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1. ABSTRACT.

Field measurements of standing crop biomass and population numbers at
weekly intervals and respiration rates of zooplankton at fortnightly intervals
were determined in a London storage reservoir between January 1968 and June
1969. Biomass estimates fell within a range of 0.38 - 4,56 g dry weight.m_z
for cladocerans and 0.08 - 2.66g.dry weight.m"2 for copepods. Daphnia

hyalina population numbers were highest in the spring, 601.35 x 103.mf2

in 1968 and 761.71 x 103.m'-2 in 1969. Daily production rates were calculated

to be between 0.0022 and O.225gC.m-2.day_l and the annual production for

1968 was estimated at 12.7Ogc.m—2 the main contribution coming from D. hyalina,
— Seoummamt

Population respiration rates were between 2.35 and 27.28ug0,.mg.dry weight-l.

2
hr._l with the highest rates occurring in spring and autumn.
A length weight relationship,‘growth rates of eggs and stages of life and
respiration rates of D. hyalina were determined in the laboratory. These
culture experiments at 10°¢ gave an egg duration rate of 7-10 days. Respiration

determinations, measured by the Cartesian diver technique, were lower than the

field measurements.
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3.  INTRODUCTION

The study of zoonlankton in freshwater ecosystems has
attracted much attention which has heen directed larcely
towards exnlaining and analysing ponulation fluctuations
and more recentlv to estimate secondarv production.

Recently the Internaticnal Piolocical Programme gave a

new impetus to these studies. The nubhlication of
methodological handbooks, particularly I.B.P. Fandhook

Mo. 17 (FDMONDSON AND WIMNRERG 1271), the pul'.‘.lication of
various international syvmposis and the encouragement to
translate valuable texts such as that of WINRBERG (1271) has
extended the rance of ideas, literature and technicucs,
particularly those of Fastern Purcne, to researchers ip this
field,

Most of the interest in secondary nroduction has heen
directed towards the evaluation of the role of a single
constituent of the animal population prosent in the eco~
svstemn, HALL (1264) has drawp attention to tbhe fact that
most zoorlankton ronulations have been studied in the
lartoratorv urdzr controlled conditions or in their natural
hakitat vhere varizahles are uncontrolled and he concludes that,
although these studies provide valualle informsticon, a more
useful arnroach is to comkire a labhortory-<experimental aporoach
with firld description to prevent gross mis-~estimations of
nonulatior rate proccseses and production. Iis anmroach has
boon farther usefullv rodified to include the measurement
of rates other tharn morulatior chancce, such as lahoratory
studies of fecfing and rasrviration for interrmolation into
field studies and this has bcen attomnted v several

investicgators includince SCITIVMDLER (1968) , ¥IRRY (1”€3) and

‘.6..



cumpriie ET AL, (1969). The logical extension of this annroach
is to measure these varialrles in field situations, but this is,
unfortunately, beyond the resource of most investigations,
although some attemnts to measure nrocesses, such as
respiration, under f£ield conditions have been made

(STRAYERARA 1967, CREMER ANpD DUNCAM 1569, GAMF AND BLAYKA
1974). Lttempts to relate f£iecld and lakoratory measurements
of the same process provides useful information and indicates
areas of large discrepancy when extranolating results from

the léboratory to the field sitwuation (DUNCAW ET AL. 1970).

A further, and wossibly nore rowarding, staage is to intearate
‘studies of this sort with detailed studies at other tropbic
levels. This may be done bv corrclation (WRIGHT 1%965) or
simultaneous studies intenrated bv the use of common and
comparahle units such as carhon or enersy (STEEL ET 2L. 1972).

Tha purpose of the prasent studv was o examine, hoth in

the field and the laboratorv, selected characteristics of the
zooplankton cof freshwaters, to deotermine probable influcnces on
other parts of the eccsvstom. Pescarch was concentrated on
the princinle herbivore (Danhnia sn.) and the characteristics
studied included growth, production and respiration which, it
was honed, might indirectly reveal information on the tronhic
relationships of the natural vorulations - a notoriously Giffi-
cult area to study directlv.

3.1. THE FIELD STUDY AREL

1,2

Two Metropolitan Water Foard resexrvoirs, the Qucen

L — . —

lwow tho Thames Water Authority, Metronolitan Division.

2For the sake of krevity in the text, the Queen Mary Rescrvoir

will ke referrad to as Q.M., Queen Flizabeth IT as Q.F.II, and
the Maztromolitan Water Board as M.W.B.

...7-..



r{ary2 and the Queen Elizabeth II2 wore used to obtain field
samples. These are two of several rceservoirs situated in
the Lower Thames Vallev which form part of the London water
supply storage systen. N map, showino the location of
these reservoirs, can be seen in fiqure 3.1(a). These
reservoirs are man-made and consist of a basin excavated
from the London clav and surrouncded by an embankment of the
spoil with a clay core keyed into the lower clay and lined
with concrete blocks. Both reservoirs have flat bhottoms,
a simrle outline shape, are in exposed situations and are
filled with water from the River Thames. Table 3.1(2) .
agives their dimensions

Table 3.1(a)

* 0.M. Q.E.II i
| ™ [From RIDLEY (1964)]
i Area 290 ha 130 ha ;
1 Depth 12 m 17.5 m ;
v 63 6.3 |
i olume ; 30x10™'m 19.3x10™m '

The River Thames is an enriched calcareous river with the
following nutrient levels: NHBMM see 0.1-1.2 ma/L, NOBmN PN

5 mo/L, orthophosvhate ... 1-2 mg/L, SiO, ... 15-20 ma/L and

2

CaCO, ... 250 ng/L (WINDLE~-TAYLOR 1967).

3
The Q.M. is roughlv circular with'a baffle wall delimiting
the outlet area to approximatelv one-third of the whole (fig.

