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ABSTRACT

Dated sediment cores taken near the head and mouth of a tropical estuary, Nha-Phu/Binh Cang, in south
central Viet Nam were analyzed for changes over time in physical, chemical and biological proxies
potentially influenced by removal of the mangrove forest lining the estuary. A time-series of satellite
images was obtained, which showed that the depletion of the mangrove forest at the head of the estuary
was relatively recent. Most of the area was converted into aquaculture ponds, mainly in the late 1990’s.
The sediment record showed a clear increase in sedimentation rate at the head of the estuary at the time
of mangrove deforestation and a change in diatom assemblages in the core from the mouth of the es-
tuary indicating an increase in the water column turbidity of the entire estuary at the time of the
mangrove deforestation. The proportion of fine-grained sediment and the 3'3C signal both increased
with distance from the head of the estuary while the carbon content decreased. The nitrogen content and
the 8!°N signal were more or less constant throughout the estuary. The proportion of fine-grained
material and the chemical proxies were more or less stable over time in the core from the mouth
while they varied synchronously over time in the core from the head of the estuary. The sediment
proxies combined show that mangrove deforestation had large effects on the estuary with regard to both

the physical and chemical environment with implications for the biological functioning.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The area occupied globally by mangrove forests has declined by
more than 35%, and most of this loss has occurred over the past 30
years, primarily due to human disturbance (Agardy et al., 2005;
Bouillon et al., 2008). Loss of mangrove forests is caused by a va-
riety of human activities, including clearing for lumber and

* Corresponding author. Department of Plant and Environmental Sciences
(PLEN), University of Copenhagen, Thorvaldsensvej 40, 1st Floor, DK-1871 Freder-
iksberg C, Denmark.

E-mail  addresses:  me@plen.ku.dk, me@bio.ku.dk (M. Ellegaard),
tuonggiang82@yahoo.com (N.T.G. Nguyen), tja@ign.ku.dk (TJ. Andersen),
andersm@bio.ku.dk (A. Michelsen), habviet@dng.vnn.vn (N.L. Nguyen), habsea@
dng.vnn.vn (N.H. Doan), ebk@biology.sdu.dk (E. Kristensen), kaaw@geus.dk
(K. Weckstrém), tongphuochoangson@gmail.com (T.P.H. Son), lund-hansen@
biology.au.dk (L.C. Lund-Hansen).

http://dx.doi.org/10.1016/j.ecss.2014.03.007
0272-7714/© 2014 Elsevier Ltd. All rights reserved.

firewood, development of rice paddies and establishment of
aquaculture ponds (Valiela et al., 2001; Wilkie and Fortuna, 2003).
In many places, mangrove removal occurs without regard for the
role of mangrove forests in the functioning of adjacent coastal
ecosystems (e.g. Alongi, 2008). Besides the function as e.g. valuable
nursery and feeding grounds for a variety of invertebrate and fish
species (Hong and San, 1993), mangrove forests are key sites for
important biogeochemical transformations as well as exchange of
organic and inorganic carbon between land, atmosphere and ocean
(Dittmar et al., 2006; Kristensen et al., 2008). This is of particular
concern as mangrove forests have the potential to mitigate the
effects of future climate changes (Alongi, 2008; Donato et al., 2011;
Mcleod et al., 2011), both by sequestering carbon, protecting
neighboring estuaries from terrestrial runoff and sheltering coast-
lines from storm damage, (Dahdouh-Guebas et al., 2005; Granek
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Fig. 1. Map of NP-BC showing the locations of the three sampling stations 5, 77and 3 as well as the approximate location of two villages, Tam Ich and Tan Dao (referred to in the

discussion).

and Ruttenberg, 2008). Viet Nam is very dependent on the func-
tioning of its coastal ecosystems because of its approx. 3260 km
long coastline with large areas of lowland including large delta
regions in the south (Mekong Delta) and north (Red River Delta).
There are over 250 large and small estuaries along the Vietnamese
coast and most of these were previously lined with dense
mangrove forests. However, much of this mangrove area has now
been logged (Hong and San, 1993).

