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Abstract
Darwin River Reservoir (DRR) and Manton River Reservoir (MRR) are two mature
(age >25 years}, shallow (average depth approx. 4 m) water bodies in the Australian
wet/dry tropics ( l3°S, 131 °E). The reservoirs lie in adjacent catchments, 6 km apart,
and are exposed to the same regional climate. Both reservoirs drain undisturbed
catchments of similar geology and vegetation, but differ in their retention time (DRR
average 2.3 years, MRR average 0.5 years) and wind exposure. Average wind
speeds over DRR were three times greater than those over MRR. This study, based
on an eight year data set, examined the affect of climate, retention time and wind
exposure on the limnology of the two reservoirs.

The major findings of the study are as follows:

• The colour of each reservoir, a surrogate measure of the concentration of
dissolved humic substances and the main detenninant of light penetration in the
reservoirs, was dependent on annual retention time.
• Similar to other tropical water bodies, the seasonal pattern of temperature and
heat content in the reservoirs was controlled principally by net radiation (mainly
short-wave radiation) and evaporative energy fluxes.
• In most years, both reservoirs experienced two annual temperature and heat
content minima and maxima. A single minimum and maximum was experienced
when monsoon weather activity was brief, lasting just a few days or less. This
contrasts with temperate water bodies, but is similar to most water bodies in the
wet/dry tropics.
• Although subject to the same regional climate, the mixing regimes of the study
reservoirs differed. DRR is classified discontinuous polymictic, whilst MRR is
classified monomictic. These differences are attributed to the different retention time
and wind exposure of the reservoirs, and emphasise the role of local geographic and
reservoir specific influences on mixis relative to regional climatic influences.

v

• Both reservoirs experience long periods of thermal stratification with rates of
hypolirnnetic deoxygenation greater than those measured in temperate water bodies.
Such high rates were attributed principally to each reservoirs' warm hypolirnnetic
temperatures, whilst reservoir morphometry and trophic state were considered
secondary. The use of hypolirnnetic deoxygenation as an index of lake trophic status
is not globally applicable due to its temperature dependence.
• On an annual time scale, phytoplankton biomass of both reservoirs is phosphorus
limited. This conclusion is reached based on an empirical relationship between
average total phosphorus and chlorophyll a concentrations, and high total nitrogen
to total phosphorus concentration ratios. During the wet season, wash-out in MRR
is also likely to limit phytoplankton biomass.
• The phosphorus-chlorophyll a relationship for the reservoirs predicted a higher
average chlorophyll a concentration, for a total phosphorus concentrations of
10 ~g r', compared to prediction$ based on temperate data sets. This difference was
statistically significant for only two of the four temperate predictions. No conclusive
evidence of a higher biomass of phytoplankton, per unit of limiting nutrient, was
found .
• The phytoplankton composition of the two reservorrs was dominated by an
assemblage of Peridinium, Botryococcus braunii and Desmidaceae, though the
relative dominance of each varied between the reservoirs. These populations were
maintained during holomixis, which generally lasted a few days. Some holomictic
events favoured the growth of Bacillariophyta (mainly Aulacoserira grmmlata),
which were occasionally dominant in MRR. Unlike many higher latitude and some
tropical water bodies, there was no evidence of an autogenic succession, from
r-strategist to K-strategist phytoplankton, during thermal stratification.

Both

reservoirs were dominated by K-strategist phytoplankton throughout the year.
• The study concludes the regional climate of a water body, whilst being an
important determinant of reservoir limnology, is not the only influence. Other
influences, specific to the water body such as retention time and wind-exposure, also
have a profound influence. Such influences are probably more pronounced in the
wet/dry t;opics, due to the low stability of stratification of tropical water bodies
compared with their higher latitude counterparts.

..
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Chapter 1: Introduction
In this chapter, the objective of this research is stated, and the climate, morphometry
and catchments of the study reservoirs described. Literature reviews are contained
in subsequent chapters.

1.1 Objectives of the study
Climatic influences on the limnological behaviour of water bodies are best
understood in temperate climates, and least understood in the tropics. This reflects
the temperate origins of limnological science and current distribution of limnological
resources (Williams 1994; Gopal & Wetzel 1995).

The principal climatic differences of linmological importance between tropical and
temperate water bodies are seasonal trends in solar radiation, due to its influence on
photosynthesis, and water temperature and hence thermal density stratification
(Lewis 1996). Solar radiation, incident at the earth's surface, in the tropics and
higher latitudes differ principally in their annual range, which generally increases
with distance from the equator, due to decreases in the minimum radiation levels,
whilst maximum levels remain much the same from the equator to 45° then decrease
(Lewis 1996). Moreover, the timing and frequency of radiation maxima and minima,
which reflect the seasonal "migration, of the sun, differs between the tropics and
higher latitudes. In the tropics, the sun is directly overhead twice a year, whilst
higher latitudes experience a single solar maximum.

An additional latitudinal influence, of linmological significance in large water bodies,

is the Coriolis effect which deflects water currents moving north or south. This
effect is negligible at the equator and highest at the poles, and may affect the depth
of the mixed layer in large lakes (Lewis 1996).

The paucity of knowledge of tropical limnology is compounded by the diversity of
tropical climates. No single climate is characteristic of the tropics. Climatological
classifications of the tropics typically describe five climates (e.g. Critchfield

1974~
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Lockwood 1974; Cole 1975). They are: (1) equatorial, (2) rainy, (3) wet/dry (or
trade-wind dominated), ( 4) semi-arid and ( 5) arid. The boundary between these
categories is more a difference in degree rather than of definition.

This thesis describes a comparative study of two reservoirs, Darwin River Reservoir
(DRR) and Manton River Reservoir (MRR), which lie in adjacent catchments, 6 km
apart, in the Australian wet/dry tropics (Fig. 1.1). It has two main objectives:

( 1) To investigate the effect of the wet/dry tropical climate on the limnology of the
reservotrs.

(2) To investigate the effect of the different morphometry and catchment
characteristics of the reservoirs on their limnology. The study will focus on two
principal differences. These are retention time and exposure to wind.

Anthropogenic influences, such as eutrophication, on the limnology of the reservoirs
are negligible, due to the near undisturbed state of the reservoir catchments. This
study can be viewed as an experiment, albeit without replication, where the effects
of reservoir retention time and wind exposure are tested under the same regional
climatic influences.

1.2 Study period
The study covers a period of eight years, between July 1985 and June 1993 . Such a
lengthy period permits a range of seasonal behaviours to be examined, and is rare
amongst tropical lakes which are mostly limited to studies of up to 2 years, though
longer studies have been conducted (e.g. Wood eta/. 1976; Lewis 1984; Taylor &
Aquise 1984; Hawkins & Griffiths 1993).

In April 1988, MRR was drawn down 6 m to remove tree trunks in preparation for
its subsequent recreational use. The reservoir then filled, and overflowed in
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February 1989. This period of rapid dr:awdown and filling (April 1988 to February
1989), described by Boland ( 1996), is not included in the thesis.

1.3 Climate
The wet/dry tropics are transitional between the rainy tropics and the semi-arid
tropics. Rainfall (1 000-1500 mm per annum, Critchfield 1974) is lower than the
equatorial and rainy tropics but greater than the semi-arid tropics. Furthermore, the
wet/dry tropics have a longer dry season and more variable annual rainfall than the
rainy tropics, and differ from the equatorial tropics where rain falls throughout the
year.

DRR and MRR are located at latitude 13° S (Fig. 1) in the wet/dry tropics. The
climate ranges between extremes of seasonal flood and drought. It can be divided
broadly between the wet (November-April) and dry (May-October) seasons, with
two transition periods. To facilitate description of each reservoir's seasonal
dynamics, the year will be divided into four periods: May - August (dry season); Sep
-Dec/Jan (dry-wet transition) ~ Dec/Jan- Mar (wet

season) ~

Mar/Apr- May (wet-dry

transition).

Dry season weather is characterised by cool, dry SE trade winds, of continental
origin, which vary in strength depending on the intensity and rate of movement of
anticyclones across southern Australia. The skies at this time of year are either cloud
free or feature middle and high level cloud cover. The "dry" is a period of seasonal
drought. Between May and September, Darwin, 40 km NNW of the study
reservoirs, has a median rainfall of less than 10 mm (McDonald & McAlpine 1991 ).
Daily temperatures at Darwin River Dam range from a minimum of 15

oc

to a

maximum of 37 °C.

The monsoon trough and moist NW winds, of maritime origin, dominate wet season
weather. Monsoon depressions and surges bring periods of sustained rainfall, high
humidity and low level cloud lasting up to 10 days (McDonald & McAlpine 1991 ).
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Otherwise shower activity and dry periods predominate. The diurnal temperature
range averages 8 °C during the 'wet' at Darwin River DaD\ but on days of
extensive monsoon cloud cover the temperature range may be only 3-4 oc due to
a depression of the daily maximum. Cyclones, which occur between November and
April, are most frequent in December and March with a mid-season minimum in
January (Lourensz 1977).

The transitions between the two seasons are marked by a gradual change in humidity
and light winds. Thunderstorms, with gusts up to 1S-20 m s-l, sudden decreases in
air temperature and intense rainfall are the most outstanding meteorological
phenomena during this period. Air temperatures are highest during the transition
periods, with maximum temperatures of 37

oc

frequently recorded during the

dry-wet transition at Darwin River Darn.

The study period included exceptionally high ( 1988/89, 1990/91) and low ( 1989/90,
1991/92) rainfall wet seasons, whilst rainfall during the remaining years was close to

the median (Table 1.1). Average wind speeds for July, when the SE trade winds
dominate, varied little from the median (Table 1.1), compared to Darwin Airport
maximum and minimum averages of 1.5 and 6.2 m sec-1.

1.4 Reservoir description
DRR and MRR are at least 25 years old (Table 1.2), and have recovered from the
trophic upsurge characteristic of newly impounded reservoirs (see Balon 1974,
Baxter 1977, Straskraba eta/. 1993).

DRR is the primary water supply for the city of Darwin. Approximately
one-tenth of the reservoir's volume is pumped annually from near its surface for
domestic water supply purposes. MRR was an auxiliary water supply until
1988. In that year, the reservoir was drawn down 6 m to remove tree trunks for

its subsequent recreation use when it refilled in 1989.
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Table 1.1

(a) Total annual rainfall (July to June) and (b) July average wind

speed for Darwin Airport between 1985 and 1993. The percentile ranks (from
lowest to highest) for rainfall and wind speed are based, respectively, on 52 and
25 years of record. Data provided by the Bureau of Meteorology, Darwin.

(a) Total annual rainfall
Year

Total
rainfall
(mm)

(b) July average wind speed

Percentile
rank

Year

Average
wind
speed

Percentile
rank

~m sec·•~

1985/86

1562

44

1985

3.2

60

1986/87

1723

62

1986

2.9

36

1987/88

1608

48

1987

3.1

56

1988/89

2107

87

1988

3.1

52

1989/90

1176

10

1989

3.0

44

1990/9 1

2219

96

1990

3.2

64

1991/92

1040

2

1991

2.9

40

1992/93

1539

38

1992

3.0

48

The storage capacity and surface area of ORR is an order of magnitude greater
than MRR, whilst the mean and maximum depths of DRR are almost twice
those of MRR (Table 1.2). Most of the storage volume of each reservoir is
- contained in the surface waters (Fig. 1.2a, b). When the hypsographic curves of
the reservoirs are redrawn based on reservoir depth, and volume is expressed as
a percentage of the total volume for the average water level over the eight year
study period, the curves for each reservoir are similar (Fig. 1.2c) Over the
study period, approximately 70% of DRR's and 74% of MRR's total volume
was contained in the upper third of each reservoir's water column.

This

indicates that the relationship between depth and volume is proportionally
almost the same for the two reservoirs.
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Table 1.2 Darwin River Reservoir and Manton River Reservoir catchment and
morphometric characteristics at full capacity.

Data source: N.T. Department of

Lands, Planning and Environment, Darwin.
Darwin River

Manton River

Reservoir

Reservoir

Year of impoundment

1941

1972

Surface area (Jan2)

40.5

5.1

Storage capacity ( 1Q6 m3)

263

16.8

Catchment area (km2)

196

81

Mean depth ( m)

6.5

3.3

Maximum depth (m)

20

13

Mean retention time (yr)

2.3

0.5

Water level at full capacity,

44.56

38.13

height above sea level (m)

ORR is broad (Fig. 1.1 ), with an 8 km fetch in the direction of the NW/SE
prevailing winds. MRR., in contrast, floods a small gorge and has a maximum
NW/SE fetch of 2 km. It is surrounded by hills which partially shelter the reservoir
from the prevailing winds. Compared to MRR, ORR has a large storage capacity
relative to its catchment yield, consequently its mean theoretical retention time (2.3
years) is about four times that ofMRR (Table 1.2).

' ORR and MRR water levels were lowest in November or December, before major
wet season rainfall, and highest at the end of the wet season in March or April (Fig.

1.3). Both reservoirs filled substantially during most wet seasons, mainly as a result
of intense rainfall associated with the first monsoon activity. ORR did not overflow
at all, whilst MRR overflowed during 6 wet seasons.
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(a) Darwin River Reservoir, and (b) Manton River Reservoir

hypsographic curves for volume and area. (c) Reservoir volume, as a percentage of
total volume, for mean surface water levels, between July 1985 and June 1993, of
41 .8 min ORR and 37.4 min NIRR.
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Figure 1.3 (a) Druwin River Reservoir and (b) Manton River Reservoir water level,
July 1985 to June 1993 . The spillway height of Manton River Reservoir is shown as
a straight line at 38. 13 m. Darwin River Reservoir did not overflow during the eight
year period; the reservoirs spillway height is 44.56 m. Between April and December
1988, Manton River Reservoir was drawn down, refilling in January and February

1989.

Shoreline slopes in ORR are vegetated by the submerged macrophyte Vallisneria to
a depth of approximately 5 m, except in some inlets where Nymphoides is dominant.
In MRR, the emergent macrophytes Eleocharis, Nymphoides and Nymphaea grow
along the shoreline and in the shallows. Near the dam wall, macrophytes are
restricted to a few metres from the shoreline due to the steep slopes, but in the
upper reaches there are extensive areas of

Nymphoides and the submerged

macrophytes Ceratophyllum, Hydrilla and Myriophyllum.
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1.5 Reservoir catchments
ORR catchment is managed by a "closed catchment policy" which excludes almost
all human activity. The MRR catchment was also managed by this policy until the
reservoir was opened for recreation use. In 1989 an access road was constructed to
the middle reaches of the reservoir, a 4 ha parking lot built and approximately 10 ha
of forest understorey cleared and replaced with grass for a parkland. Recreation use
of the reservoir is divided into 3 zones. Only canoeing is permitted in the upper,
shallow region (zone 1), whilst in the middle reaches (zone 2) swimming, sailing,
fishing and water skiing are pennitted; no recreation use is permitted within 250 m
of the darn wall (zone 3).

The catchments are burnt in the early part of the dry season (May, June) to reduce
fuel loads, and the likelihood of wildfires. This management practice provides the
best quality water for potable water supply needs, compared to burning late in the
dry season (see Townsend 1997).

Both catchments are close to their natural state, with no significant clearing or land
development. Wood, Figarty & Day (1985) mapped two land systems in the
catchments which differ principally in their parent geology. The first land system
features granitic complexes, of Archean to Proterozoic age, are gently undulating
hills with a relief of <30 m and slopes of <5%. Middle and upper slope soils are
shallow, typically <50 em deep, and drain rapidly due to the high proportion of stone
and quartz gravel. On lower slopes are duplex soils with a sandy or loamy surface
and clay subsoil which are subject to wet season saturation and inundation. DRR
, and MRR catchments comprise, respectively, of 75% and 37% of this land system.

The second land system consists of lower Proterozoic greywacke, siltstone and
sandstone sediments. It is characterised by rugged ridges and hilly terrain with
gradients as steep as 20% and relief to 60 m. Similar to the granitic land system,
soils are shallow and well drained. This land system represents, respectively, 9%
and 590/o of DRR and MRR catchments.
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The granitic land system is vegetated by Eucalyptus blesseri, E. miniata and E.
tetradonata woodland with a Sorghum grass understorey. The Proterozoic sediment

land system features E. min;ata woodland, also with a grass understorey

Soils in

the region are deficient in phosphorus and sulfur (Day el a/. 1983).

Streams in the reservoir catchments are ephemeral, typically flowing between
December and May. Manton River is the largest watercourse (catchment area:
28 Jan2) within the MRR catchment, and drains the Proterozoic land system. The
largest watercourse in ORR' s catchment is Celias Creek (catchment 52 km 2) , of
which 90% drains the Archaean igneous based land system.

Over the study period, the surface area ofDRR and MRR represented, respectively,
16% and 4% of the total catchment area.
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Chapter 2: Materials and Methods

2.1 Field measurements
2.1.1 Temperature, dissolved oxygen, conductivity and wind
Between July 1985 and June 1993, temperature, conductivity and dissolved oxygen
were measured at the deepest site in ORR and MRR (sites A, Fig 1.1). Profiles were
measured with a multi-parameter probe every metre, between 09:00 and 1100
hours, at weekly or fortnightly intervals for most of the study period. Additional
profiles were measured weekly, between September 1985 and August 1986, in the
middle reaches (sites B, C; Fig 1.1) and shallows (sites 0, E, F in ORR, and 0 in
MRR; Fig. 1.1) of each reservoir.

The instruments, a Hydrolab Surveyor II and Martek Mk XV, were calibrated
according to the manufacturers directions. Temperature was calibrated using a
certified thermometer, whilst the Winkler method was used for dissolved oxygen.
Temperature and dissolved oxygen were measured to accuracy of 0.1
mg 1-1 and resolution of 0 .01

oc and 0.01

oc and

0 .1

mg 1-l Conductivity was calibrated in

the air to check the zero reading and a 3 51 ~S cm- 1 solution, and measured to
accuracy of 5 ~S em-• and resolution of 1 ~S cm- 1.

Towards the end of 1991, a thermistor string, comprising of 10 thennistors, was
deployed approximately 300m from the dam wall in ORR, and 150m from the dam
wall in MRR. The interval between thermistors was 1. 5 m in ORR, and 1 m in MRR.
Measurements were made every hour, and recorded by a data logger. The
thennistors were calibrated with a platinum resistance thennistor, which accurately
measured temperature to 0.01 oc_

An anemometer attached to the thennistor string buoy, standing 2.3 m above the

surface of each reservoir, measured wind speed every 10 seconds. Mean values
were computed, by the logger, for half hour periods.
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2.1.2 PbotosyntheticaUy Active Radiation (PAR) and spectral distribution
At the deepest site in each reservoir, PAR was measured with a "Licor 1888" sensor
between September 1985 and July 1986. A second period of PAR data collection
commenced in March 1989 in MRR and January 1990 in DRR. and continued until
June 1993 . Attenuation coefficients were determined from a linear regression of the
natural log transformed PAR against depth.

On October 5, 1990, the spectral distribution of downwelling PAR was measured
with a "Techtum QSM 2500" submersible quantaspectrometer. Apparent attenuation
co-efficients between 400 and 730 nm, at 10 nm intervals, were calculated from a
mean of the forward and reverse scans of the instrument to average small
discrepancies.
2.1.3 Turbidity
Turbidity was measured in the field with a "Hach 2100" nephelometric turbidimeter,
calibrated with formazin standards.
2.1.4 Catchment run-ofT and water temperature
Stream discharge was recorded at a hydrographic station within each reservoir's
catchment (Manton River and Celias Creek ~ Fig. 1. 1) over four wet seasons between
1990/91 and 1993/94. This information, and discharge over the Manton Darn
spillway, were provided by the Northern Territory government Department of
Lands, Planning and Envirorunent (DPLE), Darwin.

Over the 1993/94 wet season, following the period of reservoir data collection, a
thermistor measured temperature every half hour at the hydrographic station on
Manton River, upstream of MRR (Fig. 1. 1). Prior to installation, the thermistor was
calibrated against a platinum resistance thennometer.
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2.2 Laboratory analyses
2.2.1 Water and sediment sample coUectioo
Water samples were collected from the deepest site in each reservoir (sites

A~

Fig.

1.1), between July 1985 and June 1993, at depth intervals of 2, 3 or 4 m in both
reservoirs. Sampling frequency varied from weekly to monthly. Additional sites
were sampled, at 3 m depth intervals, every month between September 1985 and
July 1986 in the middle reaches (sites B,

C~

Fig. 1.1) and shallows (sites D, E, F in

DRR; D in MRR; Fig. 1.1) of each reservoir.

During the 1993/94 wet season, Celias Creek and Manton River (Fig. 1. I) were
sampled for gilvin analysis by an automatic sampler activated by a data logger.
Samples were taken periodically, to sample base flow, and in response to changes in
stream discharge, to sample storm flow.

Polyethylene bottles were used for all water samples. Sample bottles were washed in
phosphate-free detergent, soaked in 5% HCl acid, then rinsed three times with
distilled water. In the field, the bottles were rinsed twice with water at the sample
depth, before fi.Jling. Immediately after sampling, the samples were placed in
insulated containers, with ice bricks, for transport to Darwin.

During the 1993/94 wet season, water samples were collected for gilvin analysis by
an automatic sampler activated by a data logger. Samples were taken periodically, to
sample base flow, and in response to changes in stream discharge, to sample storm
flow. Sample bottles were treated as described above.

In June 1993, SCUBA divers collected triplicate samples 'of flocculent sediment
lying above the consolidated sediments near site A in each reservoir.
2.2.2 Analyses
Samples were analysed for nitrate, nitrite, total kjeldahl nitrogen, total phosphorus,
total iron, soluble reactive silicon, total manganese and ammonia by methods
summarised in Table 2.1. All parameters were tested for throughout the study,
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excluding Kjeldahl nitrogen analyses which were undertaken from November 1990.
Analyses for soluble reactive silicon were undertaken at considerably less frequency
than the other parameters, averaging one analysis every 2 years until June 1990;
thereafter analyses were perfonned on samples collected from the surface and at
10m depth in MRR and 14m depth in ORR, during dry season holomixis (July) and
thennal stratification in October. Residual and filterable concentrations of iron and
manganese were summed to give total concentrations until April 199 1, thereafter the
whole sample was digested to determine the concentrations of total iron and total
manganese.

Water samples for chlorophyll a analysis

were each

filtered

through a

WhatmanGF/C fibre filter, then stored frozen for analysis, within lO weeks, by
fluorometry after ultra-sonication in 90% acetone (APHA 1985). In waters with
high concentrations of Chlorophyta phytoplankton, the fluorometric method may
over-estimate chlorophyll a due to interference from chlorophyll b (Marker et a/.
1980). The fluorometric method used in this study has been compared with 23 other
Australian laboratories using spectrophotometric methods and a range of extraction
techniques. The trial, organised by the National Association of Testing Authorities
(Anon. 1988), consisted of two samples, each in triplicate, of Scenedesmus oblique
culture with an average clhlorophyll a concentrations of 28 and 32 llS r'.
Concentrations determined by the method used in this thesis were 4 JIS

r' less than

the average concentration for both samples, indicating the chlorophyll a
concentrations reported here are unlikely to be over-estimations.

On December 8, 1993, samples were collected at 0.5 m depth intervals, from the
hypolimnion of each reservoir, to investigate the presence of bacterial chlorophylls
which could interfere with the fluorometric determination of chlorophyll a (see
APHA 1985). The samples were treated the same as the chlorophyll a samples,
excluding the final (fJuorometric) step. Instead, an absorption spectral scan (350-800
nm) was conducted, using a Cary UV-visible spectrophotometer, on each acetone
extract to dP.termine its absorption peaks.
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Table 2.1

Analytical methods for water and sediment samples. Parentheses

contain the APHA (1985) method number.
Parameter

Method

Ammonia

Automated phenate method ( 41 7G)

Nitrate, nitrite

Automated cadmium reduction (418F)

Kjeldahl nitrogen

Sulfuric acid digestion, automated
phenate method (420A, 417G),
( deionised water added to sediment
sample before digestion)

Total phosphorus

Persulphate acid digestion, ascorbic acid
method (424F) ~ (deionised water added
to sediment sample before digestion)

Soluble reactive silicon

Automated method for
reactive silicon (425E)

Total iron and manganese

Nitric acid digestion and fourfold
evaporative concentration, flame atomic
absorption spectrometry (303A)

Filterable iron and manganese

0.2 llm filtration, graphite furnace (<0.05
mg t-1 Fe, Mn) or flame atomic
absorption spectrometry on filtrate
(303A, 304)

Residual iron and manganese

Nitric acid digestion of residual retained
on a 0.2 llm filter, graphite furnace
(<0.05 mg t-1 Fe, Mn) or flame atomic
absorption spectrometry (303A, 304)

Chlorophyll a

Extraction in 90% acetone by
ultra-sonication, fluorometric
determination corrected for phaeophytin
(1002G)

Loss on ignition

Weight loss (%) of oven dried sediment
after 24 hours at 550 °C

molybdate-
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Gilvin and true colour are indices of dissolved humic substances (Cuthbert & del
Giorgio 1992). True colour was measured between September 1985 and December
1989, whilst gilvin, determined as absorption at 440 nm (Kirk 1976), was measured
from December 1990 onwards. Samples for true colour and gilvin were filtered
through a 0.2 Jlm membrane. True colour was determined with a "Lovibond l 00"
colour comparator (APHA 1985) in Hazen units (equivalent to mg Pt 1-1 ) and gilvin
was measured on a UVNIS spectrophotometer with a 4 em quartz cell and distilled
water blank (Kirk 1976).

The sediment samples were oven dried at l 05

oc and analysed for loss on ignition,

kjeldahl nitrogen and total phosphorus by the methods outlined in Table 2.1. Loss
on ignition approximates the amount of organic matter (Hakanson & Jansson 1983)
Total aluminium, calcium, iron and manganese were determined by inductively
coupled spectrometry after digestion with equal portions of nitric and hydrochloric
acids. Particle size analysis was performed on a composite of the triplicate samples
collected from the reservoir, and determined by sieving and suspension (Loveday
1974) for the following fractions: clay(< 2 Jlm), silt (2- 20 Jlm), fine sand (20- 200
Jlm), coarse sand (200-2000 Jlm) and gravel (>2000 Jlm).

All nutrient and metal concentrations, for both water and sediment samples, are
reported for their elemental form. For example, ammonia concentrations are
expressed in mg r• of nitrogen, not ammonia.

2.2.3 Phytoplankton
Water samples for phytoplankton identification and enumeration were collected, at
4 m depth intervals, between June 1990 and June 1992. In the first year, the sample
interval was fortnightly in each reservoir. In the second year, a fortnightly sample
program was maintained for DRR, but reduced to monthly for MRR. Samples for
enumeration were preserved with Lugols iodine solution (APHA 1985) and
examined under 200 times magnification. Samples for taxonomic identification were
placed on ice and examined within a few days. Phytoplankton were identified using
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the following references: Smith 1950; Scott & Prescott 195 8; Bourrelly 1966;
Bourrelly 1981 ; Thomas 1983; Bourrelly 1985; Ling & Tyler 1986; Bourrelly 1988.

