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GRAPHICAL ABSTRACT

Tonle Sap Lake is a large and shallow
lake influenced by a flood pulse system.
Sediment dynamics were investigated
in this lake and its floodplain vegetation.
Floodplain vegetation showed a reduc-
tion of sediment resuspension.

Tonle Sap Lake had two distinct charac-
teristics: sink and source of the
sediment.
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Most of studies on sediment dynamics in stable shallow lakes focused on the resuspension process as it is the
dominant process. However, understanding of sediment dynamics in a shallow lake influenced by flood pulse
is unclear. We tested a hypothesis that floodplain vegetation plays as a significant role in lessening the intensity
of resuspension process in a shallow lake characterized by the flood pulse system. Therefore, this study aimed to
investigate sediment dynamics in this type of shallow lake. The target was Tonle Sap Lake (TSL), which is a large
shallow lake influenced by a flood pulse system of Mekong River located in Southeast Asia. An extensive and sea-
sonal sampling survey was conducted to measure total suspended solid (TSS) concentrations, sedimentation and
resuspension rates in TSL and its 4 floodplain areas. The study revealed that sedimentation process was dominant
(TSS ranged: 3-126 mg L) in the high water period (September-December) while resuspension process was
dominant (TSS ranged: 4-652 mg L~!) only in the low water period (March-June). In addition, floodplain veg-
etation reduced the resuspension of sediment (up to 26.3%) in water. The implication of the study showed that
resuspension is a seasonally dominant process in shallow lake influenced by the flood pulse system at least for
the case of TSL.
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1. Introduction

Floodplains, ones of the highly productive landscapes on earth, are
crucial for both flood management and conservation of the natural eco-
systems (Opperman, 2014). Such landscapes are continuously enriched
with nutrients derived from the nutrient-rich sediments from diverse
headwaters and lateral sources (Tockner and Stanford, 2002). Sedi-
ments play an important role in shaping biological communities as
well as delimiting ecosystem processes in floodplains (Tockner et al.,
2010). During overbank flooding, floodwaters spread out over flood-
plains and, due to relatively slow water velocities on the floodplain,
much of the sediment in transport is deposited. Nutrients such as phos-
phorus are largely absorbed by sediment particles and thus biologically
consumed by the floodplain communities (Olde Venterink et al., 2006;
Opperman, 2014). Therefore, floodplains frequently function as hot
spots of high primary and secondary production which provide trophic
support for food webs in the ecosystems (Bayley, 1995; Sparks, 1995;
Tockner and Stanford, 2002; Tockner et al., 1999, 2010). At a high tro-
phic level, floodplains also support highly productive freshwater fisher-
ies by providing habitats for spawning and growth (Baran et al., 2001;
Grosholz and Gallo, 2006).

The flow regime in a parent river may also shape the floodplain area
at its basin, producing a wide array of aquatic habitats (e.g., ponds and
lakes) via meandering processes (Tockner et al., 2010). Important
aquatic habitats such as ponds and lakes are considerably shallow and
prone to sediment resuspension. Particularly, wind-induced waves
and water currents could easily disturb sediment surfaces causing re-
suspension of the sediment (Evans, 1994; Zhu et al,, 2015). Commonly,
resuspension of sediment increases the concentration of suspended
solids in the water column which has a great impact on the water qual-
ity of shallow lakes and numerous biotic interactions (Horppila and
Nurminen, 2001, 2003; Matisoff et al., 2017; Qin et al., 2006). Moreover,
in such lakes, resuspension often significantly contributes total settling
flux (Evans, 1994).

In general, shallow lakes are dominated by the resuspension process
throughout the year (e.g., Taihu Lake). The intensity of sediment resus-
pension is influenced by many factors, including lake shape, water
depth, and wind-induced wave action (Evans, 1994; Zhu et al., 2015).

The dynamic ratio (DR) is defined as Surface Area (kmz)/

Average Depth (m) . This ratio has been applied to several lakes
(e.g., Bachmann et al., 2000; Hakanson and Bryhn, 2007; Zhu et al.,
2015). DR was found to have a positive linear relationship with the re-
suspension rate (Zhu et al., 2015). A DR > 0.8 indicates that a lake is
prone to sediment resuspension (Bachmann et al., 2000). Throughout
the year, DR is stable or varies slightly in a typical shallow lake of
which water depth and water surface area do not change or slightly
change, but it varies greatly in a shallow lake of a flood pulse system
due to the increased surface area and depth. Moreover, the sediment
load supplied into a flood-pulse-influenced-shallow lake is quite high
and sedimentation may be dominant during flooding, while resuspen-
sion may be dominant during dry periods. Little attention, however,
has been paid to flood-pulse-influenced-shallow lakes because investi-
gations of sediment resuspension have typically focused on relatively
stable shallow lakes (e.g., Evans, 1994; Horppila and Nurminen, 2001;
Tammeorg et al., 2013; Zhu et al., 2015). Comparing to typical lakes,
flood-pulse-influenced-shallow lakes may exhibit variation in parame-
ter values and diverse benefits due to its ecosystem services, ecological
functioning, and flood water storage role in the floodplain (Scheffer,
2004; Wantzen et al., 2008). Thus, additional studies are needed, not
only to improve our understanding of shallow lakes, but also to contrib-
ute to the ecological and environmental management of ecosystems in
such lakes driven by the flood pulse.

