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The fate of photeosynthetically fixed energy and the
role of plankton in the energy flow to the sediment through
detrital pathway is reported. Some selected physico-chemical
concditions of the habitat, phytoplankton and zooplankton
Biomass, seasonal pathberns of individual species and prionsry
production of phytoplankton were studied from Ooctober, 1983
to  September, 1983, Seston biomass, composition, chemistry
and energetics were studied from March, 12885 to February,
1986, Chemistry and the energetics of the sedionent were
studied from July, 1988 to June, 19846, Renthos biomass and

energetics were studied from March, 1985 to February, 1986,

Chemical conditions papecially pHy  conductivity,
nitrate, orthophosphate and silicate showed great variations

gince Klarer's (1978) study, conducted 10 years earlier.

Fhytoplankton biomass showed a single summer  peak

during June and July.

Zooplankton biomass showed three distinct seasonal
peaks during mid to late spring, late summer to early autumn

and in late autumn to early winter.
Seston blomass showed three distinct seasonal peaks

during mid spring, late summer and mid avtumn although high

levaels ware also observed in winter.
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Nitrogen and phosphorus concentrations in the sediment
ware also  higher at station 1 than at station 2. Both
organic  carbon  and the energy content of the sedinsgnt were

tood the

mueh higher during the summer months than the res

period.

Benthos biomass showed two distinet seasonal  peq

station 1, during spring and autumn and a single summer pesk

at station 2.

On an annuxl basis, 0.87% of the energy was transformed
from phytoplankton to zooplankton ranging from O.08% in

October to S.89% in February.

Seventy seven percent of the energy was channelled

through seston. Seston production greatly exceeded primary

production from November to February, 1986,

The energy transfer from primary production during late

spring to mid summer was not reflected in the sedinent,
instead the highest level was observed in August  and

September when primary production was very low.

Benthos production Was independant af Pl mary
production in  deep water at station 1 but in shallow water

at station 2, it closely followed primary prodaction.
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Btudies on the bioenergetics or enargy flow are
becoming increasingly important in aquatic ecosystems,
dating from the trophic dynamic model of ecosystem structure
(Lindemann, 1942). During the last decade the body of data
concerning energy +flow in lake ecosystems bas increased
markedly (Jonasson, 1972 & 19813 kajak et al., 1972y
Morgan & Mclusky, 1974). The number of organisms live in an
ecosystem depends on the rate at which energy flows through
the biological part of the system and are exchanged with

the adjacent systems.

Non  energy yielding materials circuwlate, but energy
does not. Nitrogen, carbon, water and the other materials of
which living orgamnisms are composed may re#iraulate many
times between living and non-living entities but energy is
used once by & given organism or population, is converted
into heat and is soon lost from the ecosystem. Life is kept
going by the continuous +Flow of energy in the form of sun
light (Odum, 194633 Fisher & Likena, 1973). Therefore, the
interaction of energy and the materials in the ecosystem is
extremely important. By far +the most ilmportant input of

chemical energy into lentic ecosystem is byy the
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photosynthesis of phytoplankton  which are considered as
prrimary praducers.  Thus the ohemical  energy flows through
the ecosystem in variows ways to  the secondary or tertiary
producers through repeated eating and being eaten in complex
natural comnunities and could be referred as grazing food
chain. At each transfer of energy from one organism to
another, or from one trophic level to another, a large part
is degraded into heat. The shorter the food chain, or the
nearer the organism to the beginning of the food chain, the
greater the available chemical ensrgy to the organism. Bo
phytoplankton as primary producers and zooplankton as
secondary producers together play a very important role in
the energy transfer at different trophic levels in  the

aquatic ecosystems.

After the death and decomposition of plankton, they Jjoin
detritus. It has been apparent for a long time that organic
detritus play a very important role in  the structure and
function of aguatic scosystems. Organic matter functions as
an  aenergy reservoir, which may be more rapidly or more
slowly uwtilized depending on the functional requirements of
the system (Baunders, 1980) and could be regarded as
deconposer food chain. Mther autochthonous arganic mather
(originating mainly frrom aguatic macrophytes) ancl
allochthonous organic matter (originating from outslide

sources) couwld also be dimportant sources of energy input in
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lake ecosystemns. However, they were not separated in the

detrital dynamics during the present study.

The efficiency of energy transformation from one trophic
level to ancother depends upon the nature of degradation and
alao the mnature of the subsequent transformation in complex
ecosystemns., It also depends upon environmental conditions
such as light availability, temperature, dissolved gases,
essential nutrients etc., (Jonasson, 1979). kozloveshky
(1968) reviewed the literature on ecological efficiencies
and defined these as non-dimensional ratios of various
parameters of energy flow in or between the trophic levels
of a natwal community, in or between populations of
organiems or in or belween organisms. Each ecosystem has
its  own way of energy transformation and dispersion system.
Ecological bicenergetic studies are., therefore, very
important in  understanding fundamental growth processes in

an aguatic ecosystem.

A proper understanding of the energy flow at different
trophic levels and also in different seasons in a particular
habitat is essential from fisheries point of view. Manry
fish are plankton feeders, some are phytoplankton feeders
and mome feed on both phytoplankton and zooplankton. Bome
fish feed on organic debris and detritus and others feed on

littoral or benthic animals. Again some fish are pelagic
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faadersa, some are bottom feeders and others feed in between
o in different  trophilc levels either in different seasons
or even in different times in & day depending wpon  the
availability of food. Therefore the proper growbth of fish
and the successful management of a fishery depends directly
or indirectly upon the role of the plankton in the energy
trarsfer at different trophic levels in a particular

Mabitat.

Mann  (19469) reviewaed the evolution of methodology
concerning bioenergetic studies in  aguatic ecosystems. The
International Biological Frogramme (IBF) reviewsd and
described the standard techniques in measuring both primary
productivity (Vollenweider, 1969) and secondary productivity

(Edmondson and Winberg, 1971) in aquatic ecosystems.

Une of the firgt attempte to construct an annual energy
budget of a lake was that of Juday (1940, The trophio
dynamic aspect of lake ecosystem was reported by Lindemann
(1942) and Hutchinson (1957) summarized the works concerning
enairgy budgets of lakes during the first 20 vears of study.
Blobodkin (1960) discussed the theory of energy budgets and
also recomnended some models to study the energy budgets in
the lake ecosystems. Mann (1969) reviewed the important
studies related to the trophic dynamics of aguatic

e@uosystens. Different approach to ecological energetics and
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the  whale concept were reviewsed by Phillipson (1978),
Dif+erart prae amet erow tf @nerygy bniclget arcl b
interrel ationship between trophic levels were reviewsd by
Dunmcan & Klekowski (1975, There have been recent reviews of
studies on ecological energetics on a world wide basis under

the auspices of the IBF. (Le Cren & Lowe -~ McConmell, 1980).

Energy flow studies on temperate lakes have mainly been
confined to phytoplankton production and to some extent on
zooplankton production but studies have been carried out in
Arctic Canada and Soviet Union on whole ecosvstems
(Jonasson, 1981). However, the studies in the past were
mainly concerned with the grazing pathway and decomposing
pathway has long been neglected (Melcehiorri-Santolini %
Hopton, 1972). Very little is8 known about non-living
organic matter and the process of its transformation  and
decomposition in aguatic ecosystems (Baunders, 1980).,
Energetic studies wer e mainly confined to individual
compartments like seston and sediment. Few works on seston
include Hallegraefs (1978)y l.astein (19833 leach (1978)y
Melchiorri-santolini & Hopton (1972)3 Verduin  (1972) and
Waetzel et al., (1972). The organic matter and carbon
content of the sediment have been well documented (e.q.
Carlton, 1984) Clay % Wilhm, 1979 Gorham % Sanger, 19467}
Buppy & Happey-Wood, 19783 Storr et al., 1984). More

integrated approach o f enargy f1ow studies £ 1 om
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phiytoplankton Ll ough seston and  sediment to benthic
organd ams  are  rare (Bfford, 19691 ITwakuma et aly 1984y
Jonasson, 1972, 1979, 1981y kKajak, 1972 Bajak % Rybak,

19&66) .

The Dubh Lochan was the subject for this project. It
is a small dystrophic to oligotrophic freshwater lake
situwated near the eastern shore of Loch Lomond, on the Ross
Peninsul a. Frevious gtudi es on  the lake have beaen

concerned with the biology of Holopedium gibberum (Hamilton,

1958) , dynamics of fish populations (8hafi, 1946%9), vertical

migration of Chacborus flavicans (Goldspink & Scott, 1970,

vegetation (Walker, 197%), energy flow from phytoplankton to
zooplankton (Klarer, 1978), and a short term astudy on the

aquality and composition of sestomn (Millhouse, 1981).

The aim of the present study is to investigate the fate
wf  photoasynthetically fixed energy, part of which can
directly go to zooplankton, some may join detritus to form
mud at the bottom where some may be consumed by benthos and
the rest may remain locked in to the sediment. I
completing this aim, concentrations wetr e given on
phytoplankton and primary production, zooplankton (biomass),
seston, smediment and benthos (hiomass) . Tat:] breat by
phytoplankton and zooplankton play a major role in detritus

formation (Saunders, 1980), it was necessary to determine
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the patterns of seasonal succession of the two commuanities.
In adadition some important physical  and chemical parameters

were also  edamined to permit and wnderstanding of  the

eftects of these aspects of the environment on the
bicenergetice of Dubh  Lochan. Al though Elarer (1978)

studied plankton energetics and also the physico-chemical
parameters in the lake, it was necessary to study them again
because both ecological condition and plankton production
could be very different after a 10 year period and there is

also year to year variation in the dynamics of the

parameters.
B =
.
¥ £y T
= B N
- 3 o
¥ Bty T y b i
g
5. Ee% i B z #
S ,
o iw :
N
: DNl N Ik i




(i S P o o = v

Pl i COFs 0 P Ik COF "TRED ESTTTLRDD ™S e ey

2l General @

A lake can not be understood without proper knowledge

of its catchment. The water owes much of its chamical

properties +to the geonlogy, geography and cultural

devel opement of the catchment. Climatic conditions also
play an important role in the functioning of an
ecosystem. Rainwater carries dissolved gases, ions,

organic compounds and a wide variety of both organic and

inorganic particles.

fir  temperature (maximum and minimum), rainfall and
wnshine data wer e collected from the Olyde River
Furification Roard (C.R.F.B.) wstation at Arrochymore,
located approximately & km south of the Dubh lochan

(C.R.PWBL Annual Reports 1983, 1984 & 1985).

The Dubh Lochan (Natiomal grid reference NBE 377964y
Lat, @& 7' N Long. 4° Z5'W) lies approximately 7hm north
of the Highland Boundary Fault and about Bkm from Balmaha
near the esastern shore of Loch Lomond. It is separated
from loch Lomond by a small rise of about 200m (Goldspink

Beott, 1971).
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Beide Geology o

The  bedrock underlying the study aresa, lying in
vartical bands, i a part of the Tay Nappe of the Dalradian
series., MAlthough there are controversies, 1t is believed
that these sedimentary rocks were deposited during the pre
~ Cambrian or early Cambrian time in deep water (MacDonald,
1974 . During the Caledonian orogeny of the Carboniferous
period, they were metamorphosed into slates, grits and
schists. The bedrock of the southern part of the basin is a

band of grit and the rorthern part is a band of schists.
2.5, Climate »

Although the area is isolated from the open ocean,
the climate of the study area resembles the Oceanic regime
typical of the west coast of Britain except that the
temperature range is more characteristic of inland rather

than Oceanic Britain (Tittensor and Steele, 1971)

The monthly mean daily air temperature, rainfall and
sunshine data Ffrom October, 1983 to September, 1983 are
presented in Table 1. Weather caonditions varied
considerably between the two years. Rainfall and sunshine
did not show predictable seasonal pattern (C.R.F.E. Annual

Reports 19835, 1984 & 198%).
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During 19683%, mid avbumn (October) was warm, very wet
(radntall = 3J04mm)  and duwll  but the late awtumn  was
moderately warm, dry but dull. The winter was very wet,
dull  and  fairly cald (minimum air temperature = -%.7<0),
The spring and summer of 1984 was exceptionally hot, dry

and very sunny.

In 1984, the autumn was slightly colder, very wet and
slightly more sunny than the previous vyear. The early
gpring of 1985 was slightly colder, wet and more sunny than
the year before but the mid spring was very cold and wet.
The early summer started moderately bright but  from July
onward it was comparatively colder than the previous year,
very wet and dull. The rainfall from July to September
this year was nearly 4 times more than that in the previous

year (rainfall = 818, 1mm).

Although the wind speed and direction data are very
important in understanding the mixing process in the lake,
they were not uwtilized because of the variations of local
tapography. However, the prevailing wind for the Loch
l.omond area are from the south and west (Tittensor &
Bteele, 1971) and from those directions the Dubh Lochan is

sheltered by high ground.
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Figure 1. Morphometric map of Dubh Lochan showing locations
of sampling sites (station 1 and station 2).
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2uf. Vegetation of the catchment area

The catochment areas man ke edi vi deecl into  three
distinet vegetational regions althowgh it is8  very  @mall
becase of rugged terrain.  The adjacent saresa swerouwnding

the lake ls dominated by & mixed oak (Guercus petraea

Mattuscha Liebling), deciduocus woodland (Tittensor &
Bteele, 1971). The vegetation of the northern area of the
inflow stream is a pasture grass heathland (MeVean, 1964).
The vegetation of the northern area of the inflow stream
and the north-esastern shore of the lake is a mixture of

mainly Norway spruce (Picea abies L. HKrast) and Japanese

larch (Larix hkaempferi Carriere) planted by the Forestry

Commission in about 1954,

e Dubh Lochan 3

The lake lies on & NNW -~ 8BE axis (Fig. 1). It has
a surftace area of 7.06 x  10%m™ and occupies a volume
of 3.38 »x  10%n® (Table 2). There are two main inflows
in to the lake. The principal stream flows in half way
along eastern shore near the deepest part of the lake. It
drains the neighbouring woodlands. Klarer (1978) reported
that although the stream carries a lot of inflow, it does
not contribute significantly to the nutrient level of the
lake because the water is as nutrient poor as the lake

iteelf. The other inflow is at the southern end of the
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Table 2. Morphometry of  Dubb Lochan.
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Burface area 7:06 ®n 10% metre”
Total volume 3,58 » 10® metre®
Maximum depth v : 11.8 metres
Average depth - .1 metres
l.ength S50.0 metres
Mean breadth 128.0 metres -
Shoreline 1550.0 metres
Shoreline developement 1,645

Volune developement : 1.301

Catchment area 1.1 kilometre=
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lake and carries seepage from  the septic tank of  the
University Field Station. The  water input is negligible
Dot KLarer (1978) believed it to be potentisal source of
rmitrients to the lake., The present nutrient status of the
lake (Figs. 14, 18, 16, 17 and 18) is very similar to that
of Hlarﬁw’ﬁ (1978) study which was conducted 10 years
earlier. It is therefore, concluded that the nutrient input
through this seepage has little effect on the lake. During
periods of heavy rainfall many small rills also drain in to
the lake. There is only one outflow at the north-western
side of the lake which drains the lake water directly in to
Loch Lomond., Other morphometric data are presented in
Table 2 According to its nutrient status, 1t is
clagsified as dystrophic to oligotrophic. The bottom of
the lake is covered with very fine organic sediment of
about 1Im thickness and the shallow part is covered with

sandy mud (Walker, 1973).
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N Introduction o

The dynamics of a freshwater ecosystem can only be
understood properly 1in  the context of its environment.
l.akes are often classified on the basis of their physical
(Whipple, 1898), chemical (Spence, 1967), or biological
{(Thienemann, 1928) properties. Solar radiation controls the
temperatuwre of the water, and the availability of light
within the visible spectrum which provides energy to power
photosynthesis. Temperatwe plays & major role in agquatic
grosyetens especlally in tenperate regions because of the
thermal stratification which may occur throughout the
summer , and the freezing of the swuwface of the whole lake
during  the winter. The great seasonal variation of
temperature  and its related phenomena may be regulatory,
inhibitory and lethal to the life in  aguatic ecosystens.,
Brylinski and Mann (1973) reported positive correlations
between the rate of photosynthesis and such features of the
catchment as  water chemistry and geographical location.
Their ideas were based on data collected worldwide for the

International Hiological Programme (IEF). They concluded
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that phytoplankton  blomass 18 normally closely related to
Ghemical factors like conductivity and priosphorus
avaidlability.

]

vie  Materials and Methods @
Bedel. General

fAfter & general survey of the Dubh  Lochan  during
September 198%, two stations were selected Ffor regular
sampling (Fig., 1). Station 1 is located at the deepest part
and is representative of the region of the lake where
thermal stratification occws throughout the summer and
hypolimnetic oxygen depletion occurs during late summer.
Btation 2 is located at about Sm depth, still in a profundal
Hone, where temporary thermal stratification occurs
vecasionally during summar’but no oxygen depletion ocours in

the waters immediately above the sediment.
de2ede Physical 1

Water levels were recorded every morning above an

arbitrary base line.

Water temperature and dissolved oxygen (percentage

saturation) were recorded at Im intervals throughout the
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water column on gach sampling  date  at each station wusing &
Mackereth  combinegd thermister -~ Oxygen meter.  Both the
thermister and the oxygen probe were calibrated in September
19605 ariel were checked  and  readjiusted vy meart .
Measuwremnsnts were made at the same time of day between 10

and 11 A.M., to minimise the effect of diurnal variation.

g B, Chemical @

Water samples were collected using & &1 capacity Van
Dorn water sampler from surface, 1,3%,3 and 10m depth at
gtation 1 and from surface, 1,3 and Sm depth at station 2.
Bamples were collected every fartnight from October 1983% to

September 19885, except in January and February when they

were collected once & month. It was possible to collech
only  one  sample under ice cover, in  Januwary 1988, Eaeh

sample was wsed Ffor chemical amalysis and station | samples
were also used for biological analysis, Samples were
carried to the laboratory immediately after collection in 11

capacity polythene bottles, previously rinsed with sample

wabter. Thaey were Ffiltered through GF/A paper to remove
suspendead matter. Chemical analyses were commenced within

an how of collection to minimise changes in water quality
tue to the exposure of the samples to the atmosphere and

completed within 9§ hours.

Fage 18



Mydrogen don concentrations were measwred with a Pye
Uridcam  (Fye Model 293 pH/mV meter, Comduativity was
measuratt  with &  Jenway (JF POM 1) conductivity meter.
Ammorda (g Ne4 - N/ was determined according to Zadorojny
et al., 197%. Alkalinity (bicarbonate), nitrate (N% NOE -
M/1) and silicate (reduction of silico molybdate) were
measuwred according to Mackereth (1963). Orthophosphate (ﬂg
FO4 - /1) and total dissolved organic carbon were measured

according to Mackereth et al., (1978).

3.2.4. Biological (littoral and benthic communities)

At  the beginning of the study & general biological
survey of the Dubh Lochan was undertaken. Littoral
macrophytes were collected by bhand, submerged and emegent
plants including mosses with a plant hook, littoral
invertebrates with a pond net and deep water benthos with an
Eckman grab. Aquatic plants were identified according to
Clapbham et al., (1962 (vascular plants), Watson (1961)
(mosses and liverworts). Renthos were identified according
to Macan (1970) (Ephemeroptera). Hynes (1977) (Plecoptera),
Hammond (1987%) (Odonata), Hickin (19247) (Trichoptera), Macan
(1976) (Hemiptera), Balfour-Browne (19350) (Coleopteral,

Finder (1978) (Diptera) and Kimmins (1940) (Megaloptera).
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Figure 2. Daily water level fluctuations in Dubh Lochan from
February, 1984 to January, 1986. Water level was

recorded in centimetre from an arbitrary datum.
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Hanm, Resultes and Discussion

iy

kGl Physical o

Sedlalels Water level

Water levels varied from 60cm above arbitrary datum in
August 1284 to 145cm in October 1983 with a maximum range of
B%cm (Fig. 2). The highest water levels and more freguent
fluctuations were generally observed during adtumn  and
winter although the highest single daily change (4%5cm) was
recorded in July 1989, Klarer (1978) also reported the
greatest variations and highest water levels during autumn
arid winter. Although the water level data were not directly
wtilized in the study, they were helpful in determining the
exact depth of placing the seston tubes and collecting water

samples from just above the sediment.

30301020 Temperature

The lowest temperature recorded at station | during the
winter, 1984 was 3.75<C and the highest was 20°C in  August
(Fig., 3). In 198% it varied from 1.5°C in January (under
ice cover) to 18°C in early July. According to the thermal
classlfication of lakes (Hutchinson, 19%7), Dubh Lochan is a

monomictic lake of the second order. At the start of
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Figure 3. Seasonal variations of water temperature at station 1
from October, 1983 to September, 1985. Isopleths of

water temperature are expressed in degree Celsius.
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sampling in October, 198

itsothermal conditions prevad led
at 90 and coeling continuwed gradually witil eacly February,
when  gradual heating commenced. ITathermal  conditions
corntinued until  mid April  when water temperature was 6<0,
From that time surface water temperature increassc
prograssively to 19°C by late June. Conditions remeadmed
isothermal through the suwface 3Im water. BEvidence of thermal
stratification was apparent at the end of April at % to 4m
depth. By late June the epilimnion had extended down to ém
depth. From mid June to mid July there was a period of
cooling in the epilimnion, followed by & ise in
temperature to  20°C throughout most of August. During this
period, the metalimnion extended from 4.5m depth. Throughout
this time the temperature of  the hypolimnion slowly
increased to a maximum  of  10°C at the end of July.
Throughowt September, progressive cooling of the epilimnion
and slow warming of the hypolimnion lead to igsothermal
conditions again being resumed at 11<°C in mid October. In
the second sampling year, the isothermal conditions remainesd
at  11°C until mid November, 1984, after which a rapid
tempeaeratuwre drop occuwrred through to the end of Januwary,
whern temporary inverse stratification was detected under ice
cover. From February to the end of June a slow, more or
less continuous increase in surface water temperature Lo
18<C occurred which was followed by a slow decline to 130

by the end of sampling in September. Temperature conditions

Fage 18



Figure 4. Seasonal variations of water temperature at station 2
from October, 1983 to September, 1985. Isopleths of
water temperature are expressed in degree Celsius.
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caased Lo be dsothermal with depth  as  early &8 mld March
althouwgh &  definite thermnocline only became appearent from
the and of May. The metalimnion  was  much  less  sharply
et imed than dn the previous yesar, and was only apparent
from the end of May at 9 to ém depth until the end of July
at about 8 to 9m depth. The deep water heating pattern was
mer e or less similar to the previous year with the

temperature rising to 10°C by late August.

At station 2, swiace water temperatures were similar
to those at station 1 in both the years (Fig. 4), and
isothermal conditions prevalled throughout most of the time,
ercept for two periods of temporary stratification in late

May and early July 1984.

The shallow parts of the lake were occasionally frozen
between mid November and early January and on occasions
between late February and late April. The surface of the
whole lake was frozen from mid Januwary to mid February in
1984, In the next winter the surface of the lake froxe in

mid November and then from mid January to late February.

Ice formation in Dubh Lochan was transitory (Klarer,

19768) and QGoldapink and 8Scott ((1971) reported it as

intermittent. However it is probable that wind induced
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Figure 5. Seasonal variations of dissolved oxygen at station 1
from October, 1983 to September, 1985. Isopleths of
dissolved oxygen are expressed as percentage
saturation.
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turbul ance prevented winter stratification except under ice

COVEY .«

HeRGE whemical 1

S.3.2.1. Dissolved oxygen o

Dissolved oxygen showed great seasonal and vertical
distribution patterns. There were also differences between

one year and another.

In deep water at station 1 (Fig. 9), oxygen saturation
ranged from 85 to 100% throughout the water column during
the isothermal period from October 198% to late April 1984.
From May, epilimentic oxygen declined gradually through the
suammer and reached 70%  satuwration by late July and August.
I the metalimnion (4m depth) and hypolimnion, a progreseilve
oxygen depletion occurred from late April through the summer
and the hypolimnetic oxygen reached %4 satuwration during
late August. Oxygen stratification broke down very guichly
cuwring late September to early October resulting in complete

mixing throughout the water column.
Frrom October, 1984 to early April, 198%, oxygen levels

remalned more or less 100% saturation throughout the water

colunn and continued through the epilimnion until late June.
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Figure 6. Seasonal variations of dissolved oxygen at station 2
from October, 1983 to September, 1985. Isopleths of
dissolved oxygen are expressed as percentage
saturation.
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Feom  July to  September, epilimretic oxygen was about Q5%
agaturation, L the metalimnion  osygen  stratification
started from late March which is & month earlier than the
Prvervi O YR . Im  the Pypeolimnion, oxygen saburation
reached below detectable level from late July to August.
This period of complete anoxic condition had a profound
effect on the release of nutrients from the sediment.
Onygen stratification broke down comparatively quicker than
the previous year resulting in complete mixing throughout

the water columm during late September.

In shallow water at station 2 (Fig. é), the seasonal
patterns of oxygen satuwration was similar to the suwface
water at station 1. In the bottom waters, slight vertical
stratification occurred in late June to July in 1984 and in

mid July to mid August in 198%5.

The lowsst oxygen saturation at the bottom was 557 in
1984 and &5% in 1985, Stratification broke down guickly due

to wind induced turbulance.

Dissolved oxygen is dependant om  thermal conditions
(Fige. 3 & 4). The lower levels of aoxygen in the swface
water during the late summer of 1984 seem to be related to
the higher temperatwe than in the summer of 1985. However,

during most of the time oxygen levels were close to
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maturation which ig generally observed in unproductive lakes
@ h Y Dubh o Lochan due  to low biological activity
(Hutohinson, 1967, The rate of oxygen depletion below the
metal lmmion depends  on the amount  of  oxygen present in
relation to the amount of oxddizeable organic seston such as
dead plankton, faeces and perhaps living plankton falling
from the epilimnion metabolising its reserves or living
saprobiotically (Hutchinson, 1957). The amount of organic
segton (Chapter 7. 8eston) sinking in Dubh  Lochan is
limited, so anoxic conditions are enpected only when the
epilimnion is large in comparison with the hypolimnion
(Tressler, 1939). Klarer (1978) reported complete anoxia in
the hypolimnion in 1974 and 19746, but not 1973. In this work
it occuwrred in 198%  but not 1984. Both 1978 and 1984 were
years in which isothermal conditions in  the lake persisted
beyond the second week in April, whereas in 1976 and 198%,
evidence of stratitication became apparent during the first
two  weeks of April. The T me of  commencement Of
stratification in the spring may be critical in determining
whether or not complete anoxia develops in the hypolimnion
later in the summer.
Hed.R242. Hydrogen ion concentration (pH) &

Hydrogen dion concentrations showed distinct seasonal

and vertical distribution patterns. It ranged from 4.0 to
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Figure 7. Seasonal variations of hydrogen ion concentrations
(pH) at station 1 from October, 1983 to September,
1985.
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e oA 1984 and 4.2 to 5.4 i 1985,

ét station 1 (Fig. 7 pH was almost undform at about
4.8 from February, 1984 to mid April, over the previous
three months there bad been a slow decline to this level.
From mid April onward the epilimnetic pH increased gradually
to 5.2 and was maintained till the end of September and then
declined gradually to 4.4 in December. During thermal
stratification, pH increased slightly below the thermocline
from 4.4 in early May to 4.8 in late June. It declined
sharply and reached 4.4 in the hypolimnion in July and then
increased to 5.5 in late August and mid September coinciding

with the drop in oxygen concentrations to about &Y

saturation. In 1985, the seasonal patterns of pH was very
cdifferent from 1984, It increased gradually from January

and reached a winter peak of S.4 in mid February under ice
cover. The summer rise in surface water started in the same
way a$ in the previous yvear but was not maintained arc
declined from late June to early September at 4.2, a level
which is reminiscent of winter conditions. During thermal
stratification below the thermocline pH decreased Jrom 4.8
in late April to 4.4 in late May and the hypolimnetic pM was
about 4.6 up to late July. In anowic condition in the
hypolimnion, pH increased but to a lower level than in the

previous year.
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Figure 8. Seasonal variations of hydrogen ion concentrations
(pH) at station 2 from October, 1983 to September,
1985.
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Bl ght vertical  stratification of pH o occurred in
shal low water at stabtion 2 (Fig., &)  chring July and early
MAugust only in 1984 and the seasonal patterns  were similar
o e Sl f S e wat ey at station 1. Hydrogen don
concentration appears to be greatly influenced by rainfall.
From January to March, 1984, low pH (4.2) was assoclated
with high rainfall (total rainfall foar  the period =
484, 4mm) , over the same period of time in 19685, high pM
(G.4) was associsted with low rainfall (toetal rainfall =
A2b6.Bmm) . Although the winter pH peak in 1985 coincided
with the period of ice cover, it is unlikely to be the cause
because no pH rigse was observed in  the game period dueing
the previous year. Conversely from July to September, 1984
high pH (5.2 in the surface water was associated with low
rainfall (total rainfall = 228.7mm) at & time when the
biological activity was minimum and low pH  over fthe sane
period in 1985 was associated with bigh rainfall (total
Fainfall = 81%mm). Froblems of acid rain are  cauwsing
increasing concern, particularly in the Highland regions of
the country, such a8 Loch Lomond (Scottish Wildlidfe Trust,
198% & Environmental Resources lLtd., 198%). Measwrements of
Fain water gquality from the Dubh Lochan catohment  over the
past two years have vielded pH values between 3 and 3.5
(David PBrown, Fers., Comm.). These acid values may wel d

account for  the low pH in  the lake and the situation is

obviously one which merite fuwther imvestiogation.
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The decling in pH din the metalionion and hypolimnion in
July, 1984 and from May to late July, 198% is probably dues
to asrobile decomposition and subseguent production  of fres
carbondiokide., The rise in pH in the hypolimnion duwring late
Auguat to early September in both the yvears under very low
orygen saturation (0 - H4)  indicate that the product of
decomposition process are not free carbon dioxide.
Mortimer (1941 -~ 1942) recorded similar decrease of pH  in
Esthwaite water in early summer (June) and a rise during
late summer (September) in the hypolimnion during the period

of low ornygen saturations.

klarer (1978) reported seasonal patterns of pH in Dubh

Lochan similar to 1984 but his wvalues are on an average

about 1 wunit higher than in the present study.

At this stage it is not possible to say whether the

gecline in pH over the past 10 years is real (acidification

due to rain) or associated with the difficulties of

measuring pH  accurately in poorly buffered waters.

Bede2.30 Alkalinity 1

In most natural ecosystems, only some portions of the
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Figure 9. Seasonal variations of alkalinity at station 1
from October, 1983 to September, 1985.
Isopleyhs of alkalinity are expressed as
bicarbonate mg/1.
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Iy s 60 (cations) are balanced by the acid APV N s .
Alkalinity is an approdimate measwre of the amount of thesse
@ueess  bases combined with carbonate or  more commonly
bicarbonate., The immense importance of alkalinity lies in

ites role in carbon buffering system in natural ecosystems.

As expected alkalinity showed close correlation with pH
in Dubh Lochan. It varied Ffrom 0.020meq/l to 0.098meq/l in

19684 and O.030meq/l to O0.068meq/l in 1985,

At station 1 (Fig. 9), alkalinity levelzs were almost
uriform at more or less 0.02%meq/l from October, 1983 to
mic January, 1984 and then declined to 0.020meq/l from late
January to mid March with the decline of pH (Fig. 7). From
late March alkalinity increased gradually throughout the
water column up to early June. From mid June epilimnetic
alkalinity increased slowly to 0.058meq/]l in late August to
@arly SBeptember and then declined throughout the water
column to 0.030meq/l in December. Hypolimnetic alkalinity
increased sharply from mid July and reached O.0%0meg/l in
late August to early September when the odygen level was

about %4 satuwration (Fig. ).

In 1985, the seasornal patterns of alkalinity was guite

different and the levels were comparatively higher than the

previous year except for the period from June to Beptember.
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Figure 10. Seasonal variations of alkalinity at station 2
from October, 1983 to September, 1985.
Isopleths of alkalinity are expressed as
bicarbonate mg/1.
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It inerease grachial ly from  Janwary  and  eeached  to
GuO4%men /Ll dn mid February to mid Maroah with the rise of pH.
Ty suwmmer the epilimnetic alkalinity decressed to O, 050meqg/l)
i July and August. T the hypolimnion  alkalindty dncreasecd
to  Q.060meg/l din  late May and thern decreased slightly in
late June to early July and then reached 0.0&6Imeqg/l in late
August to early September during anoxic condition. However,
this peak was comparatively smaller than in  the pravious

year.,

In shallow water at station 2 (Fig. 10), no vertical
stratification was observed although a slight tendency was
noticed in July, 1984 and late May to early June in 19885
which was immediately broken by wind induced turbulance.
However , the seasonal patterns were similar to the surface

water at wstation 1.

L.ow alkalinity from October, 198% to March, 1984 and
late June to late August, 19885 in the epilimnion could be
related with low pH (Fig. 7) attributed by high rainfall.
Hutahingon (1957) reported that below pH 5 free carbon
diovide and to & certain extent undissociated carbonic acid
increases and very little bicarbonate le available in the
water. The summer maximum in  the epilimnion in 1984 and
sgpiring maximum in 198% are related to increased biological

activity and a shift in carbonate system towards bicarbonate
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G bermarn, 1975) and  higher pH unaffected by low raidnfall.
In May to early June, 1985, the increase in alkalinity in
the bottom waters corresponding  to & decling dn pH ds
proabably a result of asrobic decomposition  and  subsedquent
rel ease o carbon cli oxid e Increase in  hypolimnetic
alkalinity in amaerobic condition indicate that the produact
wf decomposition processes are not free carbon dioxide.
Instead these products may be any of a wide rangs of organic
compounds (Golterman, 197%5) which wowld not bhave been
detected by the present method. The genesis of the increased
bicarbonate concentrations in the hypolimnion during summer
stagnation is wvery complex (Hutchinson, 1937). Mortimer
(1941 = 1942) suggested that the rise of alkalinity in the
Mypolimnion could be due to the increase in ferrous iron
{(which was not determined in the present study), ammonia and
possibly the presence of ferric hydroxnide Y- well.
Alkalinity data could not be compared with Klarer (1978)

becawse he did not present alkalinity values.

F.3.2.4, Conductivity »

Conductivity is & complex measure of the total lonic

status of water and dis influenced both by biclogical

activity and onygen stratification.
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Figure 11. Seasonal variations of conductivity at station 1
from October, 1983 to September, 1985. Isopleths
of conductivity are expressed in micro Siemens/cm.
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At station ) R ey L)y cormcduetivity girachaal Ly
increased from 7% micre siemens/om in Ootober, 19835 o about
10O micro siemens/om in February  and  escly Macch, 1984, It
declined slightly from April to sarly July  throughout  the

water column to a level of about 90 micro siemens/om and

continued throuwghowt the epilimnion during the whole summer.

During thermal stratitication, conductivity el cow
thermocl ine incraeased gradually from mid July with
declining oxygen saturation and reached to 131 micro

siemens/cm in the hypolimnion in August and early September
when the oxygen level dropped to 5% satuwration. After awttumn
overturn  and reintroduction of oxygen throughout the water
column, conductivity returned to its pre -~ stratification

lavel in October.

I 1985, conductivity levels were comparatively lower
than the previous vyear. It was about 80 micro siemens/om
from January to mid June throughout the water column. During
thermal gtratification conductivity in  the epillimnion
teclined slowly from 80 micro siemens/cm in June to &% micro
siemens/cm  in  August. In  the hypolimnion, it increased
slightly from late July and reached to 108 micro siemens/om

in late August to mid September in anoxic conditions.