Phytoplankton were enumerated by the inverted microscope method (Lund et a/.
1958). Colonial or filamentous algae were considered as one counting unit . Major
phytoplankton groups for enumeration and biomass determination were chosen
based on a preliminary surveys of the reservoir algae. These taxonomic groups were:

Botryococcus braunii Kutzing, Desrnidiaceae, other Chlorophyta, Dinophyta,
Euglenophyta, Bacillariophyta, Xanthophyta and Cyanobacteria. At least one
hundred units were counted for the numerically dominant categories (generally

B. braunii, Dinophyta, Desmidiaceae, Bacillariophyta). Cell volume was determined
using geometric formulae, based on the measurement of appropriate cell dimensions.
A relative density of I g em"J was assumed when converting volume to biomass for
aJJ taxa, except Bacillariophyta. The latter taxon was assumed to have a density of
1. 1 g em"J

based

on

the

median

diatom

density

for

data

collated

by

Reynolds ( 1984a).

B. braunii colonies were assumed to be spherical, and usually comprised of several
spheres adhered together. The volume of each sphere was estimated from its
cross-sectional area. B. braunii colony volumes ranged from 2000 ~m 3 to

5 x 108 ~m3 . The larger colonies, whilst not numerically significant, nevertheless ·
contributed a major proportion to the total B. braunii biomass in each reservoir,
especially in DRR (Fig. 2.1). To contend with this, B. braunii colonies less than
60,000 ~m3 , a technicaJJy convenient limit, were counted from a sedimented 50 ml
sample, whilst larger colonies were counted from a 900 ml sedimented sample. The
final concentration of B. braunii colonies was determined by addition of both
counts, after volume correction.

2.2.4 Electron microscopy
In December 1993, when samples were collected from each reservoir's hypolimnion
for

spectrophotometric

scans,

approximately

25

ml

of

sample

was
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Figure 2.1 Relative frequency distribution for Botryococcus braunii colony volume
and colony numbers (percentage of the total number of colonies), and B. braunii
colony volume and its contribution to total Botryococcus volume (percentage of the
total colony volume). Each data point is the mid-point of a colony volume range.
Data are based on a 2 litre sample collected from the surface of Darwin River
Reservoir in July 1990. The figure shows there is a small number (relative frequency
7

< 1%) of large volume (> 10 um3) B. braunii

colonies which contributed a

substantial proportion (approx. 30%) to the concentration of Botryococcus
biovolume.

filtered, in the field, through a 0.2

~m

membrane filter for scanrung electron

microscopy. The filters were immediately placed in a 3% gluteralderhyde, phosphate
buffer (pH 7.0), then refrigerated one hour later.

The filters were air-dried and

sputter coated with gold prior to being photographed using a scanning electron
nucroscope.

2.3 Calculations
2.3.1 Average concentrations
Average concentrations for chlorophyll a, nitrate, kjeldahl nitrogen and total
phosphorus were estimated from profile sample data at the sites A. During thermal
stratification, average epilimnetic concentrations were determined from samples
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collected above the thermocline (see Section 2.3.7), whilst during holomixis, all
profile samples contributed to determination of the average concentration.

2.3.2 Average dissolved oxygen concentrations, and rates of hypolimnetic
oxygen depletion
Dissolved oxygen in the surface waters of the reservoirs varied between sites and
with depth, based on two-way ANOV As (Appendix 1) of site (A, B, C, D in

MRR

and E, Fin ORR; Fig 1.1) and depth (0 and 3 m). In ORR, the shallow sites (0, E,
F) averaged 0. 7 mg 1-1 less than site A, and 0.4 mg 1-1 less than sites B and C. A
pair-wise test found most of these differences statistically significant (p<0.05).
Surface dissolved oxygen concentrations in DRR were 0.2 mg 1-1 greater (p<0.05)
than those measured at 3 m depth. The variation of dissolved oxygen between sites

in MRR was similar to DRR, though with no clear difference between shallow and
deep sites. More pronounced in MRR, relative to DRR, was the greater oxygen
(average 0.9 mg 1-1) concentrations at the surface compared to 3m depth
measurements. There was no significant interaction between the site and depth
variables for either the ORR or MRR ANOV As (Appendix I), indicating the
variation between sites is not dependent on depth.

Clearly, there is spatial variation of dissolved oxygen in both reserv01rs. This
variation is small however, as a percentage of the concentrations measured (<20%).
Only when profiles were affected by the intrusion of catchment run-off, identified by
its lower conductivity (Chapter 5), did oxygen concentrations, at the one depth,
differ considerably (maximum 3 . 5 mg 1-l) between sites. Oxygen profiles measured
at site A of each reservoir are a reasonable approximation of the vertical distribution
of oxygen, excluding periods of intrusion. Calculations of average volume-weighted
oxygen concentrations are consequently based on site A data.
Average hypolimnetic dissolved oxygen concentrations are volume-weighted. The
hypolimnion was assumed to comprise the waters below the average thermocline
depth in the reservoirs; ll min DRR and 6 min MRR (Chapter 5). Changes in the
volume-weighted mean concentration of dissolved oxygen in the hypolimnion were
then used to calculate rates of deoxygenation over periods when oxygen was
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detectable at all depths. The assumption of a fixed thermocline depth, which
produced almost uniform hypolimnetic volumes between sample dates, was chosen
to remove the influence of changing hypolirnnetic volume on the calculation of
deoxygenation rates. The end of the period of hypolimnetic oxygen depletion was
defined by the presence of anoxia. This was necessary, even though a large portion
of the hypolimnion remained oxygenated, because oxygen could no longer be
depleted from the anoxic layer.
The rate of hypolirnnetic oxygen depletion was determined by linear regression of
time (independent variable) and the volume-weighted mean oxygen concentration
(dependent variable) when more than 3 data points were available. Linear rates of
oxygen depletion have been reported by several authors (e. g. Charlton 1980a;
Cornett & Rigler 1984; Bums 1995). Only oxygen concentrations greater than 0.5
mg t-1 were included in these calculations, as Comet & Rigler ( 1984) have reported
depletion rates below this concentration are unlikely to be linear. All regressions
were tested for statistical significance. When only two data points were available,
the rate has been estimated from a linear interpolation.
In .MRR, and only rarely in ORR, hypolimnetic oxygen depletion could not be

estimated because hypolirnnetic anoxia was reached between consecutive profile
dates~ the first date comprising of a high oxygen concentration (e.g. 4-6 mg

r 1)

and

the second date including anoxia in the lower hypolimnion.

2.3.3 Water retention time
Annual retention time of resrvoir water has been calculated as V-=-Q, where Q is the
volume of catchment run-off

and V is average reservoir volume.

Reservoir

catchment run-off was estimated from Manton River and Celias Creek hydrographic
data, assuming each hydrographic station was representative of the dominant land
system and based on the proportion of each land system in the two catchments.
Annual rainfall interception and evaporation by each water body were assumed to
negate each other, as pan evaporation rates at Darwin Airport average 2200 mm
(corrected to 1540 rnm by a pan eveporation factor of0.7 (see Linsley et al. 1975)),
whilst rainfall averages 1600 mm (source: Buraeu of Meteorology). Celias Creek
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and Manton River discharge and reservoir water level data were supplied by the
DLPE.

2.3.4 Isopleth figures and detennination of reservoir bolomixis
lsopleths of temperature, conductivity, dissolved oxygen and phytoplankton
concentrations have been plotted using the graphics program "Surfer" (Keckler
1994) applying a grid spacing approximating the spatial and temporal distribution of
the data.

Using an isotherm interval of l °C, this software tends to reduce x, y, z variation,
consequently sudden temperature changes can be obscured. These events are better
illustrated using a 0.2 °C isotherm interval. A I

oc isotherm interval, however, was

chosen for Figures 5 . I and 5.2 for clarity of presentation.

Holomixis has been evaluated by careful examination of consecutive temperature
and conductivity profiles, rather than the isopleth figures. Some holornictic events
were inferred from conductivity, rather than temperature profile data. A uniform
conductivity profile, following a profile with elevated hypolirnnetic conductivity, has
been interpreted as providing evidence of

holomixis between consecutive

temperature profiles, when intrusion is not a complicating factor, even though the
second of the two profiles may show weak temperature stratification. Holomictic
events not clearly shown by the isotherm figures, and other periods of isothermy, are
stippled in Figures 5.1 and 5.2.

2.3.5 Darwin River Reservoir surface energy flux
Monthly components of the surface energy flux for DRR, based on a daily time
increment, have been calculated for the period July 1985 to June I993 . Surface
water temperatures were measured at a depth of I 0 em with a multi-parameter
probe.

Daily maximum and minimum air temperatures, wet bulb temperatures and wind run
data were recorded at a meteorological station adjacent to the spillway of Darwin
River Darn. This information was supplied by the DPLE. Daily shortwave radiation
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and cloud cover data for Darwin Airport were supplied by the Australian Bureau of
Meteorology.

The energy content of a reservOir

IS

governed primarily by surface energy

exchanges, and to a lesser extent by advective and sediment-water fluxes
(Henderson-Sellers 1986). The net energy available to a reservoir at its surface

(~)

can be detennined as follows:

where

ON = Qs <I - As) + OA ( 1 - AA)
ON = net surface energy flux
Qs
As

=

incoming shortwave radiation

= shortwave radiation albedo
incoming (atmospheric) longwave radiation

QA

=

AA

= longwave radiation albedo

QB

- Qs - OE - OH

=

outgoing longwave radiation (back radiation)

QE = total evaporative losses (the sum of latent heat (QLE) and
advective latent energy fluxes (QAE))
QH = sensible heat exchange

Energy fluxes are expressed in W m-2 (::::: 86 kJ m-2 d-1, 2.1 cal cm-2 d-1).
Incoming (QA) and outgoing. (Qs) longwave radiation fluxes were determined by
the Stefan-Boltzmann law:
OA = u Ea ta4
Qs =ots ts4

where u is the Stefan-Boltzmann constant~ Ea is the emissivity for air, corrected for
cloud cover according to Swinbank (1963) and averaging 0.83, whilst Es is the
emissivity for water (0.97, Henderson-Sellers 1984); and ta and ts, are, respectively,
atmospheric and surface water temperatures COK). The albedo of incident longwave
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radiation (AA) and shortwave radiation (As) was assumed to be, respectively, 0.03
and 0.06 (Henderson-Sellers 1984).

To detennine whether surface water temperatures measured by multi-parameter
probe in the morning approximated mean daily surface water temperatures, a linear
regression of thennistor readings (DLPE, unpublished data) taken at 10:00 hr
(variable x) and 24 hour average thennistor readings (variable y) was undertaken.
The regression (y = 0.406 + 0.994 x; P<O.OOI, n=888) indicates temperatures taken
at 10:00 hr underestimate mean daily surface water temperatures by 0.4 °C.
Consequently, multi-parameter probe measurements of surface temperature have
been corrected by +0.4 octo better estimate mean daily surface water temperatures.
Mean daily air temperatures were determined by averaging daily maximum and
minimum temperatures.

Latent heat (Qr.E) and sensible heat (OtJ) fluxes were calculated from simple
aerodynamic bulk formulae (Imberger & Patterson 1990):

OLE

=

OR =

Pa Lv Cw Uta (qa- qs)
Pa Cp CH U 10 ( ta - ts )

where Pa is the density of air ( ~ 1. 18 kg m-3), Ly is the latent heat of vaporisation
(~2. 43 MJ kg-1 ), Cw is the latent heat transfer coefficient, U 1o the wind speed at 10
m above the water surface, qja the specific humidity of air (at 10 m) and qs the
specific humidity at the saturated vapour pressure of the surface water temperature,
Cp is the specific heat of water (~. 19 kJ kg-1 K-1 ), CH is the sensible heat transfer
coefficient, and ta and ts are as defined previously. Cw and CH were both set to
0.0019, a value suggested by Imberger and Patterson (1990) to be satisfactory for
studies over seasonal time scales. The latent heat of vaporisation and specific heat of
water, which are weak functions of temperature, were detennined according to
Henderson-Sellers (1984). Wind speed measured at height 2.3 m was corrected to
10m according to the logarithmic function given by Sutton (1953).
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The mass of water lost by evaporation, LefLv, was calculated to determine the
advective removal of heat by evaporation (QA£), where ts is measured in

oc.

OAE = (Le Cp ts ) ·:· Ly

2.3.6 Heat content, volume-weighted mean temperature and stability
Heat content is a measure of the total kinetic energy associated with the motion of
molecules in a water body, whilst temperature is the average total kinetic energy of a
water body and is independent of volume. Heat content and volume-weighted mean
temperatures were computed as follows:

Heat content (MJ m-2) = Pw Cp

ao-1

tz az dz

0

Volume-weighted mean temperature CCC) = vo-1

tz az dz

0
where Pw is the density of water, Cp is as defined previously, z is depth, zm the
maximum depth, az is the area at depth z, tz the temperature at depth z, and

ao and

vo are, respectively, reservoir surface area and total volume. Heat content was
calculated with respect to 0 oc. Salinity was inferred from conductivity data using a
multiplication factor of 0. 7 (DLPE, unpublished data) to convert conductivity
(J.LS cm-1 ) to salinity (mg kg-1).

Temperatures at the shallow sites were usually warmer because they were measured
up to 2 hours later than at sites A and B . Differential heating between the shallows
and deeper regions of the reservoir may have also been responsible for these
differences (see Monismith et al. 1990). Heat contents and volume-weighted mean
temperatures calculated using the average density at sites A, B and C for a common
depth differed by less than 0.25 % compared to values calculated from data
collected at

the

deepest

site.

The

computations

of heat

contents

and
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volume-weighted mean temperatures were based on data collected at the deepest
site of each reservoir and assumed horizontal variation in water density was small.

The stability of stratification is the minimum amount of work required to mix a
water body assuming heat is conserved. It was calculated according to Schmidt
( 1928), incorporating the modifications of Idso ( 1973).

Zm
Stability (MJ m-2), St = g a.o-1

(z- z*) az (Pz- p) dz

0
where g is the acceleration due to
depth ~

Zm is the maximum

depth~

gravity~

ao

is the reservoir's surface

area~

z ts

az is the reservoirs surface area at depth z, z* the

depth of the mean density of the stratified water body; p is the reservoir's mean
water density~ Pz is the density of water at depth z. Salinity was inferred from
conductivity data and contributed less than 1% to reservoir stability.

At the deeper sites in each reservoir, the horizontal variation in water temperature
(maximum: 0.3 oc in DRR and 0 .2

oc

in MRR) was greatest within the

metalimnion, and most probably due to internal waves. Neither reservoir seemed to
be affected by major seiche motion during profile measurements. Inflow, particularly
into MRR, also caused

horizontal variability of temperature and conductivity.

Overall though, horizontal differences in water density were relatively small
compared to vertical ones. Consequently, temperature and conductivity profiles at
the deepest site in each reservoir are considered a good approximation of DRR and
MRR density stratification and have been used to compute reservoir stability.
2.3.7 Thermocline depth
The depth of the seasonal thermocline (see Imberger 1985) was calculated as the
depth of maximum temperature change, below the diurnal thermocline.

2.3.8 Anoxic factor
Anoxia in each reservoir has been quantified by calculating the anoxic factor (AF,
Numberg 1995). This parameter represents the number of days that sediment area,
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equal to the total Jake surface area (Ao) is overlain by anoxic water. AF = (duration
of anoxia x area at anoxic-oxic boundary) +

Ao. The oxic-anoxic boundary was set

at the depth where dissolved oxygen equalled I mg I-I (Numberg 1995), as
determined from linear interpolation of oxygen profile data.
2.3.9 Available light
The average daily intensity of light available for phytoplankton photosynthesis in the
mixed layer has been calculated using the method of Lewis ( 1978), corrected for
volume. The mixed layer is defined as the epilimnion during thermal stratification,
and the total reservoir volume during holomixis. This parameter gives an insight into
the effect variable mixing depth has on the exposure of phytoplankton to light.
The intensity of photosyntheticalJy available light reaching depth z (lz) is:

lz = lo(0.95)(0.46)(e-nz)

where

Io is the incident radiation (W m-2 ), the constant 0 95 the proportion of

incident light entering the water corrected for reflection at the surface, 0.46 the
proportion of useable light (Tailing 195 7) and n the extinction co-efficient for light
between 400 and 700 nm.

The volume-weighted, average amount of light available for photosynthesis (W m-

2
)

in the mixed layer (Ia), over a one day period, is:
Zmix

Ia =

~A, dz

J

where Zmix the depth of the mixed layer; Vmix the reservoir volume to the depth Zuu.x;
and Az the area at depth z. The depth of the mixed layer was defined by the depth of
the seasonal thermocline.
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2.3.10 Statistical analyses
Statistical analyses were undertaken using the software "SigmaStat" (Fox et a/.
1994) and applied a significance level of

5%. The assumptions of normal

distribution and equal variance for parametric tests were tested for aJI data sets,
including log transformed sets. If these assumptions were not met, a non-parametric
test was sometimes selected.

The equality of the linear regressron slopes and companson of the difference
between two means have been tested using Student's t statistic, employing the
method outlined by Zar (1974).

To examine the temporal distribution of the phytoplankton for each reservorr,
average concentration of phytoplankton composition (by mass) for each sample
date was plotted by the semi-strong hybrid (SSH) ordination technique. This
program is contained in the P ATN software package (Belbin 1993) and has been
shown to be a robust method (Faith et a/. 1987). The method has been applied to
vegetation (Faith eta/. 1987) and aquatic invertebrate ecological studies (Marchant

eta/.

1994 ~

Rundle & AttriU 1995). A two dimensional ordination has been selected,

with the application of the widely used (Clarke 1993)

Bray-Curtis measure of

similarity of both untransformed and log transformed data. I found the ordination of
the log transformed data did not differ appreciably from the untransformed data.

The non-parametric analysis of similarity (ANISOM) (Clarke 1993) was chosen,
using Bray-Curtis measures of similarity, to examine the differences in
phytoplankton taxa biomass concentration between the two reservoirs, and between
years (July 1990 to June 1991 ~ July 1991 to June 1992). The test is a distribution
free analogue of a one-way ANOVA (Clarke 1993). It was undertaken using the
Primer software package (Clarke & Warick 1994), with a significance level of 5%.
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Chapter 3: Light Climate

Abstract:

The median euphotic depths of Darwin River Reservoir and Manton

River Reservoir were, respectively, 9.7 and 4.4 m. Seasonal variation in each
reservoir's euphotic depth was best explained by colour (measured as absorption at
440 nm), based on a step-wise linear regression. Turbidity was excluded from the
two regressions, whilst chlorophyll a concentration was significant only for the
MRR regression. Both reservoirs showed the same seasonal pattern of colour. Wet
season inflow increased reservoir colour, and was followed by a reduction in colour
due to photo-degradation and microbial decomposition of humic material, reaching a
minimum before the next wet season's inflow. Although the colour of catchment
run-off into both reservoirs was similar, MRR colour was 2-3 times greater than that
measured in ORR. The higher colour and greater light attenuation of MRR is
attributed primarily to its shorter retention time, and therefore shorter time for
colour removal. Annual retention time accounted for 97% of the variability of
average annual colour, based on a linear regression of log 10 transformed data for
both reservoirs. Long retention times favour reduced colour, increasing water
transparency, particularly in water bodies of low trophic state and inorganic
turbidity.
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3.1 Introduction
The attenuation of light m water is of profound limnological significance as it
detennines the maximum depth of photosynthesis, and the depth of direct heating.
The depth that 1% of incident photosynthetically active radiation (PAR), between
400 and 700 run, penetrates is defined as the euphotic depth (Tailing 1971 ),

abbreviated to Zeu· In Australian lakes and reservoirs, Zeu ranges have been reported
from 16 m in the ultra-oligotrophic lakes of Tasmania (Bowling et a/. 1986), to
20 em, in turbid Lake George in south-eastern Australia (Kirk 1986). Such a range

of euphotic depths is due to allochthonous and autochthonous influences on the
scattering and absorption optical properties of lakes.

Catchment geology, soil, vegetation, topography and land-use can directly or
indirectly affect a lake's optical climate. The geology and soil cation exchange
properties affect the ionic strength and composition of surface waters (Wetzel
1983), and can enhance water clarity by cation mediated coagulation and

sedimentation of dissolved and suspended particles (Stumm & Morgan 1981).
Furthermore, catchment geology, as well as land-use, influence the nutrient load into
a lake and its trophic status, and hence indirectly the attenuation of light by
phytoplankton. Other allocht!honous determinants of a lake's light climate include
catchment erosion and resultant sediment loads into lakes which can dramatically
increase lake turbidity (Walmsley el a/. 1980; Nolen et a/. 1985). Dissolved humic
substances in lakes, which preferentially absorb blue light (Kirk 1983), originate
from catchment vegetation, though their concentration in surface waters is strongly
affected by soil clay content (Nelson eta/. 1990).

The optical properties of a lake are also influenced by its morphology, particularly
depth and surface area. Shallow lakes, especially those with a large surface area and
fetch, are particularly susceptible to changes in their light climate due both to
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sediment resuspens10n (Carper & Bachmann 1983), and indirectly due to
nutrient-stimulated phytoplankton growth in the surface waters (Lind et a/. 1992)
into surface waters. Factors which affect the vertical distribution of phytoplankton
and tripton, such as stratification and mixing, will also influence the light climate of a
lake. Reservoir management practices, for example destratification (Hawkins &
Griffiths 1986), may also modify a lake's light climate.

In this chapter, the influence retention time and trophic status have on the light

climate of DRR and MRR is evaluated.

3.2 Results
Spatial variation of optically significant parameters within each reservotr was
negligible. Two-way ANOV As of site and sample depth (0 and 3 m) for
chlorophyll a, turbidity and true colour were not statistically significant (P>O.OS;
Appendix 2). Even during inflow, the optical characteristics in the shallow regions of
each reservoir was little different from other sites. Each reservoir's optical properties
are considered almost uniform in the horizontal dimension, with vertical variation at
the deepest site representative of each water body.

3.2.1 Turbidity
Turbidity in DRR (median 1.2 NTU; Fig. 3.1) was about one-third lower, and had a
smaller range (maximum minus minimum value; 2.5 NTU), than MRR turbidity
(median 1.7 NTU, range 4.0 NTU; Fig. 3.2). High turbidities were most frequent
during wet season inflows and were more pronounced in MRR than DRR, but did
not persist in either reservoir for more than 2-3 weeks. The median turbidity of

MRR. before rapid drawdown,

1.6 NTU, increased marginally to 1.8 NTU after the

reservoir refilled. This increase was statistically significant (Mann-Whitney rank test
(MW); n=34, 117; p<O.OOl).
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1987

1988

1989

1990

1991

1992

1993

(a) Turbidity, (b) Chlorophyll a concentration, (c) True colour and

gilvin, (d) Euphotic depth, and (e) Water level for Darwin River Reservoir, July

1985 to June 1993 . Chlorophyll a, turbidity, true colour and gilvin are mean values
for either interpolated or actual euphotic depth. The reservoir did not spill-over
Darwin River Dam during the study period (spillway height 44.56 m).
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Figure 3.2 (a) Turbidity, (b) Chlorophyll a concentration, (c) True colour and

, gilvin, (d) Euphotic depth, and (e) Water level for Manton River Reservoir, July
1985 to June 1993. Chlorophyll a , turbidity, true colour and gilvin are mean values
for either interpolated or actual euphotic depth. Manton Dam spillway height is
shown in (e) at 38. 13 m.
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3.2.2 Chlorophyll a
ORR chlorophyll a concentrations were lower than MRR values (Figs. 3.1 & 3.2);
median concentrations were, respectively, 3.5 ~g

J-1

and 7.5 ~g

(- 1

for ORR and

MRR. The range (maximum minus minimum) of ORR chlorophyll a concentrations,
5.8 JJg 1· 1, was also lower than that for MRR, 18 ~g 1·• . The highest chlorophyll a
concentrations were generally recorded during the dry season.

The greater

concentration of phytoplankton biomass of MRR (as measured by chlorophyll a),
and thus scattering due to phytoplankton cells and particulate detritus, contributed
to MRR's higher turbidity. Chlorophyll a concentrations in MRR increased from a
median of 4.4 ~g 1-1, before drawdown, to 8.3 IJg 1·1 after reservoir filling. This
difference in median chlorophyll a values was statistically significant (MW; n=39,
11 6; p<0.001) and may partially account for the reservoir's elevated turbidity after
1989.

Phytoplankton begin to significantly affect light attenuation when chlorophyll a
concentrations exceed 10 ~g 1-1 (Tailing 1960; Kirk 1975). In MRR, 23% of
chlorophyll a samples collected from the euphotic zone were greater than 10 llg 1-1,
whilst in ORR no euphotic zone samples exceeded this value. Light attenuation by
MRR phytoplankton was mitigated by their large size, because light absorption is
inversely related to phytoplankton cell size for a given chlorophyll a concentration
(Kirk 1975). The phytoplankton of MRR, and to a lesser extent ORR, was
dominated by a large Peridinium species (Chapter 8).

Based on their median chlorophyll a concentrations and the classification scheme of
the USEPA (1974), the trophic state of DRR and MRR are, respectively,
oligotrophic and mesotrophic. Alternatively, ORR may be described as mesotrophic
and MRR as bordering on eutrophic when the trophic classification scheme of
Vollenweider and Kerekes ( 1981) is applied.
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Figure 3.3 Discharge and gilvin for Celias Creek and Manton River hydrographic
stations, December 1993 - August 1994.

3.2.3 Reservoir colour
The gilvin content of Manton River, which flows into MRR, during the 1993/94
wet season showed an overall decrease, but tended to be higher during storm run-off
than base flows (Fig. 3.3). These trends were less pronounced for Celias Creek in
the DRR catchment.

The mean volume-weighted gilvin absorption for Manton

River and Celias Creek were, respectively, 3. 1 m-1 and 2.4 m-1. Assuming these
values are representative of the land system each of these water courses drains, the
gilvin levels of total catchment run-off into DRR and MRR are estimated to be,
respectively, 2.5 m-1and 2.8 m-1 , based on the proportion of each land system in the
two catchments.
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Figure 3.4

Darwin River Reservoir and Manton River Reservoir increases in

euphotic zone gilvin, between December 1 and March 3 1, were directly related to
catchment inflow volume, as a percentage of reservoir volume at the beginning of
the wet season (December I) . The regression is based on all data for the 1990/91 ,
1991/92 and 1992/93 wet seasons ( r2=o.97 ~ p<O.00 1).

Colour was 2-3 times higher in MRR compared to that in ORR whether measured as
true colour or gilvin (Figs. 3.1 & 3.2). In both reservoirs, colour maxima were
recorded in the wet season, then decreased to a minimum before the next wet
season's inflow, despite dry season evaporative concentration. Over the wet season
between December 1 and March 3 I, increases in gilvin were directly related to
inflow volume (Fig. 3 .4), when expressed as a percentage of average reservoir
volume (log 10 transformed data, r2=0. 97, p<O.OOI). Gilvin increases were greatest
when inflows were large, relative to reservoir volume.
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Darwin River Reservoir and Manton River Reservoir average gilvin,

in the euphotic zone, was inversely related to annual retention time. The regression
(r2=0. 97~ p <0.001) is based on all data for the 1990/91, 1991/92 and 1992/93

wet seasons. (Each annual period commences December 1).

