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ABSTRACT
This paper examines the spatial patterns of water exchange based on water temperature variation between 
littoral and pelagic zones and compares the patterns in a series of shallow lakes at different water levels. 
Exchange patterns were assessed by developing isotherms along the transects and estimating the surface energy 
budget using the vertical temperature profi le and time-series measurements. Our results indicate the presence 
of density-driven fl ow induced by the differential temperature gradient between littoral areas, which are domi-
nated by either fl oating-leaved or submerged vegetation, and the open pelagic region. Persistent stratifi cation 
was noted in the narrower lakes, which was thought to be due to the presence of dense submerged vegetation 
that attenuate wind-driven turbulence. In addition, variation of thermal stratifi cation and mixing dynamics 
between these lakes at different water levels has corresponding effects on the biological and chemical regimes. 
The circulation contributes to increased transport of the phosphate that could favour submerged species and 
subsequently induce shifts of macrophyte community composition. The results of this study have implications 
for the rehabilitation and management of lake ecosystems.
Keywords: convective circulation, density driven fl ow, fl oating-leaved plant, Lake Chini, shallow wetland, 
 submerged macrophytes, thermal stratifi cation, water exchange.

1 INTRODUCTION
Convective circulation induced by density gradients resulting from horizontal depth variation has 
been demonstrated to be an important exchange mechanism of phosphorus [1, 2] and mercury [3] 
between the littoral and pelagic zones, nutrients between side embayment and the main basin of 
reservoir [4], and pollutants between a fringing wetland and lake [5]. A temperature gradient devel-
ops when shallow littoral areas and deeper pelagic zones receive the same incoming solar radiation 
but distribute it differently over their respective volumes [1, 4, 6, 7]. Several studies have also shown 
that aquatic plants are able to induce convective motion by promoting differential shading and by 
attenuating wind in shallower regions, which can further lead to horizontal and vertical gradients in 
temperature [5, 8–13].

Studies on the convective exchange between vegetated littoral regions and pelagic zones have 
been focused on emergent vegetation communities [5] such as reed beds [11,12] and Typha 
stands [13], and fl oating species such as Azolla sp. and Lemna sp. [8]. In all of these studies, a 
horizontal density gradient develops as the surface water underneath or within the vegetation 
becomes colder than the adjacent open water due to shading, and subsequently induces overfl ow 
of warmer pelagic water along the surface towards the plant bed during the day. The resulting 
horizontal temperature gradient induced by differential shading also differs with the density of 
the vegetation bed [12, 13].

From an ecological perspective, exchange fl ows generated by differential heating can contribute 
to replacement of nutrients taken up by the macrophytes [8]. However, despite the potential signifi -
cance of this process in shaping the ecological dynamics of wetland macrophyte communities, 
studies on the effect of convective exchange induced by different types of macrophytes, for example 
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rooted fl oating-leaved plants or submerged species, have been limited. In an earlier study, we identi-
fi ed differential nutrient gradients between the littoral and pelagic zones in Lake Chini, a tropical 
fl oodplain wetland in Malaysia [14], and it was hypothesized that this might have been infl uenced 
by temperature differences between the two zones and associated exchange between them. In par-
ticular, the circulation patterns induced by the thermal gradient could potentially regulate transport 
of nutrients to dense submerged beds of the highly invasive macrophyte, Cabomba furcata [14], and 
subsequently promote the proliferation of this species due to its ability to uptake nutrients through 
stems and shoots [15].

The aim of this study is to examine the convective exchange pattern resulting from differential 
cooling and heating in a shallow fl oodplain wetland and its effect on water quality dynamics in the 
system that could contribute to the shifts of macrophyte community composition that have been 
previously documented [14]. Specifi cally, we identify how horizontal exchange fl ows are affected by 
the dominance of two different types of aquatic plants along the littoral areas and also investigate the 
variation in the circulation pattern in two sub-basins in the wetland at different water levels. This is 
achieved by (1) describing the spatial and temporal variations in thermal structure, light climate and 
phosphate concentrations in the two lakes of the wetland system during low- and high water level or 
fl ooding, (2) estimating the surface energy budgets and the convective fl ow rates between the littoral 
zone and open water at two sites, and (3) using this information to assess the implications of 
 physical-chemical coupling to macrophyte responses and the density gradient induced by differen-
tial shading by vegetation between the littoral and pelagic zones as an important mechanism for 
transport of nutrients to C. furcata beds, and subsequently the promotion of invasion of the species 
in the wetland system. This study also provides an improved understanding of the water circulation 
induced by differential heating and cooling in areas dominated by different types of aquatic plants, 
namely emergent fl oating leaved plants versus submerged macrophytes.

