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Abstract Tonle Sap Lake, Cambodia, possesses

one of the most productive inland fisheries in the

world and is a vital natural resource for the country.

The lake is connected to the Mekong River via the

Tonle Sap River. Flow in the Tonle Sap River

reverses seasonally, with water exiting the lake in the

dry season and entering the lake during the summer

monsoon. This flood pulse drives the lake’s biolog-

ical productivity. We used Sr, Nd, and Pb isotopes

and elemental concentrations in lake sediment cores

to track changes in the provenance of deposits in

Tonle Sap Lake. We sought to determine when the

lake first began to receive water and sediment input

via the Mekong River, which initiated flood pulse

processes. The transition from a non-pulsing lake to

the Mekong-connected system is marked by shifts

to values of 87Sr/86Sr, eNd, and 207Pb/204Pb that are

characteristic of Mekong River sediments. In addi-

tion, magnetic susceptibility increased and sediment

elemental composition changed. Elemental (P) mea-

sures point to enhanced phosphorus loading and C/N

and isotope ratios of bulk organic matter indicate a

shift to greater relative contribution of organic

material from aquatic versus terrestrial environments,

coinciding with the initiation of flood pulse pro-

cesses. On the basis of radiocarbon dating in two

cores, we estimate the initiation of the annual flood

pulse occurred between *4,450 and 3,910 cal year

BP.
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Introduction

Tonle Sap Lake, the largest freshwater body in

Southeast Asia, is part of the Mekong River Basin.

The Tonle Sap River joins the lake with the Mekong

River (Fig. 1). During the dry season (November to

April), water flows from the lake, through the Tonle

Sap River, into the Mekong, and ultimately to the

South China Sea. During the rainy months of the

summer monsoon (May to October), however, an

increase in hydraulic head at the confluence of the

Mekong and Tonle Sap Rivers leads to a reversal of

flow through the Tonle Sap River that allows Mekong

floodwaters to enter Tonle Sap Lake. This annual

flood pulse creates pronounced seasonal variability in

lake morphometry. During the monsoon, mean depth

increases from dry season values of 1–2 m to[10 m

at maximum flood stage, and the lake’s area grows

approximately five-fold, from 2,500 to 3,000 km2 to

[15,000 km2 (Baran 2005). Tonle Sap is essentially

flat-bottomed, thus water depth is uniform throughout

most of the permanently flooded portion of the lake

basin.

The Tonle Sap-Mekong system is one of the most

productive freshwater fisheries in the world, and fish

from Tonle Sap provide the majority of the protein in

the Cambodian diet (Baran 2005; Hortle et al. 2004).

The lake’s biological productivity is primarily the

result of the annual flood pulse. Flood pulse systems

are known to be highly productive (Junk and

Wantzen 2004; Junk et al. 1989; Wantzen et al.

2008). The flood pulse concept (FPC) was first

developed by Junk et al. (1989) to describe the

relationships between the biotic and abiotic compo-

nents of large river-floodplain systems and empha-

sized the exchange and recycling of nutrients and

organic matter between the floodplain and the main

river channel. The FPC has since been expanded to

apply to lacustrine systems as well as rivers (Wantzen

et al. 2008). Nutrients that support high levels of

productivity in flood pulse systems are derived from

the dissolved and suspended components of the

floodwaters themselves, as well as the breakdown

of organic matter in the floodplain, where alternation

between aquatic and terrestrial conditions enhances

decomposition (Junk et al. 1989). The relative

contribution of imported versus recycled nutrients

varies from system to system (Junk et al. 1989). The

‘‘flood pulse advantage’’ refers to the high fish yields

generated by pulsing systems, in which fish take

advantage of floodplain resources unavailable to fish

in non-pulsing systems (Bayley 1991).

The Mekong River-derived flood pulse is the

driving force of productivity in Tonle Sap Lake

(Kummu and Sarkkula 2008; Lamberts 2001, 2008;

Fig. 1 Map of Cambodia.

Both the permanently

flooded and seasonally

inundated portions of Tonle

Sap Lake are shown. Core

TS-18-XII-03 location

denoted by a square and

core CHH-17-XII-03 by a

cross. Map created in

GeoMapApp with GMRT

(Ryan et al. 2009) and

SRTM (Farr et al. 2007)

data sets
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Lamberts and Koponen 2008; MRCS/WUP-FIN

2003; Sarkkula et al. 2004). Hydrologic and produc-

tivity models of the Tonle Sap ecosystem indicate

that fishery productivity is maximized by the follow-

ing flood pulse-related conditions: (1) early arrival of

floodwaters and long duration of flooding, (2)

adequate flow to transport larvae and juvenile fish

from the Tonle Sap River into Tonle Sap Lake, (3) a

high flood level that inundates a large area, (4)

maintenance of the plants that live in the inundated

regions to ensure continued transfer of nutrients, and

(5) continued input and utilization of sediments and

nutrients carried by the floodwaters into the lake

(Sarkkula et al. 2004).