The Nha Phu-Binh Cang estuary (NP-BC) is located in south-
central Viet Nam. The head of this estuary was formerly covered
by dense forests with dominance of the mangrove genera Rhizo-
phora, Avicennia, and Sonneratia (Nguyen et al.,, 2006). However,
this area and the mouths of two rivers entering the estuary are now
dominated by aquaculture ponds and the mangrove forests have
mostly disappeared. The exact timing of the large-scale reduction
of the mangrove forest was previously unknown and the associated
effects were recognized only from anecdotal evidence.

Although mangrove forests have great influence on the estuaries
they line, relatively little is known about the consequences of
mangrove deforestation for species distribution and ecosystem
functioning of the estuaries. This study aimed at describing changes
over time in physical, chemical and biological sediment parameters
associated with mangrove deforestation in the NP-BC estuary by
exploring the sedimentary archive at stations located at the head
and mouth of the estuary. As mangrove forests often act as filters
for e.g. nutrients and sediment from river run-off (Prasad and
Ramanathan, 2008; Twilley and Rivera-Monroy, 2009), we would
expect to see changes in e.g. terrestrial input, turbidity and nutri-
ents. To determine such long-term developments, the parameters
explored included temporal changes in sedimentation rate, grain
size distribution, carbon and nitrogen content as well as stable
isotope (8'3C, 3'°N) signatures and diatom community composi-
tion. The age—depth profiles of these proxies were related to the
timing of the mangrove forest disappearance and other anthropo-
genic activities in the area, such as constructions on the rivers
entering the head of the estuary.

2. Materials and methods
2.1. Site description

The Nha Phu-Binh Cang (NP-BC) estuary is located in south-
central Viet Nam, about 15 km north of Nha Trang city (Fig. 1). It
is about 20 km long and 5—6 km wide. The head of the estuary
consists of a shallow area with a maximum depth of 2 whereas the
mouth of the estuary at station 3 is ca. 12 m deep. The depth in-
creases to more than 30 m within 10 km of the head of the estuary.
Two larger rivers with a drainage area of about 1200 km? discharge
into the estuary. A base-flow of 60 m> s~! was measured in one of
these rivers, the Dinh River, during the rainy season (Lund-Hansen
etal., 2013). The residence time of water in the estuary is about 5—6
days (Lund-Hansen et al., 2010).

2.2. Satellite images of mangrove distribution

Maps of the head of NP-BC were obtained and analyzed to
determine the timing of mangrove conversion into shrimp ponds.
The maps were based on satellite imagery obtained from the Landsat
MSS (1973 and 1983), MOS-1 (1989, 1993, and 1996), and Landsat
ETM (1999) with spatial resolutions of 60, 50, and 30 m respectively.
Four spectral bands were used from the Landsat MSS, and MOS-1,
and 6 bands from the Landsat ETM. The GIS software package ENVI
4.4 was used for data processing and generation of thematic maps. A
time-series of selected years between 1973 and 1999 covering the
head of the estuary is used to demonstrate the changes.

2.3. Sampling

Three sampling stations, station 5 (12.4264 N 109.1826 E), sta-
tion 77 (12.4117 N 109.2089 E) and station 3 (12.3500 N
109.2500 E), were established at the head and the mouth of the
estuary. They are henceforth termed the head of the estuary (sta-
tion 5 in the inner and 77 in the outer of the shallow part of the



34 M. Ellegaard et al. / Estuarine, Coastal and Shelf Science 142 (2014) 32—40

estuary) and the mouth of the estuary (station 3). A Kayak corer
with a diameter of 83 mm was used to collect sediment cores in
November 2009 (station 5 and 3) and November 2010 (station 77).
One core from each station was sliced at 1-cm intervals. The sam-
ples were kept in the dark at 5 °C until freeze-dried. Subsamples
from all three cores were processed for 2!°Pb dating, while depth
profiles of grain size analysis, C and N elemental concentrations and
stable isotope signatures were only achieved for core 5 and 3. These
latter parameters are only included from the surface of core 77.
Furthermore, subsamples from core 3 at the mouth were processed
for diatom analyses.