Annual retention times, from Dec 1 1990 - Nov 30 1993, ranged from a minimum of
0.5 years in MRR to a maximum of 8.5 years in ORR. Over the same period,
average gilvin levels, computed by trapezoidal integration, were 0.55 - 1.2 m-1 in
MRR and 0.26 - 0.61 m-I in DRR. For the period July to Nov. 1993, when water
samples were not collected, gilvin was estimated by an extrapolation of the April June 1993 data. When ORR and MRR data are combined and log 10 transformed,
average gilvin is inversely related to retention time (Fig. 3.5). A linear regression
explained 97% of the total variation of average gilvin (p <0.001). Retention time
accounts for a large proportion of the variability of reservoir colour for the
combined data, and, as can be seen from Figure 3.5, colour variation between years
within each reservoir.
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Because of the log-log relationship between retention time and colour, colour was
particularly sensitive to changes in retention times of less than 5 years. At longer
retention times, its effect is considerably diminished. For example, based on the
regression of Figure 3. 5, when retention time is increased from 9 to 10 years,
average annual gilvin decreases from 0.24 to 0.23 m-1 ~ when it is increased from 1
to 2 years, gilvin decreases from 0.73 to 0.53 m-1. At retention times less than about
half a year, large changes in colour are predicted as reservoir colour approaches the
colour of catchment run-off

In addition to the contribution from inflow, reservoir colour may also originate from
the decomposition of sediment organic matter during hypolimnetic anoxia (Tipping
& Woof 1983). MRR was stratified throughout most of the year, with brief periods

of mixing during the dry season (May- Aug.).

ORR in contrast, was stratified for

shorter periods and generally mixed several times each year, most frequently during
the dry season and usually at least once during the "wet" (Chapter 5). The
hypolirnnetic waters of ORR and MRR developed anoxia (Chapter 6) with high
levels of gilvin (Fig. 3.6). Higher gilvin levels at the sediment-water interface
indicate hypolirnnetic colour originated from the decomposition

of sediment

organic matter and was transported to the overlying waters. Deep mixing events
and transport of coloured hypolimnetic waters through the water column, however,
did not produce detectable increases in euphotic zone colour (Fig. 3.6).

During the wet season, major inflows intruded several metres below the surface of
each reservoir (Chapter 5). In MRR, these waters frequently reached the bottom of
the reservoir, becoming anoxic within 1-2 weeks. In

ORR

however, these density

currents rarely reached the bottom before being completely entrained. Major inflows
did not contribute directly to the high hypolirnnetic colour, as these were measured
several weeks after major inflows as indicated by substantial rises in water level (Fig.
3.6).
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PAR penetrates at least twice as deep in DRR than in MRR (Figs. 3.1 & 3.2). The
median Zeu in DRR and MRR was 9.7 m and 4.4 m, respectively. ORR had a higher
range, 8.2 m., than MRR, 5.9 m, although relative to its median the MRR range was
greater. Euphotic depths of greater than 8 m were recorded before the rapid
drawdown of MRR have not been recorded since the dam refilled, indicating that the
relative frequency of high Zeu values

has reduced. The median

Zeu before

drawdown, 6.5 m., was significantly different from the median after drawdown, 4.3

m (MW~ n=IO,

102 ~

p<O.OOI).

To examine the variation of Zeu and turbidity, chlorophyll a and gilvin, a stepwise
linear regression, using an entry criterion of F

=

4.00, was performed on the
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1991-1993 data. The highest proportion of Zeu variation was explained by
untransformed DRR and log 10 transformed MRR independent variables. Each
regression met the assumption of normality and equal variance. Gilvin explained
17% of Zeu variation in DRR (n= 45, P=0.026) and 45% of MRR Zeu variation
(n=43, P<O.OOl). Chlorophyll a explained an additional 6% of MRR Zeu variation,
but was not a statistically significant variable in the ORR regression. Turbidity was
excluded from both regressions because it did not improve their predictive ability.

3.2.4 Spectral distribution
Attenuation coefficients for 10 nrn interval wavelengths between 400 and 730 nrn
are shown in Figure 3.7 for the two reservoirs. At the blue end of the spectrum,
attenuation in MRR was at least double that in DRR whilst at the red end of the
spectrum attenuation was similar. The relatively longer wavelength of maximum
penetration in MRR, 570 nrn, compared to DRR, 550 nrn, is characteristic of a
water body with higher dissolved humic substances and turbidity (Kirk 1983 ~
Bowling & Tyler 1986). Neither reservoir spectrum shows an absorption trough in
the vicinity of the chlorophyll a peak, as chlorophyll a concentrations in the euphotic
zone, 3 and 8 J.l& 1-1 in DRR and MRR respectively, were less than 10 J,lg 1-1 (Tailing
1960 ~

Kirk 1975) when phytoplankton begin to significantly attenuate light.

3.3 Discussion
In terms of light attenuation, MRR is ranked approximately midway amongst
Australian lakes and reservoirs (e.g. Bowling et a/. 1986; Hawkins & Griffiths
1986; Kirk & Tyler 1986; Bowling 1988; Bowling & Tyler

1988 ~

Oliver

1990~

Mackay 1991; Boland 1993). DRR is ranked amongst the clearer Australian water
bodies, although it is not as clear as some oligotrophic Tasmanian lakes studied by
Bowling et a/. ( 1986). The annual range of attenuation coefficients for MRR and
DRR is 25-50% lower than most values published by the above authors.
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The low turbidity of DRR and MRR, in terms of their medians and ranges, and
absence of any statistically significant correlation with light attenuation, contrasts
with other tropical reservoirs in Australia. For example, the euphotic depth of Ross
River Dam, in northern Queensland, increases over the dry season as turbidity,
introduced by wet season inflow, clears (Finlayson & Gillies 1982). In the semi-arid
tropics of north-west Queensland, storm run-off and flood waters entering Lakes
Moondara and Julius increased surface turbidities by as much as 30 fold (Boland
1993). In contrast, wet season inflow into a clay turbid Mexican lake (Lind eta/.
1992) reduced lake turbidity. This was explained by the effect of dilution and the
reduction of sediment resuspension. On the other hand, in eutrophic Solomon Dam,
northern Queensland, turbidity maxima were related to phytoplankton biomass
(Hawkins & Griffiths 1986) rather than wet season inflow. The relatively minor
influence of turbidity on the Light climate of DRR and MRR is attributed mainly to
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the intrinsic nature of their catchments, such as complete vegetation cover and
gentle slopes, and their undisturbed condition. By inference the sediment load into
each reservoir is relatively small. Another factor contributing to the reservoirs' low
turbidities is the extensive macrophyte beds in the shallows of each water body
which minimise sediment resuspension caused by inflow, vertical mixing and wave
action.

Natural long term variability may partially account for the statistically significant
difference in turbidity, chlorophyll a and light attenuation medians for MRR before
and after rapid drawdown. To gain an insight into long term variability of reservoir
light climate, ORR median light attenuation was tested for equality for the
pre-drawdown (September 1985 - July 1986) and post-filling (January 1990 - June
1993) periods (Figs. 3.1 & 3.2). This test was statistically significant (MW; n=lO,
93;

P<0 . 001) ~

the median euphotic depth in 1985-1986 was 0.8 m deeper than the

1990-1993 data set - a similar result to the MRR Zeu test for pre- and postdrawdown periods though the difference between the two MRR medians was
greater (2.2 m). Thus, deeper light penetration in MRR before the reservoir was
drawn down may have been partially due to natural variability and influenced by the
same factors, presumably climatic, which produced more transparent waters in ORR
during 1985-1986 compared with the years after 1990. Rapid drawdown and filling
of MRR did not result in a major increase in the optical density of the reservoir,
probably due to the effects of reservoir flushing and the quality of inflow waters.
When the reservoir filled in February 1989, it was subsequently flushed by a volume
equivalent to 1.8 times its storage capacity. Furthermore, the nutrient concentration
of inflow waters was probably low because of the catchment's undisturbed state
and intrinsic characteristics, and by itself unlikely to produce highly eutrophic
reservoir conditions. Catchment run-off into MRR probably has a mean (volumeweighted) concentration of less than 370 fJg I-1 total nitrogen and 8 Jl8 t-1 total
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phosphorus reported (Towns,end 1993) for a semi-rural catchment 15 km from the
reservmr.

3.3.1 Reservoir colour
Humic substances are refractory compounds, of biological ongm with high
molecular weight, which impart a yellow to black colour in water (Aiken et a/.
1985). Gilvin levels in the euphotic zone of ORR and MRR were lower than the
mean of most Australian reservoirs (gilvin 2-3 m- 1~ Kirk 1986). At such relatively
low levels, however, the rate of attenuation with increasing colour is high compared
to dystrophic waters (Kirk 1986). Light absorption by humic substances in MRR is
compounded by its higher turbidity, due to the scatter of proportionally more, short
wavelength light, increasing the likelihood of absorption with depth.

In ORR and MRR, as with most other water bodies (Steinberg & Muenster 1985),
lake colour primarily originates from catchment run-off The high hypolimnetic
gi.lvin levels of the two reservoirs were comparatively minor sources of colour due
to the relatively small volume of the hypolimnion (approx. 10%) as a proportion of
each reservoir's total volume. To double the colour of superficial waters during
holomixis, the hypolimnion would need a colour content ten times that of the
epilimnion. This was not reached in either reservoir; the maximum average
hypolimnion gi.lvin level was about 2-3 times that measured in the epilimnion.
Undetectable increases in euphotic zone gilvin during holomixis after prolonged
stratification and deepening of the epilimnion may also be due to the rapid
degradation of hypolimnetic humic substances exposed to oxic conditions, a
different microbial fauna, and ultraviolet radiation.

Ultraviolet radiation (330-400 nm) of aquatic humic substances causes loss of
absorption which varies with the nature of the humic material and diminishes over
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time (Stewart & Wetzel 1981; DeHaan 1993). UV radiation is attenuated rapidly in
water: 1% of 330 nm light is estimated to penetrate 1.2 min MRR and 3. 1 min
ORR based on an extrapolation of data presented in Figure 3.7, about one-third the
depth of the medium euphotic depth of each reservoir. The efficiency of photodegradation in a lake is dependent on the vertical flux of humic substances and the
transmission of UV radiation of sufficient energy to cause cleavage. ORR is more
exposed to the prevailing winds than M.RR, and would be expected to experience
greater vertical mixing and higher rates of humic substance photodegradation.

The availability of dissolved orgaruc carbon declines downriver (assuming no
tributary inputs) because readily biodegradable substrates are converted to microbial
biomass and reduced to carbon dioxide, leaving refractory humic material (Leff &
Meyer 1991). The microbial degradation of humic molecules before entering ORR
and MRR is likely to be minimal compared to large river systems, due to the
relatively short travel time for stream water. This is estimated, based on information
for the Manton River and Celias Creek hydrographic stations, to be 3-4 hours at
maximum discharge from the catchment boundary. At base flow discharges, travel
time is 13 hours. The initially rapid decline of reservoir colour at the end of the wet
season, in addition to photodegradation, is also likely to be due to the microbial
decomposition of humic substrates. This is enhanced by photolysis (Strome &
Miller 1978; Geller 1986; Lindell et a!. 1995) and possibly stimulated by organic
nutrients dissolved in inflow waters. Pulses of organic nutrients have been reported
to increase the degradation of humic substances in experiments with pure cultures
(De Haan 1977), although evidence using bacteria taken from lake waters in the
experiments is not conclusive (Geller 1986). Following the degradation of readily
utilised substrates, microbial degradation of humic substances is slow
1983).

(Wetzel
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Figure 3.8 Theoretical average gilvin and annual retention time, g
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= average gilvin, m-1; R

=

= 0.745 R-0.4 9

annual retention time, years), based on the linear

regression of combined, log 10 transfonned data for Darwin River and Manton River
Reservoirs (see Fig. 3.5).

The pronounced effect of annual retention time on ORR and MRR average colour
was discernible because their catchment soils, vegetation and relief were much the
same, producing inflow of similar colour. Furthermore, the proportion of readily
degradable humic substances entering each reservoir is also likely to be similar
because the time for degradation during stream transport was the same in each
catchment. There are other similarities between ORR and MRR which enhance the
effect of retention time on reservoir colour. For example, the contribution of
hypolimnetic colour to total reservoir colour was negligible in both water bodies.
Additionally, the temperatures of the two reservoirs were the same (average 28 °C;
Chapter 4 ), affecting equally each reservoir's rate of microbial degradation of humic
substances. Cation mediated precipitation of dissolved humic matter (see Stumm &
Morgan 1981) in both reservoirs would also have been similar, and minor, as the
reservoirs have low ionic strength (conductivity range 55-150 tJ.S cm- 1; Chapter 5).
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The log-log relationship between retention time and colour for ORR and MRR
indicates degradation of humic substances entering a water body is, on a time scale
of years, initially

rapid ~

leaving refractory material which may take many years to

degrade. This is shown in Figure 3.8, based on the regression presented in Figure
3.5.

The relationsrup between colour and lake retention time has been observed for other
water bodies. In a study of 337 north American lakes, Rasmussen et a/. ( 1989)
found colour to be inversely related to retention time, though only the latter variable
was log transformed. These authors developed a multiple linear regression model,
including retention time as well as catchment slope, mean lake depth and lake area,
that explained 53% of the variance of lake colour.

Engstrom (1987), in an

investigation of the colour of 67 oligotrophic Canadian lakes, also concluded
retention time, as well as catchment soils and vegetation, was an important
determinant of lake colour.

3.3.2 Conclusion
The retention time of a water body can affect its tight climate in several ways. As
discussed in this chapter, long retention times favour the reduction of dissolved
humic substances, increasing water transparency particularly in water bodies of low
trophic state and inorganic turbidity. Long retention times also provide more time
for particle sedimentation (Straskraba eta/. 1993), reducing inorganic turbidity and
increasing light transparency. On the other hand, increasing retention times favour
eutrophic conditions (Vollenweider 1976) and reduced light transparency due to
elevated phytoplankton populations.
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Chapter 4: Seasonal Heat Dynamics

Abstract: The influence of the wet/dry tropical climate on the seasonal heat pattern

for DRR and MRR is examined based on their heat content and volume-weighted
mean temperatures. Because of the large volume changes of the two water bodies
and dependence of heat content on volume, volume-weighted mean temperature was
considered to be the most appropiate parameter to assess the heat pattern of DRR
and MRR. The surface energy budget for DRR, in common with other tropical
water bodies, was primarily controlled by net radiation and evaporative energy
fluxes. Both reservoirs experienced two annual temperature minima and maxima in
most years. The water bodies reached minimum annual temperatures (22-25 °C) in
the cool, dry season (June - August), then gained heat rapidly during the dry-wet
transition (August -October). In December, temperatures reached 31-32

oc. During

most wet seasons (January, February), monsoon weather caused significant heat
loss, leading to a second temperature minimum of 27-30
increased temperatures to 30-32

oc in March.

oc. Subsequent heat gain

When monsoon weather was brief,

however, neither reservoir experienced significant wet season cooling, resulting in a
single annual minimum and maximum temperature. Between April and June
reservoir heat loss was most rapid due to reduced shortwave radiation and increased
evaporative energy fluxes. The seasonal heat pattern of DRR and MRR is compared
to other water bodies exposed to a tropical climate comprising distinct high and low
rainfall seasons. Minimum annual temperatures and heat contents of DRR and MRR
coincided with the hemispheric winter, as experienced by nearly all tropical lakes.
No single seasonal

heat pattern, however, is representative of these tropical

climates, due to variable influences of advective and surface heat fluxes, though two
annual temperature and heat content maxima and minima is common.
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4.1 Introduction

Climate is a fundamental determinant of the seasonal heat gain and loss of a water
body, which in tum has a profound effect on lake stratification and mixing. This
chapter examines the influence of the wet/dry tropical climate on the seasonal heat
pattern of the study reservoirs.

In contrast to higher latitude water bodies where the seasonal cycle of heat gain and
loss is known to comprise of a winter minimum and summer maximum (Goldman &
Home 1983), there is a paucity of information about the heat cycles of tropical
water bodies. Furthermore, most studies of such water bodies are for a maximum of
two years duration, though longer studies have been conducted (e.g . Wood et a/.
1976~

Lewis

1984~

Taylor & Aquise

1984 ~

Macintyre & Melack 1988). In common

with lower latitude lakes, most tropical water bodies reach an annual temperature
minimum during the hemispheric winter (Lewis 1996). The timing of annual
temperature maxima, and occurrence of other temperature minima, seem to be less
predictable. Seasonal temperature maxima in African lakes do not always reflect
maximum solar elevations and high shortwave radiation levels, but instead may be
controlled by other components of a lake ' s energy budget such as evaporation
(Talling 1990).

To assess the seasonal heat pattern for the two study reservoirs, their heat content
and volume-weighted mean temperatures have been calculated. The individual
components of Darwin River Reservoir's surface energy budget, for which
meteorological data are available, have been calculated to ascertain their relative
importance.
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4.2 Results
4.2.1 Darwin River Reservoir surface energy flux
At the latitude of the two reservoirs, maximum noon solar elevations occur on
October 26 and February 17, whilst the annual minimum elevations coincide with the
winter solstice in June. Shortwave radiation fluxes on a seasonal time scale reflect
the "migration" of the sun, except in the wet season (Fig. 4.1). Monsoon
cloud-cover, lasting several days, reduced daily shortwave radiation to a five-day
running average of 50-100 W m-2 (Fig. 4.1), with daily fluxes as low as 20 W m-2,
compared to radiation levels of 250 W m-2 on cloudless days. Such a wide range of
shortwave radiation fluxes was not recorded in the dry season. Throughout the year,
outgoing longwave radiation exceeded incoming longwave radiation (Fig. 4.2). Net
longwave radiation losses were highest in the early dry season (May, June;
75 W m-2) and least during the "wet" (December- February; 50 W m-2).

Net radiation (Fig. 4.2) ranged from a minimum of 118 W m-2 in June to a maximum
of 185 W m-2 in October, with a secondary minimum and maximum in January
(149 W m-2) and March ( 154 W m·2). Year to year fluctuations in net radiation
were determined mainly by fluctuations in shortwave, rather than longwave,
radiation. Coefficients of variation (CVs) for mean monthly shortwave radiation
were 7-29% compared to longwave CVs of 1-2%.
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There were also two annual minima for evaporative energy losses. The first, in
September ( 114 W m-2), was due to low wind speeds, despite increased surface
water temperatures. The second ( 113 W m-2) was recorded in the wet season when
humidity was very high, though its effect on the net surface energy flux was
mitigated by reduced shortwave radiation. Low humidity and strong trade winds
(Fig. 4. 1) produced maximum annual evaporative energy losses in June ( 161 W m- 2;
Fig. 4.2).
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Monthly mean for (a) heat content and (b) volume-weighted mean

temperature for Darwin River Reservoir and Manton River Reservoir for the period
July 1985 to June 1993 .

Sensible heat transfer was approximately an order of magnitude lower than net
radiation and total evaporative fluxes (Fig. 4.2). For most of the year surface heat
was conducted from the reservoir to the atmosphere. Sensible heat losses were
greatest over the wet season months of February and March (38 W m-2), when
average monthly water temperatures were 2.5 °C warmer than average air
temperatures. In September, when surface water temperatures were on average
0.1 oc cooler than the atmosphere, the reservoir gained heat by sensible heat transfer

(4 W m-2).

The seasonal pattern of ORR net surface energy flux between May and December
(Fig. 4.2), the period excluding the wet season, concurs with the general pattern for

Darwin River Reservoir
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mean monthly heat content and volume-weighted mean temperature shown in Figure
4.3. This indicates net advective energy fluxes were secondary to surface energy
fluxes during this period. For most of this period there was no catchment run-off
into the reservoirs, whilst withdrawals for potable water use were almost constant.
Over the wet season months however, the pattern of net surface energy flux
resembled only the pattern of monthly volume-weighted mean temperatures. Wet
season heat content differed substantially to the net surface energy flux due to the
influence of advective energy fluxes which produced large increases in reservoir
volume.
4.2.2 DRR and MRR beat content and temperature
Heat content exhibited a similar seasonal pattern to temperature, although in the wet
season substantial increases in reservoir volume sometimes increased ORR and
MRR heat content without a concomitant temperature rise (Fig. 4.4; MRR: MarApr 1986; DRR: Mar-Apr 1989, 1991). The substantially higher heat contents of
DRR, relative to MRR, are due to its greater volume (Fig. 4.4). Because of the
large volume changes of the two reservoirs (Fig. 4.4) and dependence of heat
content on volume, volume-weighted temperature is the most appropiate parameter
for assessing the seasonal heat pattern of DRR and MRR.

Minimum annual heat contents and volume-weighted mean temperatures were
recorded in the latter part of the dry season (July or August; Figs. 4.3 & 4.4). Water
temperatures remained close to the minimum (22.2 - 25.0 °C) for periods of 1-4
weeks, depending on the duration and strength of the SE trade winds. This period
was followed by rapid heat gain between August and October when net radiation
increased and evaporative energy losses decreased. Between July and December,
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mean monthly volume-weighted temperatures increased from approximately 25
to 31

oc

oc (Fig. 4.3).

Rapid falls in reservoir temperature during the wet season (Fig. 4.4) were associated
with monsoon weather and due partly to significant reductions in shortwave energy
fluxes but continued surface energy losses. Inflows, cooler than average reservoir
temperatures, may have also contributed to the fall in temperature. Temperatures as
low as 26.4 °C, 4 oc lower than wet season mean monthly temperatures, have been
recorded during major wet season run-off into .MRR (Fig. 4.5). The reservoirs
cooled to almost the same temperature (± 0.4 °C) each wet season, although this
temperature varied between years (27.3 - 30.1 °C). Low wet season water
temperatures were maintained for a few days until weather conditions cleared. When
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monsoon weather was brief, as occurred during the 1989/90 and 1991/92 wet
seasons, reservoir temperature declines were negligible.

Heat lost during monsoon weather was regained within 1-2 weeks (Fig. 4.4) when
high shortwave radiation fluxes resumed (Fig. 4.1). Higher reservoir volumes and
warmer temperatures increased reservoir heat content to an annual maximum in both
DRR and MRR, whilst temperatures reached a second maximum (Figs. 4.3 & 4.4).

The average annual budgets for heat gain and loss for DRR (210 MJ m-2, Fig. 4 .3)
was almost twice that of MRR (125 MJ m-2, Fig. 4 .3). Inter-annual variability for
heat gain budgets (CV: DRR 20%, MRR 18%) was twice that for heat loss budgets
(CV: DRR 10%, .MRR 8%). This was due mainly to the greater range of reservoir
volumes during periods of heat gain (DRR: 99 x J06 m3 ~ MRR 5.9 x 103 m3)
compared to periods of heat loss (DRR: 34 x 106 m3 ~ .MRR: 4.7 x 103 m3 ), as
temperatures between years were much the same (Fig. 4.4).

4.3 Discussion
4.3.1 Energy flux
Darwin River Reservoir's surface energy flux was mainly controlled by net radiation
and total evaporation. This is similar to the findings for tropical Lakes Titicaca ( 16°
S, Taylor & Aquise 1984), Toba (2° N, Sene eta/. 1991), Valencia {10° N, Lewis
1983a) and two Florida lakes at latitude 30 °N (Sacks et a/. 1994), despite their
range of sizes (1 x 106 - 6 x tOll m3), altitudes (15 - 3800m) and climates. Lake
Toba is exposed to an equatorial climate whilst the Florida lakes lie in the humid
subtropics. The storage and conductive transfer of heat were minor elements of
ORR's surface energy budget, which contrasts with higher latitude water bodies,
such as Lakes Superior (Schertzer 1978), Tahoe (Myrup eta/. 1979) and Mendota
(Dutton & Bryson 1962). Throughout most or all of the year in the tropical lakes
mentioned above (including the Florida lakes), sensible heat was conducted from the
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water's surface, whilst in temperate lakes sensible heat was gained over winter and
lost during summer.

Low shortwave radiation fluxes during the wet season, similar to those experienced
by ORR, have also been reported for Solomon Dam (19 °S, Hawkins 1985), Lake
Titicaca (Taylor & Aquise 1984) and Lake Chilwa (15 °S, Lancaster 1979). ln some
tropical regions, cloud cover during the rainfall season is so extensive that minimum
annual shortwave radiation fluxes coincide with seasonal peaks in solar elevation.
Such a seasonal pattern is experienced by Lakes Eribie (5 °N, Pages et a/. 1981 ),
Pawlo (9 °N, Wood, eta/. 1976), Lake Valencia (10 °N, Lewis 1983a) and Chad
(13 °N, Carmouze eta/. 1983). Superimposed on these seasonal trends, however,
may be pronounced weekly (e.g. Lewis 1983a) and inter-annual (e.g. Pages et a/.
1981) variability.
4.3.2 Temperature annual minima and maxima
Temperature decreases during the wet season, which occurred during most years in
DRR and MRR, have also been recorded in other tropical water bodies (lmbevbore
1967~

Hare & Carter

1 984 ~

Hawkins

1985~

Henry & Barbosa 1989). In some studies

(e.g. Mitchell & Marshall 1973), it is possible that wet season heat loss and
subsequent heat gain may not have been recorded due to the long time interval
between temperature profile measurements compared to the period of significant
heat loss, which may last only a few days. When cool inflow displaces lake waters
and is accompanied by seasonally low shortwave radiation levels, wet or rainy
season lake temperatures may fall below those measured in the dry season. This has
been reported for Guma Reservoir (Mtada 1986) in West Africa where the minimum
temperature during the rainy season was 1 oc lower than the minimum dry season,
winter solictice temperature.
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The annual minimum temperatures for DRR and MRR, recorded during the dry
season, support the conclusions of Tailing (1969) and Lewis (1996) that minimum
temperatures in tropical water bodies occur most predictably during the hemispheric
winter. Water bodies such as Guma Reservoir are an exception, but emphasise the
significant impact advective energy fluxes can have on the seasonal pattern of
reservoir temperatures and heat content in the tropics.

Not all studies of tropical lakes have recorded heat loss during the season of heavy
rainfall. Lake Paulo, a small Ethiopian highland crater lake with neghgible inflow
(Wood et a/. 1976), continued to gain heat during the "Big Rains", despite
seasonally low shortwave radiation levels, due to considerably reduced evaporative
heat losses. Lake Valencia (Venezuela) also gained heat during the rainy season
(Lewis 1983a; Lewis 1984), though in some years it experienced episodic cooling.
The seasonal pattern of heat gain and loss for these lakes featured a single annual
minimum and maximum of heat content. This pattern has been reported for
equatorial lakes (e.g. Lake Victoria, Tailing 1966), and is characteristic of temperate
(Dutton & Bryson 1962; Schertzer 1978; Myrup et a/. 1979; Bowling 1990) and
higher latitude (Ferris & Burton 1988) water bodies.