Anthropogenic modification of Mekong River flow

patterns through redirection of water for irrigation,

and especially damming, has the potential to affect

many aspects of the Tonle Sap flood pulse (Lamberts

2008). If flow through the Mekong becomes highly

regulated, flooding will be minimized. This means

the amplitude of the flood pulse will be diminished,

and a smaller area will be inundated. The duration

of flooding will also be reduced, and larvae and

young fish may not be transported into the lake.

Biogeochemical processes within the lake will be

altered and this will affect water quality and nutrient

dynamics. Furthermore, the sediment load will

likely decrease as dams trap materials upstream.

Sediments may be an important source of nutrients

to floodplain soils as well as for lacustrine primary

producers (MRCS/WUP-FIN 2003; Keskinen et al.

2005).

Given that biological productivity in Tonle Sap

Lake is intrinsically linked to the annual flood pulse,

an understanding of the system’s historical hydrology

is important for successful management of this

natural resource. This study addresses two funda-

mental questions related to the paleoenvironmental

history of Tonle Sap Lake and its flood pulse. First,

when did Tonle Sap first begin to receive water and

sediment input from the Mekong River? Second, how

did the lake ecosystem respond to the initiation of the

annual flood pulse? Radiogenic isotopes (Sr, Nd, Pb)

were used to identify changes in sediment source

attributed to the introduction of Mekong River

sediments to the lake. C and N stable isotopes, C/N

ratios, and phosphorus (P) concentrations were used

to gauge the ecological response of Tonle Sap Lake

to the initiation of the flood pulse.

Previous paleolimnological studies on Tonle

Sap Lake

The paleoenvironmental history of Tonle Sap Lake

was first investigated in the early 1960s (Carbonnel

1963; Carbonnel and Guiscafré 1965). Nineteen

sediment cores were collected from the lake and

analyzed for physical and chemical properties,

including grain size, water content, iron content,

and mineralogy (Carbonnel and Guiscafré 1965).

Two sedimentary facies were identified, a ‘‘recent

mud’’ that Carbonnel (1963) attributes to deposition

under modern conditions, and an ‘‘ancient mud’’ that

accumulated under significantly different environ-

mental conditions. A piece of wood found near the

bottom of the upper lithologic unit (recent mud) in

one of the cores was dated to 5,720 ± 300 14C year

BP (ESM 1). This transition from ‘‘ancient’’ to

‘‘modern’’ was attributed to the middle Holocene sea

level maximum rather than hydrologic changes

related to the Mekong River or the flood pulse

(Carbonnel 1963; Carbonnel and Guiscafré 1965).

A later study examined the clay mineralogy of

sediments from the Tonle Sap basin and proposed

that the Mekong River became linked to Tonle Sap

around 5,000 14C years BP (Okawara and Tsukawaki

2002). The same lithologic change observed by

Carbonnel (1963) was noted in the core analyzed

by Okawara and Tsukawaki (2002). Below the

transition, the only clay minerals found were kaolin-

ite and smectite, whereas above the transition, illite

and chlorite were also present. Surface sediments

from the Siem Reap River, a small input tributary to

the lake, and soils from the alluvial plain near the

north shore of the lake, contained only kaolinite and

smectite. Illite, chlorite, kaolinite, and smectite were

all present in suspended sediments from Tonle Sap

Lake and surface sediments from the Tonle Sap

River. Because illite and chlorite are not produced

locally, they were assumed to be the products of

weathering in the Mekong River basin, upstream of

the Tonle Sap River. They are delivered to Tonle Sap

Lake by the Tonle Sap River, and appeared in the

lake sediment record only after Tonle Sap Lake and

the Mekong River became connected.

In contrast to inferences from lithology and min-

eralogy, pollen assemblages in a Tonle Sap sediment

core suggested that the lake and the Mekong were

connected throughout the Holocene (Penny 2006).
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The presence of Rhizophora (mangrove) pollen and

Thalassiosira bramaputrae (Ehr.) Hak. & Lock., a

brackish diatom, in the early Holocene portion of the

sediment record indicated higher salinity in and

around the lake at that time. Penny (2006) inferred

that this higher salinity was indicative of a connection

between Tonle Sap Lake and the South China Sea via

the Mekong River. Thus, he concluded that the current

hydrologic configuration of the Tonle Sap-Mekong

system has existed throughout the Holocene. Penny

(2006) attributed changes in pollen assemblages since

*5,000 years BP to an altered flooding regime

induced by increased seasonality.

