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a b s t r a c t

Many islands throughout SE Asia are experiencing rapid development and land-cover conversion that
potentially threaten sensitive coastal ecosystems, such as seagrasses, through increased loading of
sediment and nutrients originating from disturbed catchments draining to the sea. To evaluate this threat
for one such island in Southern Thailand (Yao Yai), we perform sediment source tracing via end-member
mixing analysis using stable isotopes d13C and d15N in organic matter to explore sediment loading in a
seagrass meadow. The analysis indicates that sedimentary material in the meadow originates mostly
from ocean-associated sources (~62% from seagrass detritus, seston, and ocean sediments). Terrestrial
material comprises ~19% of the organic material found in the seagrass meadow, with another 20%
originating from an adjacent mangrove forest. Approximately one-fourth of the seagrass meadow ma-
terial (24%) is detritus that has been (re)deposited internally. The high contribution of terrestrial-derived
organic matter deposited near the river mouth demonstrates that substantial quantities of sediment are
being transferred from upslope erosion sources into the seagrass meadow. However, only a small amount
of this material is deposited throughout the entire bay because much of the terrestrial- and mangrove-
derived sediment is transferred to the open ocean via channels that are periodically dredged to allow
boat access to two small inland harbours. This positive affect of dredging has not received very much
attention in existing literature. River water flowing to the channels during falling tide delivers sediment
to these efficient pathways, where much of it bypasses the seagrass meadow at periods of time when
sediment deposition would normally be the greatest. There is growing concern that ongoing land-cover
changes and planned urbanization related to tourism and agriculture on the island may boost sediment/
nutrients above a critical threshold, beyond that revealed in our baseline survey. Our tracer-based
sediment source approach did not corroborate our observations of substantial erosion and land degra-
dation in the upper catchmentdbut this could be a result of sediment flushing through the dredged
channels. We encourage others to combine such methods with sediment budgeting approaches to
triangulate results for consistency. Finally, from an ecological perspective, the high presence of seagrass
detritus we found in bay sediments suggests seagrass is potentially a key source of nutrients for the
meadow itself, as well as other connected ecosystems.

© 2016 Elsevier Ltd. All rights reserved.
S02-04-21, 1 Arts Link, Kent
pore.
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1. Introduction

Seagrasses are aquatic flowering plants that are widely distrib-
uted along temperate and tropical coastlines of the world (Orth
et al., 2006; Gattuso et al., 2006). Globally, seagrass meadows are
increasingly facing rapid degradation and destruction (Waycott
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Fig. 1. Land-cover map of Yao Yai Island (2012). Rubber and coconut plantations are
the dominant land covers. The 1.2 km by 3 km bay is fed by nine sub-watersheds
(delineated with the black solid line). Land-cover analysis was carried out with a 2-
m resolution DigitalGlobe satellite image (Date of image: July 2012), using a supervised
classification technique in ArcGIS v10.1. Groundtruthing was performed during the two
visits to the study site.
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et al., 2009; Orth et al., 2006) and several species are in danger of
extinction (Short et al., 2011). The mean annual decline in seagrass
area has been 7% yr�1 since 1990, reflecting the devastating effect of
a broad spectrum of anthropogenic and natural stressors concen-
trated at the coasts (Short and Wyllie-Echeverria, 1996; Duarte,
2002; Salomons et al., 2005; Waycott et al., 2009; Elliott and
Whitfield, 2011).

Human-induced disturbances in particular can cause long-
lasting changes in the sedimentary environment, often resulting
in seagrass loss (Lee et al., 2006; Erftemeijer and Lewis III, 2006;
Cabaco et al., 2008; Yaakub et al., 2014b). Prolonged reduction of
underwater irradiance from increased turbidity from the loading of
fine sediments inhibits photosynthesis and seagrass growth, lead-
ing to large-scale seagrass die-offs (Burkholder et al., 2007; Lee
et al., 2007; Yaakub et al., 2014a). Short et al. (2014) found that
seagrassmeadowcoverwas in decline for seven of ten study sites in
the Western Pacific. Three of the sites of decline experienced
degradation related to sedimentation; the other four, nutrient
loading. One site in Palau showed low-level seagrass decline from
increased sediment loading due to road construction. Two sites in
Sabah, Malaysia, were affected by forest cover change in headwater
catchments that produced massive sediment loading. One site on
Komodo Island, Indonesia, was affected by nutrient loading from
beachside tourist cabins. The commonality (and relevance to the
present study) among all sites experiencing seagrass loss is the
direct linkage between the coast and sources of terrestrial pollution
(e.g. sediment and/or nutrients).