2.4. Sediment dating

The freeze-dried subsamples were analyzed for 2!°Pb, 3’Cs and
226Ra by gamma-spectrometry at the Gamma Dating Center at the
Department of Geography and Geology, University of Copenhagen.
The measurements were carried out on a Canberra low-background
Ge-detector. 2'°Pb was measured from its gamma-peak at 46,5 keV,
226Ra from the granddaughter 21#Pb (peaks at 295 and 352 keV) and
137Cs from its peak at 661 keV.

2.5. Grain size determination

Grain size analyses were conducted at the Centre for Geo-
genetics of Copenhagen University. Wet subsamples were sus-
pended in about 10 ml of distilled water in plastic containers.
These samples were sonicated for about half an hour to break
clusters and aggregates before analysis for grain size using Mal-
vern laser Master-sizer 2000, which measures material from 0.02
to 2000 pm. Each sample was automatically measured 3 times to
get a mean grain size distribution. Some samples showed peaks at
500—1000 pm. These fractions were excluded from the analyses
as they were considered to be aggregates or fragments of
organismes.

2.6. Stable C and N isotopes

Shell fragments and living biomass were manually removed
from wet sediment before treating 1 g subsamples with 5 ml of 1 M
HCI to dissolve particulate inorganic carbon (PIC). After freeze-
drying the sediment was finely ground to a homogenous powder
and subsequently dry weights of 25—30 mg were wrapped in
5 x 9 mm tin capsules before combustion and EA_IRMS (elemental
analysis-isotope ratios mass spectrometry) for determination of C
and N elemental concentrations and isotopic values. The results are
expressed as ¢ values in per mil units (%,) following the equation:
0 = (Rsample/Rstandara — 1) x 1000 (Sulzman, 2008) where
R = 13¢/™2C or >N/™N. Tests showed that there was no substantial
effect of acid treatment on N concentration or 3'°N. Non-treated
and treated cores showed N concentrations of 0.18% and 0.16%
and 3"N values of 5.01%, and 5.47%, respectively.

2.7. Diatom analysis

Subsamples from the core from the mouth of the estuary were
prepared for diatom analysis as described by Renberg (1990) and
later modified by Battarbee et al. (2001). Sediment samples were
oxidized with 35% H,0, to remove organic matter. After oxida-
tion, a few drops of 10% HCl were added to remove the remaining
H,0; and any carbonates, and finally 10% NH4 was used to remove
minerogenic matter before making permanent slides. A volume of
400 pl final sample solution was carefully pipetted on a coverslip,
left to evaporate and permanent slides were made using Naphrax
for fixation. Diatoms were identified using an Olympus BH2-Japan

light microscope with 60x and 100x phase contrast objectives.
On average 300, and at least 100, diatom frustules were counted
per sample. Stratigraphic profiles of the diatom distribution, and
of the other proxies, were created using the program C2
(Juggings, 2007).

3. Results
3.1. Timing of mangrove disappearance

The time-series of satellite images shows a progressively
diminishing area of mangrove forests at the head of the estuary
starting in 1973, progressing through the 1980s and accelerating in
the early 1990s (Fig. 2). There was a distinct initial decline in the
area covered by mangrove forest around 1983, while the major part
of the mangrove forest disappeared during a period of 5 years in the
mid to late 1990s. At the same time 80% of the area presently
covered by aquaculture ponds appeared (Fig. 3).