Materials and methods

We performed isotopic, XRF, C/N and P analysis,

and radiocarbon dating on sediment cores from Tonle

Sap Lake in order to constrain changes in sediment

provenance, timing of flood pulse initiation, and

ecology. In December 2003, two sediment cores were

collected from Tonle Sap Lake (Fig. 1). Core TS-18-

XII-03 is 5.85 m long and was retrieved from 4.28 m

of water in the southeastern part of Tonle Sap Lake

(12�3601100N, 104�1701000E). Core CHH-17-XII-03 is

6.25 m long and was taken from a water depth of

4.0 m in Tonle Chmaa, an open area on the northern

edge of the main lake basin that is hydrologically

connected to the lake, but separated by aquatic

vegetation (12�4903100N, 104�1802100E) (Fig. 1). Thir-

teen cm of Core CHH-17-XII-03 between 5.25 and

5.12 m below lake floor (mblf) were lost on recovery.

The elevation of the sediment surface of the core

sites, and throughout most of the flat-bottomed lake

basin, is approximately 0 m above sea level. Mag-

netic susceptibility in cores was measured at 0.5-cm

intervals using a GEOTEK MultiSensor Core Logger.

The cores were split lengthwise and imaged using a

GEOTEK digital color line-scan camera.

The split cores were analyzed with an Avaatech

XRF (x-ray fluorescence) core scanner at 1-cm

resolution to provide close-interval elemental data.

Measurements of elements Al to Ba were made using

a slit size of 1 9 1 cm and generator settings of 10,

30, and 50 kV over 30 s of counting time. XRF core

scanning is non-destructive, relatively rapid, and

provides nearly continuous data (Tjallingii et al.

2007). Data from 1.13 to 1.05 mblf in core TS-18-

XII-03 were considered unreliable because an uneven

sediment surface caused by core splitting interfered

with XRF measurements. Reduction of the XRF data

set was accomplished by factor analysis using PASW

Statistics 18.0. Three factors were extracted using

principal components analysis with Varimax rotation.

Small sections of the TS-18-XII-03 data set were

excluded from the factor analysis, including an

organic mud (5.54–4.94 mblf) and a Corbicula shell

layer at 0.60–0.50 mblf. These distinctive beds dom-

inated the factor analysis and were removed to reveal

other trends in the data.

Sediment cores were sampled every 5–40 cm and

samples were dried overnight at 60�C in an oven, and

ground to a powder for geochemical analysis. Sr, Nd,

and Pb were separated for radiogenic isotope analysis

using standard chromatographic methods in a clean

laboratory. Radiogenic isotope ratios were measured

on a Nu-Plasma MC-ICP-MS using the protocol for

highly precise measurements of small samples

described by Kamenov et al. (2009). 87Sr/86Sr values

were normalized to 86Sr/88Sr = 0.1194 and 87Sr was

corrected for the presence of Rb by subtracting the

counts of 87Rb expected given an 87Rb/85Rb of 0.386.

The long-term mean 87Sr/86Sr ratio of the standard

NBS 987 is 0.710246 (±0.000030, 2r). 144Nd, 148Nd,

and 150Nd were corrected for mass-bias from Sm

using 147Sm/144Sm = 4.88, 147Sm/148Sm = 1.33,

and 147Sm/150Sm = 2.03. All measured ratios were

normalized to 146Nd/144Nd = 0.7219. The long-term

mean 143Nd/144Nd of the standard JNdi-1 was

0.512107 (±0.000021, 2r). Pb isotope compositions

were measured using a Tl normalization technique

(Kamenov et al. 2009). Pb data are relative to the

following values of standard NBS 981: 206Pb/204Pb =

16.937 (±0.004, 2r), 207Pb/204Pb = 15.490 (±0.003,

2r), and 208Pb/204Pb = 36.695 (±0.009, 2r).

Weight percent C and N of bulk sediment were

measured on a Carlo Erba NA1500 CNS Elemental

Analyzer. C/N ratios are expressed as atom ratios.