2 METHODS

2.1 Study site

Lake Chini, Malaysia is a shallow wetland located within the Pahang River fl oodplain, which exhib-
its characteristics of a system that suggest multiple ecological regime shifts driven by fl ood and 
nutrient delivery [14]. The wetland comprises a series of 12 inter-connected lakes, has a total surface 
area of 1.69 km2 and an average depth of 1.9 m [16], with its littoral areas extensively dominated 
either by stands of the fl oating-leaved plant (Nelumbo nucifera) or submerged species (C. furcata). 
To maintain water level for year-round navigability, a weir was constructed at the downstream end 
of Chini River in 1995, which connects the wetland with the main river [16, 17].

2.2 Field measurements

Surveys were carried out from 19th to 24th April 2010 to investigate the exchange fl ows between the 
littoral and pelagic regions. Transects were positioned in two lakes; Lake 1 linking the open pelagic 
region to littoral area dominated by fl oating-leaved vegetation, and Lake 12 linking the pelagic zone 
to a littoral area dominated by submerged vegetation (Fig. 1).

Thermistor chains were deployed at two locations within the pelagic zone (Stations 3 and 4) in 
Lake 1 and Lake 12 and at one location in Lake 5; each anchored at the top on buoy and kept taut to 
the bottom by a weight. The three sites were selected to represent lakes dominated either by 
N. nucifera (Lake 1), or by C. furcata (Lake 12) and by both species and subjected to direct fl ooding 
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due to its close proximity to the weir (Lake 5). Four TPS WP82 temperature-dissolved oxygen sen-
sors (TPS Pty Ltd, Brisbane, Australia) were deployed at the littoral zone; one sensor was deployed 
at the open water near the edge of the macrophyte bed at approximately 0.2-m depth (Station 2), and 
another three sensors inserted at the top of benthic chambers (Station 1) with a 12 V submersible 
pump used to re-circulate the water within the chamber to maintain similar water conditions as out-
side. Thermistors recorded temperatures at intervals and depth as shown in Table 1. Vertical profi les 
of photosynthetically active radiation (PAR) and temperature/depth were made with a LiCOR sensor 
(Li-192SA) and a YSI 6600 multi-parameter profi ler. The temperature sensors were calibrated 
together in a container at varying temperatures, either before or after fi eld experiments. Temperature 
data were corrected where necessary with the mean temperature so that the maximum differences 
between any loggers do not exceed 0.15oC. Linear interpolation was used to calculate hourly interval 
values where necessary. Water samples were collected at surface- and bottom levels at each lake for 
analysis of phosphate, nitrate and dissolved organic carbon in accordance with standard methods 
(APHA 1992). Additional vertical profi les of temperature and light were also carried out using a 

1
2
3

4

12
3

4

Lake 1

Lake 12

Lake 5

Figure 1: Lake Chini and the location of temperature monitors along the transects (inset).

Table 1: Temperature monitors in Lake Chini.

Sensor Parameter
Recording interval 

(min) Depth (m) Lake 

Hobo Temperature 15 0.5, 1.0, 2.0 1,5,12
RBR Temperature 1 1.0 1,12
D-Opto Temperature, DO 1 0.5 1,12
TPS sensors Temperature, DO 10–20 0.15–0.25 1,12
Hydrolab Temperature, DO, 15 1.0 1,12

pH, Chlorophyll
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YSI 6600 multi-parameter probe and a LICOR sensor on 29 and 30th March 2011 during a high 
water level period. The profi ling was carried out around mid-noon and early morning where differ-
ential heating and differential cooling would likely to occur [18].