At station 2 (Fig. 12), no vertical stratification in

conductivity was observed and the seasonal patterns were
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Figure 12. Seasonal variations of conductivity at station 2
from October, 1983 to September, 1985. Isopleths
of conductivity are expressed in micro Siemens/cm.
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wimilar to the suwwface water at station 1.

Migher values of conductivity during  winter  months
could be related o represesed biological activity (Moss,
1973 . The rise im comnductivity below the metalimnion
coincides with high bicarbonate concentrations. Golterman %
Eouwe  (1980) reported that & strong correlation exists
hetwean conductivity and bicarbonate alkalinity., However,
other ions @.g9. Na, kB, Ca, Mg, Fe, 804, Cl etc., which were
rnot measured in the present study are more important in
determining the conductivity. Klarer (1978) reported very
low conductivity (40 to 70 micro siemens/cm) in Dubh Loochan
but the seasonal pattermns were similar to the present
sbudy. Low conductivity in the epilimnion in 1988 could be
related with low alkalinity and low pH due te unusually high
rainfall dwring the summer.

mp g

HaEs 28 Inorganic nitrogen

The concentrations of inorganic nitrogen sources such
as nitrate, nitrite and ammonia are generally low in most
freashwaters and since they have great biological
significance are often very important in determining the
productivity of a given community (Reid, 1961). Among these
three forms, nitrate, and ammonia were determined in  the

preaesent study. Mitrite i normally present only as a
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Figure 13. Seasonal variations of nitrate at station 1 from
October, 1983 to September, 1985. Isopleths of

nitrate are expressed in pg/l.
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transitionary  dfon between  the odidized and fully reduced
forms., The relative proportions of these dons  in natural
wabars are  primardly related to the oxygen concentrabtions.,
Migh oxygen concentrations + @ oy mitrate ardd low

concentrations favouwr ammonia (Mortimer, 1941-1942).

Fe2uB0d. Nitrate »

Mitrate concentrations showed great seasonal but no
noticeable vertical distribution patterns. The concentration
varied from 20ug/1 to 280ng/l.

In deap water at station 1 (Fig. 13y, the
concentrations graduallly increased from 40ug/1  in Outober,
19835 to 28B0ug/1 in late March and early April, 1984. From
mid April, it declined sharply to 160ug/1 in  mid May. From
thaern, it declined gradually through the summer and reached
to 20ug/l  in the epilimnion  and  about &Oug/l  in the
hypolimnion during late August and September. With the
autumn  overtuwrn, the concentrations declined to about 20
/1 throughout the water column and then increased to about

40pg/1 in November and December.
In 1988, the seasonal pattern was similar to the

pravious year. The highest concentrations reached to 200G

/1 during late February and early March., The concentrations
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Figure 14. Seasonal variations of nitrate at station 2 from
October, 1983 to September, 1985. Isopleths of
nitrate are expressed in pg/l.
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theowghowt the summer  were  slightly lower  than  in the
previous year but in the hypolisnion it was slightly higher

thearn din the previows year,

In shallow water at station 2 (Fig. 14), no vertical
stratification was observed and the seasonal distribubion

patterns were similar to the surface water at station 1.

Elarer (1978) reported similar patterns of seasonal
variation of nitrate in  Dubb  Lochan but his values were
always lower than the present study (maximum concentration =

120g/71) .

The highest level of nitrate during late winter and
@arly spring could be related to minimal biological
actiivity (Moss, 19735 and maximum inflow. Golterman (1978)
raported  that surface runoff and rainfall could be the
important BOWF LS of nitrate in lakes. The lowest
concentrations in the epilimnion duwring August and Sepltember
cowld be mainly due to assimilation by algae. (Morti mer
194142 . Unlike ammonia, nitrate concentrations did not
ghow noticeable vertical stratification during the summer
shagnation period. Howsver, the concentrations Wt &
wlightly higher in the hypolimnion than the rest of the
water column in Dubh Lochan. Reid (1961) reported that there

ile some evidence of nitrate stratification im oligotrophic

Fage B2



Figure 15. Seasonal variations of ammonia at station 1 from
October, 1983 to September, 1985. Isopleths of
ammonia are expressed in pg/l.
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Lakes where epllimnetic nitrate is reduced by phytoplankton

armd little charge occuwrs  in deesp water, and this is true in
e present  study. Most  workers (Hut ekl rson LTy

Mewrtd mepry 194142y SBahindler & Comita, 1972 reported
rapid reduction of nitrate in  the hypolisnion with  the
depletion of oxygen during summer stagnation. Howaver in
the present study, the small build wup of ammondia (Fig. 189
in the hypolimnion duwring summer stagnation in 1984 and the
large build up during the same period in 1985 seem to be
derived from the sediment rather than from nitrate

reduction.
FeB3.R2.8.2, Ammonia ¢

Ammonia concentrations showed distinct seasonal and
vertical distribution patterns. Considerable variation was

alao observed between the two years.

In deep water at station 1, the concentrations remalned
betwesn 9 and 1@»9/1 from Ootober, 19835 to January, 1984 in
the deep part of the lake (Fig. 18). It increased gradually
to  about 40ug/1 during late February and early March and
then declined sharply to less than Sug/l in late March and
garly April, From mid April to mid June, the concentrations
in the upper waters remained between O and 10pg/1l and then

declined to undetectable level Afrom mid June to early
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Figure 16. Seasonal variations of ammonia at station 2 from
October, 1983 to September, 1985. Isopleths of
ammonia are expressed in pg/l.
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Qutober.  MAfter an dncrease to  about fﬁpq/l in NMovember, it
bBecame wndetectable in December.  The concentrations in the
Broptobom waters dnoreased gradually from micd Spril and reached
to Soug/l o in late May to early  June  and  then  declined
gradually to Spg/l in early July. The concentrations below
the thermocline increased gradually from  late July with
declining oxygen saturation and reached to  78ug/1 in the
hypolimmion in late August and early Beptember. With autumn
overturn  and reintroduction of oxygen, the concentrations

declined to its pre - atralification level throughout the

water column.

In 1988, ammoni a concentrations remained below
undetectable level throughout the water column from Januwary
to April  and continued throughout the epilimnion to mid
July., From late July, the concentrations in  the epilimnion
increased slightly to about 20ug/1 in late September. The
concentrations below the thermocline increased gradually
from micd May with declining oxygen satwation and reached to
170pg /) din the hypelimnion  during late August and early
September when the mecliment surface was ocompletely

deokygenated.
In shallow water at station 2 (Fig. 1é&), ammonia

concentrations did not show vertical stratification amd the

sepasonal  patterns were similar to the suwwface waters atb
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wmlhatdon 1.

Ty Dubsbh Lockarn, Elarer 978)  observed 2000071 ammonda
in the hypolimnion duweing late August and early September,
1974  when the oxygen saturation was about %% and  about
400/ in the same period in 1979 when the hypolimnion was
rompletely deoxygenated. Starting from comparatively higher
concentrations of ammonia in 1984 than 1988, a hypolimnetic
increase astarted with the devel opement of  thermal
stratification at the end of April. In the second year,
ammoni a was almost undetectable for the ¥ winter months, so
the hypolimnetic increase was slow  to get underway .
However, there is evidence that there was no mixing betwsen
surface water and those immediately above the sediment in
1988 atter mid March, oxygen depletion in the hypolimnion
had longer to develop than in  the previous year, and under
these progressively more reducing conditions, ammonia was
released from the sediment to & greater degree than the

previous year.

Mortimer (1941-1942) suggested that the increasse of
ammonia in oxidized condition in  the hypolimnion duwring
summer stagnation was primarily due to the reduction of
nitrate and in reduced condition rapid increase in ammonia
wouled be due to the release from the sediment. In the

present study, nitrate concentration (Fig. 15 also
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increased slightly dim the Fyypses] d mmd on clurimg HLAMmET
stagrnation, so it i wnlikely that the increase in ammonia

during early summer was due to the reduction of nitrate.

Ammonia is the major excretaery product of zooplankion
and other aguatic animals (Winberg, 1971). The sowces of
this gradual increase of ammonia during early summer could
be asrobic decomposition of organic matter and the animal

eMcretion.

A ter the autumn overtuwrn, ammonia concentrations

declined to pre - stratification levels throughout the water

column. Nitrate concentrations also did not increasse with
the decline of ammonia. It was therefore, concluded that

most of the ammonia produced in the hypolimnion  during
summer stagnation was again trapped in the sediment

(Mortimer, 1941-1942).

Hede2adre  Orthophosphate @

Ecologically phosphorus is often considered the most
critical single Ffactor in  the maintanence of bilochemical
cycles. It is an essential element in  the energy transfer

ayatems of the cells. The deflcency of phosphorus could lead
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Figure 17. Seasonal variations of orthophosphate at station 1
from October, 1983 to September, 1985. Isopleths
of orthophosphate are expressed in pg/l.
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to dnhibition of phytoplankton growbh, resulting decline in

the produactivity i agquatic ecosystems (Redd, 19610,
Because  of ites  relative dnsolubility, it dis normally
avallable from the environment din very small quantities

comparead to other nutrients in relation to  demand so often
Limiting. The luwtury uptake of phosphorus is well documented
for phytoplankton  (Moss, 1982) which can enable algas to
grow in waters where one wowld otherwise expect production

to be limited by phosphorus availability.

Orthophosphate concentrations in  Dubh Lochan were
always very low, ranging $rom undetectable level to a
maximum of 4ug/l.

In teep water at station i (Fig. 17y, the
concentrations in the surface water was about O.4pg/1 and
slightly lower in the bottom water in October, 1983, It
declined gradually from November and reached to O.lpg/l
thuring Jarnuary and February, 1984. The concentrations
increased slightly in  March and reached to O.409/71 in the
gurface water in early April. From mid April to garly June,
the concentrations remained at about Q.lug/l throughout the
water column, Duwing thermal stratification, phosphate
concentrations in  the epilimnion remmined\at about Q. lpg/l
from late June to early September, but in the hypolimnion,
it dncreased to  about O.éug/l  from mid July to early

September. After the auwtumn overtwn, it increased to about
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Figure 18. Seasonal variations of orthophosphate at station 2
from October, 1983 to September, 1985. Isopleths
of orthophosphate are expressed in pg/l.
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Qu g/ 1 throughouwt the water column  from  Ooctober to early

PDeacembar .

Im 19268, the concentrations during the winter was
wlightly higher than the previous vyear. From March to May,
in the upper Iim water it was about O.lpg/l  and was below
detectable level in the rest of the water column. During
thermal stratification, it increased slightly in the
epilimnion and reached to OJ4ug/1  in August and Septemnber.
In the hypolimnion, the concentrations increased gradually
from late June with declining oxygen saturation and reached
to 4ug/l  in late August and early September when the
hypolimnion was completely deoxygenated., In shallow water
at station 2 (Fig.18), orthophosphate concentrations did not
ahow vertical stratification and the seasonal patterns were

similar to the surface waters at stationm 1.

k1l arer (1978) reported comparatively Migher
concentrations of orthophosphate than the present study in
Dubh lochan, ranging between less than 1pg/l during most of
the time throughout the water column to 20ug/l1 in February.
Me attributed this later result to contamination by motor
oil through the inflow water. However, low values of
orthophosphate similar to the present study was reported by

Mauwlood % Boney (1980) in Loch Lomond.

Fage 36




The slight increase of orthophosphate caring autumn and
wirter  CL985)  cowld be related to repressed biclogical
activity (Moss, 1975, The clepc ) 4 me of  orthophosphate
Lhroughout the water column  in spring and in the epilimndon
in  the summer (1984) could be related with increassed
bimlogical activity. Orthophosphate increase in o the
epilimnion during the summer (1985) coincides with the
maximum inflow. Duwring thermal stratification, the rapid
increase of orthophogphate in the hypolimnion was observed
only in 1985, The factors involved in  such increase are not
fully understood, However, it is widely accepted (Mortimer,
1941 - 42 3 Hutchinson, 19857  and Reid, 1%61) that this
phosphorus  is releassed from the +flocculent layer of the
gediment by the reduction of an inscoluble ferric phosphorus
complex to soluble ferrous form and the associated release
of phosphorus  occw when the oxidized micro-zone disappear
from the sediment surface. In 1984, hypolimnetic oxygen
declined to %74 satwation (Fig. ) and in 1985 hypolimnion
was completely deoxygenated. The rapid increase of
orthophosphate during the totally anoxic condition of the

latter vesr seems to be reasonable.
Fedade7e Bllicate 1
Hilicate concentrations showed distinct seasonal and

vaertical distribution patterns similar to the orthophosphate
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Figure 19. Seasonal variations of silicate at station 1 from
October, 1983 to September, 1985. Isopleths of
silicate are expressed in mg/l.
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concentrations. It varied frrom  dess  than O 2¥8mg/l Lo

Al sl

In  deep water at station I Fige 19, silicate
concentrations increased sharply from 1.8mg/l  in October,
198%  to 2atimg/l in November . Fyom December , e
concentrations declined sharply through the winter and
reached to 1.8mg/l in early April, 1984, From late mApril,
the concentrations gradually declined to less than Q.28mg/l
during late July to early September throughout the water
coluwnn. Slight vertical stratification was observed from
Jurne to mid July and in mid Beptember. After autumn
overturn, the concentrations started to increase from
0.28mg/1 in mid October and reached to 2mg/l in November and

Decembear .

Im 198%, silicate concentration was at the highest
level (2.%mg/l) in Janwary and February and then declined
alightly through the spring and reached to 1.8mg/l in mid
May throughout the water columr. During Lhermal
gtratification, silicate concentrations in the epilimnion
declined alightly from June to mid July and  again  in
September to minimam level but the extreme depletion
eiperienced in  the previous vyear did not occur. In the
hypolimnion, the concentrations increased slightly {(2mg/l)

firom late June to early September with decreasing oxygen
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Figure 20. Seasonal variations of silicate at station 2 from
October, 1983 to September, 1985. Isopleths of
silicate are expressed in mg/1.
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waturatl on.

In  shallow water at station 2 (Fig. 20, silicate
concentrations did not  show vertical stratification and the
seasonal patterns were similar to the suwface waters at

station 1.

kKlarer (1978) cbserved seasonal patterns of silicate
in Dubh  Lochan gimilar to 19835 but his valuss wers lower

(maximum concentrations 1.25mg/1l) than in the present study.

The major sources of silica in natural waters is from
the deconposition of aluminesilicate minerals in  the
drainage basin from which the water flows (Hutchinson, 19%7).
The silicate content of the lake as a whole, is evidently
largely controlled by the inflow of water (Yoshimuwra,
1980 . Im Dubh Lochan, the periods of high concentrations of
gilicate from late autumn to mid spring throughout the water
colunn were associated with high rainfall (Table 1) which is

almo reflected by the water level measuwrements (Fig. 2).

Moat workers reported that diatom blooms constitutes
the most important mechaniem by which silica is removed
from the lake waters. The slight reduction of silicate in
the early spring in 1984 and late spring in 1980 cowld be

related to diatom production. Silicate depletion in the
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Figure 21. Seasonal variations of dissolved organic carbon
at station 1 from October, 1983 to September,
1985. Isopleths of dissolved organic carbon

are expressed in mgC/1.
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gpd Limnd on duwerding the esrly summer of 1984 and  the Lows

aevel  therowghouwt  the  water  column in late July to early

September corresponds to & bloom  of  an algal  sped

Rinobryon divergens which incorporates small  amounts of

gilica in its lorica and produce siliceouws resting spores.
Diatom and other algas that wbtilized silica were a very
minor component of the phytoplankton in Dubh Lochan., It is
probable that littoral algsal communities, particuwlarly
epiphytes and some other macrophybtes e.¢. Equisetum sp.,
were responsible. Comparatively higher concentrations of
silicate in the epilimnion during the summer of 1985 than
the previous year is associated with greater inflow of waber
in such & wet year. Hypmlimnﬁtid increase of silicate during
aummer  stagnation was probably due to the mineralization of
diatom frustuwles and Dinobryon spores sedimented since the
previ ous stratification rather than the release of

chemically bound silicate from the sediment (Golterman,

1978 .
T.E.2.80 Dissolved organic carbon @

Dissolved organic carbon concentrations showed distinct
seasonal distribution patterns and the values ranged from

1.9mg/1 to 9.4mg/l.

I cleep water at atation i (Fig. 210 the
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Figure 22. Seasonal variations of dissolved organic carbon
at station 2 from October, 1983 to September,
1985. Isopleths of dissolved organic carbon

are expressed in mg(C/1.
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concentrations  declined gradually from Smg/l din Ootober,
1985 to about Jmg/l dn March, 1984, From April onward the
concentration remadned very low ranging from  L.%mg/l to
4mg /Ll Duwring spring and summer, the concentrations were
slightly lower in the upper waters than the bottom waters.
After the awtumn  overtuwrn, disscolved carbon concentrations
increased rapidly  and reached to abowt émg/l in Tate

October to early December.

In 1985, the concentrations were higher than 1984. They
declined gradually from 3mg/l in February to 3mg/l duwring
mid May ancd mid June. From early July, the concentrations

increased rapidly from 3mg/l to 9.4mg/l in September.
In shallow water at station 2 (Fig. 22), no vertical
agtratiftication of dissolved carbon was observed and the

measonal patterns were similar to station 1.

Dissolved organic carbon in lake water is derived from

bt h autochthonouws and  allochthonouws sowrces. Al most
certainly high inflow - rapid  runofd includes mach of

humic substances from peat layers up on the moorlands in the
upper reaches of the catchment. The highest concentrations
of  organic carbon in the summer of 1980 could be related
with the maximum inflow of water carrying allochthonows

o gpand o matter £ am the surrounding I ER Hi gt
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concertrations during autumn and winter  couwld  be related
with declining  phytoplankton populations in autumn and Low
population in winter  at & time  of high inflow dn to the
bake. Althowgh the water colowr was not  measuwred dweing the
present  study, it was noticed that during the periods of
high carbon concentrations the water colow became brown.
The declining carbon  concentrations throughout the spring
colncides with spring phytoplankton bloom and the lowest

concentrations im the summer of 1984 is associated with the

marimum phytoplankton productlon at & btime when the
allochthonous input Was mirnimal . Blightly 1 ower

concentrations in  the upper waters during spring and summer
of 1984 could be related with the uptake of organic carbon
byy phytoplankbon. During Uthermal gtratification arel
hypolimnetic anoxia, no noticeable vertical variation of
dissolved organic carbon was observed. Birge % Juday (1934)
Feported that the great changes of dissolved oxygen content
in the hypolimnion have little effect on the total dissolved

organic carbon in the lahe.

B R, Biological o

During the spring and early summer, the littoral zone

af  Dubh Lochan develops dense beds of both submerged and

emergent vegetation., As  the littoral vegetation and the

Littoral benthos play important roles in both nutrient  and
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Table M. Species composition of aguatic vegetation in

Dubh Lochan.
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Bryophytea @

Calliergon cuspidatum (Hedw.) Kindb.

¥Fontinalis antipyretica Hedw.

Racomitrium aciculare (Hedw.) Brid.

¥Bphagnum cuspidatum Ehrh. ex. Hoffm. emend.

#B.  recurvum P, Beauv (8. intermedium auct.)

#B. subsecundum Nees

Freridophyta @

Monocotyledones

“%

sares cuwrta Bood

Stokes

Eriophorum angustifolium  MHonok.

¥Eouwisetun Fluviatile L.




Jurews  acutdf L orus Mot dm.,

Narthecium ossifragum (L.) Hudsg.

Fhalaris arundinacea L.

¥Fhragmites australis (Cavae) Trin., ex Stued.

#Fotamogeton natans L.

*#F, polvgonifolius Fourr.

Dicotyledones @

Callitriche stagnalis Scop.

Chrveaospleniun oppositifolium L.

Elatine hexandra (Laplierre) DC.

Galium uliginosum L.

Mippuris vulgaris L.

lLittorella uniflora (L.) Aschers.

#l.obelia dortmanna b

Menvanthes trifoliata L.

#Myriophyllum alterniflorum DC,

®¥Nuphar lutea (L..) Sm.

*fNymphaea alba L.

Folyvagonuwm hydropiper L.
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Table 4. Species composition of zoobenthos in Dubb Lochar.
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Ephemnsroptera o

*¥Leptophlebia marginata L.

Flecoptera

*Nemowra cinerea Retzius.

*#Faerla bipunctata (Pictet) Klap.

Odomnata o

#Cordul egaster boltonii Don.

Cordulia aenea L.

Enal lagma cyathigerum Charp.

Tschnura elegans Vander Linden.

Fyrrihosoma nymphula Sulzer




Mepgpanl cpptenra o

#Glalis lutaria b

Trichoptera 3

Berael dae

Cyrrmus flavidug Molachlan

#Holocentropes marmoratus Cuwrtis

#¥Limnephilus sp.

Fhryganeidae

Folyecentropus sp.

Hemiptera o

#Calicoriva prasusta Fieb

Corixa punchtata Illig.

®Notonecta gladca L.

soleoptera

*Pgabus congensr Thun.




el atug ills Fab,

i

#Dystdows marginalis Lo

Gy i elae

Diptera @

#¥Chaoborus {flavicans Meigen.

#Chironomis plunosus L.
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L armbkton dyrmamics  of  freshwater ecosvsbemns @ gereral
4 ..

biologiocal  swuwwvey of the flora and fauna was conducted. The

spaecies composition of  aguatic vegetation is presented in
Table 5 and the zoobenthos in Table 4. The most commonly

oeouwring species are marked with asterisks.

The following 4 species of +fish are present in Dubh

hocharn, Esox lucius L., Gasterosteuws aculeatus L., Anguilla

Cbewy and Perca fluviatilis L. (Klarer, 1978).

The members of zooplankton community are dominated by

Copepods, Cladoterans and Rotifers (see chapter 5.

Zooplankton and some members of zoobenthos are the main
consumers of phytoplankton. The fish, Chironomid larvae and
some other Dipteran larvae are the major predators of

zooplankton.
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4.1 Introduction @

Fhytoplankton play & very important role in  the
production process in agquatic ecosystems particularly lentic
ones. It converts solar emnergy into chemical energy by the
process of photosynthesis. This energy 1 the major source
wf food to the consumers in the ecosystem. Fhytoplankton is
also  important in debritus forpation (Moss, 1982) which in
turn de an important souwrce of  food '4mr @ wide range of
detritivore organisms. The production of organisms in the

secondary and  tertiary levels of the two main pathways of

energy flow is  therefore, directly related with the
procduction of phytoplankton. Successful growth orf
phytoplankton may Ccaunse nutrient depletion in  the
ervironment ancl af b their death and decomposition

nutrients may be retuwwned to the system. The death and
decomposition of green and blue-green algae may und@r.
certain circumstances cause a serious problem by releasing
toric substances particularly after bloom formation. Froper
knowl edge of phytoplankton ie therefore, essential in
wnderstanding the energy transter process in agquatic

ecosystems.
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oy Mateariales % Methods @

4oda e Phyvtoplankton

Water sampl e for phytoplankton enumeration were
collected between January, 1984 and December, 198% every

®wm and 10m

fortnight at station 1 from surface, 1lm, Em,
deptihs. O retuwrning  to the laboratory, the samples were
poured dmmediately in to 1 litre measuwing oylinders and
preserved with 10ml Lugol’'s iodine solution. After about 24
e s, wher the plankton was  well  sedimented, the
auparnatant was siphoned very carefully down to abouwt 10ml
with fime Teftlon tubes. The samples were then made wup to

28ml  with disgtilled water, transferred to 28ml capacity

counting chambers and sedimented again for at  least 24

P & . Frytoplankton we @ conted with an inverted
microscope at pelulwb magnification using micro-transect

taechnlgue (Margalef, 1969 . To determine the number of
tramsects  regquired for a representation, 10 micro-transects
were courted across the counting chamber and the accumul ated
number  of species were plotted against the number  of
transects. It was found that 3 transects were enough to
represent more than 904 of the species. Counts of 3
transechts Qer@, therefore, uwsed in routine phytoplankton

enumeratl on. During the period of exponential growth of
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cartaln species,  which mostly occowered between Apredl and
Mugust, At was oftern dmpossible to  count  even one complete

transect wnder Boox magri i cation.

For  such specles, the individuales in 8§ microscope
fields were counted separately at 4000 magnification. The
number  of fields reqguired to count for a representative
sub-sample was determined following the same fechnidque
described above. The micro -~ transect method was followed
for the enumeration of the rest of the speciesg in the same
wample. sounts were multiplied by & factor to convert the

results to numbers of individuals per litre.

The phytoplankton were identified according to Barber %
HMoworth (1981)3 Bourrelly (1968, 1970, 1972)3 Cleve-BEuler
CLPHL -1 955) Lind L Brook (1980); Fascher (1930)
Frescott (1962, 1964) Ward & Whipple ((1959) and West %
Waat (1904-19235). The phytoplankton identifications were

normally checked by Dr. R. Tippett.

4,2.2.  Primary production

Frd mary production rates were determined every

fortnight between Januwary, 1984 and December, 1980 using

rarbon  **  tracer technigque (Vollenweider, 1969). Wat e

samples were collected at station 1 from surface, Im, Sm, Um
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ard 1Om depths.  The sanples  were p

Pight and dark bottles. Duplicate se

were always used for each de

sealution containing approtimately 0.5

O was  injdected into each bottle

(ROO-1000.1) . The duplicate sets of

ware dncubated in situw  for exactly

were used to compensate for any dark

(Btrickland & Pearsons, 1972). After

the samples were carried to the labo

waoden box to  prevent further carbon

labelled algas, 350ml sub-samples fro

for Ffiltration to minimise cell b

filtration as suggested by Arthar

sub-samnples were filtered throwgh

membrane  Filters wsing & vaouum p

containing the samples were placed |

cdissalved in 18ml  Unisolve 1 liguw

The specific activity of the fined O

we e determined  wsing  an internal

bigpidd scintillation counter. Vials

and for background were also counted.

taken during the collection, incub

the samples to the light. The proo

gquickly as possible and never took lo

readings at the % depths, a productio
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Light
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using a Finnpipette

Light and dark bottles

4 howrs. Dark bottles

uptake of Carbon 4

the incubsation period,
ratory in a light proof

fivation. To trap the

m aach bottle was taken

reakage during  vaouum

g Rigler (1967). The

HAa (O 48um) millipore
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arbon ** in the samples

standard method on &
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rger than 3 howrs. From
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#45n analysis of variance couwld be calcoulated, howsver,

Fomo (1987), (MuBoc. Thesis, Univ. GBlasgow) conducted similar

e i ment in lake Rusky during the same period

facilities, technigue and equipment and reported 48% error

in the whole method, & similar level of error is  &lso

cted in the present study.

«



colume was obtained, the values integrated and results are

[ B

@A terms of energy fixed per soquare  metre lake

wurface per month.

Carbon ** available for photosynthesise was caloulated
from  alkalinity and pH values at the appropriate depth
(Mackereth, 19863, The calcuwlations were made with &

computer using a programme developed by Mr. T. Bladon.

The disadvantage of Carbon 7 method is that it can not
ditferentiate ret and Infdwl=t: photosynthesis. Dur i mg
respiration phytoplankton produce carbon dioride and some of
this respiratory carbon dioxide is intermally recycled for
use in photosynthesis during the progress of the experiment.
The method thereftore, measuwres a quantity somewhere between
met and gross photosynthesls and the problem ig that this
paint is not fixed. The real advantage of the method is its
sensi tivity. The method is particwlarly suitable in such
Fabitats as Dubbk Lochan  where phtoplankton populations are

very sparse especially during winter months.  scee opposite.
? . 5

LB Reswlts and Discussion @

4,%.1., Species composition 1

B total of 198 species and varleties of phytoplankton

Fageae 50



Table 9. Species composition and abundance of phytoplankton

in Dubh Lockhan.

Number Abundance Species
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Fhylum @ Chlorophyta

Class ¢ Chlorophyoeae

1 4 4 Ankistrodesmus falcatuws (Corda) Ralfs.
2 + Arthrodesmus bifidus Breb. var.

latidivergens.

3 + A. dincus (Breb.) Hass. var., minor
4 + A triangularis Lagerh. var.

subtriangularis

5 4 Bambusina brebissoni kutz.

b c Botryvococous braunii kKutz.

7 - Chlamyvdomonas dinobryonii 6. M. S8mith
8 + C. globosa Snow

9 K Chlorella ellipsmidea Gerneck

10 4 *Cladophora fracta var. lacustris

(kutz.) Brand

11 -+ Closterium didymoptocum Corda




e o i G

A + b wbriolatum Ehe,

14 R beo Eexon West

14 “+ ®oleochaete drregularis Primgshein
14 ks *Co orbicularis Fringsheim

17 o+ Cosmarium amoenum Breb.

i@ + Co contractum (Elév.) West & West

var. ellipsoldeum

19 + C. crenatum Ralfa.

20 + C. dentiferum Corda

21 + Co. margaritiferum Menegh.

22 + Co subtumidum Nordet.

25 + E. tintum Ralfs.

24 + Cosmecladium saxonicum DeBary

25 * *Crucigenia gquadrata Moreen.

2b + C. tetrapedia (Kirch) West & West

27 A #Dactylococous infusionum Nasgelil

26 + Dictyvosphasriun pulchellum Wood

29 + Euastrum bidentatum Mag.

30 + E. crasasum (Breb.) kKute.

-l ¢‘ E. denticulatum (Kirchn.) Gay

a2 + E. pulechellum Breb.

i 4 GBloeocystis planctonica (West % West)
L.emmer man

) ey j, vesiculosa Nag.

] L3 Micrasterias truncata (Corda) Breb.




i &8 Microspora pachyoderma (Wille) Lagerbeimn

e o Mo Willearna Lagerbein

3 e Mo, LE B

-t o+ Metriuwn digltus (Ehra ) Ttzigs & Rothe
40 + N. oblongum (Delary) Lutkem

vars tylinddcum

41 + *Qedogonium sp.

4 [ Oocystis lacustris Chod.

4% ¢ Q. rhomboides Fott.

44 » 0. solitaria Witter.

4% + Padiastirum boryanum (Turp.) Meneghini
44 + Fernium cruciferum (DeRBary) Witte.

47 + F. margaritaceum (Ehr.) Breb.

48 + Fledwrotaenium coronatum (Breb.) Rabsnb.
49 + Feo nodosum (Bail.) Lund

S0 + FProtoderma viride Kuatz.

H1 + *Rhizoclonium heiroglyphicum (C.ALAQ.) Kuts.
52 L Beenadesmnus denticul atus Lagerheim

e + 8., quadricauda (Turp.) Breb.

e + *¥Belengstrum minutum (Naeg.) Collins

et C Sphaerocystis schroeteri Chod.

T + Staurastrum brevispinum (Breb.)

West % West var. obversum

57 + 8, gracile Ralfs.
b + 8. inconspicuum Nordst.




Gat)

él

&l

éoh

&

bé

&7

&8

-3

70

71

73

74

®¥ELA geoncl ondum maram Kot

®Tatraadron duospinum Aokl ey

Lo mindmum (A Braun) Hansgirg

Tetrallantos lagerheimii Teiling

Wiothrin asqualis Futz.

We moniliformis kKutaz.

Ue subconstricta West

Xanthidium antilopaeun (Breb.) Kubz.

Zygnema sp.

Fhyvlum 1 Euglenophyta

Trachelomonas oblonga lL.ammermann

T. volvocina Ehr.

Fhylum 1 Chrysophyta

Class @1 Chrysophyvoeae

Dinobryon divergensg Imhof

Mallomonas acaroldes Ferty

M. producta (Zacharias) Iwanoff



GClass: Bacillariophyvoeas

7 + Achnanthes Lanceolata (Braeb,) Gruan,
7é + ‘AmMphora oval s kubs.

77 + Anomoeonis serians (Breb.) Cleve
78 A ¥Caloneis baclllum Grun.

79 + *Ceratoneis arcus kutz.

80 + *¥Cocconeis placentula Ehr.

81 L Cyclotella operculata (Ag.) kKubtz.
82 e Cymbella asgualis W, Smith

8 + €. bipartita Mayor

84 + Co gracilis (Rabh.) Cl.

83 + *C. prostrata (Berkeley) Cleve

86 * E. ventricosa kutz.

87 + Diatoma vulgare Rory

84 + Eunotia arcus Ehe.

89 + E. curvata (Kutz.) Lagest.

0 + E. engracilis (W. Smith) A. Cl.

71 + *E. faba (Ehra) Grun.

P + #E. lunaris (Ehr.) Grun.

93 + E. minutisima A. Cl.

24 » E. pectinalis (Mutx.) Rabh. var. minoe

undulata Ralfs. Rabh.

Pé e *E. paludosa Grun.
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Bo tenella (Grum) A. Cl,

Frustul ia rhomboldes (EBhee) de Tond

var . Grassinervia (Creb.o ex We 8Bm.)
gsanonica (Rabh.) de Toni

*Gomphonema acuminatum Ehe.

*B. gracile Ehr.

B. lanceolatum Eher.

*G. olivaceum Ehr.

Hantzschia amphiorys (Eht.) Grun.

¥Melosira italica (BEhr.) Kutz.

Navicula cryvptocephala kutz.

(Gregory) 0. Muller

*N, lanceplata (Ag.) kEutz.

No. subtilissima Cl.

Neidium affine (Ehr.) Cl.

fFeronia heribaudi Brumn & Per.
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B i Girrag., var. bypica M. Gl
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#F L dnhervupha We Bmith

Fo stauwroptera (Rabh.) Cl.

#Rholcosphaenia cuwrvata (Kubz.) Grun,

Stauwronels anceps Ehr.

Stenopterobia intermedia (Lewlsa) Fricke

*¥Gurirella elegans Ehr.

#8. linearis W. Bmith

Tabellaria fenestrata (Lyngh.) Kutz.

var. intermedia Grun.

var. lacustris Melister

Phyvlum @ Pyrrhophyta

Class ¢ Dinophyoeas

Ceratium hirudinella (O.F.Muller) Schrank.

Class 1 Cryptophyceas

Cryptomonas marassonl  Skuja

C. ovata Ehr.
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Fhodomomas minuta Skujia

Fhiylum o Rhodophyta

Class ¢ Rhodophyceas

*#Batrachospermum boryvanum Sirodt.

B. monlliforme Roth.

Fhylum 3 Cyanophyta

Class @ Myrophyceae

Aphanocapsa delicatissima West % West

Aphanothece saxicola Nag.

Calothrix ephiphytica West % West

#Chroococows turgidus (Bute.) Naegeli

Goelosphasriun nasgellanum Unger.

Cyilindrosphermum minutum Wood

Gomphosphagria lacustris Chord.

lL.ynghya lLimnetica Lammermann

*Marisnopedia elegang A. Braun.

*Microcystlis agruginosa (kutz.) Elenkin

Nogtoe paluwdosum kutz.

*Qacillatoria minima Gicklhorn
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we e dcdertifled during the period of study. o list of the

along  with & simple indication of their abundance

oS A W

e dn Table U, Although many species of desmicds
and diatoms were Ldentified, neither of the group  was an
dmportant component  of  phtyoplankton in Dubh Lochan., A1)
the desmids and most of the diatoms appear to have been
Littoral din ordging, they were probably washed into the
plankton by wind induced turbulance. Elarer (1978) reported
147 species of algas in Dubb Lochan. The present study adds
12 species of Chlorophyta, 27 species of Chryvsophyta, |
species of Rhodophyta and 8 especies of Cyanophyta to bthe
grisnting species list of phytoplankton in Dubb Lochan. The
newly recorded species have been asterisk marked (Table .
On the contrary 19 species of Chlorophyta, 2 species of
Chrysophyta, 4 species of Fyrrhophyta and 2 species of
Cyanophyta  which were recorded esarlier were not observed
churing the present study., The non overlapping species were
all  taxonomically quite distinot and can not be accounted

for by error in identification.