Stable C and N isotopes were measured on a

Finnigan-MAT 252 or a Thermo Finnigan DeltaPlus

XL isotope ratio mass spectrometer running in

continuous flow mode. Analytical precision (one

standard deviation) was ±0.09% for d13C and

±0.10% for d15N. Samples analyzed for total P were

digested in 5.0% H2SO4 and 5.0% K2SO8 in an

autoclave and measured using a Bran-Luebbe Auto-

analyzer (Kenney et al. 2001).
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Radiocarbon dates were obtained on chemically

pretreated wood, shell (Corbicula sp.), and decar-

bonated bulk sediment samples at the Center for

Accelerator Mass Spectrometry (CAMS) at Lawrence

Livermore National Laboratories and the NERC

Radiocarbon Facility (Environment) and SUERC

AMS Laboratory. Bulk sediment samples processed

at CAMS were decarbonated using 1 N HCl with

vortexing to prevent clumping, spun down, decanted

and rinsed 3 times with Milli-Q water. The sediment

was then dried overnight on a heating block and

converted to CO2 in individual quartz tubes using

CuO as an oxygen source. Wood samples received a

modified ‘‘de-Vries’’ chemical pretreatment and an

acid–base-acid treatment at 90�C followed by copi-

ous rinsing with MQ water. Shells were cleaned of

any adhering material, coarsely crushed, and leached

in weak HCl before rinsing and drying on a heating

block overnight. Carbonate was acid hydrolyzed in

individual vacutainers following the methods

described in Guilderson et al. (2003). Bulk sediment

samples processed at the NERC Radiocarbon Facility

(Environment) were digested in 2 M HCl at 80�C for

8 h, then washed with deionized water and dried and

homogenized. Samples were converted to CO2 by

heating with CuO in sealed quartz tubes and the gas

was converted to graphite by Fe/Zn reduction. Dates

were calibrated to calendar years before present

(cal year BP) using Calib html version 6.0 (Stuiver

and Reimer 1993) that uses the IntCal09 radiocarbon

calibration curve (Reimer et al. 2009) (ESM 2).

Results

Lithology

The stratigraphy of core TS-18-XII-03 is summarized

in Fig. 2. The base of the core (unit I, 5.85–5.54 mblf)

consists of a massive yellowish brown (10YR 5/4)

mud that gradually grades into the overlying unit,

consisting of very dark grayish brown (2.5Y 3/2)

organic mud (unit II, 5.54–4.94 mblf). The third unit

(4.94–0.90 mblf) is a massive olive (5Y 4/3) mud that

has a sharp, wavy contact with the uppermost unit IV

(0.90–0 mblf), consisting of a brown (10YR 4/3) mud

that contains Corbicula sp. shells between 0.60 and

0.15 mblf. The greatest density of Corbicula shells

occurs between 0.20–0.15 and 0.58–0.46 mblf.

The stratigraphy of core CHH-17-XII-03 is sum-

marized in Fig. 3. The base of the core (unit I,

6.24–4.10 mblf) is a very dark, grayish brown (10YR

3/2) silty clay, intercalated with lenses of organic-rich

sediment. This unit gradually grades into unit II

(4.10–2.06 mblf), comprising a massive, dark grayish

brown (2.5Y 4/2) silty clay. The contact between unit

II and III (2.06–0.53 mblf) is diffuse, with unit III

comprising a massive, olive (5Y 4/3) silty clay. A

sharp contact marks the boundary between units III

and IV (0.53–0 mblf), a brown (10YR 4/3) silty clay

that contains Corbicula shells between 0.53 and

0.05 mblf. Unfortunately, a continuous section of

core was cut into two sections at the contact between

unit III and IV because this coincided with a joint

between two coring tubes connected for a single

drive. No material is missing at this contact, however.

Magnetic susceptibility and elemental abundances

Magnetic susceptibility in core TS-18-XII-03 increases

nearly three-fold above 0.90 mblf (Fig. 4). Magnetic

susceptibility in core CHH-17-XII-03 increases above

0.53 mblf (Fig. 5). C/N (atom) ratios are variable, but

generally decrease upcore, with the lowest values in unit

IV. Three factors account for 88.6% of the variance in

the TS-18-XII-03 XRF data set (Fig. 6; ESM 3). Detrital

elements Al, Si, Ti, and Zr load strongly on Factor 1,

which accounts for 37.1% of the total variance. Factor 2

accounts for 35.5% of the variance and is dominated by

alkali and alkali earth metals K, Rb, Ca, Sr, and Ba.

Sixteen percent of the variance is explained by Factor 3

with loading scores dominated by the elements Fe and

Mn. Factor 1 is relatively high below *2.50 mblf, then

decreases between 2.50 and 0.90 mblf. Above

0.90 mblf, Factor 1 abundances increase. Factor 2 shifts

to higher values in the uppermost 0.90 m. Factor 3 also

increases in unit IV, but exhibits several peaks between

3.00 and 2.00 mblf.

