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Epizoic infestation upon nauplius larva of ¢. s. sbyssorum.

Epizoic infestation on fuarcal ramus of - C.s.abyssorum.
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The zZooplankton of Loch Leven in 1969 is demcribed.

The crusiacean holonlanitton was almost entirely Cyclons strenvun

abyssorum Sars and only a few individuals of Diaptomus gracilis

Sars and Bythotrevhes lonsimonus Leydigs were found. The most

comaon rotifer was Keratella cochlearis Gosse,

Use was made of fluctuations in standing crops of the develonmenta:
stages and of a biomeiric analysis of the adult females of C. E.

abyssorum to interpret the annual cycle.

C. s. 2byssorum overvintered mainly ss adulis, giving rise to
nauvlii in liarch, and there was continuous reproduction therezfier

until Wovember.

The mean, maximum standing crop of individurls occurred in June
when there were 1460/5 litres, ocomprising mzinly conenodid staszes

and the peak of numbers of adults occurred in Auwgust (225/5L).

The egg stock was greatest in lMey and early June, when lerge
females were oroducing large clutches of egge, and in fusust,

vhen small clutches were carried by a large number of small fencler

4dult males were normally in excess of females and it is sucrested

that-differential predation om the =dults by fish may have been

responsible.




8.

10.

11.

12.

13.

(ii)

Calculations of field developmental rate revealed that the
females had & total developmental time of 85 dsys at 500, 46 days
at 10°C and 25 days at 15°C and approximately six generatione were

possible in the year,

Differential vertical aggregations by age and sexual groups were
noted, particularly in July and August, and z transitory thermoclia

in June resulited in no copepods being found deeper than 10 metres.

The clder copepodide and adulis are omnivorous, feeding upon
large phytoplaﬁkfers, their own younger singes, rotifers and

chironomid larvae,

The seasonal changes in biomass of the copepod population were
calculated by an approximate 1ength/weight conversion formula,
using known lengihs of developmental instars and their numbers

throughout the year.

Expressed in mean,,monthly units of energy per unii of surface
area the standing.crop rose in March from a winter level of 1

. \
koal/n® to & peak of 24 koal/m> in July and declined thereafter

pﬁtil Jannary. The seasonal, maximum standing crop occurred in

early July (34.7 knal/mz) and the mean, annual level was B.4 kcal/s

A tentative estimate of annual production is 64 - 162 kcal/ma_

The zouplankton of Loch Leven is compared with that in other lakes

and the possible causes of the lack of filier feeding crustaceans

are discussed.




B. - INTRODUCTICN

I. Aims and Reasons for the Study

In 1966 an International Biological Programme freshwater productivity
study was initiated at loch Leven, Kinross-gshire, Scotland as a joint
project between the Nature Conservancy, the Freshuater‘Fisheries
Laboratory and the Wildfowl Trust. Rapidly supplemented hﬁ University
workers, the projéct ié now the combined part or full-time work of
twenty one research scientists whose ultimate aim is to measure
productivity at different trophic levels leading to fish and diving

ducks.

A study in order to provide basic information about the 2oop1ankton
of the loch was undertaken in 1969-70 and is the basis of this thesis.
The aims of the research were to assess the quality and quantity of the,

zooplankton, its temporal and spatial variation and its importance in
3

the‘food web.
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REVIEW

I. The Study Area

The study area has been described by Morgan (1970) end is summarised ’
as follows: ILoch Lev;en 1ies on the Plain of Kinross between Perth and
Edinburgh (fige 1, inset A), longitude 3°22'W and latitude 56°12'N, at
an altitude of 1071, The betirock is old red sandstone overlain with
glacial drift and the leke fills & aepreésion left by melting ice. The
loch occupies 13.3)1&1:12 and is relatively shallow, having a mean depth of
3,9m. However, there are two 'kettle holes' of 23 and 25.5m depth
(fig. 1) About 20% of the catchment area is rich farmlend and there
are three main inflow streams, the North and South Queichs and the
Gairney Water (fig. 1, inset B). The loch is drained to the east by
the River leven, the discharge into which is controlled by sluice gates.
Lying within ;9. wedge of hills, loch ]".even. is frequently subjected to

’ strong wind-indnced circulation and severe wave action.

Loch Leven has long been known as an importent trout. fishery and
a5 & wildfoul habitat. It was declared a National Nature Reserve in

1964,

" II. Recent Changes at the loch and Eutrophication

"; ] ‘ Although Loch Leven is mpaturally eutrophic, the rate of eutrophication
is being increased by man. Iarge quantities of nitrogenous fertiliser

. are used by local farmers and much of this leaches into the loch.

In/.....
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Figure 1 (opposite)

Loch Leven and Sampling Sites

(diagram by courtesy of The Nature Conservancy)

Depth contours in metres are shown by thin lines,

Sampling sites are designated (X1) etc. and all sites were sampled
on 'major visits' while on 'minor visits' only the first two were
visited.

The inflow streams in clockwise rotation from the map base are the
Gairney Water, the South Queich, the North Queich and the Pow Burn.
The outflow, by way of a sluice, is into the River Leven.

The islands are shown bounded by thick lines.

Inset A

Loch Leven in relation to Fife and to the Firths of Tay and
Forth

Inset B

The Drzinage System leading to loch leven
(Loch Leven is shown bounded by the thick line)

)
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In addition the input of phosphate is excessive because of effluents
affected by detergents from a local woollen mill and domestic sewage

from Kinross and Milnathort.

The loch was contaminated by a discharge containing the chlorinated
pydrocarbon pesticide Dieldrin from the woollen mill until the use of

tﬁe chemical was discontinued in 1964,  (Holden 1966).

Although several changes in the biota of a lake are to be expected
jn the normal course of eutrophication, there have been several marked
fundemental changes in recent years in Loch Leven which are more difficult
to explein: a large qualitative and quantitative decline in the occurr-
ence of macrophytes, a succeséion of prolongeﬁ "blooms' of blue green
algae and diatoms, a decline in the number of spécies of green algae, a

change from a zooplankton dominated by Daphnia hyslina var lacustris

Sars to one dominated by Cyclops strenuus abyssorum Sars with an

apparent disappearance of the former species, a decline in the number
of spegies and biomass of benthic invertebrates, & decline in the number
of wildfowl coming to the loch to moult, and a decline in the quality

1

of the angling fishery for brown trout.

IXI. Changes in the Zooplankton

- Bcott (1898) in a survey of the'invertebréte fauna of the inland

wters of Scotland, reported that the Loch Leven zooplankton was

dominated by Daphnia lacustris Sars (D. hyalina var. lacusiris Sars).

- with Dimptomus gracilis Sars and Cyclops stremuus Fischer common.

HE/...oo




He alsc found Bythotrephes longimanus leydig end leptodora hyalina
1ilijeborg preéent at times. Collecting near the shore and the weed
peds he found thirty eight species of copepods and cladocerens (see

Results, section II).

In 1954, Woodward (pers. comm.) recorded C. strenuus, D. gracilis,

D. hyalina var lacustris, B. longimanus, Chydorus spbaericus (0.F. Miller)

and Bosmina coregoni var obtusirestris (Sars) preseant in three pump

samples taken from Kinross pier.

During phytoplenkton sampling visits to loch Leven in 1967 and
1968, Bailley-Watts collected seventeen zooplankion net haul samples,
which were preserved and later examined by the author preparatory to

the present study. Cyclops strenuus abyssorum was consistently and

overwhelmingly dominant, with D. gracilis making up about 5% of the

specimens caught. Leptodora kindti (Focke) and Bythotrephes longimanus
were present in small numbers in the autumn, while Daphnie spp. end
Boemina spp. were not found at all. Effectively there was a zooplankton
conmunity dominated by the copepod C. 5. abyssorum, It is extremely
umnsual for any zooplankton community to be dominated by a non-filter

feeder.

IV, Review of Cyclops strenuus

Te Taxonomy

Cyclops are freeliving, cyclopoid, copepod crustaceans living

mainly in freshwater, with & world-wide distribution.

ThEiI'/-c-oo



Their developmental forms and structure have been described by Gurney

(1931-33), The taxonomy of the group has been subjected to periodic
reassessment end Barding end Smith (1960) report three genera, with
ten subgenera and forty eight species in Britain, occupying niches in

the benthic, littoral and limnetic zones of standing bodies of water,

Cyclops strenuus, in the genus Cyclops and subgenus Cyclops, has

been described as a very variable species, or as & group of species.
Gurney (1933} observed that "in a species so variable as this it is
difficult to decide what form of it should be regarded as 'typical'."
Kozminski (1927, 1932) stated that practically every author who had
discussed the species found differences between their species and

previous descriptions. Fryer (1954) considered Cyclops strenuus in

the English lake District from a systematic point of view and, while
noting divergencies from the "typical® form of Sars {1913-18) and
Kozminski, regarded these as being within the variability range of the

species.

In Britain, two basic “types" of Cyclops strenuus are described

by Harding and Smith; Cyclops strenuus (S. str.) (Fischer) and C.

strenuus abyssorum Sars.

According to Harding and Smith, the S. str. form is the larger,
the adult females ranging from 1.66mm to 2.35mm in length (minus furcal

setae), uhi1at-those of the abyssorum form range from 1.20mm to 1.47mm.

Cefacses




C. strenuus femzles from Loch leven range from 1.47mm to 2.35mm,
yet conform in all other respects to the description of the bbyssorum
form. It can be tentatively suggested that the Loch leven form may

" pe termed Cyclops stremuus abyssorum.

Clearly the taxonomy of the U. strenuus group is ambiguous.
However it is important to make as precise a definition of the Loch
Leven form as possible so that fair comparisons with the work of other
researchers may be made. Therefore microphotographs of some of the
more taxonomically salient features of the Loch Leven form are presented

in Appendix 7.

2e ECO:LOEZ

Cyclops strenuus is found in temperate and Brttic regions (Smyly,

1968) and is rather rare in the U.S.A., although collected in Alaska

(Wilson and Yeatman, 1959).

C. stremuus (S str.) is rare in Scotland but very common in small
ponds throughopt Ehglanﬁ although not certazinly 'descr:i.bed in the Lake
District, while C. s. abyssorum is the commoner form in Scotland and
the Lake District, living in the open water of lekes {Harding end Smith,
1960).

Smyly .(1968) noted that C. s. abyssorum and Mesocyclops leuckarti

(Claus) were the common limmetic species in the Lake District.

They/..-.o
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They occurred together in three lakes, where their competition was
restribted by differences in their depth distribution and seasonal
cycles, and C. s. 2byssorum was found alone in eleven of the lakes
studied. Chapman (1965) found C. &. abyssorum together with M.
leuckarti in Loch Iomond. However M. leuckarti is a temperate and
i ——————-—— — ————————————

tropical zone species (Smyly, 1968) occurring in the Lake District

and loch Lomond at the northerly limits of its range.

Gurney (1933) suggested that C. s. abyssorum has a monocyclic
annual cycle, breeding in late summer and sutumn. Chapman (1965)
found that the species was monocyclic in loch Lomond, breeding from
June until early autumn. On the other hand, Smyly (pers. comu.) has
found its annual cycle to be very variable, being monocyclic in some

lakes and poleyclic, with continuous reproduction, in others.

It has been demonstrated that several species of Cyclopoide
undergo resting stages during inclement periods such as in winter, or

in mid-summer when temporary poocls may dry up; Cyclops bicuspidatus

thomasi Forbes (Cole, 1953}, Mesocyclops leuckarti (Fryer and Smyly,

195%; Smyly, 1961 a, b)\, Mesocyclops oithonoides Sars (Elgmork, 1958),

Cyclops strenuus strenuus (Elgmork, 1955, 1959) and Cyclops abyssorum

Sars (Wierzbicka, 1962). Some species encyst during the period of

guiescence; Migrocyclops bicolor Sars (Fryer and- Smyly, 1954).

$myly/.. (XX
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Smyly (1961 a, b) found that Mesocyclops leuckarti overwintered

as stage IV copepodids in the bottom deposits of Esthwaite Water,

while Chapman (1965) deduced that Cyclops strenuus abyssorum in loch

Lomond overwintered as resting eggs, as the adult population died out
in the autumn and the planktonic population consisted of young copepodids
in the following early spring. Wierzbicka (1962), on the other hand,

observed adults of Cyclops abyssorum (g, 8. abzssorum) fall into mud

and burrow down,.remaining there for long periods.

Some gzclogs 5pps are strongly carnivorous and although this was
first recorded by Jurine (1820}, Birge (1897), Naumann (1918) and Klugh
(1927), there were only scattersd references to the diet of Cyclops spp.
until Fryer (1957 a, b) recorded the predatory behaviour of several
cyclopoid species including C. a. asbyssorum. He noted that the latter

species was an active, planktonic predator, feeding chiefly on the

calanoid copépod Diaptomus gracilis (Sars), and presumed that in waters
where no calanoid copeﬁod was available as a.food item, Cladocera amd
rotifers would form the mein food of the mpecies, He found tﬁat a
limited amount of algae was also ingested but considered that most of

it might have been in the guts of prey animals. However Southern and

Gardiner (1926) recorded diatoms in Gyclops stremums (presumably Cu 5.

abyssorum.

Fryer also reported that the p:é&a;ory cyclopoids eat their own .
- nauplii and copépodids; and McQueen (1969) has quantified cyclopoid

cannibaliesm.

During/-..-.




During the summer of 1967, C. b. thomasi copepodids IV and V and adults
were estimated to have eaten 31% of their own nauplius standing.stock

in addition to 30% of a diaptomid nauplius sianding stock.

V. Zooplankton Sampling

Zooplankton sampling has been effected by several means end the
history of the subject has been reviewed by Fraser (1968). All of
the methods have particular advantages for specific tasks and particular

disadvantages to balance against them.

Simple towed nets have frequently been used and are excellent
for gualitative investigations. EHowever their quantitative use
is restricted as their meshes tend to progreSSively c¢log with phyto-
plankton so that filtering efficiency alters throughout tows.
Clogging can be partially overcome by using the maximum mesh size
which is possible for the investigation in hand and by towing the
net through as short a distance as poss%ble. Filtering efficiency
can be monitored by placing a flowmeter inside the mouth of the net
and another outside it and cﬁlculating the volume filiered by the
difference between the flowmeter readings. Filtering efficiency can
also be improved by truncating the net mouth so that the area of

filtration is great compared with the volume of the net mouth.

The Clarke-Bumpus sampler (Clarke and Bumpus, 1950) is a sophisticated
towed net incorpcrating a flowmeter, a trﬁncated entrance and an

opening and closing device.
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The latter enables the net hauls to be broken into stages and allows

the operator to defimne the limits of the tow. Because of the often-
reported uneven horizontal anc vertical distribution of zooplankton
sampling is necessary in both planes. This can be effected either

by a series of vertical hauls at different sites, a series of horizontal
hauls at different depths, by obligue hauls or by oscillations incorp-
orating simultaneous vertical and horizontal towing, thus providing
integrated samples of animals in both planes. The Clarke-Bumpus
sampler has the advantage of filtering a large volume of water during

a tow, thus helping to obviate the patchiness of the plankion. However
it is rather inefficient when fine meshes are used (langford, 1952).

It is also more likely tc be of use in a fairly deep body of water,
gince in a shallow one, such as loch Leven, it may be in danger of
touching the lake bed, which will render the sample useless and possibly

damage the mechanism of the sampler.

Various pumps have been usea for collecting zooplankton by drawing
wafer upwards and then through a collecting mesh. The intake can be

raised or lowered in the water column and the pump can he opefated from

a moving punt or boat so that horizontal, vertical, obligue or oscillating

samples can be obtained (Colebrook, 1960). The volume of water containing

the orgenisms can be accurately determined and thus the samples are

likely to be highly replicabie-
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However zooﬁlgnkters are known to actively avoid an intzke current
(Fleminger and Clutter, 1965; Szlauer, 1968) and only motorised

pumps are likely to be effective bhecause of their fast intake rate,

Such a pump requires a relatively large boat for transportation.

Also the sampling depth is limited by the length of piping reguired.

Traps or bottle samplers can be effective, being lowered into
the water to the required sampling depth with lids at top and bottom
open. A messenger lead is sent down the line te a trigger mechanism
ana the lids spring shut. In this way a known volume of water is
collected from a known depth. It can then be filtered for the
desired organisms. The intrinsic.efficiency of this method is
unlikely to alter much betwken samples, although Smyly {1968) showed
that unless fhe bottle or trap is closed at or iﬁmediately after it
has reached its sampling depth, the organisms within it are likely

Tto escape progressively. This can be overcome by fiming the release
of the messenger so that the lids close immediately the sampling

apparatus reaches the required .depth.

- The trap or bottle is very simple and yet the quantitative results
obtained by it éan be directly compared with those cobtained by similar
apparatus used by other workers. This is certainly not the case in
the use of towed nets. The main disadvantage is that.eacg sample is
from a very small volume of water compared wifgrthat sampleﬁ by nets

© O pumpS.
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Most traps or bottles used in freshwater zooplenkton investigations
are of five litres capacity, as this makes them convenient to 1ift
and operate. It is therefore necessary teo collect a luarge number

of samples, the examination of which is time-consuming.

Essentially similar in effect to traps or bottles are tubes which
are quickly lowered and closed (Pennak, 1962; Applegate, Fox and
Starostka, 1968). This method is of course depth-limited, but should

be excellent for shallow areas.

For the purpose of productiornal studies of freshwater zooplenkton
the water bottle sampler has been recommended by.the I.B.P. Committee
for the Measurement of Secondary Production (handbook in press) because
of its ready comparability. The type of botitle used should have lids
which do not impede the flow of water through the tube when tha apparatus
is heing lowered. The Van Dorn Sampler, for example, has cup~shaped
lids which may restrict water flow. Ho;ever the Friedinger, Rodhe

’(1946), Bernatowicz (1953) ot Patalas (1954) types,are thought to be

suitable. i
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D. MATERTALS AND METHODS

I. Sampling Procedure

A Friedinger water sampler, ac modified by Mr. H.C. Gilson of the
F.B.A. Windermere Laboratory (plates 1, 2, %) was used to collect five
jitre samples throughout the period from January 1969 to Jamuary 1970.
A small filtering cylinder (plate 4) with a 119 microns stainless-steel
mesh was sprewed to the base of the sampler after each sample was
obtained. By opening a valve on the base of the Friedinger sampler
the water was released and filtered, collecting most of the zooplankton
in the perspex funnel base of the filter. The resultant water and
zooplankton was then poured through & tap into a ‘numbered polythene
zn x 1" tube, containing two mls of 40% formalin coloured by ligoin
pink or chlorazol black, to preserve and stain the animals. Three
washes of the filter with tap water were then added to the tube, diluting

the preservative to approximately 5% formaelin.

Sampling waé undertaken from a 12° rowing boat to which was attached
a davit and winch for raising and lowering the sampier (plates 1, 2, 3).

The boat was propelied by & 93 H.P. outboard engine.

Sampling was divided into 'major' and tminor' visits. On the .
major visits to the loch, which took place at least once & month, ﬁ

eight sites were sampled (figf'1). !
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Plate 1 {opposite)

5 litre Friedinger Bampler {as modified by H.C. Gilson -~

lids closed. F.B.A., VWindermere)
- Plate 2 (opposite)

Sampler with lids open.
Winch, davit and messenger lead.

|
Eo
r . "Plate 3 (opposite)
e{ N
k . :
Y, Sampler with 1lids open.
j
e sl
i l The sampler was vaised and lowered on a braided nylon cord with
‘}‘_! metre markings. The lids were closed when the messenger released
) z¢ji! a spring-loaded catch on the top of the sampler frame.
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These were chosen with regard to their position in the loch so that
transect lines in at least three directions, having at least three
sites on each, could be obtained. They were also chosen with regard
to their depth so that sites of similar and differing depths could b
be sampled. Minor visits were undertaken at more variable time Ji
intervals depending upon weather conditions and seasonal considerations.
More sampling visits were necessary in the summer than in the winter w

because of the rapidity of population changes in the warmer conditions.

On minor visits, one shallow and one deep site, the first two of the
major visit, were sampled. However on five occasions this pattern was
disturbed due toc bad weather. Sampling sites were visited in a definite
order so that temporal changes in the zooplankton distribution might i
be regularised.. Replicated samples were taken at each metre depth from
the surface to five metres. At the two deeper sites (nos. X2 and X5),
sampling was similarly effected to five metres and thereafter at 10 metres,
15 metres and 20 metres. Water temperatures were obtained from each

sampling depth at each site using a thermistior.

e e e e R

On each sampling visiE & 63 microns mesh net was towed to obtain

a large gqualitative sample of zooplankton for copepod length and egg~

number analysis and for assessment of changes in the rotifer population.

Pl i

The bulk of this sample was preserved in 5% formalin while the remainder
was examined fresh, as many of the rotifers coniract markedly in

preservation and therefore prove very @ifficult to identify.
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Plate 4 (opposite)

Zooplankton Filter with stainless-steel mesh (119 microms).

The filter was screwed to the lower 1id of the Friedinger and
the water was released by the operation of a valve on the base.

The polystyrene 'float' facilitates recovery of the filter if
it is dropped overboard.
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Tne fresh semple was also used for selecting copepods for gut analysis

(see Results, section 3).