4.5, 20 Phytoplankton biomass (expressed as number/1)

and commmunity pattern
Fhytoplankton blomass showed distinct seasonal and

strong vertical distribution patterns (Figu 25, A single

@arly summer maximum was apparent in both the vears.

Fage 51



Figure 23. Seasonal variations of phytoplankton biomass from
January, 1984 to December, 1985. Isopleths of
phytoplankton biomass are expressed as
mumber x 10%/1.
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I 1984,  phytoplanktton  biomass was  very low  from
Januwary to March.,  From late Aprdl, 4t dincressed gradaally
and  reached to dte peak in mid Jume and  then declined
sharply in late June. From early July, the biomass declined
gradually through the rest of the year with lowest numbers
guring Movemeber and December. During the peak, the highest
hiomass was observed betwsen 2 and U9m depth. However, from
April  to early September, 1t was always higher in  the

epilimnion than the rest of the water column.

In 1988, the seasonal pattern of phytoplankton biomass
was similar to the year before. Fhytoplankton biomass
guring spring was approximately 8  times higher than 1984,
The peak in  summer  occwrred three weeks later  and  the
biomass was slightly smaller than the previous year. During
the sunmer peaks in both the years the biomass was greatly

infdlusnced by the rapid growth of Sphaerocystis schroeteri

(Fig. 24).

CMlarer  (1978) reported a single BLAMmme paak  of
phytoplankton biomass in 1974 and 1976 and two peaks, one in
gpring and the other in summer in 1970 in Dubh  Lochan.
Hutehinson  (1967) discussed seasonal patterns of total
phytoplarkton from different types of waterbodies and

suggested that in oligotrophic water a single summer peak is

Fage B3



CCBNACH o Fowaver ,  spring and autumn madima have also been

" Gy

bl bt durdng such mestimay, phtoplankton is generally

clominated by diatoms.,

Before attempting the seasonal patterns of dindividual
species, & general community pattern of phtoplankton in Dubh

Lochan is described.

In Janwary and February, the diatonms especially Feronia

herebatdl  and EBunotisa pectinalis were dominant in  the

phytoplankton. Greemn flagellates dominated during late Maroh
and early April and then the populations declined in May.

From late April to May (1985), Dinobryon divergens anc

Cryphomonas spp., W
tler dominant specles. Fhytoplankton  biomass §noreasec

rapidly  dim June  and  July because of rapld  growth  of

Bphagrocystis schroeteri. During this time D divergers

(1984), Cryptomornas spp., Oocystis spp.y, and Botryooooous

aleso reached to  their peabks but 8. schrosteril was

b aund i

the  dominant species. After the summer peak, phytoplankton
biomass declined asharply in August and & gradual decline
throughouwt the  aubtumn lead to dte  mimdloum  din December.
During this decline B.  braunii was the dominant species in
Mugust c e en flagellates agaln assumed domirnance in

Beptember and diatoms again  dominated in November  and

December, although phytoplankton biomasse was very low,




Figure 24. Seasonal variations of Sphaerocystis schroeteri
from January, 1984 to December, 1985. Isopleths
are expressed as number x 10%/1.
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Bl arar (1978 aleso reported similar  community patberns
wf prhvy b opl anbbon i Dby lochar. Green  $flagellates
dominated in spring and awtumn, D. diergens in early summer,

8. wsohroeteri in mid summer and Qocystis epp., in late

BLAMMET . However, the diatoms were never reported to be
praesent in significant mumbers but in the present study they

seemn Lo be more important than Elarer's (1978).

40505 Individual species pattern 3

Althouwgh 1858 different algal species and varieties wers
identified during the present study, 11 species were
recorded freqguently enough to permit an  examination of
individual seasonal succession and vertical distribution

patterns.

4.B0E 1 Bphaerocystis schroeteri o

Sphagrocystis schroeterli was the dominant species

during summer . It showed distinct seasonal and vertical
distribution patterns (Fig. 24) with & single summer peak in

bhoth the years.

In 1984, the species firet appeared in late April and a

rapid increase in May resulted its maximum in early June

Fage 04



whear the lake was thermally stratified and the surface waber
temperatiure owas abowt 1890, The species  showed steong
vartical  stratification with highest populations in the
@pd b d mred o After the peak, the populations declingd
rapidly  din June. From July it declined gradually and

disappeared in late September.

The seasonal pattern in 1985 was similar to the year
haefare. The species first appeared in late May. The peak
oaowrred & month  later than its counterpart in 1984, The
peak population was slightly smaller than the year before
and the maximum number of colonies were again  observed in
the  epilimmian. Both the increase and decreasse of the
populations before and after the peak was very rapid. The
population level during August and September were similar to
the previouwus year and the species dissppeared by late
Oetober. During the peak in 1984, nitrate concentrations
(Figs., 13 % 14) were moderately high but orthophosphate
concantrationg (Figs. 17 & 16) welr e very 1w
Tm 198%, mitrate concentrations were low but orthophosphate

concentrations were slightly higher than 1984,

Hutehinson (1967) reported that Sphasrocystis sp., may

develop very high populations and could be very important in
unpraductive lakes., Klarer (1978) reported that the species

was  dominant during  the summer months but was  observed

Fagie W
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Figure 25. Seasonal variations of Dinobryon divergens from
January, 1984 to December, 1985. Isopleths are
expressed as number x 1000/1.
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thirough  the entire vear. Me  observaed two pesks  of

P82

md oy e mador peak was  dn omid summer and & minoe
peak e Lade summer Ao 1974 amd 197 and & single peak in
Labe  swmmer dn 1976, Frevarasal 1 (1932) observed highest
populations  of 8. schroeterd in autumn and  was  common in
spring in the English lake District. Davies (1972) wreported

a mid  summer peak of the species in  Hogans pond  din

Newf aundl and.

4o 30 Re Dinobryon divergens @

Dinobryvon divergens was one of the dominant species in

Dubh Lochan, The seasonal succession of the species showed

considerable differences between the twa years (Fig. 28).

Im 1984, it first appeared in mid June and & sudden
peak of large population numbers occwsred in late June to
garly July when the lake was thermally stratified and the

sirface water temperature was 1990 (Figs. 3 & 4).

T declined sharply in late July and again increassd
e & second and smaller peak in late August when the swface
water temperature was at its highest level (20°0). The
populations declined sharply in September and disappearad by
late COctober. The first peak was about 4 times larger than

the second peak, The growth and decline of these peak

o D



populations were always very rapid.  During both the peaks,
the largest populations  were observed at  bhe suwface and

they declined sharply with increasing depth.

Im 1960, D. divergens showed & single peak. It first
appearaed in March and then a gradual incresse lead to its
maximam  in mid May when thermal stratification started to
develop and the swiface water femperature wag 1190, The
population size during this peak was about 2.% times larger
than the early summer peak in 1984, The largest population
during this period was also observed in the epilimnion and
declined sharply with increasing depth. From late June to

late Beptember, the populations were very low and was no

longer observed by late Ootober.
Elarer (1978) observed & single early summer maximum 1n
1974 and two maxima, one  in early  summer and the obther in

late summer in 19795 and 1976,

Dinobryvon divergens is considered to be & cool water

species  with optimum population between 8.990 and 13,20
(Hutehinson, 1967y Lehman, 1976a). Findenegyg (194350
observed highest pmpulatiwn when the water temperature was
Sl In the present study, water temperature ranged between
1190 and 13<C during the period of Dinobryon successsion.

It ie evident that D. divergens succession could ocow in a

Fage 97



Wi ches P ag e taf tamper st s, GBIy P

crbvar s berd st e e Pt d gt claspa betid caryy partioul arly
orithophosphate  deficient  waters  (Mobtohinsomn,  1967). The
avallable information suggest that the members of this genus
are able to grow in waters with orthophosphate levels below
gome critical level between 1 & 9 g/l (Hutchinson, 1967)
althouwgh diffaerent races in different lakes may have
alightly different requirements (Rodhe, 1948)., T Dubh

Lochan, the succession of Dinobryon divergens ocourred when

orthophosphate levels were 0.1 g/l in 1984 and was  below
detectable level in L5, Findenegg (L947%50)
consi dered D divergens to be a spring species but

Hutchinson (1967) suggested that mutrient levels in water

were more important in determining  the seasonal swccesslon

of the species.

and (. perliod of study.

They we & bl ke together because of difficulty in
meparating the species while counting under inverted
microscope ghie to  very high numbers dn peak  period.
However, 0. lacustris was dominant among the three specles

in hoth the vears. Qocystis spp., were present in Dubb

Lochan  from May +to October and showed a single summer

Fage SE



Figure 26. Seasonal variations of QOocystis spp., from
January, 1984 to December, 1985. Isopleths
are expressed as number x 1000/1.
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o

masdd muam dn both the vears (Fig. Bé).

T 1984, Oocyst

BV o Firet  appesred dn o mid Ma
Y

#
codriciding with the development of thermal stratificeabtion,
The populations increased rapidly from  late May and reached
to dts peasbk. in late June when the lake was thermally
stratified and the suwface water temperature was 19°C. It
declined gradually from July through August and Sepltemnber
anc  disappeared by late October whien the  bthermal
stratiftication broke down resulting complete overturn. The
population levels were generally high in July and August.
Strong vertical stratification was observed during the peak
with highest population levels between 2 and Im  depth.
During the rest of the period, the populations in  the
gpilimnion were slightly higher than the rest of the water

colume.

I 1985, the seasonal patterns were similar to the year
petore but the population levels weare comparatively 1ower
during the whole period. The peak occurred in late Jung to

late July and was approdimately 20 times smaller than the

yaar  before. Both the increasse and decrease of the
populations were gradual. Strong vertical stratification

was observed from mid Jurne to mid  August with highest
poapulation number in the epilimnion and very low numbers in

the hypolimnion.

Fage 9



Mitrate concentrations (Figs. 1% & 14 during both the
peaks were low.  Orthophosphate comncentrations (Figs. 17 &
LEY  were  aleo  low bub it was slightly migher in 1983 than
1984 although the popuwlations did not show an increase with
the increased concentrations df orthophosphate.  Duwring

isothermal periods when the nutrient concentrations were

Flarer (1978) reorted two separate peaks of Qocystis
gppey i Dubbh Lochan, & major peak in late spring Lo early
summer and & minor peak in late summer and the populations

ware confined to the epilimnion and metalimnion.

Hutchinson (1967) reported that Oocystis spp., are
characteristics of oligotrophic water and occur mainly in
HLIMME . They are capable of developing immense population

whern the inorganic nutrients are at a very low level.
4.7%.85.04,.  Green flagellates:

Two types of green flagellates were recognized and

distinguished as flagellate 1 and flagellate 2 according to

the wsage of Klarer (1978). Flagellate 1 is oovold in
shape, unicellular with two Fflagella. Flagellate 2 is

depressed olobose to broadly ovoid with strongly flattened

Fage 60



Figure 27. Seasonal variations of green flagellates from
January, 1984 to December, 1985. Isopleths are
expressed as number x 1000/1. :
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anterior  suedace wrdeellular  with & single  flagellum.

Thaeir size varied from % Lo 7 microms in odiamet

[T { 63 3 6

O VT A for  more  cdetal led descoription of  the  Lwo
forms) . However, the flagella could not be seen easily and

were  not visible at  all while counting under inverted
microscope. For this reason in the present study they were

bul ked under the general grouping as green 4lagellates.

Breen flagellates were common during the whole period
of study. They showed two distinct seasonal peabks (Fig.
27), one in apring and the other in  awtumn in both the
vears. The populations were generally higher in 1980 than in

the previous year.

Im 1984, the populations were very low in winter, then

a gradual increase lead to its spring madimum in March and

b

April  at & time when both nitrate (Figs 13 . 14y and
orthophosphate (Figs., 17 & 18) concentrations were high.
With the onset of thermal stratification and declining
nutrient concentrations, the populations declined gradually
ant reached its minimum level in  July. The populations
started to increase again from late August and reasched a
aecond madimum  in mid September at the same time as thermal
gtratification was begining to  break down and the nutrisnt
concentrations were still low. After the auwtumn  overtuen

popul ation numbere declined to low level in October and low

Fage &l




Tevel wamained  wuntil  December. The spring peak was as big

In 1985, the seasomnal patterns were similar  but  the
spring  peak  was  approximately 10 times bigger than the

awtwmn peak. The population level in Januwary and February

We 6 high coinciding with high concentrations of
orthophosphate. The spring peak was approdimately 4 times

bigger than in 1984 and the autumn peak was slightly

wmmal 1er.

Fopulation numbers from May to  August were much lower
but from October to December their numbers were much higher

than the year before.

Strong vertical stratification was observed during the
peaks in both the vears with maximum numbers in the top 4m
water and they were homogeneously distributed through the

water column dwring the rest of the period.

Elarer (1978) reported that green flagellates were very
Toaw in 1974 with no  distinet seasonal peak, moderate number
im 1978 with & gingle spring peak and high population in
1974 with three separate peaks in winter, spring and summer

and the populations were very low in autumn,

Fage &2




Figure 28. Seasonal variations of Cryptomonas spp., from
January, 1984 to December, 1985. Isopleths are
 expressed as number x 1000/1.
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I the pree

et sty low  summer population  and high
autumn population dm I9E% de in contrast bto Klarer ‘s (1L978)
finding. Meswervenr e gvidence Bl est s that b
flagellates have wide range of temperature tolerance and
nesd  high nutient concentrations in the water +for  their

optimum growth,

4. 5.35.8. Cryptomonas spp.

Two species of Cryptomonas, C. ovata and C.

were recorded in the present study. They are bulked together

ce ovata was in  general the

w? 0

under Cryptomonas spp. Howaver

daminant species. Cryptomonas spp., were observed throughout

the Y Ear e@xcept inm January  and  February in 1985,
sonsiderable differences was  observed in the seasonal and
vartical digtribution patterns between the two years (Fig.
2. Tt showed a single summer peak  in 1984 and  three

distinct peaks in spring, stmmer and awvtumn in 1985,

In 1984, the populations were very low from January to
early March., A gradual increase from late March resulted ite
maximum in late July. It declined gradually from August and

reached to ite lowest level in December.

In 198%, Cryptomonas spp.y was absent from Januwary to

mid February. It showsd threg distinct seasonal peaks, one

e
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ater Aprdl to early May, ome in late July to esrly @ugust

ard @ thivd one  in late September to early October. The

g d g anch sutumrn maxd ma were sind lar dn o siwe but the summer
ore was abowt @ times larger than the others. The popalation
levels in spring and awtunn in 1985 were higher than the
previous  year.  The summer maximuam  dn 1984 was slightly
Larger than 1985, At the time of summer  maxdimum,  the peak
populations were observed between swface and 4m depth.
During ﬁh% whole period of thermal stratification, the
populations were always high in  the epilimnion and it
declingd with increasing depth. The population wag evenly
distributed throughout the water column during isotbermal

condition.

Elarer (1978) observed two distinct seasonal peaks of

Cryptomonas spp., in spring and awtumn in 1974 and 1975 and

a minor mid summer peak in 19746 in Dubh  Lochan. He did not
fing  any vertical stratification and the speCies was absent
in oJune  and July in 1974 and 1975, In the present study the
highest peak was in mid summer and two other minor peaks in
spring and autumn occurred only  in 198N, Btrong vertical
stratification was observed during the whole period of

thermal stratification.

During late summer in August and early September when

the hypolimnion was anoxic, kKlarer (1978) did not  find
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Figure 29. Seasonal variations of Botryococcus braunii from
January, 1984 to December, 1985. Isopleths are
expressed as number x 100/1.
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Cryptomonas spp.y dn the bottom  waters but  in the present

gtudy  considerable numbers of  the populations were also

peesent dn the anondo waters in the hypolionion,

ITimavirta % Kotimas (1974)  reported from ologeotrophic

waters in Finland that Cryptomonas spp., were most common

throughowt the winter and in early summer but not in awtamn.
In the present study, the winter population was very low.

The evidence suggests that Crypltomonas Bpp.y  have a wide

rangs of temperature tolerance and capable of flowrdishing in
very Low nutrient concentrations but they need Vitamin EBLZ

or Thiamin (Hutchinson, 1947) for their optimum growth.

4,3.%,.06, Botryococous braunii o

Botrvococous braunii was not & dominant component of

phytoplankton in Dubh Lochan. The populations varied greatly

betwaern the two years (Fig. 29).

In 1984, B. braunii appeared in early July and then a
rapid incresse resulted in & makimum in  late July to August
when the lake was thermally stratified and the nutrient
concentrations were low, The populations declined sharply in
Beptember and disappeared by late October. 8trong vertical

stratification was observed during the peak with highest

populations in the upper Tm water.
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T 1@l K, by moral Pk

sl showed no distinet se
and the populations were maich lower than  the previows year.
HMowever ,  the species appesred In mid February, increased
wslightly in March and April and then disappeared by mid May.
The species was absent from mid May to mid July., It appeasared
again in late July, increased slightly in  late August and
Beptember and again disappeared by late Qctober. The rise
of the population levels during spring and late summer were
wiomi L ar .

Elarer (1978) recorded B. brauwnii din Dubh  Lochan  in
small numbers and did not  observe seasonal sucoession.
Maulood & Boney (1980) reported that the species was present
in  Lockh  Lomond  throughout the vear and showed & single
summer pealk in July and August. Chu (1942) suggested that R

braunii is adtoauxotrophic but requires fairly Righ

concentrations of nutrients for optimuam growth.

Om the contrary the maximam populations of B, braunii
in July & August in the present study in Dubh Lochan and in
Maulood & Boney's (1980) study in Loch Lomond  occwrred when
the nutrient concentrations were low., Hutchinson (19467)
suggested that the species can be extremely abundant but

under conditions that are so varied that nothing can be said

about ite ecological determination.
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Figure 30. Seasonal variations of Peronia herebaudi from
January, 1984 to December, 1985. Isopleths are
expressed as number x 100/1.
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Ao a8 7 Fearomia Merebaudi o

Fear ol a herebaudi  was common  among the chi et om

community in Dubh Lochan throughout  the water column during
the period of study. Tt showed digtinct seasonal and slight

vertical distribution patterns in both the yvears (Fig. 30).

In 1984, the population levels were high in Januwary,
decreased slightly in early February and then increased to
its peak in late February to early March., It declined
glightly in late March fo early April and then increassed
again in late April to early May reaching its second peak.
This peak was slightly bigger than tha_ firat peak. 8light
vartical stratification was observed during both the peaks
with highest population in the upper 4m water. With the
onset of  thermal stratification, the population level
declined in late May and low numbers remained wp  to
September. After the autumn overturn and redistribution of
nutrients throughout the water column, the population

increased slightly in October and remained up to December.

In 1985, the population levels in January were much
lower than the year before. A sudden increase from late
January lead to its firet peak in  mid February which is

about T weeks earlier than the previouws vear. During this
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Figure 31. Seasonal variations of Eunotia pectinalis from

January, 1984 to December, 1985. Isopleths are
expressed as number x 100/1.
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paak, the population  levels were slightly higher than 1984

bt the bighest populations were observed between 4 and bm
depth. The spring peak was similar to 1984 but the highest

population  mnumbers were observed between 2 oand Sm cepth,
From late May to July, the population levels were similar to
the year before but it showed a minor peak in August and
SBepltember  in  the epilimnetic water. From late October to
PDecember the populations were generally slightly lower than

the year before.

4,.%.%.8 Euncotia pectinalis

Eunotia pectinalis was common in  the planktonic diatom

community in  Dubh Lochan  throughout the water oolumn
although 4t ie benthic in origin  (Hutchinson, 1967). It

showed distinct seasonal distribution patterms (Fig. 31,

In 1984, the populations were generally higher than
1985, Starting from high numbers in January and February, it
reached to its +first peak in mid March. The populations
declined wslightly in late March to early April  and  then
increased to its second peak in late April to early May when
the rutrient concentrations gapecially nitrate anc
wrthophosphate concentrations were high., This peak was
wlightly higher than the peak in March and the populations

@i owecd slight vartical atratification with max i mum
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populations in the upper 4m water. With the ormset of thaermal

sbtiratification  and de

chdrdng mwbrdent conoerbeatdons, bhe
popwlations declined gradually and  reached to the lowest

Tevel dn July and August. Although the popuwlations dnereasedd

wslightly in  September and October, the levels remained 1ow

throughouwt the autumn and early winter.

In 1965, the seasonal patterns were similar excepbt in
gummer when the populations were higher tharn the year

before., Bunotia pectinalis showed three small peaks, one in

February, one in late April to early May and a third one in
August and September. The winter arnd spring peak was similar
in size but the summer peak was slightly amall. The winter
peak was slightly smaller than its counterpart in 1984 and
the highest populations were observed between 35 and 1lOm
depth. The spring peak was about half the size of 1984 peak
arc the populations were almost wniformly digtributed
throughout the water column. The population level during the
whole summer were much higher than the year before. Duwring
the peak in August  and September the highest populations
were observed between 5 and 8m depth. The population level
from October to December were similar to the year before but

the numbers were slightly higher between 4 and 10m depth.

Elarer (1978) reported very low rumber s of Ew

in planktonic community but that it was common in
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Figure 32. Seasonal variations of Eunotia lunaris from
January, 1984 to December, 1985. Isopleths
are expressed as number x 100/1.
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the  epiphytic  commurities in Dubh  Lochan.  However, wind

imchuweed turbul ence and  the dincreased buoyancy  caused by

Bdkaby les of photosynthetical ly produced oxygen could probably

be responsible for the mixing of this benthic diatom in to
the plankton community in Dubh  Lochan.,  In awtumn, the

¢’

‘substrate’ for epiphytes particularly aguatic plants die
back and become unstable, therefore, release many of the

diatoms in to the water.

4,5.%.9. BEunotia lunaris

Eunotia lunaris, another disatom normally considered to

be benthic were also common in the plankton  community
throughout the water column in Dutst lochan but  the

populations wel & comparatively 1l ower than Eunotia

pectinalis. It showed two peaks, one in spring and the other

ey
"

in late summer to early auwtumn in both the years (Fig. 32

In 1984, a gradual increase from January lead Lo ite
spring maximum in  late April to early May arel the
populations were uniformly digtributed throughout the water
column., It declined sharply in June and low levels remained
up to August when the lake was thermally stratified and the
nutrient levels were low. The populations increased
gradually from September and reached to its second peak in

late CQotober and November with autumn aoverturn and mixing of
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Figure 33. Seasonal variations of Frustulia rhomboides from
January, 1984 to December, 1985. Isopleths are

expressed as number x 100/1.
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the  mutrients throughowt the water column,  This peak  was
@lightly esmaller than  the spring peak  and showsd strong
vertical stratification with highest numbers in the upper Sm

wal e .

I 1965, the population levels duwring the winter and
the peak in spring was similar to 1984, It declined sharply
after the peak and the populations from mid May to late June
wera much  lower than the year before. The populations from
July to mid October were much higher than the previous year.
It increased gradually from July and reached to its second
peak in mid September. This peak was slightly higher than
the autumn peak in 1984 and the highest populations  were
observed between 4 and 8m depth., It declined rapidly after
the peak and the populations from late October to December

ware much lower than the year before.

4,585,010, Frustulia rhomboldes @

Frustulia rhomboldes was also common  throughout the

the water column during the period of study although the
populations were generally low. It showed two distinot

seasonal peaks in 1984 and three peaks in 1985 (Fig. 55,

In 1984, a rapid increase from early February lead to

itas  maximum in late February to early March. During this
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praak, the  populations were uniformly distributed theoughout

the water column, The population  declined sharply dn mid

March arnd e@arly April and again increased gradually from mid

Aprdl o and resched to dte second peak dn mid May. During thie

peaak, strong vertical stratification was observed and the
populations were confined to upper Sm water. The populations
declined sharply in early June and low numbers remalned from
mic June to August when the lake was thermally stratified
ard  the nubtrient concentrations were low. It increased
slightly in Beptember and esarly October and showed slight
vertical stratification with highest numbers between 2 and
Wm o depth. The popuwlation declined in mid QOctober and low

numbers remained up teo December .

In 1985, the winter peak ocowrred abouwt three weeks
garlier than the vear bhefore and was similar in size to its
counterpart in 1984, The populations from July to early
November were much higher than the year before. It increased
from July and reached to its third peak during August and
October. This peak was slightly smaller than the spring one
but bigger than the winter peak and the highest pmpulmtimnw
were observed between 3 and 7m depth. The populations from
November to December were comparatively higher than the vear

hefore.
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Figure 34. Seasonal variations of Tabellaria flocculosa from
January, 1984 to December, 1985. Isopleths are

expressed as number x 100/1.
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domcde bl Tabellaria flococuwlosa o

ik  most of the other diatoms recorded duwredng  the

present study, Tabellaria 4locculosa was also common but the

populations were always low., It. showed three distinct
seasonal peaks in  both the years during winter, spring and

late summer to early autumn respectively (Fig. 34).

In 1984, a gradual increase Ffrom January '1aad to it
winter peabk in late February to sarly March with masimum
populations between 4 and 8m depth. The populations declined
from mid March to early April and again increased rapidly
from mid April resulting its spring maximum in late April to
micd May. This peak was slightly bigger than the winter one
but the populations were uniformly distributed throughout
the water column. After the peak, the populations declined
Fapidly and disappeared from mid June to mid July. It
appeared again in late July and & gradual increase from
early August lead to its auwtumn peak in late October
immediately after the autumn overturn. This peak was similar
to spring ;n@ in size but the populations were comparatively
higher from 2m below the surface. The populations declined
sharply after the peak and low levels remained from mid

November to December.

In 198%, the winter peak was slightly bigger in size
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anc  the  vertloal distribution pattern was slollar to 1984,
The spring peak  was  slightly  bigger  but it showed strong
vertical  stretification with maximum populations  in the
wpper Sm water. The third peak occurred in late August but
the populations were confined in the upper part of the
epilimnion. The populations during the whole autumn were

much lower than the year before.

4,%.4. Diatom discussion

Hutchinson (1967) reported that diatoms are the most
“important component of freshwater phytoplankton. In the
present study they are only & amall portion of the
phytoplankton., The species composition (Table 9) suggests
that most of the diatoms are littoral or benthic in origin
although they were common in the plankton in  Dubh Lochan.
Benthic diatoms are also common in plankton in Loch Lomond
(Mauloond % Borney, 1980) but the species composition is quite
different from Dubh Lochan., The most commonly  ocouwrring

specian of diatoms in Loch  Lomond  are Fragillaria

crotonensis, Asterionella formosa, Tabellaria fenesgtrata, T.

flocculosa, Melosira italica and Cyclotella comba where as

in Dubh lLochan, these species are either absent or very
rare. The most commonly occuring species of diatoms include

Eunotia pectinalis, E . lunaris, Feronia bherebaudi,

Tabellaria floccuwlosa and Frustulia rhomboides. However, the
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diatoms  dn the planktorn in Dubb Lochan could possibly oome
from el ther continuous subsidy  from  Littoral  area or by
raproduction  throughout  the water column whicokl is urmasaeal
for  these species. As there 1s no direct evidence of
reproduction of diatoms throughouwt the water column, it was
therefore, concluded that they must have been washed away
from the littoral area. Both wind induced turbulance and
increased bouyancy caused by bubbles of photosynthetically
produced oxygen were probably responsible Jfor  the movement

of littoral and benthic diatoms in to the plankton.

In Dubh Lochan, diatoms were more common in the present
study than that of Elarer’'s (1978) which could be related
with comparatively higher concentrations of silicate and
nitrate. During the present investigation, silicate, nitrate
and conductivity were generally more than twice as much as
Was observed by k1l arer (1978) . However , other

physico~-chemical parameters may also be partly responsible.

In the present study, most of the diatoms showed three
distinct seasonal peaks in winter, spring and late summer to
autumn respectively. The winter peak could be related with
highest concentrations of silicate (Figs. 19 & 20) and
moderately high concentrations of nitrate (Figs. 13 & 14)

and orthophosphate (Figs. 17 & 18). The gpring maximum is

amsociated with the highest concentrations of nitrate and
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silicate along with dncreased (llumination (Table 1. The

artoamn paads,  dmmechiately adfter Uhe overturn ds assoc ated

with  high  concentrations of  the i ents mopecially
orthophosphlate il silicate. Diatoms @ e general ly

considered to be cold water species (Hutchinson, 1967). Two
types of theories exbhist in controlling the seasonsl
succession of diatoms 1 (1) Theory of thermal control and
{(2) Theory of chemical control. Many eminent investigators,
notably Wesenberg — Lund (1904)3 FKofoid (1908)3 Rut trer
(1937 b))y and Findenegg (1943b) recognized the importance of
temperature in controlling the seasonal cycle of diatoms. A
contrary view expressed by other investigators of egual
experience, among whom Pearsall, the main proponent of the
theory of chemical control, is the most important. Pearsall
(1927) emphasized the extreme variability of the temperature
relations of particular species studied in a wide range of
localities. Hutchinson (1967) concluded that the effect of
temperature may be indirect, acting in different ways on
different bicological communities in regulating competition.
The apparent dependence on temperature may be illusionary,
the real independent variables being light or chemical
parameters correlated with temperature. Lund (194%9a, by
19850a, by lLund et al., 1963) suggested that increased
illumination along with high concentrations of silicate and
other nutrients together control the seasonal periodicity of

diatoms. The present study is in agreement with the later
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Figure 35. Monthly mean primary production from February,
1984 to January, 1986. Primary production is
expressed in KJ x 105/ m?lake surface/month.
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contention. Durirg  summer , whern the availability of light
is highy, the minimum growth  of diatom could be due to the
depletion of nutrients and competition with other algal

gpecies (Hutchinson, 1967).
4,.%.%. Frimary production i

Primary production varied greatly between the twn vears
but the seasonal distribution patterns were similar (Fig.

55 .

In 1984, primary production ranged from 0.00 X 10¥ to
24.49 X 10% EJ/m®/month and showed two distinct seasonal
peaks, one in July and a second smaller one in October. The
production level was very low from February to April. It
increased to 6.74 X 10% KJ/m®/month in May and then a very
rapid increase in June (22,73 X 10% KJ/m®/month) lead to the
highest level (24.4%9 X 10% EJI/m=/month) in July. Frimary
production declined rapidly in  August (13,23 X 105
Kd/m=/month) and September (8.64 X 10% EJ/m®/month) and then
increased to the second peak in October (11.2 X 10w
Kd/m=2/month) . It declined rapidly in November (2,00 X 10%
KJ/m=2/month) and a gradual decline through December iaad te

the lowest level (0.0% X 10% KJ/n®/month) in January, 1967,

In  198%, primary production ranged from 0.04 X 10%
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Table &, Production profile throughowt dthe water column at

the time of madimum photosyntheslae (14.7.1984) .
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Depth Primary production Fercentage
{(m) (kd/m=/hour)

Burface 29498. 2 ; 19.89
1 , 35956, 1 24.25
2 29072.4 19.70
B 22199.4 14,90
4 14106.5 F.50
5 6013.9 4.0%
é 4481.4 .02
-7 3201.2 L 2.15
8 2347.4 - 1.59
9 1820.2 0.86
10 C132.3 ; 0.09
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bdZm®=merct e cbo LELREY w0 1OMEI/m®/month and also showsd two
distinct  seasonal peaks, ome  in July  and  the  other  in
Gutober.  The prodaction  level was also  very low  from
February to April. It increased very rapidly in May (135.76 X
109 EJ/m=/month) and  then & slight incresse through June
lead to the highest level (185,29 X 10% KJI/m%/month) in July.
Frimary production declined very rapidly in  August (4,29 X
10% kEd/m=2/month)  and then & gradual increase through
SBeptember lead to the second peak in October (12,732 X 10%
Kd/m=/month). It declined very sharply in Movember (2,92 X
10% KJI/m=/month) and then a gradual decline through December
lead to the lowest level (0.04 X 10% EJ/m®/month) in January

1986.

The production profile at & time of maximum penetration
of sun light and primary production throughout the water
column  is presented in Table 6. It was observed that 92,3294
production occuwrred in the top BSm and only 7.71%4 in the

bottom %m water.

Klarer (1978) studied the primary production in  Dubh
Lochan on  an weekly basis and reported three peaks of very
high values during late March (151.16 X 10% KJ/m=/month),
late July (16 X 10®KJI/m=/month), and in Beptember (74.9 X
109 wJI/m=/month) respectively. However, the monthly average

valuas were bhigher from February to April but from May to
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Petober they wera much Lower  (L.d8 X 10% BEJI/n®/month) than
the present  study. On an annual basis  primary  production
bevel dn o the present  study  was 92,385 X O10Y KI/mF/yvear dn
1984 and 72,271 X 10% KJI/m®/year in 1985, This latter is
about twice Flarer's (1978) value (6,07 X 10%  KJ/

m=/year) .

However, primary production levels observed in the
present study are well within the range reported from other
temperate oligotrophic lakes. Jonasson (1979) compared the
levelas of primary production from 11 temperate lakes
including Loch Leven (160.9 X 10% KJI/m®/year) in Scotland
and the values ranged from 6.0 X 10% KI/m=/year to 18%.1 X

10% KI/m=/year.,

Frimary production clogsely followed phytoplankton
biomass (Fig. 23, In 1984, rapid increase in primary
production in May coincides with increasing phytoplankton
biomass. Duwring this period phytoplankton was dominated by

green +flagellates and Sphaeroccystis schroeteri. During the

highest peak of primary production in June and July,
phytoplankton biomass also reached to the highest level and

the dominance was shared by Sphaerocystis schroeteri,

Dinobryon divergens, Qocystis spp., and Cryptomonas spp.

During the second and minor peak in October, phytoplankton

was again dominated by green flagellates. In 19835, very
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rapdd dncereases dnoprimary production dn May was corted bute

by kMigh  production  of  Dimobryon chiveraens ancd Crypbomonas

gpp. The kighest primary  productiorn  dn o Jume  and July was

due Lo rapid growth of Sphaerocystis schroeteri, Oooystis

gpp.y  and  Cryptomonas spp. During the second peak in

October, phytoplankton was dominated by green flagellates

and Cryptomonas spp.