Geochemistry

All radiogenic isotopes measured in core TS-18-XII-03

changed above 0.90 mblf (Fig. 4). 87Sr/86Sr in unit I to

III ranges from 0.71508 to 0.71930, although values

below *2.50 mblf (with the exception of unit II) are

slightly less radiogenic than values between 2.50 and

0.90 mblf. In the uppermost 0.90 m, Sr values are

between 0.71823 and 0.72169. eNd values range from
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-6.1 to -7.6 in units I to III, while eNd values in unit IV

are between -8.2 and -9.8. 207Pb/204Pb values are

between 15.657 and 15.669 below 0.90 mblf, and

increase to between 15.673 and 15.689 above.

Weight %C and N in core TS-18-XII-03 are highest

in unit II (Fig. 7). At *2.50 mblf, weight %C

increases slightly, then decreases above 0.90 mblf.

Weight %N is variable overall, but increases above

2.50 mblf. C/N (atom) ratios peak in unit II and

immediately above the unit III to IV transition, and

decrease in the uppermost unit of the core (Fig. 7).

Total P becomes more variable above 2.50 mblf, and P

concentrations increase overall in unit IV. d13Cbulk

values become more negative, while d15Nbulk values

become more positive above 0.90 mblf (Fig. 7). Total

P concentrations in core CHH-17-XII-03 are nearly

constant in units I to III, then increase by an order of

magnitude above 0.53 mblf (Fig. 5). d15N values

decrease in units II and III, but increase to their most

positive values in the uppermost unit of the core. d13C

values become more negative above 0.53 mblf. Sed-

iments from both Tonle Sap and Tonle Chmaa contain

no carbonate material except for the Corbicula shells

present in unit IV of both cores. Thus, weight %C and

d13C values represent the organic C fraction.

Chronology

Radiocarbon dates from both cores are reported in

ESM 2. At the two depths where wood was dated in

core TS-18-XII-03, bulk sediment from the same

depths was also dated to evaluate possible hard-water

lake error (Deevey and Stuiver 1964). Age differ-

ences between these paired wood and sediment dates

are 25 14C years (4.96–4.98 mblf) and 760 14C years

(0.85–0.87 mblf) (ESM 2). Bulk sediment ages from

Fig. 2 Stratigraphy of core TS-18-XII-03. Insets of core photo show noteworthy features of the core in detail, including Corbicula
shells, the uneven contact between units III and IV, and the organic-rich sediments in unit II. Radiocarbon dates are indicated
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Fig. 3 Stratigraphy of core CHH-17-XII-03. Detail of core photo shows transition from units III to IV. The gap in the core

photograph reflects the 13 cm of material lost on recovery. Radiocarbon dates are indicated
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both cores are therefore considered to be reliable to at

least 760 14C years. Mean sedimentation rate for core

TS-18-CII-03, calculated by linear regression, chan-

ged from 2.0 mm year-1 below 0.90 mblf to

0.3 mm year-1 above (Fig. 8). Sedimentation rates

for core CHH-17-XII-03 are similar, with

1.4 mm year-1 for unit I to III and 0.3 mm year-1

for unit IV. These values are consistent with previ-

ously published sedimentation rates for Tonle Sap

Lake [modern lake: 0.3 mm 14C year-1 (Carbonnel

1963); 7,532–5,460 cal year BP: 1.2 mm year-1,

between 2,035 and 610 cal year BP: 0.06 mm year-1

(Core S2C1) (calculated from Penny et al. 2005);

6,942–6,432 cal year BP: 1.1 mm year-1, since

6,432 cal year BP: 0.08 mm year-1 (Core TS96-2)

(calculated from Tsukawaki 1997)].

Discussion

Holocene transformations of Tonle Sap Lake

Changes in lithology, magnetic susceptibility, ele-

mental abundances, radiogenic isotopes, stable iso-

topes, elemental ratios, and sedimentation rates

indicate that each of the four sediment units in core

TS-18-XII-03 represents a distinct period in the

evolution of Tonle Sap Lake. The earliest Holocene is

represented by unit I. Because few data were

collected from this unit, detailed inference of the

paleoenvironmental conditions it represents is not

possible. The relatively low C/N ratios (Fig. 7),

however, suggest an algal source of organic matter

and thus a lacustrine environment. High C/N values

and increased organic matter content in unit II

suggest the presence of a vegetated wetland rather

than a lake. The top of the second unit dates to

approximately 8,200 cal year BP. The ‘‘8.2 kyr

event,’’ first recognized in the North Atlantic (Alley

et al. 1997), has been identified as a dry period in

several records from monsoon Asia (Fleitmann et al.