Hourly meteorological data were obtained from a weather station positioned in the centre of Lake 
1, and the Muadzam Shah Meteorological Station located about 40 km south of the study site. The 
on-lake weather station recorded solar radiation, wind speed, air temperature, relative humidity and 
precipitation. Due to the failure of the wind speed and air temperature sensors, the wind speed and air 
temperature data were collected from the Muadzam Shah Station. To include the localized lake effect, 
air temperature and wind speed values at the lake were calculated from the Muadzam Shah Station 
using a linear regression between data from the two sites at times when both were available. The air 
temperature and wind speed data between the on-lake weather station and Muadzam Shah meteoro-
logical station were highly correlated (r2 = 0.87, n = 2880, p < 0.001 and r2 = 0.53, n = 356, p < 0.001). 
Mean air temperature at Lake Chini (26°C) was signifi cantly lower by 4.5% (t = 15.1, df = 5338.5, 
p < 0.001) than mean air temperature at the Muadzam Shah Station, and this could be due to microcli-
matic differences caused by the surrounding topography and the mediating effect of the water body.

2.3 Analysis of physical-chemical structure and heat budget calculations

Spatial distribution of water temperature and the phosphate concentrations were generated along the 
transects using SURFER (version 9.0; Golden Software, Inc.) with kriging as the gridding method. 
Convective exchange patterns were assessed by generating contours over the transects using the 
temperature data recorded by thermistor probes and temperature/depth profi le data measured over 
45-min intervals or less as described in [18].

The atmospheric heat fl ux calculations were computed in Matlab R2008a (The MathWorks) using 
a bulk aerodynamic approach applied to the available meteorological data [19–21]. The two lakes 
were assumed to have similar meteorological parameters. The overall heat budget calculation was 
calculated according to Lovstedt et al. [12]:
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where, ρ0 is the density of water (kg/m3), Cp is the specifi c heat capacity for water, 4.18 x 103J/
(kg K), h is the water depth (m), ∂T is the average temperature change (°C) over the time step, ∂t (s), 
z is the vertical distance from surface (m), Hlatent is the heat loss by latent heat fl uxes (W/m2),  Hsensible 
is heat loss by sensible heat transfer (W/m2) and HQ is the lateral heat fl ux between the open water 
and the vegetation bed. The incoming net solar radiation, Rnet (W/m2), was calculated according to:

 Rnet = Hshortwave + Hlongwave − Hbackradiation. (2)

where the short wave radiation was estimated as:

 Hshortwave = (1−a)Sin. (3)

Here Sin is the short wave incoming radiation (W/m2), α is the albedo or the refl ectance of the 
solar radiation and was taken as 0.05 from water surface [22] and 0.16 from the fl oating-leaved, 
water lily [23]. The incoming long wave radiation and the long wave back radiation were calculated 
according to:

 Hlongwave = ea(1 + 0.17C2)ewsTa
4. (4)
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 ea = 0.642(ea / Ta)
1/7. (5)

 Hbackradiation = esTw
4. (6)

where σ is the Stefan–Boltzmann constant (=5.67 x 10−8 W °K−4 m−2), εa is emissivity of air, ea is 
the vapour pressure of the air (Pa), C is the fraction of cloud cover, Ta is the air temperature (°K), Tw 
is the surface water temperature (°K) and ε is the surface emissivity ( = 0.97 for water [22] and = 0.98 
for the aquatic plant vegetation [12]).

The sensible and latent heat fl uxes, Hsensible and Hlatent, were estimated using the bulk aerodynamic 
transfer method based on the wind speed and specifi c humidity gradient. To address the strong effect 
of the thermal inertia of the water over the dial scales [19], neutral values of the transfer coeffi cients 
at 10 m, CDN = 1.0x10−3, CHN = 1.35 x 10−3 and CEN = 1.35 × 10−3 [19], were corrected for non-neutral 
atmospheric stability effects at the relevant measurement height following the Monin–Obukhov sim-
ilarity theory [19, 24]. In this study, sensible heat transfer coeffi cient (CH) was assumed the same as 
latent heat transfer coeffi cient (CE) in keeping with the literature [19, 21, 25]. The roughness length 
for momentum was considered in the formulation of the stability functions for stable conditions [25] 
with a cut-off of stability parameter, |zL−1|<15 imposed following the limits set in Imberger et al. [25]. 
The stability calculations were iterated until the Monin–Obukhov length scale (L), which is a ratio of 
the reduction of potential energy as a result of wind mixing and the development of atmospheric 
stratifi cation due to the heat fl ux, converged to within 0.001% between iterations [19, 21].