3.1(b)) . Water enters the kasin through pines with sumeraed

orifices and impinces on a small wall wvhich ahsorbhs most of

the momentum and restricts mixing to the srace btetwecn the

-

2
See footnote on page 7.
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pripes and the wall. Normallv between one and two ver cent of
the volume of water is abstracted from the reservoir daily. |
The large area, shallowness, the exposed situation and volume
of the water transported each day normally ensures that the
reservoir is isothermal for most of the year. However, when
neriods of intense radiation coincide with relative stillness,
some degrec of stratification occurs but this usually only
involves the bottom metre of the reservoir where chemical
deterioration takes nrlace. Such conditions do not usually
prersist for verv long periods and the reservoir then
de~stratifies. The veriod of stratification is not usually
long enouagh for gross deterioration of the hottom waters and
overturns do not significantly affect the cualitv of the main
water mass although such overturns mav, of course, affect
biological production. The Q.M. is therefore characterised
by intermittent stratificatiocon with, perhans. three mixings
per vear (WINDLE-TAYLOR 1967). The depth-time distribution
of temperature can be seen in figure 3.1(c) and can he seen
to be very much the same for the different years of the

stud, Similarly the denth time distribution of oxyagen in
the Q.M. can be seen in figure 3.1(d). The fluctuations in
the surface levaels during the studv represent the normal
winter lowering of the water level. Algalogical data will be
introduced in the main bedv of the text where nertinent,

The Q.E.XI is alsco roughlv circular but has no baffle
(ficure 3.1(c)) and has a comnlex inlet jet arrangcment to
facilitete the artificial mixinco of the water mass when
stratification occurs. The function of these jets and a
fuller cdescrintion of the reservoir can bhe found in RIDLEY
(1264) and RIDLEY FT AL. (1966). Normally two mer cent of
the water nzasses throuch the reservoir dailv. Depth~tinme

Tt
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distribution of temperature\and oxygen saturation can bhe seeﬁ
in ficures 3.1(f) and 3.1(q), resnectively.
This study was concentrated principally on the Q.M.
There were several advantages‘in working on the M.%.B.
rescrvoirs. Several kiclogical and physico-chemical studies
pre~dated this study and continuinag work is bheing carried
out by the M.W.B. biolocical section and other institutions.
farlier studies of particular relevance to this work
include those of TURNPULL (unpuklished), RANGOLD (1968),
LANGHELT (1968) and CREMFR (unnublished) who worked on

various asnects of the zoorlankton of reservoirs. The study

of FIBBY (1269) on Diaptomus gracilis in the 0Q.E. II and

King George VI reservoir, the subsequent work of BURGIS (1275,
in prep.) on cyclepoid populations in the Q.E.II and that of |
DOOEAN (1973) who worked on rotifer populations particularly

in the Q.E.JI and the continuing intcrest of DUNCAN (lQ?S(aL(b)),
DUNCAN ET AL, (1970) and NADIN--HURLEY AND DUNCAN (1976) have
extended the understanding of the zoonlankton. Alcal studies
have been carried out hy BELLINGLCR (1267) and McGILL (1962) and
BEVANS and MeGILL (1970) and a large bedv of information has
been gathered by Mr., J. A. P. Steel, Assistant Biologist of

the M.W.B. who has carried out a study of the nrimary
production of both reservoirs simultaneously with the present
study. He has generously made availahle a larce bodv of

basic limnological and algal data used in this work (STEEL
1972, STEEL 1973, STEEL 1975 and STEEL RT AL. 1972).

3.2 Daphnia sp.

Daphnids were the princinal herkivores in the two
reservoirs studied and much has reen rercorted akout the

hiology of Daphnia spn., which is extremely useful to field

and labcratory studies of this nature. Dapbhnia spp. have

-,15_-
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heen studied frecuently in the lakloratorv because of their
ease of culture and parthenogenetic mode of remroduction in
normal conditions. BANTA ET AL. (1932), in their monograrh,
record much information on the growth, genetics and
physioclogy of the genus and this to a large extent
represents a synthesis of their carlier work. BERG (1931, 1936)
studied repfoduction in Darhnia and ANDERSOM (19232),

ANDERSON AND JENKINS (1932) and ANDERSON ET AL. (1937)
describe the events in the life span and growth
characteristics of D. magna and D. nulex. MACARTIIUR AND.
BAILLIE (1929(a)) describhe the effect of temperature on the

duration of life of D. magna. Later studies cf growth in

culture include those of GREEN (1954, 19256) who defines the
febroductive development of D. maona, and EALL (1264) and
HRBACKOVA-ESSLOVA (1966) who define growth rates and
reproductive r=tes of Dophnia sop. at different temperatures.
Metakrolic laboratoryv studies include those of MACARTHUR
AND PAILLIE (1929(b)) Qho measured the resmiration rate of '

D. magqna and SCHERRAKOFF (1935) with D. longisnina. Mere

recent respiration studies include thcse cf: RICHMAN (1958)
D. pulex, 2EISS (1963) - D. magna, SCHINDLER (1968) -

D. magna and CREMER AND DUNCAN (196€9) ~ D, hvalina. PRLAZKA
(1266) published an interesting paper on the metaholism of

Daphnia spn. related to secondary procduction.

Feeding studies in the laboratory have heen made by
several workers, early studies including those ¢of SMITH
(1236) , DUNEMM (12338), PACAUD (1932), COXER AND HAYES (1940),
RYTPFR (1954), SUSHTCEENIA (1958) and NAUWERCX (1959).

More aquantitative studies have heen undertaken hy RIGLER
(1261(2), (b)), McMAYMON AND RTGLER (1963, 1965), McMAEOM

(1965) , BURNS AMD RIGLER (1967), RURNS (1968, 1969). These
-13..



studies'have heen concerned with the mechanisms of feeding
and the relationships between filtering rates and food
concentrations, food tynes, kody size and tempecrature.
RICIMAN (1958) and SCHEINDLER (19€8) examine food uptake,
by D. magna and D, pulex respectively, as part of their
investigations. Some authors cast doubkts on the
suitability of certain fcod organisms for lahoratory culture
of Daphnia SE.(SCHINDLER 1948, OTSUKI -AND TAKAHISHZ 1969)
but although these may be justified it is difficult to draw
conclusicns ahout the diet of daphnids as onlv recently
have we seen clear information on the diet in natural
conditions (NADIN-HURLEY AND DUNCAN 1976).

RICEMAN + influenced bv the classic work of
LINDEMAN (1942) on commurity dvnamics and MACFADYEN's (1948)
discussion of the meaning of production in biological systems,
produced his imnortant laboratorv studv of the transformation
of energv bv D. pulexul®This was the first attempt to

produce a complete laboratcry enerqgv budget for Davhnia so.

by mecasuring growth, respiration and feeding of the animals

in the lakoratory at 20°c. This has influenced manv other

studies since -~ not only those concerned with the Cladocera.
There have heen many studies of field pooulations of

Daphnia and extensi&e discussion can be found in

PFUTCHINSON (19€67).

Among these studies, PATALAS (1954, 1956) and WIKTOR

(1961) describe the seasonal occurrence of D. hvalina in
Polish lakes and both authors describe a perennial

species comparable with that found in the Q.M. bv the present
author and CRFMER (vers. com&%?ixgggﬁRA (1272) and hv

GEORGE AND EDWARDS (1974) and GFORGE (1973) in a Velsh

resexrvoir. =19~



Studies important to the development of the understanding
of porultion fluctuations and the concent of turnover time as
a mcthod of estimating f£ield nroduction include that of
EDMONDSON (1260) on rotifcer populations which influenced the
work of STROSS ET AL. (1961), MFRALL (1°64), WRIGHT (19€5), and
most subsequent workers with daphnid populations. The
ponulation dynamics of Daphnia are described from an estimate
of the ponulation size and a knowledge of the ecos—to-female
ratio which gives a reproductive index and together with the
ega developmental times at different temperatures enahles
a prediction of the rate of increase of the population to ke madei
First described for zooplankton by ELSTER (19254) for the calanoid

copernd, Fudiaptomus gracilis and later used by EDMONDSON (1960)

for a population of rotifers, the method is set out clearly, as
used for the Cladocera, by CUMMINS ET AL. (1963).

