroves, which receive high loads of NO3™ from the Nanliu River [50]. Denitrification
can decrease by downward expansion of the oxic layer by photosynthetic oxygen production in
light [36], explaining the lower NOs™ influx in the light (Figure 6). NO3™ can also be utilized in the
reoxidation of sulfide [103], produced during SO4>" reduction (Figure 3), or reoxidation of NH4" at the
sediment surface, which introduces NO3™ into bottom water. Oxidation with Oz produced during primary
production and interception by benthic phytoplankton [36] may be reasons for lower NH4" fluxes during
light. The strong increase of NH4" with sediment depth (Figure 3a,b) and its efflux in March suggest NH4"
production concurrent with NO3 ™~ removal. Dissimilatory nitrate reduction to ammonium (DNRA) has been
proposed as an important and often underestimated NO3™ sink [104—106], especially in tropical estuaries
with low benthic DO flux rates [107]. In anthropogenically impacted reduced sediments, DNRA may be
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more important than denitrification [52,108]. The production of NH4" by DNRA can exceed that by
ammonification of organic matter by a factor of 10 [105]. The occurrence of DNRA has important
implications for the mangrove because contrary to denitrification it does not remove reactive N as
gaseous N2 but keeps it available in the system as NH4" (e.g., [40]). Both denitrification and DNRA yield
NOz2™ as an intermediate product [40,109—-111]. Benthic NO2™ fluxes and concentration > 3 uM in the
incubated water column, as well as measurable pore water concentrations (Figure 3), reflect active DIN
conversion processes in the sediment, with NO2™ as intermediate product. Strong NO3™ reduction in March
causes NOz release into the water column (Figure 6). The efflux does not cause a concentration increase
in mangrove effluents (Figure 2) because NO2 undergoes either reoxidation to NOs~ or further reduction
to N2 in the water column. As the incubation experiment yields net fluxes that are the sum of a combination
of processes, specific process-based experiments are desirable to assess their relative importance.

Concentrations of Si and PO4>~ in pore water generally increase with sediment depth because of
the dissolution of siliceous material [26] and remineralization of organic matter [112,113], as well as
desorption from particles [22,114]. While this creates concentrations gradients between pore water and
water column, the flux direction depends on microbial activity at the interface [26,28,37,55,86]. In the
Nanliu mangrove forest, microphytobenthos abundance and species number are dominated by diatoms [115],
which have been suggested to cause Si influx despite high pore water concentrations [116]. Uptake from
the pore water pool is indicated by the steepening of the concentration gradient in surface sediments
(Figure 3). Utilization by diatoms appears to intercept all diffusive Si efflux in the dark, and increased
demand during production in light causes additional uptake from the water column (Figure 6). Influx
from the water column is low compared to other studies [28,55], as would be expected from a relatively
low GPP.

Though data on benthic PO4*~ fluxes in mangroves are scarce, comparison with earlier results
suggests that influxes in the Nanliu mangrove forest are stronger than in other areas [28,55,86]. Direct
uptake by microorganisms [36] may cause low concentrations in surface sediments, particularly in
spring, when supply from deeper sediments is slow compared to regular summer conditions. Lower dark
influx in March and dark efflux in October (Figure 6a) are likely due to reduced interceptive uptake of
PO4*” by primary producers in the absence of light. Additional removal of PO4*~ from the water column
and pore water might be due to adsorption to iron(Ill)-oxyhydroxides (e.g., [26]), which is important in
removing PO4*~ from pore water and the water column in the study area [117]. Since it is likely that the
described processes act simultaneously, process-based experiments are required to show their relative
contribution to nutrient dynamics.

Temporal variability in mangrove nutrient dynamics are largely governed by short-term forcing such as
light availability [56,118], inundating water nutrient concentrations [45], and precipitation patterns [16,119],
while seasonality may generally be weak [58,88,120]. Sediment core incubations (Figure 6) and pore
water profiles (Figure 3b,c) show that benthic nutrient dynamics, particularly of nitrogen, change
fundamentally after a storm event. Following tropical storm Nesat in October, DIN reduction in the
surface and subsurface sediment decreased, as seen from the decreases in NH4" accumulation and NO3~
decline (Figure 3b,c), and the reversed flux of NH4" into the sediment (Figure 6). The oxygenation of pore
waters during sediment mobilization and ventilation by Nesat probably decreased denitrification [96,121]
and enhanced nitrification of NH4" to NO3™ [37,59], causing significantly higher NO3~ and lower NH4"
concentrations in bottom and surface sediment pore waters (Figure 3c). Due to the deeper penetration of
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02 and NOs™, the SO4>~ reduction observed in the top 5 cm during September (Figure 4b) ceased after the
storm (Figure 4c). Reducing processes dominate in deeper sediment and NO3™~ and NOz™ are net removed
from bottom (Figure 6) and pore waters (Figure 3c). Nevertheless, even days after the storm event,
the removal of DIN is dominated by the influx of NH4". This alternation in nitrogen dynamics through
sediment disturbance is important in the Nanliu mangrove, where tropical storms occur on average five
times a year. Post-storm profiles of Si and PO4>~ show significantly decreased concentrations in surface
sediments relative to regular summer conditions during September (Figure 3b,c). This is likely due to
the loss of nutrients from pore water during storm-induced sediment resuspension [122,123]. The shape
of the Si profile does not seem to be affected by the storm event. Since Si is not affected by redox processes
to the same degree as DIN, usual profiles may be established quickly after sediment disturbance. Though
studies on the effects of extreme storms are rare and difficult to plan due to the stochastic nature of such
events, more research is desirable to verify these assumptions.