Here, we investigate sediment loading using carbon (d13C) and
nitrogen (d15N) stable isotope signatures of seagrass meadow sedi-
ments to identify the sources of organic material accumulating in a
sheltered bay on Yao Yai Island, southern Thailand. The overarching
framework of the study is the catchment-coast continuum, which
supports the notion that rivers link coastal systems with potential
degradation sources through the transfer ofwater,mineral sediment,
organic matter, and inorganic nutrients (Owens, 2007; Salomons
et al., 2005). Thus, the extent that pollution-causing activities
contribute to degradation in downstream ecosystems is in part
related tohydrological connectivity, aswellas the levelofdisturbance
upslope (BrackenandCroke, 2007).Whilewedonot examinehabitat
degradation per se, we are motivated by observations of impacted
coral reefs, islander reports of fish decline, and reductions in dugong
sightings (perhaps related to seagrassmeadowdeterioration). YaoYai
Island is typical of many islands in Thailand where modification of
watershedsand coastlines is associatedwitheconomicdevelopment,
hence we anticipate that our finding will be relevant to other sites
beyond the one studied in detail here.

We are also guided by fundamental ecological questions related
to the role of mangroves in outwelling nutrients to the coastal zone
(Odum, 1980). In a prior investigation, Gillis et al. (2014a) used
sediment traps to identify sources of particulate organic matter
samples along transects extending from the mangroves to the open
ocean. They determined that organic matter in the traps was
divided unevenly between oceanic (34e50%), mangrove (24e38%),
seagrass (16e19%), and terrestrial (6e17%) sources. Based on
habitat area, however, the contribution of particulate organic
matter derived from seagrass meadows was disproportionally high
relative to land-based sources, demonstrating the potential of
seagrass meadows to provide nutrients to surrounding ecosystems.
Our rationale for revisiting the site is to examine the connectivity
between inland erosion sources and the coastal zone, as well spatial
distribution of organic material in the bay.

2. Study area

The bay is located at the southern end of Yao Yai Island (98�350E,
7�550N), which is situated in Pang Nga Bay, Thailand (Fig. 1). The
bay is approximately 1.2 km wide and 3 km long, and receives
runoff water, sediment, and other materials from nine small
catchments draining to the coast (Fig. 1). The dry season extends
from November to April; the wet season extends from May to
October (Southwest monsoon). Mean annual precipitation is
approximately 2200 mm (Chansang, 1984). The main stream
draining to the bay is perennial and flow is affected by the tides.
Streams draining into the main stream from mountain headwater
catchments are ephemeral, producing flow only during the wet
monsoon season or immediately following storms. The study area
is subjected to semidiurnal tides with a tidal range of ~2.5 m during
spring tide (Chansang, 1984). Water depth of the bay where the
seagrass meadow is located has less than a 5 m range during the
highest observed tide (Fig. 2). The sheltered bay likely protects the
seagrass and coral reef ecosystems from strong open sea waves,
thereby limiting mixing (Fig. 3A).

The livelihoods of islanders was once predominantly fishing, but
now plantation agriculture is an important source of income, as is a
growing tourism industry. The extent of natural forest has been in
decline for a number of yearsdmuch of the forest on the inward
slopes and flat areas of the island has been converted to plantations



Fig. 2. (a) Extent of healthy seagrass meadow in the sheltered bay (red) on Yao Yai
Island. The numbers refer to sample locations used in this analysis. (b) The water depth
of the bay and location of the seagrass meadow (dotted line). These maps were
determined in a separate unpublished exercise. The arrows refer to the location and
direction of some of the photos shown in Fig. 3. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. (A) Seagrass meadow at low tide, showing the microtopography of the seagrass bed
material as the tide recedes, meanwhile material is deposited in the depressions where wa
flows into the bay and consequently seagrass does not establish; (C) The western dredged ch
deep, and excavated material is typically deposited alongside the channel, on the landward s
bay. Runoff water and sediment drain directly into the bay, which is located immediately
development on the island; also shown are water towers that feed hotels in a recently deve
the hillslopes that ultimately drain into the bay. Photography locations and directions of so
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(based on comparisons of 2003 and 2013 DigitalGlobe imagery).
Most remaining forest is located on the ocean-facing slopes where
access is limited by steep terrain (Fig. 1). Dominant land covers now
include coconut and rubber plantations (Fig. 3F). The geology of the
island is mostly sandstone. Several quarries are located on the is-
land where fill material was extracted for construction (Fig. 3E).
Unpaved roads are frequently cut into hillslopes to provide access
to the coastline and agriculture sites up-catchment (Fig. 3D). A
dense road network is also present within the agricultural areas of
the center of the island. As in other coast areas of Thailand (Ziegler
et al., 2012), roads and agriculture lands are potentially important
erosion sources that contribute sediment and organic material to
river systems draining to the bay (Fig. 3D).