The exchange fl ow, Q (m3 s−1m−1) is derived from Lovstedt et al. [12]:

 HQ.L = r0CP(Topen − Tplant)Q. (7)

We assume the energy fl uxes within the littoral bed were distributed evenly. To eliminate the infl u-
ence of density gradient induced by depth variation, heat fl uxes were calculated based on temperature 
measurements between Station 1 and Station 2 in each lake. The estimation of the heat fl uxes cov-
ered the whole one-day cycle for Lake 1 and only the differential heating (day) phase in Lake 12 due 
to sensor failure. To check the reliability of the lateral heat fl ux estimation, the average temperature 
as a function of time was calculated at Station 2 using the atmospheric surface fl uxes for the open 
water and lateral heat fl uxes transported from Station 1, and compared with the measured tempera-
ture data (20-min interval) in the area [12].

The dissolved oxygen dynamic pattern will be described elsewhere. Vertical attenuation coeffi -
cients were calculated using the formula in Kirk [26] to evaluate light availability for submerged 
macrophytes. Analysis of means and T-Tests were performed in PASW Statistic 18 (SPSS Inc.).

3 RESULTS

3.1 Meteorology and physical-chemical structure

The weather during the April 2010 experiment was at its driest condition with no outfl ow as lake 
level was lower than the weir height. The skies were occasionally cloudy but no rainfall was recorded 
during the two days, thus infl ows into the lakes were negligible. No information of groundwater was 
available to account for the temperature differences; however, this was thought to have a negligible 
infl uence. Wind speed was generally low during the days with an average wind speed of around 
0.8 m/s. Wind speeds were near zero throughout the nights (Fig. 2a).

Air temperature cooled from a maximum of 30.4oC at 1600 h on 20 April to 23.7oC at 0600 h on 
21 April (Fig. 2b). Air temperature was lower than the surface water temperature in both lakes, 
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which has been frequently observed in tropical lakes and wetlands [19, 21, 27–29]. According to 
Verburg et al. [21], the lower air temperature than the surface water can cause an increase in atmos-
pheric instability and subsequently an increase in sensible and latent heat loss and affect differential 
heating and cooling of the surface of the water.

High temperature within the littoral zone vegetation dominated by the fl oating-leaved plant, 
N. nucifera, was consistent with past studies [30]. The surface water temperature in the littoral area 
dominated by N. nucifera (Station 1) was 1.3oC warmer than the adjacent open water (Station 2), 
which could be due to sparse N. nucifera cover (13%) in the area and shallower depth for heat 
absorption. Mean surface water temperatures were higher than the mean air temperature at the lit-
toral and pelagic zones in both lakes (p < 0.001). Mean temperature differences between the 
water-plant surface and the air were higher in the littoral zone of Lake 12 compared with Lake 1, 
with temperature values of 5.4 and 4.9oC, respectively. Higher surface temperatures above sub-
merged beds could be associated to absorption of solar radiation at the upper part of the water 
column. Differential heating during the day was apparent along both transects generating overfl ows 
from shallow littoral region to the pelagic zone as shown by the slanting contour in Fig. 3a and b. A 
weak metalimnion, as represented by the 31.8oC to 32.6oC contours, develop in Lake 1 at the pelagic 
region between the 0.5- and 1.0-m depths. Around noon on 20th April, differential heating began to 
develop in Lake 12, as the water temperature at the littoral (Station 1) was nearly 2oC greater than 
those in the upper 0.5-m layer of the pelagic water at Station 4 (Fig. 3b).

The surface water temperature cooled more rapidly at the littoral site compared with the pelagic 
zone in both lakes during the night between 20 and 22 April 2010. Movement of cooler littoral water 
as an underfl ow current into the deeper pelagic zone is shown by the position of the 30.7oC isotherm 
(Fig. 3c). In Lake 12, the littoral area cooled sooner than the pelagic water which could be due to 
shading by the high-canopy forest where movement of cooler water starts to develop by late after-
noon. Intrusion of cool water appeared to move away from the lake bed in Lake 12 as shown in the 
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Figure 2:  Variations in (a) wind speed (b) air temperature (thin line) and surface water temperature 
at Lake Chini during the experiment period in April 2010.
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slanting contour at the surface (Fig. 3d), which could be associated with the presence of a dense 
monospecifi c submerged macrophyte bed (Station 3). The water at the surface and bottom layer also 
remained separated at Station 3 (Fig. 4c), which was in contrast to the pelagic zone (Station 4) 
(Fig. 4d) where the surface layer was completely mixed with the bottom layer.