1I. Laboratory Assessment of Samples

Individu=sl tubed samples Qgre pipetted into & revolving counting
trough (plate 5) adapted from Ward (1955) and Warren (1958) and

constructed in the workshop of the University of Stirling. The counting

trough consists of a 0.5mm deep groove in & perspex disc which revolves
on ball bearings on & base which has four legs of adjustable length.
The groove is C.7mm wide, being Blightly less than the field of the
Bausch & Lomb Zoom Binocular microscope used to study the trough
contents. By slowly revolving the disc by hand, the zooplankton
sahple, whose limits were fixed by a block in the groove, could be
fully enumerated. All organisms other than the rotifers were counted

and identifieds In practise, there were very few apart from Cyclops

strenuus abyssorum. The copepods and cladocerans which could not be

readily identified under the binocular microscope were removed and

identified to speciés using Harding and Smith'(1960) and Scourfield and !
Harding (1966). Chironomid larvae, oligochaetes, nematodes and water- q

mites were not identified further. All samples were retained in 59%.

formalin after examination. . ,

C. 8. abyssorum individuals were identified as pauplii (&ll five

instars grouped)-and separate copépodid.instars I - VI

SEXGB/.....




Flate 5 (opposite)

- Zooplankton Counting Trough, Binccular Microscope and Tap
Counters. -

-

The counting apparatus consisted of a perspex disc with a
groove into which the zooplankton sample was pipetted. The
disc was then slowly rotated om ball bearings while the sample
was examined using & Bausch and Iomb Binocular Microscope and
enumerated using the tap counters.
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Plate 5
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Sexes were differentiated at instars V and VI (adult). Adult females
were recorded as ovigerous or non-ovigerous and all egg sacs were
counted, attached or otherwise. In practise it proved possible to
identify the copepodid stages and sexes but copepodids ITI and IV
presented some difficulty in differemtiation. Consequently, whereas
the other stages were always fully enumerated, when the numbers of the
C.II1Is and C.IVs were in excess of about one hundred per sample, only

a sub-sample, varying between one gquarter and one half, of these were

identified. The difference between the count of all copepodids in the
semple and thé-éum of the fully .enumerated ones gave thé total of C.IIIs
znd C.,IVs. This total was then divided in proportion to the fipures
derived from the sub-sample. The sub-sémpiing technigque was occasionally
checked by doing total identification counts after sub-sampling and the

accuracy was consistently high.

A series of mechanical tap counters (plate 5) was used to record
the different stages and sexes as they passed through the microscope
field, Number 00. entomological pins set into sealing wax in glass
tubes were used to manipulate the animals when.necessary and the 'zoom'’
magnification of the microscope (28X - 120X) was used when greater detail
was needed for instar identification. WEth practise this technique
proved speedyrand accurate. Length meaéurements Qf.the copepods ;mre
made uéiqé'é'Reichert Visopan Projection Microscope aﬁd specially-
calibrated ruler. The counts of number of eggs per egg sac were made
by- teasing egg sacs apart with dissecting pins and counting the eggs undef‘

the binocular microscope.
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K. RESULTS

I. Cyclops strenuus abyssorum

1. Annusl Cycle

By differentiating copepods into age groups or instars and
examining standing crops throﬁghout the year it may be possible to
determine successional changes in a population. However, the standing
crop is a measure of the numbers of animals present at an inséaﬁtaneous
moment in time and may give no direct information on the turnover or
rate of change within the population. The number. of animais found in
a particular instar at any moment depends on the time which is spent in
that instar and, therefore, the standing crop of an instar which takes
a relatively long time to pass through will be consistently greater than
that of an instar which may be undergone more rapidly.. If the
population has an extended breeding period or breeds continuously, it
may be impossible to detect the progress of individual groups or cohorts
of animals through the suc;essive instars by using standing'crop data.
If a cohort of copepodid ITI moult to CIV, one might expect that the
pumber of animals in the CITI instar will fall snd the number of animals
in the CIV instar will rise. However moulting to the ClI1 instar by
some of the CII animals and to the CV instar by some of ‘the IV will

obscure the actuzl *flow' of animals through the population.

Therefore standing crops alone are not always sufficient for

determining copepod annual cyclgs.
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However, using supplementary information derived from body-length

measurements and changes in breeding parameters, they can be used as a

basis for such a study.

(2) ™uantitative Standing Crops (Fig. 2) .

The Cyclops strenuus abyssorum population at Loch leven remained

essentially planktonic throughout the year with continuous reproduction

occurring, the rate varying with temperature.

The small, overwintering population comprised mainly adults
(10/5 1itr¢s) and.a few individuals of each of the developmental instars.
The egg steck of this small population, calculated from the mean number
of egg sacs carried by the adults per five litres multiplied by the

mean number of egss per egg sac (section c), was about one hundred.

Y4

¥

After continuous icecover throughout February and early Marchgiﬂ96?fthe

water temperature rose steadily during the‘spring (fige 3). Sampling

after the ice had broken up revealed that the winter egg stock had
fallen and the numbers of nauplii and copepedid I {(CI) had risen by

approximately the same amount, implying that the first increase in

population after winter came from the éggs carried by the overwintering
_adults rather than ffom resting stages of development. The progeny of ji
the overwintering-adulfs_then moulted through successive instars and !
some reached the adult stage (GVI)_bj the middle of April. The adult
population then stabilised at about 30 ~ 40/5 litres, whilst the numbers

of the developmental instars dropped. ;
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Figure 2 {opposite)

The Standing Crops of Cyclops strenuus abyssorum

The Abcissag

The Ordinates

Egg Stock

e e e s s

in Loch Leven in 1969/70

(mean numbers per S litres)

the sampling period

mean numbers per 5 litres of eggs, nauplii,
copepodid instar I (CI), CII, CITI, CIV,
CV and CVI (adult).

mean number of egg sacs/5L x mean number of
egzs/egz sac.

all naupliar instars grouped

intermittent or continuous ice-cover
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o Fipure 3 (opposite)

The Water Temperature at the North Deeps (X2)
of Loch Leven 1969/70

The Abcissa -~  the sampling period

. The Ordinate -~  the water temperature in degrees Centigrade
as measured by a thermistor

The s0lid line designates the surface temperature

The broken line designates the bottom temperature
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During_March, the egg stock carried by the overwintering adult
females began to rise steadily and was soon supplemented by eggs
carried by the newly-matured spring adults. The naqpliar nunbers
steadily rose from mid-April, affecting the successive copepodid instars
until the adult population was once more incremented in early June.
Because of the rise in water temperature throughout spring end early
summer, the developmental instars were undergone with increasing
rapidity until the effects of the prolonged period of breeding made
it impossible to follow the growth of specific animals. The population
built up in June to a mean, maximum standing crop of 1460 individuals/
5 litres comprising mainly copepodid stages and with about 50 - 60

adults/S litres.

Owing to & reduction in the mean number of eggs carried by the
adult females, the egg stock fell sharply in June and remained at less
than. 200/5 litres during July, when water temperatures were at the

seasonal maximum.

In Jnly; the amimals passing through the developmental stages of
the continuously-breeding populafion were only observed in large numbers
in the older instars, where it appeared that there was a temporary
delay in maturation. The build-up of CIVs and CVs matured into the
adult stage in August and the mean, maximum standing crop of adults
during the season (225/5 litres) was recorded in. the second week of

) the monﬁﬁ.f
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The dramatic adult increase in standing crop resulted in a very large
egg stock (1100/5 litres), which arose and declined in August, providing
autummal increases in the older stages. The adult population fell from
itsrearly August peak to a steady level of about 50/5 litreé, then
gradually declined from November until January to the overwintering level

(10/5 litres), after the younger instars had slowly declined in turn.

A slight rise in egg stock in October, concurrent with a rise in
the previously cooling water temperatures, had no effect on the numbers
of the nauplii or copepodids in the rapidly cooling conditions which

prevailed in November and December.

(b) Body-length Analysis

Many workers on copepods have noted that the lengths of the adults
tend to follow a seasonal pattern, probably related to temperature
modified by food availability during their development (Coker, 1933;
Deevey, 1960; Mclaren, 1963; Smyly, 1968), as succeésiva adults meture
into fhe existing population and this has been used as a means of
elucidéting the adult turnover (Tonolli, 1964y Chapman, 1969). In the
present work, an attempt has been made to analyse the adult female
porulation thréughout the year by using body~length és a 'biological

tag'.
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For comparison with the results of previous work on C. strenuus,
measurements were made of the total body-length minus the furcal
setae, the metasomal length and the cephalothoracic length (fig. #).
Fifty adult females were measured per sampling visit. Distribution
histograms of their metasomal lengths are presented in figure 5 . ﬁ

(cephalothorax = 60% and total length minus setae == 170%, of metasome).

The overwintering females were of body-length (metasome) 0.90 -

1.20mm with a modal length of 1.00 - 1.10mm. Slightly larger iﬁdividuals
began to appear in late March and became increasingly apparent in April.
Within the first fortnight of May the overwintering females disappeared
from the population and a group of larger females (1.20 -~ 1.50mm)

became dominant., These in turn began to die off and were replaced by
successive influxes of smaller females in Jume. By the middle of the
month the modal length had fallen to 1.10 - 1.20mm and was continuing

to decrease. The population in July had a modal length of 1.00 - 1.710mm
with a broad range of 0,80 - 1.40mm, while only a few individuals
occurred at these extremes. In August the mode dropped to 0.90 =*1.00mm y

and the length range contracted with the loss of the 1.10 = 1.%0mm

edults in September. In October the modal length was the smallest
- a
of the year at 0.80 - 0.90mm and this gradually rose until in Janvary !

1070 the length distribution was similar to that of January 1969.

In summary, there was an increase in mean body-length. to a seasonal

maximum in May, followed by a decline to a seasonal minimum in October
end a rise to the wintér mean body-length again during November and -

December. |
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Figure 4 (opposite)

An Ovigerous Adult Female of Cyclops strenuus ébyssorum

¥ A - cephalothorax

B - metasome

C - total length minus furcal setae




Figure L




Figure 5 (opposite)

The Seasonal Metasomal Iength Distribution of Adult
Females of Cyclops strenuus abyssorum in Loch Leven

1969/70

- Measurements of the metasomal length (mm) of fifty adult females
. Were made using a Reichert Visopan microprojector except on
1903.69' 21‘}‘6069 and 1209069 when twenty indivj.duals were measured,




l‘l - —_———
'lj 0122 li o

Fipgure 5.

| oros o ——
T |1
T e IR
J _.l.w.mm = |
T, -
T EE™ T e—
— ———
e BB L¥2 —
TR g —
T s e [ [T o3 (O 2N YO G O (R X
ﬂ...«.—_Ma..lu.Tl.;_.lo.—lo. — .l...o_ UV gl =l = 2t 14|~ 04— 60| 00

. (WW) HLONIT TVINOSVLIW




‘Body-length analysis of the adult females shows that there was
en influx of adults in late March although the first inﬁrease in adult
standing crop after the winter did not occur until mid-April. This
emphasises the fact that standing crops do not necessarily record changes
within the population as the gain of young individuals may be exactly
balanced by the loss of older animals due to moulting or mortality.
Similarly from late April until June the adult standing crop remained
relatively stable whilst body-length measurements showed that the largest

females of the year appeared and died out during that time.

The changes in body-length distribution were normally gradual as
the length distriﬁution of the newly-matured animals must have overlapped
the existing adult population 1ength'distribution relatively slowly.
Therefore it is impossible to define exactlﬁ“when specific an mals
entered or left the population. However it is probable that the adult
Temales which formed the overwintering population matured from late
October gﬁﬁards and would prbbably live until April, implying a maximum

adult longevity of approximately six months.

]
(c) Breeding Parameters

Cyclopoid copepcds carry their eggs in a pair of sacs atiached
to their abdomen until the eggs hatch into'free-swiﬁming nauplius
larveae, OhSefvations 6n the présence of ihese egg Sacs and the number
of eggs which they contain can be useful in giving & measure of the

reproductive state of the population on any sampling date.
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These &nd associated breeding parameters were noted throughout the

year-
i. Methods

-The adult population was differentiated into males, females with
attached egg sacs and females without =acs. Ali egg sucs were counted
and recorded. Copepod egg sacs are only loosely attached to the
fem=zle and some of them were dislodged‘in sampling and filtration.
Occasionally ezg sacs must have broken up and the individusl eggs
were lost as unevén numbers of egg sacy were sometimes recorded,

These uneven numbers were rounded up to even numbers. It was assumed
that the proportion of egg sacs retained would be constant throughout
the year and as on some occasions nearly all of the females were seen
to be ovigerous or were calculated from the total egg sac count to have

been ovigerous, it is likely that the number of sacs lost was small,

At the eame time ms the length of the adult females was heasured,
the humbe; of eggs ;n thgir.egg BECE wWas counted:and recorded, so that
female'boay-length could‘bé compared with the number of eggs carried.
Egg sacs were_rehoved from the females and temsed apart in a drop of
water on a slide. Fifty females were examined for each sampling
date but_on_March 19 and June 24 only twerty were examiﬁed, owing to

insufficient animals having been obtained.
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ii. Ezgs per Ezg Sac

The mean number of eggs carried in each sac varied in a distinct l
seasonal pattern (fig. 6a) similar to the seasonal changes in bodz- j
length. From & winter level of zbout 15 eggs/Bac (i.e_. 30 eggs/Temale) |1
the mean egg count rose steeply in March and April to 36' eggs/sac, fell to
te seasonal minimum of about 10 eggs/sac in September and October, and

then rose to the winter level of 15 eggs/sac. b,

It is well-established that the number of eggs carried by a copepod
is mainly dependent upon its food supply (Marshall and Orr, 1952, 1955),
whilst the actual number of egg sacs produced in unit time is primarily
dependent upon temperature (Corkett and Mclaren, 1969), although food
supply mey also affect this (Melaren, 1963, 1965; Edmondson, 1964),
Smyly (1970) has shown that the type of food available to carnivorous
copépods affects _the number of eggs produced in each sac. A relationship
between body-size and egg-number has also been postulated (Ravera =nd i

Tonolli, 1956). Therefore it is likely that the number of eggs carried

by the female population at any time will be dependent upon the fobd

quaiity and quantity at the time of laying down of the eggs, modified

by the size of the ovigerocus emimals),

In the present study a good correlation was found betwesn body-
size and number of oggs carried on individual dates. Also, the seasonal
changes in adult bo:iv-langth were similar to those of egg;number Per egg

sac (fig. ?) .
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Figure 6 {opposi.te)

TR

ﬁreeding Parameters of Cyclops strenuus abyssorum
in loch Leven 1969/70 '

The Abcissa the sampling period

The Ordn‘_.nates H

(&) - egEs per egg sac (E)
(-B) - .egg sacs per 5 litres (8)
(%)) - egg stock per 5 litres (ES)
y (D) - percentage of total adult females carrying
eggs (OV.5%)
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Figure 7 (opposite)

Seasonal Changes in Mean Body-Size and Mumber of
Ezes per Epg Sac of Adult Female Cyclops strenuus abyssorum

The Abcissa - the study period

The Ordinate (A) ~ mean number of eggs per egg sac

(B) - mean metasomal length (mm)

Measurements were made of fifty adult females per sampling visit
except on 19.3, 24.6 and 12.9.69 when twenty individuals were
messured.

Key:- -  the range

the standard deviation of the mean

twice the standard error of the mean

. - mean
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However the pesks of body-size and egg-numiteer were glightly offset

as the largest femsles did not quite producs the 1argest clutches of

eggsSe

The food supply of the adult females amd its effect on egg

production is examined in Results, section 3 (d).

iii. Egeg Sacs and Esg Stock per 5 Idtres

The number of egg sacs and the egg stock per five litres are
presented in figure 6b and ¢ and follow similar trends. The egg stock
is derived from the mean mumber of eggs per egg 5aC, nrulti_plied by the
mean number of egg sacs per five liti'es. Therefore the egg stock
during the period March to July, responding to the peak of egg number

per egg sac, is a more expanded version of the egg 8&C graph.

After a slight decline in egg stock during February and early
March, a steady increase prevailed until the end of Kay, when there
was o sudden decline in egg stock associated with a decline im both
numbers of egg sacs per five litres and number of eggf PET €gg 5ac.
During late Ju:;e and July t;ne egg stock underwent a slight increase
fdllowedAby a'&ecrease, whilst in August it .rose and fell dramatically
after attaining the greatest standing egg stock of the season. This
peak was a direct result of & similar change in the number of egg sacs
per five litres, while the actual number of eggs per g8 sac remained

constant.
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After August the egg étock remained relatively steady, mirroring a

slight rise in eggs per egg BAC and egg sacs per five litres in late

October, whilst a rise in eggs/sac in December and Jenuary was cancelled

out by a concurrent decline in the number of egg sacs.

iv. The Percentage of Ovigerous Femeles in the Total
Adult Female Population

In comparison with the graphs of ege/egz sac, egg sacs/SL and egg
stock the graph of the seasonal percentages of adult females ¢carrying
eggs shows more fluctuation and is seldom similar to them {fig. 6z, b,

c, d).

From & winter lasvel, when about 60% of the females carried eggs,
there was an imitial decline to less than 50%, followed by & sharp
rige in late March and early April, to a period when about 80% of the
females were ovigerous; Unitl this time similar, but less marked,
changes were evident in the other three parameters. A étegp fall in

percentage took place in late April and early May, feaching a mini;um
. of 25%. The ovigerous.péoportion of the adult femalés then rose to
55% in early June and fell again to almost 10% in early August. In
August there was a sudden increase gnd then decrease, corresponding
with similar changes in egg stock and egg sac mumber. However, in
this case, the August peak @id not exceed the spring peak,as‘did the

_.peaks in the egg end egg sac stocks.

Similerly/eenece
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Similarly in October and early November when only 5% of the females
carried eggs there was a small rise and fall in ovigerous percentege
and this peak also occurred inm the graphs of the other three parameters.
From this time a steady increase in the percentage of ovigerous females
took place, reaching nearly 60%, the level of the previous year, by late

January.

Ve The Sex Ratio

The sexes were identified on & routine basis from the CV instar,
although differentiation cen be made from at least the CIV stage by

using high power magnification.

The sessonal changes in percentage of males or females in the total
pumbers of CVs and CVIs (adults) are presented in figure 8. Each
co-ordinate it derived from the mean numbers of males and females
taken in tﬁe samples on that date. As the overwintering population
was small, less significance can be attached to the percentage by sex
of the sémple:counts from\tﬁe winter population. It is evident,
howevey, that the adult males were mormally well in excess of the females
and on only two dates in April and one in August were there more adult
females then males. The copepodids V, on the other hand, had a

. preponderance of females almost as often as of males.

-

Tt is common for crustacean zooplankton commnities to consist’
mainly of females, not just in cladoceran populations where the bulk

of -the reproduction is parthenogenetic, but also in copepod populations.

~
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Figure 8 (opposite)

The Percentage by Sex of Copepodid instar V and Adulis
of C. 8. &byssorum in Loch Leven:in 1969/70

The Abcissa - the study period

Left Ordinate - = the percentage of the total numbers of copepodid
stage V and adults which were male

Right Ordinate - The percentage of the total numbers of copepodid
stage V and adults which were female

Rey - the adults are represented by the continuous
line and solid circles and the Copepodids V
by the broken line and open circles.-
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(Andrews, 1953; Ravera, 1955; Flgmork, 1959; Smyly, 1961; Chapman,
1969) . The usual explanation for a preponderance of copepod females is
that the males are shorter—lived. This would appear to be reasonable

as the males present the females with spermatophofes (sperm sacs) during
copulation and the stored sperms then fertilise the successive egg

broods (Corkett amd Molaren, 1969). After copulation the males would

be likely to impose an ' unnecessary strain on the food supply of the
population, as Smyly (1970) noted. If they copulated with more than

one female then fewer males would be required. However there were clearly

more males than females in the Loch Leven Cyclops strenuus population.

Differential predation on the adults seems possible as the
numerical superiority of the males is not evidsﬁt in the CV instar.
The females are significantly larger than the males and may be more
easily filﬁered or selected by predators such as small fish. However

it has pot yet been possible to examine the stomach contents of perch

fry vwhich may be their main predators.

» !

Another interesting feature is that the graph of percentage of
CV sexes is often a mirror-imaga of thet of the CVIs. An increase
or decrease in one is mirrored by the opposite effect in the other.
This seems reasonable as when, for example, a batch of males moult
from CV to CVI, they will reduce the number of males in the CV instar
" and inc;éase*the number of males in the CVI instar. Therefore there
will Se & decrease in the proporfion of males to females iﬁ tﬁe CVs

with a concurrent increase in the proportion of CVI males to females. ‘%

Similarly/eees
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Similarly an incremse in the percentage of CV males at the same time

e b

as a drop in the percentage of CVI males implies that a number of ;
females have moulted to the adult stage. If this hypothesis is correct,
the entry into adulthood of the males and females is not usually
concurrent., With more or less continuous reproduction this is perhaps

surprising, however it seems that the bulk of the males may have

matured at different times from the females during most of the year.




2. The 3patial Distribution

(a) Zooplankton Spatial Distribution in General

Zooplaﬁkpon species are usually'distrihqtéd ndn-randbmly in an
aggregated or "clumped" ﬁanner, although randomness has been deacriﬁed
by Ricker (1937, 1938).and Langford (1938). Some of this variability
may be ascribed. to inadequate sampling since, for example, some '
zooplankters can evade capture more readily in some conditions than in
others (Sziauer, 1964, 19683 Fleminéer and Clutter, 1965; - Smyly,
1968).  However, most observations of non-random distribution are
the result of real differences in épatial'distributiop perhaps yielding
valuable information on the relationships petween organisms and their

environment.

Many zooplankton species are capable of some control over their
depth~positioning, and vertical migrations are well described (see
reviews by Kikuchi, 19303 Cushing, 1951). Tash and Armitage (1960)
stated that "although temperature, food, sex, size and many other
factors have been found to modify the vertical migration of individuals
‘in popnulations of zooplankters, most. workers agree that the twenty~four
hour cycle of.subsurfaéa illumination ié the essential stimulus."
Similarly zooplankters ﬁgy exercise some choice in their horizontal
distribution by aggregating in areas of good food supply, suitable

light intensity or temperature.

Altematively/o eves
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Alternatively they may be clumped by water movements such as eddies, or
upwellings of water may affect their horizontal distribution by

introdueing to the surface animals vhich may have conrresated at depth.