3.2. Chronology in the cores

The sediment from the three examined stations have very low
contents of 137Cs (below 6 Bq kg~1), which renders this isotope not
valuable for dating purposes in the present case. Similarly low
activities were found by Frignani et al. (2007) in Tam Giang — Cau
Hai lagoon in central Vietnam. They speculated that the low ac-
tivity indicated a possible loss of >’Cs attached to fine particles
which bypass the estuary and are transported to the ocean. The
activity of unsupported 2!°Pb in cores 5 and 77 from the head of
the estuary shows high and only slightly decreasing 2!°Pb content
in the upper 60 and 40 cm of the sediment, respectively. The ac-
tivity of 21°Pb decreased rapidly below these depths with no
measurable content of unsupported 2'°Pb below (Fig. 4). The
chronologies for the cores were calculated using a modified CRS-
model (constant rate of supply) where the inventory below 60
and 40 cm, respectively, was calculated from a regression of un-
supported 21°Pb vs. accumulated mass depth. The cores indicate
rapid sedimentation since 1984 (core 5) and 2000 (core 77), on top
of sediment which is at least 100—120 years old as deduced from
the absence of unsupported 2'°Pb. Calculations of chronologies
based on the CIC-method (Constant Initial Concentration, Appleby,
2001) give essentially similar results. It is of note that any sedi-
ment mixing, e.g. induced by bioturbation, will tend to increase
the apparent accumulation rate in the top of the cores and the
calculated sedimentation rates are therefore maximum values.
Core 3 from the mouth of the estuary showed a more gradual
decline in unsupported 2'°Pb in the upper 60 cm, but again there is
an indication of changing sedimentation at depth, although with
considerable variability below 40 cm depth (Fig. 4). The chronol-
ogy in this core was therefore calculated as outlined above with a
regression in only the upper 40 cm. Based on this chronology the
upper 40 cm at the mouth has been deposited since 1938 (Fig. 5).
Only the data for the dateable parts of each core have been
included in all subsequent evaluations.

3.3. Silt and clay contents

There are high levels of fine-grained material at all locations in
the estuary, with highest content of silt and clay (<63 um) at the
mouth of the estuary (Fig. 6) and with sand contents generally
below 10%. The percentage of fine-grained sediment in the surface
increased from around 90% at the head to around 98% at mouth of
the estuary. The proportion of fine-grained material at the head of
the estuary fluctuated with depth/age between 85% and 91—94%,
with lowest levels around 1978 and 1998. The proportion of fine-
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Fig. 2. Time series maps of the NP-BC estuary head covering 6 selected years beween 1973—2002. The images are based on satellite footage and show the gradual decimation of the
area covered by mangrove forests (green areas) and the increase of the area covered by aquaculture ponds (blue/purple area). (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

grained material at the mouth is extremely stable at 98% from the
surface of the sediment and down to the depth dated around 1973
at station 3 (Fig. 6). Below 1970 (including the un-dateable part of
the core), the proportion of fine grained material fluctuated be-
tween 92 and 97%.

3.4. Profiles of carbon (C) and nitrogen (N) concentrations, and

stable isotope signatures

The carbon content is higher at the head (1.9—2.2%) than at the
mouth of the estuary (1.2—1.6%, Fig. 6). The carbon content
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Fig. 3. The extent of the areas covered by mangrove forests and aquaculture ponds
over time. Filled squares show the area of mangrove forests in hectares (left axis) and
open squares the area of aquaculture ponds in hectares (right axis).

fluctuated with the lowest level around 1998 at the head, while
there was a gradual decrease with depth at the mouth. The nitrogen
content is relatively low and similar at both stations (0.09—0.16%)
and decreased gradually with depth even below the dateable levels
(Fig. 6). Variations in both carbon and nitrogen content coincide
with the variations in grain size at the head of the estuary (Fig. 6).
The C/N ratio at the head reached values as high as 17 (Fig. 6), and
generally increased with depth in the sediment. Considerably lower
C/N ratios were observed at the mouth of the estuary, where it was
stable at around 10 from ca. 1950 to the present, but with a slightly
higher level (up to 12) deepest in the sediment.