It has been widely recognised that estimations of production.
in populations that bave continucus reproduction present special
problems and this is the case with verennial populations of
davhnids where cohorts cannot be easily distinguished.

PEFTROVICH ET AL. {1964) reocorted in WINBERG (1971) estimate the
production of copepods usino mean individual weiahts of
developmental stages, the numbers and duration of these stages.
KONSTANTINOVA (19€1) descrited in WINBERG (1271) with various

species of Cladocera and LEBEDEVA (19€4) for D. lonagispina use

the same technique applied to field recoanised size classes for
the estimation of production and a similar method has been used
by STEEL ET AL. (1372).

Another probleri encountered in estimating production is the
effect of predators on daphnid pcpulations and these might

include invertebratce predators such as adult Cyclops sn. and

Leptodara_ kindtii (described by CUMMINS ET AL. (1969))or

vertebrate prcdétion hv voung fish. These are difficult to =20




rclate unless direct measurements of nredation have been
made but recently it has been shown that estimations of the
instantaneous death rate, using the birth rate model agiven
by EDMOMDSON (1260) can be used to pinpoint periods of
intense predation (DUNCAN 1275) a. Fnowina the size classes
being predated it becomes possihle to guess whether the
predator is fish or invertebrate.

STEFL ET AL. (1972) show how combined studies at
different trophic levels may be used to estimate the demand
of hcrbivore pomulations on primary production. This
approach is not easilv within the compass of an
individual worker. Thié naper raises tﬁe interesting
cuestion of what source of carhon supports daphnid
populations when algal pepulations are insufficient.

STEEL (1972) discusses this further and it appzars that the
other food sources might he detrital carhcn or kacteria and
that these sources micht be more imrortant than hitherto

exnected. NADIN-I:URLEY ANDDUNCAM (19276) have locked more

directly at this prohlem.

-21-



4.1

4.1.1

) & METHODS
FIELD SilPLING -
Zooplankton seanples were collected using two different
sanpling techniques. ¥.B.Li. plankton nets were used to.taxe

vertical hauls through the water colurn and a 5L Patalas

volune sampler (PATALAS, 1954) was used to take camples at

tet depths through the water colwan. These two methods pro-

vide data for comparison of the techniques and both are shbwn
to have their advantages. Net hauls are simple and quick fo
take-an advantage when weather conditions are extrenme - and
they give large humbers of aninals for estinates especiall& of
animals present in small numbers such as egg bearing adult
&aphnids, adult copepods etec. The principal difficulty is
that larée corrections have to be made to give absclute num--
bers. Patalas samples provide nore accurate volune estimatés
of zooplankton which nay be used to show the depth distfibution
of the animals and uuger numbers were always caught tha::the
nét samples, but the labour involved to obtain huga nwibers is
Wi

greater than ,the net samples. Patalas samples were used 10

caleculate the net factors.

Samples were used for estimating population nwzbers and’
biomass.~ These were, in turn, used for population analysis.
Samples were also used for collecting aninmals for field and

laboratory ezperiments for respiration and growth.

Coliection of net sampnles.

| Two gradesiof ",B.A. plankton net were used, a coarse

and a fine net. The coarse mesh net (23.6 meshes per cm) had

e measured pore size of 0.188mn and was used to collect the
larger zoopienkton. The fine mesh net (70.9 meshes per cm) o
with a measured nore size of 0.050mn was sultable for coiiecéion
of the snaller zooplankton. The fine mesh net retained some

phytoplankton and during periods when large quantities of



4.1.2.

algae were present tended to clog, reducing, it is suspected,
the efficiency of sampling.

Net samples ware taken through the vertical column of
the water (vertical net haul, V.N.H.), the nets being fitted
with copper buckets and heavy weights. The net was lowered
into the water until the weight was felt to touch fhe bottom
and then pulled back through the water at as constant a rate as
possible. The length betwecen the net mouth and tip of the
welght was one metre, thus all net samples were taken frogkﬂﬁé

metre from the bottom.

The contents of the nets were run off into ecrew topped
bottles and the nets were washed by dipping the net, to its'
mouthy in the water and concentrating the sample in the bucket..
This washing was added to the sample and then repeated. The
net was rurther scoured of plankton using a plastic wash‘bottle

filled with distilled water.

Samples to be counted were preserved in situ by the
addition of formalin, to a concentration of'S%, from a wash
bottle. This method proved satisfactory for kceping samples

until they could be counted.

Collecction of Patalas samples.

Patalas samples were teken at 2m intervals through the

- water column at the depths im, 3m, 5m, 7m and 9m. The pro-

cedure that was used 1is shown diagramatically in fig. 4.1.2(a).
The sampler described by PATALAS (1954) was lowered to the
appropriate depth and 'jerked' shut. The sampler was then
(ts contents

lifted from the watsr and,filtered through a coarse mesh
filter (with a pore size of O.lBSmm) using a large plastic
funnel fitted with the perspex filtering unit shown in fig.
4.1..2.(a). The zooplankton trapped was washed into storage
jars using a wach bottle containing distilled water and the

netting filter was then removed and washed scparately into the

container. This ensured that loss<s of zooplankton in the

-2%5-
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filter were minimal, Sanmples reqguired Tor counts ware Tixed

with formalin in the same way as for the net samples.

The depth of Patalas samples was monitored by metre
ma¥kings bf the suspension rope whith was calibrated allowing
for the length of the sampler.fA Kern-=-iMantel type rope was
used to suspend the sampler as this hes less stretch than the
ﬁore common 'Hawser wound' ropes ‘the weight of the sampler

ensured a vertical descent if 1t was lowercd carefully into

the water. If the sampler, was allowed to descend under its '

own weight iy tended to 'plane' sideways in the water, but
as the catch mechanism was fairly sensitive to jerks, care
was taken in lowering the sampler and this reduced the side-
ways Arift. If the drift had been 30° then senplesof '9'm

error n
would have bsen taken at 8m, - Less, towards the surface.
With the exception of very extreme woather conditions it is

thought that samples were taken from the corrsct depth.

4.1,3. Sampling frequency.