4.4.3 Annual beat budgets
The ratio of DRR:MRR annual heat budgets (average I.7) was almost the same as
the average ratio ofDRR and .MRR mean depths (average 1.6) for the study period.
This concurs with the findings of Gorham (1964), who reported a strong correlation
between annual heat budgets and mean depth for 71 temperate lakes. The annual
temperature range of tropical lakes is less than higher latitude water bodies. Not
surprisingly, ORR's and MRR's annual heat budgets were less than half the annual
heat budgets of temperate Australian reservoirs (Bowling 1990) of similar volume
but greater mean depth.
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The inter-annual variability of annual budgets for heat gain for 23 temperate lakes
with a wide range of mean depths (4.6- 187m) was reported by Timms (1975) to
increase with mean lake depth. The author concluded that the epilimnion of large
lakes is of greater relative volume than that of small lakes and is more likely to be
affected by extreme weather. The coefficients of variation of DRR and MRR heat
gain budgets are 3 times greater than the coefficients of variation for lakes of similar
depth investigated by Timms ( 1975). This disparity is probably due to the large
volume fluctuations of ORR and MRR which overwhelm the morphometric and
climatic factors discussed by Timms (1975).
4.3.4 Conclusion
The seasonal heat pattern m DRR and MRR featured two annual mmtma and
maxima in most years. Minimum temperatures occurred during the cool, dry season
and during monsoon weather in the wet season. Maxima were recorded during the
dry-wet transition and after wet season heat loss. This general seasonal pattern of
temperature variation is experienced by other tropical water bodies exposed to a
climate comprising distinct high and low rainfall periods. Not all tropical water
bodies experience significant cooling over the rainfall season, in which case they
feature a single annual temperature minimum and maximum in common with
temperate water bodies. ORR and MRR exhibited this seasonal pattern when
monsoon weather was brief and failed to produce significant cooling. No single
seasonal heat pattern is representative of water bodies in the wet/dry tropics or akin
tropical climates. However, in common with most tropical water bodies, annual
minimum temperatures are reached during the hemispheric winter.
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Chapter 5: Seasonal Pattern of Stratification and Mixing
Abstract: The thermal regime of MRR is classified warm monomictic. In contrast,

DRR's pattern of circulation is best described as discontinuous warm polymictic,
because the reservoir mixed more than once per year, yet experienced long periods
of stratification. Both reservoirs mixed completely during the dry season (Jun Aug), though the duration of holomixis was longer in DRR due to its greater
exposure to wind. Thermal stratification developed in both water bodies early in the
dry-wet transition (Aug), reaching maximum stability in October. Between
December and March, winds associated with major wet season meteorological
events, such as monsoonal and cyclonic weather, large tropical storms and a rainfall
depression, caused holomixis in DRR, usually lasting a few days. MRR, in contrast,
did not mix due to the reservoir's shelter from the prevailing winds and the intrusion
of cool inflow which strengthened the stability of stratification. A second stability
maximum was reached at the end of the wet season in both reservoirs, when weather
conditions had cleared and the surface waters had gained heat. During the transition
between the wet and dry seasons (Apr, May), DRR experienced either alternating
periods of holomixis and stratification, or, similar to MRR, a gradual breakdown of
stratification. Although subject to the same regional climate, the thermal regimes of
the two reservoirs differed appreciably mainly due to their different retention times
and exposure to wind. In addition to regional climatic influences, the interaction
between a lake's physical environment and its climate also affect seasonal
circulation. This is probably more pronounced in the wet/dry tropics where the
stability of stratification is low, relative to temperate water bodies.
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5.1 Introduction
Seasonal holomixis in temperate monomictic lakes coincide with minimum solar
radiation levels and minimum water temperatures, whilst in dimictic lakes holomixis
occurs as water temperatures pass through 3.9 °C, the temperature of maximum
water density (Henderson-Sellers 1984). At lower latitudes, although the seasonality
of solar radiation is muted, tropical lakes commonly mix during the hemispheric
winter solstice when minimum water temperatures are reached, indicating a
monomictic pattern of circulation. Mhcis, however, may not be complete (Tailing
1969~

Wood et a/. 1976; Richerson 1992) and the mixing period is likely to be

shorter than that experience by temperate water bodies (Lewis 1996).

Whilst the seasonal pattern of solar radiation may be the major cause of stratification
and mixing in tropical lakes (Tailing

1969~

Lewis 1996), other influences such as

storms (Lewis 1973; Finlayson eta/. 1980; Lewis 1983a), inflow (Imbevbore 1967;
Finlayson el a/. 1980; Hawkins 1985)

and wind (Tailing 1966; Tailing

1 990 ~

Osborne & Totome 1992) have been reported to cause complete or deep mixing at
other times of the year. This range of thermal behaviours, which also includes lakes
which experience daily holomixis (Ganf 1974) and those that are permanently
stratified (Tailing 1969), can be ascribed to the diversity of tropical climates, and is
probably compounded by other influences, such as the physical characteristics of a
lake and its interaction with the climate.

In this chapter, the influence wind exposure and retention time have on the seasonal

circulation pattern of stratification and mixing in ORR and MRR are compared.
' Such a comparison allows the testing of the hypothesis that climatic seasonality,
notably incident solar radiation, is the only determinant of lake circulation.

62

5.2 Results

5.2.1 Wet to dry season transition
At the end of the wet season, in March/ April, both reservoirs were stratified (Figs.
5.1 & 5.2), and had reached a temperature maxima (Fig. 4.3), averaging 31

oc

(Chapter 4). The transition from the wet to the dry season was marked by rapid heat
loss (Figs. 4.3, 4.4 & 5.3) and marked decline in stability from a March maximum to
minimum values in June (Figs. 5.4 & 5.5).

In DRR, the breakdown of stratification tended to follow one of two patterns: either
a cycle of stratification and deep vertical mixing (Fig. 5.6a), or a more gradual
process of destratification (Fig. 5.6b). The reduction in reservoir stability was
accelerated by heat transfer to the hypolimnion as the epilimnion cooled.
Destratification in

~

occurred gradually as in DRR and was accompanied by

hypolimnetic heat gain (Fig. 5.6c).

5.2.2 The dry season
Reservoir temperatures reached their minimum during the dry season months (Fig.
5.3), averaging 25

oc in July (Chapter 4). Both reservoirs experienced holomixis at

least once during the dry season, between late May and mid-August (Figs. 5. 1 &
5.2). The number of deep mixing events depended on the frequency, strength and
duration of the south-east trade winds. When wind speeds eased, stable stratification
developed (Fig. 5. 7), until the next burst of the south-east trade winds. Holomixis
lasted a few days in

~

whilst in DRR its duration was more variable and longer,

, lasting up to 2 weeks, due to the reservoir's greater wind exposure (Fig. 5.8). Wind
speeds measured at DRR between June and August 1992 were 2 .3 times greater
than those recorded at MRR for periods of common data collection. This difference
in wind exposure and fetch produced waves of up to I .5 m height on DRR but only
0.2 m height on ~ (pers. obs.). Not surprisingly, the stability of stratification
was, on average, lowest during the dry season (Fig. 5.5).
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Mean monthly surface (warmest) and bottom (coolest) temperatures

for Darwin River and Manton River Reservoirs, July 1985 to June 1993 .

5.2.3 Dry to wet season traos:itioo
The transition between the dry and wet seasons was marked by increased
short-wave radiation and an end to the dry, south-east trade winds (Chapter 4).
Thermal stratification developed in August, and was maintained for at least 3 months
in DRR and 8 months in MRR.

The epilimnion, over the dry-wet transition,

extended to an average depth of I 0 m in ORR and 6 m in MRR. At the onset of
stratification, a clearly defined epilimnion, metalimnion and hypolimnion was
apparent. Progressive erosion of the hypolimnion by the metalimnion, however,
caused the boundary between the two layers to become indistinct. Multiple
thermoclines were common in DRR, indicating variable mixing depths.

In most years, the stability of stratification reached a maximum in October (Figs. 5.4
& 5.5), then declined over November and December due to deepening of the

epilimnion, erosion of the hypolimnion by the metalimnion (Figs. 5.1 & 5.2) and
hypolimnetic heat gain (Fig.
approximately 24.5

5.3). Bottom temperatures

oc in both reservoirs to

27.5

increased

from

oc in DRR and 26.5 oc in MRR
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between September and December. The lower stability of both reservoirs towards
the end of the dry-wet transition increased their vulnerability to wind induced
mixing. Two holomictic events were recorded in DRR in December; one in 1988 as
a result of an early monsoon burst and a second in 1990 due to a large tropical
storm. On both occasions, however, MRR remained stratified. Continuous periods
of thermal stratification, over the dry-wet transition and wet season, averaged 6
months in DRR and 9 months in MRR.
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5.2.4 The wet season
Both reservoirs filled substantially during most wet seasons (Figs. 5.1 & 5.2), mainly
as a result of intense rainfall associated with the first monsoon activity. ORR did not
overflow at all, but experienced volume increases of up to 120% . In contrast, MRR
overflowed during 6 of the 8 wet seasons studied, with total discharge volumes of
20-190% of the reservoirs capacity.

The volume of MRR overflow was greatest during February, averaging 65% of the
reservoirs storage capacity, compared to 16% in January and 17% in March. Wet
season retention times, calculated on a daily time scale, were generally long with just
a few days of significant reservoir flushing during most wet seasons. For example, in
90 out of 100 days of wet season reservoir overflow, the volume of spillway
discharge was equivalent to 3 % or less of reservoirs storage capacity. In only 2 out
of every 100 days of wet season overflow did the daily discharge volume exceed
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Destratification during the wet-dry season transition. (a) Gradual

destratification in Darwin River Reservoir (ORR); (b) Alternating periods of deep
mixing and stratification in DRR; (c) Gradual destratification in Manton River
Reservoir (MRR).
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10 % of the reservoir capacity. The maximum daily discharge volume was equivalent

to 15% of the reservoirs volume.

As in the dry season, wet season wind speeds over ORR, between January and

March, were 3.2 times greater over DRR compared to :MRR (Fig. 5.8). Overall,
DRR wind speeds averaged 1.9 m sec·\ whilst MRR averaged 0.6 m sec-1 for the
period of common data collection shown in Figure 5.8.

Wet season thermal behaviour of the two reservoirs differed appreciably, depending
on the relative influences of wind shear and intrusion. The fate of inflow waters
entering both reservoirs was traced by their conductivity (Fig. 5.9). Storm inflows
had conductivities of 15-50 1-1S cm-1 (DLPE, unpublished data), substantially lower
than the conductivity of DRR and MRR which ranged from 55 1-1S cm- 1 in the
epilimnion to 200 1-1S cm-1 near the sediment-water interface.

DRR exhibited a highly dynamic thermal regime over the wet season (Fig. 5.4) The
reservoir mixed completely each ' wet', excluding the 1985/86 wet season when
intrusion prevented complete rnixis. Major meteorological disturbances, which
caused holomix.is, were monsoonal bursts of strong winds, cyclonic weather, large
tropical storms and a rainfall depression. Surface heat losses during these events
(Chapter 4) would have caused convective mixing and contributed to holomixis
induced by wind shear. The intrusion of cool inflow into DRR was detected on four
occasions. It either strengthened the stability of stratification (Jan 1986, Feb 1988)
or, was preceded by isothermal conditions and caused density stratification (Jan
_1991, Feb 1993). Each time, excluding the 1985/86 'wet', intrusion was followed by

complete mix.is within 3 weeks.

In contrast to DRR, MRR did not mix completely during the wet season. Such
events, however, may occur infrequently. During monsoonal weather, convective
and wind-induced mixing deepened the epilimnion to a maximum depth of 9 m. At
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Intrusion of low conductance waters (~S cm"1) into (a) Manton
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the same time or possibly a few days later, inflow intruded below the epilirnnion,
strengthening the stability of stratification and inhibiting wet season holomixis.
Intrusion into MRR was detected every wet season, excluding the low rainfall 'wets'
of 1989/90 and 1991/92 when there wasn't a major run-off event into the reservoir.
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Intrusion into MRR had a more significant impact on the reservoir' s thermal
behaviour, compared to ORR, due partly to the greater volume of inflow into MRR
relative to its storage capacity, as indicated by the reservoirs shorter retention time
(Table 1.1).

The greater relative density of storm inflow into the reservoirs is

ascribed to their cooler temperatures, though suspended sediment may also have
been a contributing factor. Temperatures as low as 26.4

oc

have been measured

during storm inflow into MRR (Chapter 4).

With the resumption of clear weather conditions after monsoon activity or other
major wet season meteorological events, the surface waters of both reservoirs
gained heat. ORR restratified and the stability of MRR increased. The stability of
stratification in DRR, and to a lesser extent MRR, was highly variable over the 'wet'
(Fig. 5.4), ranging from 0 to 120 J m-2 in DRR and from 2 to 50 J m-2 in MRR. ln
March, reservoir stability usually reached a second annual maximum (Figs. 5.4 &
5.5). Average stability in March approximated October values in MRR (Fig. 5.5),
whilst in DRR, March stability was about half the October average due to its higher
hypolimnetic temperatures caused by wet season holornixis.

5.3 Discussion
5.3.1 Reservoir holomixis
In common with most water bodies in the wet/dry tropics (lmbevbore
Marshall & Falconer

1973 ~

Hare & Carter

Herbert 1996}, though not all (e.g . Guma

1984 ~
Darn~

Hawkins

1 985~

1967 ~

MacKinnon &

Mtada 1986), ORR and MRR

experienced holornixis during the dry season, coincident with the hemispheric
winter. The longer and more frequent periods of holomixis in DRR, relative to

MRR, emphasise the importance of wind as the primary energy source for dry
season holomixis compared to convective mixing. Thermal stratification during the
dry season in DRR and MRR provides further evidence of the secondary role of
convective mixing in producing holomixis.
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Dry season nnxts m DRR and MRR was interrupted by periods of thermal
stratification. Such intermittent mixing has also been observed for Lake Lanao
(Lewis 1973) and Lake Paulo (Wood et a/. 1984) in response to variable wind
conditions. This is probably common amongst water bodies in the wet/dry tropics
because superficial heat gain, at elevated temperature, produces a relatively large
increase in the vertical density gradient compared to that of temperate lakes.

In DRR, convection and wind shear produced wet season holomixis, whilst in other
reservoirs it has been associated with inflow (lmbevbore 1967; Hawkins & Griffiths
1986~

Mtada I 986). For example, cool inflow into Guma Dam (Sierra Leone, Mtada

1986) initially stabilised thermal stratification, but was later followed by isothermal
conditions due possibly to the displacement of reservoir waters and wind. In
Solomon Darn (northern Australia), inflow produced complete mixis when the
volume of the reservoir was low (Hawkins & Griffiths 1986), however when its
volume was close to capacity, wet season inflow intruded to strengthen
stratification. Wet season intrusion below the epilimnion has also been reported for
Lake Tinaroo (northern Australia), a deep reservoir at altitude 870 m (MacKinnon
& Herbert 1996). Wet season inflow may result in any one of the following: (1) an

increase in the stability of stratification (e.g . MRR), (2) creation of density
stratification (e.g. DRR), (3) holomixis (though this may be assisted by wind induced
mixing, e.g. DRR), or (4) a negligible impact on a lake's vertical density structure
(e.g. DRR).

Not all water bodies experience holomixis during the wet season (e.g. Marshall &
Falconer 1973; Wood et a/. 1976; Hare & Carter 1984; Richerson 1992;
MacKinnon & Herbert 1996), w!hilst others such as Lake Valencia (Venezuela),
experience infrequent deep vertical mixing (Lewis 1984). In some studies, it is
possible holomixis over the 'wet' has not been observed because the temporal
interval between profile measurements (often monthly) is much longer than the
period of mixis (a few days). This is compounded by rapid heat gain and
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restratification m the tropics, which can quickly destroy evidence of recent
holomixis.

Little has been reported on the long-tenn frequency of mixing in tropical reservoirs
as studies rarely exceed 2 years duration, however as shown for DRR and other
water bodies (e.g. Solomon Dam, Lake Valencia), wet season mixing patterns can
differ significantly between years. Wet season thermal behaviour of tropical lakes is
probably more variable than dry season behaviour because of the additional influence
of inflow and greater inter-annual variability of wet season weather compared to the
dry season.

MRR has one predictable annual period of holomixis, the dry season, and conforms
to the warm monomictic model of lake classification. DRR, in contrast, cannot be
classified as monomictic as the reservoir experienced more than one holomictic
event over a year. Nor is DRR polymictic, as this tenn refers to lakes with 'perennial
circulation' (Hutchinson & Loffier 1956, page 84) dominated by diurnal rather than
seasonal energy fluxes (Cole 1983 ~ Goldman & Home 1983). DRR is best described
by the 'discontinuous warm polymictic' classification (see Lewis 1983b), though the
reservoir experiences periods of stratification longer than the 'days or weeks'
described by Lewis (1983b, page 1783). It is proposed that this category of lake
circulation also applies to lakes with stratification periods of several months, whilst
still mixing more than once a year. No one mixing pattern is representative of the
wet/dry tropics, though most experience holornixis in the dry season, whilst some
also mix completely at other times in the year.

5.3.2 Reservoir stratification
Due to the non-linear decrease of water density with increasing temperature and the
large surface areas of DRR and MRR, relative to their mean depths, superficial heat
gain in the absence of vertical mixing greatly increased the stability of stratification.
The distribution of this heat by wind-induced mixing produced equally large
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reductions in reservoir stability. DRR and MRR stability fluctuations emphasise the
dynamic nature of thermal stratification in the wet/dry tropics where lake stability is
highly responsive to solar heating and transfer of wind energy to the reservoir
surface.

The seasonal pattern of stability for DRR and MRR exhibit two annual minima and
maxima. This contrasts with Lake Valencia (Lewis l983a~ Lewis 1984) in the rainy
tropics, and higher latitude water bodies which feature a winter minimum and
summer maximum stability (see Johnston et a/. 1978; Viner 1984~ Ferris & Burton
1988; Henry & Barbosa 1989; Bowling 1990). The underlying reason for this
difference is the disturbance to stratification caused by wet season weather which
does not have a summer equivalent in temperate climates.

The hypolimnion of DRR and :MRR gained heat during stratification, this was most
apparent during the period of stable stratification between August and December
when there were no inflows into either water body. To gain an insight into the
contribution due to direct heating, theoretical hypolimnetic temperature increases
are calculated for typical light conditions of the two reservoirs. Over the study
period, the median attenuation coefficients for DRR and MRR were, respectively,
0.47 m-1 and 1.05 m-1 (Chapter 3). Assuming a daily shortwave radiation flux of 25

MJ m-2 and attenuation coefficients equal to the median, a 0.01 m water layer near
the bottom temperature of

DRR and MRR would increase 0.0029

oc

and

0.000011 °C, respectively. Over a 4 month period, this is equivalent to
temperatures increases of 0.33

oc

in DRR and 0.0012

, substantially less than the average 2

oc

oc

in

MRR. This is

hypolimnetic temperature rise between

September and December in the reservoirs and probably due to eddy diffusion of
heat.

Hypolimnetic heat gain reduces the vertical temperature range and therefore stability
of stratification. If the waters below the epilimnion in DRR and MRR had remained
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at the temperature of dry season holomixis, October stability in both reservorrs
would have been double the actual values. Hypolimnetic heat gain will further
reduce the low stability of tropical lakes caused by their small vertical temperature
range relative to mid-latitude water bodies (see Lewis 1987). In Lake Valencia
(latitude I 0 °N), hypolimnetic heat gain and mixing has been shown to be the main
factor, compared to epilimnetic wind mixing and convection, responsible for the
lakes weak stratification and low stability (Alvaro eta/. 1989).

The deeper epilimnion of DRR, compared to MR.R, results not only from its greater
exposure to wind but also its greater transparency. Direct solar heating of highly
transparent waters, will in the absence of vertical mixing, produce smaller vertical
density gradients compared to waters with low transparency (Goldman & Home
1983). The small density gradient, and therefore lower resistance to vertical mixing
of clear water bodies, results in a deeper epilimnion when exposed to the same wind
climate. The shallow morphology of MR.R, relative to DRR, would normally be
expected to favour holornixis, but is mitigated by the reservoirs relatively low
surface wind speeds and transparency.

5.3.3 Conclusion
DRR and MR.R, although subject to the same regional climate, differ appreciably in
their seasonal pattern of circulation. This conclusion refutes the hypothesis that
regional climate alone determines lake circulation pattern. In addition to the regional
climate, other factors, associated with the interaction between a lake's physical
environment and its regional climate, also influence reservoir circulation. In this
study, these factors have been shown to be linked to the following: retention

time~

the relative densities of wet season inflow and reservoir waters; reservoir geographic
setting and its effect on reservoir surface wind
size,

depth)~

speeds~

reservoir morphology (shape,

fetch distance in the direction of the prevailing

winds~

and its optical

properties. The variable physical characteristics of water bodies in the wet/dry
tropics, and their influence on reservoir mixing regimes, probably accounts for the
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range of thermal behaviours reported.

Such influences are likely have a greater

impact on the seasonal pan em of circulation in tropical lakes, compared with higher
latitude lakes, due to the lower stability of stratification of tropical lakes, as modeled
by Lewis ( 1987), and implies a greater variability of mixing regimes in tropical lakes
compared to higher latitude lakes.
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Chapter 6: Seasonal Pattern of Dissolved Oxygen
Abstract:

The dissolved oxygen concentration in DRR and MRR reflected each

reservoir's pattern of thermal

stratification and mixing

Average oxygen

concentrations were lower in MRR than those recorded in DRR. This is attributed to
MRR's longer periods of hypolimnetic anoxia, its higher oxygen flux to the
hypolimnion, elevated heterotrophic metabolism associated with the reservoir's
higher trophic status, and possibly greater oxygen loss by photo-oxidation of
dissolved humic substances. With the onset of thermal stratification, dissolved
oxygen in the hypolimnion of each reservoir was depleted at rates of 3.4 - 7. 1 mg r 1
month" 1 which were higher than those reported for temperate water bodies (0.103.0 mg

r1 month-1) .

This was ascribed primarily to the effect of temperature on

microbial metabolism, whilst the influence of the reservoirs' high epilimnion to
hypolimnion volumetric ratios

(~10:

I) was considered secondary. Due to the

temperature dependence of hypolirnnetic oxygen depletion, the trophic classification
of lakes based on hypolimnetic deoxygenation and anoxia is not globally applicable,
but is applicable to water bodies of similar hypolimnetic temperatures, especially
when morphometric influences are also taken into account. Both reservoirs
experienced long periods of anoxia (average: 9 months in MRR, 5 months in DRR)
Ammonia, iron and manganese accumulated in the hypolimnion of DRR and MRR,
with concentrations decreasing exponentially from the sediments to oxycline. OnJy in
MRR was phosphorus release from the sediments detected. In DRR, phosphorus
release was undetected due to its relatively low phosphorus sediment concentrations
and their possible immobilised state.
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6.1 Introduction
Most studies of dissolved oxygen have been of temperate waters (e.g. Mitchell &
Bums

1979~

Vollenweider & Janus

1982 ~

Cornett

1989 ~

Bertram 1993 ; Stefan et a/.

1995), and often prompted by the concerns for eutrophication. Whilst there are
several accounts of the seasonal patterns of dissolved oxygen in tropical waters (e.g.
lmbevbore 1967; Tailing

1969 ~

Viner

1970 ~

Marshall & Falconer

1973~

Hawkins

1985), with a few exceptions however (e.g. Melack & Fisher 1983; Boland &
Griffiths 1995 ~ Hamilton et a/. 1995) oxygen itself is rarely the focus of the study.

The seasonal oxygen dynamics of tropical reservoirs are likely to differ from their
temperate counterparts because in warm tropical waters are more susceptible to
oxygen depletion. This is due to the reduced solubility of oxygen in warm waters
coupled with higher rates of microbial metabolism. It is compounded by long periods
of stratification in some tropical water bodies (Lewis 1987), as hypolimnetic waters
are isolated from surface waters oxygenated by photosynthesis and surface-air gas
exchanges. The low solubility of oxygen in warm waters and higher productivity of
phytoplankton in tropical waters (Vincent et a/. 1986; Lewis 1987), on the other
hand, would be expected to favour oxygen super-saturation. Large fluctuations in
oxygen concentration are more likely in tropical water bodies compared to their
temperate counterparts. For example, Wood eta/. (1984) recorded surface oxygen
concentrations ranging from 12 % to 200 % saturation in Lake Paulo, Ethiopia.

In this chapter, the effect of the different mixing patterns and trophic states of DRR
and MRR on their seasonal oxygen dynamics is examined. Particular attention is
paid to hypolimnetic oxygen depletion, as anoxia and low redox conditions favour
the solubility of phosphorus, iron and manganese (Stumm & Morgan 1981 ).
Holomixis following hypolimnetic anoxia will transport these elements to the surface
waters, where increased phosphorus concentrations may cause phytoplankton
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growth, and higher iron and manganese concentrations may cause aesthetic
problems in potable waters.

6.2 Results

6.2.1 Seasonal pattern of dissolved oxygen
The seasonal pattern of dissolved oxygen (Figs. 6.1 & 6.2) reflected each reservoir's
pattern of thermal stratification. Both reservoirs experienced holomixis in the dry
season, typically between the end of May and mid-August (Chapter 4). Following
the breakdown of dry season stratification in May, MRR surface oxygen
concentrations were reduced to as low as 50% saturation (Fig. 6.2), whilst in DRR
no oxygen sag was recorded (Fig. 6.1). Annual maximum concentrations, averaging
7.1 mg 1-1 (88 % saturation) in DRR and 5.3 mg 1-1 (66 % sat.) in .MRR, were
reached during dry season isothermy. In MRR, the vertical distribution of oxygen
during holomixis was rarely uniform, decreasing by as much as 3 mg 1-1 between
surface and bottom waters. Dry season holomixis was intenupted by periods of
thermal stratification resulting in rapid hypolimnetic oxygen depletion in both
reservoirs, and anoxia in MRR. This was more frequent in MRR due to the
reservoirs' longer periods of stratification compared with those of DRR. Despite
these periods of depletion, average oxygen concentrations were highest during the
dry season (Fig. 6.3).

In most years, thermal stratification in both ORR and MRR developed in August,

causing rapid hypolimnetic depletion of dissolved oxygen and eventually anoxia
(Figs. 6.1 & 6.2). Because the hypolimnion of each reservoir constituted a small
proportion of the total volume of each reservoir (approximately 10%), hypolimnetic
anoxia produced only a small decrease (2 mg 1-1 in D~ 1 mg 1-1 in MRR) in the
volume-weighted, mean oxygen concentration of each reservoir (Fig. 6.3).
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Darwin River Reservoir (ORR) and Manton River Reservoir (MRR)

mean volume-weighted and 100% saturation concentrations of dissolved oxygen.

In ORR, stratification persisted for at least 3 months until wet season holomixis and
reoxygenation of the bottom waters. This sometimes produced an oxygen sag in the
surface waters of DRR (e.g. Jan 1985, Fig. 6.1) due to the effects of dilution and
oxygen demand of the fonner hypolirnnetic waters. After the 'wet' and during the
transition to the dry season (April, May), DRR's thermal behaviour comprised either
ahemating periods of holomixis and thennal stratification, with brief periods of
hypolimnetic oxygen depletion and anoxia, or a gradual erosion of the hypolimnion
and deepening ofthe oxygenated epilimnion (Fig. 6.1).

Unlike DRR, MRR did not expenence complete mixis during the wet season
(Chapter 4). In general, hypolimnetic anoxia developed in September, and persisted
until May. However, in some years, the hypolimnion was oxygenated, albeit at low
concentrations, for up to 2 weeks by the intrusion of cool inflow traced by its low
conductivity (Fig. 6.4). Similar events have also been reported in other tropical
water bodies (Marshall & Falconer 1973 ; Hawkins 1985).
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Hypolimnetic intrusion into Manton River Reservoir by cool,

oxygenated inflow traced by its low conductivity relative to the main water body.
January 1986.

The average oxygen content of l\1RR at the end of the wet season declined from an
already low average concentration of 3.7 mg 1-1 (50% saturation) in March to 3.0
mg 1-1 in April (39% saturation~ Fig. 6.3). Indeed, on April 24, 1990, the reservoir
was nearly anoxic, with oxygen concentrations decreasing from 3.8 mg r 1 at the
surface to 0.5 mg r 1 at 1 m depth, reaching anoxia at 6 m depth. Average oxygen
concentrations in MRR did not exceed 50% saturation until June (Fig. 6.3), when
the reservoir completely mixed. Such low concentrations of dissolved oxygen were
not recorded in DRR.