The largest river channel originates in the upper part of themain
catchment where agriculture land and settlements are located
(Fig. 1; Fig. 3B). This channel flows through the western portion of
the mangroves before entering the bay (Fig. 1). The other river
channel flows along the east edge of the mangroves and stretches
only half the length of the forest (Chansang, 1984). Infrequent
dredging is used to maintain boat navigation to small communities
s. The roughness of the leaves slows velocity and encourages deposition of sediment
ter is left standing during low tide; (B) The north part of the bay where the west river
annel which is created with a boat-mountain backhoe. The channel is roughly a meter
ide (not shown in the photo); (D) The recently widened road on the eastern side of the
below the road; (E) The excavation of fill material for building is a sign of increasing
loped area of the island (F) Rubber plantations are located amongst degraded forest on
me the images of the seagrass meadow are shown in Fig. 2.
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located along the western and eastern flanks of the bay (Fig. 3C).
The riverine mangrove forest occupies a narrow strip ~1 km wide
and stretches ~3 km inland (Fig. 1). There are at least 10 tree species
found in the mangrove forest, of which Rhizophora apiculata is
dominant (Chansang, 1984). Five species of seagrasses are found in
the bay: Halodule pinifolia, Cymodocea rotundata, Thalassia hem-
prichii, Enhalus acoroides and Halophila ovalis (Chansang, 1984;
Chansang and Poovachiranon, 1994). The seagrasses grow on
shallow sandy and muddy substrates located in the center of the
bay in water that is generally less than 5 m deep (Fig. 2). Degraded
coral reef is found near the coastline on both the western and
eastern flanks of the bay.

3. Methods

Stable isotopes d13C and d15N are useful for tracing the sources of
material entering aquatic ecosystems due to the distinct isotopic
signatures of various types of terrestrial and aquatic organisms
(Wada, 2009; Davis and Fox, 2009; Gillis et al., 2014a). Finger-
printing approaches focusing on stable carbon and nitrogen iso-
topes of bulk sediment-bound organic matter have been used in a
number of studies where conventional budgeting was not feasible
(Collins et al., 2013; Mckinley et al., 2013; Walling, 2013; Laceby
et al., 2014).

Samples were collected in February and October 2012 from
seagrass meadows and five potential end-members: soil from
terrestrial erosion sources (n ¼ 32), mangrove mudflats (n ¼ 31),
the ocean floor (n¼ 15), seagrass detritus (n¼ 12) and seston in the
ocean column (n ¼ 10). Seston includes suspended particulate
matter in the water column and encompasses detritus, organic
matter, inorganic matter, suspended sediments, zooplankton, and
phytoplankton. Sampling of sediments within and around the
seagrass meadows was stratified across the bay to ensure good
spatial representation of deposition patterns (n ¼ 27). Terrestrial
erosion sources included quarries, road/slope cuts, plantation soils,
dry creeks and channel heads. Mangrove mudflat sediment sam-
ples were collected near the edges of the mangrove forest. The
ocean floor samples were collected outside of the seagrass
meadow. Seagrass detritus, including fresh and decaying leaves,
was collected from several locations within the bay during low tide.

For all sediment samples, the top 5e10 cm of material was
collected using a PVC scoop then stored in individual plastic bags.
Approximately 1 kg of material was collected at each sampling
point to ensure that sufficient amount of fine material (<63 mm)
was obtained for geochemical analysis. Samples were dried at 105�

C for at least 48 h. Thematerial was then lightly crushed in a mortar
and pestle, then passed through aluminium sieves to obtain the
<63 mm fraction. This fine material was then pulverized in a mortar
and pestle to obtain a homogeneous sample.

Seston samples were collected from surface waters (max depth
0.5 m) at the mouth of the bay using a 50 mm plankton net. This
material was stored in pre-combusted glass vials, as was seagrass
detritus. To isolate seston, water samples were filtered with pre-
combusted 0.7 mm GF/F Whatman Glass Filter Fibres (450 �C,
4 h). Following collection, leaf and detritus samples were dried (60�

C, at least 24 h), ball-milled with a Retsch Planetary Ball Mill PM400
using Zirconium Oxide balls, passed through a <63 mm sieve, then
pulverized (as above).

Prior to isotopic analysis, all sediment samples were subject to
acid fumigation to remove inorganic carbon (Harris et al., 2001;
Walthert et al., 2010). The desiccator was first leached with 12 M
HCl acid for four hours (Brodie et al., 2011). Samples undergoing
d15N analysis were not fumigated. Approximately 30e35 mg of
sediment material was placed into silver (Ag) foil boats and wetted
with deionized (DI) water using a pipette to enhance acid
permeation (Brodie et al., 2011; Komada et al., 2008). Less material
(2e3 mg) was used for leaf, detritus, and seston samples. Samples
were placed in the desiccator with 12 M HCl for six hours before
overnight drying at 60� C. The silver boats were encapsulated
within tin (Sn) foil boats to prevent leakage if Ag boats became
brittle from the acid fumes.