Samples were taken from October 1967 to June 1969 from
both Q.. and Q.E.II. The samples were taken at weekly
intervals from Q.M. but thesec were increascd at some periods
of the year. Samples wera taken at fortnightly intervals from
Q.£.1L., again with some more frequent samples in somé periods.
In the event of unfavourable conditions samples woere taken from
the outlet:ﬁiér of the rescrvoir and samples were fepeated'at
the earlicst possible day afterwardse Sanples were taken in

the mornings betwecn 8 am and ilanm.

The frequency of sampling was basacd on the exparicﬁce ‘
gained from previous studies of the rcservoir (CREMER, in prep.).
It was thought that monthly sampling left too large a gap
betweon samples for major changes in zooplankton and algal
ponulations to register but that shorter sampling times than
on¢ week normally involved too much labour for the results

obtained,. ~25~.



4.1.4. Sampling stationse.

Samples wire normally taken from singlc stations on both
reservoirs. Thas representativenccs of this procedure has been

discussed in earliicr work (STEiL, in prep.) (CREMER, in prep.).

A small sampling programme, designad to test the validity
of single station sampling of the Q.M:, was carried out duringi
the late spring of 1970 (5/6/70)« Samples were taken from
differen?“éiétione over the reservoir and weré e?amined in
terns of”bibmass per vertical net haul. The results of 35
samples taken are shown in fig. ~:l.4(a). For the whole rcser-
voir a mean dry weight of 232mg = 64 (S.D.) was obtained.

This is equivalent to 232mg = 27.5% (S.D.). If samples of a
weight between 100 and 300mg arc considered they represent an
area of approximately 80% of tho resszrvoir and include the
sampling station A. The result of 24 midwater sanples gives

a mean 4dry weight of 187m5 t 49 equivalent to 187 s 2642%.

Figure 4.1.4(a) shows the areas of high concentration of
zooplankton to be limited to an arca around the inlet of the
reservoir. This mey reflect a local concentration of zoo-
plankton where River Thamcs water is flowing, via an
aqueduct,iﬁto the reservoir. The sreas of low concentration
of zooplanktoh are rfound closc¢ to the baffle that divides the
reservoir and this night affect the local populations here.
More samples may have amplified the picture obtained but it
seems that an accuracy of about X 26% can be obtained from one
sampling station if éamplcs are not taken from close to the
reservoir edge or in close proximity of the inlet pier.
LANGHELDT (1968) sampled for a yesr from thz tip of the baffle
and at the outlet and this work is in gencral agreement with -

these findings.

The earilier procedurc of STLEL ET AL (in prep.) of
taking samples from three stations and mixing them to obtain
a meansd sémple Tfor the rescrvoir, has little advantage over

-26—



THE DISTRIBUTION CF ZGOPLANYTON I Q.M.
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~a.singLeAstatiQn. ‘This method, of lumping sanples, was later
abandoned by STEEL in favour of a single station sampling pro-
gramme for phytoplankton samples.

Similar programmes for QEII have been carried out by
DUNCAN (pers. comm.) and these show & similar situation to

exist in this reservoir.

4,1.5. Sampling reproducibility.

Net Sampling.
For verticel net hauls, in ideal conditions, the volume

of water sampled should be the product of the area of the net

mouth and the height of the water column sampled.

vV = Trlz where V = volume of water sampled
r = radius of nct mouth
z = height of water column.
Theoretically all animals in the path of the net should be
incliuded in the sample. In practice, a smaller volume of
water is filtered by the net because several different
actors act to rsduce the efficiency or capture of the net.
These factors include water resistance to the net  and net
avoidance by the animals being sampled. Discussion of these
factors has becn given by other authors and major contributions
have been made by WIﬁSuR AND CLAKKE (1940), SZLsUER (1964,
1965, 1968), BLSTER (1958) and licNaUGHT (1971). CREMER (in
prep.) cxamined the effeet of hauling speed on capture and
concluded that a constant hauling spécd reduced the variation
in sampling crror. Using vertical net hauls, CRFMER (in prep.)
measured the biomass of the hauls at varying hauling speeds
and the results for replicate samples taken from the QEII

are presented in table 4.1.5(a).
~-23-



Table 4.1.5(a)

Composition Lo, of “dry weight . 8D SD/X/%

of sample (VEH) samples : B ng . ng x

. : _ & .
. f D+ by :
Duncan Daphnids + 4 i 8l.5 i =7.0 ' - 8.6 |
9/8/67 |copepods E i :
. " : : g %
Cremer Daphnids + 6 3 30.9 %58 i fig.6 |
24/8/67 |copepods ; : ; |
: ; : i :
Daphnids 6 {o15.3 i f49 1Izig
Copepods 6 i 15.7 ; *o.6 | *16.6 |

§

¥ Twice the amount of zooplankton was 1eft behind in the

cylinder then in the experiment of the 9/8/67.

Samples were examined, using information from several
sources, to discover how much reliability can be placed on

individual samples.

Sﬁecific experinonts, designed to test the reproducibility
of samples in terms of numbers of animals and biomass per
vertical net haul, were performed on 19/6/70 and 19/8/70
respectively. In both experiments ten net hauls were taken
sequentielly from the same place and the subéequent treatment

was as for normal field samples.

Biomass. Ten samples taken from the raft had a mean
dry weight of 74.96mg ¥ 13.498D (range 61.47-88.45mg), which
is equivalent to 74.96ng ¥ 18% (SE 5.7%). These results are

comparable with results presented in table 4.1.5(z).

Counts. Ten samples teken from the raft were counted
exhaustively using the Stenmpel pipette subsampling technique.

The rcsults of this experiment are presented in table 4.1.5(b).



Table 4.1.5(b)

-

§ P Heanié S.D. i SDyx iRange
@p.h_n.i.@. without eggs L 954 ; 2114.7 | ¥12% | 339-1069 -
§Daphnia. with eggs - 9.2 | % 3.5( 38%]5.7-12.7
| Daphnid eggs 782 | %t 35| 4.5% | 747 817
gBosmina sp 419 T 43 %10% | 376~ 462 ;
fAsplanchna Sp 1 226 1 I 55 %24% | 171- 462 |
gcwgclonsa‘dult 13.8 | ¥ 2.5! 18%]| 11.3-16.3
' Crelops copepodid | 207 |t 29 *14% 178~ 236

' Disptomus adult ‘ 11.4 | T 3.3 29% . 8.1-14.7
;Diaptomus copepodid i 6.8 I 3.0 44% 3.8-9.8 |
' Totel enimels L1925 | Ta43 | 7| 1780-2066 |

* These figurcs show a greater deviation then expected from
the mean count than is expected for a Poisson distribution

(8.D. =/ X ) and this suggests clumping within the samples.

The results chow that the variation for the whole
sample (all animals present), 1923 X 7% animals, is less than
most of the individual components of the sample. When the
numbers in a component of the sample are small the error may
tend-togards B 50% and this error may be critical in any

field samples containing, say, low egg numbers.