Whatever the cause, it is wrong to assume without further evidence
that a sample of zooplankion from one position in a lake is representative
of that lake as a wLole. Therefore an investigation of the spatial
distribution of the zooplankton is essential for a realistic assessment
of sampling accuracy.

(b) The Horizontal Variation and Sampling Variability at
ILoch Leven :

Preparatory to the programme of 5 litre Friedinger sampling, pilot
samplingrwas undertaken in order to provide information on the horizontal
distribution of the Loch Leven zooplankton. Unfortunately it was

necessary to do this in winter when the Cyclops strenuus population was

relatively sparse. On December 23, 1968 a series of five, five minute
zooplankton net tows was taken along the longest axis of Loch Leven, from
the north-east shore to the outflow.sluice. - The results are presented

in Table 1.

Table/. ceaw
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Table 1

Volume of Zooplankton taken in 5 minute tows along the
loﬁgest axis of Loch Leven on 23.12.60

kR 19.0 mls
2. 18.5 mls
3. 19.5 mls
b, 19.0 mls
5. 20,0 nils

On the basis of this isolated experiment, coupled with the kﬁowledge
that Loch Leven is normally well-mixed, being swept by the prevailing.
wind, it was assumed that uneven horizontal distribution in the
zooplankton might ‘not be as serious a problem as it is in more sheltered
bodies of water. Nevertheless the Friedinger sampling prograume was
designed so that as many sites as possible could be visited and the
overall standiﬁg_crops were caleulated by combining the zooPlankton
counts from all of the samples taken on each sampling visit, in en

attempt to 'smooth out' uneven horizontal distribution.

As explained in "Materials and‘ﬁethods“, section I, sampling visits
were 'major', when sixty4eight samples were taken from eight sités, or
‘minor', when twenty-two were taken from two sites. An analysis of
the comparability existing between the.étanding crops derived from the

major and minor sampling visits is presented in Table 2.

3‘3’/.....
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TABLE 2

Horizontal Variation in “ooplankton Samples from .zmuuu. Visits to loch Leven in 1969
(Zooplankton Samples as Mean No./5 litres)

Sites
X1 X X3 X4 X5 X6 X7 %8 | Overall iean for| liean for
Mean X1 & X2 | X1 & X2
Semples | Samples
‘48 s of
pate | (6)  (16) (2  (10) (1) (&) (6 (8 | (68) (22) | Overall

26.3 105.5  137.4 204,55 102,8 *186.3 110.8 120.5 5841 | 130.4 128.8 98.8
17,4 62.9 134.6 56,5 42,9 187.2 104.6 103%.9 348.5 | 153.0 11541 7542
75 157,00 243.3% 183.0 231.8 192.4 220.5 161.3 271.9 | 213.5 219.8 103.0
7.6 685.3 1121.8  518.0 372.2 890.0 450.4 453.6 982.4 | 770.1 1002,7 . | 130.2
8.7 732.6  039.7 891.5 562.7 553.8 495.6 325.4 430.7 | 611.9 810.6 132.5
8.8 39,2 565.6 150.5 450.6 339.3 158.6 364k.,7 512.3 | L40h.9 503.8 12h,4
29.8 579.7  450.1 406.0 338.1 816.5 957.7 278.2 253.0 | 461, 485,.5 105,2
1.10 hoz,9  295.8 263,0 262.3 256.1 22h.2 411.8  293.7 | 254.0 525.3 110.6
22,10 | 221.7 202.7 45,5  194,5  195.1  210.9 209.0 1648 | 194,6 208,00 | 106.9

* fourteen samples

Table shows variability between mean counts of combined stages of C. strenuus taken from different
sites on the same date and compares the mean derived from the first two sites (as in a minor visit)
with the overall mean derived from the full eight sites (major visit). The numbers of samples
per site on each vieit are shown in parentheses. See fipure 1 for explanation of sites,




_

By calculating standing crops from the first two sites, X1 end X2,
as in a minor visit, and comparing them with the standing erops derived
from the full eight sites, it can be seen that minor vigit mean standing
crops are likely to be similar to major visit ones, : 32.5%. On five

- of the nine major vieits analysed, a minor sempling programme would have
piven data within approximafely ¥ 105 of that calculated from the full

eight sites.

Normally when standing crops were calculated from sampling visits
which were only & few da&s apart there was either a close similarity or
a reasonable continuation in trend, providing a potent suggéstion'that
the sampling means were not unreasonable. However table 2 shows
severa) large discrepancies between mean counts at different sites on the
same date and it is very difficult to assess whether this variability i
is real or is a function of the small, variable numbers of saﬁ@les which
were teken. In practise, errors due to insufficient numbers of samples i
are likely to have been reduced, as the overall standing crops which were
used for annual cycle eludidation were derived from the combined sample

counts, divided by the total:number of saﬁples taken.

The normal sampling programme was abandoned on five dates because
of stréng windse On.such days wind-induced circulation of the Loch can
be very pronounced and Smith (Loch Leven Research Group) has found

currents of up to 10cm/sec 25cm from the loch bed in a total water depth

of 7 metres (Morgan, 1970).

Therefore/.ases
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Therefore it is very unlikely that the small number of samples taken
on such days will have been as unrepresentative of the general water

body as they might have been had they been collected during calmer

conditions.

A comparison of the variance between sample counts within 2 siﬁe
with the variance between sites ought to be of value in determining the
sature of the variability shown in table 2. ﬁbwever this ié not as
simple as it may at first seem as the vertical zonation of the plankton
may result in very large numerical differences bhetween samples within
a single site. Conzequently, & sampling programme was designed to
test the variability between & series of mean, sample countis taiten from
a single site during an extended period of time, while also prov1d1ng
information on the diurmal changes in vertical distribution of the
zooplankton. Sampling was carried out at a site of 17.5 metres depth,

pear X2 in the North Deeps,: at three-hourly intervals from 6pm on August

19, 1969 until Qam on the following dgy. Replicate 5 litre Friedinger .

samples were collected from alternate meétres in the water column and

: .
the mean numbers of nauplii, copepodids I -V and adulis pér 5 litres,
tqken-during each‘sampling peribﬁ, are compared in table 3. Results

indicating the diurnal distribution of Cyclops strenuus abyssorum

are presented in section 2 (¢) while information, gained simultaneously,
on the presence of chironomid larvae and nematodes in the water column,

is presénted-in Results, section Iv.

Tabie 3/0.0--
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ﬁithin—:ité'Variance in Somwple Count Means on 14,/00 furust, 1969

aiﬂylln” medns are mesn numbers per 5 lltres derived from 18
- pamples/sampling perlod end the times of uamnllnn perlodu are recorded

as the time when-sampling'was‘begun.

Sampling Peried | - Nauvlii VConeiodiﬂs*i -V Adults
6pm %\ 1274 82.2 104, 8

9pm | 100.7 1333 15449

12pm é 11147 90.2 116.2

Zam | 77+ 72,3 11747

Gam : 1836 129.2 13249

Yam | 118k . 79.8 | 11349

Mean | 119.8 97.8 123.4
Stendard deviation 35473 '26 5k 17491
Standard error 15.98 187 8,01

Coefficient of Veriation ~ 29.8% - e 1o 5%

The coeffmclents of variation of the m?an standlng crop of nanplii,

copepoalds I~V aﬂd adults are 29.8#, 27.1h and 14.5w, 1nd1cat1ng that
eVen at a 51ngle slte there may be founo reiatlvely large differences.
betwéen méan samble counts. The water bo&y is in motlon, lenﬁ 1t

unlikely that the‘same rooplankion organlsmu will be exposed to saﬁb]ln“

2t intervals,of'three hours. Therefore thare may be 11tnle ﬁlfference
I

in varlabllltv betwner means culculateu frdm croups of samples taken

Guring an extenuea perloa-gt a single site! w1th that existing between
T P
the means of Eroups of samples taken from $everal sites at approximately

the same time.

. Il.tlllem/- -
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When one considers the manifest problems jnherent in zooplankton sampling,
variation of the order of 30w does not appear to be unreasonable and,

accorfiing to Cushing (1951), this is not excessive.

(¢) The Vertical Distribution

(i) The Seascnal Vertical Distribution

Dépth histograms of the seasonal, vertical distribution of C. strenuus,
representing sempling in +he North Deeps on 23 dates during 1969/70 in L?
the course of the normal ‘major’ and 'minor' visits, are presented in {5
figure 9. Complete sampling of the water column would have been desifable
for an analysis of thé vertical distribution, but the necessary sampling
during routine visits would have resulted in more samples then it was
feasible to examine. The programme O sam?ling selectéd, with replicate ﬁ
samples taken Irom each of the surface five metres and from tem, fifteen .f
and twenty metres, was considered to be 2 reasonable compromise. In i
order tp compare-the vertical distribution patterns of variable sizes
of standing crop, the combined counts of the,samp%es taken at each depth &i
are shoun as a percentage of the combined sample counts from all depths.
The C» s« abyssorud population is presented as nauplii and two groups of
copepodid stages, CI - CIII and CIV - CVI (adults). The copepodids and i

- adults were grouped in this way because feeding studies indicated that the

¢TI - CIII might be troyhically more similar to the nauplii than to the
older instars (résults, section %) and it was considered that this might

result in differential, vertical zonation between these groupsS.

ThE/oo--.
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Figure 9 (opposite)

The Seasonal Vertical Distribution of C. s. abyssorum
in the North Deeps (X2) of Loch Leven during 1969/70

The enimals mre separated into groups of Nauplii, Copepodid
instars I - III and C.IV - VI (CVI = adult).

The Abcissae - the study period represented by 23 sampling
dates

The Ordinates - the loch depth in metres (from the surface
almost to the loch bed)

On each sampling date the mean numbers of individuals of each of

the three age groups taken at each sampling depth are expressed as
a percentage of the total numbers of individuals of these age groups
taken in the water column. Replicate 5 litre Friedinger samples
were taken at each metre depth from the surface to 5 metres, then at
10m, 15m and 20 metres. ’

The vertical broken lines indicate the depths which were not sampled
except when they cross depths O - 5m, 10, 15 or 20m, where they

indicate that no individuals were found.

Sampling was normally underteken within two hours of noon and took
30 - 45 minutes. ' :
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The nauplii were well-dispersed throughout the water column during
spring, after which there was & tendency for them to be collected in
greatest numbers ir the middle depthi until early June. With rapidly- .
rising surface water temperature at this time & thermocline was
established and persisted for a few days. Consequently on June 1% no
nauplii were found deeper than 10 metres. =~ By June 24 they had become
scattered again, after the thermocline breakdown resulting from wind-
induced water circulation, and they were found to be fairly evenly
distributed throughout the water column in early July. On July 15 and
28 there were very few in the first two metres yet many were found
immediately below this and this was especially marked when, on the latter
date, there were hardly any below 5 metres. This distribution persisted
into early August although the surfuce two meires were more densely
occupied. After this the nauplii became seattered until there were

apparent aggregations in December and January, when the population was

very Sparse.

»

The copepodids I - I1I were uniformly distribgted in March but
.showed z tendency to collect in 'the surface layers in ﬂﬁril and May.
The thermocline in June resulted in none being found deeper than 10
metres, while by June 24 they were scattered again, although few were
found at 20 metres. In early July there was an apparent ‘preference’
for-the-deepest water with progressively fewer being found towards the

surface.

They/o-oo'
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Théy were scattered again during the rest of July but few were found

in the Tirst two ﬁétres from the surface on July 28. Their distribution

in early August was again fairly well scattered although fewer were

found in the middle layers ofrthe water column than zbove and below.

Deeper concentrations were found in late AuguSﬁ and September, while i
scattered distributions were found after.this, when the population

size was too small for any reasonable conclusions to be made.

The copepédids 1TV - VI showed a mixed distriﬁution on March-19.but"
aggregntions were found at 15 and 20 metres later in the month. In
early April the bulk of this group was concentrated in the upper metres,
vihile a mixed diétribution was found in late April and in Hay. The
June.thermocline‘coincided with a complete absence of the copepodids
IV and'VI.in the‘Waterréplumn below 5 metres, while on June 24, although
only a few were found at 20 metres,:the animals were well scattered
above this depth. Dﬁring nosi of July there was a2 mixed distribution,
but a tendency for greater numbérs-in the'deep.water tovards the end of
'the month became proncunced in Asugust and September. This was followed
by uniform distributions throughout the w@ter golumn during the remaiﬁing

months of the year.

There are several prominent features apparent in this analysis of

the seasonal verticsl distribution of C. 5. abyssorum in Loch Leven:-

(1) 41though well-mixed distributions wers common, there were several
instances of 6lear, vertical aggregations present on some

sampling dates.

(2)/eaans
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(2) These aggregations were sometimes specific to the separate |
groups of nauplii, copepodids I = III znd IV - VI. This

was particularly svident on July 28 and August & when the

nauplii and copepodids IV - VI had obvious, opposite L
distributions and the copepods I - IIL were distributed 1
in such & way that similaritites with each of the other two a

 groups existed.

(3) The concentrations of copepodids I - VI in the deeper water !
persisted into September while the naupliar distribution

became scattered.

(4) The presence of a thermocline resulted in no individuals of

C. s. abyssorum being found deeper than 10 metres on June k.

ii. The Diunrnal Vertiecal Distribution

As described in the previous section, there was a marked aggregation
of adults.and older copepodids close to the loch bed in thé'deep sites,

during the latter half of July, in August and in early September.

Consequently a sampling programme was designed to'provide'information
on the distribution of the copepods during the diurnal cycle, while also '%
giving information on the within - site sampling variance. _Replicate
five litre Friedinger samples were taken at a site mear X2 in the North
Deéps,'at altefnﬁte metres from the surface to the loch bed at 17.5
metres, af thfee—hourly intervals from 6pm on Angust 19, 1969 until

Qam on the following day.

Histogramé/.....




1 40)

Histograms showing the aiurnal_vertical distribution of the
nauplii, copepodids 1 - V and mdult males and females are presented
in figure 10, The adult females maintained 2 deep.aggregation
throughout the sampling programpe of 15 = 16 hours, although there was
some indication of an upward and then downward movement between 9pm
znd 9am. The zdult males, however, were more scattered, hever having

their greatest concentrations at the same depths as the females.
Y

The distribution of the copepodids 1 - V was also scattersd and
inconclusive, although there was some evidence of a rise from the
deeper water followed by a sinking again.  However this was rendered

uncertain by the scattered distribution of the copepodid stages at Sam.

The naupliar distribution is as interesting as that of the adulis.
At 6pm they were concentrated in the middle depths of the water column,
fewer having been found in the deeper water than nearer to +he surfaces
At 9pm thelr modal nnmbers were found at 13 metres while there were few
deeper than this.’ At 12pm, even more of the naup111 (#5%) were’
gathéred at 1% metres while scattered numbers were founa above and
bolow this depth. At Eaﬁ the distribution pattern was markedly
different as the pauplii were scattered, yet at Gam they had become

gregated in the 13 metres and shallowef:depthg once more. By Yam

most were-found between the Burface and eleven metres with nearly 305

at 9 melres and egain few in the deepest water.

Clearly/. sene
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Figure 10 (opposits’

The Diurnal Verzical i:- > of C. s, sbyssorum
on 19/2C - -ust, 1¢:: - zute of 7.5 metres
in depth m-a- X2 in t-. . .- S of foct Teven

The animals are sezsvated intc .-~~~ 3 Nauplii, Copepodid
instars I - V and A<1lt males £« -+ -—€S.

The Abcissae - the samplit; w3:0d, represented by 6 sampling

periods =: iiw2~-zourly intervals from 6pm on
19 August = il <Ster 9am on the following day

The Ordinates -~  %he loch &3 i metres (Srom the surface
slmost to ww -= bed)

Replicate 5 litre Frisiinger sz-.i:3 wre taken at alternate metres
depth from the surfzss until 17 -~vo~ws and the catches at each
sampling depth are exrressed as < werientage of the total catch

{as in Tigure 9).
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TTizarly the vertical distribution of C. s. abyssorum in Loch
Leven ——w=ries between age and sexual groups. Although the edult females
appearr=Z to show a consistent ‘preference’ for the deepest water the
greate==< numbers of mdult males and nauplii were never found there.

Howeves— & cleariy-defined, vertical migration patfern was not found.
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3, Feeding

{a) Review

Jurine (1820) and Birge (1897) were first to recogmise that the

freshwater, cyclop01d copepods were at least partly carnivorous. Since

then there have been occasional references to their diet - whlch have been

reviewed by Fryer)(1957 a, b), who also contributed a great deal of
information oﬁ the.qﬁaiiuy'cf the food they eat and how it is ingestedf
The quantity of food which they eat has been studied by Monakov (1958,
59), lonakov and Sorokin (1959 a, b), Shushkina (1964}, McQueen (1969)

and Smyly (1969, 70).

Fryer (1957 a, b} found that Cyclops strenuus abyssorum from

ioaermere and Comiston Vater in the lake District and from loch Lomond

had fed mainly upon the calenoid copepod Diaptomus gracilis. He

.considered'that Cladocera and rotifers would probablj_formrthe main

food of this species when calancid species were nof avaiiable._

‘However he also found a llmlted amount of relatively large algae in
their guts and suggested that, although some of this might heve been

in the guts of the prey animals, part of the algal remains was likely
to have been ingested directly. Slmilarly Southern and Gardiner (1962)

recorded that some C. strenuus (probably Ca 8o abzssorum) contained

-'dlatoms and Elbourn (1966) found that C. &. strenuus fed ‘partly upon

algae.

Phytoplankton/see s
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Phytoplankton was also considered by Elgmork (1959) to be important in
the diet of the younger stages of C. 8. strenuus while the older stages

were thought to be predatory.  Smyly (1970), in a laboratory investigation

of the feeding and development of Acanthocyclops viridis (Jurine), a
relatively large species of benthic cyclopoid, foumd differences in
their growth rate, longevity and fecundity when they were fed upon &

variety of foods including algae (Scenedesmus sp.), Artemia salina

pauplii and cladocerans. However McQueen (1969) found that copepodids

IV, V and adults of Cyclops bicuspidatus thomasi, a planktonic coﬁepod

similar in size to C. s. sbyssorum, did not feed upon cultures of seven
species of algae which were offered to them in a laboratory study. A4s
these algae were representative of the ftora of Marion Léke, from which
the copepods ﬁere taken, he concluded that it was unlikely that the
later copepod stages were herbivorous. He further calculated that
during the summer of 1967 C. b. thomasi copepodids IV, V and adults ate
%1,0% of their 6wn‘standing crop of naﬁplii, és well as 30.2: of the
nauplius standing stock of the diaﬁtdmid species present in the lake.
In addition to feeding upon animals'of épproiiﬁately the same size'or
smaller then themselves, Cyclops spp. are known to eat chironomid 1érvae
and oligochaetes (Fryer, 1957 a, b) and will even attack sméll fish

(Fryer, 1953; Davis, 1959; Hsu, 1963).
(b) . Methods

Qualitative determimations of the-food of the Loch Leven population

of C. s. abyssorum were made throughout the year by several means:-

(1} eeseeo




(1) The contents of the guts were extruded carefully by compressing
indiv;dual copepods in -a drop of clean, tap water, between a
'slide and & cover slip. The extruded food was then teased

'.apart uslng number OO. entomological pins set into sealing f
V_uax.ln,glass tubes‘and_examined under high magnification with

2 Watson Research Microscope.

The most serious draﬁback possessed by this method was

that it was very difficult to alfferent1ate between the extruded

gut contents and epizoic organisms thCh commonly became detached

fvom the copepods. bBimilarly, spines angd setae were often
dislodged from the animal being studied and lodged with the R |
gut éénténts- However it uas.poésible, with experience, to o

recognise these artefacts and discount them.

(2) Copepods were dissected u51ng entomnloglcal pins, making it 4
p0851b1e to be completely certain that the materlal under study

came direvtly from the gut of a copepods

(3) Faecal pellets were very common during parts of the year and

they were selected from fresh zodplankton'samples. squeezed

Al g Vg it arge oy it

betueen a slide and coverslip and examined under hlgh

magnification. Unfortunately the pellets tended te disintegrate %
during storage in formalin so that only fresh,material could

be used. ‘ ' i
» H
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(&) During counting and identification of the routine samples
of zooplankton, relatively frequent observations were made
of prey organisms in the process of being ingested by C. s.
abyssorum. Zach wes recorded and where possible the stage

of development of the prey and captor was noted.
(c) Results

Phytoplankton was observed in large quantities in the guts and
faecal pellets of older copepodids-and adults in May, when it conmsisted
of diatoms, amd in autumn, when it consisted of colonial green algae.

Bailley-Yatts (pers. comm.) has jdentified the diatoms as mainly

Cyclotella sp. and the green algae as mainly Dictyosphaerium pulchellum.
During May end June, when the rotifers were at maximum abundance, some

loricas and trophi of Keratella cochlearis (Gosse) were observed in the

gut contents, but after early July the rotifers were found to have very .
'small standing crops, and despite their fast turmover rate, they could not
have provided a large proportion of the food of the copepods present

at that time. Occasionally ggclogg'were found to have partially-

ingested small chironomid larvae.

Cannibaliem by the adults and older copepodids upon the nauplii
and younger copepodids was regularly cbserved. In preserved samples,
forty-Tive instances were noted of C. 5. abyssorum holding partially-

ingested younger instars in their mouth parts (table 4).

'Table/oo---
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Table 4

Observations of Cannibalism in Cyclops strenpuus abyssorum

Predator Nauplii | I | CIT | CIII | CIV

CIV 5 |- |l - -
oV 3 2 - -
cvI 8 5 8 2 | 1

The numbers of prey refer to the observations éf predation'upqn
specific instars. However it must be empﬁasised that although
: caﬁnibalism appeared to be a regular occurrence, the fact that the
prey organlsms were relatively large mst have made it more likely that
they would be held for a time before total ingestion could be accompllshed.
Theiefore-the 1ikelihood of seeing such prey being eaten must have been
greater thgn that of smailerlﬁrey.r Consequently the freguency of
o‘pservation-oi‘ 'particuiar prey in th; mouth parts ca:anpt be considered

as other than informstion of a gualitative nature.