The §13C signal is lower at the head than at the mouth of the
estuary. 3'13C at the head varied from —24 to —279, with depth in
the sediment (Fig. 6). The signal at the mouth remained stable
at —229, throughout the core, even below the dateable part. The
overall levels of 3'°N are similar at station 5 and 3, but considerably
less stable with depth at the head (from 4 to 7%,) than at the mouth
(from 5 to 6%,). The fluctuations in 3'°N at the head coincided with
the fluctuations in concentration of silt and clay (Fig. 6). The values
for the surface sample from core 77 in the outermost part of the
head lagoon were generally between the values for the inner head
and the mouth (Fig. 6).

The correlations between the percentage mud/silt and the four
chemical parameters are all significant (p < 0.05; Pearsons product
moment correlation), confirming the synchronicity of the fluctua-
tions seen in Fig. 6.
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Fig. 4. The activity of unsupported 2'°Pb (beq kg~') over depth in the cores from
stations 3, 5 and 77. Left: Station 3 (red), Right Stations 5 (blue; filled circles) and 77
(green; open circles). Note the abrupt shift at ca. 60 and 40 cm in the cores from the
head of the estuary (core 5 and 77). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

3.5. Diatom composition

A total of 89 diatom taxa were identified in the core from the
mouth of the estuary, with 69 of them identifiable to species level
and the rest to genus level (raw data in Supplementary Material).
The proportion of planktonic diatoms fluctuated in the bottom part
of the core, stabilized at 10—20% in the middle part of the core (ca.
1960—1985) and increased to levels around 50—80% in the top of
the core (ca. 1988—2007) (Fig. 7). The dominant planktonic species
in the upper part included Cyclotella striata with a maximum of
83%, Paralia sulcata at 69% and Thalassionema nitzschioides at 48%.
The dominant benthic species in the intermediate layer was Nitz-
schia valdestriata with a greatest relative abundance of 89%.

4. Discussion
4.1. Mangrove deforestation

The NP-BC estuary has for decades been influenced by intense
anthropogenic activity in the form of intensive fishing (Strehlow,
2006), mangrove deforestation and widespread aquaculture
(Table 1). The rivers running into the estuary are also influenced by
human activities, notably the river Dinh on which a dam (1983) and
two weirs (1968 and 1993) have been constructed (pers. comm.
Doan Nhu Hai, Institute of Oceanography). According to Mazda
et al. (2002), deforestation of mangrove areas in Viet Nam has
occurred since the late 19th century and was caused first by
development of rice paddies and then in the 20th century by her-
bicide action during the Viet Nam war. However, deforestation of
the mangrove areas at the head of the NP-BC estuary has been quite
recent, beginning ca. 1973 and intensifying in the 1990’s, with the
major part of the forests disappearing within a period of only 5
years from ca. 1993—1998 (Figs. 2 and 3).

4.2. Sediment dynamics

The amount of particulate matter input to tropical estuaries
depends on various factors. Among these are land use (Carmichael
and Valiela, 2005), river discharge (Umezawa et al., 2009) and not
least the extent of mangrove vegetation (Furukawa et al., 1997).
Much of the particulate matter entering estuaries lined with well-
developed mangrove forests are efficiently trapped by the dense
root system (Brinkman et al., 2005). If this particle trapping root-
system disappears by deforestation, the estuary will receive a
large input of suspended particles. Accordingly, the 21°Pb profiles in
the cores near the head of the NP-BC estuary showed recent rapid
sedimentation coinciding approximately with the time of the
greatest mangrove deforestation. The approx. 60 cm of sediment
above the ~ 1984 dating horizon in core 5 is estimated to have been
deposited within 25 years with an average rate of approx.
2.4 cm y~ !, whereas the sediment below 60 cm was deposited at
least 100 years ago. In core 77, sediment accretion has been
3.6 cmy~ ! since 2000, again with underlying sediment deposited at
least 100 years ago. Such a rapid change in sedimentation was not
evident in core 3 from the mouth of the estuary that showed a
much lower and relatively uniform rate of approx. 0.55 cmy ' since
1938 (Figs. 4 and 5). This indicates that the effect of increased
sedimentation was diluted or dispersed by tides and ocean currents
at the mouth of the estuary. The higher content of fine-grained
material near the mouth of the estuary supports the analyses by
Bui (1997) indicating that coarser material is deposited rapidly near
the head (Fig. 6).