Net samples were always taken in pairs. Samples for
counting were mixed and counted as a single sample. Samples
for hiomass measuremants'were treated individually and these
results (from the fiszld sampling programme) have bcen treated
to examine differences in pairs of samples. Biomass samples
were genarated into two fractions - a daphnid fraction and a
copepod fraction - which are comparable individvally or as
a total sample. OSamples wsrc Ldentified in the order taken
from the reservoir and results are presented in fig. 4.1.5(a).
That biomass camples normally are tSmg‘means little as samples

vary considerably in size at different times of the year.
—-30-



Most samples collected, during this study, were less than

25mg weight and figure 4.1.5(a), although a useful indicator;
is better cxpressed as difference in weight as a percentage of
the mean weight of the sample pairs. Results treated in this
way show the samples to be *17.7% of the mean (N = 172) for

the fractions of the sample.

Patalas sampling.

In ideal conditions the Patalas sampler should trap
five litres of water and thc organisms contained in it. These
shoula be filtered from the water. Little experimentation was
carried out on the reproducibility of samples. From biomass
data available the Patalas sample variation obtained was
$10.94% (N = 46) which compares favourably with net haul data.
Results are presented in figure 4.1.5(b). The symmetry of the
histogram 1s the resdt  of each peair of samples giving rise to
its ﬁean, one will be positive and one negative in relation to
that mean. The results were obtained from duplicéte Patalas
samples taken during the course of field respiration

experiments.

Reproducibility of numbers was tested in a small
experiment performed on 5/6/70. Ten samples taken from the
raft areavéf the reservoir from a depth of three metres were
treafed as normal field samples. The results are presented in

table 4.1.5(c).
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Frequency of sample

HISTOGRAM TO SHOW °, DIFFERENCE OF DRY WEIGHT

FROM THE MEAN FOR REPLICATE PATALAS SAMPLES

25+
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15+

1o- |
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ol 1 Pl | ey s il Ml R
60 50 40 30 20 10 O 10 20 30 40 50 60

-ve °/o difference from mean +ve

Fig. 4.1.5(b).
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Table 4.1.5(c)

:ﬁmw;u T

liean BD SD%xX | Range

no per

- . : patalas
| Daphnia »2.0mm 0.5 |0.49 | 98 0.1- 9.9
| Daphnia 1.40-1.99mn 18.2 | 3.6 | 20 14.6- 21.8
Daphnia 1.00-1.39mm 12.6 5.3 41 " 7.3~ 17.9
Daphnia <1.00mm 135.1 2.1 | 9 123.0-147.2
Daphnia eggs 5.4 | 4.2% | 77 1.2- 6.6
Cyclops adult : 1.1 | 1.1 99 O~ 2.2
Cyclops copepodite 0.8 10.4 57 0.4- 1.2
- Diaptomus adult 2.0 1.5 T4 0.5- 3.5
Diaptgggg copepodite 0.8 0.3 33 0.5- 1.1
Bosmina sp. 13.2 2.7 20 10.5- 15.9
Nauplii 0.9 | 1.7*% | 184 0- 2.8
Asplanchna sp. 1.4 1 1.6 112 0- 3.0
Total animals | 192 439.7 5% 194.3-201.7

* Damples deviating from expected S.D. This suggests clump-
ing which is actually the case for the eggs.This occurs in

three samples from ten.

This figure is comparable with table 4.1.5(b)and the
same comments apply. The total variation is low 19215%, and
where numbers are high, in excess of 100 individuals, varia-
tion is less than %10%. This is in agreement with the
recormendation of LUNDET AL (1958) to count 100 organisms

Or more.

Comparigon of coarse and fine nets.

'Two grades of plankton net, a coarse (60 mesh) and
fine (180 mesh), were used for vertical net samples through-
out this study (4.1). The results of the field sampling
programme provide a comparison of the two types of plankton

nets. —34-



Five groups of animals caught in the nets were compared
numerically using s»ize-class data from sample counting.

Results show that Daphnia hvalina of a size range 0.4-1,Omm

in length were, except in three sawmples, always present in

larger numbers in the coarse nets. Daphnia hyalina egg
numbers were higher in the coarse nets. Bosmina sp: numbers

were higher in the fine net samples as were Asplanchna sp.,

copepod nauplii and the smaller rotifers. The results are

presented in table 4.1.5(d).

For Daphnia, (*(l.OOmm), the fine net catch was 49.6%
that of the coarse net. Bosmina numbers were 1%6.9% of the
coarse net catch. The probable explanation of the figures
presented in table 4.1.5(d) is that the numbers captured are
related to the pore size of the nets used. Daphnids cannot
escape through the mesh of either net whereas Bosmina and

Asplanchna, the smaller rotifers and the nauplii can probably

be washed through the coarse mesh net. The eggs of daphnids
are held in the brood nouch of the adult females and as these
are normally greater than 1.4mm in length, the numbers of

eggs are related to the efficiency of cepture of this size

group.

Less of the larger animals are caught in the fine nets
because the smaller pore size increases pressure in the net
mouth and also increases clogging of the net filtering surface.
These factors effectively reduce the volume of water column
filtered. The effects of clogging are difficult to assess
as clogging can occur under a variety of conditions and may
be caused either by phytoplankton or the zooplankton itself
as the net gets full. This may result in an apparently
greater efficiency of capture of the smaller zooplankton by

coarse ncets.
..35_



Table 4.1.5(d)

Daphnia Eggs

{1.0
>

c F
8/1/68 350 560 100

22/1 1950 1890 575

29/1 270 1069 10
12/2 840 1630 830
19/2 560 700 520
26/2 780 895 650
4/3 580 810 50
11/3 470 670 100
25/3 120 395 10
1/4 150 136 110

29/4 7950 13675 650
6/5 6600 10200 100
13/5 2950 6525 0

20/5 1175 3090 0
27/5 1350 1490 33
5/6 75 664 0
10/6 110 90 0
22/7 4300 3225 0
12/8 500 1160 0

19/8 775 1848 550
26/8 325 325 250
3/9 1715 3375 25
9/9 850 1510 0
7/10 850 1710 100
14/10 875 940 25
21/10 90 120 0
17/3/69 400 1240 900
24/3 340 900 240
8/4 80 190 120
14/4 200 630 575

175
1200
163
740
305
260
180
250
45
26
600

25
50
30
35

170
450
50

159

850
1070
180

1510
..56 -

Bosmina

F c
0 0
0 0
0 0
220 90
0 0
10 0
10 0
0 0
10 5
10 2
150 20
50 25
125 100
100 113
383 70
150 83
90 60
350 125
525 370
175 233
25 0
0 0
0 0
0 0
0 0
20 40
40 20
40 10
20 20
50 50

Asplanchna

F

200
50
140

10
110
140

50

40

50
850

1050
575

33
350
20
7200
800
2675
25
175

250
410
180
180
100
300

20
20



Table 4.1.5(d) cont.