4.3. Mangrove System Nutrient Dynamics

High variability of nutrient concentrations at low salinity and particularly during neap tide shows that
at low water levels nutrient composition in estuarine mangrove channels is influenced by effluents and
pore water seepage from the mangrove forest. Near-conservative behavior at higher salinity shows that
with rising water levels the hydraulic gradient reverses and there is no influx into the channel. Varying
concentrations in the estuarine channel and in mangrove effluents during low tide suggest that the
influence from the mangrove is temporally variable (Figure 2). During neap tide, salinity was higher in
mangrove effluents than inundating water. Increased salinity may be due to evapo-transpiration in the
mangrove (see e.g., [47]). This is not evident during spring tides, rather indicating a delayed release of
saline water delivered into the mangrove during previous high tides with stronger marine influence
(see e.g., [48]).

Deviations of effluent concentrations from those expected from mixing of marine and fresh waters
reflect nutrient addition to (positive deviation) or removal from (negative deviation) inundating water
during residence time in the mangrove. Since concentrations of all nutrients are higher in riverine than
marine water, freshwater influence cannot explain the decrease of NO3~, NO2, and PO+~ in effluents
relative to marine inundating water (Figure 2). Extremely low NOs~ concentrations in effluents reflect
the uptake by sediments. Nevertheless, NO3~ concentrations during low tide are similar to those found
in the river [50], and display lowest relative variability among nutrient species, indicating that estuarine
NOs™ dynamics are not significantly influenced by mangroves but are dominated by high riverine inputs.
Similarly, DOC concentrations during low tide and in effluents are similar to riverine values (235.3 to
339.6 uM and 282.9 to 2345.6 uM in March and September 2011, respectively; Kaiser, unpublished [124]),
indicating that despite the benthic uptake of DOC in the mangrove, the influence from the river
dominates over mangrove dynamics. Low tide concentrations of NO2™ in the estuarine mangrove channel
are high compared to effluents and pore water, and are also higher than in Nanliu River. This increase
in concentrations despite the dilution by effluents and pore water drainage suggests high rates of in situ
nitrogen conversion in the mangrove channel, particularly in March. The dependence of in situ processes,
rather than external inputs, was also suggested for NO2™~ concentrations throughout the estuary [50].
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Effluent and low tide Si and NH4" exceed river concentrations [50] and thus cannot solely be sourced
from riverine input, but indicate sources within the mangrove which influence estuarine concentrations via
effluent runoff and pore water drainage. Increased NH4" values in effluents are due to benthic effluxes
(Figures 3a,b and 6) and lateral belowground transport of interstitial water and solutes [47,69]. Lateral
transport also increased Si concentrations in effluents (Figure 2) despite measured sediment uptake
(Figure 6). An additional possible source of Si to effluents is leaching from macrophytes as well as their
epiphytes and debris [125-128]. Deep pore water drainage would also introduce PO4>~, but concentrations
are low in effluents compared to channel concentrations (Figure 2). Pore water PO4>~ concentrations
only increase strongly below 5 cm sediment depth, while Si concentrations in the upper 5 cm are high
enough to support high effluent concentrations even during early desiccation and drainage of surface
sediment pores. This, together with the shallow depth of small creeks, suggests that lateral drainage into
effluents is restricted to the upper sediment layers. Shallow pore water may also be released during
sediment resuspension by tidal currents [123].

The pore water profiles (Figure 3a,b) and concentration differences between estuarine water and
mangrove effluents (Figure 2) indicate no seasonal alteration in the source and sink function of the
mangrove forest or its sediments. Nevertheless, surface sediment pore water concentrations of NHa",
PO+*", and Si are significantly higher and accumulate more strongly during summer (September,
Figure 3a,b), due to temperature-enhanced remineralization of organic matter [52,129] and leaching
from particles [37].