From previous notes it can be deduced that the older copepcdids
and adult'g, s. .abyssorum in Loch leven are ommivorous; feeding at least
upon fairly large or colonial phytoplanicton, nanplii and'younger'copepodid

stages, rotifers.and chironomid larvae.

The/....-
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The feeding of the mauplii and copepodids i = ITI was not studied
regularly, and the few gut extrusions which were attempted yielded
unidentifiable material. It seems likely that these enimals fed

upon bacteria, small phytoplankters and Frotozoa.

(@) The Relationship between the Food Supply end the Number of
Eggs per Eog Sac of the Adult Females

Although‘it was impracticable to make a'quantitatiye investigation

of the food of Cyclops strenuus abyssorum in Loch Leven at the same time
as the population study which was undertéken, it is interesting to

compare parameters which may be associated with C. s. abyssorum feeding.

The number of eggs carried in each egg sac gy the adult females is
probably influenced by the food supply and the size of the ovigerous
 animals, as noted in the section on Breeding parameters. VWhile figure

7 showed that clear similarities existed between the seasonal changes
in adult female body-size and egg-pnumber, a direct relationshiprbgtween
rthese changes is not entirely valid, as fhe-largest clutches of the year
were not carried by the largest femaies. A link between food s&iply

and egg-pumber is even more difficult to substantlate as the diet of
the afult females was omnivorous and not readlly quantlflab;e.
Presumabiy a'dééline in one fbod source will have resulted in a shift
in feeding in order to exploit some other type of fobdé' However, as
the copepods must have been dependent, ditrectly or'indirectij, upon the
phytoplankton, the seasonal changes in standing crop of phytoplankton
(expressed as mg/'m3 chlorophyll a) ars compared with the variations in

clutch-size in figure 11.

) Figure/- o- o"l
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Figure 11 . {(opposite)

The Seasonal Changes in Mean Number of Esps per Egzp Sac
of C. 5. abyssorum and in Phytoplankton Standing Crop
in loch leven (1969)

(Phytoplankton data by kind permission of Bailley-Watts, Nature
Conservancy, Edinburgh)

[ TR N ST PR DU

the sﬁudy period

The Abcissa

the mean pumber of eggs per egg sac of

Left Ordinate
Cyclops strenuus abyssorum (see figs. 6 & 7)

phytoplankton standing crop measured in

Right Ordinate
mg/h3 chlorophyll a

9

s0lid line and circles = eggs/egg sac

- broken line and open circles = phytoplankton
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Figure 11 shows that there was a clear similarity between the
Beasonal changes in phytoplankton standing crop and number of eggs/ J

egg sac, although the changes in phytoplénkton standiﬁg crop fluctuated R

more sharply than did the changes in egg-number. This ig understandable . |
as the quantity of'phytoplankton rresent at any moment will be dependent g
upon many inter-related factors such as its species composition, the u
degree of zooplankton predation ang its speciflclty, the nutrient
avallablllty, the 11ght and-temperature conditions governing photosynthesis
and the length of time that individual plant cells are exposed to light, |
as affected by w1nd~1nduced turbulence in the photic zone. The varnatlons !
in egg-number are likely to be more stable as they are the result of
gradual changes in the alze-dlstribution of the population of adult ;
females, whose ovaries are, in ‘turn, producing eggs in relation to a .
dynamic balance between the food supply and the'general,demands df
metabolism,  Moreover, pericds of intemsive cannibalisg by the older

instars during times when other food sources wéfe minimal may have

maintained the size of clutches. In addition, the subsequent low

survival of the resultant nanplli will heve reduced the rate of .

incrementation &o the older stages, leading tc more food per ihdividnal

and allowing larger egg broods than would otherwise have been possible,
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4, The Development Rate

(a) . Field Measurements of Growth Rate

An essential part of any investigation of the dynamics of a
zooplankton'pbpnlation, such as that of C. 5. abyssorum in lIoch Ieven, s
must be the.determination of the growth rates emnd average longevity
of the énimals’under study in the prevailing environmentel conditions.
Although such 1nformatlon may be estlmated from uork dope on the same
or dlfferent species of copepods in field or laboratary studmes, 1t is
very important to check that such data is consistent ulth the study in
hand. While the length of deveiopmeht of copepod eggs has been found
to be virtually solely temperature-dependent (Mclaren, 1963, 1965), it
has been shown that differences in the quantity and quality of food, as
well as changes in temperature, affect the growth of the older instars

and the later copepodid stages in partienlar (Smyly, 1970).

Howevér field studies of growth rates are notoriously difficult
-oﬁing to-thé:nﬁmber of uncontrolled variébles which may be encountered.
Water teﬁperéture, fPr éxgmgle, cen fary by several dégreés ove:pighi,
.while fertically—migrating animals may be subjected to marked qhanges
in temperature.while passing through thermally-stratified layers_ﬁf
water. Moreover, while it is relati?aly easy to observe the growth
of copepodé through their separate'ihstars during a peri&d df slow
_ develoﬁment, such.ag may occur in the cool uatér.conditions of earliy
spring, it may be firtually impéésible to detect the same events when

they are occurring more rapidly in the warmer comditions of summer.

Continuous/eesss
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Continuous reproductlon dnrlng this period may ensure - that the passage

.of eohorts of juvennles from 1nstar to instar will be marked by
-continuous incrementation. Evcn'during spells when development can

be discerned easily, the peaks anc¢ troughs of numbers of successive
instars will not necessarily occur on sampling dates, making direct -
. observation of the length of time between stages at best only an

,approximation;

Laboratory studles of grcwth rate, on- the cther hand, are more
e3511y controlled and should gzve accurate results for the condltlcns
lcpder study. ‘chcver'the problem rema;ns that one canqot.be certain
that laborctory results are valid in field conditions where meny inter- =

related variables combine to affect the actual growth.

- An attempt was pade to assess the field developmental times of C.
B abyssorum in Toch leven during 1969/70, using graphs of seasonal
standing-crops of eggs, nsuplii, copepodid stages and adults (figs. 12
and 2) in ccmparlson with a graph of Seasonal water temperatures
approxlmatlng ‘the- average temperatures in the water mass (fig. 13).
°The-time in days between peaks or troughs of Buccessive age groups was
calculated and compared-with the prevalllng water temperatures, taken as
the mean of the cater'tempe:aturcs founc at 5 day intervals during this

. perioﬂ.

By/o.._o'hr'




Figure 12 (opposite)

Seasonzl Changes in Standing Crop of Lgps, Nauplii,
Copepndids I a ¢ Adulis of C. 5. abyscorum in lLoch leven
{1969/70) for use in Calculation of Generations

The Abcissae - the study period

The Ordinates - the standing crops in mean nuwbers per 5 litres

Key - open circles = egg stock
closed circles = nauplii
open triangles = copepodid I
closed squareg = edult males

open sguares aflult females
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Firure 13 {opposite)

The Seasonal Chsnges in lisan Temperature of Loch leven in 1969

The Abcissa - the study periocd
The Ordinate - water température in °cC

Temperatures were obtained by thermistor from ezch depth sampled

at each site on every visit. The overall mean temperature was
cazlculated using the -average of the arithmetic means of the
temperatures at each site since there was normally little difference
between the results from different sites.’




Figure 13

o

i i i1 1 I ] 1

- W o N




{51}

By necessity, owing to the effects of the continuous reproduction and
fast development of the copepods during summer, the most confident
observations were of events in the cooler conditions of spring and

autumm. Table 5 lists the developmental data derived from the

standing crops and temperature graphs and a multiple regression analysid
of the observations of the length of development from égg initiation

to adult female is presented in figure 14 as a curvilinear regression.

The length of development appears to vary-littlé vwhen the mean temperature
is greater than 13 or 1400, remaining at approximately 25 days, suggesting
that generation time may be constant from June until mid-September.
However total development takes 46 days at 10°C and 85 days at 5°C. At
still lower temperatures, development must be so greatly retarded that
any juveniles which survive in mid-winter can undergo very few moults

before the loch water begins to warm up again in spring.

Details of the data obtained by multiple regression are presented
in table 6. As the naupliar stages were not completely sampled by the
120 micrﬁns‘filter used for concentrating the Friedinger Samples, it is
likely that the egg developmental time will be over-estimated and the
naupliar development will be under-estimated by the same length of time.
However this should have no effect on the calculation of generation time

as these errors cancel each other out.

- It is interesting at this point to compare the field growth of L. s..

abyssorum with that determined for other species in laboratory conditions.

Smy1lY/ece e




Dates of Observation of Corresponding Changes in Standing Crop of Ape Groups

Eggs Nauplii Copepodid Cop. 1T Cop.III Cop. IV CopeV ‘Cop. VI
_ I

1 - Jan 29 Mar 19 Mar 26 Apr 9 Apr 11 Apr 17. Apr 30
2 Jan 29 Mar 19 Apr 11 Apr 11 Apr 17  Apr 30 Apr 30 iay 7
3 Mar. 19 Apr 17 May 7. Mgy 7=-16  May 16 May 16-30  May 16-30  May 30
[ May 16 May 30 May. 30 June 7 June 7P-14 June 14 June 14 June 14
5 May 30 June 7 June 1% - - - - Jurne 20
6 July 28  Aug 8 Aug 13 - - - = Aug 20°

Egg = Nauplius Nauple = Copel Copsl = CVI Egg ~ CVI Neupl. - CVI
» L) . . .
o o o o (e}
Days Temp C Days Temp G Days Temp C Days Temp C Days Temp C
| - - k.@ A-W r.m ._w.-O - - w\_ Wam
2 Lg 145 23 4.0 26 7.5 o8 3.5 Lg 545
3 29 4,0 20 8.0 23 11.0 72 7.0 L3 9,5
& 1 11,0 - - 15 15.0 29 13.0 15 15.0
5 8 13,0 7 16,0 6 16,0 21 15.0 13 16,0
6 11 175 5 18,0 7 175 23 18,0 12 1745

** Mean of loch temperatures at 5 day intervals during developmental peried

NB The series of observations are not necessarily from separate generations.




TABLE 6

Summary of Development Length of Stages of C. s. abyssorum

The percentages represent the proportion of total length of development gpent in each stage.

Temperature Egg - | Naupe - CI CI - Adult 2 Egg - Adult b Neups = Ad. q
¢ zmnwu_.ms,m _
Days % - Days % Umu_.m., o Days = % - Days %
1 27.5 21 k7,0 36 55.5 43 130,0 100 102s5 79 _
5 1 18,0 21 27,5 33 39.5 46 85.0 100 7.2 79 3
! 10 | 12,0 26 10.5 23 23,5 51 . k6.0 10 24,0 7l
| 15 8.5 3k 5.0 20 11.5 L6 25,0 100 16.5 .66
Mean % of — ) ”
total : v
‘development 255 28,0 46,5 100 74,5 -

L




Fipure 14 {opposite)

The Developmental Rate of C. 5. gbyssorum
" in Loch Leven during 1969 -

(development from egg initiation until the last moult) )

The Abcissa - the water temperature in %

The Ordinate -~ the developmental length in days

The co-ordinates for developmental rate were plotted from observations
of changes in standing crop of successive age groups (figs. 2 and : A
12) compared with the arithmetic mean of water temperatures at 5=

day intervals during the period of development from egr to adult

female (figs 13).

The curve was fltted by multlple—regre551on analyszs of this data
using the formula y = 143 + (-~ 13.44X) + 0.37x%°
vhich was significant at the 10 level.

The broken lines indivate the expscted rate of development at
temperatures ocutwith the data provided by standing crop analysis.
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- Smyly (1961) found that Mesocyclops leuckarti took 12 days to develop
from hatching egg to copepodid i at 16 - 18°C. Development from CI
to adult took & further 20 days, half of which was spent in copepodid
stages IV and V. E, g.-abzssorum appears to have developed faster, but
if the nauplizr life is an under-estimation fhere may not be a large
difference. Corkett and Mclaren '1970) recorded that in conditions of

abundant food, Iseudocalanus minutus nauplii developed to copepodid I

in 46,k days at 0°C, 26.6 days at 3.44°C, 18.9 days at 7.52°C and 12.3

days at 11.9200. Eckstein_(1964) found that Diaptomus gracilie tock

115 days to develop from egg to adult at 500, 60 days at 10°C and 38
‘days at 15°C.  omyly (1970), in a laboratory study of the developmental

rate, longevity and fecundity of Acanthocyclops viridis in relation to

type of food, found that the fastest rate of development from egg hatching

tu adult wasachieved when the copepods were fed upon Artemia salina

nauplii, although not initially; as development to CIII wﬁs fagtestrwith
—algai feeding. In adaition, males developed'faster tﬁan females on all
of the range of foéds given. Thus at 16 - 18°C, development from
'hatcﬁing egg'to_adultrmale_tpok 23.5 days on a diet of Artemia while
females ook 3.k dajs. Fed upon algae, the miles took 33.2 days while
the females took 61.8 days. By comparison, C. s. abyssorum females in
Loch leven took 25 days to develop from egg to adult’ inpluding the egg

stage, at 15%¢c.
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Judging by the range of developmental times achieved by feeding
Acanthocyclops on different diets in the laboratory, it is possible ”E?
that field developmental times may be shorter than lahoratory ones, as ﬁf

there is likely to be a better choice of available food items in matural

conditions, perhaps allowing the developmental stages to have access to

E the types of food which can give them optimal growth rates.

(b) fne Number of Geperations in a Year

On the basis of observation of the graphs of standing crops of the
developmental instars of C. s. abxssorum,'coﬁpied with the regression
analysis data of'developmental;length against water temperéture, it is
nossible to estimate thé.number of genérations_which were undergone in
1969/70. However these genér%tiﬁns were not clearly separated in time
and tended to overlap. Therefore the foilowing estimates are based on

the times of first initiation of each generation.

The ege stock of the overwintering adults resulted in a generation
of spring adults arising in April. Meanwhile another cohort of juvenmiles
arose in March from a further synchronous egg batch maturation, coming
to maturity in May. Both of the two'spring '‘generations! were the
progeny of the overwintering adults and overlapped in the rapidly-
rising water temperatures of April and May i.e. they wer;'separate cohofts

Of the same generation. They may be designated genmeraticn 1a and 1b.
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Breeding of the new adﬁlﬁs then resultéd in a further generation .
coming to maturity in the middle of June (gemeration 2), By then the
water temperature was in excess of 13 ~ 14°¢ and conplete development
probably took place in about 25 days, so that generations 3, 4 and 5 :
arose in early and in late July and in the second half of August. - ;f
The generations giving adults in August resulted in'a large egg stock 1
; vhich maintained the flow of juveniies throughiﬁhe.population.during 'L
| Septemﬁef,_bctober éﬁd November, Thqs.the eggs arising from the adults f?
which matured in iaté.ﬂugust resuitéd'ih:édults entering the population ';
! in October and November (generation 6), having ﬁndergone an atténtuate& %f
development due to the cooliﬁg conditions éf autumn. ,g}
Therefore it is likely that approximately six generations were ;
completed during the year as summarised in table 7. _ E
Table 7 ;
Approxiﬁéte'Generation length. Generation Number E%
Jan, - April | 1a
mren - ey o ]
Apfil)ﬁay - mid June 2 éi
- mid June - earlj Juiy“ 3 - =?
‘e'my‘ July - emd of uly 4
end of July - late August E
" late Aug. - - 300t./ﬁov. | 6 él
. ?
I
I
. f;
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5 'BiomaSa_and_Production

(a) Biomass

The numbers of zooplankton present in a particular lake at any one
time, or_the'standing crop, are not readily éomparable with numbers of
zgoplgﬁkt§n_from othe? lakes. 'Hithin'bne lake, theée.numbérs may refer
to different stages amnd sizes of & particuiarrspecieé, while between
lakes, they may referifo entirely different'speciea. It would mot
be meaningful to compare one hundred Daphhié sp. from one iake'uith one
hundred of a much smeller species of Boamina from another, and it is
more useful to reduce the data to a common denominator such as weight,
volume or potential energy units. The numerical standing crop data of
C. s. abyssorum was therefore converted into biomass, to permif comparison

with other studies.
i. Methods

Biomess is c?lculétEd less oftén by direct_weighing of samples
thén by using 1ength measurements and multiplying by an apprepriate
convéfsion factor into wbights.- In the present study, a length/weight
conversion formula

W o= O.QBSL?'?B. where W = wet weight (mg)

L.

‘ length (mm)

was used to convert the numbers of the separate stages of C. 5.
abyssorum into weight unitg (pers. comm.. K. Pataias ~ from Kiekﬁwski
and Stushiing, 1966).

As/esens
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As has already been shown in the section on Body length Analysis
{8, section I,"1 (b) ), the successive adults maturing fhroughnﬁt the
year were of dissimilar size, therefore it is likely that the iﬁstars
leading to these adults will have undgréone similaf, seasoﬁal changes

in their mean length.

Dufing.winter, development was very slow and the sizes of the
younger instars cbu}d reasdnéblyfbe,;eléted to those of clder instars..

During summer, development and adult length changes were more rapidy

thus the young stageS'could'not be fairly compared with the older-stages -

Vpreéent at the same time, as they probably would not have matured to
the same size. Therefore namplii, copepodids and adnlts from o winter
sample were measured and the pércéhtage growth in length from stége-to

 stage was calculated (table 8). Using the meé.n length of the adult

'fémales present'onreach sampling.date as a base value, the meén lengths
‘of the younger instars were calculated'by_propoftion. As nauplii were
not identified to instar, their mean length in the winter sample was
téken,as heingrreﬁfesentative of the group as a whole and this was
calculated as a percentage ofrthe adult mean length in the same way as

‘were the copepodid lengihs.

The calculated lengths of the stages of C. s. abyssorum, throughout
the year were then converted into wet weight, using the conversion
formula of Klekowski and Shushkina (1966) and the w.e.t 'w‘eightsfof ‘the
individual instars wore multiplied by the numbers of-theée 'stages prése:it
on each sampling date to obtain the biomass of the nauﬁiii';' copepod:.ds

and adults.

The/;. “es
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TABLE 8

Potal Lengths (minus furcal setae) of Instars of Cyclops strenuus abyssorum

from sample taken on 29.1.69

| length

Nauplii CI CII CIII cLV cv CvI
& 7 g ? 3> Q
0.15 ~ 0,35 0.62 0.75 0.95 1.20 1.25 1435 _q.mm Tol5 1465
0.64  0.85 0.97 1.15 1410 1430 1459 Fali 1,60
0.65 0.80 0.96 1.08 1.18 1.22 1.55 1451 1,67
0.65.  1.83  0.97 1,17 1.25 1420 1,60 1e42 1475
0,64 0.79 1.04 1¢22 1435 1.30 1.68 143 4,71
0.65. 0.80 1.05 1.19 .38 1.33 1.57 147 1,66
Q.62 1.80 0.90 1.06 1.40 1.29 1.38 1430 1460
0.60 0.72 1.05 1.20 1430 1433 1.45 1el5 1,71
0.64 0.81 1.00 1.11 1.25 1429 1.62 149 1459
0.63: 0.80 1,07 (P 1.26 1430 1.50 142 1.60 |
toan lomgth mm | 0,15 - 0,35 0,63 0,80  1.00 195 127 1.2 155 LAb 1,63
5o of adult § . | : |
. 9 - 20 38 48 61 70 77 78 9 87 100
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The demsity of a copepod egg was assumed to be little different
from water. Therefore. the mean diameter of a sample of eggs was used
to calculate the volume, and theraby the welght. of an egg. ‘The
numer:n.cal stand:.ng stocks of eggs were then mult:.pl:n.ed by th::.s value
and the comb:med 172424 weights were added to the b:.cmass of the other

stage_s .
ii. Results

The biomass of C. s. abyssorum in mg wet weight per 5 litres and
g wet weight per m3 is presented in figure 15. From a steady winter
level of 2mg wet weight/5 litres the biomass rose in the last week of
Narch, gained momentwm in April and levelled off at .20 - 25u8/5 1itres
during May and the :t‘irst hal.f of June. =~ A ver;y large increase in b:l.omass
took place dnr:l.ng the remainder of June and ea.rly July, reaching the
seasonal maximum of ?6mg/5 l:.tres (15.25/111 pR when there was & sudden
drop to BOmg, followed by a rise to 56mg before the end of July. A
steady declipe then took place, slow:.ng down in 1ate August and levelling
off at. 15 - ZOmg/S l:.'hres in September and October. From late October
there was & further decl:me until late January, reach:mg the biomass of

the early.r-part of the previous year {2mg/5 litres).

Assuming that dry wea.ght is equal to 10% of wet welght and assum:l.ng
a calorific equ:l.valent of 6kcals/g dry we:l.ght of copepod the mean
monthly biomass o:t‘ C.. B abzssorum in Ioch Leven in 1969/70 was
calculated plam.metrlcally and converted into kcals/m surface area-

(Loch Leven is 3.9 metres deep on average).