Tonle Sap Lake (TSL) is a large shallow lake that is influenced by a
flood pulse system. Sediment in this kind of system is highly dynamic
and different from that in other shallow lakes due to a large seasonal

variation of water level and water surface area. The number of the sed-
iment dynamics studies in TSL (e.g., sediment flux and sedimentation
rate) is gradually increasing (Arias et al., 2014; Campbell et al., 2009;
Koehnken, 2012; Kummu et al., 2008; Lu et al., 2014; Penny et al.,
2005; Sarkkula et al., 2003; Tsukawaki, 1997). However, the informa-
tion of resuspension of sediment in TSL was speculation and often ex-
plained by the implication of TSS observation (e.g., Campbell et al.,
2009; Kummu et al., 2008; Sarkkula et al., 2003) and also sedimentation
rate (e.g., Kummu et al.,, 2008; Penny et al., 2005; Tsukawaki, 1997)
rather than the direct measurement of resuspension rate. Moreover,
the investigations of the sediment dynamics in TSL are crucial for its
management and could provide insight into flood-pulse-influenced-
shallow lakes or similar lake systems elsewhere in the world. Therefore,
this study aimed to investigate and understand sediment dynamics in
TSL. We tested a hypothesis that floodplain vegetation plays as a signif-
icant role in lessening the intensity of resuspension process in a shallow
lake characterized by the flood pulse system. The relevant factors con-
sidered in this study were vegetation types, locations and seasons. To
achieve this, four extensive sampling campaigns were conducted to col-
lect water and sediment samples in different water environments (riv-
ers, lake and floodplains), water layers (surface and sub-layer) and
seasons (high and low water period). In addition, sedimentation and re-
suspension rates were measured in the three main types of vegetation
and open water on the four different floodplains of TSL.

2. Study area

Tonle Sap Lake is the largest freshwater lake in South East Asia
(Bonheur, 2001; Keskinen, 2006; Kummu et al., 2006) (Fig. 1). TSL is a
large shallow lake and has a relatively flat bottom, with a maximum
depth of approximately 3.3 m. Connected to the Mekong River (MR)
via Tonle Sap River, TSL has a unique hydrological environment that
plays an important role in the active exchange between TSL and the
MR through reversal flow. The hydrology of the TSL is driven by the
monsoonal flood regime of MR (Kummu et al., 2014). As another impor-
tant source of water, 11 principle tributaries drain directly into the lake
(Fig. 1). During the dry season, the lake is about 120 km long and 35 km
wide, with an area of about 2500 km?. During the flood phases, the lake
receives a large amount of water volume from MR through reversal flow
and enlarges to about 250 km long and 100 km wide, with an area of
about 17,500 km? (Campbell et al., 2009). The inflow of water discharge
into the lake ranged: 104-7032 m® s—!, while the outflow of water from
the lake ranged: 380-8176 m® s~! (Lu et al., 2014). The water level of
TSL varies from an average depth of <2 m in the dry season to 10 m in
the flood season. The weather in the lake area is dominated by the mon-
soon. During the wet season in May-October, winds are predominantly
from the southwest and during the dry season in November-April from
the northeast (Sarkkula et al., 2003). Wind velocities are typically low,
on the average 2-3 m s~ !, except during short storms. Average yearly
precipitation varies from 1300 mm in the south to 1500 mm in the
northern part of the area. Lake water temperature varies between 28
and 33 °C (Sarkkula et al., 2003). The meteorological data are limited
and poorly monitored in the lake region due to lack of budget, mainte-
nance and accessibility by the local government.

TSL receives the annual average inflows of sediment flux from MR
varying from 5.1 Mt year~' (Kummu et al., 2008) to 6.4 Mt year ™!
(Koehnken, 2012), and releases an average outflow of sediment flux
varying from 1.4 Mt year ! (Kummu et al., 2008) to 1.5 Mt year !
(Koehnken, 2012) back to MR. The concentration of TSS in the TSL eco-
system show a clear difference between the open lake and the flood-
plain. Typically, TSS concentration in the open lake varies from 5 to
20 mg L™ in the high water period (August-December) to over
1000 mg L~! during the low water period (January-July), while TSS in
the floodplain is 1-10 mg L™' and 100-200 mg L™ during the high
and low water periods, respectively (Sarkkula et al., 2003). The sedi-
mentation rate in the lake area during the dry season is very low,
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