Over the daily cycle, stratifi cation and vertical mixing patterns were clearly different between the 
lakes (Fig. 5). A pattern of diurnal stratifi cation during the day and complete mixing at night were 
apparent in Lake 1 and Lake 5, whereas stratifi cation persisted in Lake 12, with the exception on the 
morning of 22 April, where the mixed layer did not reach 2 m. As the magnitude of the wind stress was 
similar throughout the period, the lower solar radiation on the previous days (mean = 252.8 W/m2) 
might have contributed to the deepening of the mixed layer depth to the 2-m layer. A similar phenom-
enon was described by MacIntyre et al. [31].

Figure 3:  Longitudinal and vertical variations in water temperature on 21st April in (a) Lake 1 at 
around 1535, (b) Lake 12 at around 1220, (c) Lake 1 at around 0954, (d) Lake 12 at around 
1750. Numbers and bars at top temperature profi le correspond to station.
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In contrast to the thermal structure during low water level, a distinct pattern of stratifi cation was 
observed in both Lake 1 and Lake 12 during a high water level (Fig. 6). Stratifi cation persisted in 
Lake 1 with heat being entrained at the upper layer above the 1.5-m depth causing strong metalim-
nion to develop between the 0.5-m and 1.5-m depths (Fig. 6a). Heat loss during the night induces a 
cooler and denser surface temperature which led to the deepening of the surface mixed layer by 
morning as shown by the reference contour (26°C) (Fig. 6b). Conversely, the temperature structure 
in Lake 12 indicates that the littoral area experienced isothermal mixing that induced differential 
temperature between the littoral zone and the pelagic zone and the subsequent intrusion of cold 
water into the stratifi ed pelagic water (Fig. 6d). Shading by high-canopy forest along lake fringes 
could contribute to isothermal littoral temperature at the littoral zone. Steedman et al. [32] showed 
that riparian shading reduces the littoral water temperature and this can cause unstable density gradi-
ent to develop as dense cold water sinks to the bottom [33].

Differences in light penetration were apparent between the low- and high-water periods in both 
lakes (p < 0.001). During low-water periods, PAR reached ca. 0 µms−1m−2 near the bottom of the 
submerged stands (Station 3). As qualitatively observed in Lake 12, wind-driven motion was atten-
uated over the dense submerged C. furcata stand where its shoots and fl oating leaves covering the 
surface water. The vertical attenuation coeffi cient, Kd (PAR) in Lake 12 (Kd = 1.54 m−1) was not 
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statistically higher (p > 0.01) than in Lake 1 (Kd = 1.47 m−1) during this period, which in contrast to 
a high water period where Kd (PAR) in Lake 1 (Kd = 2.92 m−1) was signifi cantly higher (p < 0.001) 
than in Lake 12 (Kd = 1.61 m−1). Higher Kd (PAR) in Lake 12 during a low water level could be 
attributed to humic substances generated by decomposition of plant matter [26]. This is consistent 
with mean DOC concentrations which were higher in Lake 12 (74.6 ± 5.7 mg/L) compared with 
those of  Lake 1 (33.8 ± 25.5 mg/L). The direct infl ow of the turbid water of Pahang River and 
Gumum River into Lake 1 (Sharip, pers. observation) could contribute to high Kd (PAR) in this lake 
during the high-water period which reduced light availability for submerged C. furcata. Mean tur-
bidity in Lake 1 (43.1 ± 24.0 NTU) was signifi cantly higher than Lake 12 (5.2 ± 3.6 NTU) 
(p < 0.001). Higher mean turbidities above 30 NTU in this lake were associated with fl ooding by 
the Pahang River [17].

In both lakes, phosphate concentrations were high in the littoral areas during low water level as 
compared with the pelagic zone (Fig. 7a and b). Phosphate concentration in both lakes increased 
with water level (Fig. 7c and d). The pattern of phosphate concentration in Lake 1 during the high 
water level shows that phosphate concentrations were higher at Station 3, which is along the deep-
est area of Lake 1 where the Gumum River fl ows (Fig. 7c). Gumum River, which provides the 
main outfl ow from the heavily agricultural catchment areas, could be the source for the high phos-
phate concentration in this lake. Higher phosphate concentration near the substrate in Lake 12 
during high-water period could be due to nutrients release from sediments or mineralization of 
litters [34, 35].