4.4. Nutrient Filtration by the Mangrove System

Mangroves have repeatedly been proposed as natural filters for anthropogenic
nutrients [21-24,91,130-133]. For DIN and PO4*", tidal sampling and benthic fluxes indicated similar
source and sink functions, highlighting the importance of sedimentary processes (for DIN and PO4*
dynamics) in the Nanliu mangrove area. Studies have found that sediment biogeochemical processes
dominate DIN and PO4>~ removal (e.g., [24]). For these nutrients benthic fluxes may thus be used to
estimate the filtration capacity of the mangrove sediment system (Table 3). The main source of nutrients
to the estuary and adjacent coastal waters is the 9704 km? catchment of the Nanliu River, with additional
inputs from a 6500 ha aquaculture area [50]. At only 514 ha, the potentially filtering mangrove area is
relatively minute. Expanding measured influx rates (Table 2, Figure 6) to the mangrove area, total
mangrove NO3~ uptake rate may range from —1374 to —9559 mol-d”!, while PO4*~ uptake would be
between —402 and —407 mol-d"!. Consequently, mangroves would remove only 0.1% to 0.5% of the
2,013,100 mol-d"! NOs™ inputs and 1.2% of the 34,200 mol-d' PO4+*~ inputs (Table 3). Benthic removal
rates must be considered minimum ecosystem filtration service, as other system components, such as
mangrove trees, further facilitate uptake of these nutrients.

Low removal capacity has also been shown for an Australian mangrove receiving shrimp aquaculture
effluents [65]. In a meta-analysis Valiela and Cole [17] found that the nitrogen removal capacity of wetlands
relates negatively to land-derived nitrogen input. The Nanliu estuary has an area of 16,578 ha [134] and
annually receives about 10,305 tN (7.7 x 10® mol) of DIN from the river, 95% of which is delivered as
NOs~ [50]. Given this high input of 651.8 kgN-ha™!-y! to the estuary, the low removal by mangrove
wetlands of < 1% land-derived DIN is comparable to other impacted systems [17]. This low filtration
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service suggests that, due to the disadvantageous ratio of mangrove wetland area to land-derived nutrient
input, the mangroves do not significantly affect nutrient dynamics in the tidally dominated Nanliu
estuary through filtration. These results must be regarded as first estimates, and further studies with
wider temporal and spatial resolution would aid the calculation of a full filtration service budget. It is clear,
however, that given this low filtration capacity, current efforts at mangrove reforestation are unlikely to
create an effective buffer for coastal eutrophication, but that nutrient input management will be required.

Table 3. Mangrove filtration efficiency for NO3~ and PO4>~ relative to land-derived riverine
input, based on daily fluxes and a mangrove area of 515 ha. Daily nutrient inputs from Kaiser
(unpublished [124], but see [50] for seasonal values).

River Discharge Shrimp Pond Effluents = Mangrove Filtration

NO; [10° mol-day '] 2007.8 53 —-9.6to—-1.4
% of total input 99.7 0.3 =0.1t0—-0.5

PO, [10° mol-day '] 333 0.9 —0.41 to —0.40
% of total input 97.4 2.6 —-12t0—-12

5. Conclusions

In this study we employed pore water concentration profiles, intact sediment core incubations, and
tidal sampling of estuarine waters and mangrove effluents to investigate nutrient dynamics in a subtropical
mangrove forest. Results show that the combination of methods aids the understanding of processes at
different system levels.

Mangrove sediments are a source for NHs" and Si due to the exchange of NHa'- and Si-enriched pore
waters across the sediment—water interface. Enhanced demand for oxidizing agents during early digenetic
processes leads to sediment-directed fluxes of NOs~ disclosing the mangrove sediments as a sink for
nitrate. Although PO4>~ is released into the pore water during sedimentary organic matter degradation
processes, enhanced PO4’" utilization by benthic microalgae and mangrove trees may make the
mangrove a net sink for PO4>~. The difference in pore water fluxes expected from concentration profiles
and measured total benthic fluxes indicates that sub-surface nutrient processing does directly translate
into sediment—water exchange, probably due to mediation by surface microorganisms.

The total filtration capacity of the Nanliu mangrove is low due to the small forest area and strong
anthropogenic inputs. Thus, coastal nutrient management needs to concentrate on reduction of nutrient
inputs, mainly from excessive fertilization in agriculture but with additional focus on growing aquaculture.

While seasonal climatic variability influences the magnitude of sedimentary processes, storm events
cause a release of nutrients from pore waters during sediment displacement and ventilation of the surface
sediment, inducing changes in sedimentary redox processes, which may lead to the reversion of benthic
flux directions. The influence of such extreme events may persist longer for redox-sensitive nutrients
like NO3™ and NH4" than for Si. The physical redistribution of sediments may also enhance the transport
of organic matter into deeper sediment layers. However, the mechanism of organic matter transport and
burial in mangrove sediments has not been part of this study and deserves its own research focus. Future
studies should also aim to investigate individual processes causing observed nutrient fluxes and include
wider spatiotemporal resolution in order to enhance the quality of filtration budgets.
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