6.2.2 Rates of bypolimnetic oxygen depletion
During the transition between the dry and wet seasons, it took on average 7 weeks
for hypolimnetic anoxia to develop in DRR, then another 3 weeks for near complete
hypolimnetic anoxia. Hypolimnetic dissolved oxygen in DRR decreased linearly over
time (Table 6.1). For reasons that are unclear, depletion in 1988 was best explained
by two linear regressions (Table 6.1). Depletion rates averaged 0.85 mg 1-1 week-I,
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Table 6.1 Drawin River Reservoir (DRR) and Manton River Reservoir (MRR)
hypolirnnetic depletion rates for the transition between the dry and wet seasons. and
the wet season. All regressions were statistically significant at the 5% level. The
average depletion rate and co-efficient of variation (standard deviation ~ mean
expressed as a percentage) for the ORR dry-wet transition uses the 1988 average
(identified as 1988c) of the two linear regressions ( 1988a, 1988b).

Year

Period
and Reservoir

Rate
( mg r

1

week-1)

Number of

Co-efficient of

data points determination.

ORR drv-wet transition
1985 Sept. 5- 18

1.09

3

0.96

1986 Aug. 7 - Oct. 8

0.68

8

0.97

1987 Aug. 5 - Oct. 7

0.62

9

0.96

1988a Aug. 9 - 30

1.70

4

1.00

1988b Aug. 30 - Oct. 4

0.27

3

1.00

1988c Aug. 9 - Oct. 4

0.99

1989 Sep. 5 - Oct. ll

1.01

3

1.00

1990 Oct. 3-23

0.63

4

0 .98

1991 Aug. 20 - Oct. 1

0.91

4

0 .99

1992 Jul. 20 - Sept. 22

0.86

4

0.99

Average =

0.85

Co-efficent of variation =

20%

ORR wet season
1987 Feb. 27 - Mar. 24

1.47

4

0.96

1989 Mar. 15- Apr. 4

1.12

3

0.91

1991 Mar. 12 -Apr. 4

1.40

4

1.00

Average =

1.33

Co-efficent of variation =

ll%

MRR drv-wet transition
1985 Jul. 25 - Sep. 85

0.91

3

0.99

1986 Aug. 12- Sept. 16

0.97

5

0.96

1987 Aug. 25 - Sept. 4

2.41

2

1990 Aug. 8- Aug. 14

2.56

2

Average =

1.70

Co-efficcnt of variation =

45%

r
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with minimum and maximum averages, over the whole period of deoxygenation, of
0.62 mg t-I week-I and 1.09 mg 1-1 week-I . DRR hypolimnetic depletion rates were
usually higher during the wet season compared to the dry-wet transition, averaging
1.26 mg t-1 week-I (Table 6.1 ). Wet season hypolimnetic anoxia was reached faster,
compared to other periods in DRR, due to both higher depletion rates, and a lower
initial oxygen concentrations. Oxygen concentrations at the commencement of wet
season hypolimnetic deoxygenation were approximately 5 mg 1-1, at least 2 mg J-1
lower than typical dry season concentrations.

At the beginning of the dry-wet season transition, hypolimnetic anoxia in MRR
developed within 1-3 weeks ofthe onset of thermal stratification. This was followed
by near complete hypolimnetic anoxia within another 2 weeks. Linear regression of

:MRR deoxygenation data could only be applied to two periods of profile data,
otherwise rates were estimated by interpolation (Table 6.1). Oxygen depletion in
MRR during 1989, 1991 and 1992 could not be estimated because anoxia developed
between consecutive profile dates, some at monthly intervals. Oxygen depletion in

:MRR tended to be higher, and more variable based on coefficent of variation values,
compared to DRR (Table 6.1).

6.2.3 Hypolimnetic anoxia
Anoxia in each reservoir has been quantified by calculating the anoxic factor (AF,
Niirnberg 1995). This parameter represents the number of days that sediment area,
equal to the total lake surface area (Ao), is overlain by anoxic water. AF = (duration
of anoxia x area at anoxic-oxic boundary) + Ao- The oxic-anoxic boundary was set
~t the depth where dissolved oxygen equaled 1 mg 1-1 (Ntimberg 1995), as

determined from linear interpolation of oxygen profile data.

The hypolimnion ofMRR remained anoxic for longer periods than that in DRR (Fig.
6.1 ). This is because of the longer period of thermal stratification in :MRR, more
rapid rates of hypolimnetic oxygen

depletion and lower initial

oxygen
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Figure 6.5 Relationship between (a) annual Anoxic Factor and reservoir mean
depth, and (b) dry-wet season Anoxic Factor and reservoir hypolimnetic volume for
Darwin River Reservoir. The Anoxic Factor is the number of days that sediment
area, equal to the total lake surface area, is overlain by anoxic water (Numberg
1995).

concentrations. The AF for a one year period, commencing in the middle of the dry
season (July 1), averaged 57 days for MRR and 30 days for DRR. The area overlain
by anoxic water averaged 12% and 19%, respectively, of DRR's and MRR' s total
surface area, with maxima of 34% for DRR and 81% for MRR for a single profile
date.

The variation of annual AF values was tested by several single linear regressions,
using different morphometric parameters as the independent variable. These were as
follows: maximum depth, mean depth, morphometric ratio (reservoir mean depth +
surface area0.5, Osgood 1988), mean hypolimnetic depth, hypolimnetic volume, and
the epilimnion to hypolimnion volumetric ratio. No statistically significant regression
was found for the MRR data, whilst for DRR, 53% of annual AF variability could be
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explained by mean depth (p = 0 . 048~ Fig. 6.5). The influence of ORR' s
morphometry on anoxia was more pronounced over the transition between the dry
and wet seasons (Fig. 6.5), when climate and reservoir stratification are less variable
compared to an annual period. The AF for wet-dry transition averaged 21 days, with
a larger proportion of its variability explained by all morphometric parameters (r2
0.74 -

0 . 82 ~ n=8 ~

=

p <0.01), with hypolimnetic volume (Fig. 6 .5) explaining the

greatest proportion of AF variation.

In both reservoirs, lengthy periods of hypolimnetic anoxia were accompanied by the
accumulation of ammonia. The exponential decrease in ammonia concentrations
from near the sediment-water interface (maxima: 1.3 mg J-1 in ORR, 3.5 mg 1-1 in
MRR) to undetectable concentrations (< 0.01 mg J-1) at the oxycline indicate that
sediment organic matter was the primary source of hypolimnetic ammonia. Similarly,
the hypolimnion of both reservoirs accumulated high concentrations of iron
(maxima: 6.9 mg 1-1 in ORR~ 26 mg I-1 in MR.R) and manganese (maxima: 2.2
mg J-1

in ORR~ 8.5 mg J-1 in 'MRR), which also decreased exponentially with

distance from the sediment-water interface. Epilimnetic concentrations of Fe and Mn
in DRR averaged 0. 10 mg 1-1 and 0.028 mg 1-1 respectively, whilst in MRR they
were higher, averaging 0.22 mg 1-1 Fe and 0 .075 mg t·l Mn. Examples of ammonia,
iron and manganese profiles during hypolimnetic anoxia are shown in Figure 6 .6.

When ferric iron is reduced, phosphate sorbed to iron complexes becomes soluble
(Stumm & Morgan 1981). Sediment physical and chemical characteristics, as weU as
redox conditions, also influence phosphorus sediment release to the hypolimnion
(Bostrom et a/. 1982). The organic, clay, aluminum and calcium contents of ORR
and MRR sediments differ little (Table 6.2). MRR sediments, however, have an iron
concentration three times, and a phosphorus content twice that of DRR.
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Figure 6.6

Typical profiles of dissolved oxygen (DO), ammonia (NH3), total

phosphorus (TP), total iron (Fe) and total manganese (Mn) concentrations for (a, b,
c) Darwin River Reservoir, 8 weeks after the development of hypolirnnetic anoxia,
and (d, e, f) Manton River Reservoir, 12 weeks after the development of
hypolimnetic anoxia.

Table 6.2 Physical and chemical composition Darwin River Reservoir and Manton River Reservoir sediment collected

at the deepest site of each reservoir (site A). The mean and, in brackets the standard deviation, for the chemical and loss
on ignition of three replicate samples, and the results of a single particle size analysis of a composite of the triplicate
samples.

'

Loss on
ignition

Clay

Silt

Fine

Coarse

sand

sand

35

12

'

Ca

Al

Fe

Mn

Total

2.5

7.0

23

0.51

9.7

0.36

(0.24)

(0.46)

(2.3)

(0. 19)

(0.49)

(0.037)

1.6

8.2

68

2.5

0.83

(0.27)

(0.46)

(6.7)

(0.19)

13
(0.52)

Total
nitrogen phosphorus

(% )

Darwin

River
Reservoi r
Manton
River
Reservoi r

20 (2.3)

23 (0. 7)

37

37

16

29

19

15

_(0.03 ~ l

'-0
0
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To assess the release of phosphorus, to the hypolimnion from each reservoirs'
sediments, the average total phosphorus concentration of the epilimnion, and
samples collected within 2 m of the sediment-water interface have been compared.
This approach assumes phosphorus is not lost from the epilimnion by tripton or
phytoplankton sedimentation, as shown Chapter 7. Increased hypolimnetic
phosphorus concentrations would not be expected to be immediate upon the
development of hypolimnetic anoxia, due to the lag incurred by the reduction of
manganese before iron (Stumm & Morgan 1981) and time required for phosphorus
transport to the overlying waters. The data set for the comparison was restricted to
periods commencing 4 weeks after the onset of hypolimnetic anoxia, and ending
with wet season intrusion and mixing. Total phosphorus concentrations were, on
average, higher in the bottom waters of DRR and MRR by

0.001 mg 1-1 and

0.005 mg 1-1, respectively, compared to epilimnetic concentrations. This difference
was statistically significant for the .I\1RR data set (sign ranked
though not for ORR data (paired

t-test~

test ~

n=63, p<0.0001),

n=28, p>0.05), indicating only the sediments

of MRR are a detectable source of phosphorus. Typical total phosphorus profiles for
the reservoirs, at least 8 weeks after of the development of hypolimnetic anoxia, are
shown in Figure 6.6.

6.3 Discussion
6.3.1 Hypolimnetic oxygen depletion
Table 6.3 shows that the oxygen depletion rates computed for ORR and MRR
exceeded those reported for 21 temperate lakes (Vollenweider & Janus 1982), a
temperate Australian reservoir (Ferris & Tyler 1992) and a New Zealand lake (Bums
1995). In addition to the high rates of hypolimnetic deoxygenation in DRR and
MRR, oxygen concentrations at the onset of thermal stratification are lower than
those typically recorded in temperate lakes (e.g. Goldman & Home

1983~

Wetzel

1983). Consequently, the time taken to reach hypolimnetic anoxia in DRR and MRR
would

92
Table 6.3 Average hypolimnetic deoxygenation rates, maximum depths and chlorophyll a
concentrations for temperate lakes and reservoirs, and tropical Darn-i n Rive r and Manton
River Reservoirs. Rates contained in parentheses have been corrected to 4 °C. othernise
the hypolimnetic temperature is assumed to equal 4 °C. Note: time interval for depletion
rates is one month. Sources: a , Vollenweider & Janus, 1982; b, Ferris & Tyler, 1992: c.
Burns, 1995. NR not reported.
Mean hypolimnetic

Maximum

Average chlorophyll a

dissolved oxygen

depth (m)

concentration

0.10

406

1.1

0. 13

370

4.2

0. 18

143

0.9

0.24

228

1.5

0.25

310

7.3

0.27

141

1.8

0.3 1

281

2.3

0.45

242

2.2

0.5 1

73

3.2

0.54

27

3

0 .55

244

4.8

Burrogorangb

0.58 (0.32)

32

2.3

Sempachersee'

0 .84

87

13.4

Lunzer-

0.9 1

34

1.9

Sh.ak.a"

1.02

56

5.0

Osoyoos"

1.06

63

7.0

Ossiachersee•

1.35

52

3.3

1.37 ( 1.04)

64

4.3

Wood'

1.85

34

11.0

Greifensee"

2.11

33

16 .9

Hayesc

2.76 (0.76)

33

NR

Eerie (Central Basin)'

3.00 (1.85)

26

5.5

ORR (dry-wet transition)

3.59 (0.81)

20

3.4

ORR (wet season)

5.76 (1.02)

20

3.4

MRR (dry-wet transition)

7.42 (1.6 1)

13

7.5

Lake/Reservoir

depletion rate
(mg 1-1 month- 1)
Superior-

Michigan"

Mergozzo"

Eerie (West Basin)'
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be expected to be shorter than most temperate lakes, increasing the Likelihood of
long periods of hypolimnetic anoxia.

When DRR and MRR depletion rates are corrected to 4°C (Table 6.3), assuming
microbial aerobic metabolism doubles with every 1ooc increase in temperature
(Charlton 1980b), DRR 's dry-wet season rate is ranked about middle, whilst the
reservoir's wet season rate has a percentile ranking of 70% when ranked from
lowest to highest. MRR' s temperature-corrected depletion rate is ranked fourth
highest of the lakes listed. The range in temperature-corrected rates (0.10 - 1.85
mg r 1 month- 1) is principally due to morphometric and trophic influences (see Wetzel
1983). Deep, oligotrophic lakes tend to have lower temperature corrected rates
compared to shallow, eutrophic waters bodies. Moreover, shallow lakes have a high
hypolinmetic sediment surface area, which is a significant source of oxygen demand
(Martinova 1993), relative to the hypolimnion volume. The high epilimnion to
hypolimnion volumetric ratio

(~10:

I ) of DRR and MRR will favour high oxygen

demands, enhancing their already high rates attributable to their warm hypolimnetic
temperatures.

The higher wet season, temperature-corrected depletion rate for DRR may result
from increased dissolved organic carbon concentrations, and higher biological
oxygen demand, from catchment run-off, as indicated by the higher colour of the
reservoir in the wet season

(Chapter 3). Given that ORR's and MRR's

morphometric and temperature influences on oxygen depletion are much the same,
MRR's substantially higher depletion rates most likely reflects its higher trophic
state.

Hypolinmetic oxygen depletion and anoxia have been used as indices of the trophic
condition of a water body (Walker

1979~

Vollenweider & Kerekes 1980; Cole 1983;

Goldman & Home 1983; Wetzel 1983). Classifications based on temperate lakes
nominate hypolimnetic anoxia as characteristic of eutrophic conditions. DRR may be
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classified oligotrophic or mesotrophic, depending on the parameter (total
phosphorus or chlorophyll a concentration) and classification scheme (Chapter 3),
yet the reservoirs' hypolimnetic oxygen depletion rates exceed the more eutrophic
lakes (based on t heir chlorophyll a concentration) listed in Table 6.3. Moreover, it
experiences long periods of anoxia. This is attributed primarily to the temperature
dependence of

hypolimnetic oxygen dynamics. If the temperature of

ORR's

hypolimnion was reduced to 13 .5 °C, the reservoir's depletion rate is predicted to
1

reduce to 1 mg· month-1 and would not experience anoxia (Townsend 1996).
Trophic classifications based on hypolimnetic oxygen content are not globally
applicable because of their temperature dependence. Nevertheless, oxygen depletion
and anoxia can be used to assess differences in the trophic state of lakes with similar
hypolimnetic temperatures (such as ORR and MRR), after taking into account lake
morphometry, and can also be used to assess trophic changes within a water body
(e.g. Bertram

1993 ~

Hecky eta/. 1994).

The rates of hypolimnetic oxygen depletion calculated for ORR and MRR constitute
net changes in dissolved oxygen, and fail to take into account oxygen produced by
photosynthesis within the hypolinmion or oxygen transported into the hypolimnion.
As a result, actual depletion rates are likely to be higher than observed ones. In
ORR and MRR, photosynthetic oxygen production is expected to be negligible
because the hypolimnion is below the euphotic depth of both reservoirs (Chapter 3,
5). However, oxygen fluxes into the hypolimnion of ORR and MRR may be
significant, as vertical turbulence by eddy diffusion in both reservoirs increased
hypolirnnetic temperatures by as much as 3

oc during periods of prolonged thermal

st_ratification (Chapter 5). In a study of 12 Canadian lakes (Cornett & Rigler 1987),
the vertical transport of oxygen into the hypolimnion accounted for a maximum of
15% of the hypolirnnetic oxygen depletion budget.

The vertical heat flux from the epilimnion to the hypolinmion in ORR and MRR
would be expected to be accompanied by oxygen transport. The flux can be
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estimated from the product of the oxycline gradient and the eddy diffusion constant,

Kz,

of 10~ m2 s· 1 (lmberger & Patterson 1984). Applying the methodology of

Patterson el. a/. ( 1985), and an average oxycline discontinuity of 2 mg J-1 m-1 for
both DRR and MRR (based on an examination of the profile data during
hypolimnetic deoxygenation), the oxygen flux is approximately 170 mg m-2 day-1 .
This represents an additional 0 .5 mg 1-1 weeJc-1 transported to the hypolimnion of
both reservoirs (Oxygen flux

x

Area at thermocline depth

x

7 days

Hypolimnion volume). When this additional oxygen input is added to the observed
dry-wet season rates, average depletion rates for the dry-wet transition increase,
respectively, by 59% and 29% for DRR and MRR.

6.3.2 Bypolimnetic anoxia
Numberg (1995) found the summer AF for 75 North American lakes increased with
both the average total phosphorus concentration, an indicator of trophic state, and
the depth of a lake relative to its surface area. Shallow lakes were associated with
rapid hypolimnetic depletion rates but not necessarily prolonged anoxia. The ORR
and MRR annual AFs (averages: 30 for DRR, 57 for MRR) are high relative to 40
north American water bodies listed by Numberg ( 1995) which had an average
annual value (summer + winter AF) of 11 , and ranged from 0 to 61 . The DRR and
MRR annual AFs are also high with respect to their total phosphorus concentrations
(averages: 6 Jlg r 1 for DRR; 10 Jlg r 1 for MRR~ Chapter 7). The AF for 13 north
American lakes, listed by Numberg ( 1995), with total phosphorus concentration of
6- 10 Jlg

r1

averaged 14, with a minimum of 0 and maximum of 34. This

comparison of north American, and DRR and MRR Afs supports the contention
t~at

warm water bodies are more likely to experience anoxia, compared to their

temperate counterparts of similar trophic state.

The flux of oxygen to the hypolimnion will increase when the hypolimnion reaches
anoxia (assuming constant

Kz) due to the increased vertical oxygen gradient, which

averaged 6 mg 1-1 m-1 in DRR and 3 mg 1-1 m-1 in MRR (based on an examination
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of the profile data). For a 1 m2 water column at sites A, oxycline depths of 11 m
and 5.5 min DRR and .MRR respectively, and

.Kz = 10~ m2 s-1, the average daily

loss of oxygen from the epilimnion is 0.05 mg I-1 in DRR and 0.70 mg t-1 in MRR.
The rate is lower in DRR due to the reservoir's greater epilimnetic volume. Oxygen
loss is reduced to 0.03 mg J-1 day-1 in DRR and 0.42 mg 1-1 day-1 in MRR when the
total eplimnetic oxygen mass, of which only a portion overlays the hypolimnion, is
taken into account. The oxygen loss is higher in .MRR due to the reservoir's lower
epilimnetic oxygen mass relative to the area at the depth of the oxycline (averages:
0.033 kg

0 2

m·2 in MRR, 0.18 kg

0 2

m·2 in DRR). Diffusive transport of oxygen to

the hypolimnion is therefore probably a more significant component of MRR's
oxygen budget, compared to DRR, due to its longer periods of thermal stratification
and smaller epilimnetic oxygen mass, and would be expected to contribute to
.MRR's lower epilimnetic and total reservoir oxygen concentrations.

Hypolimnion anoxia is usually associated with phosphorus release from sediments
(Bostrom et a/. 1982), and can represent a major phosphorus loading in eutrophic
water bodies. In DRR, phosphorus release was not detected even though the
reservoir experienced long periods. of hypolimnion anoxia and the reduction of
manganese and iron. This is probably due to the low absolute concentrations of
phosphorus in DRR sediments, compared to other published concentrations (<0.1 10.1 mg g-1~ Townsend 1996). Much of DRR sediment phosphorus is probably
immobilised as apatite, aluminum phosphates, refractory organic compounds, and
sorbed to clay and humic-iron complexes (see Bostrom et al. 1982). The high DRR
Fe:P ratio of64:1, relative to other water bodies (1:1-

22 : 1~

Townsend 1996), is

unlikely to have been an important factor as previously considered (Townsend
1996), because sediment phosphorus release was detected in MRR which has an
even higher Fe:P ratio of 82: 1. Although DRR experienced long periods of
hypolimnetic anoxia, its internal phosphorus loading was negligible and contrasts
with eutrophic temperate lakes (see Marsden 1989). Holomixis in DRR after lengthy
hypolimnetic anoxia will increase the N:P ratio, as the hypolimnion accumulates high
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concentrations of ammonia but undetected amounts of phosphorus. However the
effect of this is likely to be minimal though, due to the reservoir' s high epilimnion to
hypolimnion volumetric ratio.

6.3.3 Reservoir oxygen concentrations
The oxygen budgets of water bodies compnse biological (e.g. photosynthetic
oxygen

production,

planktonic

and

bacterial

respiration),

chemical

(e.g.

photo-oxidation) and physical (e.g . surface oxygen flux and oxygen transport)
processes within a water body and at its interfaces with the atmosphere and with the
sediments. Whilst the calculation of an oxygen budget for DRR and MRR is beyond
the scope of this chapter, specific components, in addition to the oxygen fluxes
mentioned above, are discussed to gain an insight into the oxygen budgets of both
reservorrs.

MRR has, relative to DRR, low surface oxygen concentrations which favours higher
atmospheric oxygen gains to the water body; however this is countered by lower
wind speeds over MRR. A typical oxygen flux for the two reservoirs is estimated
using the average surface oxygen concentrations for the two reservoirs (DRR: 7.5
mg

r 1,

MRR: 6.4 mg r 1) , and average wind speeds (1.9 m s-1 in DRR, 0.6 m s-1 in

MRR for common periods of data collection, Fig. 5.8). Using the method of
O'Connor (1983), daily oxygen fluxes were 425 mg m-2 for DRR and 335 mg m-2
for MRR. The ratio of ORR' s epilimnetic volume to its surface area (55) was, on
average, almost double that of MRR (26). Although oxygen gain by MRR is less
than ORR, when distributed through the epilimnion it results in a greater epilimnetic
oxygenation in MRR due to its smaller volume compared to ORR. These daily gains
are 0.06 mg 1-1 in ORR and 0.1 mg 1-1 in MRR. Thus, although wind speeds over
MRR are lower than DRR, this is countered by MRR's lower surface oxygen
concentrations and is more significant because of the reservoir' s smaller epilirnnetic
volume.
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High rates of photo-oxidation of dissolved organic matter in MRR, compared to
DRR, may contribute to its lower oxygen concentrations. The colour content of
MRR is about 2-3 times that of ORR, decreasing from a wet season peak due to a
combination of photo-oxidation and microbial decomposition (Chapter 3). This
colour difference is indicative of the higher content of humic substances in MRR
compared to ORR. In highly coloured waters, photo-oxidation by ultra-violet light
can contribute to oxygen deficiency (Wetzel 1983). These reactions can be cata1ysed
by iron (Miles & Brezonik 1981; Klementova & Wagnerova 1989), particularly in
warm waters exposed to high incident light with high concentrations of iron. Whilst
the humic content of MRR is not high in comparison with dystrophic lakes (Chapter
3), the reservoir's elevated water temperatures (22-32 °C, Chapter 4), high incident
light (daily maximum 250 W m-2;

Chapter 4) and high epilirnnetic iron

concentrations are likely to contribute to iron mediated photo-oxidation of humic
substances and epilimnetic oxygen depletion. Photo-oxidation would be expected to
be most significant when reservoir colour is high, late in the wet season, and could
partly account for the low MRR epilirnnetic oxygen concentrations recorded m
March, April and May.

The initially low oxygen concentrations immediately following the breakdown of
stratification in MRR are ascribed to dilution of the former epilimnetic waters and
the oxygen demand of former hypolirnnetic waters, as reported elsewhere (e.g.
Wood et a/. 1984; Whitmore et a/. 1991). However, continued low oxygen
concentrations in the deeper waters of MRR indicate high heterotrophic oxygen
consumption relative to photosynthetic oxygen production and atmospheric oxygen
gains to the reservoir. Low oxygen concentrations are common in tropical wetlands
where they have been ascribed to heterotrophic oxygen consumption, including
methane oxidation (Hamilton et a/. 1997), although the specific processes involved
are poorly understood (Welconune 1979; Hamilton eta/. 1995). Similar processes
may also contribute to the relatively low oxygen concentrations of MRR, and may
be more significant in MRR than DRR because of its higher trophic state.
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6.3.4 Conclusion
Both ORR and MRR experience rapid periods of hypolimnetic deoxygenation, and
long periods of anoxia due principally to their warm hypolimnetic temperatures, but
also their high epilimnion to hypolimnion volumetric ratios (::::: 10: I). The higher
depletion rates of MRR, in comparison with ORR, are attributed to MRR' s higher
trophic state as indicated by its chlorophyll a concentrations. Due to the temperature
dependence of hypolimnetic oxygen depletion, the trophic classification of lakes
based on hypolimnetic deoxygenation and anoxia is not globally applicable, but is
pertinent to water bodies of similar hypolimnetic temperatures, especially when
morphometric influences are also taken into account. Oxygen concentrations in
MRR were lower than those recorded in ORR. Three factors are likely to contribute
to this: ( 1) higher heterotrophic aerobic metabolism in MRR, relative to ORR,
associated with the MRR' s higher trophic state; (2) higher rates of photo-oxidation
of dissolved organic matter in MRR, and (3) a greater loss of oxygen from MRR' s
epilimnion to the hypolimnion during anoxia, relative to ORR.
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Chapter 7: Phosphorus Limitation of Phytoplankton
Biomass
Abstract:

The phytoplankton biomass of the study reservoirs was determined by

chlorophyll a. :MRR chlorophyll a (annual average: 7.1 ~g

r 1)

exhibited a seasonal

pattern with a maximum during the dry season (July average: 8.4 11g
minimum in the wet season (February average: 4.8 ~g

r 1)

r 1),

and

attributable to wash-out.

In contrast, ORR had lower chlorophyll a concentrations, averaging 3.6 J.Lg r 1 and
did not exhibit a distinct seasonal pattern in biomass (minimum and maximum
monthly averages: 2.9 11g

r 1,

4.4 J..Lg

r').

The concentration of phytoplankton

biomass in DRR and :MRR is shown to be phosphorus limited, based on a linear
regression (r = 0 .92; p<O.OOI) of average annual total phosphorus and chlorophyll
a concentrations for the pooled MRR and DRR data. The high nitrogen (TN) to

total phosphorus (TP) ratios of the reservoirs (ORR 50:1; MRR 37:1) provide
further evidence that the phytoplankton biomass are phosphorus limited on an
annual time scale. During the wet season however, wash-out in MRR may be a
more significant factor controlling phytoplankton biomass. Phosphorus limitation is
ascribed to the low phosphorus concentration of run-off into the reservoirs, relative
to nitrogen (TN:TP ratio >80), though this will be mitigated by its relatively high
concentration in rainfall (TN:TP ratio 5.5). Chlorophyll a concentrations predicted
by MRR and MRR-DRR regressions, compared to four temperate regressions did
not present conclusive evidence that phytoplankton biomass is higher in the tropics,
per unit of limiting nutrient, compared to higher latitude water bodies.
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7.1 Introduction
The concentration of phytoplankton in the pelagic environment represents the net
effect of phytoplankton growth and loss. Phytoplankton growth is dependent on the
availability of light and nutrients, whilst losses include grazing, cell death, sinking
and advection (Fisher eta/. 1995).