Figure 5:  Thermistor time series at the pelagic zone, at (a) Lake 1 (b) Lake 5 and (c) Lake 12 
between 20 and 24 April 2010.
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3.2 Heat budget and water exchange

The boundary layer above the air–water interface was unstable (zL−1<0) over the period of 20–23 
April 2010 (Fig. 8a and b) causing a higher transfer coeffi cient than neutral values (Fig. 8c and d). 
As transfer coeffi cients were a function of wind speed, drag (CD) and heat exchange (CH and CE) 
coeffi cients increased as wind increased and z/L decreased, and, according to MacIntyre et al. [19], 
as exchange coeffi cient increase buoyancy effects became larger and tended to dominate. The 
hourly averages of the sensible heat fl uxes were small compared with past studies in prairie wet-
lands [36] and ranged between −41 W/m2 and 4 W/m2. Strong sensible heat fl uxes (H) were found 
mostly in the early morning. Evaporative heat losses (E) were high during noon and late afternoon 
with a maximum value of −270 W/m2 in Lake 1 and −208 W/m2 in Lake 12 (Fig. 8e and f). 
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Net radiation reached 790 W/m2, and was an important heat fl ux that infl uences the heating and 
cooling of the water.

Using the method in Verburg et al. [21], where roughness lengths of momentum for smooth fl ow 
were used to parameterize the transfer coeffi cient for wind speed less than 5 m/s [37], mean E were 
found to be lower by 9% in Lake 1 and 7.3% in Lake 12 while H was higher by 1.2% in Lake 1 and 
3.8% in Lake 12. As the solar energy from the incoming solar radiation during the day was still 
larger than these atmospheric surface fl uxes, the stratifi cation and horizontal density gradient were 
therefore primarily controlled by differential heating induced by solar insolation.

The water temperature distribution within the fl oating-leaved plant bed was based on the average 
temperature from the three sensors that spread along the transect in the littoral areas (Station 1). The 
horizontal temperature difference over the study period was more than 1oC/m for 37% of the time 
during the day and 25% of the time during the night. This means the two areas could be recurrently 
circulated by the convective currents. We adopted a similar approach as in [12, 17, 38] in estimating 
the lateral heat fl uxes by simplifying that the exchange fl ow by differential heating occurs in the 
upper half of the water column and a return fl ow at the bottom. Correspondingly, the exchange fl ow 
by differential cooling was assumed to occur in the lower half of the water column with surface 
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Figure 8:  Air column stability, z/L in (a) Lake 1 and (b) Lake 12; Heat (CE) and momentum (CD) 
transfer coeffi cient corrected for atmospheric stability in (c) Lake 1 and (d) Lake 12; 
surface heat fl uxes for the open water in (e) Lake 1 and (f) Lake 12. Surface heat fl ux 
components: sensible heat (H), latent heat (E) and net long wave radiation (LW), and net 
heat fl uxes in the open water in (G) Lake 1 and (H) Lake 12. Net heat fl uxes components: 
total surface fl ux (sum of E, H and LW) and net heat fl ux.
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return fl ow. The measured and calculated depth-averaged temperature (Fig. 9) indicates that the 
calculated temperature was reasonably predicted by the heat budget estimation, especially during the 
differential heating period (p < 0.001). Wind speeds and atmospheric temperature were lowest during 
the night which led to a highly unstable boundary layer that could enhance the vertical transport and 
affect the estimation of the latent and sensible heat fl uxes. The fl oating-leaved vegetation also affects 
the energy budget by altering the solar radiation penetration into the water by surface absorption 
during the day and lowers the evaporation heat loss from the surface water [21]. Correspondingly, 
the estimation of the latent heat fl uxes has the largest uncertainties [12] as plant surfaces not only 
evaporate but also transpire depending on the vapor pressure of the surrounding [21]. The evapotran-
spiration over the plant surfaces depends on the physiological aspect of the species [39]. N. nucifera 
has a through-fl ow system which provides effi cient transport of convective fl ow of gases [40] and 
subsequently complicates the calculation of the latent and sensible heat fl uxes.