CAlthough the seasonal patterns of primary production in
both the years were similar, the levels during June and July
ware much higher in 1984 than in 1985 which could be mainly
due to high input of incident light energy. Although the
incident light energy was not measured during the present
study, the average sunshime hours data (Table 1) indicate
that the incident light energy from July to September were
much lower in 1985 than the year before. Low sun shine houwrs
was due to cloud cover indicated by high rainfall in 1985
where as in 1984 the sun shine hours were much higher and
the rainfall was very low during the whole summer. Seasonal
variations of solar light input is not only the major reason
for seasonal changes in primary production. Other factors of
importance are temperature, nutrient availability, species
composition, total biomass and turbulance mixing (Westlahke,
1980) . Moss (1982) reported that a wide range of substances
are required for phytoplankton growth, among which phosphate

and nitrate have been most frequently identified by workers

Fage 80



@ limiting nutrients i temperate lakes. Tn the present
shudy, phosphate concentrations  were always  very  low.
Mitrate concentrations were high prior to the highest level
of primary production  dn late spring to mid summer in both
the years., Westlake (1980) reported that photosynthetic
efficiency of different species of algae varies greastly
depending tn the nutrient, light and tenperature
requirements. Although the concentrations of key nutrients
were low during the whole summer, high primary production
during this period were contributed mainly by green a&lgas
which can flouwrish in nutrient poor water (Hutchinson, 1967)
when the incident light energy is high. The minor peak of
primary production was confined in  October Jjust after the
autummn overtuwrn in both the years. This peak i likely to be
related with increased nutrient levels especially phosphate
at a time when the incident light energy was declining. The
rapid decline of primary production after the autumn peak
and very low levels from December to February may have been
a raflection of the increasing importance of light as
limitinmg factor (Moss, 1972 . In temperate regions, an early
spring peak of primary production is frequently observed due
to high production of diatoms which need fairly high
concentrations of nutrients (Hutchinson, 1967) . In  the
present study, no early spring peak in primary production
was recorded which cowld be due to low concentrations of

nutirients although diatom production increased slightly.
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B CSCHN E  FRR O O LT I O

B.1a Introduction

Zuvoplankton in general and Rotifers, Copepods and
Cladocerans in particular are the largest groups of
organisms in the plankton community in  Dudh Lochan. They
are the major direct consumers of phytoplankton, grazing on
a wide variety of gpecies (Hutchinson, 19673 Forter, 1973,

1975 .

They play important role in the energy transfer
process in agquatic ecosystems in secondary level. kKlarer
(1978) studied the plankton in Dubh Locharn and the energy
flow from phytoplankton to zooplankton were assessed. The
main purpose of the present study is to follow the energy
flow from phytoplankton through seston to the sediment.
Zooplankton was only considered in so far as it is another
destination, although after their death and decomposition,

they also join seston and sediment.

Two general kinds of approaches for secondary

production measurements were suggested by Edmondson &
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%ﬁlthmﬁgh the whole sample was scanned Ffor zooplarnbkton
gnumeration, the contents of 11 water is probably too low to
represent the sparse population of Copepods and Cladocerans.
Mo effort was made for a representative sample because this
is ancother destination of energy flow and not the major aim

of the present study.



Wi ik e ) CL%74) y  threouwgh population  dynamics arel tbe
physiological approach. Because of the problems of acouwrate
megasurenent  of  secondary production due  to  dts  complex
nature, the population dynamics approach was considered in
the present study. Thus the zooplankton biomass (number/1)
along with the seasonal patterns of individual species are

reported in this chapter.

He2e Materials and Methods

Zooplanhton were counted using the same samples
collected for phytoplankton enumeration every Jfortnight at
gtation 1, from surface, im, 3m, 5S5m and 10m depth betwesn
January, 1984 and Decembsr, 1985. The detail procedure for
the preparation of the samples has already been described
in the materials and methods section in  Chapter 4
(Fhytoplankton and primary production). The whole bottom
area of the counting chambers were scanned under a low
magrification (20x) using an inverted microscope and the
fimal calculations were expressed as number/l. ¥see appnéite"

Copepods were identified according to Harding & 8mith
(1974) ., Cladocerans were identified according to Scouwfield
% Harding (1966). Rotifers were identified according to
Fantin  (1978) and Ruttner e Kolisko (1974) . The

ldentifications were normally chechked by Dre. R. Tippett.
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Table 7. Species composition and abumndance of sooplankton

i Dubh Lochan.

44000 40000 48400 el Gonse 1100 UAro0 BRAGH 4000 40O GMSae POOOS Luke? S000n 4000 SHRME PONOL AALSN BIOUT RAGR GASHY F40R0 GLOLD Hocw SOPSS HSPO VIURE FAPRe ITIGE GO IOEZD TRAWD SOSO0 SRSNY 0OISH BRASH SOCTE MEHSR COORS FRFSC BMRGE PEOPS S4iMG IOISH AAMMN 04000 MLIR B4S43 S0 FHIDR POTSE FEASS ISRFY SHUSH BANRE BERME SIINF REMIE AMREY

Number Abundance . Species

5904 GMOSE Het0 Be2I3 veen S4L6K BOTES SN0 BALSW POBSE GAOCS OGNSR S036S FCSEE S6SNO FFRAl TSFP S0SOS SEUR PUSAD PG DOPS FRNYP 00000 RS SO0OF SRR P3O0 JALSN MOSNO SOWS PS4 SMASE WONOR SSIFE SIOES SMFRE LS ENRS 64001 4ANRO MBS SO DOOMM RVCS SOM4s MESE OFLNS MeeLh MO DOria FOENe THDY SMAAE SELEH SHFYE HLALY S1SE TRESE

Fhulum : Arthropoda
Class @1 Crustacea

Order 1 Copepoda

1 + Acantho;yclops latipes Lowndes

2 + Diacyclops longuicloides hypnicola
Gurney

& + BEucyclops serrulatus Fisher.

4 + *¥Halicvclops aequordus Fisher.

b + Faracyclops fimbriatus Fisher.

& . A Eudiaptomus gracilis Sars.

Fhylum @ Arthropoda
Clags 1 Crustacea

Order @ Cladocera

7 4 Alona costata Bars.

& o+ A. guttata Bars.



1t
11
i2
13

14

16
17
18
19
20

21

<

Alorel la exolsa Pisher,

kA erigua Lilljeborg

Alonopsls elongata Sares.

®*Anchistropus enarginatus Bars,

Bosmoina coregoni Baird

Ceriondaphnia quadrangula 0.F. Muller

*#C. reticulata Jurine

*¥Chydorus latug Sars.

#Cu ovalis kura.

Daphnia hyalina var. lacustris Sars.

Diaphanosoma brachyuwrum Liaven

Eurycercus lamellatus 0.F. Muller

Holopedium gibberum Zaddach

Fhylum 1 Aschelminthes

Class @1 Rotifera

Asplanchna priodonta Gossae

Asplanchnopus multiceps Schrank.

Aecomorpha ecaudis Ferty

Conochilus unicornis Rousselet

Epiphanes macrourus Daday

Euchlania dilatata Ehr.




38
3%
40
41

42

47
48

49

Filimia terninalis Flate

GLIORUE S0,

Bellicottia longispina kellicott

Faratella cochlearis Gosse

K« quadrata Muller

. quadrata var. curvicornis Ehe.

E. quadrata var. testudo Ehr.

. quadrata var. valgoides Edm. % Hutch.

k. serrulata var. curvicornis Rylor

*L.. lunaris Eht.
L. polenensis M. Voight.

L. saginata Harr. U. My.

l.epadella ovalis Muller

Monommata longiseta Muller

Monostyla lunaris Ehr.

Flatvias quadricornis Ehr.

Floesoma hudsoni Imhof.

Folvarthra vulgaris Carlin

#Bynchaeta oblonga Ehr.




bt o Trichocerca longiseta Scheank
by { To wim Wi ez e jeshkd
w7 + Trichotria tetractis Ehe.

A represents abundant @ Occur in more than 0% of the

samples and often represents more than 285% of the
community.

C represents common : Occwr in between 3I3% and 66% of the

samples, sometimnes represents more than 1074 of the
commurnity.

Forepresents faithful ¢ Ococur in more than 664 of the

gamples but never represent more than 1% of the community.

R represents rare @t Occur in between 337 and 6674 of the

samples but never represent more than 1% of the community.

+ represents present ¢ Ococur in  less than 3374 of the

samples and never represent more than 1% of the community.
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Bede Results and Discussion o

Gu3.1. Bpecies composition

A total of 37 species of zooplankton were identified
in  the present study. A list of the species along with
their abundance are presented in Table 7. Among
zooplankton, there were 6 species of Copepoda, 10 species
of Cladocera and 3é& species of Rotifera. Although many
species of Rotifera were present, only 4 specigs were in
suwfficent numbers to show distinct seasonal and vertical

distribution patterns.

Elarer (1978) reported 30 species of zooplankton in
Dubh  lochan. The present study adds 1| species of Copepoda,
9 species of Cladocera and 5 species of Rotifera to the
exhisting species list of zooplankton. The newly recorded
species are presented with an asterisk mark (Table 7). Une
species of Copepoda, 2 species of Cladocera and 1 species
of Rotifera which were recorded earlier were not observed

in the present study.
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Figure 36. Seasonal variations of zooplankton biomass from
January, 1984 to December, 1985. Isopleths are
expressed as number/1.
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SedeEe o Zooplankton biomass (expressed as number/1) and

commanity patierns @

Zooplankton biomass showed distinct seasonal and
strong vertical distribution patterns (Fig. 34). It showed
three distinct seasonal peaks with considerable variations

between the two years.

In 1984, zooplankton biomass was very low in January
and February. A gradual increase from mid March resulted an
early summer peak in mid June when the lake was thermally
stratified and the surface water temperature was aboutb
18=2C. During this peak, highest populations were recorded
between 9 and 10m depth. The biomass declined gradually in
July and incressed suddenly to its second peak in mid
August when the surface water temperature was approximately
2090 and the onygen satuwration in the hypolimnion was very
low. This peak was about 4 times bigger than the earlier
one in June and showed strong vertical stratification with
highest numbers in the middle of the water column between 3
and 8m depth. From late August to mid September, it
declined slowly before increasing rapidly in October
resulting in & third and highest peak when the water was
isothermal and the temperature was about 11°C. The biomass

declined sharply throughout the water column in  November
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and reached to ites lowest level in December.

Im 1985, zooplanktorn biomsss in Januwary  and February
were comparatively higher than the vear before and showed
strong vertical stratification with maximum numbers between
1 and 3m depth. A gradual increase from mid March lead to
ite spring maximum  in mid April and early May. During this
peak, the biomass was high Ffrom 2 to 9Sm depth and the
highest numbers were observed between 8 and 10m depth in
the hypelimnion as in the vyear before. After the spring
maximum, it declined slowly in mid May and from early June,
a rapid increase resulted a second maximum in late June and
early July with highest numbers in the epilimnion. The
biomass declined gradually from late July to August and
then a rapid increase from early September lead to a third
mawimum in late September. During this peak, it showed
strong vertical stratification with highest numbers in the
upper 2m water. During the whole summer, the biomass in the
upper waters wet e higher than the bottom waters.
Hypalimnetic biomass during anoxic condition in late July
and August decreased sharply while the epilimnetic biomass
remained high. No autumn peak was observed in 1985 but the
numbers in November and December were much higher than the
year before showing strong inverse stratification with
maximum numbers from % to 10m depth.

The spring peak in 1989, coincided with the highest
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e echue o o of  spring  diatoms.,  The early  summer poeak
coincides  with highest production of phytoplankton biomass
(Fig. 23 including peaks of several species namely

Sphaerocystis schrogteri  (Fig. 24), Dinobryon divergens

(Fig. 25). 0Oocystis spp.. (Fig, 26) and Cryptomas spp.,
(Fig. 28). The late summer and autumn peak occurred at the
same time as the second peak of green flagellates (Fig.

27y, D. divergens, Oocystis spp., and Botryococous braunii

(Fig. 29) along with the autumn peaks of diatoms. The

population of adult Eudiaptomus gracilis dominated the

sparse zooplankton community during the winter months. In
garly spring, nauplius production increased with increasing
temperature and the matwration of the nauplii in to
copepodite and then adults lead to & rapid rise of the

population during late May and early June. Keratella

was again overtaken by Eudiaptomus gracilis in May. As the

populations of E. gracilis declined in early June, K.

quadrata again dominated after a decline in May. In late

June and @arly July, Kellicottia longispina and

Ceriodaphnia reticulata coincided with the highest level of

phytoplankton production. As these dominant species
declined in number, Trichocerca similis replaced the

dominance in late July and August. However, both nauplius

peak amnd was second in order of importance during this
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time, In September and Ootober, Polyvarthra vulgaris was the

IZL u

dominant  species followed by the nauplios of

and b longispina. However, C. reti

.....................................................................

culata, T, similis and

Foooquadrata were also observed in considerable numbers. In
November and December , zooplankton populations were

generally very low and no species dominated although
Rotifers were comparatively higher than the other groups of

zooplankton.,

Klarer ( 1978 ) reported that Copepods dominated in
winter and early spring with highest numbers of E.
gracilis. During the summer months, Copepods, Cladocerans
and Rotifers were present in similar numbers but Rotifers
often dominated. In autumn zooplankton were reported to be

very low but the Rotifers also dominated the zooplankton

community.

In the present study, Copepods dominated in winter and
early spring. During the whole summer, the Rotifers were
dominant and in autumn the numbers of zooplankton were also
low and no digstinct dominant pattern could be established.
WedaB. Individual species pattern 1

Although &7 different species and varieties of

zooplankton were ildentified in the present study, only é
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Figure 37. Seasonal variations of Eudiaptomus gracilis

(nauplius) from January, 1984 to December,
1985. Isopleths are expressed as number/1.
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specles  were recorded fregquently  enough  to permit an
examination of individual seasonal succession and vertical
disgtiribution patternsg,

S.3.35.1., Eudiaptomus gracilis @

Eudiaptomus gracilis was the most common Copepod in the
plankton of the Dubh Lochan and was present throughout the
year. The patterns of egg production wag not analyzed. The
various naupliar stages were bulked together in the present
study. Nauplii were also present throughout the yvear, but
popul ations showed considerable variations between the two

vears (Fig. 37).

In 1984, the nauplii were very low in January and
February. Numbers increased gradually from March and reached
to a first masimum in early June. During this peak, maximum
populations were observed in the bottom Sm water but
considerable numbers were also observed in the epilimnion.
The populations declined sharply in late June and early July
and again increased to a second peak in late July to early
August. This peak was similar in size and the maximum
popul ations were also observed in the hypolimnion but the
population level in the epilimnion was very low. It declined
slightly in mid August and again increased to & third peahk

during late August and early September. This peak was about
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4 times b geyenr than  the earlier peaks, the highest
populations were observed in the epilionion and the numbers
declined with increasing depth. After the peak, it declined
rapldly in September and  the populations were very low from

October to December.

In 1985, nauplii were absent in January and February. A
rapid increase from mid March resulted in peak numbers in
April. At this time, the greatest populations were observed
in the upper Um water. After the peak, the populations
declined rapidly in early May. From late May, it declined
gradually and reached to its lowest level in late July and

the same level continued through the rest of the year.

Klarer (1978) reported a single spring peak of mnauplii
in 1974 and 1976 and two peaks, one in spring and a second
one in summer in 197%. Hutchinson ( 1967 ) rvreported that in
Europe E. gracilis may breed throughout the year but there
are often periods in which the production of eggs  and
nauplii  are particularly intense. A spring maximum in gy
and nauplii production seems to be common but there are
sevaeral reports of second and third maxima during early and

late summer (Burney, 1931 5 Kuntze, 1938 and Elster, 1904),

The adult populations of E. gracilis were also present

throughout the year except in January, 1984 and showed
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Figure 38. Seasonal variations of Fudiaptomus gracilis
(adult) from January, 1984 to December, 1985.
Isopleths are expressed as number/1l.
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considerable variations between the two yvears (Fig. &),
The  highest populations were always observed in  the wupper

faw metres water except in July and Seplbember.

In 1984, populations were low in February and March. A
gradual increase from April lead to its first peak in late
May and early June which derived from the spring peak of
nauplii (Fig. 37 During this peak, the highest
populations were observed in the upper 3Im water. The
populations declined sharply in late June and early July. It
increased rapidly in the hypolimnion in mid July and reached
to a second peak in late July to esarly August which is due
to the nauplii produced during the peak in early Jume (Fig.
37). At this time, the madimum populations were observed
between 8 and 10m depth although the oxygen saturation (Fig.
9) in  the hypolimnion was low. The populations declined
sharply in August and again increased to & third peak in mid
September. This peak was similar to the second peak in every
respect. Afterwards, it declined sharply in  late ﬁmpt@mbar
and  low numbers remained until late October and again

increased slightly in November and December.

In 198%, E. gracilis showed three distinct seasonal
peaks and the highest populations were generally observed in
the upper 4m water. The firast peak was in late January and

@arly February which could be due to the late summer nauplii
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peak dn 1984, Duwring  this peak, the populations showed
strong vertical  stratification with highest numbers in the
upper 4m water. The populations declined sharply in March
and a gradual dincresse from May lead to  ites second masdmoum
during late May and early June which is due to  the maximum
production of nauplii in April (Fig. 37), This peak was
about 2.5 times bigger than the winter one and the highest
populations were observed in the upper m water. After thig
peak, the populations declined gradually through July and
August and again increased slightly in the epilimnion in

September. The population level from October to December

remained very low.

Klarer (1978) observed different patterns of seasonal
Dubh Lochan . In 1974, it showed two maxima, one in spring
and a second one in late summer, a single summer maximum in
1978 and no distinct peak in 1976 although the populations

remained high. Eudiaptomus gracilis is also an important

component of zooplankton in Loch Lomond with  spring and
summer maximum (Chapman, 1969). Hutchinson (1967) reported
that in Europe, the adult populations of E. gracilis are
common  throughout the year but there are often periods in
which the species is abundant depending on the availability

of food and optimum environmental condition. However, it

seems that the species shows different patterns of seasonal
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Figure 39. Seasonal variations of Ceriodaphnia reticulata
from January, 1984 to December, 1985. Isopleths
are expressed as number/l.
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succession in different ecosystems of temperate ol imate but
sprirg and summer peaks are common and the winter amd autumn

[3 e ke are rare.

In the present study, three distinct adult generations
were observed in 1984 and a single generation in 198% based
on the nauplii peaks. Klarer (1978) reported three distinct
adult generations of E. gracilis in Dubh Lochan but Chapman
(196%9) observed two adult generations in Loch  Lomond.
However, it can be concluded that E. gracilis populations
show different seasonal succession patterns in  diftferent
ecosystems and great variations may also occur in the same

environment in different years and unlike other species, it

is difficult to generalise.

GeB.B. 2. Ceriodaphnia reticulata @

Ceriodaphnia reticulata, the most common Cladoceran

species was present throughout the year except in January
and February. It showed a single peak in  summer in 1984 and
three distinct seasonal peaks in spring, mid summer and

early autumn in 1985 (Fig. 39).
In 1984, a gradual increase from early May lead to a

peak in mid June. During this peak, the populations

increased with increasing depth and the highest numbers were
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ohserved  between 5 and  10m  depth. After the peak, the
popul atilong cecldned sharply in the epilimmion  and
hypoldmrd on in date  July  and  early  August and agadn
increased elightly in metalionion  in September and early
Oectober. The populations declined to the lowest level in mid

Oetober and low level remained up to December.

In 19685, the species also appeared in March and &
sudden increase in early May resulted in the first peak in
mid May. At this time, the highest populations were observed
between 1 and 3m depth and declined with increasing depth.
The populations declined sharply in early June and & rapid
increase in late June lead to its second peak in early July.
This peak was slightly bigger than the spring one and the
populations welr e contined in the metalimnion.,  The
populations declined gradually from late July to August and
again increased to a third peak in late September. This peak
was the smallest in size and the populations were condined
betweern 2 and Sm  depth. After the peak, the pmpulatimhm
declined gradually from October and reached to the lowest
level in December. However, during the whole summer, the
highest populations were observed between the epilimnion and
hypolimnion. Duwring the period of hypolimnetic anoxia, the

popul ations were low in the bottom waters but never

disappearsd.
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Figure 40. Seasonal variations of Kellicottia longispina
from January, 1984 to December, 1985.
Isopleths are expressed as number/l.
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EoL e (L9780 did not observe O et d el

ba i Dubih

Lochan.  MHe reported G, guadrangula as the dominant specles

among Cladocerans. In the present study, O, quadranguls waes

present occasionally and only in small numbers. However, the
two  species are  taxonomically very distinct and  the

possibility of error in identification is slight. The olaw

& comb. Hutchinson (1247) concluded that the Ceriodaphnia in
general is more characterestic of ponds rather than lakes.
Findenegg (1953) and Fejler (1961) reported that
Ceriodaphnians were widely distributed summer form in small

lakes which agrees with the present study.

SeB.3.3, Fellicottia longispina @

Kellicottia longispina was one of the commonest

planktonic Rotifer in Dubh Lochan. It showed & single autumn
peak in 1984 and two peaks, & minor peak in spring and &

major peak in early summer in 1985 (Fig. 40).

In 1984, the species first appeared in Apiril but was
absent from May to mid July. It appeared again in late July
and a gradual increase from late August lead to its maximum
in mid October just after the autumn overturn. During this

peak, the highest populations were observed in the upper 4m
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water ancd  bheir  numbers decreased wi th depth. T
populations declined gradually from late Ootober and reached

to ite lowest level im December.

In 1985, the species was present from January to early
September. The population level in January and February was
very low. A gradual increase from mid March resulted & minoe
peak in April. At this time, the populations were confined
to the upper Om water. It declined sharply in early May and
a rapid increase from late May lead to the major peak in

late June.

This peak was approrimately 15 times bigger than the
gpring one and the populations were also confined to the
epilimnion. It declined sharply in July and disappeared by
early September and was absent from mid September to
December. Klarer (1978) reported that the species was
present throughout the year in  Dubh  Lochan and  showsd a
single mid summer maximum in 1974 and 1975 and two peaks in
1974, one in early sunmer and the second one in late
summer  with no vertical stratification throughout the yesar.
Duwring the present study, the pmpulatimnﬁ showed strong
vertical stratification during the peaks and their numbers
were always higher in the upper Sm water. Hutchinson (1967)
categorized K. longispina as a perennial species with late

spring and early summer maximum but an autumn maximum is not

Fage 96




Figure 41. Seasonal variations of Keratella quadrata from
January, 1984 to December, 1985. Isopleths are
expressed as number/1.
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uricommer.  Fejlaer 19N70) reported that R,

characterestics of oligotrophic water and the species is
mest  comnon dn the summer months. Larsson (1971 reported

that Fkellicothia sp.  was found  under  a&ll  oxygen  and

temperatuwre conditions., Pejler (1997b) also reported that
the species is sensitive to high light levels and was
confined to the lower water during the summer. To  the
contrary, during the present study, the species always
showed high populations in the upper waters, so 1t must be
concluded that the species is not sensitive to light.
Similar observations were also made by Klarer (1978) in his

three years study period in Dubh Lochan.

S.3.3.4., Feratella quadrata

Feratella quadrata showed great variations between the

two years., In 1984, it was present for & short time and
showed a minor peak in spring. It was present throughout
the year in 1985 and showed two distinct peaks in spring and

early summer (Fig. 41) respectively.

In 1984, the species was abgent in January and
February. It first appeared in mid March and a gradual
incease from mid April resulted in a small peak in sarly
May. During this peak, an inverse stratification was

observed with highest population at the bottom. However, the
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specl es was absent in the upper  2m water during this time.
The population declined sharply in late May and  disappared

by Jure Feratella guadrats was absent from June to late

Beptember, it appeared again  in Ootober and was condined to
the upper 4m water. A very asmall number remained up to mid

November and again disappeared in late November.

In 1985, the species was present throughout the vear
except in Januwary. During spring and summer, the populations
ware generally very low in the upper 4m water. Mowever, the
populations increased gradually From March and reached to
its spring peak in late April. This peak was approximately
10 times bigger than ite counterpart in 1984, The
populations were confined to the lower Sm water and the
highest numbers were observed at the bottom. The population
declined sharply in early May and again increased to a
gsecond peak in early June. This peak was about half the size
of the spring one and the highest numbers were observed
between % and 8m depth. It declined sharply in early July
and low number remained up to garly September. In Qctober,
the population increased throughout the water column but in
November and December, it declined in the upper Um water and
in deep water the numbers remained high. However, in both
the years, the populations tend to be confined from O to 10m

depth except in October, 178%5.

Fage 96




Figure 42. Seasonal variations of Trichocerca similis from
January, 1984 to December, 1985. Isopleths are
expressed as number/1.
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klarer (L978) observed K., gueadratsa throwghout the vear.
The populsations were reported low in winter and & single
peak  was observed in mid summer with maximum populations at
the bottom &s was observed in the present study in 1985,
Fejler (1907a) and Comita (1972) reported that the species
is perennial with highest populations in spring to early
summer. Hutchinson (1967) reported maximum population of k.

quadrata during spring but Doochan (1973) observed highest
populations in  spring and autumn. However, in the present
study, a spring peak was observed in both the vears, a
second summer peak was observed only in 1985 but autumn peak
was never observed in Dubh Lochan. The species couwld be

sensitive to high light level as it was always contfined in

the lower water.

T.3.3.5. Trichocerca similis &

Trichocerca similis showed distinct seasonal and

vertical distribution patterns (Fig. 42). It showed & single
summer peak in 1984 and two seperate peaks, one in mid

summer and & second one in late summer in 1983,

In 1984, the species was present from April  to
November. The populations remained very low from April to
mid July. A sudden increase from late July resulted a single

BUMMer maximum in  mid August. During this peak, the
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Pl st o W € cord i ned by et wepenr g d L el oy arel
metalimnion. It declined rapidly in late August and early
Beptenter and reached to dts  lowest level in late October

and November and disappeared by sarly December.

In 1985, the species first appeared in mid March and
was present during the rest of the year. The populations
increased gradually from May and reached to & summer mastdmum
in late July. This peak was slightly smaller than its
counterpart in 1984 and showed strong vertical
stratification with mawimum populations in the epilionion
and their numbers decreased with increasing depth. The
populations declined sharply in  August and again increased
in September resulting & second and minor peak in late
September. This peak was approximately three times smaller
than the mid summer one and the highest populations were
observed between 3  and 7m depth. The populations declined
gradually through the autumn and reached to its lowest level
in December. However, Lthe autimn populations  were

comparatively higher than the year before.

Klarer (1978) recorded the species in Dubh Lochan but
the populations were very low and did not show any seasonal
succession in his three years study period. Hutchinson

(1967) reported that Trichocerca sp. is ordinarily

holoplanktonic and is an important element only in late
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Figure 43. Seasonal variations of Polyarthra wulgaris from
January, 1984 to December, 1985. Isopleths are
expressed as number/1.
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summer but it may have two maxima in July and September or s
@irgle C3E i August. Carlin {19475 e o beaed That

Trichocerca 4% usually & genus of ewtrophic pords  and

Wesenberg-Lund (1930) concluded that Trichocerca sp., i%

planktonic only during & few weeks in summer.

The present study clearly indicate that the species is

a summer form and the succession occurred during the period

of high phytoplankton production (Fig. 27).

9.3.3.6. Folyarthra vulgaris @

Folyarthra vulgaris was present from mid September to

mid December in 1984 and from March to December in 198%. It
showed distinct seasonal and vertical distribution patterns
(Fig. 473) with congiderable variations between the two

years.,

In 1984, the species first appeared in mid September
and & rapid increase from late September lead to its single
peak in late October. The highest populations were Observed
in the upper 3m water and their numbers declined with
increasing depth. The populations declined rapidly in

November and disappared by late December.

In 1985, the species first appeared in early May. It
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increassad  gradusally  through  the sunmer and reackhed to its
paak in mid September. This peak was slightly smaller than
ite counterpart dn 1984, The populations declined gradually
in November and December but their numbers were much higher
than the vyear before. During summer stagnation when the
oxygen concentrations in the bottom waters were low, the

popul ations were confined in the epilimnion.

Klarer (1978) also reported a single auwtumn maximum of

Folyvarthra wvulgaris in  Dubh Lochan and the species was

absent during winter and early Qpringu The populations were
also confined to the epilimnion during thermal
stratification in summer. Similar obaervationﬁ_ were also
made by Bricker & Gannon (1976). In the present study, the
species was absent from January to August in 1984 and from
January to April in 1983. Fejler (19578 & ) and
Hutchinson (1967) reported that P. vulgaris is a perennial
species. Other workers (Hutchinson, 19673 Comita, 1973y and
Daohan, 1973 reported that this species shows bimodal
seasonal distribution patterns with & peak in the spring
and the second peak in the auwtumn. However, the observations
in the present study and the study of Klarer (1978) suggest
that the species shows a single autumn peak and there is no
sign of spring maximum in Dubh Lochan. It seems that P,
vulgaris is a warm water species but temperatuwre may not be

an important criteria in determining the seasonal succession
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(Hutchinsorn, 1967).  Fejler (1987b) believed that Folysarthrs
sP.y Was sensitive to  either low oxygen level or to the
physical  and  chemical conditions associated with oxvgen

deficiency.

S.b. Fhytoplankton -- Zooplankton relationship

In the present study, the geasonal succession patterns
of phytoplankton and zooplankton were interdependant for at
least part of the year and this is best demonstrated in
1985, Hutchinson (1967) reported that the succession of
phytoplanktaon in temperate region is primarily controlled by
water temperature and light. Moreover, there is & third
factor over and above temperature and light, namely the
concentrations of various substances required for plant
nutrition or sometimes disadvantageous to particular
species. However, the interaction between phytoplankton and
zooplankton may be a significant influence in determining
the succession of each communities in lacustrine ecosystem.
The interrelationship between phytoplankton and zooplankton
is well documented (e.g. Fennington, 1941y Edmondson, 1964

and Saunders, 1969).

During winter months, light energy iz not enough to

support algal growth (Hutchinson, 1967) which was also
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raflacted by very low numbers of zooplankton in Dubh Lochan.

HMowever, i 1980, Budiaptomus gracilis population size

increased slightly  which  was due Lo the matwration of the
nauplii produced in the avtumn  of the previous year. With
rising insolation levels, green flagellates flowrished in

March and early April when EKeratella gquadrata populations

were at the highest level and the nauplii of E. gracilis

started to increase. In mid to late April, Dinobryon

divergens dominated the phytoplankton populations and

Cryptomonas spp., a&lso reached to a spring peak. The adult

populations of E. gracilis started to increase with the

increase of D. divergens at a time when K. gqu

populations were also high., Frevious workers (Lehman, 197é&6ay
FPatalas, 1970 and Schindler, 1972) have concluded that

Dinobryon sp., is very efficiently assimilated by several

species of Copepods and Cladocera. Klarer (1978) reported

that the adult populations of E. gracilis were also able to

assimilate Dinobryon sp., very efficiently due to their

ability to accept a wide range of food particle sizes. As

the populations of Dinobryon sp., increased with high

quadrata, it is reasonable to conclude that

this species was not a suitable souwce of food for K.

guadrata or at least that the K. quadrata grazing was not

severe enough to control the population size. Klarer (1976)
also reported similar phenomena because of their gereral

inability to utilize D. divergens as & food souwrce. Ameen
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(964) reported that Dinobryon sp., couwld only be used as a
food  source by the Rotifers i$ the $lagella were raemoved

from Lte lorica.

In May, Dinobryon divergens populations reached to its

highest peak and Sphaerocystis schroeteri, a green algae

with thick cell wall and embedded in a gelatinous sheath

started to increase. This peak of Dinobryon sep., was

Ceriodaphnia reticulata.

In June and Jduly, phytoplankton biomass increased

rapidly due to the rapid growth of Sphaerocystis schroeteri

high populations of Dinobryon sp. During this period of
highest phytoplankton production, zooplankton populations
increased slightly in 1984 but in 1980, it increased to the
highest level. This increase was due to the rapid increasse

of two species of Rotifera, Kellicottia longispina and

Trichocerca similis. However, K. longispina dominated the

zooplankton populations. Both adult and nauplius of

Eudiaptomus gracilis and Ceriodaphnia reticulata also

reached to a second peak with the increased phytoplankton

production. Sphaerocystis sehroeteri is particularly

unswitable For the food of zooplankton because both thick

cell wall and the gelatinous sheath decrease the

Fage 109




digestibility CRore doat 1987 and Sarclerea, L&) ard
increase  the possibility of  viable gut passage (Forter,
1978 o Forter (L976)  observed  that  more than 90% of the

undigested cells of $Sphaerocystis ep., viable after gut

passage. The rapid increase of the species at & time of
heavy grazing could be due to a lack of competition from
other algse through zooplankton grazing. Forter (1973
reported that gut passage could bre very wsetul  in

fragmenting the colonies of Sphaerocystis sp., and increase

the surface area to the volume ratio which permits more
efficient utilization of the nutrients. It can also absorb
the nutrients from other broken algal cells in the gut. The
gelatinous sheath of the species also acts as a sieve which
allows ionic nutrients to enter but prevents the digestive

enzymes from entering in to the colonies.

Hutchinson (1967) reported that planktonic Rotifera in
general feed either by sedimenting fine particles as a
result of beating the coronal cilia or they are raptorial.

Kellicottia sp., and Keratella sp., can use the mastrax to

cateh the flagellum of Cryptomonas sp., which then

disintigrates, and the particulate matter liberated is eaten
by them. Although the maximum populations of K. longispina
and a small peak of K. guadrata coincided the phytoplankton

peak, their succession may not be directly related because

of their general inability to consume other phytoplankton
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and Limitations due to particle size.

Pt e the decline of Sphaerocystis By G e

flagellates again flowrished in  August and Beptember.

Rinobryon divergens and Botryococous braunii also reached to

their peaks dwing this period im 1984 and in 1988,

Cryptomonas sp., again increased slightly. Rotifera again

dominated the zooplankton populations. Polyvarthra vulgaria

and Trichocerca similis reached to their maximum numbers but

T. similis dominated the whole population. The adult and

nauplii of E. gracilis and C. reticulata (in 1980 only) also

reached to their late summer peak during this period.

Although the particle size is very important  in
determining the food of Rotifera, o vulgaries is
exceptional. Hutchinson (1967) reported that F. vulgarisg

eats mainly Cryptomonas ep., which may be as much as SOw

long. This species may have much finer adjiustment to
specific food sizes moreover there is clear experimental
evidence that certain foods are more easily and readily
taken than others. The shape of the algal cells as well as

their size, is evidently involved but chemical stimuli

probably alsc play a part.

Eudiaptomus gracilis can grow and breed throughout the

vear because of their wide range of temperature tolerance
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anc the ability to consume & wide variety of food.

Hutehinson (1967) veported thet B, gracilis living inm & pond

consumed mainly  desmids, whern  living with Actodiaptomis
laticeps, it took mainly small green algae and  when

compared with Daphnia longiceps, the species was far less

effective in the filtration of bacteria and when all else
was edcluded, it was able to live on minute detritus

particles.

During October and November, phytoplankton populations
declined to very low level with declining light and water
temperature. The zooplankton populations were at highest
level in 1984 and 1985 the numbers were quite high. The
highest populations in 1984 was due to rapid increase of P,
vulgaris and K. longispina. High populations in 19875 was

also due to the Rotifers.

Blarer (1978) a&also reported high populations o
Rotifera during late September and early October alt a time
when phytoplankton population was very low. Hutohinson
(1967) reported that P, vulgaris, & perennial species,
usually has a late spring or early summer maximum in &
temperature range about 20°C but with the possibility of an
autumnal maximum between 5  and 10°C. In the present study,

PESRIETRP Aot SombeteRibanaiisoes

October when the water temperature ranged from 11 to 16«0,
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However ,  Carlin 1945 suggested  that factors other than

Lempearatuw e arae irvolved.

In late November to December, phytoplankton populations
ware at the lowest level but the zooplanktorn populations
were comparatively higher which was also due to the growth

of Rotifers in favourable environmental condition.

Fage 109




L A e -

L e e e Y |
bl Introduction @

All particulate organogenic material, living or dead,
passively drifting in water was originally named as plankton
by Hensen, 1887 (in Hutchinson, 1947). Later worbkers
refined this concept, separated living and mon living parts,
identified different components of such an assemblage and
named particular components separately. Folkwite, 1918 (in
Hutchingon, 1967) introduced the term seston to include all
particulate material present in the free water. Thi s
separation is arbitrary and not often completely followed

and the precise definition of seston is still debatable.