All samples were analysed for d13C and d15N isotopes using a
PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd.,
Cheshire, UK) at the University of California, Davis. Replicates of an
isotopic Certified Reference Material (CRM; B2151, Cert no. 162517,
d13C ¼ �26.27 ± 0.15‰, d15N ¼ 4.42 ± 0.29‰) were included to
verify reproducibility across a range of sample masses (mean d13C:
-26.53 ± 0.12‰ and d15N: 4.93 ± 0.27‰, with n ¼ 25). The standard
deviations (SD) lie within the SD range of those given by the
standard, and the long-term SD of 0.2‰ for d13C and 0.3‰ for d15N
(UC Davis SIF, n.d.).

Samples were interspersed with several replicates of at least
two different laboratory standards that were compositionally
similar to collected samples to determine accuracy of absolute
values. These standards were calibrated against NIST Standard
Reference Materials (IAEA-N1, IAEA-N2, IAEA-N3, USGS-40, and
USGS-41). Triplicates of each leaf and seagrass detritus samplewere
also tested. The absolute difference between repeated de-
terminations on the same sample was usually less than 0.2‰ for
d13C and 1.0‰ for d15N.

All stable isotope data results are reported as per mille (‰)
deviations from a standard Vienna-Pee Dee Belemnite (PDB) for
d13C and atmospheric air for d15N:

d ¼
�
Rsample � Rstandard

Rstandard

�
*1000‰

where values of R represent either 13C/12C or 15N/14N. Stable isotope
data were first analysed by plotting values on a scatter diagram to
identify the boundaries of the mixing polygon, which were defined
by the end member samples.

The SIAR (Stable Isotope Analysis in R) mixing model (Parnell
et al., 2010) was used to partition all seagrass meadow samples
into percent contributions from each end-member source. The
model uses Markov chain Monte Carlo algorithms and includes an
overall residual error term. Default values were used for concen-
tration dependence (concdep ¼ 0) in the siarmcmcdirichletv4 com-
mand model for multiple sediment mixture data points. Trophic
enrichment factors (TEF) and prior information were not utilized.
The number of iterations was set at 1,000,000 with 100,000 initial
iterations to be discarded. For organic matter to be a reliable source
tracer, the signatures of seagrass meadow samples should plot
within the boundary of the mixing polygon. Furthermore, the data
should meet the following constraints: 1) contributing proportions
must sum to one; 2) all source contributions must be positive
values between zero and one; and 3) the partitioning of sources is
the same for both d13C and d15 N tracers (Phillips, 2001, 2012).

Using the outputs of the SIAR mixing model on 27 samples, we
performed ordinary kriging interpolation (ArcGIS v10.1) to create
maps showing the spatial distribution of the contribution of each
end member to sediments in the bay.

4. Results

4.1. Source contributions

All five end member sources plotted in distinct groups with
respect to their d13C and d15N signatures (Fig. 4). Organic matter
associated with mangroves and terrestrial erosion sources are
mainly differentiated by their range of d15N isotope values (Table 1).



Fig. 4. The 27 sediment samples collected within seagrass beds (black dots) are plotted
on the end-member mixing polygon, which is based on d13C and d15 N values for
terrestrial erosion sources, mangrove substrate, seagrass detritus, ocean sediment, and
seston. The boundaries of the mixing polygon were originally plotted through median
values for each end member. However, the boundary was shifted by choosing other
points in the coral and seagrass detritus data fields such that all seagrass sediment
values plotted inside the polygon.

Table 2
SIAR mixing model results.

End member Contribution (%) Range (%)

Terrestrial 19 ± 10 (4e32)
Mangrove 20 ± 10 (5e37)
Ocean 19 ± 11 (5e51)
Seston 18 ± 10 (4e29)
Seagrass 24 ± 16 (6e58)

Contribution values are medians ± the median absolute deviations (n ¼ 27).
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Organic material in ocean substrate and seagrass detritus are
distinctly different from the other end members because of less
negative d13C values (all values were > �15‰). Seston sample
values plot near to those of terrestrial erosion sources, but are
separated sufficiently to justify this source as an end member
(Fig. 4). When the seagrass sediment values are plotted with the
end members, all but five plot inside the boundary of the mixing
polygon, which is defined by the median d13C and d15N isotope
values of all five end members (dotted line in Fig. 4).