The/. ssoe




Figure 15 (opposite)

The Biomass in wet weight of C. s. abyssorum
- in Loch leven during 1969/70

The Abeissa - ‘the study periocd

Left Ordinate -  the biomass of Ci s. abyssorum in mg/5L wet
" weight

Right Ordinate - the biomass of C. s. abyssorum in g/m3 wet
weight ' oo s

The biomass was obtained by converting the lengths of the different
age and sexual groups of C, s. abyssorum throughout the year into
wet weight, using the formula:— . : '

Y = 0.,055L2% 73 W& wet weight in mg

(pers. comm. X. Patalas - from Klekowski and ShﬁShkiJ_na, 1966)

The wet weights of the separaté Broups were ‘miitiplied by their
standing crops throughout the year and the totalswere combined to
gain the overall population biomass.
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The resuits are presented in figure 16 and show that plotting mean,
monthly date has had the effect of removing the twin, summer peaks- of
blomass which wore ev1dent in figure 15. A stable winter level was
raintained until harch,—after which there was a steady rise to a mean,
monthiy peak of 24 kcals/_ha2 in July, followed by a steep f2ll to about
85 kcals/hz in September and October and then a more gradual decline
reaching nearly 1 kcai/in2 in January. = The mean annual standing crop
was calculated to be B.4 kcals/hz. wiile the mean, maximum standing crop

occurred in early July, when there were 34,7 kcals/hz.
(b} Production

i. Review of lethods for Calculating ihe PToductlon of
Zooplankton

The bidﬂaéskof a zooplankton community is not, however, sufficient
for detailed gomparison.hetween lakes, being a measure of capacity
rathér than intensity, although it forms the basis of such a comparison.
It is more appropriate to consider the productiony of biomass forﬁed

by the commnity in a given time, 1nVOlv1ng a calculation of the rate
1.

of turnover, or replacement of - standlng crop.

The methpds for assessment of zooplankton production have been
: .

reviewed by Hillbricht-Ilkowska and Patalas (in press) and Mann (1969).

Hiilhriéht-llkowska:and_Patalas divided theﬁiinto,two,bésic groups:-

(1)/n-oon .
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calcilated, from figure .15 b
rerted into energy units:
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(1)' Based on calculations of the turnover of the number of

organisms within a population.
(2) Based on the daily weight inerease of individuals,

ismong the first group are methods by Elster (1954), Straskraba
(1963)7 Nauwerk (1963) Stros, Nees and Hasler (1961), Edmoﬁdson (1960,
1965) , Lﬂmondson, Comita and Anderson (1962) Eckstein (1964) and
Galkowska (1965). = Edmondson, for example, assessed the potential
number of indiviéuals which would:arise_frpm expoanential grpwfh using the
ratic of eggs/female, the population number and the calculated length
of egg development at different temperatures. iOn the basis of
guantitative samples, knowing the ambient lakes temperatures, he
calculated the potential increase in population during a given time
and subtracted the actual population size found after this time from
its theoretical size to assess elimination. This method has been
used by several workers includlng Hall (1964) and Wright (1965) who
calculated the populutlon blrth gnd death rates and estlmated how 1ong
it would take for tha population numbers to_be replaced, i.e. the
turnﬁvér time. 4

As Hillbricht-Ilkowsks and Patalas noted, this method is ve;ry
approximate, requiring unchanged_popuiation birth and death rates -
during the periocds between sampling. . These conditions are unlikely
to prevail for long due to changes in such variable parameters as

temperature, food sﬁpply,or predation.
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Moreover, in this form the method does not yield precise information on

whether the popluation mortslity is age-specific, merely noting changes

i sy e 1

in total numbers of all stages. It has been used mainlj for correlation

S

between the facbors affecting elimiﬁatioﬁ, such &5 predation pressure,

and the ultimate population size.

Incluﬁed in the second group of methods, based on the daily weight
increase of-individnals, are methods by Konstantinova (1961), and Greze
(1965} and the reviewers considered that these methods were likely to
be more accurate than those based on potential changes in population
size. In this group of methods the curve of individual growth is gained
from experimental evidence of the weight of individuals in the separate
instars, plus their length of development at different temperatures
and their longevity. In the method of Winberg et al (1965) the
production of a given instar is obtalned by multlplylng the nunbers of
the stage by their dally welght 1ncrease during the period investigated.
The main source of error appears to be in ealculating the average length

> of life of the developmental instars ir the given environmental coﬁditions.

Mann (1969) reviewed techniques for measuring zooplankton production
including details of methods by. Edmondson, (1960), Yablonskaya (1962) and
Greze and Baldina (1964). The latter method was an attempt fo overcome

the difficulties involved in calculating the production of a polycyclic

population of. Acartia clausi in the Elack Sea.

1
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Having decided, Qﬁ the basis_of seasonal fluctuations in standing stocks,
that there uefe Seven generations per year, the authors used data on
&eveloPment time at éifferent temperatures and published data on the
weight of each developmental stage to construct growth curves approj:riate
to each developmental time. Daily growth rates were then calculated
‘and multiplied by the number of animals present in each age class to
give a series of daily production rates. The seasomal production was
;obtaiqed by summing the daily ratés'for each genération. In this way
they calculated that the'annual'proauction of A. clausi was asbout

‘thirteen times the mean annual biomass (?/B = 13).

While this ﬁethod may be excellent for estimating the production
of a population where there is clear evidence of the passage of cohorts
of Juveniles through the developmental instars, there is room for doubt
as to its accuracy in estimating the prodﬁction of overlapping generétions
or cohorts in a polycyclic population such as that in Loch Leven.

However it appears to be the best method which has yet been devised.

ii. Tentative Estimate of Production

It was considered unjustifiable at this stage to attempt the complex
calculations necessary for assessing the production of the postulated
six geperations of Cyclops in Ipgh Ieven, because of the difficulties

associated with growth rate uncertainties andfgeneration overlaps.

However it is intended that the basmc information gained durlng the study °

of the C. s. abvssorum populatlon may be ‘used in calculatlons fer fature

publication.
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Meanwhile it is possible to make a tentative estimate based on the
relationships between average biomass and product;cn in a given period
(the /B coefficient) as calculated by Greze and Baldina {1964) and

Winberg, Pechen and Shushkina (1965).

Yinberg et al calculated the /B coefficients for three Russian
lakes of dlfferent trophic status and found that there was a tendency for
the coefficient of all groups of zooplankton, including carnivorous
cépepods, to increase with progression from mesotrophic to eutrophic
eoﬁditions. Thbie 9 illustrates the production, biomass and P?B
coefflclents for the three lakes, listed in order of decrea51ng degree

of trophication, for the five summer months constltutlng the growlng

BRAEOT

Table 9 {from Winberg, Pechen and Shushkina, 1965).

Production (P), Biomass (B) in g/h wet weight and
_/B coefficients for lakes Batorin, Myastro and Naroch

Groups | L. Batorin - " L. Myastro L. Naroch

' P B P/B"‘ P B s P B T
Cyﬁlofidae 18.3 1.8 10.2 2ke6 2.4 10,2 20,7 2.7 7.7
Diaptomidae b L5 9.6 4.2 6.0 8.2  3h2 k5 7.6
ciadocera 307.5 10.5 29.3 86.4 6.0 11.4 18.'9 T4 13,5

Filter feeders 321.9 12.0 26.8 135.6 12.0 11.3 53.1 5.9 9,0

The/cesee
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The 3/3 coefficients for cyclopoids in the three lakes were 10.2,
10.2 and 7.7 and those for filter feeders were also approximately 10,

except for the Cladocera of L. Batorin which had a coefficient of 20.3.

~ The authors explained that in this case the abnormal }/B éoefficient

was as a result of the very short meam life cycle of Chydorus sphaericus

in that lake,

Assuming that the high /B coefficient cazn be discounted, the range

of coefficients calculated for the different zooplankton groups by Greze

-and Baldine and Winberg et al is 7.6 - 13.5. The mean amnual biomass

of Cyclops strenuus abyssorum in Loch Leven in 1969 was estimated to

_be equivalent to 8.4 keals/m°. Therefore the annual production was

likely to have exceeded this by 7.6 - 13.5 times.
i.e. P = B x I/

= 84 x 7.6 or 8.4x% 135 kcals/hz
Production - = 63.8 ~ 1134 kcals/ha-

Howeverrit is possible that these calculatlons underestlmate the
actual productlon as the /B coefficients of Wlnberg et al were based
on the growlng'season only and the use of the mean biomass for the
growingrseason in loch leven would have the effect of raising the mean
value of 8.4 kqals/ha. As the standing crop of the overwinféring
population remained relatively steady during January - Harch at
approxlmately 1.0 kcals/h ' the growing season could be described as the

period from April until the last adults matured i -November.
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The mean standing crop during this poricd was equivalent to 12 keals/m s

Thus the production calculated from the P/B coefficients of 7.6 - 13.5

would then bei-
P = BXP/B
= 12x 7.6 or 12 x 13.5 kcals/ma

ie.e. Production in growing season

= 9.2 - 162.0 kcals/'m2

By using the extremes of the production figures gained by both
calculations the net production of C. 5. abyssorum in Loch leven in
1969 was :-

63.8 - 162.0 kcalS/ma

The equivalent figures for the production of zooplankton in Lakes
Batorin, Myastro and Naroch calculated by combining the déta for
filter feeders and cyclopoidé, were 204, 96 and 44.kcals/h2 respectively
and most of this production was contribﬁted by the_filter feeders.
Therefore! despite the fact that the crustacean zooplankton of Loch Leven
is dominated by a.non-filter feeder, the production. appears to be

intermediate between that calculated for the three Russian ILakes.

Winberg et al extended. their productional study by calculating the
food consumption and assimilation rates of the zooplankton and'found
that 720 kcals/h? of the primary production would have reguired to have'
been con;umed'in lakes Batorin and Myastro and 354 kcals/h? in Iake |

Naroch in order to permit the calculated production of Tilter feeders-

alone.
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However Cyclops strenuus abyssorum is an cmnivore and cannot always
exploit the primary production directly. It is possibly reasonable
to apply filter feeding assimilation rates to calculations involving

periods when the Cyclops were herbivorous but when their diet was

carnivorous they were on a highgr tinphic level, exploiting food organisms,
such as rotifers, chironomid larvae and their own pawplii, which had . :;
themselves utiliséd the primary production. Associated with each step Qﬁf;{
between trophic levels is a rotential energy loss due to conversion
efficiencys Tmus it is likely that the demands of the C. s. abyssorum
population upon the primary production will have been greater than that
bad there been & filter feeding crustacean zooplankton of equivalert size. E‘

It is possible that if the cyclopoids were supplanted by filter fesders

such as Daphnia, the pwoduction of zooplankton might become greater, as

they would exploit the primary production directly and , thereby, more :_?

efficiently.




II. Other Crustacea

1e Spgbies Lists for 1969/70 and 1898

As previously noted in Review, section III, Scott (1898) reported

that the Loch Ieven zooplankton was dominated by Daphnia lacustris Sars

(D, hyalina var. lacustris Sars) with Diaptomus gracilis Sars and

Cyclops'strenuus Fischer common, while Bythotrephes longimahus leydig

and Leptodora hyalina Lilljeborg wers present at times. Collecting
with & hand net and a tow net near the shore and the weed beds he

-found 38 species of copepods and cladocerans and 28 species of ostracods.

During tﬁe current investigation in 1969/70 seven copepod and seven.
-cladoceranispecies were recorded from the routine Friedinger samples,
and an investigation of the very spagjg_weed beds which were found in
mid-summer revealed no additional species. Table 10 lists the species

of copepods and cladocerans found in 1898 and in 1969.

It is immediately appaégnt that many more species were found in
1898, despite the fact-that‘ioch:Lefen ﬁas become more eutrophic since
then and,.although it is,generally recognised that.the process of
eutrophication tends to increase species. dlverslty 1n the ecosystem by
1ncrea51ng niche dlver51ty. the zooplankton coenosis of Ioch leven has
apparently become less dlverse. Most of the ¢rustaceans recorded in the

1898 list are characteristically benthic or live im close association
with weeds.

B5/cenes
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The Cladocera and Copepoda of loch leven

Coggggda
Scott, 1898 Present study, 1969
Diaptomus gracilis Sars Diaptomus gracilis _Sars
Eyclops strenuus  Fischer Macrocyclops albidus  (Jurine)
bicuspidatus Claus -Paracyclops fimbriatus (Fischer)
L vernalis  Fischer " affinis (Sars)
" bisetosus Rehberg Cyclops s. abyssorum Sars
" viridis.  {(Jurine) ‘Acenthocyclops viridis (Jurine)
I albidus (Jurine) Canthocamptus minutus Claus

" gserrulatus Fischer

" macrurus. Sars

" fimbriatus Fischer
Canthocamptus staphylinue (Jurine)

" minutus Claus

" schme1111 Mrazek
Attheyella crassa (Sars)

pygmaea (Sars)

" duthiei Scott

1" zschokkei (Schmeil)
Morarias Anderson-Smith Scott

Cladocera
Sida crystallina (Mifller). Alona affinis Leydig i &
Simocephalus vetulus (Miller) " guadrangularis (0.F. Mifiler) §
Daphnia lacustris Sars Chydorus sphaericus (O.F. Mifiler) §
Bosmina longirostris (Miller) Leydigia leydigi Sch¥dler ° |

n dongispina Leydig Monospilus dispar Sars

Ilyoccrypntus sordidus (Lievin) Burycercus lamellatus (Mifller)
Burycercus lamellatus (Mi#ller) Bythotrephes longimanus Ieydig
Acroperus harpae Baird ' '

Alonopsis elonsatus  Sars

Alona puttata Sars

" affinis Sars -

" gquadrangularis (Miller) B
Alonella exigua (1illjeborg)

u nana, (Baird)

Pleuroxus trigonellus (Mi1ler)
" uncinatus Baird
Chydorus sphaericus (Mifller)

" barbatus: {Bragy)

n ovalis Kurz
Monospilus dispar . Sars
Leptodora hyalina Iilljeborg

_Bythqtrephes'longimanus Leydig

bt - i il LR e

PRy e

T R T




o
4z one of the most marked changes in loch Leven is a reduction in the
number of species and quantity of macrophytes it is probable that many

“species have lost their niches.

nore relevint perhaps, from the point of view of the true llmnetlc
planhton, is the apparent loss of Daphnia sp. and Bosmina sp. since
1898 as no new EDeCles of fllter feeders have emerged to take their

place.

2. Diaptomus gracilis

The only holoplanktonic filter feeder crustacean found in 1969/70

was Dizptomus grecilis and this specles was found on suck few occasions

‘that its effect dn the phytoplankton must have heen 1nsign1f1cant. _As
80 few individuals of this species were collected,.llttle can be

deduced concerning its anzual cycle in loch Leven;, Fowever the
qualitative net hauls which were obtained by-BailleyeWatfs {The Naﬁure
Consefwﬁncy) from Septembef 1§6? - Septeﬁber 1968 sﬁggested.that the
calan01ds were present in the plankton throughout the year although
their numbers appeared to be very low in Jduly.  From September 1967
until Farch 1968, they occupied 3 - 7u of the plankton, waile during the
remaining period thy constituted less than 3. Approximately equal
numbers of all stages were present during winter, whereas Ch;pmah (1969)

found that the Dlaptomus gracllls population in Loch Lomond overw1ntered

malnly as adults.

A/-.II.
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& further point of comparison between the D. gracilis of Loch
Lomond and loch leven is that the clutch’ size of th: latter population
appsared to be much grecater, The ranée of numbors of eggs per egz sac
in Loch lomond was 2 - 25 whéreas ege sac counts {rom two ovigerous
females taken at random from the ioch Léven-saﬁples gave 47 and 50 eggs
per sac. This mayrindicate the greater trﬁphic status of_LoCh Leven
or it is Pogéiﬁle'that the small @opuiétion of D. gracilis existing in
Loch Leven has a greatly embanced quantity of food per individual,
allowing adult females to produce large clutches. Thiz in turn might
be expected to result in a population build-up, but the C. s. abyssorum

population may supress this by predation pressure.

As the calenoid proportion of the copepods in Loch Leven fell to
almost zero inm 1969/70 it will be of obvious interest to contlnue to
monitor the numbers of D. gracilis in order to see whether they disappear

completely or perhaps staze a recovery.

3. Bythotrephes longimanus

The predatory cladocerans égpto&ora kindti and Bythotrephes

longimanus were both observed in the tow net samples taken in 1967/68,
cccurring in August, September and October, while only the latter spscies
was found in 1969, when 38 were taken by Friedinger sampling in the

months August teo November. Leptodora arc Bythotrephes are réputed to be

relatively speedy swimmers perhups maﬁlng it unllke13 that their capture

could be quantltatlvely sffected by Frledlnger bottle sampling.

However/evess
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However vertical and horizontal net tows also captured only relatively

smell numbers of Bythotrephes and no Leptodora. Consequently it does

not appear likely that either species occurred in as large numbers as

they apparently do in some other lakes. If in fact they do occur in

larger numbers than suspected, perhaps having avoided sampling because |
of aggregated behaviour, it is dubious whether they could be significant
predators upon cyclopoids. Mordukhai - Boltovskaia {1958) found that

the sudden movements of the copepodid stages of copepods apparently saved

them from being predated upon by leptodora and Bythotrephes while adult

cyclopoids actually captured amd ate the carnivorous cladocerans themselves.

They found, for example, that a fuliy-grown Macfoqyclqu_albidns in ons !

day could eat five Leptodora from 4 - 6em in length. They inferred from

their experiments that in Rybinsk Reservoir Leptodora and Bythotrephes ¢

fed mainly upon cladocerans, principally Bosmina and Ceriodaphnia.

However they did not supply either rotifers or copspod nauplii as food
and both of these may be important prey items in Ioch leven. On the
other hand, as C. S. @byssorum adults and .older copepodids also feed

‘upon rotifers and nmauplii and possibly feed upon Bythotrephes as well,

the copepods themselves are likely to have exerted much the greater ]

predatory control on their own population. ¢ 3 §

“4, Benthic Copepoda and Cladocera. i
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4,  Benthic Copepoda and Cladocera

In addition to the holoplanktonic Spebies described above, a few
individuals of three characteristically benthic cyciopoid species, Bl
nfive chydoridrspeciés and a harpécticoid species were observed as
fresumabiy-unwilling excursiéniéts into the plankton, swept up from t
the loch bed by current action. Tt would be interesting to know
more of the ecology of such'ﬁenthic populations, living at the mud/water

'interﬁhase. The cyclopoid species Macrocyclops albidus and AcanthoéyclOps | &

viridis, for example, may well be significant predators on the larval

Chironomidae end on other groups living on the loch bed.




: fthem under h18h~P°W6r magnifzcatlon presents severe problems. The

; lorlcate rotlfers, hnmever, have a characteristic exoskeletal shape

'f'many of the 1or1cate specmes become trapped in the surfacerfllm or stick

:G:i-qualltatxvely W1th a towed net of 63 mlcrons mesh size. H list of

-ﬁHmondson (1959) and- Donner (1966)

oL 1Roﬁife¥a‘ E

e f§2?5155‘95mP68iti0n.and Seaébnal Observations

o | - -
The Roﬁlfera of Loch Leven have apparently never been studied

before and 1ndeed 11tt1e 1f anythlng, has been wrltten about them in
Scotlaﬂd-_ They Are a dlfflcult but 1hterest1ng group to study belng

very actlve and also delicate, so that many of the: soft-bodled forms

contract 80 markedly in preservat:ve that spec1es recognltlon is

traublesome, whlle the live. anzmals move s0. qulckly that observatlon of

which is falrly easy to 1dentify.‘f‘

kphyfoplanktOﬁrwhiéh'ﬁbuldﬂhave been_sampled simultaneonsly. In adaltlon

to the sldes of tubes and Bampllng eqnxpment rendering BaMPllng and

countlng tBCh31Queﬁ dlfflcult. Consequently the. rotlfers vere sampled

specles 1n order of thalr approxlmate numerlcal 1mportance in Loch Leven
is presented in table 11 The 115t is not 1ntended to be exhaustlve but i

records the genera thCh were confldently identified. u51ng Voigt - (195?)
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Table 11

| The Iirﬁnefic :"}Rgfi-féfa-pf" Lach Levgn in 1969/70

"Keratella cochlearis var, tecta (Gosse) (2 forms - tailed and non~ta11ed)

5R- ' quadrata ,‘;  (uﬂller) (? K. hlemalls Carlin)
rblyarthra dolichoptera ;;: Idelgon'

- Synchaeta (?)‘pgctingta V o :hréﬁﬁgrgl
_Brachionusr(?)_rubgné | - (Eﬁzenberg)

- Conochilus uni&ornié. ‘ rff ' Bﬁu?ﬁe}gf-
Fili%iaflongiéeﬁa_‘ L 7*”(Ehr§nberg5

Aslencin priodorta Gasse

 Pomsholyx -{?)j"éul@e_ﬁf_a': -~ Hudson

In addltlon, o other rotlfer specles were observed. alive in a
=”fresh sample but thelr identlflcatlon was impossible -at the tlme and

-they were not pbsgrved,agaln,

Although nine Specles of rotifers. were noted, this dlverslty of - R
species’ was only Ohserved 1n early spr1ng and to some extent in late'

autumm and only the’ flret four were numerous (see ﬂppendlx 1).

While most of the specles were present in snrlng, the colon1a1

rotlfer Conochllus unlcornls was found only din- autumn. The non-talled

_varlety of Keratella cochlearls was found only in summer. gradually

hav1ng succeeded ‘the ta1led form'of the same specles, dying out eventually

- )

in July.

ThG/oo ._.'..




L These phytoplankters wuuld.be tco large to be 1ngested by Ké?atella but

' The tendency was, in fact, for the. rotifer populatlon to increase 1ﬁ
_numbers ‘and decrease in dlver51ty from 1ate W1nter ton d—summer, then
to dlsappear untll awtunn when only umall numberu were observed. a}'é.
graaual fall 1n numbers of . 1nd1viduals and rise in- numbers of specmes

then-followed untll'feqelnélv;ﬂgals wgre.found_durlng_wlnter.'