2007; Hong et al. 2005; Hu et al. 2008; Wang et al.

1999). Unit III marks the return to a lacustrine

environment. The transition from unit II to unit III

may also be related to sea level rise. Mekong Delta

sediments indicate a period of rapid transgression

around the 8.2 kyr event and this could have

contributed to the shift from wetland to lacustrine

conditions (Nguyen et al. 2010; Tamura et al. 2009).
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Although unit III is lithologically relatively

homogenous, conditions within Tonle Sap Lake

changed around 6,500 14C year BP. Sedimentation

rates decreased from 2.7 mm year-1 between *4.94

and 2.50 mblf to 1.2 mm year-1 between *2.50 and

0.90 mblf. Detrital input to Tonle Sap decreased

between *2.50 and 0.90 mblf as well, as reflected by

the lower abundances of Al, Si, Ti, and Zr repre-

sented by Factor 1 (Fig. 6). Accordingly, the organic

matter content of the sediments increased during this

period. These changes could be the result of dimin-

ishing summer monsoon strength throughout the

Holocene (Dykoski et al. 2005; Fleitmann et al.

2007). Reduced precipitation could result in less

discharge and sediment transport to the lake from

rivers within the Tonle Sap basin.

The abrupt transition from unit III to IV represents

the change from a non-pulsing lake to the modern,

Mekong River-connected, flood-pulsing Tonle Sap

system. The shift in Sr, Nd, and 207Pb/204Pb isotopes

in the uppermost unit represents a change in the

provenance of sediments deposited in Tonle Sap Lake

(Fig. 4). When compared to isotope values of

Mekong River sediments (Liu et al. 2007; Millot

et al. 2004; Schimanski et al. 2001) and marine

sediments from the South China Sea derived largely

from the Mekong (Liu et al. 2005), all values in the

Tonle Sap core display a shift towards Mekong River

sediment values beginning at 0.90 mblf (Fig. 9). All

Mekong River sediment samples were collected near

the mouth of the river, and thus provide an integrated

radiogenic isotope signature for the entire Mekong

basin. Given that the Tonle Sap River joins the

Mekong quite close to the delta region, it is

reasonable to assume that the isotopic signature for

the entire basin approximates that of the sediments

that enter Tonle Sap Lake via the Tonle Sap River.

Marine sediments from the Vietnamese Shelf contain

material from sources other than the Mekong, but the

river provides most of the material to this region

today (Liu et al. 2005). The isotope values from these

marine sediments reflect the average isotopic signa-

ture of the Mekong-derived sediments that enter

Tonle Sap Lake. Using total suspended solids (TSS)

data, Kummu et al. (2008) concluded that 72% of the

modern sediment deposited in Tonle Sap originates

from the Mekong, whereas only 28% is derived from

the lake’s catchment. It was therefore expected that

the bulk chemistry of Tonle Sap sediments would

shift toward Mekong values once the ‘‘river–lake’’

connection was established. Sr and Nd isotope values

from Mekong-derived sediments in a core from the

South China Sea are similar over the last

140,000 years, indicating no change in the Mekong

endmember ratios (Liu et al. 2005). Higher magnetic

susceptibility in unit IV (Fig. 4) and the greater

abundance of alkali and alkali earth metals indicated

by Factor 2 (Fig. 6) are also attributed to input of

Mekong sediments. Higher K abundances in the

modern lake sediments are consistent with the results

of Okawara and Tsukawaki (2002), who reported the

presence of K-bearing illite in the lake sediments

only above the observed lithologic boundary (correl-

ative to unit III to IV transition in core TS-18-

XII-03).

In the modern lake system, concentrations of TSS

have been reported to vary with water level. TSS

peak at the end of the dry season (April to June) when

water levels are lowest (Campbell et al. 2006; Nagid

et al. 2001; Sarkkula et al. 2004). TSS are consis-

tently higher in the open lake than in the flooded

forest because vegetation inhibits wind-driven resus-

pension of particles and traps sediment in the

floodplain (Sarkkula et al. 2004). Persistent resus-

pension of sediment by wind and wave-induced

currents in the modern lake means little material

settles to be deposited permanently, as reflected in the

low sedimentation rate (0.3 mm year-1) in unit IV of

both cores TS-18-XII-03 and CHH-17-XII-03.