21/4 100 216 0 25 0 100 625 100
28/4 875 4800 1575 1940 200 40 . 1625 550
5/5 2100 10050 200 1400 100 375 4700 7225
12/5 3250 7575 200 2000 750 725 17150 .14850
19/5 7000 15920 150 250 550 350 3500 4075
27/5 2800 7900 260 625 310 400 830 375
2/6 1880 4020 100 100 500 210 410 230
9/6 410 890 0 10 180 90 150 50

Total 56055 L3033 8908 14874 5143 3756 29750 27565

N 38 38 38 38 38 38 12 12
%f/c 49.59 59.89 136.93 , 107.93
%C/f 201.60 166.90 73 .00 92.60

Comparison numbers caught by fine net and coarse net using
the comparable field data available.
0 = zero

- = not recorded.

-37_



5/5/69 Q.il.

Bosmina Asplanchna Daphnia
Fine net 100 4700 2100
Coarse net 375 7225 10,050

As plankton nets age with use the mesh size changes
per inch ,

gradually. With a new 180 mesh,net the pore size was measured
initially as 0.050mm and after use for eight months this
became reduced td 0.04Tmn,., Similarly, for a 60 meéﬁzggg pore
sizes decreasing from 0.188mm to 0.183%mm are observed. The
sizes are further decreased by teasing of the fibres causced
by wear. The nets in use in this study were employed for 21
months and the cffect was probably further increased. This

may partially explain the fact that during the first year of

the study Asplanchna was not caught in the coarse net at all

whereas they were caught in large numbers during the spring
of 1969. This efrect was propably increased as Asplanchna
numbers were higher in the second year during the spring period

(1968 max. 1050/fine net haul, max. 1969 14,850/fine net haul).

Coarse and Tine nets were compared for catching
characteristics by regression analysis. Different components
of the catch,‘Daphniaﬁ<;.0mm, daphnid eggs, Bosmina sp and
Asplanchna sp were compared for the two types of net for catchivs

e ————————

per vertical haul. Results are presented in' table 4.1.5(e).

-38_




Table 4.1.5(e)

[ﬁr Correlation kegression Standard
= coarse net coefficient equation deviation
v=fine net haul (r) y=bx+c Sres atX

Daphnia(:l-Omm 0.559,p€0.001 | y=0.33x+51.% | 265 at 297.5

Daphnid eggs 0.174,p0.1 No significant correlation

Bosnina sp. 0.596,p<0.00L | y=123x+5.5 s 26.3 at 9.88

Asplanchna sp. | B.974,p{0.001 | y=1.041x+8.8 | 103 at 229.7

1though there is a very highly significant correlation,
except for the daphnid eggs, where there is no correlation,
the standard deviations of the regression analyses are extrenely

high. ZExamination of the results for Asplanchna sp. catches

in both nets (table 4.1.5(d) sheds some light on this discre
pancy. Where numbers are low, the fine nets are supericr in

catching Asplanchna sp. Where numbers are high, the coarse

net catches the same numbers or more, probably due to the
filtering surface of the net becoming clogged with animals
and reducing the relative filtering area of the net sﬁrface.
The same may apply to other organisms. Normally the smalloxr

animals (Bosmina spmand asplanchna sr) are caught better in

the fine nets than the larger animals (daphnids and adult
copepods). The non-correlation of the egg numbers is probably
related to the low numbers of egg carrying adult Daphnia appear-

ing in the fine net hauls i.e. not enough eggs were sampled.

.

A comparison of net and Patalas samples.

Coarse net sauples and Patalas saunples were taken
simultaneously throughout the sampling programnne and both
samples were filtered through 60 mesﬁj%ﬁgkkton net. The data
obtained provide ? basis on which to compare the properties

of the two sanmpling techniques.

The Patalas sampler took 5L gamples from a column and



the column average was treated as an "integrated" column
sample. The net haul samples through the column and in a
sense represents an integrated coluwun sample. If the catching
efficiencies of the two methods were the saie, results should

be identical. 1In practice this is not the case.

The net has a mouth siée of 0.30m and in the Q.M.
sanmpled through a deptﬂ;llm which should sample 0.7776m3.
This is equal to T777.6L. The five Patalas samples are equal
to 25L of the column. These results are comparable and if
there were a 100% capture in both techniques the net haul
should contain 31.10 times the number of animals in the net.

The proportions of the components of the nets and Patalas

samples should remain the same.

Numbers caught by the two methods were compared by
regression analysis and the results are presented in table
4.1.5(f). 411 Daphnia, daphnid egg numbers and all animals
captured are compared. The daphnid egg numbers include those

eges shaken loose TIrom the brood pouches of the adult females.

table 4.1.5(f) Regression Standard lCorrelation
=Patalas nos. equation deviation Jcocefficient
=net haul nos.| y=bxtc Sres at % ! r (p).

All animels v=0.075x+12.96|27.58 at 442.0!0.827(pL.001)
A1l Daphnia y=0.078x+ 9.57]21.50 at 283.0:0.828(p<,001)
Total Daphnia o - Z

oes 1OS. v=0.122%x+ 1.20! 7.49 at 34.0!0.614(p{,001)

These results are presented graphically in figs.
4.1.5(c), (d) and (e). The results show a very significant
correlation coefficient and the regression equations and
deviations for all animals and all Daphnia are very similar
and show that the net hauls contain 33% the expected numbers
of animals if the Patalas samples have a 100% efficiency of

capture.
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4 similar result can be obtained by comparing the
fractions of net hauls that the Patalas sanples represent on
comparable sampling days. These data are conveniently treated
as the fraction of a net haul, that each Patalas sample
represents expressed as a percentage of the net haul
(g;gg x 100). The negative binomial distribution obtained is
s12§sfactorily treated by a log transformation (ELLICT 3971).
Results for all daphnids are presented as a histogram in
fig. 4.1.5(f). The arithmetic mean (14.1%) is different from
the mode (10.7%) but the moie 1s a better estimate of the
relationship between net hauwlg and Patalas samples. This
result shows that, if the Patalas sampler has a 100% efficiency
of capture, then the net hauls capture 34% the expected

nunber of animals.

Nets and Patzlas samples were compared, by adjusting
graphical scales, over the geason where comparable samples
had been taken. The results are presented in figs. 4.1.5(g).
and (g)“, The same trends are seen in both sampling techniques,
all major peaks of numbers being present. This picture could

only have been improved by nore frequent sampling.