The sedimentation rates given above are maximum values
assuming limited biogenic particle mixing of the sediments. This
seems to be a valid assumption towards the mouth where only
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sparse populations of small macrofaunal species are present
(Nguyen et al, 2012; pers. comm. Kurt Thomas Jensen, Aarhus
University). However, numerous holes with a diameter of 2—5 cm
were observed visually in the muddy sediment bed at the head of
the estuary. These may be burrow openings formed by mantis
shrimps, which are known to inhabit such sediments, forming
burrows to at least 30 cm depth (Atkinson et al.,, 1997). The pres-
ence of such a vigorous bioturbator may cause an overestimation of
the sedimentation rate at the head of the estuary, but it is not
possible to quantify this effect because no data on particle mixing
rates by mantis shrimps are available. Importantly, the indications
of recent rapid sedimentation at the head of the estuary are
corroborated by questionnaires to local residents in the villages
around the estuary, who note a reduction in water depth at the
head of the estuary (Strehlow, 2006). In this report it is stated:
“...several water areas around Tam Ich that have been deeper in the
past, i.e. 2.5 m, are only 1.5 m deep today... In front of Tan Dao this
phenomenon is even more distinct. The water that used to be more
than 2 m deep now only measures 70 cm...”. Tam Ich is a village
close to the river mouth at the southwest part of the head of NP-BC
and Tan Dao is a village slightly further along the south shore in the
inner part of the estuary (see Fig. 1).

Only few studies have reported sedimentation rates in tropical
estuaries, but it appears that the recent rapid sediment accretion at
the head of the estuary is considerably larger than typically
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observed. For example, the sedimentation rates found at the head
of the estuary are approx. 5 to 10 times higher than the 0.3—
0.6 cm y~! found by Frignani et al. (2007) in Tam Giang — Cau Hai
lagoon in central Vietnam and 8 to 10 times higher than the rate
found in the Las Matas lagoon in the Mexican gulf (Ruiz-Fernandez
etal., 2012). We infer that deforestation of the mangrove vegetation
is the main cause for the rapid sedimentation at the head of estuary,
although our rates may be overestimated due to bioturbation.

The concurrent temporal changes in the silt/clay content at the
head of the estuary with changes in C and N concentrations and
3N signatures and the negative correlation with 5'3C signatures
(see Fig. 6) indicates that these parameters are all responding to the
same forcing factor(s). A similar pattern was found in the Ba Lat
Estuary, also in Viet Nam, where TOC and 8'3C showed opposite
patterns (Tue et al., 2011b). In Ba Lat, however, C/N and §'3C co-
varied, while their relationship is more unclear at the head of the
NP-BC estuary. This pattern in Ba Lat was interpreted as being
governed by diagenetic processes and a major shift in the source of
organic material. Mangrove-derived debris is commonly trans-
ported into the estuaries lined with mangrove forests. This partic-
ulate organic matter feeds the estuarine food webs and will
ultimately be deposited in the sediments (Jennerjahn and Ittekkot,
2002; Wolff, 2006) at an extent that varies with the distance from
the mangrove vegetation and the amplitude of tidal cycles
(Rezende et al., 1990). Mangrove deforestation will therefore not
only impact the transport of particulate matter from land to the
estuarine ecosystem, but also its composition, leading to higher
deposition of silt and lower deposition of mangrove derived organic
matter (Alfaro, 2010). Accordingly, the observed shifts in elemental
composition of NP-BC sediments correlate with the two major
periods of mangrove forest disappearance. The first small defor-
estation occurred around 1983—85 followed by a second and much
more extensive deforestation around 1993—95. The timing of these
periods also corresponds with the changes in the diatom records
after 1975, with an initial increase in planktonic species in at ca.
1980 and later (ca. 1995) a total disappearance of the benthic spe-
cies Nitzschia valdestriata and appearance of true planktonic taxa.