Phosphorus is the most common nutrient limiting phytoplankton biomass in
temperate waters (Goldman & Home 1983; Fisher eta/. 1995), and has also been
reported to limit phytoplankton biomass in tropical freshwaters (Moss 1969; Robarts
& Southall 1975; Peters & Macintyre 1976; Robarts & Southall 1977; Melack eta/.
1982; Kalff 1983; Hecky & Kilham 1988; Melack & Macintyre 1994). Fisher el a/.
(1995) contend, though, the paucity of information about the trophic state of

tropical lakes prevents any systematic evaluation of phosphorus limitation in tropical
lakes.

Nitrogen limitation of phytoplankton biomass, however, may be more common in
warm tropical freshwaters than in temperate waters (Lewis 1996). Both field (Anton

et a/. 1995) and laboratory expe riments (Melack et a/. 1982; Vincent et a/. 1984;
Liti et a/. 1991 ; Lehman & Branstrator 1994) have shown nitrogen to be a limiting
nutrient in tropical freshwaters. Otherwise, nitrogen limitation has been inferred
from low in situ concentrations, especially relative to phosphorus (Tailing & Tailing
1965; Lewis 1986; Edmund et a/. 1993; Mukankomeje et a/. 1993). In some lakes,
whilst there has not been direct evidence for nitrogen limitation, phosphorus
limitation has been refuted and nitrogen limitation inferred (Peters & Macintyre
1976). Some tropical waters may oscillate between nitrogen and phosphorus
limitation (Viner 1977; Setaro & Melack 1984; Bootsma & Hecky 1993)

Nitrogen limitation of phytoplankton may be more frequent in the tropical lakes
because higher water temperatures lead to: (I) evaporative concentration of
phosphorus relative to nitrogen, (2) more efficient chemical weathering of
phosphorus, and (3) higher nitrogen losses (Lewis 1996). Depending on the supply
of nitrate (Seitzinger 1988), denitrification is favoured by higher temperatures.

102

In this chapter, the hypothesis that phytoplankton biomass in ORR and MRR is
limited by phosphorus is tested.

7.2 Results

7.2.1 Seasonal patterns of nutrient and chlorophyll a concentrations
Spatial variation of nitrate and total phosphorus within the surfaces waters of the
two reservoirs was negligible Two-way ANOV As of site and depth (0 and 3 m), for
data collected between September 1985 and July 1986 at all sites (Fig. 1. 1), were
not significantly different (p>O.OS; Appendix 3).

Chlorophyll a and total phosphorus concentrations in MRR were about twice those
measured in DRR, whilst nitrate and total nitrogen concentrations in the two
reservoirs were similar (Table 7.1). The ratio of total nitrogen to total phosphorus
concentrations, for the common period of data collection, was one-third higher in
DRR compared to MRR (Table 7.1). In both reservoirs, over 98% of nitrite
concentrations were below the analytical limit of detection of 1 ~g

r 1,

whilst

ammonia was not detected (concentration < 10 ~g r 1) in any of the samples collected
from the mixed layer.

No distinct seasonal pattern was evident for DRR chlorophyll a, total phosphorus or
nitrate concentrations, based on individual profile and average monthly data (Figs.
7.1 & 7.2). The annual range of average monthly concentrations for these
parameters was small, being less than 2 llg

r 1. Chlorophyll a concentrations showed

no seasonal pattern, with maxima were recorded during the months of January,
April, July, October and November (Fig. 7.la). Much of the total phosphorus
variation in Figure 7.1b (and Fig. 7.3b) is attributable to analytical uncertainly, which
at these low concentrations is ± 5 Jlg r 1 (E. Czobic (DLPE), pers. cornm. ).
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Table 7.1

Time-weighted, average chlorophyll a, total phosphorus (TP}, total

nitrogen (TN}, TN:TP

ratio (by weight) and nitrate (as N) concentrations for

Darwin River Reservoir (ORR) and Manton River Reservoir (MRR), July 1985 to
June 1993 . Total nitrogen was determined from November 1990 to June 1993 . The
figures in parentheses refer to time-weighted averages for the period of total
nitrogen data collection. The TN:TP ratios have been calculated for this period.
Chlorophyll a
Total
Total
(~g r t)
Phosphorus Nitrogen
<es rt)

<eg rt)

TN·TP

Silicon

ratio

Nitrate
(~g rt)

(mg r 1)

ORR

3.6 (4.2)

6.1 (6.8)

337

so

2.7

8

MRR

7.1 (8.6)

10.1 (10.2)

379

37

3.3

7

The range of nutrient and chlorophyll a concentrations, based on individual profile
and average monthly data (Figs. 7.2 & 7.3), was greater in MRR than in ORR. High
concentrations of nutrients in MRR were recorded during reservoir filling and
overflow, and during the dry season. MRR chlorophyll a maxima during the dry
season (July average: 8.4 J..Lg

r 1)

are most likely associated with the transport of

phosphorus, of hypolimnetic origin (Chapter 5), to the euphotic layer and
subsequent growth of phytoplankton. Low concentrations were most frequently
recorded during the ' wet' (February average: 4.8 J..Lg r 1) are probably due to
wash-out. The volume of MRR spillway overflow was greatest during February,
averaging 65% of the reservoirs storage capacity, compared to 16% in January and
17% in March. Chlorophyll a maxima during the dry season, from May to August,
occurred for brief periods of no more than one week duration, based on samples
collected at weekly intervals (Fig. 7.4).
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1986

1987

1988

1989

1990

1991

Darwin River Reservoir (a) ChlorophyU a, (b) Total

1992

1993

phosphorus~

(c)

Nitrate (as N)~ (d) Total nitrogen average concentrations for the mixed layer, and (e)
Reservoir water level, July 1985 to June 1993 . The depth of the mixed layer is
defined by the seasonal thermocline during stratification, and reservoir maximum
depth during holomixis.
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1986

1987

1988

1989

1990

1991

1992

1993

Manton River Reservoir (a) Chlorophyll a; (b) Total phosphorus; (c)

Nitrate (as N); (d) Total nitrogen concentrations for the mixed layer,

and (e)

Reservoir water level, July 1985 to June 1993 . The depth of the mixed layer is
defined by the seasonal thermocline during stratification, and reservoir maximum
depth during holomixis.
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Total phosphorus concentrations in the epilirnnion during the period of most stable
stratification between September and December (Figs. 7. 1, 7.2 & 7.4) did not vary
with time. This indicates relatively large amounts of phosphorus were not being lost
from the epilirnnion, by sedimentation of phytoplankton and tripton to the
hypolimnion, in either reservoir after prolonged thermal stratification.
Concentrations of soluble reactive silicon averaged 8 mg r' in DRR and 7 mg
MRR, varying between 6 and 9 mg

r'

r' in

in both water bodies. Based on two-way

ANOV As (Appendix 4), no statistically significant difference (p>0.05) was
determined between silicon concentrations measured during the dry season and the
dry-wet transition, and between samples collected at the surface and close to the
sediment-water interface for either reservoir.

7.2.2 Relationship between total phosphorus and chlorophyll a
concentrations
Annual periods were selected to examine the empirical relationship between
concentrations of total phosphorus (TP) and chlorophyll a of each reservoir (Fig.
7.4). To include a complete dry and wet season, annual periods have been chosen to
commence at the end of the wet season on April 1. Spring TP and summer
chlorophyll a concentrations, which have been commonly used in temperate
empirical studies (e. g . Dillion & Rigler 1974; Smith & Shapiro 1981 ; Prepas & Trew
1983), were considered inappropriate due to DRR's and MRR's tropical climate.
No statistically significant linear relationship was found for the DRR data set (Fig.
7.4a). In contrast, a statistically significant (p

= <0 .001)

linear regression of the

MRR data (Table 7.2, Fig. 7.4b) explained 96% of chlorophyll a variation. The
MRR data separates into pre- and post- drawdown subsets; the latter comprising
higher chlorophyll a concentrations. The concentration of MRR chlorophyll a
concentrations for the two periods are significantly different (Chapter 3 ), though it is
unlikely this is due only to the effects of rapid drawdown and filling because
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r 1)

Average annual (April 1 to March 31) total phosphorus and

chlorophyll a concentrations for (a) Darwin River Reservoir (ORR), (b) Manton
River Reservoir (MRR) and (c) pooled reservoir data. Linear regression and 95%
confidence limits are shown in (b) and (c). Regression details are provided in Table
7.2.

chlorophyll a m ORR for the same two periods are also significantly different
(Chapter 3).
The ORR and MRR data sets have been pooled (Table 7.2, Fig. 7.4c) to gain an
insight into a common relationship between TP and chlorophyll a for the reservoirs.
The linear regression of the pooled data explains 92% of chlorophyll a variation
(p < 0.001). The slopes of the two linear regressions (MRR, MRR-DRR) are
significantly different (p=O.Ol5), when tested by analysis of covariance (see Zar
1974). The MRR linear regression slope is 8% greater than the slope for the pooled
data. The mean chlorophyll a concentrations predicted by the regressions, when
TP = 10 ~g r\ however is not statistically different (p > 0 .05) when the difference
between the two means are tested using the t statistic (see Zar 1974).Linear
regressions based on log transformed data (Table 7.2) are also statistically significant
(p<O.OOI). Similar to the linear regressions, the slopes of the two regressions differ
(p=0.03), though the predicted mean chlorophyll a concentration for TP = 10 J.l S r
are not statistically significantly different (p>O.OS) .

1

Table 7.2 Linear regression~ of average annual (April - March) total phosphorus (TP) on chlorophyll a (Chla) concentrations for Manton
River Reservoir (MRR), and pooled MRR and Darwin River Reservoir (MRR-DRR) data, for the period April 1, 1986 to March 31, 1993 . No
statistically significant regression was found for the ORR data. All data sets passed tests for normality and equal variance, excluding the
MRR-DRR log transformed regression which failed the test for equal variance. For comparison, four regressions based on temperate data sets
are shown, with predicted mean chlorophyll a concentrations and 95% confidence intervals, when TP == 10 ~g

r\

for the MRR and MRR-DRR

regressions and the temperate regressions . The confidence intervals for the Schindler (1 978) and Vollenweider & Kerekes (1980) regressions
have been estimated from a figure within each reference.
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7.3 Discussion
7.3.1 Seasonal pattern of biomass concentration
Although DRR and MRR are both shallow water bodies, exposed to the same
climate, the seasonal pattern of phytoplankton biomass in the two reservoirs differ.
MRR's seasonal pattern was influenced by two phenomena wet season flushing, and
nutrient enrichment of the euphotic layer following destratification in the dry season.
These phenomena were absent in DRR, which showed no distinct seasonal trend in
phytoplankton biomass. This contrast between the two reservoirs emphasises the
influence retention time and nutrient dynamics have on the seasonal pattern of
phytoplankton biomass. These influences have also been observed in many other
lakes, both in the tropics (Melack 1979; Tailing 1986) and higher latitudes (Uhlmann
1978; Soballe & Threlkeld 1985; Bailey-Watts et al 1990).

7.3.2 Nutrients and phytoplankton biomass
Rates of nutrient cycling in wann tropical waters may be greater than in temperate
waters. Consequently, phytoplankton biomass, per unit concentration of the limiting
nutrient, may be higher compared to temperate waters (Lewis 1996). In Table 7.2,
the predicted mean chlorophyll a concentration, when TP = 10 Jlg r', for four
regressions based on lower latitude data sets, are presented for comparison with the
MRR and MRR-DRR predictions. Of the four data sets, three are based totally on
temperate water bodies, whilst the Schindler ( 1978) data set of about 80 water
bodies includes one tropical lake and two arctic lakes.

A summary of the statistical significance of the difference between the predicted
means is presented in Table 7.3 . The MRR and .M RR-DRR regressions predict
significantly higher chlorophyll a concentrations (P<0.05) compared to regressions
based on temperate data sets for Burragorang Reservoir in southern Australia (Ferris

& Tyler 1985) and several South African impoundments (Walmsley & Butty 1980).
When the MRR and MRR-DRR regression predictions are compared with
predictions based on larger temperate data sets (Schindler 1978, Vollenweider &
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Kerekes 1980), the difference however is not statistically significant (p>0.05) due to
their larger confidence intervals.

The gradients of the MRR and MRR-DRR regressions are greater than those of the
temperate regressions, whilst the y-intercepts of the two tropical regressions are
similar to the temperate regressions (Table

7 . 2~

Fig. 7.5). The comparison between

the tropical and temperate regressions does not provide conclusive evidence for
higher phytoplankton biomass of tropical waters, per unit TP concentration, based
on the above comparison of predicted means. When TP

=

10 J..l&

r•, the mean, and

95% confidence intervals, for the MRR and MRR-DRR regressions would have to
be increased by 8% and 11%, to be statistically different to, respectively, the
Schindler ( 1978) and VoUenweider and Kerekes ( 1980) regressions.

The TN:TP ratios of the reservoirs provide further evidence that phosphorus limits
phytoplankton biomass. The use of the TN:TP ratio in freshwaters to infer nutrient
limitation is based on the observation there exists an optimal ratio of nitrogen and
phosphorus for phytoplankton growth, where limitation moves from one nutrient to
the other (Tilman 1977). It assumes either nitrogen or phosphorus is a limiting
nutrient, and not some other nutrient or factor such as light. The TN:TP ratio (by
weight) varies with phytoplankton species, ranging from 4. 1 to 37.9, with most
freshwater plankton having values of about 10 (Smith

1982 ~

Suttle & Harrison

1988). The results of experiments which manipulate TN:TP ratios confirm the
significance of the ratio in influencing lake phytoplankton biomass. In a review of
these experiments, Downing and McCauley (1992) reported that phosphorus
limitation was significantly more frequent in lakes with TN:TP > 14, and also more
frequent in lakes with a TP concentration of less than 30 J,.lg

r•. This

ratio is

exceeded by more than a factor of two in DRR and MRR, whilst phosphorus
concentrations
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Table 7.3 Statistical comparison of predicted mean chlorophyll a concentrations (see Table
7.2), when total phosphorus concentration is 10 J,lg

r 1, between four temperate

regressions

and the MRR and MRR-DRR regressions. The comparisons use the 1 statistic (see Zar
1974), with a level of significance of 5%. The statistical difference between the means is
presented as a Yes (significant) or No (not significant). For each test, the calculated (first
value) and critical two-tailed (with degrees of freedom, second value) 1 values for the
comparison are shown.

MRR

Schindler ( 1978)

Vollenweider &
Kerekes (1980)

Walmsley &
Butty ( 1984)

Ferris & Tyler
(1985)

No
t = 1.76;
to.03(2); 14 = 1.99

No
to.0-'(2); l 2 = 1.99

Yes
1=2.41 ;
to.05(2); 14 = 2 .15

Yes
! =3 . 18;
to.05(2); 37 = 2.0 3

No
t= l.63;
to.o-'(2); t9 = I . 99

Yes
1=2.41 ;
to.0.5(2); 22 ;;::: 2.07

Yes
t=3 .16;
to.05(2); 44 =2.02

MRR-DRR

No
t= l.76;
to.03(2); 92

-..

..c

= 1.99

t

= 1.63 ~
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Figure 7.5 Linear regressions of mean annual total phosphorus and chlorophyll a
concentrations for the study reservoirs (a, MRR-DRR; b, MRR), and four temperate
regressions (c, Vollenweider & Kerekes 1980; d, Ferris & Tyler 1985; e, Schindler
1978; f, Walmsley & Butty, 1984).
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of the study reservoirs are considerably less than 30 11g r'

The high TN:TP ratios ofDRR and MRR are primarily because catchment run-off is
phosphorus deficient relative to nitrogen. During the 1994 wet season, the TN:TP
ratios of run-off into DRR and MRR catchment averaged, respectively 180 and 82
(DPLE, unpublished data) These high ratios, however, will be mitigated by the
relatively low TN:TP ratios of rainfall in the region (5.5; Hart eta/. 1987). This is
particularly significant for DRR where about 20% of the total catchment area
comprises reservoir surface, compared to 6% for MRR.

Holomixis in DRR and MRR, after prolonged stratification and the accumulation of
hypolimnetic ammonia, will increase the TN:TP of the reservoirs surface waters. The
effect of this will be minimized, however, by the relatively large epilimnetic to
hypolimnetic volumetric ratio (~ 10: 1) of both reservoirs.

Silicon is an important and potentially limiting nutrient for diatoms, which feature a
siliceous cell covering (Reynolds 1984). In laboratory experiments to examine the
effect silicon concentration has on the growth of Aulacoserira granulata, the
dominant diatom in the study reservoirs (Chapter 8), Kilham (1988) reported no
growth limitation provided silica concentrations exceeded approximately 0.6 mg r'
(Kilham 1990). DRR and MRR silicon concentrations are at least 10 times greater
than this concentration. Although the silicon data for this study are not
comprehensive, it is unlikely silicon limits the biomass of diatoms in the reservoirs.

7.3.3 Conclusion
The biomass of phytoplankton in DRR and MRR is phosphorus limited, based on
empirical evidence relationship between mean annual total phosphorus and
chlorophyll a, and high total nitrogen to total phosphorus ratios. During the wet
season however, wash-out in MRR may be a more significant factor controlling
phytoplankton biomass. Mean annual chlorophyll a concentration predicted by two
temperate regressions of TP and chlorophyll a did not predict a statistically
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significant higher chlorophyll a concentration, when TP = 10 !l8 r 1, than the study
reservoir regressions. The data provides no conclusive evidence of a higher biomass
concentration per unit nutrient in the study reservoirs compared to temperate data.
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Chapter 8: Phytoplankton Biomass and Composition
Abstract:

Over a two year period, the phytoplankton of both reservoirs was

dominated (90% and 82% of DRR and :MRR biomass, respectively) by an
assemblage of Peridinium, Botryococcus braunii and Desmidaceae (predominately
Cosmarium and Staurastrum ), though the relative biomass concentrations of these

taxa differed between the water bodies. Botryococcus was dominant in DRR, and
Peridinium in .MRR. Biomass of other taxa (Cyanobacteria, Euglenophyta,

Chrysophyta, Xanthophyta and other Chlorophyta) contribute less than 4% of total
biomass. Holomixis sometimes caused a temporary shift in the phytoplankton
dominance in favour of Bacillariophyta, predominantly Aulacoserira granulata. The
Peridinium-Botryococcus-Desmidaceae assemblage, however, remained a significant

proportion of the biomass during holomixis. This assemblage subsequently resumed
domination with the onset of thermal stratification, after holomixis in each reservoir.
During thermal stratification, autogenic succession from r- to K-strategist
phytoplankton was not detected. Nor was any distinct seasonal pattern in
phytoplankton assemblage detected. Wet season decreases in Peridinium
concentrations in :MRR represented the most significant variations in phytoplankton
assemblage based on an ordination of the biomass concentration data. No major
temporal variations were identified for DRR. The assemblage of both reservoirs was
dominated by K-strategist phytoplankton, with temporary shifts sometimes caused
by holomixis in both reservoirs, and washout in :MRR.
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8.1 Introduction
The seasonal cycle of phytoplankton in lakes is commonly referred to as a "seasonal
succession". However, such a cycle does not correspond exactly with the concept of
succession developed by terrestrial ecologists (Reynolds 1980), which is principally
unidirectional, progressing from pioneer to climax associations (Odum 1971 ). To
elucidate this difference, Reynolds (1980) defined two types of phytoplankton
successions. Autogenic successions occur under uniform physical conditions (e.g.
thermal stratification), and are driven by interactions between the aquatic organisms
themselves and their environment. Allogenic shifts or reversions, on the other hand,
result from species replacements caused by externally driven perturbations. Sommer
( 1989), however, argues that changes in phytoplankton assemblages resulting
directly from external factors do not constitute successions, because the
phytoplankton sequence is not dependent on preceding assemblages.

Most studies of the seasonal sequence of phytoplankton in lakes and reservoirs are
of temperate water bodies (Reynolds 1996), mainly in north America and Europe.
There are substantially fewer studies of phytoplankton sequences in tropical water
bodies, where seasonality of solar radiation is muted, and the period of stratification
is likely to be longer compared with that of higher latitude lakes (Lewis 1996).

Two of the most intensive studies of phytoplankton sequences in the tropics were
conducted on oligotrophic Lake Lanao in the Philippines and eutrophic Lake
Valencia in Venezuela (Lewis

1978 ~

Lewis 1986). Both water bodies are deep, with

negligible or no through flow and a predominantly monomictic mixing regime
(Lewis

1973 ~

Lewis 1986). The sequence of phytoplankton assemblages in these

two lakes, which were nitrogen limited,

was not fundamentally different from

temperate water bodies (Lewis 1996), consisting of diatoms during holomixis, then a
sequence of cryptomonads, chlorophytes, Cyanobacteria and dinoflagelates. In
contrast to temperate water bodies, however, the number of phytoplankton
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sequences were more numerous due to more frequent deep mixing events which
reset the phytoplankton sequence.

Phytoplankton dominance by diatoms during deep mixing, and Cyanobacteria during
stratification, is common amongst eutrophic, tropical water bodies (Tailing 1966;
Tailing 1969; Kalff & Watson 1986; Tailing 1986; Tundisi & Matsumura-Tundisi
1990; Hooker el a/. 1991 ; Hawkins & Griffiths 1993; Boland & Griffiths 1996). In
each of these studies, cyanobacterial dominance was disrupted by seasonal
holomixis. Perturbations of phytoplankton may also arise from hydrologic wash-out
(Tailing 1986).

The dominance of phytoplankton biomass by Cyanobacteria has also been reported
for eutrophic, shallow, polymictic Lake George (Uganda; Ganf 1974), and the
permanently stratified, eutrophic Lake Muzahi (Rwanda; Mukankomeje el a/. 1993).
Neither of these lakes exhibit a seasonal sequence of phytoplankton.

Phytoplankton studies of oligotrophic water bodies in the tropics are not as
common as studies of their eutrophic counterparts. In oligotrophic Lake Titicaca
(Peru/Bolivia), phytoplankton fluctuations over a three year period were dominated,
at varying times, by Cyanobacteria, diatoms, Chlorophyta and Chrysophyta with no
distinct sequence, though the Cyanobacterium Nodularia spumigena was dominant
during stratification (Richerson eta/. 1992). During stratification, the phytoplankton
composition of oligotrophic Lake Tanganyika (central Africa) is also dominated by
Cyanobacteria, in this case Anabaena (Hecky & Kling 1981 ). Similar to eutrophic
lakes, diatoms dominate during deep mixing in both Lake Titicaca and Lake
Tanganyika.
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Darwin River Reservoir (a) Seasonal thermocline depth, (b)

Available daily energy for photosynthesis, (c) Chlorophyll a (Chla) concentration in
the mixed layer, (d) Water level (height above sea level). The depth of the mixed
layer is defined by the seasonal thermocline during stratification, and reservoir
maximum depth during holomixis.

Whilst acknowledging that no single factor determines the seasonal sequence of
phytoplankton assemblages in lakes and reservoirs, Reynolds ( 1984b) nominated
three main factors. Ranked in ''provisional order" (Reynolds 1984b, page 134 ), these
are: (1) the physical environment (e.g. temperature, mixing, light), (2) chemical
factors (e.g. nutrient availability), and (3) biotic factors (e.g. grazing and parasitism).
In this chapter, the influence of the different physical and chemical environments of
DRR and MRR on their phytoplankton biomass and assemblage is examined.
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Available daily energy for photosynthesis, (c) Chlorophyll a (Chla) concentrations in
the mixed layer, and (d) Water level (height above sea level). The depth of the mixed
layer is defined by the seasonal thermocline during stratification, and reservoir
maximum depth during holomixis.

8.2 Results

8.2.1 Stratification and mixing
Seasonal and inter-annual patterns of stratification and moong for the study
reservoirs have been discussed in Chapter 4, and are summarized by the depth of the
seasonal thermocline in Figures S. la and 8.2a. MRR is stratified throughout most of
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Figure 8.3

Typical diurnal stratification, during the dry-wet season transition, in

(a) Manton River Reservoir, and (b) Darwin River Reservoir. Isotherms

ec) based

on hourly temperature measurements made by a thermistor string, with thermistors
at 1.5 m depth intervals in DRR and l m intervals in MRR. Seasonal thermoclines
located at 6-7m depth in MRR, and 10-14 m depth in DRR.

the year, with brief periods of complete mbcis in the dry season. The seasonal pattern
of DRR is more dynamic, as the reservoir completely mixes several times each year.
The volume of the epilimnion in DRR and MRR approximated 92% and 94%,
respectively, of the their total volume, based on an average seasonal thermocline
depth of 11 m in DRR and 6 m in .MRR.
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A diurnal cycle of thermal stratification and moong was experienced in the
epilimnion of both DRR and MRR. In MRR, daytime stratification was followed by
convective mixing to the depth of the seasonal thermocline, typically between
midnight and early morning (Fig. 8.3a). In DRR, where the depth of the epillmnion
is about twice that of MRR, convection did not always reach the seasonal
thermocline (Fig. 8.3b).

Dry season thermal behaviour of the reservoirs was characterised by deep mixing
and weak thermal stratification. In MRR, it is unlikely periods of continuous
holomixis persisted for many days. Instead, a diurnal pattern of night-time holornixis
and day-time stratification sometimes occurred (Fig. 8.4a). Dry season diurnal
thermal stratification in DRR was less pronounced, and the duration of vertical
mixing longer, than in .MRR. This can be seen by comparing the DRR and MRR
isotherms for May 1992 (Fig. 8.4a & b) Thermistor string data confirmed that wet
season holomictic events in DRR, inferred from weekly profiles (see Chapter 5),
were of short

duration ~

for example, complete rnixis in February 1992 lasted about

16 hours (Fig. 8.4c).

On a seasonal time scale, the reservoirs are stratified throughout most of the year
with brief periods of holomixis, which are more frequent in DRR than MRR. On a
shorter time scale of days, during stratification the epilinmion of each reservoir
experiences pronounced diurnal stratification. Periods of holomixis can be
interrupted by weak, daytime thermal stratification.

8.2.2 Light climate
The amount of energy available: per day for photosynthesis in both reservoirs was
1

similar, averaging 52 W m· 1 in DRR and 58 W m· in MRR. Neither reservoir
exhibited a marked seasonal pattern in available energy (Fig. S.lb, 8.2b). Levels
were highest during the dry-wet transition (October daily average: 67 W m"
lowest
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(June

daily

average:
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Typical dry season holomixis in (a) Manton River Reservoir, and (b)

Darwin River Reservoir, and (c) wet season holomixis in Darwin River Reservoir.
Isotherms
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based on hourly temperature measurements made by a thermistor

string, with thermistors at 1.5 m depth intervals in DRR and l m intervals in .MRR.
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This reflects the seasonal pattern of incident radiation (Fig. 4.2).

Changes in the mixing depth did not have a major effect on available energy because
thermocline deepening or holomixis produced a relatively small increase in the
volume of the mixed layer, compared to the volume of the euphotic layer For
example, the volume of the euphotic layer decreased, as a proportion of the mixed
layer, from 0.97 during stratification to 0.91 during holomixis in DRR

In~

the

proportion decreased from 0.87 during stratification to 0.81 during holomixis in
MRR. Available energy per day was more sensitive to changes in incident shortwave
radiation, than the depth of the mixed layer Low levels of light availability
(<30 W m- 1) were caused by low incident radiation levels (<100 W m-

2

),

rather than

deep mixing events.