With regard to the four outliers, it is possible that the acid
fumigation treatment did not remove all inorganic carbon in these
samples, resulting in d13C values that were too highdor less
negative (Fig. 4). However, we assume that an insufficient number
of samples for the seagrass detritus and ocean end members were
collected to fully define the end-member mixing polygon. For
example, the d13C range for the ocean material we collected is so
large that additional samples with high d13C values would expand
the boundary sufficiently. Further, our range of d13C values for
seagrass (�13.10‰ to �9.34‰) is lower than what has been re-
ported for several species present in the bay (McMillan et al., 1980;
Hemminga and Mateo, 1996): e.g., Cymodocea rotundata (d13C
range ¼ �8.9‰ to �7.4‰) Thalassia hemprichii (�5.2 to �8.1‰)
Enhalus acoroides (-4.9‰ to �6.7‰), Halophila ovalis (-15.5‰
to �6.4‰) and Halodule pinifolia (mean ¼ -12.0‰). Thus, it is
possible we failed to capture the true midpoint of this end member.
It is probably not the case we missed an end member, because the
Table 1
Isotopic signatures of source end members.

End member d13C (‰)

Terrestrial �27.33 ± 0.90 (�31.97 to �25.47)
Mangrove �26.59 ± 0.39 (�28.64 to �25.86)
Ocean �9.31 ± 2.08 (�12.84 to �4.78)
Seston �23.52 ± 0.38 (�23.99 to �22.69)
Seagrass �12.05 ± 0.98 (�13.10 to �9.34)

Values are medians ± the median absolute deviations; ranges are listed in parenthe
d13C values of other possible major contributors tend to be lower
(e.g., < �10.5‰, Cloern et al., 2002; Wang and Yeh, 2003). To
resolve this problem we incrementally expand the polygon
boundary by selecting new end member points from the datasets
until all seagrass sediment samples plot inside the polygon (solid
line in Fig. 4).

The results of the SIAR mixing model ran on the 27 seagrass
sediment samples and the modified mixing polygon show that the
median contribution of each source is the following (Table 2):
seagrass detritus (24%), ocean sediment (19%), mangrove sediments
(20%), terrestrial erosion source material (19%), and seston (18%).
The range of contributions of each source for the 27 sample loca-
tions is large (Table 2): seagrass detritus (6e58%), ocean sediment
(5e51%), mangrove sediments (5e37%), terrestrial erosion source
material (4e32%), and seston (4e29%).
4.2. Spatial patterns of sedimentation

The spatial distribution of the percent contribution of each
source (based on ordinary kriging) shows that approximately
50e60% of the organic matter composition of seagrass sediments in
close proximity to river mouths and in the vicinity of the man-
groves is derived from terrestrial sources or the mangroves (Fig. 5A
and B). The contributions of these two sources to seagrass meadow
material decreases with distance from the river mouth and shore-
line to the ocean (through the seagrass meadow). Most material
associated with ocean sands accumulates in the cove and on the
eastern flank of the bay (Fig. 5D).

Seston is deposited in a somewhat uniform spatial distribution
throughout the bay (i.e., no isolated or distinct deposition location).
It does, however, range in composition from4 to 27%, with a slightly
higher percentage occurring near land, suggesting an inland source,
where productivity is high (Fig. 5E). The highest concentration of
seagrass-derived organic matter occurs on the eastern flank of the
bay, where the seagrass meadow is thick (Fig. 2) and a protected
cove may limit mixing of ocean and terrestrial waters (Fig. 5C). The
percent composition of seagrass detritus in seagrass meadow
sediments ranges from 40 to 45% in this area (Fig. 5C). In contrast,
very low percentages (6e10%) of seagrass detritus are found at the
mouth of the main river and near the mangroves (Fig. 5C), sug-
gesting that little organic matter is entrained from the seagrass
meadows by the incoming tide and transported to the interior of
the bay. In addition, very little seagrass grows in this location,
limiting the amount of material originating in situ.
d15N (‰) n

5.13 ± 1.47 (2.90e11.20) 32
3.47 ± 0.31 (0.65e4.01) 31
5.47 ± 0.40 (4.53e6.70) 14
6.21 ± 0.22 (5.60e6.44) 6
3.10 ± 0.23 (2.26e4.38) 12

ses.



Fig. 5. Spatial interpolation (ordinary kriging) of organic matter composition for each end-member source. About 50e60% of sediments at the river mouth consist of terrestrial- and
mangrove-derived sediment sources (A,B). Seagrass detritus and ocean floor sediments reflect similar distributions e low percentage composition (6e10%) at river mouth, but high
percentage composition in the cover at the right side of the bay (C, D). Seagrass detritus was also high (40e45% of the total composition) on the right side of the bay and the interior
where much of the seagrass meadow is located (C). Seston-derived material was low in percentage composition (6e25%) throughout the entire bay, with a slightly higher con-
centration near the river mouth (E).
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5. Discussion

5.1. Conceptual model of deposition

The observed pattern in source contribution to seagrass
meadow sediment (Fig. 5) reflects a complex interaction of several
phenomena including: (a) location of source material relative to
sampling points; (b) mobilization and deposition of organic matter
as related to tidal fluctuations; (c) natural and artificially main-
tained drainage patterns in the bay during the tidal cycle; (d)
rainfall runoff processes that deliver water, sediment, and partic-
ulate matter from upstream; and (e) catchment-wide erosion
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processes. These patterns, when considered with our observations
of flow patterns over a two year period, led to the development of a
conceptual model of sediment deposition processes (Fig. 6).