The relationship between the compocsition of net and
Patalas samples has been exemined by regression analysis.
The results analysed for size classes of Daphnia are
presented in table 4.1.5(g). Results are presented
graphically in fig. 4.1.5(h). These results show that the
composition of net and Patalas samples are very similar and
have a high correlation coefficient. The larger size classes
of daphnids are less well correlated, probably due to the

low numbers reprecenting this fraction.
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Fig. 4.1.5(f).
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Table 4.1.5(g)

Regression Standard Correlation
equation deviation coefficient
gbaphnid size y=bx+c Sres at X r(p)
lclass
| <"1 0mn v=0.69x+18.9[12.36 at 71.0|0.629(p<0.001)
1.0-1.39un v=0.418x+6.1| 6.09 at 9.0 0.824(p<0.001)
1.4-1.991m | y=0.712%+6.4|10.40 at 17.9]0.712(p<0.001) |
2. Omm y=0.328x+1.5| 3.08 at 1.9|0.423(pl0.001)
Total Daphnia ! y=0.944x+5.6{28.29 at 100 |0.944(p<0.001)
i

Biomass = number relationshin.

The data available from net samples were exanined to
discover whether a rclationship existed between numbers of
animals caught and the dry weight of animal samples captured
by the same method. A regression analysis o¢f weight on
nunbers of daphnids shows a high correlation coefficient
(r = 0.870 p(b.OOl) and gives the regression equation
(tig. 4.1.5())

y = 0.0059x + 0.759
v = sanple dry weight per vertical net haul (ng)

X = nunbers of daphnids per vertical net haul

The biomass results obtained from the dry weight of net
sanples were also compared with the biomass calculated from
nunbers obtained in the ficld samples and from laboratory
measurements of individual dry weights (section 5.2.1).

The size classes measured from field samples were given a
mean dry weight for the class and these figures were used to
coupute the calculated dry weight. The calculated dry weight
is given by the formulsa

Beale = (No.ie + Ny W + Wyu¥y + Nyudly + 1, 8y

The values of ¥ used arc presented in table 4.1.5(h)
— 49~
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Table 4.1.5(h)

o o - va -

| Size class ' nean individual
dry weight (mg)
Lees (we) 0.0018
1. 0ms (W,) 0.0044
1.0 = 1.39mm | (W,) 0.0088
14 - Loy9ua | (Wy) 0.0242
72.0mn W) o 0.05%2

Results were amalysed by regressicn analysis and the results
for 71 smaples are precented in figure 4.1.5(j). There is a
very high correlation coefficient (r = 0.449 p<b.OUl) and
the value of b in the regression equation approaches 1.0.
7= 0.96x - C.75
v = calculated dry weight (ng)

X = measured dry weight (mng)

Varaation seen in these results depends on two principle errors.
Firgtly, the ssmpling error of the numbers and field biomasses
and secondly the choice of mean individual dry weights for the
'different size clagsecs. The latter error varies fron sanple

afo sample as aniwmals nay be nearer to one end of a size group
“than another on different sampling dates. i4as an approximation

the values chosen seenm o be adequate.
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4.2.

4.2.1

FILLD aMPLE TREATHeNT

Samples collccted in the field using the methods
described (section 4.1.) were usaed in one of four wayvs:
either for laboratory exzperimentation, field experimentation,
estimation of field standing crops in terms of biomass or for

population dats analysis (5 1,5)..

Counting of samnles.

Samples required for-counting were preserved in 5%
formalin solﬁtion. These samples were Tfixed immediately after
cqllection, normally within ten minutes and ne%er more than
one hour later. Several =zuthors (WRIGHT 1965, CUMMMINS ET AL
1969) criticise the use of formalin as a preservative for
zooplankton, VRIGHT recomuends the use of 95% ethanol to
prevent the ballooning of carapaces and the subsequent loss
of eges, whereas CUFMMINS suggests thet no preservatives are
suitablie ARMSTRONG &8 WICKSTEAD. (1962) recommend. the use of
4 or 5% formalin as a simple effective method of preservation
and the evidence of the present study agrees with this

conclusion.

all samples were exanined in a specially constructaed
clear perspex dish. Thas dish (fig. 4.2.1(&))was of pcrsnex
plate excavated to‘<yemtecxtrough . .. . fitted with a
baffle in order to pfevent currents noving animals in the
sample. The trough sides were angled to prevent plankton
adhering to the sides. Tﬁe bottom of thg trough was divided
into three squal sections of one mn by machine sceoring.

The examination of samples was by ncans of a Watson
binocular microscope fitted with an ocular micrometc~. The
microscope had a magnification range of 12.5 - 140 X which

proved adequate for a2ll but the most critical examination.

Characteristics of zooplankton ex-mined.

Species were identiried for the Cladocera. Cyclopoid

copepods were grouped as were aiaptomid corepods and all fi};_ﬁ




Diagram of cc?untir}g chamber,
to scale

tig.4.24(s)
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nauplii were grouped irrsspective of species. Asplanchna waes

identified but other rotifers were grouped topether. Other
animals that were captured were identified as far as was

quickly possible.

Cyclopoid and diaptomid copepodites were distinguished

and these were sexed where possible.

Daphnia hyalins was identificd as one of the following

categoriecs:-
Daphnia hyalina ( <ﬁ.0mm (a)
( 1.0 - 1.39mm )
% 1.4 - 1.99mnm without eggs
é 1.4 - 1.99mm with eggs (Nos) }’G)
é) 2. 0mn without eggs
(> 2.0mn ‘with eggs (Nos)\}

This breakdown of D. hyalina into categories that
represent stages of biological significance is based on

laboratory studies of the animal.

(a) early instars

(b) includes primiparous instars
(c) egg carrying instars

(d) adults of more than 10 instars.

Bggs found loose in samples were rare but these were easily
recognisable and were counted. Stages of e¢gg developuent -
whether or not the egg was r\cogh1sed as an enbryoc - were

also recorded.

Individual animal sizes were not recorded excoyi as in
the categories already described but accuracy and

reproducibility of neasurencnt is discussed in section 4.4.2.

subsampling.
Patalas samples were ccompletely counted irrespective

of the numbers of plankton present.
._.55._.



FuTE OF FIELD COLLECTIONS
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Fig. 4.2(a)
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Net hauls were subsampled using a Stempel pipette. The
complete sample was made up to a volume of 250 ml and sub-
sanmples of 2.5ml were abstracted. Each subsample, therefore,
represented 1/100th of the total sample. A minimum of 100
daphnids was counted giving an error of t oo pf{b.OS. In
practice between 5 and 10 subsamples were counted’

(mininum 3 subsamples) and if more than 10 subsamples were
required the whole sample was counted. Non=-daphnid species
counted and egg numbers had a greater error when their num-

bers were less than 100.