8.2.3 Nutrients and chlorophyll a in the mixed layer
Phosphorus is the most likely nutrient limiting phytoplankton biomass in DRR and

.MRR, based on an empirical relationship between average annual total phosphorus
and chlorophyll a

concentrati~ns,

and high total nitrogen to total phosphorus

concentration ratios (Chapter 7). No seasonal pattern of chlorophyll a was evident
for DRR, whilst in MRR concentrations of chlorophyll a were highest during the dry
season, and lowest in the 'wet'. Chlorophyll a concentrations, although presented in
previous figures, are shown in Figures 8.1 and 8.2 for ease of comparison with
thermocline depth and available light.

8.2.4 Hypolimnetic chlorophyU a concentrations
High concentrations of chlorophyll a (maxima: 32 ~g r in DRR, 62 ~g
1

r 1 in MRR)

were measured in the anoxic hypolimnion of both reservoirs (Fig. 8.5), increasing
with time as anoxia persisted. These high concentrations are attributed to
interference from pigments of photosynthetic bacteria, rather than a true
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Dissolved oxygen, chlorophyll a and turbidity profiles for (a) Darwin

River Reservoir, March 6 1990, and (b) Manton River Reservoir, March 7, 1990.
X-axis scale common to all three parameters. The high chlorophyll a concentrations
measured in the anoxic hypolimnetic waters result from interference from bacterial
pigments, and are not considered accurate determinations of chlorophyll a.

_measurement of chlorophyll a. This conclusion is supported by a spectrophotometric
absorption scan of pigments extracted in 90% acetone which showed a peak
absorbance at 654 nm (Fig. 8.6}, corresponding to bacteriochlorophyll d (Pfennig
1967}, rather than the 664 nm absorption peak of chlorophyll a. MRR scans also
showed a less pronounced absorption peak at 765 nm, which is probably
bacteriochlorophyll a (see Pfennig 1967) and concurs with one of the absorption
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Absorption spectra of 90% acetone extracts from samples collected

from the anoxic hypolimnion of Darwin River (DRR) and Manton River Reservoirs
(MRR). Absorption peaks were recorded for the following wavelengths (nm): 405
(DRR), 407 (MRR), 427 (ORR & MRR), 653 (DRR) and 654 (MRR), and 765
(MRR). Samples collected on December 8, 1993 .

Figure 8.7

Scanning electron micrograph of a platelet of Thiopedia rosea;

scale bar on bottom of photograph is 5 Jlffi.
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Table 8.1 Average phytoplankton biomass, and percentage of total biomass, in the
surface waters of Darwin River Reservoir (0 - 10 m depth) and Manton River
Reservoir (0- 4 m depth), June 1990 to June 1992.

Botryococcus
braunii
Desmidaceae
Other
Chlorophyta
Dinophyta
Bacillariophyta
Euglenophyta
Chrysophyta
Xanthophyta
Cyanobacteria
Total biomass

Darwin
River
Reservoir
0.5 I (47%)

Manton
River
Reservoir
0.087 (10%)

0.095 (9%)
0.046 (4%)

0. 13 (15%)
0.011 (1%)

0.38
0.043
0.019
<0.01
<0.01
<0.01

(34%)
(4%)
(2%)
(< 1%)
(<1%)
(<1%)

0.49
0.075
0.038
<0.0 1
<0.0 1
0.030

1.05

0.861

4.2

8.3

(57%)
(9%)
(4%)
(<1%)
(<1%)
(3%)

(g m-3)

Average
chlorophyll a
concentration
(J.lg rl)

peaks of Thiopedia rosea Winogradsky reported by Banens (1990).

Thiopedia rosea, a purple sulfur bacterium, was identified by scanning electron
microscopy from hypolimnetic samples collected from both reservoirs (Fig. 8.7). It
has a distinctive morphology comprising flat sheets of ovoid cells. Other
phototrophic bacteria may have been present but were not identified.
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Further evidence that a dense layer of phototrophic bacteria develops in the
hypolimnion of both reservoirs was provided by turbidity data. Turbidity in the
hypolimnion paralleled "chlorophyll a'' concentrations (Fig. 8.5), with values
(maxima: 7.7 NTU in DRR, 45 NTU in MRR) often exceeding those recorded in the
epilimnion.

8.2.5 Phytoplankton composition and biomass
The concentration of phytoplankton biomass was, on average, 22% higher in the
surface waters of DRR compared to MRR (Table 8.1) This is the reverse of the
chlorophyll a concentrations of the reservoirs, where MRR concentrations were on
average twice those of DRR (Table 8.1). The lower chlorophyll a to biomass ratio
of DRR (average: 4.0 f.lg chlorophyll a per mg biomass), compared to MRR
(average: 8.2 !lg chlorophyll a per mg biomass), is attributed to the dominance of B.

braunii in DRR. This alga form:s large colonies, up to 1 mm in diameter in ORR,
with substantial stores of hydrocarbon comprising up to 75% of its dry weight
(Maxwell et a/. 1968). B. braunii colonies sampled from DRR in 1976 and 1977
comprised 30% hydrocarbon by dry weight mass (Wake & Hillen 1981 ). It is likely

B. braunii colonies in DRR have a high biomass relative to their chlorophyll a
content.

Dinophyta, B. braunii and desmids dominated the phytoplankton biomass of both
reservoirs (Table 8.1). These three taxa comprised, on average, 90% and 82% of
the total phytoplankton biomass in DRR and :MR.R, respectively. Although
- dominated by the same phytoplankton assemblage, the relative biomass of each taxa
differed between DRR and :rvt:RR. An ordination plot of phytoplankton biomass
concentration for each sample date (Fig. 8.8) clearly separates the phytoplankton
samples of the two reservoirs. A two-way analysis of similarity of reservoir and year
found the difference between the two reservoirs significant (p<O.OOI), but the

128

(a) MRR and DRR, years 1 & 2

2

OE

Legend
0

0

1

o
eA

0

N

J:

en
en

0

0

0

ogG:>

0
0

eB

-1

•D

0
0

08

o

8

•

0

oH

o

0
0 0
0

0
0
0

•

oG

•
',···
..
•• • •. •
'• '
•

•I

•••
•
•

0
0

&,o

C'IP

Of

c.

0

ORR
MRR

-2
-2

(b) MRR., year 1

N

J:

0

2

SSH1

2

(fJ
(fJ

-1

(d) DRR, year 1

A

~

0
-1

-2

0
-1

-2

2

N
(fJ
(fJ

0

~

-1

2

~

(c) MRR, year 2
I

2

0
-1

(e) DRR, year 2

-2

-2

-2

-1

0

SSH1

2

-2

-1

0

2

SSH1

Figure 8.8
(a) Semi-strong hybrid (SSH) ordination of Darwin River Reservoir (DRR)
and Manton River Reservoir (MRR) phytoplankton biomass average concentrations (0, 4
and 8 m depth samples in ORR; 0 and 4 m depth samples in MRR), JlUle 1990 to June
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1991 to June 1992. Lines drawn in (b) to (e) join data points in chronological order, though
an arrow to indicate the direction oftime is not included to maximise figure clarity.
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difference between the two years not significant (p = 0.17). In DRR, B. braunii was
the most dominant of these taxa, followed by Dinophyta and desmids. In MRR,
Dinophyta were the most dominant; second ranked were desmids and third ranked
was B. braunii.

Peridinium was the principal Dinophyta genus recorded in the reservOirs,
constituting at least 97% of dinoflagelate biomass. P. gutwinskii Woloszynska (see
Ling & Tyler 1986) constituted 87% and 42% of the Dinophyta biomass
concentration in DRR and MRR, respectively. The desmid population was
dominated by several species of the genera Cosmarium and Staurastrum, although
other genera were present (e.g . Staurodesmus, Xanthidium) .

During some holomictic events, diatoms were also a significant component of the
phytoplankton biomass of each reservoir. In both water bodies, Au/acoseira

granulata (Ehr.) Simonson was the dominant diatom, averaging 82% in DRR and
94% in MRR of the diatom biomass concentration. Diatoms have a higher density
than water, and will sink unless kept in suspension by vertical mixing. Holomixis
distributed diatoms through the water column of both reservoirs (Fig. 8.9). This was
most evident when holomixis coincided with increased diatom concentrations.

In December 1990 and 1991, and January and February 1992, high diatom
concentrations (>0. 15 g m-3 ) were recorded in .MRR at 4 m depth (Fig. 8.9), but
were negligible (<0.05 g m-3 ) at the surface, and at 8 m and 12 m depths. The
February 1992 diatom maximum was followed by their sedimentation the following
month (March 1992, Fig. 8.9). Physical and chemical data during these wet season
months indicate stable stratification (Chapters 4 & 5), though there was substantial
inflow as indicated by increased water levels (Fig. 8.2e). The diatoms at 4 m depth
were probably transported to the sample site by the intrusion of cool waters from
other regions in the reservoir. It is possible the diatoms originated from the littoral
areas of the reservoir where turbulence, associated with inflow of catchment run-off,
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3

lsopleths of phytoplankton biomass concentration (g/m ) for Manton

River Reservoir (MRR) and Darwin River Reservoir (DRR). (a) :MRR
Bacillariophyta, (b) DRR Bacillariophyta, (c) :MRR Dinophyta, and (d) DRR
Dinophyta. Approximate periods ofholomixis are indicated by stippling (see Chapter
5). Indentations on top x-axis indicate profile dates when samples were collected
every 4 m depth intervals.
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maintained their population in the water column. There is no evidence of advective
transport of diatoms in DRR.

In contrast to the diatoms, Peridinium is highly motile. Peridinium concentrations
were highest at the surface (Fig. 8.9), even during the dry season when the
reservoirs experienced holomixis, albeit sometimes with day-time stratification B.
braunii showed a similar, though not as pronounced, vertical distribution to

dinoflagelates.

No distinct seasonal sequence of phytoplankton assemblage is discernible for DRR
(Fig. 8. 10), although there were significant fluctuations in the biomass of different
taxa. B. braunii concentrations varied by a factor of five (0.18- 0.94 g m·3 ) and as a
percentage of the total biomass from 13% to 85%. Concentrations of Dinophyta
were generally ranked second to B. braunii, excluding April of 1991 and April 1992
when Dinophyta was the dominant taxa. The range of Dinophyta concentrations
varied ten fold, from 0.07 to 0.88 g m·3 , and as a percentage of biomass
concentration from 12% to 64%. Desmids were frequently ranked third, averaging
9% of the total biomass. Their concentration varied from 0.030 to 0.22 g m·3

Diatoms in ORR comprised a small proportion of the total phytoplankton biomass.
Their biomass concentrations were generally ranked Sth or 6th (Fig. 8.1Oe), reaching
maxima of 0.14 g m·3 and 17% of the total biomass.

Similar to DRR, no distinct seasonal trend in phytoplankton composition was
evident for MRR (Fig. 8.11), though the population was influenced by holomixis and
wash-out. Dinophyta dominated except during two periods of holornixis (May 1991 ,
June 1992) and wash-out in February 1991 (Fig. 8.11). Dinophyta fluctuated from a
minimum concentration of 0.3 g m·3 (8 % of total biomass concentrations), during
the 1990/91 wet season, to a maximum of 1.6 g m·3 (87 % of total biomass
concentrations)

m
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Desmids
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0.060

and
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Histograms of Darwin River Reservoir phytoplankton total biomass

concentration, average of 0, 4 and 8 m depth samples (tallest, hatched histograms).
T~e

smaller, black histograms (not always visible) represent concentrations of (a)

Dinophyta, (b) Desmidaceae, (c) Botryococcus braunii and (d) Bacillariophyta. The
rank of these taxa are shown in Figure (e), based on their biomass concentration,
with the highest rank (1) representing the dominant taxa. For clarity, Figure (e) does
not show the ranks of the other taxa (Cyanobacteria, Euglenophyta and other
Chlorophyta), though these have been included in the detennination of taxa rank.
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with the highest rank (1) representing the dominant taxa. For clarity, Figure (e) does
not show the ranks of the other taxa (Cyanobacteria, Euglenophyta and other
Chlorophyta), though these have been included in the determination of taxa rank.
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0.25 g m·3 , whilst the range of B. braunii concentrations was slightly greater; from
0.020 to 0.28 g m·3.

Diatoms in MRR fluctuated in biomass between 0.002 g m·3, during thermal
stratification, and 0.35 g m·3 during holornixis. On two occasions (May 1991 , June
1992; Fig. 8. 11 ), diatoms dominated the phytoplankton biomass.

The other taxa (see Table 8.1) averaged no more than 4% of the total biomass
concentrations. Other Chlorophyta (e.g. Dictyophaerium, Oocystis, Scenedesmus,

Tetradon) averaged 4% of ORR biomass, whilst in MRR it was only 1%.
Trachelomonas was the most common euglenophyte in both reservOirs. The
Cyanobacteria genera Microcystis, Oscillatoria and Merismopedia were frequently
recorded in MRR, whilst only Merismopedia was regularly observed in ORR.
Chrysophyta (e.g. Dinobryon, Echinosphaerella, Mallomonas) and Xanthophyta

(Centritractus) were negligible in both reservoirs.

Of interest was the identification of the macroscopic alga Oscillatoria kawamurae
Negoro in MRR. This species has previously has been only reported in northern
China and Japan (Negoro 1943, Hirose et a/. 1960), providing further evidence for
the ubiquitous distribution of planktonic algae (Lewis 1997). Trichomes of this
cyanobacterium, which feature large gas vacuoles, were up to 2 em in length, and
appeared as fine "hairs" on the surface of MRR.

The absence of any pronounced seasonal sequence of phytoplankton, indicated in
Figures 8.10 and 8. 11 , is supported by the ordination plot of phytoplankton taxa
concentrations of biomass (Fig. 8.8). A distinct temporal pattern in phytoplankton
composition would be expected to show a spatial pattern of the data points aligned
in chronological order (cf plots by Harris & Piccini.n 1980; Richerson, eta/. 1992).
Most of the data points in Figure 8.8, however, are close together, with no distinct
spatial pattern.

135

Points A, B, C and D represent .MRR data points which are distant from most MRR
data points (Fig. 8.8). These represent sample dates when Peridinium concentrations
were low(< 0.16 g m"3 ) and less than 23% of the total phytoplankton biomass. The
ordination indicates low concentrations of Peridinium represent the most marked
variation in MRR,s phytoplankton assemblage. Points A, B and C represent the
1991 wet season (Jan - Mar) and point D December 1991 (early 1992 wet season).
Data points representing sample dates with high concentrations of Bacillariophyta
(>0 .15 g m·3) are not separated from the main cluster in Figure 8.8 because

Peridinium concentrations on these dates were generally high (>0.3 g m·3 ) .

DRR sample points E, F, G and H (Fig. 8.8) represent the four permutations of high
and low concentrations of B. braunii and Peridinium. Their position at the extremes
of the DRR cluster of data points emphasises the dominance of the ORR
phytoplankton assemblage by these two taxa.

8.3 Discussion

8.3.1 Perturbation of phytoplankton succession
Destratification of lakes by holomixis constitutes a major perturbation of the pelagic
environment. It increases the mixing depth and vertical turbulence, and the ratio of
the mixed to euphotic layers. In eutrophic lakes, nutrients of hypolimnetic origin are
typically distributed through the water column. Holornixis, following several months
of thermal stratification, are predictable annual events in many temperate (e.g .
Reynolds 1984b; Sommer 1986; Diaz & Pedrozo 1993) and some tropical lakes
(e.g . Lewis 1978, 1986; Hawkins & Griffiths 1993).
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When DRR and MRR mixed completely, diatoms, notably A. granulata, were the
only phytoplankton taxon to increase their biomass concentration substantially.
Holomixis, however, did not produce a major shift in the phytoplankton assemblage
of either reservoir. The B. braunii, Peridinium and desmid assemblage remained a
substantial proportion of the total phytoplankton biomass. The duration of most
holomictic events in DRR and MRR, which lasted from a few hours to a few days,
was probably too short for a major shift, or replacement, in the phytoplankton
assemblage, though it did often result in an increased biomass of diatoms.

The pulse of diatom growth in DRR and MRR was possible because vertical mixing
kept the plankton in suspension. Moreover, physiological adaptations give diatoms
an ecological advantage over many other phytoplankton. Diatoms, in general, have

high growth rates (Reynolds 1980; Sommer & Stabel 1983) and can regulate their
cell pigment content to maximize photosynthetic efficiency (Reynolds 1984a).
Furthermore, they can out-compete other phytoplankton for nitrogen and
phosphorus when silica is not limiting (Sommer 1988). The increased biomass of A.

granulata during holomixis in

D~

which was not preceded by elevated nutrient

concentrations, indicates this diatom utilizes nutrients and light more efficiently than

B. braunii, Peridinium and desmids which maintained their biomass. It should be
noted, though, innocula of A. granulata from the sediments (see Lund 1954,
Kilham & Kilham 1975) may also have contributed to the increased diatom biomass
during holomixis.

Holomixis exposes phytoplankton to lower average, and more variable, light
, intensities compared to a stratified water body (Reynolds 1990). In DRR and MRR,
however, this was not pronounced, because the volume of the euphotic layer was
not substantially less than the total reservoir volume. Consequently, holomixis did
not substantially change the light climate to which phytoplankton were exposed.
This would have reduced the ecological advantage of diatoms over other
phytoplankton in terms of their higher photosynthetic efficiency. This contrasts with
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deep water bodies, such as Lake Laono (Lewis 1978), which experience deep
vertical mixing several times the depth of the euphotic layer and a significant
reduction in available energy for photosynthesis which favour diatom growth.

The decline in diatom populations in DRR and MRR is attributed to sedimentation
losses incurred with the onset of stratification. Although the silicon data set is not
comprehensive, determinations made during holomixis showed no large decreases in
concentrations suggesting that silicon depletion is probably not the cause of the
decline in the diatom biomass, as reported for some lakes (Reynolds 1984b).

Reynolds (1980) proposed two principal outcomes from the perturbation of
autogenic succession. A new assemblage can develop following a permanent change
in the physical

structure~

for example winter holomixis following summer

stratification. The second response, which applies to DRR and MRR, arises from
temporary structural perturbations and results in a "reversion" (sensu Reynolds
1980) to the original phytoplankton assemblage, rather than a new autogenic
succession. This was evident for some holomictic events and significant wet season
flushing in MRR. Some perturbations, however, were too short to produce a shift in
the phytoplankton assemblage in favour of diatoms.

8.3.2 r-strategist phytoplankton
In temperate Lake Constance, large mcreases m the biomass of r-strategist

phytoplankton occur in spring with the onset of stratification, when nutrient
concentrations and incident light are high (Sommer 1981 ). This spring bloom
reaches a maximum in 2-3 weeks, the r-strategist population then decreases due to
nutrient depletion and zooplankton grazing (Sommer 1981 ). This is characteristic of
many temperate, eutrophic lakes which experience an autogenic succession of
phytoplankton during thermal stratification (Sommer et a/. 1986). The onset of
stratification in DRR and

MRR. after

dry season holomixis, however, is not
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analogous to the spring conditions observed in Lake Constance and other temperate
lakes (e.g. Sommer 1986; Sommer eta/. 1986), as it does not feature increased light
levels nor high nutrient concentrations.

The biomass of r-strategist phytoplankton, such as those listed as growth class 1 by
Sommer ( 1981 ; Rhodomonas, Cryptomonas, Stephanodiscus, Chlamydomonas,

Pandorina, Monoraphidium, Sphaerocystis) and those described as colonists (life
history strategy C) by Reynolds (1987; Synechococcus, Chlorella, Ankyra,

Ankistrodesmus, Chlamydomonas, Chrysochromulina, Rhodomonas, Glenodinium)
remained a minor component (<1%) of the total plankton biomass when thermal
stratification re-established in DRR and MRR. Although some of these genera were
observed (e.g. Ankistrodesmus, Sphaerocystis), large population increases were not
recorded, though these may have been missed by the sample program. The
population dynamics of r-strategists is unclear in MRR and DRR. It is possible their
low biomass is maintained by zooplankton grazing.

8.3.3 Phytoplankton assemblage during thermal stratification
The composition of DRR and MRR phytoplankton biomass, during thermal
stratification, was remarkably uniform. There was no evidence of an autogenic
sequence from r-strategist phytoplankton, commencing with the onset of
stratification, to a sequence of K-strategist plankton. Instead, the assemblage
dominant prior to mixing events, resumed domination. Inocula of benthic

Peridinium cysts, when stratification re-established, may have contributed to the
high biomass of this genus. Such inocula have been shown to be significant in the
phytoplankton sequence of Lake Kinneret (Israel) when spring stratification
develops (Pollingher 1988).

During thermal stratification, decreases in the availability of nutrients is one of the
prime determinants of phytoplankton autogenic succession (Lewis 1978; Margalef
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1978; Lewis 1986; Sommer, et a/. 1986; Pollingher 1988). There is no evidence,
however, of epilimnetic nutrient depletion in MRR or DRR (Chapter 7). This may be
due to efficient nutrient recycling within the epilimnion and the return of nutrients
from the metalimnion and hypolimnion to the epilimnion in both DRR and MRR.
Both phenomena are likely to occur at faster rates in warm water bodies, such as the
study reservoirs, compared to their temperate counterparts (Lewis 1996).

Peridinium and B. braunii have many of the features of K-strategist phytoplankton,
which mark the end of autogenic succession in some lakes (Sommer 1981 ). The
species are large, with low surface area to volume ratios of 0.3 for P. gutwinskii,
and 0.01 - 0.4 to 0.01

(median ratio approximately 0.2) for B. braunii. The

plankton are well adapted to stratified conditions, with strategies to overcome
sedimentation; B. braunii is buoyant whilst Peridinium is motile. The large size of
these taxa also mitigates against losses by zooplankton grazing. Furthermore, both
taxa feature strategies to counteF nutrient deficiencies in the pelagic waters.
Peridinium can take up luxury quantities of phosphorus (Pollingher 1988), whilst B.
braunii stores large amounts of hydrocarbon. Dinoflagelates are slow growing
(Pollingher 1988), another feature of K-strategists.

Desmids were also prominent in both reservoirs. They have slow growth rates,
relative to other Chlorophyta, and are sufficiently large to preclude grazing as a
significant factor controlling their population (Happey-Wood 1988). Desmids are
not motile. Their often intricate morphology does not offer sufficient hydraulic
resistance to overcome sedimentation losses, which is primarily a function of
plankton size (Sommer 1996), yet the taxa are able to maintain a population in the
eplimnion. The desmids do not appear to share as many K-strategist characteristics
as do B. braunii and Peridinium.

Whilst the phytoplankton assemblages of DRR and MRR are similar, the relative
dominance of B. braunii, Peridinium and desmids differ. No clear explanation can
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be given for this without greater knowledge about their ecology, though it may
reflect the different trophic condition of the reservoirs and the relative efficiencies of
nutrient uptake by these taxa. The different physical environments of the reservoirs
may also contribute to the different taxa rankings in the reservoirs. Pollingher and
Zemel ( 1981) has shown that Peridinium eiretum does not replicate during vigorous
vertical mixing. It is possible that the greater turbulence in DRR's epilimnion, which
is more exposed to wind-induced mixing than MRR, may disadvantage Peridinium
inDRR.

With prolonged thermal stratification, anoxia developed in the hypolimnion of DRR
and MRR, creating a specialized habitat, characterized by a stable vertical density
structure, low redox conditions and low light intensities. Such habitats are
sometimes colonized by photosynthetic bacteria, which are considered by Reynolds
( 1996) to be one of the assemblages possible in the autogenic succession of lake
photoautotrophs. These assemblages sometimes comprise several species, often in
discrete layers (Madigan 1988). The warm waters of the tropical lakes, and their
high incident solar radiation and frequent hypolimnetic anoxia favour the growth of
anoxygenic photosynthetic bacteria. Consequently, these bacteria are likely to occur
more frequently in the photoautotrophic succession of tropical lakes, especially
small, eutrophic water bodies which are more susceptible to hypolimnetic oxygen
depletion, than similar lakes at higher latitude. Indeed, photosynthetic bacteria have
been recorded in the three water bodies, deep enough to stratifY, close to the study
reservoirs (DPLE, unpublished data).

, 8.3.4 Conclusion
The seasonal pattern of phytoplankton biomass and composition of DRR and MRR
phytoplankton differ considerably from other tropical water bodies. In contrast to
most studies of phytoplankton undertaken in the tropics, Cyanobacteria were not the
dominant plankton in DRR and .MRR. This is most probably due partly to the lower
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trophic state ofDRR and MRR, based on chlorophyll a concentrations, compared to
most studies of tropical phytoplankton (Ganf 1974; Kalff & Watson 1986; Lewis
1986; Talling 1986; Tundisi & Matsumura-Tundisi 1990; Hooker et a/. 1991;
Hawkins & Griffiths 1993; Mukankomeje, eta/. 1993; Boland & Griffiths 1996).

Others water bodies with similar or lower trophic condition to ORR and MRR (e.g .
Lewis 1978; Hecky & Kling 1981 ; Richerson et a/. 1992), are deeper with
substantially greater surface areas. The pelagic waters of these lakes are likely to be
more turbulent than lakes of small surfac.e area, such as ORR and MRR, due to their
greater fetch (Titzer 1990; Pollingher & Berman 1991 ). Such turbulence probably
favours a different phytoplankton composition, compared to the predominately
stratified waters of DRR and MRR, despite similar trophic conditions. There are no
published accounts of the phytoplankton sequences in small, shallow tropical lakes
of similar trophic state to ORR and MRR. This is more likely to reflect the paucity
of knowledge about phytoplankton ecology in the tropics, rather than the unique
ecology of ORR and MRR

The dominance of MRR' s and DRR' s phytoplankton assemblage by three taxa, B.

braunii-Peridinium-Desmidaceae, over long periods of stratification without
significant changes in total biomass, is indicative of an equilibrium state between
each reservoir' s phytoplankton population and its environment, as discussed by
(Sommer et a/. 1993). Disturbances to thermal stratification by holomixis in both
reservoirs, and wash-out in MRR, were brief, sometimes producing temporary shifts
in phytoplankton assemblages followed

by a

reversion to the dominant

, phytoplankton. The absence of an autogenic succession in MRR and DRR contrasts
with many temperate (e.g . Reynolds 1996) and some tropical lakes (e.g . Lewis
1978) which show a sequence of phytoplankton assemblages.
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Chapter 9: Conclusion
9.1 General comments
DRR and MRR are two shallow water bodies subject to the same regional climate,
with catchments in a near undisturbed state. Both reservoirs experience a similar
seasonal pattern of heat content and water temperature, with two annual minimum.
Phosphorus is the most probable nutrient limiting phytoplankton biomass in both
reservoirs. Differences in the limnology ofDRR and MRR are attributed primarily to
their different retention time, and exposure to the prevailing winds. These influences
effect the physical limnology of the reservoirs, and indirectly each reservoir's
chemical characteristics and phytoplankton ecology. Features specific to a water
body, such as its morphometry, catchment area and geographical setting, in addition
to the regional climate, determine a reservoir's limnology.