Water enters the bay as the tide risesdinitially in low lying
areas and the dredged channels (at least 1 m deep) on the east and
west sides of the bay (red dotted lines; Fig. 6). The channel on the
west (left-hand side) connects the river and open ocean, mixing
terrestrial- and ocean-derived material (Fig. 6A). The eastern
channel is truncated at the cove, but facilitates the import of seston
and fine sand-sized material from the ocean floor partially into the
bay. The rising tide then carries suspended material inland, and
probably redistributes some of seagrass detritus that is stored
temporarily in the meadow (Fig. 6B). During high tide, oceanic
material is transported up the river and into the mangroves to its
maximum extent.

Material from all sources is transported ocean-ward with the
falling tide, including terrestrial material delivered to the rivers
from upland sources during runoff events (Fig. 6C). As water depth
and velocity of the out-flowing tide decreases, the hydraulic
gradient of the stream “steepens” and it is likely that during this
time much of the stream-associated sediments are moved across
Fig. 6. Conceptual model of material (sediment and organic matter) flows into, from, and wi
tide (rising); (C) mid-tide (falling) (D) and low tide (falling). (A) At low tide, as the water dep
from the two main rivers and the mangrove, as seston (S) and material from the ocean floo
and right sides of the bay. (B) At high tide, oceanwater brings seston and ocean floor materia
bay; all types of material considered here are moved into the mangrove and up the rivers. (C
from terrestrial sources (via the rivers), the mangrove, and the seagrass beds; (D) near low
other material in the cove on the river; most drainage to the ocean occurs within the dredge
channels are represented by the red dotted lines. North is to the top of the diagram. (For inte
web version of this article.)
the bay to the ocean. Suspended material is also deposited
throughout the bay, first in areas with high roughness, such as
seagrass meadows, then in areas where water ponding occurs and
microtopography restricts drainage. As low tide approaches, out-
flowing water drains from the rivers, dredged channels, the man-
groves, and depressions in the seagrass meadow (Figs. 6D, 3A).

Runoff at any time during the tidal cycle brings material,
including mineral sediment, organic matter, and riverine seston
into the bay from the river. During high tide, runoff water mixes
with ocean water inside the river and small streams in the man-
groves. When runoff coincides with low tide, sediments, organic
material, and seston are transported into the upper part of the bay,
but it may not flow to the ocean until the hydrological connection is
re-established once the tide rises. If runoff occurs as the tide is
rising or falling, the sediments will mix with ocean water sedi-
ments, then follow the progression of transport and deposition
described above.

The inflow of river water during different times of the tidal cycle
partially explains the spatial pattern in the terrestrial- and
mangrove-derived organic material we observe in the bay. The
distribution is also affected by dredging, which is performed as
thin the bay with respect to four phases of the tidal cycle: (A) low tide (rising); (B) mid-
th begins to rise some terrestrial-derived (T) and mangrove (M) material is still draining
r (O) move into the bay through lower dredged channels (fine hashed lines) on the left
l into the bay and picks up seagrass-detritus (G) from the meadows in the interior of the
) As the tide recedes, material from all sources (*) moves ocean-ward, particularly that
tide, material draining from inland sources is deposited in the bay, as is seagrass and
d channels on the left and right sides of the bay. The position and length of the dredged
rpretation of the references to colour in this figure legend, the reader is referred to the
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needed to maintain navigable channels on both the western and
eastern sides of the bay. These artificially-maintained channels
facilitate water flow both inward (rising tide, Fig. 6A and B) and
outward (falling tide, Fig. 6C and D), thereby acting as a conduit for
moving ocean-associated material inland and terrestrial-derived
material out to the ocean. The western channel in particular
transports terrestrial- and mangrove-derived organic material to
the ocean, allowing some to bypass the seagrass meadows in the
interior of the baydinferred from the patterns shown in Fig. 5A and
B and observations. In the absence of the channel, wewould expect
more of the mangrove and terrestrial material to be deposited in
the interior of the bay because of greater mixing during the tidal
cycle. The influence of the dredged channel on the east (right-hand
side in the figure) appears to have less of an effect on the distri-
bution of particulate matter in the bay, as it does not extend inland
past the cove and the seagrass meadow.

5.2. Processes governing deposition

The location of high concentrations seagrass detritus aligns with
the locality of the seagrass meadow in the bay (Figs. 2, 5). The
greatest accumulation is in the eastern cove above the dredged
channel where water pools as the tide descends. Deposition takes
place in the middle of the bay because the area is elevated relative
to surrounding (micro) channels. Further, the roughness of the
seagrass retards flow, encouraging settling of particulate matter
(Figs. 3A, 5C).