The water exchange between the littoral region covered by aquatic plants and the open water was 
derived from the lateral heat fl ux estimation, which is the heat difference between the surface heat fl uxes 
and the measured temperature changes. Our results show the presence of a weak convective current due 
to differential heating and cooling between littoral and pelagic zones. The mean lateral heat fl uxes were 
approximately −155 W/m2 and 160 W/m2 during mid-afternoon and early morning respectively. This 
corresponds to a mean current of 1.6 cm/s induced by differential heating between the fl oating-leaved 
N. nucifera stand and open water (Lake 1), and 1.9 cm/s induced by differential cooling. This result is 
consistent with fi ndings by Coates et al. [30], who found a weak thermally driven motion within the 
littoral zone induced by shading by the fl oating-leaved Nymphaea alba based on the measurement of the 
turbulence fi eld within the vegetative littoral zone (VLZ). To confi rm our estimation of the current fl ow, 
the horizontal velocity scale for the vertically mixed water column as described by Monismith et al. [4] 
was calculated, and the velocity of the convective current by differential heating was approximately 
1.4 cm/s, which is close to the calculated velocity based on the surface energy budgets.

By estimating the hydraulic residence time (t = V/Q) according to Stefan et al. [37], the results 
suggest that the mean areal convective fl ow induced by differential cooling and heating could 
exchange the whole volume of water within the fl oating-leaved bed in 1 h and 1.5 h respectively. In 
contrast to Lake 1, the convective current due to differential heating was smaller in Lake 12, with a 
mean velocity of 0.3 cm/s.

4 DISCUSSION

4.1 Temperature structure and water exchange

Strong temperature gradients were observed between the littoral and pelagic areas in this fl oodplain 
wetland and contributed to the convective circulation between the two zones. Surrounding topogra-
phy and macrophyte abundance in the system infl uenced the onset and pattern of differential heating 
and cooling between lakes. Shading by riparian forest has been shown to reduce littoral temperature 
in boreal lakes [31], and the early onset of differential cooling at the littoral area of Lake 12 could be 
associated to the high-canopy forest surrounding the lakes causing early movement of cooler water 
towards the pelagic zone. Depth variation and shape of the lake contributed further to the pattern of 
differential heating and cooling, resulted in overfl ows from shallow littoral region to the pelagic 
zone during the day and movement of cooler littoral water as an underfl ow current into the deeper 
pelagic zone during the night [1, 4]. Pattern of movement of cool water in this lake appears to be 
shaped by the presence of thick monospecifi c stands of a submerged macrophyte. Compared with 
the fi ndings by Herb et al. [9], our study shows that the presence of dense submerged vegetation 
affects the circulation pattern induced by the horizontal density gradient.
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Stratifi cations were marked in both lakes during high water levels. In contrast to Lake 1, where 
stratifi cation persisted at both littoral and pelagic zones by the morning period, a pattern of iso-
thermy observed in Lake 12 at the littoral zone during a high water level could be induced by the 
shade from riparian forest. Few studies have shown the role of shape and surrounding topography in 
infl uencing lake stratifi cation and mixing regime [28, 41] which could explain the thermal pattern in 
this wetland. Similar patterns of persistent thermal stratifi cation have been documented in other 
fl oodplain lakes in the Amazon River during a high water level [28, 30, 42]. Marked differences of 
the light climate in Lake 1 during a high water level could be associated with increased turbidity in 
the water column, contributed largely from fl ooding by the turbid Pahang River [17]. Increased tur-
bidity probably induces temperature stratifi cation, where penetration of solar radiation is reduced to 
a smaller depth with a surface temperature rise as more heat is absorbed at the upper water column 
and the bottom temperature falls and becomes colder [25].

The estimated fl ow at the littoral zone was different between sites due to the different vegetation 
effects. Generally, fl oating-leaved species would alter the amount of radiation entering the water 
column by physically covering the water surface with their leaves [43]. The interception of the 
radiation would reduce the depth averaged temperature within the water column [12]. Higher litt-
oral temperature within the fl oating leaved bed could be attributed to the low per cent cover by 
N. nucifera fl oating leaves over the surface water. In addition, N. nucifera stands have emergent 
leaves, with elongated stems shooting above the water, and this may affect the light climate. The 
presence of a dense monospecifi c C. furcata beds enhances daytime stratifi cation in the water col-
umn as has been observed in past studies [8, 9]. The plant leaves underneath the water surface may 
have prevented light penetrating deeper into the water column, causing cooler temperatures to 
develop relative to the pelagic zone [8]. Surface water above the macrophytes has higher temperature 
as a result of attenuated wind-driven mixing and interception of solar heating at the surface water [4, 
8]. The water surface temperature between 0900 and 1800 h was on an average 2.5°C warmer in the 
littoral zone dominated by submerged species. Temperature gradients of more than 1°C/m would 
give rise to density differences that can signifi cantly reduce both vertical and horizontal mixing [38].