The large increase in sedimentation rate at the head of the es-
tuary during the time of mangrove deforestation was not accom-
panied by an increase in the average sediment grain size. Similarly,
no changes in grain size composition were observed following the
construction of the dam and weir in Dinh River.
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Table 1
Timing of events in the Nha Phu-Binh Cang estuary based on core dating, satellite
imagery as well as physical, chemical and biological properties of the sediment.

Approx. year  Event Proxy responses

1940 Dating horizon at station 3

1963 Construction of first weir Grain size shift at station 3

1973 First signs of Mangrove cutting

1980 Dating horizon at station 5 Initial decline in Mangrove
covered area

1983 Construction of dam

1985 Diatom shift

1993 Construction of second weir Shifts in proxies
at station 5

1993-1998 Maximal mangrove cutting

1998—-1999 Maximal expansion

of shrimp ponds

Sediments in the estuary had organic carbon and nitrogen
contents (ca. 1.5% and ca. 0.15%, respectively) comparable to that
found by Tue et al. (2012) for another Vietnamese estuary, but
lower than most mangrove lined tropical estuaries (Bouillon and
Boschker, 2006; Kristensen et al., 2008). The gradual decrease of
carbon and nitrogen with depth in the sediment may indicate mi-
crobial degradation over time. Such a pattern is often observed
particularly in sediments as a rather steep and leveling-off decrease
in concentrations with depth, which reflects a decreasing reactivity
of the organic matter with age (Canfield et al., 2005; Burdige, 2006).
This is supported by the apparent preferential removal of nitrogen
with depth as indicated from the gradually increased C/N ratios, a
pattern that is commonly observed in marine sediments (Canfield
et al., 2005). However, the continued decrease observed here also
suggests that an overall increase in organic deposition may have
occurred over time. Trinh et al. (1979) actually found that in 1976
organic carbon and nitrogen content in NP-BC surface sediments
varied between 1.75 and 0.07% and between 0.18 and 0.015%,
respectively. The levels found in the present study are higher than
that for both carbon and nitrogen, suggesting that nutrient levels,
and thus pelagic primary production, indeed were lower three
decades ago and that the decrease in organic matter with depth
may indicate changes in organic deposition over time combined
with post-depositional biogeochemical modifications.

4.3. Stable isotopes

The stable carbon isotope signature, 3!3C, is a reliable indicator
for the source of organic matter (Sweeney et al., 1978; Andrews
et al., 1998). Thus, a 8'3C signal close to —59%, may indicate that
the organic material is predominantly of marine origin while a
signal near —30%, refers to organic material of predominantly
terrestrial or mangrove (C3 plant) origin. Accordingly, Tue et al.
(2011a) reported a 3'3C value of —28.3%, for mangrove leaves
from a Vietnamese estuary. The generally increasing 3'>C signal in
the sediments from ca. —269, at the head to ca. —229, at the mouth
of the estuary, indicates a change in organic matter input from
terrestrial to marine origin towards the mouth of the estuary,
which is independent of mangrove deforestation (Fig. 6). Tue et al.
(2011a) similarly reported a gradient in 3'3C from —25.4%, in the
upper reaches to —21.29, at the mouth of a mangrove-lined estuary.
The 5'3C signal is almost completely stable throughout the exam-
ined sediment depth at the mouth of the estuary, while the signal
fluctuates at the head of the estuary, possibly associated with
changes in the intensity of mangrove deforestation, as explained in
Section 4.2. The conclusion by Pham (1981) that 70% of the sedi-
ment in NP-BC is terrestrially derived is confirmed by the low 3'3C
signals found at the head of the estuary in the present study.