The populatzon peax bf numhers éf rot:fers occurred in June uhen
rthere Was & very large b100m of K. cachlearls var. gggggr- At ‘the peak
-of the bloom, 1ndlrect estimatas of the standlng crop (calculated by
.comparlng the number of rotlfers per copepod 1n net samples w:th the :
-known’ standlng crop of copepods) were’ of the order of 10 1nd1v1&uals/ml
~or 10 OOO/lltre. Bazlley—Whtts, studylng the phytoplankton of the loch,
| estlmated that there were as many—as fzve tlmes that figure in places,.
duite obv1ously they must have been a major factor in phytoplankton

iqrapp;ng-at that tlma. T T'rj' L - L

ot -l T T

Kd cochlearls is 50 - 100 mlcrons in- 1ength.and accordmng to i

Edmondson. (1965) feeds upon organisms up to 10 mlcrons in dlameter, such

'as bacterla or speclesrof Chlarella, Stlchocﬁccus or Coccomyxa At o J'i

the tlme of maxlmum abundance of rotlfers,rvery'large blooms of Dmatoma_

- BPPe - and Osclllatorla spp. _were: decaylng (pers. ‘comm. Ballleyuuatts).

the rotlfers may have been utlllslng the- bacter1al bulld—up resulting

from the 5enescent dlatoms and.fllamentous algae.”
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The bloom of rotifers,died out in e&rly July, possibly because of
the combined effgcts‘of oyeréexploitation of their food supply and
‘predation pressure from thergxclogs population, which,reached its

seasonal maximum biomass at that time.

2 Variation in Keratella cochlearis

The term 'cyclomorphosis' has been used to describe the seasonal

morphological changes in zooplankters such as Daphnia spp. or loricate

rotifers. The summer 'helmeted' form of Qgphgia'hyalina var lacustris,
it has been argued, developed as & reépbnse to the decline in water
viacocity with rising temperatures in’spring in order to combat fheir
resultant gradualilbss of buﬁyangy; In rotifers, however, Pejler,
(1l962) pointed out that the morfhological Variéti_on follows the pattern
of a decremse in spinal_lengfh in summer and an increase in spinal
length in cool seasons. Thus the spines are shortest at the time of
minimum water viscocity. Pejler argued convineingly that the seasonal
changes in spinal length of .Keratella are associated with changes in
body length (excluding spines) and therefore body weight. As the

body length increases by one u;it, ite weight will increase by the
third power of this unit. Therefore the compensatory increase in

length of spine will be greater than might be expected. Systematic

measurements of the rotifers in Loch leven have not yet been made inp
order to check the veracity of Pejler’s argument but it is a fact that
the tailed form of K. cochlearis was apparently absent from the p&éﬁkton

from May until September.

. However/.vea'
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However,ne'intermediate:rorms_were_obéerved between the tailed and non- -

" tailed and both were found simultaneously in April, suggesting that, in

Loch Levsn, they may be genotypically @istinct rather than, as Pejler

suggests, environmentally detérmined; However further study is needed

1o substantiate this.

f
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Iv. Other'Groups

1. Larval Chironbmidaé

éme_ af'the most striking features of Loch leven iu the size of the
chironomid population. Luring summer evemings large clouds of adult
Chironomidae are ofteﬂ to be Seeh'hanginé like smoke clbﬁdsrover the
surrounding fields. Staff of the Nature Conservancy are, in fact,
'studying.the'Loch~Leven chironomids, assessing their species composition,
‘annmual cycles, biomass and production and work has recently been under-
taken on théir bghaviour. Therefore obsérvaéions of their larvae or

'puﬁae in the plankton may be of interest.

(a) Seasonal Observations

ﬁuring'the qéuise'of rontine zooplgnktbn sampling, duriﬁg 1969/70,
uSiﬁg the 5 litre Friedinger water bottle, twenty six.bbservations were
- made -of larval chironomids, threerof which were actually_being ingestéd
by individuals of C. s. abyssorum. Details of the observations are

presented in table 12.

The species or- develorment instar of these chironomids has not

yet been determined. No pupae were observed in the samples.

(b) Diurnsl Observations

A5/ cenas




TABLE 12

Observations of the lLarval Chironomidee in Routine Seasonal

Zooplankton Sampling by 5 Litre_Friedinger

Shallow Water Sites

(0 - 5 Meotres)
Date No. of Depth
Observ- (metres)
ations
19.3+69 1 1
" 2643.69 4 3
11.4.69 1 3
16.5.69 1 2.
20.6.69 1 1
24.6.69 1 2
8.7.69 1 5
29.8.69 1 2
5.12.69 2 1

Deep Water Sites

(20 Metres)

Dafe No. of Depth
Observati- (metres)
ions

11.4.69 . 1 5

17.4.69 1 3

30.4.60 1 10

7.5.69 1 20
16.5469 1 3
1645469 1 4
21+,6.69 1 2
B.7.69 1 4
B.7.69 1 15
1547.69 1 15
28.7.69 4 15
22.10.69 1 20

12.71.69 1 20
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As described in Spatial Distribution,.section (c) ii on the
diurnal distribution of C. s. abyssorum, a samﬁling programme was
undertaken on 19/20 Augrst, 1969 in order to provide information on
the possible diurnal variations in numbers and depth zonation of the
Cyclops population within & deep site (near X2 in North Deepsl). As
a result of the sampling, which involved obtaining replicate 5 litre
Friedinger samples at consecutive metres from the loch surface to the
loch bed at 17.5 metres, af three hour intervals from 6pm on 19 August
until 9am on the following day, several observations were made of
larval'chironomiﬁs in the water column guring the hours of darkness.

The details are summarised in table 13.

liost of the 41 chironomid larvae were Pentaneura spp. with several

individuals of species of Glyptotendipes and Procladius (pers. comm.

A, McFarlane).

The twenty-nine larvae taken ai 12pm were obtained from 90 litres

of water. »
deee %% x 1000 indivé/h?

= 322'inﬁivs/h3

If they had emerged from the loch bed below the point of sampling

they can be represented in terms of numbers per area of loch bed by:-

‘322/h3 x 17.5m (depth of water columm)

-

= 5635 indivé/ha loch bed

However/ecose




TARLE 4

Observations of larval Uhironomidaze taken by : REEEN
5. Litre Friedinger Sampling in en Overnipht Investigation
of the Zooplankton at the North Deeps of Loch lLeven
' on 19/20 August, 1969

Time . No. of - ‘Depth (metres)
Observations ' : g

12pm
']3' L
5 e

17 | .
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'?_Howe#erlsincé éheyﬁmay'hhve'emergéd at some distance from their
;p01nt nf'capture 1t is possibly more accurate to use the meen depth of

the loch in’ such a calculatlon.

n

1256 __indivs/n{,z

Althdugh.thé gﬁﬁberlﬁf_samples taken-and their combined volume was
smell it is obvicus’ th“t relatlvely large numbers ‘of larvce were present
_ in the water column between 9pm ‘and 6am on 19/20 August, which suggests
'that nocturnal rlslng 1nto the plankton may ‘be an 1mportant part of
: chlronomld 1arva1 beha71our, perhaps servlng as a dlSpersal mechanism
ior servmng to redress an oxygen debt 1ncurred durlng the perzod whlch
:tney sPend in the 1ow oxygen tensmon condltlons of the loch bed. As’
chlronamld larvue must eventually'become pupae and then emerge from
-,the water asaerlal adults it is hardly surprlslng that some- should be :
Jsampled in: the plankton.i HOwever most of the 1arvae whlch ware collected
Cin the overnlght sampllné programme were in only their second or third

larval instar (pers. comm. A,;Mcfhrlgne),

Despite the numerous cbservations of chirepnomid larvae in plankton
"sam@les'pq‘pugae'wefe.founﬁ.iﬁ-eithgr theisaasonalio;.the diurnal series

2. Nematoda Olzgochaeta and dracarina

. Buripgk,..,g{




During the diurnal sempling series described in section 1, in

addition to the chironomid larvae which were taken during the night,

twelve nematodes were sampled, although none was found in samples taken
during daylight hours in the routine sampling programme in 1969/70. : _g
This suggests that nematodes as well as chironomid larvae may become

active.in the water colummn at might., However Nematoda have not been

found in the Eud of the deep sites in loch leven (pers. comm. P. Maitland) - :
which makes it likely that they had been swept into the North Deeps area -
by currents. Therefore the chironomids may also have emerged from the

loch bed at some distance from where they were eventually captured.

During the course of routine Friedinger sampling in 1969/70 eleven:
cligochactes and eight water mites were captured which were not

identified further.

2 Epizoites and Parasites 6f Cyclops strenuus abyssorum

Individuals of C. s. abzséorum of all stages were commonly very

heavily infested with epizoitic organisms, at times causing them to

appear green (see Appendix 1). Bailley-watts (pers. comm.) identified
the organisms concerned as Colacium sp. (Fugleninaea). Stalked ciliate ”

protoZoans were slso commonly found attached to copepods.

In addition to observations of -epizoic infestations upon C. s.
~ mbyssorum two instances were moted of similar large cestode cysts in

the body cavity of adult males on 13 August and 12 November, 1969. b

These/.....
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These were photograﬁhed with a Vickers Microscope and camera so that

identification coulé be made. However detailed identifiecation has not
yet proved possible and the photographs are presented in Appendix 1 in

the hope that identification may be made in future.

As plates 18, 19 and 20 show, the cyst was very large in proportion
to the body cavity of the copepod and contzined prominent hooks.
-A stringy tape, several times longer than the host, led from the body

of the cyst to the buccal regionm of the copepod.

Parasitic or possibly symbiotic ciliates were also regularly
observed in the‘foregut of individuals of C.s. abyssorum which were

dissected for gut analysis. These organisms were notable for their

large size relative tc the dimensions of the gut.
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F. DISCUSSION

1. The Cyclops strenuus abyssorum Population

The most striking feature possessed by the crustacean zooplankton

of loch Leven is its complete, temporal and spatial, domination by an

omnivorous cyclopoid species rather than by filter feeding herbivores.
This situation is apparently almost unique and provides a useful
opportunity to examine the dynamice of such a copepod population, living

in e natural monoculture.

Much of previous ZOOPlankton work has tended to be either confined

to qualitative examination or has been Quantitative only with respect }g

to the dominant, normally filter feeding species. Relatively little

attention has been paid to theAmore-usually, numerically recessive g‘

elements of the freshwater zooplanmkton, the cyclopoid copepeds, although

there are hotable exceptions, such as the work of Smyly (1961) on

Mesocyclops leuckarti in Esthwaite watef, Elgmork (1959) on Cyclops

strenuus strenuus in southern Norway and McQueen (1969) on Cyclops

bicuspidatus thomasi in British Columbia. Therefore work on the Loch

Leven cyclopoid zooplankton is likely to add to the present 'pool! of

knowledge concerned with this natural component of limnetic écosystems._

Y eeons
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71« Variations in the Annual Cycle

Despite the opinion of Gurney (1933) that British populations of
C. strenuus undergo a monocycliclannual cycle, it is clear that the Loch
~ Leven fbrm is polycyclic, haviﬁg virtually continuous reproduction and
population replacement in &ll but the coldest periods of winter, when
the temperatures of the complete mass of water may fall to almost freezing
point. At such times ﬁhe_water temperature is sustained at well below
the 4°C point of maximum density by strong winds and associated water
mixing. Smyly (pers. comm.)} found that populations of C. S. gbyssorum
in the English Lake District were very variable in their annual cycle,
ranging from monocyclic in some lakes to polycyclic in others and it is
very probable that this is also the case in Scotland as Chapman (1965)

~ observed that the population in Loch Tomond was monocyclic.

Tt has often been recorded that the C. strepuus ‘group' is very b
&ariable, with distinct although perhaps relatively incoﬁspicuous
differences existing in, for example, the length and/or breadth of the
spines on the swimming legs. FProbably geographic isolation of pepulations
has resulted in such variations. It is not unlikely that variations in
annual cycle have alsp arisen as a direct respomse to differences in
environmentel conditions. Water temperature, food supply and competition
must each exert a prominent effect on the dynamicsléf a limmetic .
pbpulation-and variations in these and other-environmental factors may
resﬁlt in changes iﬁ the rafes of growth and, therefére, the possible

number of generations in & year.

Although/ecevs




Although such paraméters are inter-relzted and'gannofrproperly be -

viewed in isoclation, it isﬂpfbbable,‘for;éxample, that the altifude of

a lake willzaffect'ité thermal history. = Thu. a high altitude tarn or

lochan in an exposed positicn may take longer to reach sustained warm

'conditions.ih-spring than a sheltered poﬁd-of similar size in a valley.

The longer gféwihg season in the:lattef nay allow more generations

to be uhdergone ihaﬁ aré possibieiin:thg'reducéd growing 3easdn of the
‘former. wimilerly thérfooa,conditions, as perhaps related to the trophic

status of the-water_body, méy'influenpe”grbwth rates and generation

1ength,. Sdarcity of fopd'wﬁs ¢pﬁsidered by Ravefé-(1954)rtq be

réépdnéible_fbr the arrested development and indudtioﬁ of diapause in

late summmr of Mesocyalops‘1euckarti'copepudids in lake Maggiore, and

Smyly (1961) conclude& that lack of food was one of the main reasons
for similar events in| Esthwalte Water. Moreover Chapman {1965)

suggested that the development of Dlaptomus gracilis in Loch Lomond

'was seraously food-llmited din summer. In contrast the Loch leven

-C. Be abISSorum pcpuldtlon 1n 1969 appeared to be amctive throughout

'the year although there may have heen a short—llved perlod in July when

the development of the older copepodld stagea was temporar:ly retarded.

_Slnce, in Ioch Ieven, even the standlng crops of phyteplankton found

in w1nter are greater than ths. hlghest summer levels reached in many

other lakes (pe;s.rcomm. Ba;lleynwatts);rthe absence of winter dormancy

in the population may@be related to the comparative abundance of food

“which is presént at-ﬁﬁét‘timec

lI’hE/ild_np .




.;The same arvum&nt may ‘be' extended. ﬁo cover: events in summer when there

appeared to be llttle develosmental reterdatlon. The'absence-of-

nece551ty for a quiescent permod may have allowed tne populatlon to
:;become polycycllc and this, 1n,turn, ‘may help to prevent the upsurge of
a cempetltlve spec1esl 1f one were present. dlth no need for qulescence;f
rdevelopment can’ be unrestricted 1nto Hovember and the presence of
ovigerous femalee throughout the elnter ensures that the pepulatlon can
qulckly respond to the: rlee in temperature and food condltlons in early'
':sprlng, produclng egg'clutchee of 1ncreaslng 51ze end ensuring a,rapld
' pcpuletionsbuild—up; g Iftthescopepods,had overwintered as reetlng-eggs.
lior dorment copepedld stages these would have reguired to mature to

'adulthood beiore a new'generatlon could be 1n1tiated.

Therefore the effects that dlfferences in env1ronmental parameters
v haye upon growth rates and upcn the effectlve perlod of development in

the year render 1t unsurprleing that one specles may undergo very

: varlable annual cycles in dlfferent lakes. Moreover 1t 15 qulte _ }
3 poselble that’ such varlationermay oceur from year to. year w1th1n a
?Blngle lake 1f suitable envzronmental changes occur. Elgmork (1959)
vas. of the oplnlon that the upper llmlt of temperature tolerance of
Ca s. etrenuus in southern Norway wae approxlmately 20 C although
;.restzeg stages could Surv1ve temperatures within the range. 0 - 30 Ce
The maxlmum water tempereture reached in Loch Leven in 1969 was less
than ao c but perhaps a reetlng phase mlght have been 1nvcked if

PR

condltlons had been warmer.f
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2. The Reproduction of the Population

- r T e
bt

The means by which the population can increase in size in rapid ]
response to more clemenf conditions is interesting. Whereas cladocerans fﬁi
reproduce mainly by parthenogenesis copepods always reproduce sexually,

-and only the adnltffeméles, which may occupy a numerically minor part

of the population, produce offspring. However the potential of overall
fecundity ic high as each female carries a large number of eggs and
~produces clutches of them at relatively short intervals of time after
only one copulation with a male, since spermatophores passed from male
to female ensure that the successive broods can be fertilised without

further mele assistance.

Active breeding periods are characterised by large numbers of' .‘i i
nauplii entering the population, yet their stapﬁing,cropris not itself - .
sufficient fo indicate the intensity of such events. A fast réte of
growth mai result in the nauplii mbﬁlting to successive copepodid _ -
instars before field observations can be made. Possikly the best : |

gauge of breeding intensity is the number of nauplii being produced

per day throughout the season, but in order to confidently assess this |
it would be necessary to know with some accuracy the length of developmenﬁ
of the eggs, the period of time between clutches, the number ef eges

per egg sac and their standing crop. oL
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Although the c,lculetlon of egg development dernved An the present

‘ 'f1e1d werk 15 1ntended only a5 .a rough gulde to the actual length of

”7{:deve10pm“nt throughout the year, 1t mey be. used to glve results ”hlch

“are comparetlve wlthln thls etuuy. : Thur durlng late May when' the egg

‘*'Q-stock reached a peek of 60@/5L the water temperature wae epproxlmately

'i10 C and the developmental perlod of theweggs gt thet temperature was
'12 daye. Therefore 50 nauplil w111 heve hatched per 5 lltre/day._ When
':the °gE stock reached ite August peak ni 1100/5 11tre the mean water
'*:tempereture was over 15 C esg development WES. estlmated to take place
in 8.5 days and’ the rete of naupllar productlon was nearly 130/5 lltree/.
E-dear. Durlng ths 1nterVel between the peake the egs stock was about
-1?5/5i the mean temperature was over 15 C and the developmental perlod
was about 8. 5 days.; Thus the production of nauplll was ZQ/SL/day,
' ‘rather more than would be eusPeeted from'the stanulnf crope of naup111
}and early’ copepodld etegee found at that time.,t Mcreever th;e mav well
ﬂbe a coneervatlve eetlmete of thednumbers of: Juvenlles enternng the
'lp0pu1at1on durlng 1ate June and July elnce, whlle the growth rete of the
speclEs appeared to eteblllee at temperatures in excess of 13 - 1400 it 3
715 llkely thet this was. partly caused by a delay—zn meturatlon of the
:older copepodlds rather then by an- unehenged rate of development in all
1';of the instars. - Thus there wes en accumulatlon of numbere of copepodids
IV and V, Where development was. retarded, wﬁlle ‘the numbers of younger

_;1nstare renalned low beceuse ef repld develepment through these stages.

.: Despits/. eene




Despite the added refinement of this method of assessing the
populatlon birth rate it is clear that understanding of the overall

sequance of events remains llttle changed, with the graph of egg stock

giving a reasonable indication of the more iptenslve perlods.of potential

"population growth. In spring and éarly summer a lerge ggg stock was
maintained by a relatively small numberfof_large adult femalés, carrying
large numbers of eggs. The later, shorter-lived, but larger, peak of

egg stock which was found in August was the result of arlarge number of

small individuals carrying less than half of the numbers of eggs per egg

sac that were carried by their predecessors in April and May. -

3. Inter-relations Between Body—S1ze, Egp-Number, Food and
Temperature : _

The seasonsl changes 1n mean body-size and number of eggS/egg sac
of the adult females folloued a similar- trend to changes in rhytoplankton
atanding,crop_and appearad to be_inter-related, It_has been,suggested
earlier that the numﬁers of eggs carried hy the females is ﬁependent
upon the quality and quéntity of food,availahlé’ht_the time of initiétion
of the eggs, modifieﬁ by the size of the o?igerous individuals, alfhopgh
their degree of éenility must also be influential, Furthermore the size
of the females is probably dependent upon the water temperature and
food conditions during their larval development. Deevey (1960), for
example, found that the relative.efféétsibf}temperature ané food on
seasonal changes in body-size depended sﬁ'the gxfent of the annual.

'temperature rénge;
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She considered that when the annual mean temperature range was 14°C
or less, food exerted the prime influence on development. When the

mean range was greater than 1490,-she found significant negative

correlations between body-length and temperatufe at the time of sampling.

¥oreover eéch species from every ldcality_she investigated gave
siénificént negative correlations between body-length and the mean
temperature of the previous month. Thus in Loch Leven, which undergoes
a temperaturé range in excess of 1#00, one might expect that temperature
_would'be.the'most-important factor in determining body-size changes.
Negative correlations ‘would be expected between the loch temperature
durlng larval development of the adults and their size at sampllng,
whlle it might also be expected that similar correlatlons would be found
between water temperatures at the time of sampling and adult body-size.
From examination of the.graéhs of-water,temperature (fige 13) and

adult female body-length changes_(fig. 5) it is clear that the latter
qonclugion is anlténable with regard to fhe.results from the Loch leven
copepodsy sinqe,=for_example, the lérgest females were not found in the
coolest temperatures. However a relationship between temperature
during development and body-size at maturity may be noted as the largest
females developed in the cold, spring months while the smallest females

B

of the year developed during the warmest period. .
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Thergraph bf_phytoﬁlankton standing crop (fig. 11), intended as
a_tentatifermeasure of food availability, shows a striking resemblance
to that of body length changes (fig. 7), implying a possible direct
relationship between food availability and body-sizeé. Smyly (1968),

studying the number of eggs and body-size of Diqptomus gracilis in the

Engllsh,Lake D1btrict, found that elutch~size and,body-slze of spring-

caught, adult females could be signlflcantly -correlated w1th dspth of

water in forty-tun lakes and tarns and suggested that a posszble 11nk
~,between_lgrge_bodyfsmze, Jarge clutch—size and shallowness of water

might be the greater accessibiiity of benthic and littoral algae in

shallow water. '-In other wofas he concluded that & greater food supply
ellowed larger body—sigf-aa'well as clutch-size. On the basis of

comparison betwsen populations of D. gracilis in Lake Windermere and

Wise Ben Tarn, Smyly argued that the seasonal changes in body-size

undergone by the females in both the lake and the tarn could be explained

by an inverse relationship between size .at maturity and teméeratuie L
during larval develbpment,'but poiﬁted out that throﬁghoﬁt.the year the '
aduli females of the tarn were larger than those of the lake. 'Moreover
the mlnlmal mean body—length in the tarn was greater than the maxlmal
megn 1ength in the lake. As the 1ake-water was cooler than that of the

tarn during the first eighﬁ months of the yedr it might have been

anticipated that the lake adults would have grown larger than those in i

the tarp - thé.opposite of the true even%s,

Smyly/ vesve
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Smyly; therefoie, suggeste& that the obsefved_ﬁifference in body-
size between the copepods in the leke and those in the tarn could not
solely be the result of temperature. ‘He accepted that the enhanced
rate of water renmewal in & high-altitude, shallow tarn could have
resulted in the evolution of a larger race of individuals capable of
cazwying_larger numbers of eggs in order to compensate for greater
population loss in the outflowing vater (Ravera and Tonolli, 1956),
but felt that the greater'accessibility of benthic and littoral algae

in the shallow tarn could have caused a short~term effect -on body-size.