The horizontal density fl ow found in this work was within the rates of convective currents caused 
by differential heating and cooling as estimated in past studies; 1 cm/s between open water and 
stands of Typha [13], 1.5–2.8 cm/s between open water and reed beds [11, 12], 3–5 cm/s between the 
wetland and lake [5], and 2–3.5 cm/s [3] and 0.4–11 cm/s [4] between shallower and deeper water. 
It should be emphasized that the estimation of the exchange fl ow in this study was based on Monin–
Obukhov similarity theory which breaks down as wind speeds decrease to nearly wind-less free 
convection [44, 45] and this could have an effect on the night-time heat fl ux calculations. Some cau-
tions are necessary while calculating the values of the estimated current induced by differential 
cooling as heat fl ux calculation during the night relies on latent and sensible heat fl uxes under low 
wind conditions. Further study is necessary to estimate the heat fl ux under free convection within the 
fl oating-leaved stand using reliable wind speed measurement over the water–plant surface at the lit-
toral zone and to determine the associated exchange fl ow between vegetated and open water during 
cooling period.

4.2 Implications of physical-chemical coupling to macrophyte dynamics

The induced horizontal density gradient could improve transport of phosphate from the littoral area 
to other areas in the pelagic zones. The circulation pattern provides a better spread of nutrients for 
the growth of submerged macrophytes within the area. As Cabomba populations can uptake nutri-
ents through stems and shoots [15], the improved nutrient delivery to submerged macrophyte bed in 
other areas by horizontal transport may promote the proliferation of submerged C. furcata in the 
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wetland. The undercurrent may transport nutrients to submerged C. furcata that grow in deeper 
pelagic areas [14] during the night and early morning, and the available resource could be used by 
the plant for photosynthesis during the day for its growth, increasing its abundance.

Additionally, the increase in water column turbidity and thermal stratifi cation in this wetland, in par-
ticular, during the fl ooding by the main river could lead to anoxic conditions and subsequently an 
increase in nutrients. Pattern of persistent thermal stratifi cation in other fl oodplain lakes during a high 
water level caused anoxia [42] and elevated concentrations of nutrients [31]. High phosphate concentra-
tions in the two lakes during a high water level were attributed by different sources of nutrient with 
run-off from agriculture area [17] that fl ows into the nearby river and mineralization of the dominant 
submerged plant litters [34, 35] possibly explains the elevated phosphate level in Lake 1 and Lake 12 
respectively. The availability of nutrients in the lake after fl ooding could contribute further to the ele-
vated abundance of submerged macrophytes in the system [14]. The thermal structure in fl oodplain lakes 
during low- and high water levels affects the oxygen and nutrient dynamics in the water column [4, 42], 
which could be an important factor shaping the productivity in the wetland system. Further study should 
investigate the oxygen dynamic, which is infl uenced by the temperature structure as shown by numerous 
studies [31, 42], and how it relates to production by the macrophyte in this wetland.

5 CONCLUSIONS
This study documents the contribution of aquatic vegetation to thermal structure and water exchange 
dynamics. The horizontal density gradient may also be affected by rooted fl oating-leaved vegetation 
and submerged vegetation. Floating-leaved vegetation creates shading and alters the light condition 
that could induce convective motion while submerged vegetation affects the light and temperature 
pattern by reducing light penetration, increasing stratifi cation and altering the circulation pattern 
which affects the water quality in the lakes. A rise in the water level altered the thermal gradient and 
the exchange dynamics and mixing in the lake system and the variation in physical characteristics of 
the lake affected the temperature and convective circulation.

The horizontal density gradient and water exchange have important implications for nutrient 
cycling in this shallow lake system. A change of macrophyte dominance from fl oating-leaved to 
submerged macrophyte affects the physical circulation and exchange fl ow and contributes towards 
improved delivery of constituents such as phosphate and other nutrients to C. furcata beds. The 
increased availability of resources could further promote growth of this submerged species and sub-
sequently contributes to invasion in the wetland system. The fi ndings from this study have 
implications for the rehabilitation and management of the wetland.
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