In the present study, all suspended particulate matter
which was caught in the seston trap (described “in  the
methods and materials section) dis considered as  seston.
This include organic detritus, lLiving organisms  and
inorganic particles. The living mrg&nisms Mave boen
discussed 1In greater detail in the phytoplankton and
rooplankton chapters., Organic detritus which were caught in
the trap will be dealt with in this chapter. Organido

detritus include dead organic matter from plants and animals
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wf o both autochonows and el lochthonows origin.  This irnolode

fawcas amd  other  edarets of Living organisms togethar wilth

the assocd atad mioroorgand sne.

Although there are disagreements with the definition of
seston, the functional concept is very clear. There are Lwo
main pathways of energy flow in the ecosystems @ the grazing
pathway in which the plant material is ingested directly by
heterotrophic macroorganisms while they are green and living
and the detritus pathway in which plant material dies and is
decomposed by microorganisms before being available for

macrorgani ems.

At  higher trophic levels energy is transferred Sfrom
prey to predator but there is also a great energy transfer
to the macroorganisms in the form of fasces, and dead animal
material. During this pwdcess gome of the organic material
ie dissolved in water, but this fraction is not included in

the present study.

Although on an average less than 102 of the primary
production is removed by grazing {(Mann, 1972, in the
past more emphasis has been placed on the grazing food chain
to itllustrate ecological energy transfer, and the detrital
food chain have long been neglected in lacustrine ecosystem.

The importance of detritus in the structuwre and function of
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aguatic ecosystens i receiving more abttention in recenh

Y ERERTT

The most important compornent of seston is particulate
organic detritus. Organic detritus was originally described
by Odum and de la Cruz (1963) as dead particulate organic
matter inhabited by decomposer microorganisms and the
importance of detritus has since becoms the subject of a

large and widespread literature,

EBalogh (1958) has demonstrated that detritus, s
egested material, is an important fraction of community
metabolism. He suggested that significant "recuperative"
food chaimg depend upon this source of detritus at each
trophic level. Odum (1962 and 1963) emphasized that
detritus originating as ungrazed primary production supports
a "detritus food chain" which is essentially parallel to the
conventional 'grazer food chain" at succeeding trophic

levels.

The sources and constituents of lacustrine detritus are
diverse and poorly understood (Wetzel et al., 1972). The
diversity of lacustrine detritus reflects the compound
nature of most lake ecosystems. The role of allochthonous

detritus in the metabolism and trophy of lakes has been

Fage 112




&

@mphiasi zed by Minshall, (1966 Moawme (19700 and Hart &

Heswmid LLer (L1978,

The significance of seston as potential souwrces of food
af different kinds of aguatic animals have been  well

documented (Bervie, 19723 Mann, 1982 and Wotton, 19832).

A complete representation of the production of seston
ig, therefore, a pre-reguisite of any treatment of

lacustrine ecosystem structure and function.

The major goal of the presnt study is to determine the
amount of primary energy flowing through seston to  the
sediment. In addition,; seston biomass, composition and some

aspects of chemistry were also considered.
b.2. Materialw and Methods 1
b.2.1. General

The design of a trap is &rucial in catching seston
guantitatively. Pennington {1974) and Kirchner (19785
critically evaluated various types of seston traps used in
the past. They concluded that vertically sided cylinders
with wnrestricted mouth opening gave an accurate

approvimation to the annual rate of sedimentation. Hargrave
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ard Burre (1979 suggested that bthe most efficient traps had

cere ke Bowhioh o resal ted

@ hedght o diameber ratio of ores
i the  Formation  of & twbuwlent free boundary Layer at thae

bottom of the seston tubes.

In the present study, seston samples were collected
using locally designed seston traps. Each trap consists of
4 one litre capacity measwring cylinders fitted in a metal
frame. Each cylinder is 40cm high, 28cn® wunrestricted
mouth opening with a height to diameter ratio of 6.8. Two
sets of traps were hung at station 1, one about Im below the
surface which would receive seston averaged over the
circulation of water in the epilimnion during summer  and
the other approximately lm  above the bottom of the lake
which would reflect the effect of deoxgenation on seston
during the summer stagnation period. The upper  Lrap  was
placed in high phytoplankton production zone and intended to
collect seston material before being highly decomposed, much
of which may not  Jein the sediment. The bottom trap was
placed just above the sediment and intended to collect all
particulate material which may Jjoin the sediment. SBeston
traps were placed at station 1 only, a site judged to be
representative of the whole lake. A float and an  anchoe
ware always used to maintain the upright position of the
cylinders and prevent drifting. The contents of cach

cylinder were collected in & polythene bottle once & month
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ot 4 iddent i oed

traps CoOns

materials collected in i tuie i G
determination. Beston collected in the other tubes could not
be dried due to the nature of the analyses involved.
Hawever, it would have been useful to examine the variations

among the identical tubes at least on some occcassions.




thiroughout the second  yesar  of  sanpling  and the cylinders

were replaced dmmediately for Uhe collection of  the  nesxt
gaimplea,  Fronm gach  depth, one sanple  was  conslderad §or

geston biomass and mineral content estimation, one sample
for chemical analysis, one for microscopic examlination and

one for energy content. ssees opposite.

bG.2.2. Beston biomass 1

The contents of one cylinder were Ffiltered through a
preheated (110°C for 3 hours) and weighed GF/A8 filter paper
to minimize error due to moisture content. The sample with
the filter paper was then dried in an oven for & hows at
110=C to get a constant dry weight. The weight of the
filter paper was then subtracted and the biomass presented
as dry weight of seston/m*= lake Bgrﬁaca/mmnthu To minimize
the loss of volatile organic matter, the drying temperatuwre
couwld not be increased although it may slightly over
estimate the seston biomass due to water molecuwles tightly

bound with the seston material (Allen et al., 1974).

o208, Beston composition
The contents of one cylinder was concentrated to 25m)

by sedimentation for the microscoplic examinatlon of

different components of seston. The concentrated sample was
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e gl to oa labelled vial  and  kept  dn &

brepdrg  esami mec. Thay were genaeral ly
ertarnd el within & weel of  collection.  Having looked el faw
gampl e preliminarily ey a Mgyl power  compound

microscope, different components of seston were categorized
as organic detritus, diatoms, other algae, wacmgnimwablm
plant parts, Chironomids, zooplankton and mingral matter.
Different catagories of seston were then evaluated by the
percentage freguency of occurrence mmthéd. From 28ml of the
concentirated sample, two drops of seston were placed on &
microscopic slide, covered with a coverslip and thern 10
microscopic fields from each slide were examined., To avoid
biaz, a crossed hair was always used in  an  eyeplece. MAll
component of the different categories of seston which came
under the cross in each microscopic Ffield was counted. O
total of 40 gslides, totalling 400 microscopic fields of
observations were used in calculating the percantage

compasition of different categories of seston.

b.2.4, Organic and mineral matter (loss on ignition)

Organic matter dominates the composition of seston but
it is extremely difficult to investigate because there is no
known way by which the total guantity of the organic matter
can be estimated with the degree of accuracy wsual  in

routine quantitative inorganic analysis (Mutchinson, 1967).
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The simplest  and most widely wesed method of organic content

eatolmetdon e Uhe "loss on dgrition”.  Hutohinson B957) and
Mllen et al., CLW74)  criticall raviewed  the aebtbiod and
y Y

polmted out the possibilities of over estimating the organic

content dus to additional loss of tightly bound water.

However in the present study the organic matter and
mineral content of the %ﬁﬁtmﬁ>W@Fﬁ determined following the
method of M"loss on ignition”. The same seston sample whioh
was used for biomass estimation was ashed in & nuffle
furnace at &00°C for 12 hours in a dried porcelain crucible.
The ash weight of the seston was determined using a
correction ?actor (0.001g) Ffor the weight loss of §ilter
paper at 400, The percentage loss on dgnition  was

calculated as @
Dry wt. of seston (110°0) -~ Ash wt. of seston (LOOSC)
e e 1t . i 5 T e B o 5 1 e s e e 3 ()

Dry wt. of seston (110°C):

The ash remaining after the loss of organic matter on

ignition was considered to be the mineral content of seston.

6.2.%, Carbon estimation (Loss on dgnition) 1

Carbon estimation <rom loss on dgnition ‘of organic
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mattear s @ very  populae and widely used teohnigue dus to

ihe simplicity.  Mary workers consider that e mebbod s
tao  rough. e L CL96AY  wxaminad the relatiomnship belwaen
organic matter and carbon  wsing the loss on ignition method

arddl other similar methods and £ ound &I acceaptabhl e
correlation. He also claimed that the results are less
variable than other similar methods. The figure for the
ratio of organic matter/organic carbon which has long been
accepted is 1.72 and is based on the assumption that the
organic matter containg 88% carbon (Allemn et al. 1974,
However, the results obtained by this method is to be
congidered as approximate only. In  the present study,

carbon content of seston was calculated as 1@

Bestonic organic matter (Loss on ignition)

Cuaen sesmy e 1eben 0rnle GESSe tngn SSARY POLIS S4403 PR BOIIE FOURG SIS BITLL FOOPO STMD AR IS 4AERD ROOO S0mse OAFC) 14064 FOVed L5400 PPl FAURY RFLON SALML AILBE BLALC S GMISE S0 GinJe FIESS FTARR GHAAT 1AL DeMO TO4EY BRI SVAED

]

Carbon

1.72

and all the results were converted as mg C/g-of seston.

b.2.6. Chemical analysis

b.2.6.1. Beneral

Seston samples were filtered, dried (110=0) arcl

carefully welghed as per blomass determination. Krown
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guantities of the samples were placed in & micro-Mieldahl
ehi et don flaslk and ther 10ml of the digestion midbure  was
added  to  each  Flask.  The digestion mixbure was madse with

Oubg Selernium diovide, 170 ml ritrogen free concentrated
H2804  and made up to 300ml with distill water. The samples
were then bod 1ed wrtil  the liguid became clear and
colow less, normally for about 10 howrs to digest all the
organic matter in the seston, After cooling the samples in
room temperature, S0ml distilled water was cautiously added
in each flask and the contents were transferred to & 250G ml
capacity conical flask. The digested samples were §iltered
with GF/A filter papers and the filtrate were neutralized by
titrating with 404 NaOM using a litmus paper as indicatoe

and the samples were made up to 200ml.

6. 2.6.2. Total nitrogen :

It was assumed that all the nitrogenous compounds were
converted into ammonia during the micro-kjeldahl process.
From 280m1 of the digested seston sample, & subsample of
10ml was taken in a 100ml conical flask and diluted to J0ml.
The ammoni a concentration of the diluted sample was
determined spectrophotometrically according to Zadorojny et
al., (197%) . All the results were multiplied by O as dilubion

factor and expressed as mg NH4A-N/g of seston.

Fage 119




M1 trogen and Fhosphorus s During . acid
sgston  and sediment in micro-kEjeldahl process, digestion
time was determined by plotting the concentrations against
héurs of digestion and it was found that 10 hours were
enough to digest 11 aréanic matter. For accurate estimation
of  Mitrogen & Fhosphorus caﬁaentratimns, they were diluted

using subsamples. Bome variation is expected due to dilution



Gowe b, Total soluble reactive orthophoshabe o

The et sl wduble et ve e bbophosphat e Wik
determined wsing the remaining digested seston sample. A
subsample of Uml was separated and diluted 40 times and the
phosphate concentration was measured spectrophotometrically
according to Mackereth et al., (1978). All the results werse
multiplied by 40 as dilution factor and expressed as mey

FO4 - P/g of %Eﬁtﬂﬁuﬂ%see opposite.

— S

b.2.7. Energy content :

Seston samples were sedimented in a 1 litre capacity
cylinder for about 3 hows. The supernatant was siphoned
carefully with a thin plastic tube, each sample was
transferred to a desiccator and dried in an oven at 110<C
far about 4 hours. Each sample was ground in a small mortar

and kept in labelled vial until the analyses were made.

The energy content of the seston were determined with a
microbomh Calorimeter (Model AH 12 EF 2. The pellets made
from the whole seston sample did not burn completely in the
bomb Calorimeter because of the low calorific value., To
facilitate burning the seston, they were mixed with Benzolo
acid, & highly combustable material with known calorific

value. Freliminary trials determined that conplete
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Figure 44. Seasonal variations of seston biomass from March,
1985 to February, 1986. Seston biomass is
expressed in g/m?lake surface/month.
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combustion occurred in pellebts with & Lid ratio of seston

Beraoic acid.  The two  components were carefully grownd and
mixad together before being made into pellets. There was a
good agreement between duplicate results for all  samples
(see chapter — 7. Bediment, for discussion of the mebhod
used) .

Finally, the energy content of the seston WA

caloulated by subtracting the energy content of the Renzoic
acid from the total energy content of +the pellet and was

expressed as Kilo Joules/g dry weight of seston.

b3, Results and Discussion @

b. 5. 1. Beston biomass @

Beston biomass showed a distinct seasonal variation im
Dubh L.ochan. Apart from the single summer peak at 9m depth,
the seston biomass at Im and 9m  depth showed almost mirrore

images (Fig. 44).

In the upper trap, seston biomass varied from 20 to
B8%g/m= lake/month. At the beginning of the study period in
March, 198%, seston blomass was about 28g/m* lake/month, it
increased gradually to 34g/m®  lake/month in May and then a

rapid increase from late May lead to its single peak in

Fage 121




Mgt T abowt  8%g/o® Lake/monthn, Tt declined sharply
in september Lo approcimately  27¢/0®  lake/Zmonth s ef ter
the autuwnr overtuwen, it increassed  slightly in Ootober and
Movember and resched to its lowest level in January, 19846 to
about 20g/m% lake/month. In the lowsr trap (9m  depth), the
spasonal  pattern was quite different from the upper trap.
At the beginning of the study in March, 1985, seston biomass
was approdimately twice as high as in  the upper trap. &
gradual increase from March lead to its first peak in April
to about 67g/m® lake/month. After this peabk, seston biomass
declined sharply to 28g/m® lake/month in June, increased
slightly in July and then a rapid rise lead to its second
peak in August. This peak was similar to the first peak in
glze. It declined rapidly in September to about 21g/m#=
lake/month, increaesed slightly in October and then & rapid
rise lead to its third and highest peak to  about &/ m™
lake/month in  Movember and December and slightly higher

levels remained throughout the winter.

High seston biomass in June and July in the upper trap

was contributed by a massive growth of Frotoderma viride

inside the seston tubes at a time of the highest production
of both phytoplankton (Fig. 23) and zooplankton (Fig., 36).

During this period Sphaerocystis schroeteri (Fig. 24),

ryptomonas spp., (Fig. 28), and Qocystis spp., (Flg. 246

among  phytoplankton and Kellicottia longispina (Fig. 40),
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Ceriodaphmi s retionlates (Fig. 59, Trichocercsa similis (Flg.

AR wnd el aptomas gract lis (Fig.  57), among wooplankton
e e LA their  peaks  throuwghowt  the  water  oolums.,

Although  both  phytoplankton and 2ooplankton production was
dow during the highest production of seston in August, it
was probably due teo the time taken in  sedimermtation  of
plankton produced earlier imn June and July. During this
period, massive growth of diatoms were also observed (Fig.
4% i the seston trap. The significant contribution of
phytoplankton in  the production of seston has been well
documented (Moss, 1970; Reed, 19703 Lundgren, 19783 and
Folunin, 1982), although it is extremely variable from lake
to lake depending on the productivity. The slight increase
of seston biomass duwing QOctober and November couwld be
contributed by increased supply of allochthonous organic

matter (Fig. 46&).

High seston biomass in the lower trap (9m depth) during
the sapring was probably due to  autochthonous organic
detritus produced by the death and decomposition of the
littoral macrophytes in the previous winter and took a long
time to settle From the suwrface to the bottom of the lake.
With increased phytoplankton prodaction, seston bDiomass
decreased sharply from May and was low throughout the summer
except  in August which could also be related with the slow

rate of sinking of phytoplankton after thelr death.
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Hutotarmsea (L9670 reported that phytoplanktborn on an aver age

take % to 4 months Lo settle  abt  the bottom although it

vard es from species Lo speoles sand Lake to Lake according bo
Lhes depth. After sedimenting the high phyvtoplankton

population produced im  summer and  resuspension  of  bhe
sediment after the overtuwn, an  auvtumn peak of seston
biomass ds common (Leach, 1975; Hallegraets, 1978 and
Pradeaep & Gupta, 1984). High seston biomass duwring the
winter months is probably due to both awtochthonouws  and
allochthonous organic detritus. The autochthonous sowrces

include the death and decomposition of huge guantities of
littoral macrophytes and aquatic mosses. The Llittoral
macrophytes irn Dubh Lochan is dominated by Fhragmites sp.,

which is followed in order of importance by Nymphaes sp.,

and Nuphar sp., and aquatic mosses are dominated by Sphagnum

B .

Maximum input of rainwater through the inflow  during
the winter months also contributed high quantitié% ot
organic matter and inorganic matarialé. The souwrces of this
allochthonous organic matter include the vegetation of the
catchment particularly the soft wood and humic substances
from the peat layers of the moorland in the upper reaches of

the catchment of Dubh Lochan.

Allochthonous organic matter could contribute
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Figure 45. Seasonal variations of seston composition from March,
1985 to February, 1986. Seston composition is

expressed as percentage.
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i i ficantly o bhe  seston bDiomass in lakes (Minshall,
L9y lewach, L2735 although it is  exbtremely variable From

Tabe to lake depending on the geographioal condition, e

streams and the nature of the neighbouwring area.

b4.5.2., Beston composition

The components of seston were categorized into & groups

vizi organic detritus; diatomsy other algae) recognizeable

plant parts zooplankton including Chironomidase and
minerals. Great variations in the composition of seston was

observed both seasonally and vertically (Fig. 45).

Organic detritus @

Organic detritus constituted the major bulk of seston
and showed great differences between the upper and lower

traps.

In the upper trap (im depth), organic detritus varied
from 16~80% of total seston. During March  and  Aperil, 19885,
organic detritus was at its highest level and contributed
80% of seston. It declined slightly in May and then a rapid
decrease resulted in its lowest level to approximately 1é%
in June and similar levels remained wp to August. Organic

detritus incresased gradually from August and reached to &5%
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g Mesvenber and slightly higher Levels eamadned throughout

the winter,

In the bottom trap (9m depth), organic detritus ranged
from 50% to 844 of the total seston. Detritus constitubted
&34 in March, 1985, it declined to the lowest level in April
to approdimately S04 and then increased gradually to the
highest level in June, comprising 84% of the seston. OAfler
this peak, it declined to 384 in July. From July to

February, 19846, detritus contributed 88734 of seston

showing irregular fluctuations.

Although, the rate of decomposition of organic matter
must be expected to be higher during the warmer summer
months, low concentrations of detritus in  the wpper trap
from June to October was due to the influence of algal
growth inside the seston tubes. Highest composition of
organic detritus in  the bottom trap in June and high
concentrations during the whole summer could be related to

the high rate of decomposition due to microbial activity

(Jones, 1976).

Diatoms 1

Diatoms constituted the second important compoment of
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Bicweston  at both depths and showed distinet sessonal snd

et bl cal  vardlatdorng.

In the wpper trap, diatoms constituted bebweern 9 and
71% of the total sestomn. During high production of diatoms

throughouwt the water column in  spring they contributed

between 9 and 16% of seston . The population increased
gradually from June and reached to 714 in August. T
September and Oetober, diatoms declined to S0O%U. In

November, the Diatoms declined very sharply to 1857 and &
gradual decrease +from December resulted in their lowest

level in January, 1986.

In the lower trap, the contribution of diatoms were
much  lower than the upper trap and varied betwsen 3 and B0%
of total seston. Diatoms constituted 235% of seston in Maroh
and then increased to the highest level of about 3E04 in
April. They declined sharply in May and reached to &% in
June. The contribution of diatoms from June to February,
1986 was very low, ranging from 3 to 104 with irregular

fluctuations.

Other algae o

All other algal species constituted the third important

component of bloseston.
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Ty the wpper teap, all  other  algal  species  toget!
contributed  bebtwesn 2 oand S9% of totel sseston. From Peeeob
to May, 1985 they were very low, contributing between 2 and
4. The populations increased very rapidly to S9% in June,
decreased slightly in July and then declined very rapidly to
4%  in August. From August to February, 19846, the

contribution of other algal species were very low, ranging

from 2-&% of the seston.

In the lower trap, all other a&lgal species contributed
between 2 and 3% of the seston throughout the year except in

July when they reached to approximately 16%4.

Very high contribution of other algal species in June
and July in the upper trap and slight increase in July in
the lower trap was mainly due to the growth of a periphytic

green algae, Frotoderma viride (not observed in plankton)

inside the seston tubes rather than the sedimentation.
Although several species of algae showed summer  maxdmum
throughout the water column, they could not be recognized in
the seston because after their death and decomposition, they

Joined detritus.
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Facognizable plant parts (mainly partly decomposed

aguatic  macrophybes and mnoss leaves) o

Recognizable plant parts were always very low in both

the upper and lower traps.

In the upper trapy it varied Ffrom 2Z-4% of the seston

and showed no distinct seasonal distribution patterns.

In the bottom trap, it contributed between 2 and 9% of
the seston with the highest level in April which couwld be
related with the death and decomposition mf littoral
macrophytes during the previous winter. PFlant parts
originating from allochthonous souwrces and drifted into the
Lake could also be an important source. It is extremely
difficult to measure the relative proportlions o
allochthonous and autochthonous plant parts into  the
composition of seston and no suwch attempt was made in the

present study.
Zooplankton @
The contribution of zooplankton in  the seston in both

the upper and lower trap was very low, ranging from 2 to 3%

and showed ro distinct seasgsonal or vertical distribution
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prat e s, Tha  rate  of decomposition  of  zooplankton i
Foagihvee tharn the other  components  of  bioseston  amd  after

thed r deathy they soon becoms unrecogrndxakbl e detritus.

Mimerals 3

Mineral content of seston showed  similar seasonsl
patterns in both the upper and lower trap but  the
percentage of minerals were slightly higher in the lower

tirap thanm the upper trap.

In the upper trap, it varied Ffrom 1-21% of totsl
seston. From March to August, 1985, mineral compositlon
varied between 1 and 8%, It increased to 104 in September
and then declined to 9% in October followed by a gracual
increase to the highest level of approsimately 21%  in

February, 1986.

In the lower trap, mineral composition of seston ranged
from 3 ta 20% of total seston. Mineral contents of seston
ware very low from March to June, 1983 and varied betwaen I
and &%. It increased gradually from July and reached to 28%
in September. In COctober, it declined to 117 and again
increased to the highest level of approximately 3204 in

November. The concentrations declined o 204 in December

and similar levels remained throughout the winter.
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Thie mingeal  content  of  sestbon @l il e
el atdonship with rainfall (Table 1), Highest composiiions
af minerals in November and comparatively high levels during
the whole winter seems to be relested with the mawimum inflow
af rainwater carrying Ffine mineral particles from the
neighbouring a&res i.e. allochthonous rather than recycling

frrom the sediment at times of tuwrnover.

The mineral content estimated after the loss of organic
matter on ignition was much higher than the present method
and varied between 35 and 6%5% of total seston (Fig. &) .
However since loss on ignition was done on dried samples (at
110=C £ or 2 o hours), and 1f organic matter containg
approximately 90% water then J5% mineral ie eguivalent to
S.1% of a hydrated sample and similarly 69% is equivalent to
15%. Most minerals are denser than organic detritus and

algal material. The frequency of occurrence of detritus and

algal materilal were, therefore, higher than ‘mineral
particles. Although the composition of minerals in seston

assessed by the two methods varied greatly, the seasonal
fluctuations showed similar patterns during the whole period

of study.

The results of seston composition indicate that the

upper trap (im depth) was not suitable for seston collection
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Figure 46. Seasonal variations of organic matter and mineral
content in seston from March, 1985 to February, 1986.
Organic matter and mineral content is expressed as

percentage.
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becadse of  periphytic algal growth ingide the seston tubes
chuardmg the swomer morthe., The bottom  trap  was free from
sueh alagal growth and a true pictuwre of  seston  at  that

depth was observed.

&.3.5. Organic and mineral matter (loss on ignition) ¢

Total organic content of the seston was always higher

in the upper trap than the bottom trap (Fig. 4é).

In the upper trap, organic matter ranged from 50 to 80%
of total seston. From March to May, 1985 it varied betwesn
&0 and 45%4. The concentrations increased sharply to 79% in
Jung and similar levels remained till August. It declined
sharply to S84 in  September and 33% in October amd siodlae
levels remained up to February, 1986.

Iin the bottom trap, organic content varied betwesn I8
and 69% of total seston. QOrganic matter contributed 484 of
seston in March, 198%, it declined gradually to 397  in May
and then a rapid increase in June lead to the highest level
of about &%9% in July. The concentrations declined gradually
from August and reached to 37% in December, it increassed

slightly in January, 1986 and reached to 4BZ in February.

Organic content of the seston in the upper trap was
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ilways Pigher than the bottom trap which couwld be relsted to

ATy

7

the  degree  of decomposition. Hi gl cuiantitles of s
produced i the wpper few metres  of waber takes & long tims
to reach the bottom and during the sinking process, sesbon
particles are decomposed into fine detritus due to microbiasl

activity.

High percentage of organic matter in  the upper trap
from June te August was contributed malnly by the growth of

Frotoderma viride imside the seston tube rather than the

true sedimented seston. The bottom trap was free from such
influence, high concentrations of organic matter couwld be
related with the nature of detritus, produced mainly from
the death and decomposition of phytoplankton. ALthough
seston biomass was high during the winter months (Fig. 44),
the percentage loss on dgnition was low. Duwring this time
most of the seston originated from littoral macrophytes and
allochthonous organic and inorganic matters of very

different nature.

Mineral content of seston in the bottom trap was always
higher than in the upper trap (Fig. 46). In the upper trap,
mineral content of seston ranged from 203074, From March to
May, 198%, it varied between 30 and 407 of total seston,
The concentrations declined sharply to 21% in June and

similar levels remained till August. It increased sharply
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T

i Beptamben and then a gradual increasse lead to the Mighest
Leved of about  UD0Y% i November and simndlar levels vemsdneod
wp ot February, 1986,

Im the bottom trap, mineral conterts were much bbgher
than the wupper trap and varied bmtween 31 and &34 of seston.
The concentrations increased gradually from 524 in March to
617 in May. It declined sharply in June and reached to the
lowest level of approtimately 3% in July. Thige
concentrations increased gradually from August and reached

to the highest level of about 63% in December and then

declined gradually to 32% in February, 1986.

Mineral particles of seston coming mainly £ cam
allochthonouws souwrces showsed a direct relationship with
rainfall (Table 1) and inflow rates. Lowest concentration
during the dry period in summer was associated with low
inflow rate due to low rainfall and high concentrations
duing the whole winter could be related with high inflow
rate due to maximum rainfall, carrying madrimum amount of

mineral particles into the lake.
.3, 4. Carbon content (Loss on ignition) @
Carbon content of seston showed similar patterns  of

seasonal variations although the values were always higher
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Figure 47. Seasonal variations of carbon content in seston
from March, 1985 to February, 1986. Carbon
content is expressed in mgC/g of seston.
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ire the wupper trap than the Lower trap (Fig. 47).

oothe apper trap, carbon  content varied betwen 160,49
arch 460.4 mg/g.  Carbon conternt was very low in March (E11.73%
mg/gd, 1985, it increased gradually through July and reached
to the highest level (4&60.4 mg/g) in  June. It declined
through July and reached to 3I27.6 mgfg in Auguest and then
increased slightly (342.7 mg/g) in September. Carbon corntaent
declined gradually from October and reached to the lowest
level (160.4 mg/g) in January, 1986 and then increased

glightly in February.

In the lower trap, carbon content ranged from 128,11 to
378.3 mg/g of seston. It showed asimilar patterns of

seasonal variations as was observed in the upper trap.

The highest carbon content in  the wupper trap in June
and high level throughout the summer months could be due to
periphytic algal growth inside the seston tubes rather than
sedimentation of seston. Gorham & Banger (19467) reported
that carbon content of phytoplankton is much higher than the
organic detritus. The highest level of carbon in the upper
trap in June and high level from late spring to mid summer
couwld be due to high concentration of algal material in the
et om . Low  carbon  content during early spring and the

whole wirnter could be due to increased participation of
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Figure 48. Seasonal variations of total nitrogen content in
seston from March, 1985 to February, 1986.
Nitrogen content is expressed in mg NH4 - N/g of

seston.
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ronead gal o material din the seston which originated $rom both
awtachthonous Celaatl arel dercampost tion f anpliat o

macr ophytes)  and alloohbhonouns sources.,
6.3.8. Total nitrogen 1

Total nitrogen concentrations of seston  showed graat
seasonal variations in both the upper and lower traps (Fig.

48) .

In the upper trap, nitrogen concentrations ranged from
11-99 mg/g of seston with two distinct seasonal peaks, one
in the late summer and the other in early autumn. F e eatn
March to June, 198%, the concentrations varied from 135 to 20
mg/g of seston., It increased very rapidly in July to Rémg/g
and reached to the highest level of 99mg/g in August. After
this peak the concentrations declined sharply in SBeptember
to 1% mg/g and again dincreased to a second peak  of
approvimately 45 mg/g of seston in  October. Mitrogen
concertrations declined sharply in November and reachsd to
the lowest level of approdimately limg/g in  December and

slightly higher levels remained throughout the winter.
In the bottom trap, the concentrations varied from

10%8@.mg/g of seston and showed three distinct seasonal

peaks, & major peak in summer and  two other minor peaks in
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Lateo  spring  and esrly autumn, The Lowest concentration of
i teogen was observed dn Meroh, 1985, b increased siightly
in fAped b and then e rapdd riee lesd to the flrst peal of
approdimately 3Emg/g of seston in May. It declined slightly
in June and then a rapid increase lead to the highest pesbk
of about 8%9mg/g of seston during July and August. After

this peak, nitrogen concentrations declined sharply to 1%

mg/g  in  Beptember and again increased to its third peak of

about  BOmg/g  in December and similar levels remadlned
throughout the winter. The concentration of M e g e

depends upon the nature and composition of seston. The
highest concentration of nitrogen during July and August in
the upper trap was contributed by living algae duwe to  the

growth of Protoderma viride inside the seston tubes. Among

nitrogenous compounds proteins are the most important
constituents of living tissue and account for & large
proportion of total nitrogen content (Allen et al., 1974).,
Barnes & Mann (1980) reported that some species of algas may

contain up to B0%4 protein when they are growing actively.

Although the bottom trap was free from algal growbth,
the highest concentrations of nitrogen in the same period
could be due to high concentrations of algal material in the
seston  after their death and decomposlition. Hallegrast
(1978) reported that proteins are the major organic

compounds in the seston samples ranging from 13,06 to 37, 13U
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Figure 49. Seasonal variations of total soluble reactive
orthophosphate concentrations in seston from.
March, 1985 to February, 1986. Orthophosphate
concentration is expressed in mg PO4 - P/g of

seston.
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of iy werdght o and a positive  correlation  wan  observed
betweern  phytoplankton biomass  and  the protein content of

et .

Two  other minor peaks of total nitrogen in seston
during late spring and early autumn coincides with highest

level of diatoms in the composition of seston (Fig. 45).

l.ow concentrations of nitrogen during early spring and
winter in both the traps could be related with incressed
concentrations of non-algal materials in the seston,
originated from both autochthonous (death and decomposition
of aquatic macrophytes) and allochthonows sources containing
less protein. A similar observation was also made by

Hallegraeff, (1978).

H.3. 46, Total soluble reactive orthophosphate @

Total soluble reactive orthophosphate concentrations
showed distinct seasonal variations in  both the wpper  and

lower traps (Fig. 49).

In the upper trap, orthophosphate concentrations varied
between 1.2 and 9.7 mg/g of seston. The lowest
concentration of orthophosphate was observed during Maroh

and April, 198%. It increased gradually from late April and
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1

roachad to 08 mg/dg of  seston dn June.  Orthophiosphate

w b

sharply  to 2.8 mg/g o dn July and

gomreen by st b o d e e
raached Lo the highest level of  approximately 9.7 mg/Zg in
August . It declined sharply to 3.2 mg/g in  September  and
again increased to 3.8 mg/g of sestomn  in October. The
concentrations declined gradually to 2 mg/g in December and

similar levels remained throughout the winter.

In the bottom trap, orthophosphate concentrations
ranged from ©.8 to 8.4 mg/g of seston. The lowest
concentration was observed in March, 1985, It incressed
gradually from April and reached to 2.9 mg/¢g in May. The
concentrations increased sharply from late May and reached
to its first peak of about 8 mg/g in August, it declined to
5.8 mg/g in September and again dincreased to the highest
level of about 8.4 mg/g of seston in  October. Mftar  this
peak, the concentrations declined sharply to 1.6 mg/g in
November and similar levels of orthophosphate remained
throughout the rest of the period of study. Like  totasl
nitrogen, the highest concentration of orthophosphate in
the upper trap during July and August  was contributed by

living algae due to the growth of Frotoderma viride in the

seston  tube at a time when phytoplankton bhiomass throughout
the water column was at the highest level. Two obther small
rises of orthophosphate concentrations dwing May  and

Oetober couwld be due to high concentrations of  «lgal
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el ey g ml ire e G

LY Bhod bovity & Copland 219850

raportoed that seston sanples collected $rom  the swrface
waters  had  Bigh concentrations of phosphoras in speing sood
highest concentrations dwing the asummet  manths  wilth

increasing phytoplarnkton biomass.

High concentrations of orthophosphate in  the battom
trap from June to Beptember and the highest level in
Octaober could be related with phosphorus  adsorption by
sedimenting seston (Bachter & Mares, 198%5). Settling seston
is composed of a varigty of autochthonous and allochthonouws
organic and “inorganic material colonized with bacteria and
fungi. Therefore, it is extremely difficult to separate

various possible mechanisms of orthophosphate adsorption.

However, based on the obhservations reported in  the
literstuwre, it is suggested that active Wt ek of
arthophophate by sinking algae G by heterotrophic

microorganisms colonizing the settling material may be
important. Uptake of orthophosphate by aquatic bacteria hasg
been reported by several workers (e.9. Barsdate et al.,
1974y Planas, 19783 Fleisher, 19870). Levine & Schindler

(1980) concluded that the fluxes of PO4™ to seston in the
gpilimndon and hypolimnion &’r e comparabl e and  the
hypolimnetic decomposers rapidly and actively tahke L

PO4™-,
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Figure 50. Seasonal variations of Carbon / Nitrogen ratio
of seston from March, 1985 to February, 1986.
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Viry Low concentrations of orthophosphate in bobth wpper

ael Lowey beap dnoasrly speding and the whole winter, could
e related with low concentrations of algal material in the
seston. During this time the growth of phytoplanbtorn was

very low and the sources of detritus was mainly aguatic

macrophytes and allochthonous organic matter.

6B 7. Carbon/Nitrogen ratio s

Carbon/Nitrogen (C/N) ratio in seston varied greatly

both seasonally and vertically (Fig. 30).

In the upper trap C/N ratio ranged from 3.29 to 28,9,
The GC/N ratio increased from 13.8 in March to 18.01 in
fpril, declined slightly in May and again increased rapicdly
to its highest level (28.9) in June. It declined rapidly in
July (4.01) and reached to the lowest level (3,29 in
August. The C/N ratio increased sharply in September (232.9)
and again declined rapidly in October (6.7), it increassed
through November and reached to 17.8 in  December. Tt
declined to 12.1 in January, 19286 and again incressed

slightly in February.