Therefore it is-aﬁparent that the mechanisms influencing seasonal
changes in body-size and egg-rumber of the adults of C. s. abyssorum
are very cowplex. However it is reasohable to conclude that the
number of eggs vhich can be carried by = female is directly related to
ber body-size, while the number of eggs which she can produce must be
related to her food supply and the energetic demands of her metabolic
‘rate which, itself, is directly related to temperature., In addition,
body-size is influénced by the fecod and tempersture conﬁitiogs experie;éed
during larval devélopment, while superimposed on this comjlexity‘nf |
inter-related variahles is the probability that longer—term genetic
influenbes will have 'shaped! populatidns of‘cdpepéds in diffgfent lakes
in resfonse to the requiremehts of body-size and egg—number‘gnvgrned by

their own special conditions.
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4, Vertical Distribution

The apparent absence of a clea:lj-défined,1vertica1 migration
pattern in fhe-g, §,‘abzésorum population of Loch Levgn is not entirely T
surprising, as a full-programme of'diurnal sampling was of necessity. R
restricted to one experiment in August. Consegquently the results
obtained from that single sampling programme cannot be taken as %
indicative of events throughout the rest of the yssr. It is generally £W3
agreed that light plays the most important part in determining the %
vertical migrations of a wide range of aquatic animals and, in fect, %*

Ullyott (1939) found that the vertical distribution of Cyclops strenuus i

(abyssorum) in Windermere was best-correlated with blue light of 500 1
% units, However Loch Leven has such prolonged and sevgre phytoplankton |
blooms thaf 9% of tﬁe visible light is extinguished within the first E?
metre depth during_é!large part of the year and blue light is filtered .
out within this layer. When the digrpalrsampling Programme. was : ;;
undertéken in August the phytoplankton was no less dense than usuzl and
,it would be difficult to imagine that the adult females which were
‘aggregated at_15‘- 1?hmetres depth could be positioned with respect . ﬁL

to light of this wavelength.

In acdition to the very restricted light penetration during most
of the year the vigorous current action within the'lqch would be expected

-to disturb.any vertical migration and would tend to obscure its effect.

Nonetheless/caces




Nonetheless several instapces of clear vertical aggrégations were
observed. Often there was age-specific or sex~specific demarcation
between such aggresations, displayed most prominently by the ﬁauplii
and the older copepodid stages and mdults. On July 26 and August &,
for example, the nauplii were almost.entirely bunched in the first five
metres depth below the surface in the NorthrDeeps while the copepodids
iV - VI (adults) were congregated mainly at the loch bed.  Further
examination of Ifhis pheﬁomenon during the diurna,l_ series of samples
talken on August 19 and 20 revealed that at that time-fhe adult females
were most common near the loch bed while thermélés were scattered.
Horeover the nauplii, although still having a strongly aggregated
distribution, were never present in large numbers in the same depths as

the bulk of the females.

During August the egg stock carried by the adult females was the
greatest of the year, suggesting that many nauplii must have been
hatching at that time. As nauplii hatch directly from eggs carried
by the females it would be reagonable tg'assume that,rif egg—hatchihg
is a.relativelj cﬁntinnous'process;within_the population, the naupliar
numbers would be greatest in the‘regiéns of gregtest concenﬁration of
the females. This was ﬁever-the case. However evidence has heen

. presented thét the nauplii were‘heavily predated upoh by the oider
copepodids and adults and-it,is‘pOSSible.tﬁét_sgch predation pressure
could hove resulted in the apparent difference between the vertical

- distributions of the adult females and their nauplii.
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This might also account for the relatively small numbers of autumn

individuals arising from the very largelﬂugust egg stock.

The deep—water aggregation of the adult females may have been
assoclated with the hlgh water temperatures whlch were malntalned
throughout July and August. -The relatlvely bulky a&ult'femalea, having
& lower ratio of area of body surface to volume than the ﬂnaller 1nstars
and the adult males, may have fqund it very dlfflcult to maintain the
swimming speed nmecessary io preventi them‘siﬁking. Idkewise the high
energetic cost of respiration associated with constant swirming in the
warm water may have made it necessary for them to congregate in the-
slightly cooler, deeper water.  Apart from the benefit to be gained
from a lowered metabolic rate in the reduced temperature conditions it
is p0351b1e that the copepods may have rested on the loch bed for it
was notlceable, in thls respect, that adult females an& older copepodlds
pr g, 5. abgssorum—spent fairly 1ong perieds on the mud surface of the
hotﬁomﬂbr giingiﬁg'to the thergléss-waiis,offa_tank in the iéhozatory;
Theréfore}it:islﬁof go improﬁaﬁlé tﬁaﬁlfhe'adult females éould;temporarily
forsakéitheir normai ﬁlanktoniq existence by spending tiﬁe on:thé loch

bed.

- The possibility of such a semi-benthic period of existence raises

the question of the effect that this might have had on the flora and

fauna.of the mud surface.




If the copepods were active, rather than in dormancy, as is suggested by
‘pnalysis of the slight nocturnal rise in the verticél distribution of the
adult females in the diurnal sampling series, then it.can be assumed that ;L
- they must have been feeding. It has already been argued that they may
;have been exertlng conslderable predatlon pressure upon their own nauplll;
and it is not unllkely that chlronomld larvae, ollgochaetes, benthlc
protozoans and algae w111 also have been eaten. While this is entirely
'spegulatlye, it is pzrhapsrworth chserving that the-grazing-effects of
thg_qormai crustacean inhabitants of this habitat, the benthic-COPepoda

and Cladocera, are equally poorly understood,

The distribution of the population with regard to.the transitory

~ thermocline which arose in June is interesting., . No copepods were -
found deeper than 10 metres in the North Deeps sampling site (X2) on
June 14 although on no other occasion in the Year was a total absence
‘of animals dlscovered in any depth stratum. At that tlme thare was &
rthermal dlfference of approxlmately 6 < between.the surface and the loch
bed with. the most 31gnif1cant drop in temperature occurring between 7
and 10 metres. Oply pauplii and copepodlds I- III were found in the

region of this thermocline while no stages were present in the hypolimnion

In many'lakes sustained summer thermsl stratification causes
1deoxygenat10n of the hypolimmion leading to the dlsappearanse and

possibly the death of the non—anaeroblcally resplrlng arimals 1n.th15
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As a result there is- usually a pauczty of zocp&ankters in the hypcllmmlon.'

7 smyzy (1967) found that early in the 3ear “es°°y°1°“$ leuckarti were.

_'scattered at all uebths in latnwalte Uater, whlle from May untll
_September, when the lake was thermally stratlfled they were found

falmost entlrely above 6 metres depth. blmilarly Tash and Armltage (19605

:found that Qgphnla galeata mendntae Birge was llmlted for a time to the
Zupper 51x metres of Leavenworth County Lake by an oxygen deficiency -in
(,the hypolzmnlon.— A number of specles of Cxclopg can tolerate anaeroblc
-condltlons‘by mlgratlng perlodlcally 1ntc a oxygenated region or by
undergolng a restlng phase of development (Chaston, 1969) therefore the
reason for the lack of G. s, abxssorum in the hypollmnlon on 14 June 18
.more likely to have been causea by an. actlve mlgratlon,out of thls reglon
"than by a mass mortallty withln 1t. Thls hypotheszs is substantlated
?by examinatlon of the ccpepod standlng crops of. that perlod es only the

{;egg stock and nauplmz declined noticeably.a

5. The siamass]af.tne Pbpuléti&g

Contrary to the 'claas;cal' zooplankton succession of spring and

autumn perlods of large numbers with a summer depr3351on in population
size, related to- what is normally consmdered te be the cycle of phyto-':
- plankton’ standlng crops in most temperate waters (Hardy, 1958),. seasonal
';1;changes in biomass of “+the C._s. agxsso populatlon of Ioch Leven
ﬁlrevealed thatrthere was a 'bloom 1n summer rather than in sprlng ‘and

autumna 7

'T‘ne/onotv




RGO

The overall pattern, presenteﬁ in terms of mean monthly- values of
kcals/m2 surface area, was that fhe population size exhibitedran
apparently normal distribution around a Jﬁly mode (figf|16). In fzct
there were two peaks in summer. The first pronounced-increase'in
biomass in June (fig. 15) was as a result of the growth of juveniles
which had hatched from the egg stotk of May andé early June, while the

July decrease resulted from the eventual loss of these animals plus

the loss of those which had:developed in late June and early July.

This biomass drop, occurring concqrrently with a very sudden increase

in water tempefature to the'séasonai maximum, may have been caused by
mass mortality, or perhaps by a migration by the ﬁlder copepodids tor

the vicinity of tﬁe loch béd where sampling may have been rendersd only
partially effective by their proximity to tﬁe mid surface. The almost:
immediate second increase in biomass recorded later in July may then have
been caused partly by their re-emergence into more effective sampling
range and partly by the rapid incrementation of the younger stages,
supplementing the élder instars without themselves being sampled in

large numbérs during their growth to those stages.

The gradual decline in biomass leading to winter followed a

progressive'reduction in the population birth rate in the cooling

conditions of autumn. Thus the numbers of nauplii fell to a very low

level during September and October, resﬁlting in the decline in numbers
of the succeésive'cqpepodidistages to hardly-measurasble levels so that

few, if any, matured to adulthood after November,

I"’lean'ﬁ'h.ile/o aseae
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"Meanwhlle the process of . -ageing,. prcdxtlon and possibly starvatlon
caused the stand;ng crops of adulth tu fall to the level of the prev1ous
_ ulnter.-

6. Ccmparlsons between thc Fean Blomass in Loch leven
and in other lakes

Since the Loch Lsven crustacemn zooplankton is a virtual monoculture

of Cyclops strenuus abyssorum it is of intérest to compare its biomass

'andiﬁroductiﬁn'ﬁith'thét_found'in'o€héi'1akesa However as the
caiculatinh'bf-productién is sti11 ﬁt a tentative sfége it is perbaps of
~ more value to use the blomassrdata, whlch is known to be more &ccurate-
The blomauses of the crustacean zooplaﬁkton in - the three Ru531an Lakes
”studled by Winberg, Pechen and Shushkina (1965) are presented in table

'14 and compared wmth that of Loch Leven in 1969,

Tablet14,

The Mean Blomass of Crustacean Zooplankton (g/h wet weight)
Iound in Three Ru531an Lakes and in loch Ieven

Groups L. Batorln - .;Engtro © L Naqochr: L, Leven
Cyclopidae '*j.B 2.#; 2.7, dhao
Cladocera iO;S | . 6'..(7)".j Tl - e
Total ~— ©  13.8 kb 8.6 14,0

(table adapted from Winberg, Pechen and Shushkina, 1965) i
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:The'zbbplankton'bioﬁass in‘the two most—productivé of the Russian
Lakes (Lakes Batorin and.b@astro) was, therefore, very 51m11ar to that
of the C. S abzssor popul tlon in Loch Leven, whereas it might have

been_expected_that the absence of f;lter‘feed;ng crustaceanS'ln Loch

‘Leven would have reéulted_in_a reduced biomnss, Furthermore the
caleulated biomass of the loch leven population represents the mean for
the full year whereas the Russian figures were derived from only the

five months growing season, when the mean biomass must have been greater
than if it had been caleulated for the full year. Thus the mean amnual
:biomass of the purely cyclopdid‘populatibn in.Loch Leven may be assumed
-to be hlgher than that of the comblned blomasses of the crustacean
groups in each of the ‘Russian Lakes. Patalas and Patalas (1968)

studied the crustacean plankton of sqmerMazurian'Lakes (Poland) and fouﬁd
that Lake Dpinek was the most productive in terms of numbers of individuals
‘andlbiomass;per uﬁit:of_surface ares, having;a mean summer biomass of
about égfﬁa waﬁ weight. Ten pelagic species were noted, of whiéh 4 -6

were described &s co-dominant. It seems, therefore, reasonable to

assume that the Loch Leven crustacean zooplankton may be of the same
order of size, despite its lack of diversity, as it would have been had
the usual filter feeding species been present. On the other hemd the
aﬁnual'prodnctidn=of‘the more diverse population might nave been greater
owing to enhanced rates bf'turhover-of starding cfop caused by heavief
predatlon by . fish upon the cladocerans than they appear to exert at

present upon the cyclopolds.
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II. The Zooplankion of Icoch Leven in CGenerzl

The basic ‘role' of the marine or freshwater zooplankton.iﬁ a
food web is as an essential link between the production of the phytb-
plankton and the higher trophic levels. ‘Iﬁ freshwater ecosystens,
part:af the role of phﬁtpéynthetic convefsion is underteken bj the
benthic and epiphytic algae and the higher plants, which are then
grazed on by.he?bivorous invertebratés such as .snails, mayflyilarvae
éﬁd c&ddis fly larvae. However,-aé the proceBS-of.photdsyntﬁesis
depends upon the penétration of light the relative importance of the
benthié algae and higher plants is limiﬁed by water depth. Thus,
while in a small, shallow pond the area of bottom on which such plants
can grow may be quite large and they mey contribute & great deal to
the overall photosynthetic pr;duction of the pond, in a larger body of
water such as Loch Leven, their effect is likely to be smaller because
of theﬂreduction iniproportion_of the littﬁéal zone to the reét of the
area of the_water Body; ,In'such,cbnditions,_as in the saa, tﬁe
phytoplankton,ﬁormaliy provides théibﬁlk of the trapped eﬁergy»ﬁhicﬁ can
then.be used by thé.herbivofes and carnivores. Moreover Loch leven
rhas-very prﬁlpnged and dense phytoplankton blooms which probably
prevent the production of a large amount of benthic algae in the many
shallow areas of the loch by shading out the available light.. The
macrophytes have indeed declined in quality and quantity so that the
few weed beds which have persistéd mst £aVe a minimal effect on the

overall photosynthetic production of the loch.

Therefore/. sees
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.'7ihé;§£ore mpétiéffthérhérﬁi#pfes must féed~upon the phytoplankton;

The most lmportant phytoplankton grazers ‘of Ioch chen are chlronomld{

i-fr'larvae, duck mussels (Anodonta anatlna (L.)) and zooplankton, but the

'relatlve lmportancerofrthelr.feedrng is not yet,fully known; although

"concentrated work on the productlon ef the Chlronomldae iz well underway.

Ir, at thls stage, the tentatlve estlmate of th= pulﬁtion of QXCloEs

o strenuus gpyssorum 1n 1969 (63.8 - 162.0 kcals/m ) seems a surprlslngly,

. ané thxck as splnach,scnp WIth water~bloom1ng algae (transparency'only

?18 cms!)."

_flarge amount slnce they are nonpfllter feeders, it must b» remembered
1Zthat they feed upon dzverse typas of fOOd,lncludlng the phytoplankton
: and probably the bacterla involved 1n its. decomposztlon, as well as

"upon rotlfers and chlranomid 1arvae whlch graze upﬁn ite In addltion

1allochthonous organic materlal brought to the loch by the 1nflow streams

may- have further contrlbuted ta the decomposer food chains 1ead1ng to

B the younger 1nstars of the spacleso,}

A search fﬁiough-thé'éxtéﬁéi#ellifératufe ofrzbdﬁién}ton ﬁork’has

revealed only one other 1ake ecosystem totally ddmln'ted in thls way
by a cyclopoid sPecles. Pbgler'(1965) found that the zooplankton of
'Iake Hemfj&rden in central Sweden WaS . "remarkably poor in specles,

7‘.::damlnated by cycloyomds and heratella cochlearls.“ The laka was

' heav1ly polluted by the city of Orebro and, when VISIted WES "green

- 'Ihﬁ{/o;oo:o_o
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The similarity between the description of Lake Hemfjérden and the

prevailiﬁg coﬁditions‘in Ioch Lewvén is pbviously'very close.

There was no scarcity of filter feeders when Séott-visited Ioch
Leven iﬁ 1898 and indee& both QEEEEEE sp;'apd Bosmina sp. were present
unfil at least 195k, when Woodward (pers. éomm.) took three pumﬁ,samples
from the jetty at Kinross. Therefore their diéappearance has taken

place during the last sixteen years.

Although the gradual process of eutrophication is normally expected
to increase species diversity several workers have siressed the basic-
stability of the species composition of lake zooplankton. Baldi €1951)
noted that the species composition of lake Maggiore in Itsly had remained
constant over a 40-year period and Tappa (1955).observedithé same .
sooplankton spacies in Aziscoos lake in Maine (§.S.A.) as had been found
twenty-fivé years previously. Smyly (1968) also observed that sﬁability
was the general rule as be found in a survey ofrtﬁe planktonic and | '
profundal Crustacea of the Engllah Lake District that nearly all of the
oﬁéervations-of crustacean species made by Gurney in 1923 ﬁad been
repeated. Therefore it is particularly important that the .cause of the

recent disappearance of Daphnia and Bosmina from Loch leven may be

ascertained.
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In order to determine whether there was a link between persistent
phytopiankton blooms and limited numbers of individuals and gpecies of
crustacesn filter feeders in the zooplankton commnities, sémpling
- visits were made during 1969/70 to several lochs, lying within 25 miles
of Loch Ieven, where eutrophication wﬁs enhanced and where blooms were
troublesome. Qualitative sampies'were taken by towed net from suitable
points on the shore,-from landing stages q? from ﬁuafsa The zooplankton
species found auring the sampling visits a}e listed in table 15.

Cbviously the specias 1lsts in table 15 are not exhaustlve since each
loch was visited only once and sampling was not extensive. However it
is ev:dent that thereiwas no scarcity of crustaceam filter feeding
species in each of thé lochs except Kilconguhar Loch, which appeared to
contain only ome ; Daphnia magna Straus. A ‘'spot-check' on Loch

Leven in 1969, carried out in similar fashion, would very likely have

revealed the presence of only Cyclops strenuus abyésorﬁm, although

pccasional individuals of Diaptomus gracilis and Bythotrevhes longimanus

might have been found.

Staff of the Nature Conservancy, curréntly éxamining wetiand
ecosystems throughout Britain, have made t&wed net examinations of the
occnrrence of zooplankton Crustacea in twenty~one eutrophic lakes where
algal blooms have been reported and have found ne other zooplankton
community as,lacklng in crustacean filter feeders as that found in Loch

Leven (pers. comm. Britton).

;’he/o--oc_.
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The Occurrence of Crustacean Zooplankton Species in

Eutrophic lochs Lying within 25 miles of loch Leven
. L

_ mmswwwum Site County Diaptomus uwmwuwm, U.smmum Cyclops |Cevir-~ | C,albidus n.mmHme
Date gracilis | hyalina ’ strenuus |idis ' -
_ var,lac— abyssorun
ustris _ -
11.11.69 | Loch Fitty Fife +it AR - + - - -
14,11.69 | Loch Gelly = | Fife s I I e - - -
14770 [Kilconquhar L Fife | - | o 1 e ] e 4 - -
| 147,70 |Iindores Loch | Fife |  te++ e = S AR o+ + +
| 5¢5.69 |[airthrey Loch | Stirli- _ |
| o ngshire Ftt A -]t - - -
w . . . . K]

+ = mwmmmuw
++ =  common
+++ = - Yery common
+.T_...,_. = degd
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'The iakes studleé contalnéd Von averabe, th}ee sPeciés 6f'fii£er'feeding
_crustaceans (Cladocera anc Calanoida) and orie non-fllter feeding species .
:(Cy010901d&), approxlmdtlng Pennak‘s (1957} observatlon, that zt any one
tlme, most llmneblc habitats ingclugde .2 = 4 speczes of Cladocera‘'and 1 = 3
specles of Copapoda. Therefore there 13 no  firm evidence to suggest

'that the Loch Leven algal blooms have resulted in the. v1rtnal mono~

culture of Cyclogg strenuus _gyssorum whlch 15 found there.

Broaks (1968) fonnd that freshwater planktlvorous flSh could
_exert a potent 1nf1uence upon the comp051tion of the zooplankton due
to thelr hlgh degree of food Belectiv;ty and that the facultatlve |
planktlvores trout and yellow perch appeared to prefer large Cladocera,
eapeclally _“Egggg, and swltched to non-planktonlc food,whan they vere
not avallable.- If the decllne 1n macrophytes and the possmbly—
associated decllne 1n llttoralAand benthlc 1nvertebrnte dlverslty took
place at Loch Leven relatlvely recently—it is. posslble ‘that ‘the fish h
may have overcropped the cladoceran zocplankton due to &a 1ack of
awallablllty of otherrfood items at certain times of the yaar. : Brooksi
also neted tnat when p&anktlvory was intensive thﬂ larger zooplankters
were cropped sufflclently to allow small, hltherto-suapressed specles to-
become numerous._' In the case of Loch Leven the Danhnla may have heen
croppedAmore heav11y than the Bosmlna, which are smaller, or the C clo Sy
;,whlch have z more vigorous escape—reactlon.{Smyly, 1968). -However_th57
'_1DaDhn1a woula surely not have dlsappeared but weuld.h ve been held st a
low den51ty of populatlon, whlle the Bosmlna, whlch appear to hove. died

out also, might have beeg;expectad*to mult;ply'to take their rlace.