Ocean floor particulate matter also tends to accumulate in the
eastern cove in the bay. We also expect a high presence of this
material at the southern boundary of the seagrass meadow in the
proximity to coral beds, but limited data for kriging prevents a
realistic interpolationdhence this area is truncated abruptly in the
map (Fig. 5). Approximately 20% of the material deposited in the
seagrass meadow is ocean sediments (Table 2). Some of this bed
material may be a lingering effect of the 2004 tsunami that
impacted the bay. The extent of the impact is unknown other than a
reported estimated 10% loss in seagrass habitat across the island
(www.seagrasswatch.org/Thailand.html).

The somewhat uniform distribution of seston in seagrass
meadow sediments is probably due to ocean-derived seston being
transported in suspension throughout the bay during high tide and,
importantly, riverine seston delivered to the bay during runoff
events and with the falling tide. In the prior study, we found that
seston comprised 70e90% of the suspended material during high
tide (Gillis et al., 2014a). Again, the highest proportion of seston in
the bay substrate was near the mouth of the river, supporting the
notion that the river is an important source of seston (e.g., Cole
et al., 2010). In the Lianzhou Bay in southern China, Kaiser et al.
(2014) used isotopic d13C and d15N to determine that suspended
and sedimentary organic matter was mainly derived from fresh-
water and marine phytoplankton. If this is true for Yao Yai Island,
the ocean-associated contribution to the seagrass meadowmaterial
reduces by an unknown proportion.

The organic matter distribution patterns we observed in the
sheltered bay suggest a catchment-coast linkage that centers on the
river system. However, most deposition of terrestrial-derived
sediment occurs near the river mouth, where flowing water may
play a role in limiting seagrass establishment by continually dis-
rupting the bed or causing fluctuations in salinity (Fig. 5A). In
addition, this is the areawhere river bed load sediments (i.e., course
sands that roll, slide or skip on the surface) enter the bay and are
potentially deposited as flow velocity decreases. Some of the sus-
pended load from terrestrial sources may also be deposited here as
velocity decreases. The observation that seagrass cover is reduced
in the vicinity to river mouths and the coastline is expected, as
shown previously in Indonesia (Van Katwijk et al., 2011).

5.3. Management considerations

Much of the bay supports an extensive seagrass meadow, with
few signs of degradation. Nevertheless, the linkage between upland
erosion source areas and the bay, as inferred from depositional
patterns (Fig. 5), reinforces the need to consider how sediment/
nutrient loading in the future may increase in response to urbani-
zation on this somewhat remote island where tourism has only
recently begun to develop. Most other large and commercially-
accessible islands in Thailand are now popular tourist destina-
tions; and substantial resort development has been occurring on
some parts of the island over the last decade, with more develop-
ment expected in the near future.

The economic benefits of tourism (Tompkins, 2003) are often
offset by negative environmental impacts stemming from con-
struction and land conversion that accelerate erosion and create
efficient pathways for eroded soil, nutrients, and chemical con-
taminants to enter the stream network that drains to the coast
(B�egin et al., 2014; Brooks et al., 2015; Ramos-Scharron et al., 2015).
For example, tourism could drive the expansion of the road
network accessing the coast. Poorly maintained roads are an
important and often overlooked contributor to sediment delivery
to river systems in multi-use catchments worldwide, including
those draining to the ocean (Sidle and Ziegler, 2012; Ramos-
Scharron, 2012; Van Meerveld et al., 2014; Brooks et al., 2015).
Road networks act as conduits to flow, thereby extending the hy-
drological network in a catchment, affecting stormflow response, as
well as the delivery of sediment and contaminants to the stream
(Cuo et al., 2008; Thomaz and Peretto, 2016). Further, roads built to
access coastal areas directly connect hillslope erosion sources with
coastal ecosystems, potentially increasing sedimentation (Ziegler
et al., 2012).

While forest removal for agriculture is typically a concern
because of the potential for erosion (and other environmental
reasons), most of the forests draining to the bay on the interior of
the island have already been converted to plantation agriculture
(Fig. 1). On-site erosion is visible, particularly on steep slopes, but
some of this eroded material may be stored temporarily in mid-
catchment locations rather than transported to the stream system
where it exits to the bay. Nevertheless, sound agriculture practices
should be enforced to minimize onsite surface erosion because of
the potential for this material to be remobilized during large storms
or following additional disturbances that increases the catchment
to coast linkage that may accompany urbanization (additional road
building, artificial channelization of the stream network).
Throughout the region there is increasing concern that surface
runoff from active agriculture sites may carry excessive nutrients
from fertilizers or harmful chemicals from pesticides (Sidle et al.,
2006; Ziegler et al., 2009; Zhang et al., 2015). Seagrass meadows,
in particular, are sensitive to land-derived nitrogen loads (Valiela
and Cole, 2002; Burkholder et al., 2007; Van Katwijk et al., 2011).