Instead, sediments are removed from the lake via

the outflow and accumulate in the floodplain (MRCS/

WUP-FIN 2003). The turbid nature of the lake,

combined with dramatic fluctuations in water level,

severely inhibits growth of submerged aquatic veg-

etation, despite the ubiquity of such plants throughout

Southeast Asia (Campbell et al. 2006). Instead, algae

and floating mats of herbaceous vegetation are

common, as both of these primary producers out-

compete submerged vegetation for light.

Ecological implications of the connection

When Tonle Sap Lake was a non-pulsing system (unit

III), the ecology of the ancient lake would have been

considerably different from the modern system.

Changes in C/N ratios in the uppermost units of both

cores reflect the transformation that occurred with the

onset of the annual flood pulse (Figs. 5, 7). Lower

94 J Paleolimnol (2011) 45:85–99

123



C/N ratios in unit IV indicate greater relative input of

organic matter from phytoplankton. An increase in

the phytoplankton-derived contribution to sediment

organic matter can likely be attributed to greater

phytoplankton production within the lake. This result

is consistent with predictions made by the flood pulse

concept (Junk et al. 1989). Higher concentrations of

total P in the uppermost unit of both cores, but

especially CHH-17-XII-03, also suggest greater pro-

ductivity since the initiation of the flood pulse.

Exchange of nutrients between the permanently

flooded lake and the floodplain promotes greater

autochthonous organic matter production than would

occur in a non-pulsing lake. Sediments brought into

the lake with floodwaters may be another important

source of nutrients, especially phosphorus (MRCS/

WUP-FIN 2003). Floodplain processes, such as the

decomposition of terrestrial vegetation, are likely a

significant source of nutrients as well (Furch and Junk

1992, 1997). The rich Tonle Sap fishery provides

evidence of great production. A fishery as productive

as it is today likely could not exist without the ‘‘flood

pulse advantage.’’

The decrease in d13C and increase in d15N in unit

IV of both cores may reflect the intensification of

organic matter exchange between the aquatic and

terrestrial environments. As predicted by the FPC,

greater quantities of terrestrially derived organic

material become available to aquatic organisms

during periods of flooding. Although lower C/N

values indicate that sediment organic matter is

aquatically produced, relatively negative d13C values

and more positive d15N values reveal the terrestrial

origin of organic material cycled through the Tonle

Sap ecosystem.

Timing of flood pulse initiation

Radiocarbon dates 3 cm above and 15 cm below the

contact between units III and IV in core TS-18-XII-

03 indicate that the modern Tonle Sap Lake system

developed between 5,580 ± 40 and 3,605 ± 35 to

2,845 ± 35 14C year BP. Due to the relative lack of

organic terrestrial remains throughout the core for

radiocarbon dating, as well as the likelihood of

bioturbation over the unit III to IV contact (Fig. 2), it

was difficult to obtain a more precise determination

of the timing of the initial Tonle Sap-Mekong

connection from this core. The timing of flood pulse

initiation is better constrained by correlating cores

TS-18-XII-03 and CHH-17-XII-03. The transition

from units III to IV in both cores is marked by the

same lithologic change and increase in magnetic

susceptibility. Thus, unit IV represents the modern,

flood pulse system in both cores. In core CHH-17-

XII-03, the unit III to IV boundary is bracketed by

radiocarbon dates of 3,978 ± 36 14C year BP and

1,663 ± 37 14C year BP, 2 cm below and 1 cm

above the transition, respectively. Using two radio-

carbon dates, one from each core, provides the best

constraints on the timing of the unit III to IV

boundary. Thus, the initiation of the Tonle Sap flood
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pulse occurred between 3,978 ± 36 14C year BP and

3,605 ± 35 14C year BP (4,450 and 3,910 cal year

BP). Given this revised timing, flood pulse initiation

does not coincide with major changes in sea level, but

rather seems to have occurred at a time of changing

monsoon intensity (Cullen et al. 2000; Mayewski

et al. 2004; Selvaraj et al. 2007; Staubwasser et al.

2003). Nonetheless, the processes responsible for

initiating the flood pulse are related to the Mekong

and one would not expect sediments from Tonle Sap

Lake to record these changes.