591ective/o snee
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Selective predafion.by.fish_ié.therefbre unlikely to have resulted in

“the apparent total loss of the'Daphnia and Bosmina populations.

A further possibility for the change in zooplankton speciés
composition is the undetermined effect om the loch biota of the
organochlorine pesticide Dieldrin which was discharged into Loch Leven
from the wooller mill in Kin:osé‘during thé period 1958 -_6#. - Bowever
the presénce'ﬁf the cheﬁical‘haé been reéﬁlarly_mbnitéred_in fish'fissue
by stéff‘bf the Freshuater Eisheriés Laboratory at Pithchry, and Holden
(pers. comm,}'ié of the opi#iﬁn that'therpaétiéide lévels in thé;loch
were -never high énbugh to kill.fhé filter faedérs; He pointed out that
thé.iiteréture on toxicity showed that when-epréed to the pesticide'in
various teéﬁé.trout were susceptible to lower concentrations than were
Daphnia spp. As the maximum possible concentration in the South Queich
{which discharged the pesticide in to the loch) was never toxic to fish
and dilution by the loch would have reduced this con51derab1y, Holden

feels that it is nnllkely that the pesticide can be blamed.

Sanders gpa Cope (1966)5fexperiﬁenting upon the toxicitx of
.séveral pesticiks, incluﬁiﬁg Dieldrin, to two species-of cladocerans,
found that,sus¢g§tibiiity to a very wide raﬁgerof,thicity-levels.variea
‘with the species used, the age of the best animals and the ambient

_test temperatures.

_For/.._...
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- For example, Malathion was 8.8 times more toxic at 50°F than at 70°F to

Simocephalus serrulatus (Koch) and DDT was 2.6 times more toxic at 60 F

to first-instar organisms up to 18 hours old than to ? day-old organisms.

Moreover toxicity experiments upon zooplankton species are usually s

restricted to the rapid screening of insecticides and herbicides, deriving
toxlclty levels for produclng a required Tesponse (immobilisation or

death) of 50% of the animals under test in a given number of hours
(Anderson, ﬂ960' Uollerman and Putnam, 1955; Sanders and Cope, 19663
Macek and Sanders, 1970). It is very unsatisfactory for such toxlclty
values to be quoted vhen- the long-term effects of much lower concentrations
of & toxin, persistently released into a natural ecosystem, are unknown.
Furthermo-e it is obvious from the work of Sanders and Cope; firstly,

that values for one species of zooplankter cannot be applied to another;
secondly, that the effects of the idxip may be more drastic on the very
young individuals of 2 species; thirdly, that the values derived from

one specific test: temperature may be very differepf from those derived

from another. 'ihe possible effects of the pollution of Loch Leven by

Dieldrin cannot, therefore, be discounted.

In Chew Valley Iake near Brlstol Dieldrin poisoning was suspected

to be the cause of the drastic reduction in numbers of Qﬁgggég_ A

-and Bosmina sp. in 1968. (Bays, 1969) and although the filter feeders

decllned 1n abundance the cyc10poid5 per51steu. In 1969 the zooplankton

© returmed to 1ts pre-1968 condition with the numerlcal recovery uf the H

Daphnla and Bosmlna, while the numbers of clops remained constant.

ﬂlthough,/. L XX Y
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Although Dieldrin was suspected to be the cause of the zooplankton
disturbance, there was a sharp rise in phosphate in the lake in 1966/67,

a prelude to the bloom of green algae which occurred cencurrently with

the temporary decline in the numbers of filter feeders. Therefore it

is possible that natural changes in the phytoplankton probably due to
increased phosphate concentrations; may have resulted in the quantitatiﬁe‘

changes in zooplankton.

Further evidence of the ability of lyclops spp. to cope with
drastic changes in their environment is provided by an account by
Woodward (pers. comm.) who was concerned with the removal of unwanted
pike by 'Rotenone' (derris root extract) poisoning from Loch Kinardochy
in Perthshire. He recalled that after a virtual elimination of the
crustacean plankton. following the poisoning, there was a bloom of rotifers

together with Cyclops strenuus. Daphnia later re~appeared and at the

end of about L years th: zooplankton was back to the original regime,
with ﬁiagfomus and Bosmina occurring in large numbers and with Cyclops
and Dophnia in smaller numbsrs. VWoodward was certain that C. strenuue
dominated the zooplankton in the years immediately following the

application of 'Rotencne’.

In both the cases of Chew Valley Lake and Loch Kinardochy the eventusl
return to zooplankton mormality gives hope for the return of-the filter
feeders to loch leven. However Loch Leven is so large that it is hard
to imagine that wind-blown ephippia or those introduced by initerant
ducks should constitute 8 sufficiently large-sczle recolonisation to

effect this, unless the Cyclops population was at a seasonal low-density

point/- 'YX
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point and predation on the juvenile cladocerans could be reduced.
Such conditions might arise during a sustained spell of very warm : :E
weather or during winter but, unfortunately, both might be associated h
with lower phytoplankton density and the immigrants might not find

sufficient food for both survival and reproduction. i

Laboratory populations of Daphnia, fed upon yeast, have survived

for long periods in Loch Leven water and itldoes not seem unreasonable 1
that they might once more exist in the loch itself.  Daphnia might $§
reduce the standing crops of micro-algae which dominate the phytoplankton a
in Ioch Leven (pers. comm. Zailley-Watts), thereby increasing light
penetration into the water, and an extension of the photic zone would i
be likely to have z widespread eifect on the loch flora and fauna,

allowing recclonisation by weeds and providing favourable conditions for

the invertebrates associated with them.

The possible adventages of Daphnia supplanting the Cyclops strenuus o

apxssqrum_would seem to be sufficient reason to attempt to establish |
smail populati&Qs in cages frpm which Cyclops could be excluded. |
Basic information might then be obtained on the feasibility of artificially '
re-introducing them to the loch. If they survived in the cages, very jj
large numbers could be transported from other loéhs and inéroduced into

relatively enclosed areas such as the boat harbour. Yet it seems fi
unlikely that such an operztion could be successful since, although the :@

- .

" Diaptomus gracilis population is very small relative to the numbers of ﬂ

CxclODS, their numbers throughout the loch must be many times greater w

than those of the Daphnia which could be introduced. i

Despite, eeees
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Lespite this, there appear to hazve been fewer L. rracilis in loch Leven

in 1969 than in the previous year.

The probable future of Loch Leven does not -.~: crounds for
optimism. The pitrate input due mainly to the uvse of nitrogenocus
fertilisers in the arable drainage area is continiing to increase
annually and is expected to do 50 further. The wzzut of phosphate
llkerse is expected to 1ncrea5e, since plans hav: been put forward for
the woollen mill at Kinross to increase the size ¢I its effluent by
seberal>times. Iittle, if anything, can be done <o alleviste the
nitrate problems but pressure is being brought to zear upon the mill
proprietors to treat their effluent in an attempt to reduce the proposed
increase in phosphate. In addition Loch lLeven k=zs been proposed as
a possible source of public water supply and a pilot experiment has beén
conducted to see whether the phytoplankton of the Toch would create too
great a nuisance. Apparently the scheme is now r:zurded as economically
viaﬁle and it is proposed to abstract somewhere i= the region of 6 million
gallons of water per day, which would lower the cirimum ievel of the loch
by 16". As partial compensatlon, water would be &iverted from the
heaéwaters of the River Devon and would enter Loct Leven wia the Gairney
Yater. The scheme is still believed to be under cgnsideration at

present.
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Tous the condition of the loch leven zcoplankton in 1969 must not
be considered the 'status guo', if indeed such a term could ever be
nsed in connection with a biological system, and it is very important
that continved study be made of the loch ecosystem in meneral in further
years. shorter-term studies of the zooplankton could be useful in
providing further information on the importance ol the rotifer prodﬁction
as little time has been devoted to their study in the present work.
More intensive study of the growth rate of C. s. abyssorum ought to be
updertaken in order to complete calculations of the production of the
population. Their trophic position in the ecosystem ought alsc to be
subjected to continued examipation as little is yet known on the quantities
of food which they emat, since their diet is omnivorous, while the degree
to which they are predated upon by fish is unclear. Long~term zooplankton
sampling ought to be undertaken in order to provide information on any
furthef gualitative end quantitative chenges which may take place in the
hope that fact may take the place of speculation with regard to such
changes. ﬁow that Toch Leven has been;deélared:a Nature Reserve there
is abundant opportumity for further valuable study of this highly eutrophic

lake,

. Finally, it is my hope that the study presented herein of the annual

cycle, standing crops, feeding, dynamics and spatial distribution of the

virtual monoculture of Cyclqu,étrenuus abyssorum which at present
dominates the Loch Leven zooplankion, may contribute to our understanding

of limnetic cyclopoids in general and,'iﬁ particular, may form a framework

Offenunn
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of basic information upon which further detailed field and laboratory
tizations may be base
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G. ADDENDUM - August, 1970

In an attempt to ensure continmuity of zooplanlton sampling between

the present study and possible future work, monthly sampleé were talen

at site X4 (5 metres deep) in the middle of loch Leven, between St. Serf's

Tsland and Castle Island (fig. 1J. Replicate Friedinger samples were
taken from each metre depth from the surface to the loch bed while a
towed net of 63 microns mesh size was also used fo obtain a Em vertical
haul sample from the site. The samples were stored in Dw formalin for

later examination.

Until June the samples revealed a parallel situation in the

zooplankton to that found in 1969 with Cyclops strenuus abyssorum

continuing to dominate. On July 20 however Diaptomus gracilis were

evident, although they made up less than 1% of the total numbers of

zooplankters. Bythotrepheg longimanus, which were found in June, vere

more common in late July, whereas they were not found until August in

1969.

However it was in late August that the most dramatic difference
was found. Both Friedinger and towed net samples revealed the presence

of small numbers of Daphnia hyalina var. lacustris (in its summer,

"helmeted' form), while Diaptomﬁé-gracilis were very common and Leptodora
kindti were also prominent. The numbers of C. s. &b ssorum, on the

other hand, were much less than at the same time in 1969.

A.S/.cull
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'; As a result of the discovery of ihe prominencé of the filter
feeders st sempling site X4 e towed net sample was obtained from the

shallow bay near the Boathouse at Kinross in order to see how widespread

the phenonenon actually was. The percentage composition of the catches

PRI~

at Xb and in the Boathouse Bay are presented in table 6.

Table 16

The Percentage Occurrence of Zooplanktonic Crustacea
in Szmples taken at Joch leven on 27 o 85 70

! lethod Site C.s.abyssorum Diapt. Daphnia levtodora

4

Friedinger 5L.bottle X4 37 48 2 13

i

] Towed net Xl 59 35 3 3

i

% Towed net g:;thouse 6l 52 4 13
mean % 53 25 2 10

PRSP

This information serves to underline the necessity fof continued
zooplankion sampling at Ebch Ieven so that such changes may ﬁe related
to the various physical, chemical ond biological parameters vhich are
at present being measured. As a result of this year:s monthly samplies
it has been possible to ascertain that the species composition changeover
Vmuét have taken ﬁlace between late July and late August. Whether or not

it is a temporary situation is of obvious interest.

I:E/anoc;
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Tt is worth recording that the Loch Leven ecosystem has looked

‘hezlthier' this year than it has done for several years. The algal
blooms have not been a5 prominent and at least one large wezdbed has F
become noticeable where none was seen last year; the anglers have been
catching larger trout in better physical condition than previously and
Thorpe (pers. comm.) has confirmed that growth rates are emhanced; the
filter feeding crustabeans seem to be recovering. There lies in this ¥/
situation the exciting pdésibility that we may be able to discover the i

causes of such changes so that we may mltimately learn to manage rather f

than merely to observe.
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Plate & (opposite)

€. s. abyssorum 2 - furcel rami
Plate 7 (opposite)
C. s. abyssorum % - fifth leg
Plate 8 (opposite)
C. s. gbyssorum ? - distsl end of antennule

o
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Plate 7 Plate 8




Plate 9 (oppos;i.te),

C. 5. abyssorum

Plate 10 (opposite)

C. s. abyssorum

Plate 11  (opposite)

C. 8 abyssorum

Plate 12 (opposita)

- Ca S. abyssorum

+0

leg IV

leg 111

leg II

leg I




Plate 12




Plate 13 (opposite)

- s ..

Polyarthra dolichoptera - {(with attached egg)

Plate 14 (opposite)

Bynchaeta (?) pectinata (foot contracted)

Plate 15 (opposite)

%i Keratella quadrata (?_hiemalis)

T

Plate 16 (opposite)

Keratella cochlearis var. tecta (norn-tailed form)

.
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Plate 16




Plate 17 (opposite)

Heratelia cochlearis (tailed form and egg)

Flate 15 (oprosite)

Cestode cyst within & “yclops strenuus abyssorum body cavity

Piate 19 (opposite)

Cyst dlssected from & C. s. abzsso shoulng ‘hooks 1n51de
cyst and 'tape' out51ae.

Plate 20 (opposite)

Hooks inside cyst
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N

N

Plate 17

Plate 18




Plate 21 {opposite)

Epizoic infestation upon nauplius larva of C. s. abyssorum

Plate 22 (opposite)

Epizoic infestation on furcal ramus of Y. s. abyssorun
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IABLE 17

1
The Seasonal Standing Crops of C. s. abyssorum in Lech Leven, 1969/70
(mean numbers per 5 litres)

Date No.of : ‘ '
- 1969/ sites/ _ ) : o

70,  No.of Naup- CI CII  CIII IV cvd O f+ 2 ovid 9 ? + 2+9 wotm
samples 1ii _ o858 CI-CVI
297 b/36 26,6 0.2 Oult 0.5 1.7 0.9 0.6 15 k.o 1.8 2.5 8,1 13.6
1943 3/35 112,6 7.3 0.5 0.3 0.3 0.5 049 Tk 4,3 1.7 1.0  %.0 1646
26,3 8/66 10h2 16.7. 1.9 0.2 0.3 0.4 0.7 11 3.2 1.6 1¢3 640 26,2
9l /6 k2 32 36,2 85 17 0.2 0.5 0.7 6.5 1.7 25 1047 91.8
a4 2/22 38,9 35.6 4.4 17,1 2.5 0.8 0.6 1.4 3.6 1.9 2.9 8.3 06,2
17.4 3/68 26,0 20.6 30.1 41.1 22.8 2.9 1.5 bl 3.0 .2.0 2.6 7.6 126,9
30.4  2/22 63,6 7.9 12,1 26.8 33.2 21.0 21.7 k2.7 18,3 2.6 2.8 23.7 15,2
7.5 8/68 82,0 6.6 7.9 1.2 32,2 11.8 17.8 29,6 24.8 9,5 2.7 37.0  130.5
16.5  2/22 139,0 20.0 6.5 6.3 18.6 4,9 3,9 8,8 21,6 8,9 3.9 34,4 o4 i
30,5 2/22 201.1 15,4 20,4  20.0 22.4 5.4 2,% 8.1  23.8 11.5 8.6 43,9 130,3
7.6 8/68 5524 78,5 26,6 35,4 3546 6.0 3.9 9.9 19.%4 5,8 6.5 31,7 217.7
W6 2/22 193.8 97,7 112.2  77.0 3.0 2.8 8.8 18.6 3.4 4,2 2,0 19.6 355,1
20,6 1/6  385.3 173.3 310,8 307.0 197.8 28.3 23.0 503 34,0 13,5 7¢3 54,8 1075.2
2h,6  2/22 208,0 81,4 135,2 168.4 -181.0 38,5 20.4 58.9 20,3 11,8 3«3 35.4  660,0
b7 2/12 168.5 0.1 32.6 128,3 278.1 954 63.6 159.0 39,5 11.9 3.0 54,4 662,5
8,7 8/68 115.1 6.4  11.0 68,8 200.5 82,1 63.3 5.k U8,5 12,1 3.9 64,5 496.9
15.7 2/22 71,0 4,8 he? 17,0 B5.5 45,6 31,7 99,3 39,3 1,2 bot 57,8 2Lp,1
28,7  2/22 56,9 9,1 3.7 2.9 120,k 107.0 99.5 206.5 50.7 11.5 2.7 64,9 L416,5
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20,1 2/22 7.1 Ouk

8,8 §/63 45,2 9.6 15,4 20,9 koo 20,8 . 27.k 48,2 Wb.2 69.3 9.6 225,1 359,7

1.8 /6 82,0 35 3.8 3.0 C16h 1,50 5.7 1.2 5647 4i8 b3.3 144,8 188,7

; 29.8  d/68 232.2 28.2 24,5 2h.7 ' 35,1 12,5 20.0 32,5 47,9 3042 641 Bho2 220,2
12.9  2/22 © 88,0 26,4 41,1 26.5 S 385 19,3 21,1 hok 27,5 19,7 16 h6.20 219,1

1.10 "~ 8/68  60.7 © 6.5 . 8.0, 23.1  73.7 3242 31,5 63,7  39.8 16,6 1.6 58,0 255.1-

16,70 2/12 24, 5.2 8.2 95 " 3%.L 26,6 22,8 49,4 L1,9 1.8 0.6 541 199,8
22,10 8/68 23,3 2.4 2.9 79 22,6 26,9 49,0 5.1 L6.0  12.0 2.3 - 60.3 19,3

5.1 2/22 15,6 2.6 T 2.2 1101 1A 23,3 34,7 k6.6 2.4 07  59.7 111.6

12,11 2722 a4 1.6 1.6 1e6 8.2 10,1 21.1 3.2  35.4 8.4 0.9 44,4 - 88,6

5.92 - 2/22 4,0 0.5 0,5 0.9 3.0 6,0 83 4,3 25,1 b 2,1 31,6 50,7
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TABLE 18
Bge Stock Celculation
Date Ha. of samples No. of egg sacs 'Mean no. Mean no, Egg stock
_ per sampling egg sacs/ " eggs/- per 5
| date _ 5 litres egg sac + 1litres
o 29, 1.69 ~ 36 9% R 15 80
19.3 35 86 2.5 15 26
26,3 66 208 341 16 51
\_\_-h_. el \_n_.m m..V . NN. w<- AW\_
17.4 68 504 Y 31 232
20.k4 22 144 6.6 37 21
745 68 429 6.3 - -
16.5 22 206 - Geli 36 _ 339
30,5 22 448 20.% * 29 596
) 7.6 68 920 13.5 28- 378
“_ 4.6 22 94 43 .25 o108
2h.6 22 154 7.0 240 1hg
4,7 12 80 6.7 2k 159
8.7 68 564 8.3 22 18
15.7 22 200 9.1 17 157
* 28.7 22 120 5.5 Th 75
m 8.8 68 1302 19.1 15 286
] 13,8 6 522 87.0 13 1101
m 20.8 108 5508 51,0 U 711
; 29.8 68 832 12,2 1 126
w 12,9 22 72 3.3 12 38
: 1,10 68 214 31 9 a7
W 16,10 _ 12 14 1e2 11 13
q 22,10 68 338 5.0 1 72
5.1 22 30 Tolt - -
12471 22 30 1ok 13 18
5.12 22 oL k.3 (L 60
20, 1.70 22 20 243 17 .39
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TABLE 19

Overnight Sampling in the North Deeps, loech Leven on 19/20 August, Ammw
(nos./5 litres) _

Depth .
(mot~ A -6-7pm B 9-10pm C 12-1am D 3-khan 5 6~7am F 9-10am
-Tes) N C A N C A N C A N c A N ¢C . 4 - N C A

49 92 104 79 %7 53 75 176 55 68 117 147 173 100 111 133 92 135
63 104 101 g0 kp - L7y 70 88 84 87 93 90 193 104 118 134 96 114
82 42 146 89 43 108 58 671 123 90 122 200 172 93 90 127 131 160
63. 59 122 85 101 14 66 116 133 68 B85 101 197 87 153 153 100 129
80 59 128 53 49 BF 62 137 166 99 110 149 221 142 125 135 51 91
9% 37 104 97 88 92 87 109 H3 8 81 3 259 121 96 138 g1 98
89 31 41 76 192 168 a7 68 87 80 76 M8 172 11?7 134 13k 98 75
128 37 L6 98 168 203 78 62 90 81 8 127 207 92 122 W6 . 47 75
176 3% 53 118 261 201 8k 45 68 113 sS2 56 182 51 12h 269 65 82
319 43 63 126 162 211 68 50 92 7% 32 66 221 173 114 246 53 66
N 4 58 38 107 167 158 117 30 62 62 25 101 244 147 77 129 56 68
1M1 318 79 53 169 172 122 110 3% 78 41 29 78 295 1p9 88 133 66 9
13 125 128 73 292 ks 93 %2 89 107 8 52 8 34k 3m9 168 96 66 4O

1% 2% 202 77 254 122 116 504 93 118 72 48 123 192 M6 129 - 62 78 57

15 20 117 165  HO 195 253 26 173 233 27 138 220 g6 171 205 49 100 124

15 1?7 163 292 33 198 289 29 132 22 L3 133 291 b2 166 388 31 48 118

” 17 ¥ 66 50 38 181 227 55 77 128 58 10 15 60 8 118 23 86 201
: 17 21 128 249 8 186 227 63 8 1102 148 30 32 2% 23 33 % 112 295

ADAD NI ~T VTN AN o3

1 Total 2294 1479 1885 _Amgw 2399 2788 2011 1623 2001 1387 1302 2119 3304 2326 2393 2132 1436 2049
Mean 127.4 82,2 104,8 100.7 133.3 154.9 111.7 9042 11642 7701 72.3 117.7 183.6 129.2 132.9 118.4 79.8 113,9

1

Ny s o S ST

I

N = nauplii C = copapodites A = adults