Mangroves worldwide are considered efficient filters that
reduce the export of sediment and nutrients to the ocean (Valiela
and Cole, 2002; Gillis et al., 2014b; Wolters et al., 2016). Changes
in the extent or biomass of mangroves might also reduce this
buffering effect (Horstman et al., 2015), which in turn could affect
the seagrass meadow negatively if increases in turbidity decrease
light availability for photosynthesis. Our study design did not allow
for quantifying the buffering influence by the mangroves on Yao Yai
Island. We were, however, able to see evidence that, once in the
stream system, much of the sediment generated in upland areas
(fields, construction sites, urban areas, roads) bypasses the
mangrove and enters the bay. The deposition patterns of organic

http://www.seagrasswatch.org/Thailand.html
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matter suggest that a substantial portion of the material carried in
the river is transported to the ocean rather than being deposited
throughout the bay. Despite our inability to quantify a buffering
effect, protecting the mangroves in the future as the island de-
velops would be prudent. Degradation could have a cascading ef-
fect on the seagrass meadows because of the inherent connection
between the two adjacent ecosystems (Gillis et al., 2014b).

In a prior work, Gillis et al. (2014a) showed that much of the
organic material in seagrass meadows in Pang Nga Bay is internally
derived from the meadows themselves. On Yao Yai Island, seagrass
detritus in sediment traps on transects stretching from 50 to 300 m
seaward comprise 16e19% of the total material collected. Again our
median bay-wide value is only slightly higher (24%), but the range
is 6e58% (Table 2). Many of the lower values are found near the
river mouth where outflowing water limits deposition of ocean-
derived organic material. Most of our other estimated end mem-
ber contributions are in line with the prior assessment (Gillis et al.,
2014a).

Collectively, the measurements from both studies support the
hypothesis that seagrass meadows play an important role in sup-
plying nutrients for internal use as well as use by adjacent eco-
systemsdwhen particulate matter is exported and then broken
down into biologically exchangeable forms (Hemminga et al., 1999;
Gillis et al., 2014a; Lai et al., 2013). Thus, the sensitivity of seagrass
to changes in material fluxes (as described above) that may result
from urbanization, agriculture expansion/intensification, or
degradation of mangroves is of concern for management of all
coastal ecosystems on the island. Continued monitoring of seagrass
meadow health should be implemented to gauge the impacts of
increasing anthropogenic activity, but also to understand the
complex response of the seagrass meadow to natural and anthro-
pogenic stressors (Slob and Gerrits, 2007). At the very least, a
frequent census of seagrass extent could provide indication of
emerging negative effects of sedimentation and nutrient loading.
The connectivity between areas of anthropogenic disturbance and
the seagrass meadows should be a fundamental part of any envi-
ronmental impact assessment or planning policy (Alvarez-Romero
et al., 2011).

6. Conclusions

Our carbon and nitrogen tracer-based results demonstrate that
much of the organic material in the seagrass meadow at Yao Yai
Island (Thailand) is ocean-derived, with a large portion being
derived from seagrass detritus, which is recycled internally. Thus,
seagrass meadows themselves may play an important role in sup-
plying nutrients for both internal and external use by adjacent
ecosystems. Counter to expectation, a relatively small contribution
of the organic material in the meadow is derived from the adjacent
mangroves, probably because of efficient export of mangrove-
derived particulate matter to the open ocean during the tidal cy-
cle. Only a fraction of the sediment and organic matter originating
at upland terrestrial erosion sources (for example agriculture,
roads, urban areas) is deposited within the seagrass meadow. In
some cases, sediment from observed erosion and land degradation
sites is stored temporarily atmid-catchment locations, reducing the
volume transported to the bay where deposition may occur.
Importantly, however, much of the loading to the bay is reduced by
export to the ocean through well-maintained channels that are
dredged to facilitate boat access to inland harbors. Dredging may
therefore help to reduce sediment deposition in the bay, providing
an unintentional conservation effect. Additional sediment budget-
ing/tracking studies are needed to quantify these processes.
Nevertheless, the observed sediment deposition patterns verify a
link between upslope areas of human activity/disturbance and the
seagrass meadow in the bay. Thus, on-going and planned devel-
opment could represent a threat to sensitive seagrass ecosystems if
sediment/nutrient loading increases in response to upward devel-
opment trajectories of the island. Planners should recognize the
connection between upland pollution sources and the bay and be
cognizant that additional urbanization and agriculture expansion
could produce negative impacts on sensitive estuarine ecosystems,
including seagrass meadowsdwe predict a similar situation for
other islands undergoing extensive land-cover/land-use changes
related to agriculture development, urbanization, and tourism.
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