In the lower trap, C/N ratio varied from 2.7 to 18,09,

The C/N ratio increased from 146.8 in March to the highest

level (18.01) in April, declined sharply in May and again
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iy eased o LE06 dn June. Tt declined sharply dn July and

raached o the lowest level (2.3 in August. The CO/N eatio
irecreased  sharply dn Beptember (U502 amd then declines

slightly in October. It increased slightly in  November and
December (11.09) and again declined slightly in January,

1986 and February (7.95).

Carbon/Nitrogen ratio of most phytoplankton in  the
laboratory culture generally ranges from S to 10. The C/N
ratio of particulate organic matter incresses somewhat Lo
values of 10 to 13 indicating a tendency for the nitrogen to
be lossed at a faster rate than organic carbon  (Holm -
Hensern, 1972). Holm ~ Hensen reviewed the literatwe on C/N
ratio and pointed out that there are many reports of C/N
ratios ranging from 2 or 3 up  to 30 and higher in natuwral
condition depending on the nature of the material and the
environmental condition. In the laboratory culture of marine
phytoplankton, he observed C/N ratio ranging from 4 to U0

depending on  the availability of fixed nitrogen -in  the

cells.,

In the present study, C/N ratio in the lower trap seems
to be well within the normal range reported in the
literature except two slightly higher values during March

and April than the rest of the period.
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Figure 51. Seasonal variations of Nitrogen / Phosphorus ratio
of seston from March, 1985 to February, 1986.
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G 8. Nitrogen/Phosphorus ratio o

Nitrogen/Phosphorus (M/F)  ratio showed three distinct

seasonal peaks in both the upper and lower trap (Fig. 91).

In the upper trap, M/P ratio varied between 4.2 and
13.3%. The highest N/P ratio was observed in March, 1965, 1t
declined slightly in April and & rapid decrease in May lead
to the lowest level in June. The N/P ratio increasec
rapidly to approximately 10.8 in July and August and  then
declined sharply to 4.7 in September. It increased rapidly
to 11.8 in October and then declined gradually to 3.5 in
December and again increased slowly to 8.5 in  February,

1986.

In the bottom trap, N/F ratio ranged from 3.3 to 175,95,
In March, 1985, N/F ratio was very high (12.%, it declined
sharply to 7.% in April and agein increased rapidly to the
highest level in May. It decreased sharply to 5.2 in June
and again increased rapidly to 12.7 in July. The N/F ratio
decreased slightly in August and a sharp decline in
September lead to the lowest level (3.3) in October. It
increased very rapidly to 12.7 in November and similar

levels remained throughout the rest of the period of study.
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Fhoghe NZF wvatd o durdng e spring waes  due to the )ow
phosphormes content of  seston (Fig. 49, ariginated mainly
from the death and decomposition of littoral macrophytes
during the previous winter. The summer peak during July and
August cowld be related with very high concenrations of
nitrogen in the seston originating both from living algae in
the upper trap (Fig. 45 and high nitrogen content detritus
from the death and decomposition of phyteoplankton in  the
lower trap. HMigh N/F ratioc immediately after the aubtumn
pverturn in October in the wpper trap and in November in the
bottom trap was due to low phosphorus content of seston
originating mainly from the resuspension of the sediment and
long term decomposed detritus. In  the bottom trap, high
N/ZF ratio during the winter months was dug to low phosphoruas
concentration in  comparison with mnitrogen content  of
seston, originated mainly from littoral macrophytes and
allochthonous organic matter. Hallegrasfd (1978) compared
N/ZF ratio of three Dutch lakes which varied betwesn .97 and
11.2 depending on the trophic status of Lakes. In the least
productive Lake, constant low N/FF ratio was the result of
the low participation of algae in the total suspended
particulate matter. The seasonal variations of NP ratios
in each Lake was directly related with the amount  of
phytoplankton present in  the seston sample. During the

prasent study, similar seasonal patterns of N/F ratio was
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Figure 52. Seasonal variations of emergy content per gram dry
weight of seston fram March, 1985 to February, 1980.
The energy content is expressed in KJ x 1000/g of
seston.
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alao  observed Ao Dubbh Lockan, o wer,  therefore, e
sugoestecd  that N pratios  of  seston  may be a potential
Tmacroscopia”  oheracteristics of the trophic dymamio status

of lakes (Margaletf, 1968).

b.3.9. Beston energetics

boedaFule Energy content per gram dry welght of seston &

The energy content per gram dry weight of seston showed
considerable variations both seasonally and vertically (Fig.

S2) .

In the upper trap (im depth), energy content of seston
ranged fFrom 7.1 % 1000 to 14.9 x 1000 KJI/g. Beaton
gnergetics increased sharply from (8.4 x 1000 KJI/g) March
and reached to the highest level (14.9 x 1000 KJI/¢g) in June

and similar levels remained in July. Tt declined sharply in

August and reached to 10.8 % 1000 KJ/g in  September. Fcam
October energy content declined gradually to 9.0 » 1000 KJ/g
in December. It declined sharply to 7.5 ® 1000 Ed/g in

January, 1986 and similar levels remained in February.
In the lower trap (?m depth), energy content ranged

from 7.4 x 1000 to 13.9 x 1000 KJ/g. Energy content of

seston was the lowest (7.4 x 1000 KJ/g) in March, it
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Figure 53. Seasonal variations of energy content per gram ash free
dry weight of seston from March, 1985 to February, 1986.
The energy content is expressed in KJ x 1000/g of seston.




L
-
0o
pzas
@)
w
<
-
-
=
<
b=

0%

uolsas Jo Jy3tem Liap 9813F yse weil xad jJueoguoo A3iouy

000T * A



ircrreased slightly in April  and  then  declined slightly in
May., Tt increased %hmfmly fom {84 0 L0000 BI/g)  May and
raachad  to the  kighest level (U509 w0 1000 WI/7¢g) in Gugust
and similer levels remained in September. Seston energetics
declined very rapidly in (October and reached to (8.4 x 1000
kd/7g) in November and similear levels remained throuwghout the

rest of the period of study .

6.%5.9.2. Energy content per gram ash free dry weight of

aseston

The energy content calculated on  the basis of ash free
dry weight of seston showed similar patterns of seasonal
variations (Fig. 83 as was ohserved on dry weight basis

(Fig. =2).

In the upper trap (im depth), energy content per gram
ash free dry weight varied between 13.7 % 1000 and 22.8 »
1000 KJ/g. The energy content was at the lowest level in
March (13.7 % 1000 KJ/g), increased gradually through Apeil
and reached +to 20.4 » 1000 KJ/g in May with increassed
production of phytoplankton. It declined slightly in June
(18.8 » 1000 KJ/g) and then incressed through July and
reached to 22.3% % 1000 kJ/g in August. The energy content
declined sharply in September (17.8 x 10QQ KIZg) and then a

gradual increase through October lead to the highest level
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i Plosvermler CEFLE w0 1000 KI/Zg) . Tt declined graduslly from

Devembar and reached ho D405 o« 1000 KI/Zg in Februwary, 1988,

In the lower trap (9m depth), the energy content ranged
from 15,2 x 1000 to 39.8 »x 1000 KI/g. The energy content was
also at the lowest level in March (15,5 x 1000 d gy
increased gradually through April and resched to 21.4 x 1000
Kd/7¢ in May. It declined slightly in June (1é&.1 x 1000 EJ/¢)
and a sharp increase through July lead to the highest level
in August (39.5 » 1000 KJ/g) when the hypolimnion wasg
completely deorygenated (Fig., 5). The energy conbent
declined through September (31.35 x 1000 KJ/qg) and Ootober
(20m 2 % 1000 KJ/g) and again increased slightly in November
(21.2 » 1000 EJ/g) and December (22,7 x 1000 KJ/g) and then

declined gradually to 1é.é6 x 1000 KI/g in February, 1986.

The hMighest energy content of seston in the upper trap
during June and July was due to algal growth in the seston
tubes (Fig. 4% . HMigh levels of energy from May to o August
couwld be related with high contribution of algal matwrial 1N
composition of seston (Fig. 45). Several workers reported
that energy content of phytoplankton is considerably higher
than organic detritus (Borham and Sanger, 1967 L.aach,
1975y Hallegraeff, 1978; Jonasson, 1979 . Although the
contribution of diatom was high from August to October,

energy content of seston declined because the energy content
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Figure 54. Seasonal variations of total energy content of seston
from March, 1985 to February, 1986. The energy content
is expressed in KJ x lOS/m2 lake surface/month.
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e i atom ds considerably less thean other alges due to high
ash  content  of di atomn Frustul ee Chhad 1 egead £, LT

Joraseor, 1979,

High energy content of sestom inm the lower trap from
July to September could be related with high rate of
bacterial decomposition in anaerobic condition (Fig. %) at &
time when organic detritus originated mainly From dead
phytoplankton. Lagtein (1976) reported that energy content
of seston decrease in oxidized condition and increase in
reduced condition {(Moss, 1982 because of increased

production of bacteria and fungi.

Low energy content of seston in March, 1988 and in
January, 1986 énd Fehruary in both the upper and lower traps
could he due to low energy content organic detritus
originating mainly from aquatic macrophytes and to certain
extent from inorganic particles (Fig. 4% of high ash

content (Hallegraeff, 1978).

H.8.9.8,. Total energy content of seston

(KJ % 109/m= lake surface/month) @

The seasonal varlations of total ensrgy content of

seston (Fig., %4) observed close relationship with seston
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i omass Fig. 44 and  showed comnsiderable ol fferences

betweern Lhe wpper and Lower breaps.

Im the upper trap (Im depth), total energy content of
seston ranged from 1,47 » 10% to 10,71 »  10% EI/m=/month.
It increased gradually from (2.3%36 »  10%KJI/m®/month) March
and reached to the highest level (10,71 » 10®KJI/m2/month) in
August. Total energy content of seston declined very rapidly
(2,83 » 10%EJI/m®/month) in September and again increased
slightly in October. It declined gradually from (3.5«
10%KI/m=/month) November and reached to the lowest level
(1.47 » 1O09I/m=/month) in January, 1986 and again increased

glightly (1.78 » 10%JI/m®/month) in February.

In the lower trap (9m depth), total energy content of
seston ranged from 2.46 » 10%  to 9037 o« 10OF KJ/om®=/month.,
It increagsed from 4.48 % 10¥ KJ/m=/month in March to &.0 o
LOSKI/m?/month  in April  and then declined sharply to very
low level (2.62 % 10%KJ/a®/month)  din June. Total @ energy
content incressed slightly in July and then a very rapid
increase lead to the highest level (9.37 « L0%RJI/m™/month)
in August., It declined very sharply (2.87 x 109KJI/m®=/mornth)
in Beptember and then a slight decrease resulted in its
loweat level (2,46 »  JOBEI/n*/month) in October. Total
engrgy content increased sharply (5.328 x 1G“H3/mﬂ/mmnth) in

November and again declined slightly (4.37 x 109KJI/m™/month)

FPage 149




i December and siodlar levels remadred during Jandary, 1986

arnd Fealiruary .

With dincreasing phytoplankton (Fig. 23) and primary
production (Fig. 35), total energy content of seston in the
upper trap increased gradually $rom March to May. FRapi o
increase in  the total quantity of energy in the sesbton
during June and July and the highest level in August was
contributed by algal growth inside the seston tubes (Fig.
4%) together with the highest production of phytoplankon
throughout the water column in June and July. Althouwgh
phytoplankton - production was the highest and the enargy
content per gram of seston was high in June and July, total
energy content in the lower trap declined with declining
seston biomass (Fig. 44) which i rel ated wi th
sedimnentation process of dead and decomposed phytoplankton
(Moeller % Likens, 1978 and Lastein, 198%5). Leach, (1975
reported that on & seasonal basis, the amount of detrital
energy was emallest in summer in Lake Erie although the
highest level was in  late summer to early autumn.  However,
as the sedimented seston settled at the bottom, total energy
content reached to the highest level in  August with  the
highest level of seston blomass. Rapid decline of total

energy content of seston in  Beptember is related with the
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whioerp decline  of  phytoplankton biomass  from mid Judy to

ETNTA TR 5

After the avtumn overturn and complete mixing of the
water column (Fig. 3), total energy content of seston
increased slightly in the upper trap in October and November
and the rapid increase in the lower trap in November could
be related with the settlement of resuspended organic mabter
from the flocculent layer of the sediment (Jonasson el al.,
1974y Lastein, 1976). Low levels of total amount of energy
in  the upper trap during the winter months could be related
with very low phytoplankton production and high input of
mineral matter (Fig. 44) as well as lwwb energy ocontent
allochthonous organic matter coming with rainwater through
the inlets. Although the energy content per gram of seston
was low during the winter months, comparatively higher
levels of total energy in the lower trap than the upper trap
could be due to high gquantities of organic _dmtwitu%
originating mainly from the death and decomposition of

submerged and emergent aguatic macrophytes.
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7alo introduction @

Sediment plays an  important ’ﬁale» in ragulating
freshwater ecosystems (Odum, 19713 Golterman & Houwe, 19803
&nd Moss, 1982). In anoxic conditions which may occur in the
hypolimnion during the summer months in  temperate regions,
the sediment releases nutrients, gases and ot her
decomposition products into the water which are mixed
throughout the water column  during the  awbumn overtuen
(Hutchinson, 1957). The mechanism of chemical exchange
betweern sediment and water in lacustrine ecosystem has bheen
well documented and the followings are olassic exanples
Jernkin et al., (1941 Mortimer, (1941 -1942)3 Hayes et al.,
(1958);  Kamp~Nielsen, (1974) and Gorham et al., (1974). The
chemistry of sediment has been well studied and wsed in
characterizing different types (Hutchinson % lelaéh, 19407
Kleerekoper, 195%; Mackereth, 19353 Frink, 19693 Serruya,
19713 Gorham et al., 1974; Wildung et al., 19745 and Guppy %
Happey-wood, 1978). Organic matter and particle size has
long been used in characterizing the sediment (Hayes &
MacAuley, 1959 3 Kemp, 19713 Hargrave, 1972y and Banin et

al., 1974). Lake sediment controls the cycles and balance
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of muteitional elements in the lake water (Bamnin et al.,

19740 which couwld play o critical role in  determining  the

Ly ophic ables of  lakos CGol tarman,  1966), RBelow the
guphotic  wone  only  heterobrophs  can thrilve, and they are
tatal ly dependant on detritus. Naumann (1921) stated that
detritus  and bacteria in the lake sediment must be the most
important souwrces of food for a wide variety of detritivore
organisms. Since then, many workers have emphasized the
importance of sedimenting organic matter as & dominent
gource of food in aguatic ecosystems (Baunders, 1969, 1980
Cummins et al., 197733 Moss, 19823 and LeCren %

lowe-McoConmnell, 1980).

Sediments vyield valuable information about produaction
and mineralization throughout the water column in  lakes
(Hargrave, 1973). Resuspension of organic particles from the
asadiment associated with turbulance probably occurs more oF

less continually in lakes (Westlake et al., 1972) except the

summar stagnation period in deep waler. There may be
periodic resuspension, lateral transport, sorting and

deposition into the pelagic region of lakes (Wetzel et al.,
1972) ., There are also resuspension periods in lakes with
mass overtuwn during spring and auwtumn  in the lakes of
temperate  and  high altitudes (Saunders, 1980 . Such
resuspensions  are very important in  the functions of

lacustrine ecosystems. The growth of benthic filter {feeding

id
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clgtritivores de correlated with sedimentation of  organio
cletyitus charing  the  spring  and  aubtuwmn  (Jonasson, 1978
Fregrmm b rigboor, Y974y s B ahimer LR7EY Moloaohlan (1946%)
wancluded toat the matwe and distribution of  the banthic
faurna  are strongly influenced by the characterestics of the

sadiment.

Metabolism of detrital and particulate organic carbon,
which occurs largely in the sediment, provides stability in

the ecosystems (Wetzel, 1975).

Organic matter in the sediment functions a&s an energy
reservair, which may be more rapidly or more slowly
wtilized, depending on the functional reguirements of the
system. It also contains the elements that enter in to the
construction of living protoplasm, when it is decomposed due
te bacterial activities, these elements are released and
become available for storing energy in  the form of new

protoplasm.
7.2, Materials and Methods 1
7.2.1. Ganerél !
Undisturbed sediment cores Qera taken ¥rmm atation |

(deepest part of the lake where the sediment surface is
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Figure 55. Sediment cores from station 1 and station 2

showing different layers where the subsamples

were taken for routine analysis.

Station 1

I o o o e e o e o e ——

D

Station 2




complately deosygernated dueding the Late summer) and station

“ A deep,  where the seddnent surfaoce s always  well

otygematod bhut still below the euphobic  zone) From Julyy
198%  to Jume, 1986 wsing & Jerkin mud sampler. The sediment

collection tubes fitted with the sampler were drilled with
4mm holes, at 1 om intervals &long the vertical awxis and
were sealed with PFVC tape. The samples were collected every
fortnight from July to November, 1989 and once  inoa  month
from December to June, 1986. They were carried to the
laboratory in a wooden case immediately after collection and
entreme care was always taken to prevent any mixing of the
sediment during transportation. The supernatant water was
giphoned very carefully with a thin plastic tube. Subsamples
of sediment were taken through the holes of the sedisent
tubes with the helﬁ of a Cyringe (B-D plastipak, H0ml
capacity) From different layers with minimum disturbance
(Fig. 58). Four subsamples were taken from the sediment
collected from station 1 as Fflocculent layer (top lomd),
firet middle layer (2cm from the top), second middle layer
(4em from the top) and deep layer (B8om from  the t&p)u The
flococulent layer is mainly brown detritus mud of about lom
thickness, The first middle layer is black ooxy mud of about
2 ~ %cm  thickness. The second middle and deep layer is also
black oozy mud but no distinct layers were observed. The
flocculent layer receives the sedimented seston. This seston

i probably metabolized in the middle layer where chemical
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gotchango botween mad and water takes place and alsg most of

the  benthdic organdemns live, The deep layer may nob be

involved dn such processes. Three subsaenples were taken feom

the sediment collected from stetion 2 although no distinoh
layers were observed. However, they are also referred as
flocculent layer (top lom), middle layer (4om feom  the top)
and deep layer (Bom from top). Each subsample was f1ltered

through BF/A filter paper to remove the remaining water and
dried in an oven at 110°C for 4 hours to get a constant dry

weight of the sediment.

7.2.2. Organic & mineral content, carbon, total nitrogen

and soluble reactive orthophosphate @

Organic % minersl content, carbon, total nitrogen and
gsoluble reactive orthophosphate were determined according to
the methods described earlier in Chapter & for seston

analysis.
7.2.%., Sediment energetics @

The energy content of the oven "dried (1100 for 4
houwrs) sediment samples were determined using a microbomb
Calorimeter (Model AH 12 EF 2). Pellets made entirely of
sediment failed to idgnite becawse of the high mineral

content (Fig. 98), ranging from 63 to 80Z. To increasse the
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Figure 56. The relationship between pellet size and the
combustability of the sediment.
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combrastabd Lity  of the sediment, 1t was necessary to mix the

Gorteam & Banger (1967, Benzoloe auid ds highly combustable
and has a known calorific value (26056 KI/mgd) . After mixing
the sediment samples with Berroic acid, they were always
kept in a desiccator because Renzoic acid absorbs  noisturs
which may increase the weight of the sample. In an
experiment to determine the correct proportions to wse, it
was found that with 2 parts Beneeoic acid and 1 part
sediment, the combustion was negatively correlated with
pellet size (Fig., 56). The combustability increased with 3
parts BRenzoic acid and 1 part sedimgnt but negative
correlation still existed. At & proportion of 4 parts
Banzolc acid and 1 part sediment, the shergy content was
independant of pellet size and the gample Lo sample
variation was minimum (8., D. + 0.089 KEJ/mg). The energy
content of the sediment samples were therefore, determined
after mixing with 4 parts Benzoic acid. ALl the samples were
analyzed in duplicate and the mean standard deviation is
+ 0 0,093 KJ/mg. The energy content of the p@li&tﬁ Was
calcul ated with an appropriate calibration ocwrve made with
Berzolic acid. The energy content of the sediment was then
calculated by subtracting the value for Benzoic acid mixed
with the samples and were finally expressed as Kilo Joules
per gram of sediment. The top lem of the sediment from both

station 1 and station 2 were used on a monthly basis for bhe
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Figure 57. Seasonal variations of organic matter in the
sediment from July, 1985 to June, 1986. Organic
matter is expressed as percentage.
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determination of energy content in the sediment. This is the
praset of  the sedisent in dynamic  contact with  the wabter of

the el

7ol Results and Discussion i

7.3.1. Organic and mineral content (Fercentage loss on

ignition)

Organic matter in the sediment evaluated by the loss on
lgnition method showed little variation both seasonally and

vertically (Fig. 7).

In deep water at station 1, organic matter ranged from

20 to 38%.

In the flocculent layer, concentrations were generally
glightly higher than the middle and deep layer. From July to
mid December, organic matter remained around 304 except in
late September to early October and in late November when
it reached to 3I5%. The concentrations remained around 285%

from late December to June, 1986 except in mid March when it

increased to 30%.

In the first middle layer (Z2cm  from topl), organic

matter remalned between 25 and JI0% from July to mid December
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greept i late  Novesbesr when it inoressed o 3%%. From Late
Deceamtier Lo May, 1986, the concentrations  remalned around

SO el then declised bto 20% in Jume.

In the second middle layer (4om  from top) and  deep
layer (Bcm  from  top), organic matter remained around 25%
from July to mid January, 1986. it declined gradually to 20%

in April and similar levels remained up to June.

At station 2, organic matter ranged from 20 to 25%.
i
In the flocculent layer, organic matter showed similar
seasonal patterns as was observed at station 1. The highest
concentration (35%) was observed in September and in late
Movember to early December and the lowest level (ZO%) was

observed from mid April to mid May.

In the middle layer {(4cm AFfrom top), organic matter
ranged from 20 to 30 %Z. The concentrations ramaine@ ar o
20% during most of the period except September when it
irncreased to 25% and in late November to esarly December when

it reached to 30%.

In the deep layer (Bcm from top), organic mabtter

remalned around 20% during the whole period of study.
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Orrganic matter in the flocouwlent  layer did nob  vaey
Gigrificantly betwesn the two steations.,  Olay & Wilhm (1979
ad o raported sindlar observations of organic matter betwesn
shallow and  deep  statioms  dn Ham's lake in Ue 8. 6. Hemp
(1971) reported that the quality of organic matter in the
top centimetre of the sediment was directly proportional to
clay size fraction of sediment and independant of depth,
rate of sedimentation and degree of eutrophication. In the
present study, the highest level of organic mathter in  the
flococuwlent layer in  both  the stations is related with the

continuous supply of sedimentary seston. MHigh level duwring
the summer months at station 1 couwld be related with
bacterial decomposition particularly undep anaerobic
condition (Fig. % at a time of high seston productiom (Fig.
44). The highest level in November was probably due to the

resettlement of the organic matter after the resuspension

during autumn overturn.

In shallow water decomposing macrophytes and leat litter
generally contribute asignificant quantities of organic
matter in the sediment (Clay % Wilhm, 197%). In the present
study, seston biomass (recorded at station 1 only) duwring
late summer and awtumn were also high (Fig. 44), which could
well be accounted for high organic content in the flococulent
layer of the sediment. High levels of organic matter in the

middle layer where the sedimented seston arg fuwther
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Figure 58. Seasonal variations of mineral content in the sediment
from July, 1985 to June, 1986. Mineral content is

expressed as percentage.
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decaonpased and processed by bacteria and zooberthos seens Lo
e easonable and sindlar peatlerne of seasornal variations e
was observed in the flocculent layer ie expectable. Highost
levael of organic matter during the summer  months  and gl
levels during the spring and autumn in different likes have
been reported by several workers (Hargrave, 19785 Olay &
Wilhm, 1979 and Polunin, 1982). The percentage of organic
hatter in the deep layer was much lower than the flocculent
and middle layers and the values were almost corstant
throughout the vyear which indicate that this part of the
sediment was not interacting with the metaboliesm of the

lake.

The mineral content of the sediment were always very
high ranging from 6% to BOW. It did not wvary significantly
between the two statioms and the seasonal and verticasl

variation waeg slight (Fig. 58).

In deep water at station 1, the mineral taﬁtﬁﬁ# i the
flocculent layer ranged from 65 to 7574 and was always 1ower
thar +the middlie and deep layer. From Octobse <to sarly
December, the mineral content was around 70%Z except in late
September tu early October and in  late November when Lt
declined to 6%9%. From late December to the rest of the
period, it remained around 79% except in late March wher it

declined to 70%.
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I the first middle layer (Bom From top), Lt remained
aronanc 707 duriding most of the time  except  in late NMovenber
whern it declined to U4 and in mid June when it increased to

BO%.

In the second middle layer (4cm  $from top) and deep
layer (Bocm from top), the mineral content remained around
73% from July to mid January, 1986, it increased gradually
to 80% in late April and similar levels remained duwring the

rest of the period.

At station 2, mineral content in the flocculent layer
ranged from 63 to 80%. It varied between 70 and 754 duwring
most of the time except mid Beptember, late November and mid
March when it declined to 63% and in mid April to early

March when it increased to 80%.

In the middle layer (4cm from top), the mineraliamnt@mt
remained around 80% during most of the time except in
September when it declined to 734 and in late November to
early December when it reached to 70%. In the deep layer

(8cm from top), mineral content always remained around 8O0%.
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Figure 59. Seasonal variations of carbon content in the sediment
from July, 1985 to June, 1986. Carbon content is
expressed in mgC/g of seston.
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TEE. Carbon content (Loss on dgnition)

The  carbon content  of  bhe gecdiment showed  great
seasonal  and  vertical distribution patterns  with highest
level in the flocculent layer. Considerable differences were

also observed between the two stations (Fig. 5%,

In deep water at station 1, carbon content in  the
floccuwlent layer remained high {(178mg/qQ) from July to mid
September. It increased rapidly to the highest level
(228mg/g) in late September to early October. Carbon content
declined gradually to 1%0mg/g in  late November and similar
levels remained up to late February, 1986, It increased to
178mg/g in mid March and then declined to 128mg/g in mid
April and again increased to 180mg/g in early May and

gimilar levels remained till June.

In the first middle layer, carbon content remained
between 140 and 150mg/g during most of the time except in
late November to early December, early February, 1984 and

mid April when it declined to 128mg/q.

In the second middle and deep layer carbomn content
remained almost constant to 128mg/g except in mid July and

firom late November to late December when 1t increased to

150mg/g.
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At station 2, carbon content of  the sedisent were

a@lways Lower than station 1 oand ranged from 100 to 1%0mg/g.

Im the flocculent laver carbon content ramalned
approsimately 140mg/g from July to early September. It
declined to 128mg/g dwring mid to late September and again
increased to 140mg/g in early October and similar levels
remained up to Januwary, 1986, It declined gradually to
128mg/g in early April and similar levels remained till late
May and again increased to the highest level (1%0mg/g) in

June.

In the middle layer, carbon content was almost constant

to 125mg/g except in mid April to mid March when it declined

to 100mg/g.

In the deep layer, carbon content was approximately
100mg/g from July to August, it increased to 128mg/g in
September and similar levels remained till November. It
declined to 100mg/g in December and similar levels remained

up to May and again increased to 1285mg/g in June.
High values of carbon in the flocculent layver of the

sediment at station 1 during the summer and mid spring is

Emlated with the supply of organic seston (Fig. 44)
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originated anainly from algal  material. The highest level
chardmg Late September o eearly Ootober could be related with

anasrabl e decompesition  of  organic matter. The  sedimnent

sl face b station B wes always well oxygenated (Fig. &) and

the highest level in  June could also be related with the
supply of organic seston but high levels from  COotober  to
March could be related with non-algal organic  seston
particularly from the decomposition of aguatic macrophytes
which may well account for lowsr carbomn values than  the
sediment at station 1. Gorham % Sanger (1967) reported that
carbon content of organic matter in the sediment receiving
algal material is much higher than those receiving organic
matter from aguatic macrophytes. Carbon content of the
sediment i well documented and spring, summer  amd awbumn
maxima in different lakes seem to be common (e.g. Clay &
Wilhm, 19793 Guppy % Happey-Wood, 19787 Lastein, 1976
Folunin, 1982 and Storr et al., 1984). Black (19594) studied
the bottom deposit of Loch Lomond and reported that carbon
content of deep water sediment were always higher than the
littoral and littori-profundal sediment. The highest carbon
content in  the flococwlent layer and the decling with the
depth of the sediment in both the stations could be related
with larger autochthonous component and increased
consumption, especially at deeper levels, by bacteria and
benthic animals as well as modifications by mechanical

disturbances at the surface, known to take place duwring
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Figure 60. Seasonal variations of total nitrogen concentrations
in the sediment from July, 1985 to June, 1986.

Nitrogen concentration is expressed in mg NH4 - N/g.
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wirrter gades (Slack, 19%4). The highest level of carbon  in
the  top  centimetre and decrease with  the depth of the
secdiment  seems  to be common in most lakes (e.g. Lastein,

L9746y Mackereth, 1966y Pennington, 1973%).

7305, Total nitrogen

Total nitrogen concentrations in the sediment showed
marked seasonal and vertical varlations. Great differences

were also observed between the two stations (Fig., &0).

In deep water at station 1, total ritrogen
concentrations of the sediment ranged from & to 35.4mg/g. In
the flocoulent layer (top lom), the concentrations increased
gradually from 10mg/g in July, 1783 with decreasing oxygen
satuwration in the hypolimnion (Fig. 9) and reached to the
highest level of approximately S3.4mg/g in late August when
the sediment surface was completely deoxygenated. As thermal
stratification began to breaskdown and oxygen ﬁatmrﬁtimn at
the sediment began to increase from early September, 1965,
total nitrogen concentrations declined rapidly and again
reached to 10mg/g during late September to early October
with autumn overturn and complete oxygenation of the bobtom
sediment. The concentrations increased to BOmg /g o dn omid
October, declined slightly in late October to early November

and again increased to 20mg/g in mid November. It declined
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g achaal Ly e Leame /¢ i Late Mowvaember  ancd similar

concentrations I e el LA e i ¢l Frabruary . The
cancentrations  dnoreased gradually from late February, 1986

and resched  to 20mg/g dn mid Mareh and again declined to
1hmg /g in early April amd similar levels vemained duwring the

rest of the period of study.

In the Ffirst middle layer (Z2em from top) of the
sediment, nitrogen concentrations showed similar patterns of
seasonal variations as was observed in the flocculent layer.
It varied between 10mg/g in early July and 40mg/g in late
August to early September. During the rest of the period,

the concentrations ranged from 10-18mg/g.

In the second middle layer (4 oum from top), total
nitrogen concentrations varied between 10 and 18mg/¢g and the
seasonal patterns were rather reversed. From mid July to
mid August, the concentrations were approximately 13mg/g, it
declined to 10mg/g in late August and similar levels
remained wntil mid February, 1986. The - concentrations
gradually increased to 13mg/g in early March and  similar
levels continued up to early June and again declined to

10mg/g in mid June.

In the deep layer (Bem from top), the concentrations

ranged from %-1%mg/g. The lowest concentration was observed
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e omidd June and mid October.  The seasonal  patbterns  were

simi bar to the second middle layver of the sediment.

i the  shallow water at  station 2, total nitrogen
concentrations in the sediment ranged from 4.0 - 21.2ma/0.
Unlike station 1, nitrogen concentrations did not show a
major summer peak because the sediment surface was always
well oxnygenated and the oxygen level never dropped below S5Y%

saturation (Fig. &).

In the flovculent layer, the concentrations ranged from
10-21img/g. It showed three distinct and almost equal peaks
(20mg/g) in mid September, late November to early December

and from early April to early June.

In the middle (4cm from top) and deep layer, the
concentrations ranged from S-15mg/g. Both seasonal and

verical distribution patterns were similar to station 1.

The highest concentrations of total nitrogen in  the
wediment im deep water at station 1, was due to the
reduction of mud surface at a time when the seston biomass
was at the highest level (Fig. 44), originating mainly from:
the asuwnmer phytoplankton bloom {(Fig. 23). Remarkable
thanges mawurred'in the sediment as soon as  the oxygen

concentration in  the hypolimnion dropped below detectable
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lavel .  RFapld dncrease  of  btobal nitrogen  concenbeations

chardng data swomer dn deep water  sediment at sbation |
guggaest that  at least  some of the nitrogen was mobilized

feromm b deen seddment dn the  form of  ammomda.  Mordd men
(1941-1942) beawtifully demonstrated the release of amnonia
and other dissolved substances Ffrom the sediment and the
exchange of fons between mud and water during hypolimnetic
anoxia. Mortimer (1971) reviewsd the probable regulatory
mechanisms of chemical exchanges between sediments and waber
and suggested that reduction permits not only mobilization
of dons but it also removes a barrier to free diffusion
across the sediment water interface. The above changes were
rapidly reversed when the mud surface was oxygenated during

the autumn overturn.

The rise in total nitrogen concentratioms in the
flocculent layer of the sediment during Oetober and
November , 1985, could be realated with the resettlemenrt of
the organic matter after the autumn overturn which was also

reflected in the total biomass of seston (Fig. 44).

The other minor peak during the spring in 19846 is
related with the high organic matter content of the sediment
derived mainly Ffrom the sedimentation of organic seston
dominated by diatoms (Fig. 48). Gorham et al., (1974

observed aimilar phenomana and reported positive
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Figure 61. Seasonal variations of total soluble reactive
orthophosphate concentrations in the sediment
from July, 1985 to June, 1986. Orthophosphate
is expressed in mg PO4 - P/g.
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contribution  of algae in the natrient concentrations in the

s face layer of the sediment i some Eoglish lakes.

Thes tatal i brogen  concentrations  decreased with
increasing depth of the sediment especially from July to
BSeptember which was associated with the reducing condition
in anoxic situation. HMHowever, small vertical variations
during auwtumn and spring could be related with the nature
and composition of the upper layer of the sediment. Buppy
and Happey-Waood (1978) reported that total nitrogen
concentrations in the sediment decrease with the incressing

depth of the sediment.

7.3.4. Total soluble reactive orthophosphate @

Total soluble reactive orthophosphate concentrations in
the sediment (Fig. 61) showed similar patterns of seasonal
variation as was observed in total nitrogen concentrations

(Fig. &0).

At station 1, orthophosphate concentration in  the
flocculent layer was approximately 2.72Zmg/g in  early July.
As  soon as the oxygen satuwration dropped below detectable
level (Fig. 9, the concentrations increased sharply from
mid July and reached to the highest level (7.42mg/¢g) in

early +to mid August. During this period, orthophosphate
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concentrations  in the hypolimnion also incoreased teo  the

i ghest level (Fig. 17). s thermad streatificetion began to

breakdown and the sedinent swrface was slightly oxidized,
orthophosphat e concentrations cleze L i ned aharply t

approximately 3mg/g in mid SBeptember. After the avtumn
mverturn arcl resettlement of organic seston, e
concentrations increased to 4mg/g during October and sarly
NMovember. The concentrations remained between 3 and 4mg/g
from late November to early April, 1986. From mid April to
the rest of the period of study, orthophosphate levels

remained around 3mg/g.

In the first middle layer {(2em from Lop)
orthophosphate concentrations ranged from 1.6 to Smg/g and

the seasonal patterns were similar to the floccuwlent layer.

In the second middle layer (4 tm from topd,
orthophosphate concentrations ranged from 1.9 to 3.7mg/g.
The concentrations remained around 2mg/g from July to mid
October. It increased to the highest level in late October
to early November and remained around 3mg/g from mid

November to the rest of the period of study.
In the deep layer (8 cm Ffrom top), orthophosphate

concentrations ranged from 2 to 4mg/g  showing  small

irregular fluctuations. The highest concentrations were
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cligerved cdurdrg late  July  to mid August and from late
otk to  eerly  November  and  the lowest levels were
observed in esrly  February, late March and in late May to

aar Ly Jurie.