Radiocarbon dates above and below the unit III to

IV boundary are in agreement with published 14C

ages above and below the lithologic transition from

other Tonle Sap cores. As with cores TS-18-XII-03

and CHH-17-XII-03, core correlation is based on

changes in magnetic susceptibility and/or lithostra-

tigraphy. ESM 1 summarizes the radiocarbon dates

above and below the boundary in several cores from

Tonle Sap Lake. Tsukawaki (1997) obtained an age

of 5,081 ± 86 14C year BP across the lithologic

transition in core TS96-1. For core TS96-2, Tsuk-

awaki (1997) reported a date of 5,620 ± 120
14C year BP immediately below the transition. Penny

et al. (2005) reported dates of 4,990 ± 40 14C year

BP *25 cm below the stratigraphic change in core

S2C1 (marked by both a change in sediment color

and an increase in magnetic susceptibility) and

2,070 ± 40 14C year BP *30 cm above it. By dating

material \5 cm above and below the lithologic

transition (closer than previous studies), the radio-

carbon dates from this study narrow the estimated age

for the timing of flood pulse initiation.

Sedimentation in Tonle Sap Lake

Given the flat, shallow nature of the lake basin, Tonle

Sap would have likely maintained a relatively stable,

shallow depth year round during the deposition of

unit III. Although local monsoon precipitation may

have caused an increase in lake water level each rainy

season, without input of floodwaters from the

Mekong, the extreme changes in depth that occur in

the lake today would not have occurred. Higher

sedimentation rates (2.0 mm year-1) in the non-

pulsing Tonle Sap suggest that sediments accumu-

lated permanently on the bottom of the lake much

more so than today. The high relative abundance of

the planktonic diatom Aulacoseira in the early

Holocene portion of Penny’s (2006) Tonle Sap

record, suggests the lake was likely as turbulent and

turbid in the past as in the modern system. The

shallow depth and large fetch of Tonle Sap, even

prior to the connection to the Mekong, would have

promoted sediment resuspension and turbidity. Lower

sedimentation rates in the modern lake can be

attributed to the increased export of sediment from

the system that occurs as the floodwaters recede.

Although there were concerns that sedimentation was

increasing in Tonle Sap and the lake was in danger of

filling up, this notion has since been dispelled (Penny

et al. 2005). Instead, the annual flood pulse acts to

prevent basin in-fill.

Implications of climate and human-induced

changes for Tonle Sap Lake

The Tonle Sap fishery faces several threats. Recent

increase in human population has led to overfishing

as well as deforestation of the flooded forests as needs

for agricultural land and firewood intensified (Hortle

et al. 2004). Further modifications to the Tonle Sap

floodplain will alter the interaction between the

aquatic and terrestrial environments during the flood

pulse. Construction of dams on the Mekong River

threatens to disrupt the natural hydrology of Tonle

Sap. Of greatest concern is the Lancang Cascade, a

series of eight dams being constructed in southern

China. These dams will provide hydroelectric power

to local residents, but might also stabilize water

levels in the Lower Mekong Basin. Most (57%) of the

water that enters the lake originates in the Mekong

(Kummu et al. 2008). Consequently, water levels and

flow in the river are the primary control on the Tonle

Sap flood pulse. A shorter, smaller flood pulse will

lead to habitat loss and reduced production within

Tonle Sap Lake (Hortle et al. 2004). Reduced

sediment transport will decrease the amount of

nutrients delivered to Tonle Sap during the rainy

season, further inhibiting productivity.

Climate variability and shifting monsoon intensity

in the Mekong catchment will also likely affect the

magnitude of the flood pulse. This paleolimnologic

record provides a means to trace historically how the

changing hydrologic regime affected the ecology of

Tonle Sap Lake. Unit III may serve as an example of

a future Tonle Sap in which the Mekong flood pulse

is reduced or eliminated. The altered nature of
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organic material deposited and the increase in total P

concentrations since the onset of the flood pulse lake

demonstrate that the ecosystem functioned differently

prior to the establishment of the annual flood pulse.

These findings are consistent with modeling results

(Kummu and Sarkkula 2008) that suggest alteration

of the flood pulse would negatively impact the Tonle

Sap fishery.

Conclusions

Sr, Nd, and Pb isotopes, along with magnetic

susceptibility and elemental abundances, were used

to identify changes in sediment provenance in two

sediment cores from Tonle Sap Lake. Radiocarbon

dates from these two cores narrowly constrain the

timing of initiation of the annual flood pulse to

between 4,450 and 3,910 cal year BP. The inception

of flood pulse processes produced significant changes

in lake ecology. C/N and stable isotope values of bulk

organic matter indicate greater production of autoch-

thonous organic material, while higher total P

concentrations suggest increased P loading in the

modern lake system. The Tonle Sap flood pulse

creates optimal conditions for fishery productivity by

increasing habitat and food availability. Damming of

the Mekong River and variations in monsoon strength

will alter the Tonle Sap flood pulse and potentially

impact the fishery.
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