In contrast to the other sediment parameters in the NP-BC es-
tuary, there are no spatial differences in the 8'°N signal. The 3'°N
signature of mangrove-derived material does not systematically
deviate from that of marine production (Bouillon et al., 2008), and
is therefore not a valid indicator of the organic source, but is merely
used to determine trophic levels in food chains. The 3'°N signature
of primary producers is controlled by the isotopic value of their N-
source, the temporal and spatial variation in N availability, and
changes in their demand (Dawson et al., 2002). However, elevated
3N values have been recorded from urbanized areas exposed to
sewage-derived eutrophication (Cole et al., 2004; Bannon and
Roman, 2008). Accordingly, no strong sewage influence is
apparent at the head of the NP-BC lagoon, as indicated by the
similar and relatively low levels of 3'°N. Nevertheless, the fluctu-
ating signal with depth at the head of the estuary may, together
with the pattern of other parameters, be driven by erratic changes
in sewage influence coinciding with the disappearance of the
mangrove forest and other anthropogenic activities.

4.4. Changes in diatom community

Diatoms can be valuable indicators of water quality, since they
are sensitive to changes in the environment regarding e.g. nutrient
status, turbidity/light, temperature, salinity and pH (Smol and
Stoermer, 2010). The dominant diatom species in this study are
cosmopolitan taxa with broad ecological tolerances commonly
found in coastal areas. Hence the indicator value of the individual
species is limited. However, there are clear changes in diatom life-
forms in the sediment record, which can illustrate past changes at
the study site. The most marked shift in the diatom community
occurred ca. 1985 from a predominantly benthic community to
dominance by planktonic species. Shifts from benthic to planktonic
diatom communities are often driven by increased turbidity in the
water, leading to reduced light penetration (Cooper and Brush,
1991; Weckstrom et al., 2007 and references therein) caused by
either high phytoplankton biomass (following increased nutrient
levels) or by high suspended sediment load in the water column
(following mangrove deforestation). The shift in diatom commu-
nity composition in NP-BC (Fig. 7) may be instigated by either of
these factors or by a combination. The slight increasing trend in
nitrogen concentration through time may have increased the
phytoplankton biomass, but it is more likely that the shift is caused
mainly by the increased amount of fine-grained sediment load
entering the estuary since the mangrove forest removal. Recent
studies have shown relatively low settling velocities of suspended
material in the estuary (Andersen et al., 2014) causing a permanent
and high turbidity when the sediment loading is high. It is therefore
likely that the observed shift from predominantly benthic to
planktonic diatoms is primarily driven by the removal of the
mangrove forest. The periodic shifts between the benthic Nitzschia
valdestriata and the (tycho)planktonic Cyclotella striata and Paralia
sulcata in the diatom record prior to the mangrove deforestation
are probably also caused by changes in turbidity due to other un-
known perturbations. However, these shifts in diatom community
composition in the bottom part of the core differ from the large
shift in species composition coinciding with the main mangrove
deforestation, when true planktonic diatom taxa become more
abundant.

4.5. Main conclusions

Overall, the sediment core proxies show both a distinct hori-
zontal gradient in the estuary and clear temporal changes, coin-
ciding with the timing of mangrove deforestation, with
consequences both for the physical and chemical properties as well
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as biological structure of the estuary (exemplified by the diatom
community).

1. There are clear signs of increased sedimentation at the head of
the estuary during and after the time of mangrove
disappearance.

2. The sediment in NP-BC is dominated by fine particles both now
and in the past, with temporal variability at the head of the
estuary.

3. The variability in grain size distribution over time at the head of
the estuary, with concurring shifts in C and N content, as well as
313C and 3N may be linked to variability in the intensity of
mangrove deforestation.

4. Relatively low contents of C and N and low 3'3C signals indicate
that the estuary is not greatly organically enriched and that the
material in the estuary is predominantly of terrestrial (and
mangrove) origin, although gradually mixed with more marine
material near the mouth.

5. The diatom assemblage shows indications of increased turbidity
in the water after ca. 1985, most likely caused by increased
supply of fine grained material to the estuary after the disap-
pearance of the mangrove forest and/or an increase in primary
productivity in the estuary, driven by increased N levels.
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