Unlike station 1, orthophosphate concentrations in the
sediment at station 2, did not show a late summer maximum
because the sediment surface was always well oxygenated
(Fig. &). However, the concentrations ranged from 0.9 to

4.2mg/g.

In the Fflocculent layer, the lowest level o f
orthophosphate was observed in July to early MAugust, it
increased to 3mg/g in  late August to late Septensber and
reached to the highest level in mid Détmberu Froam late
October to mid Jamuary, 1986, the concentrations remeined
around 3Amg/g and again increased to 4mg/g in late Januwary Lo
early February. The concentrations again declined to 3mg/g
in late February and similar levels remained wup to late
April., It declined gradually from early May and rwaéhad T
#mg/g during late May and early June. In the middle layer
(4cm from top), orthophosphate concentrations ranged from
1.2 to 3.img/g and the seasonal patterns were similar to the

flocculent layer.

In the deep layer (Bocm . from top), orthophosphate
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concentratdons wera generally low during  most  of  the time
and ranged  fromo 0098 to BSmg/g. The lowest concentrabtions
were observed in July, late MNovember to early December, mid
Marcry, 1986 and  late May to early June. The highest
concentrations were observed in early November, April and

@arly May.

The exchange of nutrient ions across the sediment
surface in lakes are mainly governed by temperatuwwe and
sedimentation of organic seston (Kamp~Nielsen, 19785). The
summer maximum in primary production during June and July
(Fig. 33) was followed by the highest production of organic

seston in late July to August (Fig. 44). Due to increasing

surface and bottom temperature in  this period, sediment
surface was completely deosygenated ard araerobic

decomposition of the sedimented organic matter acoelerated
which was reflected in  the maximum release of phosphate in
to the overlying water (Fig., 17). The stimulating effect of

sedimented organic matter in  the exchange process of

phosphate were reported by Gunatilka (1978) and Tessenow
(1972). In deep water sediment at station 1, the increasse of

phosphate in the flocculent layer during hypolimmetic anosia
could also be due to mobilization from the deep sediment.
However , in profundal sediment, the liberation of phosphate
during summer stagnation is well documented (e.g. Mortimer,

194142y Kamp-Nielsen,1974; Banin et al., 197%8; Guppy %
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Figure 62. Seasonal variations of Carbon/Nitrogen ratio in the
sediment from July, 1985 to June, 1986.
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Mappey ~Wood, 19768y Skogheim, 19783 Clay & Wilhm, 1979,

The incresse of phosphate in the flocculent layer of
the sedioent dno shal low weter at station 2 could be due to
redistribution of phosphate from the water after overtuwrn,

supplemented from the deep water sediment.

Fhosphate concentrations showed very small fluctuations
both seasonally and vertically durirng most of the time in
both the stations except the summer stagnation period in
deep water sediment in Dubh Lochan. 8imilar observations
were also made by Boers et al., (1984). Kamp-~MNielsen (19795
reported that a steady fixation of phosphate tahkes place in
the littoral as well as profundal sediments during the

winter.

7.3.8., Carbon/Nitrogen ratio

Carbon/Nitrogen (C/N) ratio of the sediment showsd
distinct seasonal and vertical distribution patterns in

both the stations (Fig. 62) and varied between U and 38,

In deep water at station 1, the C/N ratio in the
floccuwlent layer of the sediment was approximately 18 in mid
July, it declined gradually to @ in  August and again

increased gradually to 20 in early October. The C/N ratio
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clecraased slightly dn mid Oobober and again increased to the
Pighest level R0 in late October to early November. It
ceclined to 10 dn mid November and similar  levels remained

till June, 19864,

In the first and second middle layer, O/N ratio
remained around 10 during most of the time except in late
July and from mid April to early May in  the Jfirst middle
layer and from December to mid February in the second middle
layer when it increased to 15 and in October to early

November when it reached to 20.

In the deep layer, C/N ratio was similar to the middle

layer except in July when it reached to 30.

At station 2, C/N ratio in the Floccoculent layer
remained arcund 18 in July, it declined to 10 in August and
thern increased gradually to the highest level (23 in late
September to early October. The C/N ratio declined gradually
to 10 in late November to early January, 1986 and again
increased to 1% in February and March. It declined to 10 in
early April and similar levels remained throughout the rest

of the period.

In the middle layver, C/N ratio was similar to the

flocculent layer.
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T bhe desp Laver, C/N ratio was high (25 in late July
and werly Auguet, it declined slightly (20O) dim mid August to
carly September and again increased to the highest level
(35 i late September to early October. The C/N ratio
declined gradually to 10 in early December and similar
levels remgined throughout the rest of the period of study.

Black (1954) reported C/N ratios of  Loch  l.omond
sediment varying from 5 to 44 which is very similar to the
present study. Most of the values ranged fraom 10 - 20 which
also agrees with the present study. Values betweaern 10 and 20
is common in other oligotrophic lakes (e. ¢g. Clay & Wilhm,
19793 Buppy % Happey -~ Wood, 1978; Fennington, 1973). The
relative proportion of carbon with respect to nitrogen is
used in agricultural resesarch as indicating soil guality,
has been employed in investigations of lake deposits with
the object of determining the trophic state (Misra, 19738
Stangenberg, 1949) . Stangenberg (194%9) quoted several
awtthors to show that C/N ratios of terrestrial plants are
high (25 - 40) and of plankton and submerged phanermg%mﬁ are
low (5 - 10). In the present study on seston and sediment,
C/N ratio ranged from 10 ~ 30 during most of the time and
the highest levels (30 - 38) during late autumn indicates
high content of allochthonous materials together with the
influn  of peat entracts from the drainage basin. In most

lakes, C/N ratio generally falls as the organic content
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Figure 63. Seasonal variations of Nitrogen/Phosphorus ratio in
the sediment from July, 1985 to June, 1986.
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rises.  Low o arganic matter amd high C/N ratio  indicating
aligoteophy, end the converse euwtrophy while high organic
conternt  and  Migh  C/N ratio  denotes & high degree of
dystrophy (Slack, 19%94) which agrees with the present study.
Howeaver , there @r e wneveral reporte wher e thess
genaeralizations do not fit (Misra, 1938 3 Stangenberg, 1949)
and more data are required from many more lakes before it
can be decided whether these Jfactors are of real use in

Judging the trophic levels of lakes.

7.3.6. Nitrogen / Fhosphorus (N/F) ratio :

Nitrogen / Fhosphorus ratio of the sediment ranged from
2.5 to 10 showing slightly higher wvalues during the summer

months (Fig. 63).

In deep water at station 1, N/P ratio in the flocculent
layer increased gradually from 5 in July to the highest
level (1) during late August to early September when the
sediment surface was completely deoxygenated (Fig. S5). After
the autumn overturn, it declined rapidly to 2.5 in late
September to early October. During UOctober and November, M/F
ratio showed irregular fluctuations ranging from 2.5 to 5.
It increased gradually Ffrom 2.9 in December ta 5 in late
February, 1986 and similar levels remained during the rest

of the period.
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e the First middle layer (2em from  top), NP ratio
ranged  from BB to 7G0% 0 and showed  similar patterns of

seasonal varlations as was observed in the flocculent laver.

In the second middle layer (4cm  from  top), N/F ratio
wag the highest (7.3 in late July to mid August, it
declined gradually to 9 in mid September and similar levels

remained during the rest of the period of study.

In the deep layer (8cm  from top), NP ratio remalned
around I during most of the time except in late July and in

October to early November when it declined to 2.5.

At station 2, N/F ratio ranged from 2.5 to 7.9 and
vertical variation was observed only from mid March, 1984 to
June. However, from July to early September N/F ratio
remained around S, it declined sharply to 2.5 in mid
September and similar levels remained up to early quemberu
The N/P ratio again increased to 5 in late November to early
January, 1984, declined to 2.3 in late January to early

February and again increased to S in early March.
From mid March, N/F ratio in the Fflocculent layer

increased gradually from 5 to 7.0 during May and mid June,

The N/F ratio in the middle layer (4 cm from top) remained
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wrichanged but in the deep layer (Boem  from  top) it declined

grachdat by o 208 during May and early June.

Blightly higher N/F ratio duwring late spring and summer
tharn  the rest of the preerd e ia related with  high
concentrations of nitrogen in the organic matter originating
mainly from phytoplankton., The highest level during late
summer was due to anaerobic decomposition of the sediment at
a time when the sedimentation of seston was also high. The
increase in N/FP ratio in summer is presumably is & measure
of the relative mobility of these twd elements in the
sediment. Nitrogen is much more soluble and therefore mobile
than phosphorus even under anaerocobic conditions. aAlthough
seston biomass (Fig. 44) was high during autumn and winter,
M/FP ratio was low which is due to low nitrigen content of
organic matter originating mainly Ffrom the littoral

macrophytes.

However, the variation of N/P ratio between the two

stations was slight except in late July and August.

Golachowska (1984) studied lake sediments world wide
and reported that N/F ratio varied from lake to lake
irrespective of the type of the water body, its depth and

climate.
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Figure 64. Seasonal variations of energy content per gram dry
weight of sediment from July, 1985 to June, 1986.
Energy content is expressed in KJ x 1000/g.
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7k T Bedimert energetics o
7RG L Erergy content per gram drey welght of sediment @

The energy content per gram dry weight of sediment was
always higher at statiomn 1 than at station 2 (Fig. é44) and
showed close relationship with the energy content of seston

collected from 9m depth (Fig. S52).

In desp water at station 1, the energy content of the
sediment ranged from 5.2 X 1000 to 10.5 x 1000KJI/¢g.  In the
beginning of the study period, the energy content was high
(9.4 x 1DOQHJ/g) in July, it increased to the highest level
(10,8 » 1000KJ/g) in August and similar levels remained in
September. It declined gradually Ffrom (8.6 x 1000EI/g)
October and reached to the lowest level (3.2 x 1000EJI/g) in
March. It increased gradually $rom (5.5 x 1000EJI/g) Hpril

and reached to 7.5 x 1O00OKJI/g in June.

At station 2, the energy comntent of the 5mdiman£ a@r gy e
from J.8 % 1000 to 7.5 x  1000KJ/g. Although the ﬁ@aﬁmnai
pattern was similar, the levels were always slightly lower
than station 1. The energy content of the sediment was at
the highest level from July to September (7.2 x 1000 to 7.6
Mo AOOOKI/g), it declined gradually from (&.é& x  1000KJI/g)

October and reached to the lowest level (3.8 x 1000EJ/7¢) in
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Figure 65. Seasonal variations of energy content per gram ash free
dry weight of sediment from July, 1985 to June, 1986.
Energy content is expressed in KJ x 1000/g.
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Fadrwary, 1986, It incressed gradually $from (4.2 x 1000KI/g)

Mach and reached to &.03% 1000KI /g in June.
Zoha e Energy content per gram ash free dry weight of

sediment 1

The energy content calculated on the basis of ash free
drry weight of sediment (Fig. 6%5) also showed similar pattern
of seasonal variation as was observed on dry weight basis

(Fig. &4).

In deep water at station 1, the energy content of ash
free dry weight of the sediment varied between 17.1 x 1000
and A9.3% x 1000KJI/g. The energy content was high in July
(27.1 » 1000KJ/g), it declined sharply throuwgh August (34,1
®o 1000KI/g) and reached to the highest level (5903w
1000KI /gy  in September whaen the sediment suwwface was
completely deoxygenated (Fig. &S . It declined sharply in
October (28.4 «  1000KJI/g) and & gradual decline from
November lead to the lowest level in March (17.1 x
1000KI/g) . The energy content increased gradually from April
(22.8 3 1000kJ/g) and again reached to high level C30,0RJI/Q)

in June.

In shallow water at station 2, the energy content of

ash free dry weight of the sediment varied. between 12.0
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100 armd CERSL o LOOOKI /. The energy content was also high
roadudy CRPLE s 1000 /gy, it ineressed to the highest level
Ly dugpast (BE.L w0 10O00KI /gy and  then declined sharply in
Beptember  (LE.E » 1000RI/g) . The energy content  again
increased sharply Yin October (25,1 » 1000KJ/g) and then
declined gradually From  November (21,3 x 1000EJ/g) and
reached to the lowest level in March (12,0 x 1000KI/g). It
increased sharply in April (24,3 » 1000KJI/g)  and  then
declined slightly in May (22.8 x  1000EJI/g) and similar

levels remained in June (22.7 x 1000KJI/g).

Comparatively higher levels of energy in  the sediment
during the whole summer than the rest of the period in both
the stations at & time when the sediment received high
energy content seston (Fig., 92 mainly from  the death and
decomposition of phytoplankton. Salmi (19%4) recordaed a
gtriking positive correlation between energy content and the
degree of decomposiltion of sediment in two Finnish lakes.
Borham & Sanger (1967) evaluated the role of source material
in the energy content of sediment and concluded that
sediment recelving more algal material contain higher energy
than those receiving organic mat ter £ om aguatic
macrophytes. The highest energy content of the sediment at
station 1 during August and Beptember when the hypolimnion
was completely deoxygenated (Fig. 95 could be related with

anagrobic decay of sediment organic matter. Gorbam & Sanger
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(1967)  reported  thalt  organic matter of the anasrobic lake
mwed dw Mighly comminuted  and  decomposed and this condition
may  be  partly respornsible for ites  high energy content.
Bhallow parts of the lake such as &t stetion 2, exposed to
wind, are characterized by the continuous resuspension of
orgarnic matter which becomes odidized with a resulting loss
of energy (Jonasson, 1979). Due to continuous resuspension
of organic matter and the preferential sccumulation of
mineral particles, the proportion of mineral particles in

the sediment will be higher than organic matter.

Hence loose, low energy content material covered the
bottom and lowered the energy content of the sediment. The
low eaergy content of the sediment from December to March,
1984 could be related with low production of phytoplanbkton
(Fig. 23 and low energy content of  organic seston
originated mainly from the death and decomposition of
agquatic macrophytes and allochthonows organic  and inorganic
materials. Comparatively lower energy content of the
sediment at station 2 than station 1 during the whole period
of study couwld be related with particle size (not determined
in  the present study) of sedimenting organic matter. Larger
particles of organic matter settle first and smaller
particles remain in suspension until reaching the quiter,
deeper waters (Clay & Wilhm, 1979). Frink (19469) established

good correlation between particle size and water depth.
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energy ocontent of sediment {on dry owt. basis)  at
i than station 2, dwing the whole period of study
—obabdy due to the lowesr  proportion of  minegrals  in
1oand  sediment at  station 1. Duwring the periods of
thermal stratificestion, the energy content of seston and

= dry wht. basis) were also
migher than the shallow ater sediment. The energy content
P oaid not differ greatly
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of ssston and sediment at

of sediment were slightly higher

and even the

than  seston eptenber, U

i Sy, . 1985 and
carbohvdrate {weight
protein and

than the oprotein
it dis converted
sition, the energy
could  increase
in the amount of orgeanic matiter.

sediment during

Wern the energy content of sediment (orn both dry and ash
dry wt. basis) from both  desp  and shallow water were
against  the energy content  of  seston, it was
that the energy content of sediment at station 1
with s 31 but  at stetion 2, it

seston energetics.

The sharp  dncoresse of snergy  content  of  seston and
diment at stabtion oohwrimg July and Sugust and high level
prember was probpably due to the effect of & combination
of deodygenation of sediment suwrface &t a btime when the

seston was bigh due to susmer a&lgal  bloom esrlier
: dJune and July. The lowe of energy content of
gediment &t station 2, during the period was probably

i continuous mixing and differential resuspension of
matter from sediment at & time when the sediment

probably received @ost of the organic matter from
chezac arnd decomposed aguatic mactrophytes &l other
allochthonous sowces including leaf litter from the shore.
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8.1, Introduction @

than plankton especially in Dutlah Lochan. Benthic
egrnvironments and communities are more difficult to study
quantitatively. In addition, the processing of benthic
samples are time consuming. These problems have to some
extent limited the advancement of the Knowledge of benthos

(Kajak et al., 1980).

Benthic organisms may play & significant role in
functioning lacustrine ecosystem. Many attempts have been
made to classify lakes on the basis of thelir benthic fauna
(Brinkhwest, 1974). Renthos are very important sediment
processors, causing mixing in the layers in which they live
and control bacterial populations by continuouws grazing.
The role of benthos in the exchange of chemicals between mud
and water by stirring the mud and pumping water through
their burrows must be significant (Hajak et a&l., 1980
although little work has been done on the guantitative
aspects (Tessenow, 19643 1972). Tessenow (1964) indicated

that Chironomids cause & 4 fold increase in the rate of
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froam the sediments., Davies et al., (1978

shiowed  that  Tubificide play & minor role in phosporus

el ease and omay  actually  enhance  phosphorus deposition.,
Gallepp (1979 reported that Chironomids enhance phosphorus
release and where abundant  in the asrobic region of lake

sediments, their activities may be ewpected to result in a

signifticant source of phosphorus to the epilimnetic region.

They are also important in  the energy transfer process
in lacustrine ecosystems. Benthic filter feeders may be

very important in  removing the seston +$rom the water and

depositing it at the Brattom (Btanczykowska, 1968y
Lvova-kachanova, 1971). The biomass and production  of

lacustrine benthos have been discussed in relation to
primary production by BRrylinshki (1980), Davies (1980 and
Morgan  (1980). Although Jonasson (1972)  demonstrated a
clear dependance of Chironomid secondary production on the
primary production in lLake Esrom, the efficiency of energy
transfer from primary production to the secondary production
of benthos varies widely among different lakes (Morgan,
1980). The mode of life of benthos greatly differ betwesn
the deep, stratified, deoxygenated zone and the shallow well
onygenated zone even in the same lake. The energy transfer
process from phytoplankton to benthos through seston and

sediment is gquite complex and sometimes controlled by the
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arpvivonmantal  factore sspecially temperature and dissol ved

axygen Clwakuwma et al., 1984).

8.4 Materiales and Methoods

Sediment samples were collected once a month using an
Eckman grab (sampling area = 15,28ce™) from station 1| and
station 2, for the collection of benthic organisms. The
samples were collected from 10 to 18m radiuvs of each station
50 that the seston samples are not affected. In an attempt
to determine the number of grab samples required for a
representation of the benthic organisms, 10 samples were
cmll&mtep from each station., The nunber of benthos were
plotted against the number of samples and it was found that
S samples were enough to represent  the benthic commuanity.

The average counts of O samples were, therefore, considered

£ or each station on each sampling date for rowtine
investigation. All  the samples at each station were

collected separately in plasgtic buckets and carried to the
laboaratory. Each sample was placed in a cylindrical sieve
(mesh size = 0.53mm™) and swirled in tap water until the run
uff water was clear. The remaining material was transferred
into & sorting tray. The benthic organisms were sorted out
immediately when they were alive because of greater sorting
efficiency. Each species of benthos was collected in

geparate viale. They were identified according to Cranston

Fage 187




LSy and Ma

nagr CLREY g 19469 . The number of individuals

dre each specles were noted  and then they were dried inoan
aver et 10070 for 2 hows to get & constant dry weight. The
energy content of the benthos was calouwlated applyving a
conversion  factor of 24847128379 dry weight  of  benthos

which was given for Chironomus plumosus by  Cumming &

Wuycheck (1971). Chironomus plunosus was the only species

of benthos observed at station 1. Although 6 species of
benthos were observed at station 2, Chironomid larvaes
dominated during the whole period of study. The energy
content of benthos should, therefore, be considered as an

approximation.
a. 3. Results and Discussion
8.3.1. Bpecies composition

The species composition of benthgsi differed: greatly

hetwen station 1 and station 2.

In deep water at station 1, only 1 species of benthos,

Chironomus plumosus was observed during the whole period of

agtudy. Another species of benthos, Chaoborus flavicans was

also observed but it was not included in the present stuwdly
hecauwse the species is normally benthic in  daytime and

planktonic at night and since it feeds mainly on plankbon
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primks % Boott, 19710, must be considered as  far as

@rergy dnteractions eare concerned, & being planktonic.

In shallow water at station 2, siy species of benthos,

Chironomus plumosus, Chironomus GHey  Froclediuneg  sp.,

Pisidium sp., Bialis lutaria and Bigara sp., were recorded

during the period of study (Table 8).

The profundal benthos living in & structurally 1@%%
complex habitat, has reduced the diversity which is probably
due to the deoxygenation to which they are subjected and
may have limited the diversity evern when the odxygen supply
at the bottom is abundant. Moss (1983 reported that many
profundal communities are dominated by Chironomid larvae and
during the summer stagnation when the sediment swwface is
covared by anasrobic water, the Chiromomid Ffaumsa i even

reduced to one or two specigs like Chironomus plumosus.

Littoral animals cannot survive the low or even zero oXygen
concentration that C. plumosus can. The respiratory rates of

most of the organisms fall progressively with declining

high and constant over a wide - range of M YN
concentrations. Mason (1981) reported that the haemoglobin
in the blood of Chironomide acts as a carrier mainly when
the oxygen tension of the water dis low, at a time when the

amount of oxygen required by the animals can not be supplied
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by physical  solution.  The mechanisn of their swvival in
complotely  deooygenated  cormdition dis  still not  clear,
albthough it de widely believed that they store enough oxvgen
in thelr haemoglobin to maintain  their actiivities (Moss,
1982) . He also reported that the haemoglobin they contain
can only store enough  odygen to maintain their activities
for a very short time, so it is highly unlikely that this

onygen is enouwgh during prolonged deoxygenation.

Although station 2 is comparatively shallower (Sm deep)
than station 1 (10m deep), it is still below the euphotic
depth. The benthic community at station 2 is more diverse
tharn station 1 but it is mueh less than  the littoral
community where 30 species of benthos were recorded (Table
4). The littoral area of Dubh lochan is generally covered
with dense beds of aguatic macrophytes from late spring to
garly autumn. Moss (1982) reported that submerged weed beds
have a rich invertebrate fauna and provide cover from
predators. Below the euphotic depth, apparently bat e
sediment uwsually harbours a community of invertebrates, less
diverse than that of the weed beds and is often dominated by

Chironomid larvae.
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Figure 66. Seasonal variations of benthos biomass from March, 1985
to February, 1986. Benthos biomass is expressed as
number/mzlake bottom/month.
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Baed. @ Beasonal abundance of dndividual species i

Chironomues plumcsiis o

The seasonal abundance of Chironomus plumosus  varied

greatly between the two stations.

ranged from 400 to 1240/m*lake bottom/month and showed two
distinct seasonal peaks, one in April and the other in
November (Fig. &&). It increased rapidly from March (700/m=
lake bottom/month) and reached to the highest level in April
(1240/m= lake bottom/month).  The populations declined
gradually from May and reached to a very low lavel during
August 480/m* lake bottom/month) and September (S00/m* lake
bottom/manth). It increased slightly in Gotober and a vapid
increase in November (1170/m*® lake bottom/month) resuwlted in
its second peak. The papulmtianﬁ. declined slightly in
December with a rapid decrease during Januwary, 1986 resulted

in its lowest level in February (400/m= lake bottom/month).

In shallow water at-station 2, C. plumosus was present

im amall rnumbers (45 to S9/m= lake bottom/month) $from June

to Beptember (Table 8).

The highest numbers of C. plumosus during April  and

Fage 19F




Figh  mumbers  dn November at station 1 could be related to
thred v g cehue b d o clur i T e per ool o f et d muam
egrvivonmental conditions. The highest peak during April was
Just prior to phytoplankton bloom (Fig. 2% and the pesak in
November was Jjust after the auvtumn  overtwn  with  high
populations of diatoms (Figs. 30 -~ 34)., Morgan (1280)
temperate lakes depending on such ecological factors as
temperature and food supply. In Dubh Lochan, it seems there

wer'e two generations, one in late spring and the other in

late autumn.

Low numbers during the early summer couwld be due to the

™~

emergence (not determined in the present study) of C.

plumosus as they become adult and leave the sediment to be
terrestrial. The low numbers during August and September
could be due to the effect of deoxygenation of the sediment.
Very low levels during Januvary, 1986 and February_amuld bes

related to low temperature as well as the supply of low

energy content detritus (Fig. S2).

2 (Table 8) duwring the periods of thermal atratification

(June to September) could be due to migration from the deep

water sediment.
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Chvi v anomaas sm.

Chironomis sp. was present from Merch  to  October  at

station 2 only. The population was high in March (178/m=
lake bottom/month), declined slightly in  April (1Z33/m® lake
bottom/month) and a gradual increase from . May lead to the
highest level in June (Eli/m*® lake bottom/month). The
popul ations declined sharply in July (195/m=  lahke
bottom/month) and again increased sharply in August (282/m=
lake bottom/month). It declined sharply through Beptember
and October (59/m* lake bottom/month) and disappeared in

November and the species was absent till February, 1986.

Frocladius sp. @

Frocladius sp. was recorded from March to October at
station 2 only (Table &). It ranged Ffrom 859 to 459
individuals/m*® lake bottom/month. The populations remained
low during March and April (89 to 104/m® lake bottom/month),
it incresed to the highést level in June (489/m% lake
\
bottom/month) and similar levels remained uwp to July. Tt
declined sharply in August (297/m% lake bottom/month) and a
sharp decline through September resulted in its lowsst level
in October (3%9/m® lake bottom/month) and disappeared by

November. The species was absent from November to Februwary,

198&.
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The  sediment  sweface at station 2 was always  well

wrygenated and never dropped below S57% satwation (Fig. 6).

The rapid increase of the numbers of both Chironomus

8p., and Frocladius sp., in May could be related to their
reproduction and high levels during the whole summer seems
to be related with the supply of high energy content algal
detritus (Fig. 52) during favourable environmnental
conditions especially temperature (Fig. 4). The sharp
decline in numbers of both the species during September and
October and their absence from NMovember to February, 1986

could be due to their emergence as they becomg adult and

leave the sediment to be terrestrial.

Gialis lutaria

Bialis lutaria was present throughout the year except

in July at station 2 only (Table 8), but ' their population

remained very low (45 to 59/m® lake bottom/month).

Sigara sp. b

Sigara sp., was present only at station 2 (Table 8) in

December and January, 1986 and their population also

remained very low (45/m® lake bottom/month). The species
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coubd bave migrated  dn from littoral sites during very cold
weathar when the Littoral s@ires was Frozen.

Pisidium sp.

Pisidium sp., a tiny pea shell cockle was observed from
March to September at statiom 2 only and ranged from 89 to
371 individuals/m= lake bottom/month (Table &). The
population increased gradually Ffrom March (89/n% lake
bottom/manth) and reached to the highest level in July
(371/m= lake bottom/month). It declined rapidly in September
(133/m=  lake bottom/month) and disappeared by October. The

species was absent from October to February, 1986.

The rapid increase in total numbers of Pisidium from
April and high levels from May to August coincide with high
production of phytoplankton (Fig. 2% at a time of optimum
environmental conditions. The absence of the species from
October to February, 1986 could be due to beth unfavourable

environmental conditions specially very low winter

temperatuwe and short supply of food.
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L I Braarmbhes biomass o

Benthos biomeass expressed s total numbers/m®  lake

bottam/month varied greatly betwesn the two stations,

In deep water at station 1, Chironomus plumosus was the

only species of benthos observed during the present study
and the seasonal pattern has already been described in  the
previous section (8.3.2). The seasonal variations of biomass
of a single species is, therefore, compared with the total

number of benthos observed at statiorn 2.

In shallow water at station 2, the seasonal variation
of total number of benthos was very different From station
1o Tt ranged from 30 to 1290/m® lake bottom/month and showed
a single summer maximum. Total number of benthos was low
(420/m*= lake bottom /month) during March and April, it
increagsed very rapidly (1200/m= lake bottom /mmnth) in May
and reached to the highest level (1290/m*=  lake bottom
Zmonth) in June. Total number of benthos declined gradually
during July (1030/m® lake bottom/month) and  August (FO0/m*
lake bottom/month) and a rapid decline during Sepltember and
October lead to the lowest level (60/m™ lake bottom/month)
in November and similar levels remnained throughowt the rest

of the period of study.
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Figure 67. Seasonal variations of benthos biomass from March, 1985
to February, 1986. Benthos biomass is expressed as dry
weight in g/mzlake bottom/month.
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Figure 68. Seasonal variations of benthos biomass from March, 1985
to February, 1986. Benthos biomass is expressed in
KJ x lOS/mzlake bottom/month.
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Barnthos bilomase estinated by diry  welght (1100 for 2
Fiondrs)  smhowed simdlar patterns of seasonal variations (Fig.
67) an  was  observed in total  numbers (Fig. eé). It also
showed two peaks at station 1, one in  spring and the other

in late auwtumn and a single summer peak &t station 2.

Benthos biomass ranged from 0.5%4g/m=  lake bottom/month
in February, 1986 to 1.8g/m™ lake bottom/month in May, 1985
in deep water at station 1 and in shallow water at station
2, it ranged from 0.24g/m® lake bottom/month in February,

1986 to 1.96g/m= lake bottom/month in May, 198%.

Benthos biomass calculated in terms of energy, ranged
from 0.14725 » 10%KJI/m®  lake bottom/month in  Mugust  to
04477 X 109KI/m*= lake bottom/month in May in deep water at
station 1 and from Q0.06138 x  10%KJI/n® lake bottom/month in
February, 19846 to 0.47839 « 10%KJ/m™ lake bottom/month in
June, 1986 in -shallow water at station 2 (Fig. &B} ashowing
similar patterns of seasonal variations as was observed in
total numbers (Fig. 66) and dry weight (Fig. 67) duwring the

whole period of study.

In deep water at station 1, the seasonal peaks of
benthos biomass neither correlates with phyteoplankton
biomass nor primary production. During the periods of high

phytoplankton biomass and primary prodaction in  summer

Fage 197




monthis Chuare o Augusty  besthos biomnass declined nearly to

the lowest level and when brerrrbiros biomass reached ey the

paaks durdng  spring and  late adbtumn, both phytoplankton
biomass and primary production was very low. However
begnthos biomass showed close relationship with diatom

production (Figs. 30-34) although diatoms constituted & tiny
fraction of phytoplankton biomass. Morgan (1980) reported
that in profundal of stratified temperate lakes, maximum in
benthos biomass occuwr mostly in spring (April & May) and in
auntumn (October) while phytoplankton and primary production
reach maximum during summer (Moss, 1980). Twakuma et
al., (1984) observed that Ffluctuations in the secondary
production of Chirecnomids was independent of fluctwations in
the phytoplankton abundance. Environmental factors such as
water temperature and dissolved oxygen couwld be responsible
in controlling their production. Although Jonasson (19738)
has demonstrated a clear dependance of Chironomid secondary
production on the primary production in  lake Eaﬁmm, the
efficiency of energy transfer from the primary production to
the secondary production of benthos varies widely among
different lakes depending on the trophic status and mode of
life of the benthos (Morgan, 1980). Benthos biomass showed
close relationship with seston biomass from March to June
arnd Dotober to February, 1986, During thermal
mtratification and deoxygenated sediment swface From July

to September, benthos biomass declined to & very low level
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stor bl omass wes very high in August. During the

periods  of  high berthos  prodoaction in spring and antumn,
sgeton originated meinly from agquatic  macrophytes arel in

summer  months  when benthos production was  low, seston
originated mainly from phytoplankton. Jokannsson & Beaver
(1983) reported that the contribution of algsae as a food

souwrce to the energetics of Chiromomus plumosus  was  @small

and reached & mextimum of 13-34% in August and September but

during the rest of the year it varied between 2 and 8%4. It

was suggested that detritus with its assoclated
microorganisms may supply the remainder. Moss  (1983)

indicated that bacteria and other microorganisms grown in
fine sedimenting organic matter play an impartant role in
the diet of Chironomid larvae while organic matter alone can

not support their growth.

Benthos biomass at station | comprised only C.
plumpsus. In  the profundal of temperate lakes it has

generally 1-3F generations per year (Morgan, 1980) which is
governed by body size and such ecological factors as
temperature, dissolved oxygen and food supply (Morgan,
1980) . In Dubh Lochan, it seems that it had 2 generations,
oneg in April and the other in November. High production of
benthos in spring and acvtumn seems to be related with
optimum temperature at a time when sediment recelves high

gquantities of organic seston. Low production of benthos
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from July to Beptember at s time  whern seston productdon was
Foigh  seems  to be  due  bto the decsygeration  of sediment

S S,

At station 2y  benthos biomass clearly follows
phytoplankton biomass and primary production (recorded at
station 1 only). Masimum benthos production in June and
high level from May to August could be related to high
temperature and well oxygenated sediment surtace at a time
when sediment receives high energy content organic seston
mainly from the death of phytoplankton. The highest
production of benthos (June) at station 2 did not differ
greatly from station 1 (April). Although station 2 is
comparatively shallower than station 1, it is still beyond
euphotic depth and the sediment receives organic matter

mainly from the sedimenting seston.

Fage. 200




T e o ol R

W ol B B s e R e R
Q.1 General i

The anergetica and biomass of individual compartments
as well as seasonal. variation and the factors which
influeﬁce thém have EQEﬁ dealt with seperately in Chapter 4
(phytoplankton), Chapter ] (zpoplankton), Chapter &
(seston), Chapter 7 (sediment) and Chapter 8 (bernthos). In
this chapter, the data Ty energy flow from primary
production of phytoplankton to various compartments have
been compiled (Table @) and discussed on both monthly and

annual bases.

Frimary production measurements were made over a 4 hour
period, these data were then converted to monthly values,
thué enabling direct comparison with all other calorific
values which were determined on a monthly basis. Thus the
hourly average for the month was multiplied by the total
number of daylight howrs for  that month Lo obtain the
monthly primary production. Cloud cover was not accounted

for, this may represent a minor sowce of error.