A ''bottom up" approach (see Capblancq & Catalan 1994) has been adopted to
examine the phytoplankton in each reservoir. This approach concentrates on the
physical and chemical limnology of a water body to explain the phytoplankton
biomass and composition. To complement this, a '1op down" approach is suggested
to examine the biological determinants (e.g. zooplankton grazing) of DRR's and
MRR's phytoplankton population. The ecological significance of r-strategist
phytoplankton, which is unclear, could also be addressed. An additional issue, not
examined by the study, is the explanation for the different trophic states ofDRR and
MRR, which receive run-off with similar nutrient concentrations (DLPE,
unpublished data). This could be undertaken by constructing a nutrient budget for
, the reservoirs, and assess the internal cycling of nutrients within the reservoirs.

The limnological behaviour of DRR and MRR have been compared to other water
bodies subject to a similar climate. These comparisons have not extended to all
tropical lakes, such the equatorial lakes, due to their different climate (see Cole
1975). Although the term tropical limnology is used to differentiate between low

latitude and higher latitude lakes, it tends to mask the diversity of tropical climates
and hence climate mediated limnological responses of tropical lakes.
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Despite the diversity of tropical climates, commonalties do exist amongst tropicaJ
lakes, most notability their warm water temperatures (excluding the high altitude
tropical lakes}, and low stability of stratification. In this sense, DRR and MRR
exemplify tropical water bodies. The low stability of stratification of ORR, and its
exposure to the prevailing winds result in several holomictic events each year
DRR's mixing regime is the first to be described in any detail as discontinuous
polymictic, a mixing regime predicted by Lewis ( 1983 b) to occur in the tropics. The
high rates of shortwave radiation and

large water density differential of warm

waters result in a rapid return to stable thermal stratification. ORR, and to a greater
extent MRR, are stratified for prolonged periods - a feature typical of tropical water
bodies. Paradoxically, although the stability of stratification of tropical lakes is low,
rendering them more vulnerable to deep mixing events, water bodies deep enough to
stratify on a seasonal time scale nevertheless remain stratified for lengthy periods.

The warm water temperatures and prolonged thermal stratification of tropical lakes,
and in the case of DRR and l\1RR their shallow morphometry, favour hypolimnetic
deoxgenation and anoxia. The trophic state of DRR, because it experiences long
periods of hypolimnetic anoxia, has been mistakenly considered highly eutrophic by
limnologists and water quality managers with a temperate limnological background.
Yet, its phytoplankton biomass and composition indicate its tropic state is
mesotrophic (see Watson et al. 1997). Hypolimnetic anoxia also exemplifies the
difference between tropical (or warm temperature) water bodies and higher latitude
lakes. The mistaken conclusion that ORR is highly eutrophic suggests that a
temperate, rather than global, perception exits amongst some limnologists which
probably reflects the poor of knowledge of tropical limnology, relative to the
temperate latitudes. This study advances limnological knowledge of the wet/dry
tropics, and contributes to a more global perspective of limnological science.
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9.2 Some Reservoir Water Quality Management Implications

9.2.1 Water Retention time and colour
Since 1983, when ORR last filled to full capacity, increased water demand has
reduced the reservoir's water yield for domestic water supply. In December 1988,
the ORR's volume was as low as 40% capacity. Fortunately, the foUowing wet
season filled the reservoir to 80% capacity. A low rainfall wet season, however, may
have caused water shortages in Darwin and possibly water quality problems, as
water can only be taken from fixed depths of which some are within or just above
the reservoir's hypolimnion.

To increase the volume of water stored in ORR, the Power and Water Authority is
considering a water transfer scheme whereby run-off is directed from MRR' s
catchment to ORR (K. MacFarlane, Power and Water Authority, pers. com.). To
achieve this, MRR's water level would be raised approximately 6 m by a second dam
wall, and a channel constructed to direct flow into ORR. This proposal is attractive
because it would increase the ORR's water yield for potable water at a much lower
cost than the construction of a new dam.

Such a proposal will reduce the water retention time of ORR, thereby increasing its
colour and reducing its light penetration, assuming significant water extraction
and/or the overflow of the reservoir during most wet seasons. The implications for
ORR's water quality could be far reaching. Water retention time affects the colour
and hence light penetration in ORR, and consequently the depth of direct heating.
, This in tum would be expected to reduce the depth of the epilimnion, and
consequently the volumetric ratio of the epilimnion to hypolimnion. Longer, and
more stable periods of thermal stratification, accompanied by hypolimnetic anoxia,
may result.

If so, the release of iron, manganese and phosphorus from the sediments of ORR

during hypolirnnetic anoxia, and their transport to the surface waters, would
increase the concentration of these elements in DRRs' surface waters. Consequently,
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the concentration and load of iron and manganese entering Darwin's reticulation
system would increase. This is of concern, as iron and manganese accumulate in
Darwin's water reticulation, presumably in the bacterial biofilms of the pipes which
are occasionally sloughed off to produce "parcels" of water with high concentrations
(DLPE, unpublished data) of iron (maximum ~15 mg
~z mg

r1)

and organic material (maximum ~s mg

r\

manganese (maximum

r'). These waters are unsuitable

for drinking for taste and aesthetic reasons, stain clothes during washing, and result
in consumer dissatisfaction and complaints.

Because phosphorus is the most likely limiting nutrient in DRR, elevated phosphorus
concentrations originating during prolonged hypolimnetic anoxia, would be expected
to increase the trophic state of the reservoir. This may increase the phytoplankton
biomass of the DRR, thereby increasing the organic content and chlorine demand of
waters entering the reticulation system. However, if the phytoplankton assemblage in
DRR were to result in a reduction of Botryococcus concentrations, towards an
assemblage like MRR, the phytoplankton biomass may in fact decrease.

In summary, the proposal to transfer water from the MRR catchment to DRR, could

result in a deterioration of DRR's water quality, though perhaps only minor, due to
the indirect effects of reducing the reservoir's retention time. Before the scheme
proceeds, it is recommended changes in the water quality of DRR, and also MRR,
be evaluated and the implications for Darwin's potable water quality and the
recreation use of MRR be assessed. A water balance for each reservoir, including the
calculation of water retention tiime, would provide an insight into the effect the
scheme has on water colour and light penetration.

9.2.2 Likelihood of phytoplankton blooms
Concerns have been expressed by the Power and Water Authority that DRR may
"tum green over-night" with a phytoplankton bloom, causing health, taste, odour
and aesthetic problems, and undermining the public's confidence in the water supply.
This concern is based on an appreciation of the water quality problems faced by
many water supply operators in other parts of Australia, and indeed the world, which
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have had to manage difficult and often controversial phytoplankton blooms in their
water supplies. A

cyanobacteria~

(blue-green algae) bloom in MRR may close the

reservoir to recreation for health reasons (see Johnston 1995) and restrict its use as
an auxiliary water supply.

In ORR, current phosphorus concentrations are relatively low, and would need to
increase significantly to cause a phytoplankton bloom. Should a bloom occur, the
long periods of stratification combined with the elevated nutrient concentration
would probably favour Cyanobacteria, though a Botryococcus bloom could not be
totally discounted.

It is highly unlikely, however, that the phytoplankton biomass of ORR would

increase to bloom concentrations (>35 ll8 r 1 chlorophyll a) over a matter of weeks
or even months. An examination of the eight year record of chlorophyll a
concentrations, and subsequent monitoring of the reservoir (DLPE, unpublished
data), should give some confidence that a sudden bloom will not occur whilst the
current "closed catchment" management policy exits.

MR.R is much more susceptible to a phytoplankton bloom, compared to ORR,
owing to its higher trophic state, whilst its longer periods of thermal stratification
favour bloom forming Cyanobact·eria such as Microcystis. Similar to ORR, however,
such a bloom would require increased nutrient concentrations in the reservoir, which
is unlikely under the current management of the reservoir and its catchment.

9.2.3 Long-term limnological monitoring of the reservoirs
Based on the limnological behaviour of the reservoirs over the eight year study, a
minimum of four periods are recommended to assess long term, inter-annual changes
in the water quality of the reservoirs. The main criterion for selection of these
periods is their predictable mixing regime, to facilitate inter-annual comparisons. The
periods are as follows:
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I. July. early August: Dry season. This is the period of dry season holomixis,
preceding the development of stable thermal stratification over the dry-wet
transition.
2. October: Dry to wet season transition. This is the month of maximum
stability of thermal stratification. Hypolimnetic depletion in DRR, and anoxia in
MRR are likely.
3. December: Prior to wet season inflow. This sampling time period is
chosen because it precedes major wet season inflow, and deep mixing events in ORR
and the intrusion of inflow waters into MRR. It permits an evaluation of the extent
of hypolimnetic anoxia and the accumulation of

iro~

manganese, ammonia and

phosphorus in the hypolimnion.
4. April: Wet to dry season transition. This period follows major wet season
inflow into the reservoirs.

The wet season months, from late December to the end of March, are problematic
for inter-annual comparisons, as the limnology of the reservoirs varies considerably
with the nature of the wet season, in particular the extent of reservoir filling,
flushing, and the frequency and depth of deep mixing events.

A limnological survey is recommended for each reservoir during these periods,
comprising measurements for physical, chemical and biological parameters. A profile
at the deepest site (sites A, Fig. 1.1) is probably sufficient, as horizontal variation of
water quality in the reservoirs is minor. It is stressed though, such a monitoring
program seeks to assess inter-annual changes in water quality, rather than provide
information for immediate operational use. To address important potable water
quality management issues (which exclude microbiological considerations), the
program's reporting focus should be on the trophic state of the reservoirs, which is
best summarised by phytoplankton biomass and

compositio~

and most notably for

DRR, their iron and manganese content and relevant thermal and chemical
stratification.
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Appendix 1: Two-way ANOVAs for Chapter 2
Manton River Reservoir dissolved oxygen concentrations

Factors: Site (A, B, C, D), Depth (0, 3 m)

Ho: There is no effect of Site on dissolved oxygen concentration
HA: There is an effect of Site on dissolved oxygen concentration
Ho: There is no effect ofDepth on dissolved oxygen concentration
HA: There is an effect of Depth on dissolved oxygen concentration
Ho: There is no interaction of Site and Depth on dissolved oxygen
concentration
HA: There is an interaction of Site and Depth on dissolved oxygen
concentration
Level of significance: 0.05
Normality Test:
Equal variance Test:
Source of
variation
SITE

Failed (p =0.003)
Passed (p = 0.066)

DF

ss

MS

F

p

3

21.1

7.04

4.12

0.007

58.8

58.8

34.4

<0 .001

1. 38

0.249

DEPTH
SITE X
DEPTH

3

7.07

2.36

Residual

288

491

1.71

Total

295

579

1.96

For Ho: There is an effect of Site on dissolved oxygen concentration
For Ho: There is an effect of Depth on dissolved oxygen concentration
For Ho: There is no interaction of Site and Depth on dissolved oxygen
concentration
Site
A
B

c

D
Depth (m)
0
3

Mean

5.5
6.1

5.5
5.8
Mean
6.2
5.3
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Pairwise multiple comparison using Tukey test (Fox et al. 1994) for MAnton
River Reservoir two-way ANOVA
(a) Comparison for Manton River Reservoir Sites
Comparison
Bvs. A
B vs. C
Bvs. D
Dvs. A
Dvs. C
Cvs. A

Difference in
means (mg r 1)
0.67
0.61
0.33
0.34
0.28
0.06

p < 0.05

Yes
Yes
No
No
No
No

(a) Comparison for Manton River Reservoir depths (m)
Comparison

Difference in

means (mg r
0 vs. 3

0.89

p < 0.05

1
)

Yes
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ANOVA: Darwin River Reservoir dissolved oxygen concentration
Factors: Site (A, B, C, D, E, F), Depth (0, 3 m)

1-Io: There is no effect of Site on dissolved oxygen concentration
HA: There is an effect of Site on dissolved oxygen concentration
1-Io: There is no effect of Depth on dissolved oxygen concentration
HA: There is an effect of Depth on dissolved oxygen concentration
Ho: There is no interaction of Site and Depth on dissolved oxygen
concentration
HA: There is an interaction of Site and Depth on dissolved oxygen
concentration
Level of significance: 0.05
Normality Test:
Equal variance Test:

Failed (p = 0. 040)
Passed (p = 0.091)

DF

ss

MS

F

p

5

17.1

3.41

11.9

<0.001

DEPTH

1

1.70

1.70

5.93

0.016

SITE X
DEPTH

5

1.87

0.374

1.30

0.263

Residual

228

65.5

0 .287

Total

239

86.4

0.362

Source of
variation
SITE

For Ho: There is an effect of Site on dissolved oxygen concentration
For Ho: There is an effect of Depth on dissolved oxygen concentration
For Ho: There is no interaction of Site and Depth on dissolved oxygen
concentration

Site
A
B

c

D

E
F

Depth (m)
0
3

Mean
7.0
6 .6
6.6
6.3
6.2
6 .3
Mean
6.6
6.4

180
Pairwise multiple comparison using Tukey test (Fox d aJ. 1994) for Danrio
River Reservoir two-way ANOVA

(a) Comparison for Darwin River Reservoir Sites
Comparison
Avs. E
Avs. D
Avs. F
A vs. C
Avs. B
B vs. E
Bvs. D
B VS. F
Bvs. C
Cvs. E
Cvs. D
Cvs. F
Fvs. E
Fvs. D
Dvs. E

Difference in
means (mg r 1)
0.75
0.73
0.69
0.39
0.38
0.37
0.35
0.31
0.01
0.36
0.34
0.30
0.05
0.03
0.3

p < 0.05

Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes
No
No
No
No
No

(a) Comparison for Darwin River Reservoir depths (m)
Comparison

0 vs. 3

Difference in
means (mg 1)
0.17

r

p < 0.05

Yes
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Appendix 2: Two-way ANOVAs for Chapter 3
ANOVA: Manton River Reservoir turbidity
Factors: Site (A, B, C, D), Depth (0, 3 m)
~: There is no effect of Site on turbidity

HA: There is an effect of Site on turbidity
~: There is no effect of Depth on turbidity
HA: There is an effect of Depth on turbidity
~: There is no interaction of Site and Depth on turbidity
HA: There is an interaction of Site and Depth on turbidity
Level of significance: 0. 05
Normality Test:
Equal variance Test:

Passed (p = 0.43)
Passed (p = 0.13)

DF

ss

MS

F

p

SITE

3

0.58

0.19

1.64

0.19

DEPTH

1

0.12

0.12

1.04

0.31

SITE X
DEPTH

3

0.064

0.021

0.18

0.91

Residual

88

10.1

0.12

Total

95

10.9

0.12

Source of
variation

Conclusion
For~: There is no effect of Site on turbidity
For~ :
For~:

There is no effect of Depth on turbidity
There is no interaction of Site and Depth on turbidity

Site

Mean

A
B

1.5
1.4
1.3
1.3

c

D

Depth (m)
0
3

Mean
1.3
1.4
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ANOVA: Manton River Reservoir true colour
Note: a Hazen reading of <5 has been given a value of 0
Factors: Site (A, B, C, D), Depth (0, 3 m)
~:

There is no effect of Site on true colour
HA: There is an effect of Site on true colour
~ : There is no effect ofDepth on true colour
HA: There is an effect of Depth on true colour
~: There is no interaction of Site and Depth on true colour
HA: There is an interaction of Site and Depth on true colour
Level of significance: 0.05
Failed(p =0.<0.0001)
Passed (p = 0.20)

Nonnality Test:
Equal variance Test:
DF

ss

MS

F

p

3

326

109

0.79

0.50

DEPTH

1

59

59

0.43

0.52

SITE X
DEPTH

3

401

134

0.97

0.41

Residual

88

12094

137

Total

95

12879

136

Source of
variation
SITE

Conclusion
For ~: There is no effect of Site on true colour
For~: There is no effect of Depth on true colour
For~ : There is no interaction of Site and Depth on true colour

Site
A
B

c

D

Depth (m)
0
3

Mean
15
18
20
19
Mean
17
19
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ANOVA: Manton River Reservoir chlorophyll a
Factors: Site (A, B, C, D), Depth (0, 3 m)

Ho: There is no effect of Site on chlorophyll a
HA: There is an effect of Site on chlorophyll a

Ho: There is no effect of Depth on chlorophyll a
HA: There is an effect of Depth on chlorophyll a

Ho: There is no interaction of Site and Depth on chlorophyll

a

HA: There is an interaction of Site and Depth on chlorophyll a
Level of significance: 0.05
Normality Test:
Equal variance Test:

Passed (p = 0.43)
Passed (p = 0.16)

DF

ss

MS

F

p

3

2.3

0.78

0.76

0.52

DEPTH

1

1.4

1.35

1.31

0.26

SITE

3

2.9

0.98

0.95

0.42

Residual

88

91.1

1.04

Total

95

97.7

1.03

Source of
variation
SITE

X

DEPTH

Conclusion
For Ho: There is no effect of Site on chlorophyll a
For Ho: There is no effect of Depth on chlorophyll a
For Ho: There is no interaction of Site and Depth on chlorophyll a

Site
A
B

Mean

D

3.0
3.1
2.8
2 .8

Depth (m)

Mean

0
3

2.8
3.0

c
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ANOV A: Darwin River Reservoir turbidity
Factors: Site (A, B, C, D, E, F), Depth (0, 3 m)

Ho: There is no effect of Site on turbidity
HA: There is an effect of Site on turbidity
Ho: There is no effect of Depth on turbidity
HA: There is an effect of Depth on turbidity
Ho: There is no interaction of Site and Depth on turbidity
HA: There is an interaction of Site and Depth on turbidity
Level of significance: 0.0 5
Normality Test:
Equal variance Test:

Passed (p = 0.084)
Passed (p = 0. 486)

OF

ss

MS

F

p

5

1.46

0.292

1.682

0.144

DEPTH

1

0.0174

0.0174

0 100

0.752

SITE X
DEPTH

5

1.61

0.322

1.86

0.108

Residual

118

20.5

0.174

Total

129

23 .6

0.183

Source of
variation
SITE

Conclusion
For Ho: There is no effect of Site on turbidity
For Ho: There is no effect of Depth on turbidity
For Ho: There is no interaction of Site and Depth on turbidity

D
E
F

Mean
1.8
2.0
2.0
2.1
2.0
2.2

Depth (m)
0
3

Mean
1.9
2.0

Site
A
B

c
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ANOVA: Darwin River Reservoir true colour
Note: a Hazen reading of <5 has been given a value of 0
Factors: Site (A, B, C, D, E, F), Depth (0, 3 m)
~: There is no effect of Site on true colour

HA: There is an effect of Site on true colour
~: There is no effect of Depth on true colour
HA: There is an effect of Depth on true colour
~: There is no interaction of Site and Depth on true colour
HA: There is an interaction of Site and Depth on true colour
Level of significance: 0 .05
Passed (p = 0.12)
Failed (p = 0.74)

Normality Test:
Equal variance Test:
DF

ss

MS

F

p

5

29.0

5.81

0 .951

0.451

DEPTH

1

2.75

2 .75

0.450

0.504

SITE X
DEPTH

5

29.8

5.92

0 .974

0.437

Residual

108

660

6.11

Total

119

721

6.06

Source of
variation
SITE

Conclusion:
For~ : There is no effect of Site on true colour
For~: There is no effect of Depth on true colour
For~ : There is no interaction of Site and Depth on true colour

Site
A
B

c

D

E
F
Depth (m)
0
3

Mean
3
3
4
4
5
3

Mean
4
4
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ANOVA: Darwin River Reservoir chlorophyll a
Factors: Site (A, B, C, D, E, F), Depth (0, 3 m)

1-Io: There is no effect of Site on chlorophyll a
HA: There is an effect of Site on chlorophyll a

1-Io: There is no effect of Depth on chlorophyll a
HA: There is an effect of Depth on chlorophyll a

1-Io: There is no interaction of Site and Depth on chlorophyll a
HA: There is an interaction of Site and Depth on chlorophyll a
Level of significance: 0 .05
Failed (p = 0.009)
Passed (p = 0.62)

Normality Test:
Equal variance Test:

DF

ss

MS

F

p

SITE

5

0.838

0.168

0.465

0.802

DEPTH

1

0.275

0 .275

0.763

0. 389

SITE X
DEPTH

5

0.413

0.0825

0.229

0.949

Residual

118

42.7

0.361

Total

129

44.5

0.345

Source of
variation

Conclusion
For Ho: There is no effect of Site on chlorophyll a
For Ho: There is no effect of Depth on chlorophyll a
For Ho: There is no interaction of Site and Depth on chlorophyll a

Site
A
B

c

D

E
F

Depth (m)
0
3

Mean
1.9
1.9
2.0
1.9
1.9
1.8

Mean
2.0
1.8
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Appendix 3: Two-way ANOVAs of nitrate and phosphorus
for Chapter 7
ANOVA: Manton River Reservoir nitrate
Factors: Site (A, B, C, D), Depth (0, 3 m)

Ho: There is no effect of Site on nitrate
HA: There is an effect of Site on nitrate

Ho: There is no effect of Depth on nitrate
HA: There is an effect of Depth on nitrate

Ho: There is no interaction of Site and Depth on nitrate
HA: There is an interaction of Site and Depth on nitrate
Level of significance: 0. 05
Normality Test:
Equal variance Test:

Failed (p = <0.0001)
Passed (p = 0.65)

DF

ss

MS

F

p

3

1.58

0.528

0.700

0.56

DEPTH

1

1.06

1.06

1.404

0.24

SITE

3

0.488

0.163

0.215

0.89

Residual

96

72.4

0.755

Total

103

75.6

0 .734

Source of
variation
SITE

X

DEPTH

Conclusion
For Ho: There is not effect of Site on nitrate
For Ho: There is not effect of Depth on nitrate
For Ho: There is no interaction of Site and Depth on nitrate

Site
A
B

Mean
1.5
1.4

D

1.3
1.1

c

Depth (m)
0
3

Mean
1.4
1.2
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ANOVA: Manton River Reservoir total phosphorus
Factors: Site (A, B, C, D), Depth (0, 3 m)

Ho: There is no effect of Site on total phosphorus
HA: There is an effect of Site on total phosphorus

flJ: There is no effect of Depth on total phosphorus
HA: There is an effect of Depth on total phosphorus
Ho: There is no interaction of Site and Depth on total phosphorus
HA: There is an interaction of Site and Depth on total phosphorus
Level of significance: 0.05
Passed (p = 0. <0.0001)
Failed (p = 0.65)

Normality Test:
Equal variance Test:

DF

ss

MS

F

p

3

23 .9

7.96

0.751

0.52

DEPTH

1

38.0

38.0

3.584

0.06

SITE

3

9.86

3.3

0.310

0.82

Residual

94

996

10.6

Total

101

1069

10.6

Source of
variation
SITE

X

DEPTH

Conclusion
For flJ: There is not effect of Site on total phosphorus
For flJ: There is not effect of Depth on total phosphorus
For flJ: There is no interaction of Site and Depth on total phosphorus

Site
A
B

Mean
9

8

c

9

D

10

Depth (m)
0
3

Mean
8
10
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ANOVA: Darwin River Reservoir nitrate
Factors: Site (A, B, C, D, E, F), Depth (0, 3 m)

Ho: There is no effect of Site on nitrate
HA: There is an effect of Site on nitrate

Ho: There is no effect of Depth on nitrate
HA: There is an effect of Depth on nitrate

Ho: There is no interaction of Site and Depth on nitrate
HA: There is an interaction of Site and Depth on nitrate
Level of significance: 0.05
Normality Test:
Equal variance Test:

Failed (p < 0.001)
Passed (p = 0.123 )

DF

ss

MS

F

p

5

3.43

0.685

0 .730

0.603

DEPTH

1

0 .0937

0.937

0.0998

0.753

SITE

5

0.594

0 .119

0.126

0.986

Residual

84

78.9

0.939

Total

95

83 .0

0 .874

Source of
variation
SITE

X

DEPTH

Conclusion
For Ho: There is no effect of Site on nitrate
For Ho: There is no effect of Depth on nitrate
For Ho: There is no interaction of Site and Depth on nitrate

Site
A
B

c
D

E
F

Depth (m)
0
3

Mean
1.3
0.8
1.2
1.3
0.8
1.0

Mean
1.0
1.1
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ANOVA : Darwin River Reservoir total phosphorus
Factors: Site (A, B, C, D, E, F), Depth (0, 3 m)

Ho: There is no effect of Site on total phosphorus
HA: There is an effect of Site on total phosphorus
Ho: There is no effect ofDepth on total phosphorus
HA: There is an effect of Depth on total phosphorus
Ho: There is no interaction of Site and Depth on total phosphorus
HA: There is an interaction of Site and Depth on total phosphorus
Level of significance: 0.05
Passed (p = 0.29 1)
Passed (p = 0.93 7)

Normality Test:
Equal variance Test:
DF

ss

MS

F

p

5

28.4

5.68

0.925

0.469

DEPTH

1

0 .0008

0.008

0.000 124

0.991

SITE X
DEPTH

5

26.0

5.20

0.848

0.520

Residual

84

515

6.14

Total

95

570

6.00

Source of
variation
SITE

Conclusion
For Ho: There is no effect of Site on total phosphorus
For Ho: There is no effect of Depth on total phosphorus
For Ho: There is no interaction of Site and Depth on total phosphorus

D
E
F

Mean
5
5
6
5
5
4

Depth (m)
0
3

Mean
5
5

Site
A
B

c
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Appendix 4: Two-way ANOVAs of silicon for Chapter 7
Manton River Reservoir silicon concentrations
Factors: Season (dry season. dry-wet transition), Depth (0, 10m)

Ho: There is no effect of Season on silicon concentration
HA: There is an effect of Season on silicon concentration

Ho: There is no effect of Depth on silicon concentration
HA: There is an effect of Depth on silicon concentration

Ho: There is no interaction of

s ~eason

and Depth on silicon concentration
HA: There is an interaction of Season and Depth on silicon concentration
Level of significance: 0. 05
Nonnality Test:
Equal variance Test:

Source of
variation

Passed (p =0.629)
Passed (p = 1. 000)

DF

SEASON

ss

MS

F

p

0.375

0 .375

0.789

0.385

DEPTH

1

2.042

2 .04

4.30

0.051

SEASON x
DEPTH

1

0 .0417

0 .042

0 .0877

0.770

Residual

20

9.50

0.475

Total

23

12.0

0.520

For Ho: There is no effect of Season on silicon concentration
For Ho: There is no effect of Depth on silicon concentration
For Ho: There is no interaction of Season and Depth on silicon concentration

Season

Mean

dry season
dry-wet transition

7.7
7.9

Depth (m)

Mean

0
10

7.5
8.1
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Darwin River Reservoir silicon concentrations
Factors: Season (dry season. dry-wet transition), Depth (0, 14 m)

Ho: There is no effect of Season on silicon concentration
HA: There is an effect of Season on silicon concentration
flo: There is no effect of Depth on silicon concentration
HA: There is an effect of Depth on silicon concentration
Ho: There is no interaction of Season and Depth on silicon concentration
HA: There is an interaction of Season and Depth on silicon concentration
Level of significance: 0.05
Failed (p = 0.003)
Passed (p = 1.000)

Normality Test:
Equal variance Test:
DF

ss

MS

F

p

SEASON

1

0.167

0.167

0.769

0.391

DEPTH

1

0.667

0.667

3.08

0.095

SEASON x
DEPTH

1

0.667

0.667

3.08

0.095

Residual

20

4.33

0.217

Total

23

5.83

0.254

Source of
variation

For Ho: There is no effect of Season on silicon concentration
For Ho: There is no effect of Depth on silicon concentration
For Ho: There is no interaction of Season and Depth on silicon concentration

Season

Mean

dry season
dry-wet transition

8.6
8.3

Depth (m)
0

Mean

14

8.5
8.3