Page»?@i}‘ 




(8L61) Z31ED] WO Pl

GLEE L 0789'T  9GEV'E  TBK0'0  STE00 UL 9T 8% ST SE8E0'0 SI%0T0 870 W0 UTU mmm.mo\ﬂsawwmw,m»
--- --- — --- 800 0%K00 --- =-=- =—-=  —-- ——— o --- - -—- --- aury
--- - --- --- 0800 80 ~-- --=-  —-= - ——— - - - --- -- £
--- --- --- --- W0 WSOV m-- - -2 oo ——- - - --- --- --- Trdy
--- --- --- --- MO0 0500 ~-- ~-—-= === oo ——— - --- --- —_— --- Py
--- --- 100 8AT0 000 0900  --- ---  S&ZEL 00GBL'T ZZ0RO0 OWIZOTO --- --- --- --- Krenacpd
€% [T066  9TEE0°0 S0Ee0  CITO0 (CIS00 ErOmMK 86THIK OGWSTR 00O T 06TSD0 0SE/0°0 81y 200 #1000 00060°0 Lxecuep
7 M 06680°0 §9Z6E0  CR0S0T0 2RO LLTEESTK €0°66I<  O0BETY  06/ST°T COWR0'0 (E0E0°0 £9°0 91000 45992°0  005/E°0 TeqEoe]
5T 0c T 9E0°0 uTro TR0 (SE00 996K [EEIK §6MRS  OGWETE THAD0 0St60°0 0 HE00  OnT6T  06/00°T TENCN
611 60°C S0 - QUSZ'0 TR0 OT980°0 %6l 0'8C  O0/SYT 9SG OSME0'0 ATOT'O 80°0 0G010°0  T69TEZT  S629Z'TT =0
60T 91°C §00C°0  0BIT°0 W00  SWT0  9U%  9°6E (69987 00%E8'C  (G%ET'0 00G0T°0 %0 0o0'0  769T6°L  G099'8  qmndsg
€L e'c €E166°0  STMT'0 W00 THOT'0 67'8TIK ZL°67I<  790/€°6  O00LL'0T  986ET°0 009Z1°0 0'¢ 0X0CT’0 8/88C%  O0SZZ€ET JsriEy
67°C 1 WL 80ce0 05100 OS00  S8T 99'86 Q00BL'E 00/9%6°8 009210 OO0 %°0 01920°C  +898Z°ST  GE96Y™* oy
62°€ %'T 6870 WIgX'0. T -~ ST WS 00G9T OTESLTL 00G0T0 OTeMTT0 69°0 956070 SREISHT  TOEL'T aay
162°€ we WEr'0 Ut Tt === /S 080 OW09% ORICy  O0M00 OBEZI0 o7'1 O0E'0  YET9LST TEOWL9 Leg
w2'ee 16°0L 0RO 8EED  ~ - - - 05T 07K OTS0'9 099E0E OEO00 Z2I0T°0 TG ®KE0°0 L6560 TSLTOT Tody
9T'0s  €8'8L WUT0 - /6690 -~~~ - - OCETIK OET066< 0SEBYY 996°T 0SE/0°0 Z7R0°0 9/°g w6100 w70 0eL9S0 P
- - o .- e - e 68°G FE0'0 86900 TZEWN0 Axenageg

¢ wrels |1 woesg| 7 woeag| 1 wnens |z wREs | 1 wrEs up ut | up urg up g 9R6T-G85T| GoT-R6T

(/A
[@isen \moﬁ %)
(@eweamd) | o/ or X of) | AP w\ H %) (Beumarad) /20 0T X ) 3/ 01 X 0D A%ﬂmoiv hﬁE& /0T ¥ O
ols njung| ssawtg Lasrotgga SSELOTY fBmy | Awsougy Azaug
SO
sapuag JuBITpeS umses wPLETdooz; Py

“UBPOT Ugrg Ut sopueq o wpperdaAd wog #ory By 16 S[FL




The arnergetics of zooplanktorn was not determined in the
present  study  and  all the  valuwes were calcoulated from

(elaver, 1978).

9.2, Primary production - Zeooplankton biomass o

Frimary production in February and March was very low

which was also reflected by low zooplankton biomass. With

i

increasing primary productian inm Aprdl (0. HE

o
-~

109KJI/m2/month) and a very rapid rise in May (13,746 x

10¥Ed/m2/month) , =zooplankton biomass reached to the
highest level (0.2 » 10%RKJI/m=/month).  Primary

production idincreased slightly in Jurne and reached to the
highest level in July (13,28 ¥ LOPEI/m= Zmerti) Bt
zooplankton biomass declined gradually to 0. 084 H
10T/ m*=/month. Frimary production declined rapidly in
August  4.28 »  107KI/m®/month)  but zooplankton biomass
increased to .13 x 109KJI/m=/month. Although primary
production increased in September and reached to & second
peak in October (12,31 #o 109KI/m® /month) ,  rooplankton
biomass declined to 0.010 «x 1O%KJI/m=/month. As products on
level declined sharply in November and reached to the lowest
level (0,04 » 10%KJI/m=/month) in January, 1984, zooplankiton
hiomass also declined to the lowest level (O, 00L&

10%KI/m*=/month) .
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Thie il ol ency ok ey trarst ormation i om
prley b b arrk b T zeop ) ankoton @i el g aad; e s onal
variations., 16 ranged from 0008 to B.89%4. The highest level
was in  February and slightly lower levels remained up to
April (5. 15%) when the primary production was very low. The
gfficiency of energy transfer declined sharply in May {(1.485%)
with rapid increase in primary production. It declined
gradually from June (0.6%9%) and reached to the lowest level
(0. 08%) in October except in August when it  increased to
3.4%. The efficiency of energy transfer increassed slightly
in November and December (0.63%4) and again reached to high
level (4.16%) in January, 1986. On an annual basis, epergy
transformation from phytoplankton to zooplankton was only

0.87%.

On an annual basis, Klarer (1978) reported %.7% energy
transformation from phytoplankton to zooplankton in Dubh
Lochan which is approximately 4 times higher than the
present study. This difference could be mainly due to the
change in the species composition of both phytoplankton and

zooplankton.

Many workers used a ratio of zooplankton biomass to
primary production as & measure of wtilization of
phytoplankton by zooplankton (e.g. - Blobodkin, 19&60;

Schindler, 19723 Winberg et al., 1972). Klarer (1978)
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commpar ad  the  energy  transfornation  from phytoplankton to
socplankton ofb U3 lakes of  variouws  trophic  statuws  from
different parts of the world amd the efficiencies varied
from L.é6% in an  eutrophic lake (Beverson lake in U.B.A.) to
49% in  an oligotrophic lake in Finland (Faajarvi lake).
Jonasson (1979)  compared the energy transformation from
phytoplankton to zooplankton of 11 northern temperate lakes
and the ratio calculated varied from 0,03 to 13.7%. The only
Bcottish lake included in the comparison was Loch l.even
where 2.6% of the energy was transformed from phytoplankton
to zooplankton. Brylinski (1980) reviewed the efficiency of
enerqy transfer from phytoplankton to zooplankton of a group
of lakes and found a mean value of 7.1%, ranging +ram 0,10
to 27.4%. Most of the other reports suggest an  energy
transformation of 10 to 15% 1 om phytoplankton to
zooplankton in oligotrophic lakes (Millbricht - Ilkowshka,

19723  Schindler, 1972; Pederson et at., 197&8).

The efficiency of energy transfer from phytoplankton to
zooplankton varies widely among different lakes. Significant
variations could &lso be observed in the same lake in
diffaerent seasons and in different years. Several biotic and
abiotic factors could be responsible for such variations in
natural ecosystems (Brylinski, 1980). Primary production may
increase as a reswlt of successful  growth of any  algal

mpecies which may not be suitable food for zooplankton.
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Beasonal verdiations of zooplankton biomass largely depend on
plivesical  conditions  since  egg developement is temperature

dependant (Moss, 1982).

Morgan (1980) concluded that temperature and sufficient
food of suitable quality are the controlling factors for

zooplankton production.

In the present study primary production was very low
from January to April comprising only 2% of the annual
production due to low incident light ETErgY. Thes
phytoplankton community during this period was dominated by
diatoms. Comparatively higher efficiency of @rergy
transformation during this period than the rest of the time
could be due to both suwitability of diatoms as food of
zaoplankton  and optimum temperature Ffor the growth and

reproduction of zooplankton.

The highest zooplankton biomass was in May when

phytoplankton was dominated by Dinobryon divergens which is

& very good source of food for many species of zooplankton
(Hutchinson, 194673 Schindler, 1972). Primary production
levels remained high during the whole summer due to
successful growth of several species of green and blue green
algae but the efficliency of energy transfer was very low.

Fifty seven percent of the annual production occurred $rom
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Jurie o bo Auguet ad Lhe phvtoplankton  was  dominated by

Gphaer ooystis sohroeterd,  Oocysbtis  spp.,  and Cryptomonas

spp. Moss (L98E) reported that various species of algase are
assimilated by zooplankiton to differing extents. Some of
them pass ouvt of the gut of zooplankton alive, others dead

but only partly digested. Sphasrocystis schroeteri, & thick

cell walled algee embeded in a gelatinous sheath which
decrease the digestibility of the algae and increase the
possibility of gut passage (Porter, 1975). Forter (197&)

abserved that more than 0% of the unassimilated cells of 8.

also been reported to be poorly assimilated (Moss, 1983).
Blue green algae also have a reputation for being poorly
assimilated food for many species of zooplankton. Armold
(1971) has shown that indefinite maintenance of Daphnia
populations is not possible on certain blue green algal

specle@g.

In the present study, it seems likely that low energy
transfer from phytoplankton to zooplankton could be due to

poor assimilation of the green and blue green algal species.

Aftter adtumn overturn, primary production increased in

October but the efficiency of energy transfer remained very

low during  the whole autumn. During this period,
phytoplankton was dominated by green flagellates,
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Cryptomoras  spp., and  Botryococous braunii. Low  rate of

erercy  btrarsformatdon curding this period cowld asgain be

related to poor assimilation of the algal species.

.3, Frimary production - Seston production @

On an annual basis less than 14 of the energy was
transformed from phytoplankton to zooplankton {(section 9.2),
the rest may have joined the seston although some may have
gone directly to other secondary producers like littoral
benthos and fish which is beyond the scope of the present
study. An amount of this unused energy fixed during primary

praduction may go to the sediment through seston but some

may be lost as heat o in respiration duwring the
sedimentation and death ard decompositian. During

decomposition process, some organic matter may be dissolved
into the water column and used again by phytoplankton in
the form of nutrients. Fine particulate organic detritus may
originate from both autochthonous and allochthonous souwrces
and iag extremely difficult to identify the amournt
ariginating: directly from phytopglankton. In  the present
atudy, no attempt was made to separate organic matter of

different origin and the seston will be treated as a whole.
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Beaton  prodection varied greatly between upper (lm
cheptl) st Lower (Ba deptih traps.

Although phytoplankton production was very low  during
March and April (034 » 109 to 0,895 w 10%EI/mP/month),
seston production in the upper trap remained high (2.5
LOBKI/mB/ manth) . With rapid incresse of primary production
in May (13.76 »x 10%KJ/m*®/month), seston biomass increased
slightly (4.2 x 107KJd/m®/month) and with primary production
increasing in June and to the highest level in July
(15.29 »  105KJI/m=/month), seston production increased to
8.9 b 10%/m®/month.  Although phytoplankton production
declined sharply in August, seston reached to the highest

peak of production (10.7 3 10%JI/m /month) .

Frimary production increased again in September (7.93% x
10%kJd/m*/month) but seston production declined sharply (2,83
» 1093/ m=/month) and again increased (5. 46 X
109K J/m=/month) with increased primary production in October
(12,32 #  10%KJI/m*®=/month) . Frimary production declined
rapidly in  November (2.9 x 109KJ/m®/month) and resached to
the lowest level in January, 1986, seston production
declined more slowly but also reached to the lowest level in
Jarmuary (1.47 x 10°KI/m=/month)y, a&lthough levels were

higher than for primary production.
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Bewston  production  exceeded primary  production more
clurdomg Mearcke (EED03%) ard Gped ) (448,47 than at any other
time in the pericd of stwdy. Tt also excesded in August
(2149.74) and #W@m Movember (FIE.377%) to January (=142.98%) ,
1986. However, during the period of high production in May,
B0%4 of the ahakgy channelled to the seston. It increased
rapidly in June and reached to S8.66% in July. It declined
sharply in September and reached to 28,0857 in October. Thus
for the period of overturn, seston exceeded phytoplankton
production and for the period of stratification the reverse

was the case except for August.

In the bottom trap, seston production during March
(4.48 % 10%KJI/m=®/month)  and April (6. 0% w 1OBEI/m®/month)
was comparatively higher than the upper trap and was much
higher than primary production. With increasing primary
production in May and June, seston production. declined to
2.6 o 10%EJ/m®/month. It increased slightly in July (3.78 «
1O¥EI/m*= /month)  when the primary production was at the
highest level. GSeston production increased very rapidly to
the highest level (9.37 x 10%KJI/m®/month) in August although
primary production declined sharply. During the autumn peak
of primary production in October, seston production declined
sharply to the lowest level (2.46 » 10%KJI/m*®/month). Seston
production increased rapidly in November - (5.82 H

LO¥KI/m™/month) with rapid decline of primary production and
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Figh level of seston L% w LO¥EI/m®/month) remained from

Decenber o February, 1986 when primary production level was

Ml mime

Seston production also exceeded primary production
during March (»12.097%) and April (X992.5%) at a greater rate
in the bottom +trap than in the upper trap. It exceeded
primary production approximately 1184 in August and 99% in
November and reached to the highest level in December
(»1338.77%4)  and the level also remained high in Januwary
(»445%) , 1986. However, 33.574 of the energy was channelled
to the seston in May, it declined slightly in June and then
increased to 346.16% in SBeptember and again declined to 19%

in October.

Increase in seston production in  the upper trap from
May to July and the highest level in August was due to the
decomposition of phytoplankton which were caught immediately
after their death. Comparatively lower levels §$ saston
production in the bottom trap than the upper trap during
Jure and July when primary production level was the highest,
couwld be related with the sedimentation time of dead and
decomposed phytoplankton and consequent loss of  energy  in
the process. During this period thermal stratification couwld
also play an important role in delaying the sedimentation of

seston and preventing the resuspension of organic matter
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e tobbeam

frcm e seddment. A sedimenting

trap by August, b owas reflocted by the  highest  level of
saston blomass. The orgenic mabtter dwing thils btioe seems Lo
be originated mainly from phytoplankton. The other sources
ihalud& intlow carrying alleochthonows organic  matter from
the neighbouwring area to the lake. Littoral vegetation and
leat litter from the catchment and resuspension of organic
matter frdm the littoral and littori -~ profundal sediment
could also . contribute significantly. It is extremely
difficult  to guantify the contribution of these souwrces Lo
the energetics of seston due to the complex natuwre. Direct
relationship betwsen phytoplankton produaction and seston
biomass is common in many lakes (Wright, 19959 Wetsel, 1973y
Jonasson et al., 1974y Hallegraeff, L278) . Al though
phytoplankton is the dominant source of organic detritus in
many lakes, very few estimates of the rate of production of

detritus from algae are available (Saunders, 1980).

Migh seston production during March and April which
greatly exceeded primary production, could be related with
the sedimentation of organic detritus originated mainly from
the death and decomposition of aguatic macrophytes cdueing
the previous winter. The littoral area of Dubh Lochan have
dense beds of both submerged and emergent vegetation. As
autumn proceeds and temperatuwwre drops, these littoral

macrophytes start dying and by winter most of these
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vegetations  die  and subseopuently decomposed  din the lakoe

water . learger perbioles sebtlie  Filret and  the smaller
particles remain in  suspension  wtil  resaching  the deeper

wataers (Clay & Wilhm, 1979).

The inflow of rain water during March and April was
very low and possibly therefore, the input of allochthonous
organic matter was also low. High seston production during
this period could, therefore, be resulted mainly from the
death and  decomposition of aquatic macrophytes since
previous winter and the resuspension of organic matter from
the sediment. On measuring the seston blomass by traps,
Lagstein (1983) reported the highest value of the year in

April near the bottom.

At the time of autumn overturn (October) , the
circulation of water and the resuspension of organic matter
from the sediment couwld be important in increasing seston
biomass. However, during late autumn and winter, high
guantities of seston could originate +from both littoral
vegetations and allochthonous sources as the inflow of rain
water during this period was also high. Duwring this period
leaf litter could also contribute significantly into the

composition of seston.

Baunders (1980Q) reviewed the role of macrophytes in the
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production  of  organdio deteitus A lake  ecosysbems  and
sugaestaed that  they may produce deteitus Uheowgbouwt Sl
year. The major drnput of desd perticulate matter octur with
the changes of environmental condition in temperate regilon
during autumn and is mainly related to the life cycle of the
aguatic plants. It was also concluded that in the lake
ecosystems, the nonliving organic matter is greater than the
living matter by several orders of magnitude. Several
workers reported the dominance of macrophytic organic matter
in the seston in shallow oligotrophic lakes in temperate
region (e. g. Bodin % Nauwerchk, 19683 Hobbie et «l., 1972

Wetzel & Hough, 1973). Wetzel et al., (1972) reported an

annual input of carbon in Lawrence lake in U.8. 8., where
macrophytes contributed mor e than twice as much as

phytoplankton. However, the role of macrophytes and their
composition in the seston is extremely variable depending
upon  the nature of the lake and the mode of life of

individual species.

The contribution of allochthonous organic matter varies
in different lakes and may also vary %ignificantly in a
particular lake in different seasons (Rodhe, 19693 Odum,
19713 Saunders, 1980). The informations on allochthonous
organic matter are mostly gualitative becautse o
difficulties in gquantitatively estimating a&all the input

rates associated with any single water body. Most
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Lrivertories of  allochthonows  doput to water  bodies  ace
Prav i el becawse scelected sowroes hovs been estimated in the
form of prodimaete indices of area or indices of fertility of
the drainage basin., The proportion of allochthonous organic
matter to the sestomn in lake varies from a few percent in
the case of most suwrface drainages to more than Q0% for

litter fall (Leach, 19795; Saunders, 1980).,

Ignoring the contribution of autochthonous macropytes
and allochthonous sources in the seston, 72%4 and 77% of the
primary production channelled through the upper and 1ower
traps respectively and ultimately reached the sediment. High
seston biomass also in the wpper trap was contributed by
sedimenting phytoplanktorn during the swummer months when the
productivity levels were high. During July and August
seston biomass was also influenced by algal growth in the

seston tubes of the upper trap.
?.4. Frimary production - Sediment 3

On an annual basis approximately 774 of the primary
production of phytoplankton is channelled through seston and
Joined the sediment. The effect of the sedimented seston
upon the energetices of sediment will be discussed in this

saction.
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o

I despn water abt stabtion 1 Tl arergy conbtent of bthe
J y Ly

sechmant was gl dn Judly 0,094 w0 LOPREI/ g whan bhe
primary  production was at the ighest level. Al thenagh

primary production declined sharply in fugust, the energy
content of the sediment reached to the highest level
(0. 10542 »  10PKI/g) with the highest level of sedimented
seston. With increased primary production and rapid decline
of seston biomass in September, the energy content of the
sediment remained high. Sediment energetice declined
slightly (0.08&61 x 10%KJ/g) with seston biomass although
primary production increased to the auwtumn peak in October.
Coinmciding with the rapid decline of primary production from
Navémber, the energy content of the sediment declined
gradually to the lowest level (0.0388 x 10%KJI/g) in March,
1986 when seston biomass remained high. The energy content
of the sediment again increased gradually from April
(0. O58302 »x  109KJI/g) to June (0.07356 ®  109KJI/g)  with
increasing primary production although seston biomass showed

a declining tendency.

At station 2, the energy content of the sediment showed
gimilar patterns of seasonal variations with primary
production as was observed at station 1 but on an average

the values were 207 lower than at station 1.

The energy content per unit of  sediment &t both the
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stoations  showed olose relation with the energy content pee

wrd tood sestorn at Pmo depth bat bhe sedinent snergy wers

always lower than seston energy.

In deep water at statiom 1, the energy content per gram
of sediment was at the highest level from July to September
(0.0945 % 10% to 0.10542 w  10%KJI/g) when the energy content
per gram of seston was also at the highest level (0,126 x
109 to 0.13986 w  10%KJI/g). With rapid decline of seston
energy in October (0.0945 x 10%KJI/g), energy content of the
sediment declined rapidly (0.086 x 10%J/g). Sediment energy
declined gradually from November (0.0728 «  10%J/g)  and
reached to the lowest level in Januwary (0.0512 » 10%KJI/Q),
1986 due to gradual decline of the energy content per gram
of seston. The lowest level of energy in the seston during
February (0.0735 «  10%KJ/qg) and March (0,08022 » 10%KJI/g)
was also reflected in the energy content of the sediment
(0.0525 »x 10% to 0.0046 % 10®KJI/g). With increasing energy
content of seston from April to June (009030 x 10% to
0.10%KJ/g) , the energy content of the sediment also
increased and again reached to high level in June (O.0786

1093/ .
At station 2, the energy content per unit of sediment

also showed close relationship with the emergy content per

unit of seston. It ranged from 0.07202 x 10%KJ/g in August
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o 0, OUNEE w LOMRI /g dn Februsey, D986, The energy conbent
af sediment showsd similar patterne  of  sessonal veriastions
as  was observed at station 1 but the levels were always
lowaer particularly during the periods of hypolimnetic anoxia

at station 1.

Comparatively higher levels of energy in the sediment
at station 1 than station 2 during the whole period of study
could be related to the differences in the supply of organic
and’ mineral matter, decomposition process under aerobic and
anaerobic conditions and the consumption of organic mabter

by the benthic organisms.

The absolute amount of organic matter in the deep water
sediment ét station 1 was always higher than in shallow
water at station 2 (Fig. 63). The relative amount of organic
matter with respect to mineral matter will alsao be higher in
the deep water sediment because the sediment in shallow
water receives more mineral particles from the edge of the

lake.

The decay under anaerobic condition which occuwr - firrom
late July to September in the sediment at station 1, is
slower than under aerobic condition which always occwr  at

gtation 2 at least for the more mobile matter.
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Trio wbhad low water st station &, benthos bhiosass was
cemnprag et i verly b ghaee then station L from Meeeoh to Beptanker,
therefore, the consumpbion of eganic matbter will be higher
which would lead to a lowering of the energy content of the

sediment in that period.

The sediment surface at station 1 was completely
deonygenated from mid July to late September where as at
station 2, it remained well onygenated, with saturation

never dropping below S53%.

The rapid increase of primary production from  late
gpring to mid summer was not reflected in the energy content
of the sediment, instead the highest level of sediment
energy was observed in  August and September when primary
production declined sharply. This relationship was probably
due to the delay in the sedimentation pwmae%é of
phytoplankton from the wpper layer to the bottom of lake.
The highest level of energy content of the sediment during
August and September couwld be due to the effect of thermal
atratification, preventing_ mixing and reswspension  of
organic matter from the sediment. Comparatively lower levels
wf  energy content of the sediment during early autumn than
in the summer could be due to the effect of circulation and
resuspension of argahic matter and. deposition of mineral

particles in the sediment. Low energy content of the




sl it charing  bhe  wicher  cowdad aleso be  relabec

cantinaouns  resuspension and deposibtion of mineral paetioles

leading to & less orgeanic sediment. During lebte awbumn and
winter primary production was very low but  the energy
content of the sediment did not decline at & similar rate
because the sediment received organic matter from other
autochthonous as well as allochthonous sources. During the
present study neither the rate of sedimentation of
phytoplankton nor the contribution of other souwrces of
organic matter to the sediment was determined. It is,
therefore, difficult to examine properly the relationship
between primary production and the energy content of the
sediment. However, the energy content of the sediment was
high during high primary production in summer and declined

during awvtumn and winter with declining primary production.

Although total seston biomass was comparatively lower
during the summer months than the rest of the period except
the highest level in August, energy cnnfent per unit of
sediment remained high. Comparatively higher energy content
of the sediment during summer than the rest of the period
tould be due to the increase in absolute amount of organic
matter in the sediment (Fig. 65). The high energy content of
the sediment during this period could be dus to high
contribution of phytoplankton in the seston as the energy

content per unit of seston was much higher. than the rest of
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the period.  Stoerr el al., (1984 reported that the enesgy
corntent of the sediment dn lake Erile reached to the highest
level in July with maximum rate of plankbton rainout.
Although total seston biomass remained high from November to
April, the energy content per unit of sediment declined to
very low level. This decline was probably due to low energy
content per unit of seston which originated mainly from the
death and decomposition of aqguatic macrophytes as well as
allochthonous sources. BGorham & Sanger (1967) examined the
energy content of the sediment of different types of lakes
as well as the source materials. They concluded that the
gource material dominated by phytoplankton had much higher

energy content than the aguatic macrophytes.

?.9. Primary production -~ Benthos biomass @

It was seen in the previous sections that 774 of the
energy from primary production channelled through seston to
the sediment. The seasonal variations of sediment energy
waere generally influenced by the energy content of seston.
The effect of seasonal variations of sediment energy upon

the benthos energetics will be discussed in this section.
The calculations of the efficiency of energy transfer

firom phytoplankton to benthos is not correct in strict sense

because benthic organisms feed: mainly on detritus but not on
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Yiwdig prbrybop b st on . Daptord bus cred ooy rack e From bbb
avtbaohthonows and  allochbhonous  sowoes  and s exbremely
gdifficult to gquantity the contribution of each sowrce. In
addition, the problem in the present study ie that the data
on  benthos biomass is used to calculate the efficiency of
energy transformation from phytoplankton and seaton
production which is again not correct in strict sense.
However, an attempt is made in the present study to
calculate the efficiency of energy transformation $rom
phytoplanktan to benthos to assess the seasonal patterns of

energy +1ow.

The seasonal variations of benthos biomass greatly

differed between the two stations (Table 9.

In deep water at station 1, benthos biomass was high
during March (0.2868%9 »  109KJI/mZ2/month) and April (0,393
109KI/m=/month) when primary production was very low. During
this period seston biomass was fairly high but the energy
content per gram of both seston and sediment were low. With
rapid increase of primary production in May, benthos biomass
reached to its first peak (0,442 » 10¥I/m=/month) when
apston biomass was still high and the energy content per
gram of both sémton and sediment increased slightly. Benthos
biomass declined slightly in June (0.368 x 10%KJI/m=/month)

with increasing primary production. During this period
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seston biomass declined sharply but the energy content per
gram of both seston and sediment increased rapidly. Frimary
production reached to the highest level in July but benthos
biomass declined sharply (00221 3 10%KI/0®/month) although
the energy content of both seston and sediment remained
high. Benthos biomass declined to very low level in  August
with rapid decline of primary production but seston biomass
and the energy content per gram of both seston and sediment
reached to the highest level. With increasing primary
production and high energy content of seston and sedimegnt,
benthos biomass remained low (0.172 x  10%EI/m®/month) in
September. It increased sharply in October when peimaey
production increased to the second maximuam but  seston
biomass and the energy content of both seston and sediment
was declining. Seston biomass increassed to the second peak
in November (Q.427 » 10%JI/m*/month) and high level remained
in December with high seston biomass although primary
production and the energy content of both seston  and
sediment declined to very low level. Rapid decline of seston
biomass in January, 1986 (0.221 »x 10%KI/m®/month) and the
lowest level in February (O.13% »  1OYKJI/o®/nonth) was
accompanied by the lowest level of primary production and
the energy content of the sediment although total seston

biomass remained high.

At station 2, benthos biomass showed close relationship
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with primary production and the seasonal pattern was gquite
different from station 1. Low level of seston biomass in
March (0,172 H 1O%EI/ mP/ month) and April (0. 184 «
1O¥EI/m#/month) was  probably due to low primery production.
Rapid increase of benthos biomass in May (0.484 u
109KJ/m® /month) and high level up to August (O350 o
109K /m®/month)  coincides with the seasonal patterns  of
primary production. It declined sharply in September and
reached - to very low level in Movember (Q.074 o
10%KJ/m=/month) and again increased slightly in December and
January (0.093 x 109KJI/m®/month) atter the autumn peak of
primary production. With very low level of primary
production from December to February, 1986, benthos biomass
declined rapidly and reached to the lowest level (0,061

10¥Kd/m=/month) in February, 1986.

The aefficiency of @nergy trangformation from
phytoplankton to benthos showed great seasonal variations.
The efficiency also varied greatly between the two stations

{Table 9).

At station 1, the efficiency of energy transformation
from phytoplankton to benthoes ranged from 1.44 to SE04L. The
efficliency was high (78.83%) in February and then declined
slightly in March (70.91%). It declined very rapidly in May

(X.21%) and then a gradual decline lead to the lowsst level
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i July when the lake was thermally stratified and the
sedinent swiface was completely deoxygenated (Fig. 8. The
efficiency increased slightly CE.48%) in  August and  then
decreased gradually to 2.09% in October. It increased very
rapidly from November (14.3%) and reached to the highest

level (350.274) in January, 1986.

At station 2, the efficiency of energy transformation
from phytoplankton to benthos ranged from 1,19 to 2.32%. The
efficiency was also high (50.16%) in March and then declined
glightly in April (33,24%). It declined rapidly to 2,294 in
May and then declined gradually to 2,497 in July. The
efficiency again increased to 7.73% in  August and  then
declined gradually to the lowest level (1.19%) inm October.
It increased slightly in November (2.352%) and then a rapid

increase through December lead to the highest level

(232.E3%4) in Januwary, 1986.

On an annual basis, 74.284 and 33.75%4 of  the energy
were transformed from phytoplankton to benthog at station |

and station 2 respectively.

Many workers used & ratio of benthos biomass to primary
production to evaluate the efficiency of Brer gy
trangformation in natural communities (e.g. Iwakuma et al.,

1984y |kKajak & Rybahk, 19643 Jonasson, 1979). BRlazka et
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al ey (19280) discussed the efficiency of secondary production
ancd concluded that the seperate listing of efficiencies of
aooplankton and bentheos respectively is not strictly correct
as these two compornents are not independent of one  another
and some other parameters determine the partitioning of
primary production between them. However, Jonasson (1979)
compared the efficiencies of energy transformation from
phytoplankton to benthos of 11 temperate northern lakes and
the ratios calculated ranged Ffrom ©0.77 to &.3%. Brylinski
(1280) reviewed the literature on the efficiency of energy
transformation from phytoplankton to benthos and reported

values between O.16 and 11.1%.

In the present study, the efficiency of  energy
transformation from phytoplankton to benthos varied between
1.39 & 7.7354 during most of the time except two unusually
high values during March and April and in December and
January , 1986 when they exceeded primary production
resulting very high efficiency on an annual basis. These
uwnusually high values were due to very low primary

production in comparison with benthos biomass.

Morgan (1980) reviewed the literature on benthos
biomass and concluded that in the profundal  sone of
stratified temperate lakes, maxima occur mainly in  spring

(April, May) and auvtumn (October) and in Littoral areas a
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single summer maximum in July is common.

High efficiency of energy transformation during early
spring in  both the stations and the highest level during
late autumn at station 1 could be related to & combination
-of  optimum  environmental conditions especially temperature
and the supply of high ernergy content algal food. With
rapid increase of primary production from May, the energy
content of the sediment incressed gradually and reached to
the highest level in August but the efficiency of energy
transformation declined gradually to very low level in July,
Beptember and October at station 1 which could be due to the
effect of deoxygenation of the sediment. Jorgensen (1980)
clearly demonstrated that oxygen supply was a limiting
factor for several species of benthos in lake Limfjorden

(Denmark). In the present study, Chironomus plumosus was the

only species recorded at station 1 which has rather high
ability to swvive longer time in deoxygenated condition due
to its haemoglobin content. Moss (1982) reported that the

respiration rate of C., plumosus decline with rapid decline

Iwakuma et al., (1984) reported that the seasonal
variations of Chironomid biomass was independent of the

fluctuations of primary production in lahke - Kasumigsura
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(Japan) . The envirommental factors such as temperature and
dissolved oxygen were the contralling factars in  Lthe
production of . plumosus which ds  also trug in the deep
water at station 1 in Dubk Lochan. To the contraey, Jonssson
(1972) demonstrated a elear dependance of Chironomid
secondary production on  the primary production in lake
Esrom. In the present study, the sediment swface at station
2 was always well oxygenated and comparatively higher
efficiency from May to August when the energy content of the
sediment was high, seems to be related with the supply of
high energy content algal food. The rapid decline of the
efficiency of energy transftformation to the benthos during
late spring to early summer could also be related with e

emergence of Chironomus plumosus as they become adult, leave

the sediment and become terrestrial (Moss, 1982). As (O
plumosus was the only sgpecies of benthos observed at station
1 and Chironomids were a&lso dominant at station 2, the
export of energy to the terrestrial ecosystem could also be
a very important factor. Most of the studies on Chironomid
emergence are qualitative, used mainly in taxonomic stuwdies
and the gquantitative information is rare. It ia extremsly
difficult to obtain such informations gquantitatively in
natural environment as their growth and maturity may take
from few months to few years (Sadler, 1935; Honstantinov,
19868y Tubb & Dorris, 1965) depending on the suwitable

environmental condition and appropriate quality and guantity
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of  food supply (Morgan, 1980). However, in the present
study, no attempt was

made  to guantify such energy expord
from the sediment.
§d 3 e - : o
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The environmental conditions in the Dubh lLochan have
changed & great deal over the last 10 years since Klarer s
(1978) study. The pH declined markedly which may be due to
acid rain., Nitrate and silicate concentrations increased bub
concentrations of orthophosphate declined. Mutrient
concentrations were cuntfollad both by biological activity
{(primarily in the upper waters) and by oxygen depletion
(primarily in the lower waters) during thermal

stratification.

Fhytoplankton biomass showed single summer peak  in
both the years during June and July. Green and blue green
algae dominated during most of the time except in late
autumn  and winter when diatoms dominated the sparse

phytoplankton community.

Zooplankton biomass showed three distinct seasonal
peaks during mid to late spring, late summer to early autumn
and in late autumn to early winter. Although phytoplankton
hiomass was the highest in June and July, zooplankton

biomass did not increase at & similar rate. Duwring this

period Sphaerocystis aschroeteri was the dominant species
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amorg  phytoplankton  which was not & switeble Jood for
sooplankton.,  Duwring late spring armd  late aubtumn  high
zooplankton  biomass was  due tes optinum  environmental
conditions and the increased production of diatoms which is

a very good souwrce of food.

S@%ﬁwn traps placed Im below the suwrface was not
sitable for seéton collection becauvse of periphytic algal
growth inside the tubes during the summer months. However,
éestan‘ biomass showed three distinct seasonal h@aka in mid
spring, late summer and mid auvtumn although high levels were
also observed in winter. The late summer peak seems to be
related to maximum phytoplankton production duwing mid
summer  and  the two other peaks could be due to non-algal
awtochthonous detritus &z well as  allochthonous organic

matter.

Nitrogen, orthophosphate and carbon content  of the
sediment were always higher in the flocculent layer than the
rest of the sediment. The levels were always higher at
station 1 than station 2. They were greatly influenced by
the sedimenting seston. The release of nutrients from the
seadiment especially ammon i a and wrthophosphate were
retlected by rapid increase of the mutrients in the water
above the sediment during the periods of hypolimnetic

anoxia. During this period the energy content of the

)
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Figure 69. Energy flow in Dubh Lochan. The values are expressed in KJ x 105/year

.
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sechment at station 1 dincressed to the highest level due to
arnagroblc decomposition of w#ganic matter in  the sediment.
High energy content of the sediment during the summer months
in both the stations seems Lo be clues to  the high
contribution of algal detritus sedimenting through seston to

the sediment.

Benthos biomass in deep water at station 1 was
independant of primary production but in shallow water at
station 2, it closely followed primary production.
Environmental factors especially temperature and dissolved
ovygen rather than the supply of food seem to be the
limiting faétor for the benthic organisms in deep water at

station 1.

A possible energy flow pattern in Dubh Lochan is shown
in Figure 69. The energetic values are presented only for

those parameters which were determined in the present study.

On an annual basis 0.874 of the snergy was transformed
from phytoplankton to zooplankton ranging from O.08% in
October to 9.89%4 in  February. High efficiency from Januwary
to April could be due to both switability of diatoms as food
for aooplankton and optimum  environmental conditions for

their growth and reproduction. Low efficiency during the
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grmmer months could be due to poor assimilation of the green

arich blue green algal species by zooplankton.

Ignoring the contribution of allochthonous organico
matter, 774 of the energy from phytoplankton was channelled
through seston to the sediment and was greatly influenced by
the environmental conditions especially temperature and the
depletion of oxygen in  the .hypolmimnimn during the summer

months.

The efficiency of energy trangformation from
phytoplankton +to benthos varied betwsen 1.19% and 7.7%%
during most of the time except two unusuwally high  valaes
during March & April and in December & January, 1986 when

they excesded primary production.

In the light of my experience during the present study,
FutuF@ work on energy flow in Dubh Lochan should include an
examination of periphytic and benthic algas especially
diatoms, littoral benthos and the contribution of non-algal
autochthonous as well as allochthonows organic matter in to

the energetice of seston and sediment.
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