The mean of the subsamples was used to estinmate thé
total sample number. Fifteen subsamples of one sample were
counted to estimate the degree of error using this teéhnique.
The results are presentcd in Table 4.2.1(a).  Different groups
cof aninals were examined to see the effect of numbers present
in the sample on the reliability of the c¢stimate. [he results
show that the variatiocn of the total sample number is r6.13%
and for a large part of the sample, for example daphnids with-
out eggs, the deviation is t 9%, This compared favourably
with errors.encountered by GRAHAM (1970) of f13%. For small
rarts of the sample errors of the order of i65% are important
especially in the estimation of egg numbers in the sample

for production estinates.

._5’7_..



Table 4.2.1(a)

; Mean No

Standard | SD%x

deviation
Daphnids without eggs | 183.1 16.7 8.9
Daphnids with eggs 1.4 0.9 65.0
Daphnid eggs 10.8 6.2 67.6
Bosmina Sp. 84.0 101 12.0
Cyclops adults 2.7 1.5 57.8
Total Sample (N = 15) | 373.9 22.7 6.1

-53*




4,2.2. Field biomass measurement.

Zooplankton standing crop measurements, in terms of
biomass, were determined from coarse vertical net hauls. The
samples were transferred to the laboratory in clean glass
jars and treated rapidly, a process which occurred within

one hour after collection.

Separation.

Samples were separated into two fractions (copepods and
daphnids Jusing the technique of STRASKRABA (1967). This
mechanical deparation technique involves narcotising the
zooplankton with a 90% ethanolép%loroform mixture for a
few minutes in a separating funnel and following this with
vigorous shaking during which air trapped under the carapaces
of the daphnids causes them to float. The copepod fraction

- sinks to the bottom and was run off separately from the

daphnid fraction.

When samples were too large to be accommodated in the
flask, they were reduced by use of a net and perspex filter

arrangement.

Whenever large algal population affected net samples
significantly, the animals were separated from the algae
using a simple device employing the response of zooplankton
to red light of low intensity. Horizontal illumination with
this light causes a horizontal swimming response towards the
red 1ight (BAYLOR AND SMITH 1953). The diagram of the
apparatus is shown in figure 4.2.2 (a). The animals were
introduced intc the reflux tube, the tap was opencd and then
left overnight in a cold room at 10°C. The technique was
used previously by CREMER AND DUNCAN (1969) who found the

separation to be satisfactory.

Filtering and drving.

Samples were filtered, using a Sartorius, stainless

steel, filtering unit and collecting the filtrate on 4.2cm 5%




Separation apparatus.

red filter

tig.4.2.2(a)

animals in here

animals out here
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4.2.3.

Whatman GF/C filter papers. These glass fibre filter papers
were previously oven dried at 60°¢ and preweighed, Tﬁe pore
size of the filter was sufficiently small to retain all
zooplankton. Samples were filtered under vacuum and animals
adhering to the filter unit were added to the sanple with a

camel hair brush or fine forceps.

Samples were dried at 60°C in a Pickstone oven. The
temperature of 60°C was chqsen to ensure no loss of lipid
material which is reported to occur by evaporation above
this temperature (SOUTHWOOD (1966), gROVEEIfﬂ;(196ﬂ)),
Sanples were dried for at least 24 hours before weighing to
constant weight. ©Samples were transferred to the balance
in a desb¢cator containing silica gel to prevent loss of
material or the hygroscopic collection of water from the

atmosphere and also to allow the samples to -cool.

Weighing

Samples were weighed on an Oertling beanm balance
(Model 146) with a sensitivity of 0.0lmg. This, applied to a
nininum sanple weight of approximately l.0mg, has an accuracy
of 1% which compares favourably with the work of TRANTER(1962)
who claims an accuracy of 1.8 - 9.4% with zooplankton wet

weights.

Individual biomass measurements.

Dry weights for measured individuals of D. hyalina

were obtained in order to construct a length-weight relation-
ship for this species. Two different, but comparable, methods
were used. The first methocd was the same as that of RICHMAN
(1958) and EDMONDSON ( 1955) who measured groups of animals.
of the same size category with an ocular micrometer, dried
then on cover slipé at 60°C and found the mean dry weight of
the size group. The second method, using a Céhn Gram
Electrobalance, involved the weighing of a measured individual

—61-
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‘Gollection and sorting

Daphnids were collected from the Q.M. during the o
weeks of 16/9/69 with coarse net hauls and kept alive in 2T
Dewar flasks for examination in the laboratory. The animals .
were sortéd'according to sexual condition and measured with
an ocular nicrometer, fitted to a Watson binocular microscopz,
%hile still living. Length neasurements had a consistent
reproducibility (0.16% standard error expressed as a percen:-

tage of the mean - see section 4.4.2).

Samples were oven dried at 60°C for 24 hours before
weighing and carried to the balance in a desicecator cont-

aining silica gel.

Oertliné;ggg; dry weights.

Groups of animals of the same size group and reproduc-
tive condition were selected and measured. These were dried -
on a preweighed 2.5cm Whatman GF/C glass Pibre filter paper
and weighed to constant weight on an Oertling beam balance.
The mean individuwal dry weight was obtained by dividing thn
weight by the number of animals. Between 13 and 601animalsgf
depending on size and reproductive condition, of each size
group were weighed the balance had a sensitivity of 0.02mg
and the minimum sample size was 0.45mg which shows an
accuracy of about 4% but the reproducibility of the
experiment was always better than 10% of the animal -weights.
Size groupings were predetermined arbitrarily as 0.10mm
groupings e.g. 0.50 - 0.59mnm, 0.60 - 0.69mm. This
practice could lead to bias if all animals had qccurwﬂ,aﬁ
one end of a size range but in practice this error was fourd
to be self cancelling. 35 length - weight points wcre cdeter-
mined by this method. -

Individual dry weights.
Individual dry weights were measured directly using’the B

Cahn Gram Electrobalance which, it is stated, can n=asvra
—62—



10_7g (O.%pg) but actually has a sensitivity of O,%pg which
is 0.05% of the scale range. Ainimals were measured while
living and dried on glass coverslips. The animals were
renoved from the coversiips with a fine tungsten needle and
weighed complete on the balance. The weighing chamber of the
ﬁalanue had a dish of colour sensitive silica gel to maintain
a dry atmosphere during weighing. The smallest animals

measured had a weight of 3.5ug which had an accuracy of about

6%. 450 measurements of individual dry weights were made.

The Oertling method preceded and was replaced by the
Cahn individual method which gave more results for the sane
neasuring and sorting effort and provided. nicrg information-:in
terms of reproductive and size categories. Results were
analysed graphically and by simple regression analysis by

the method of least squares.
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4.3

4-5.10

FIELD RESFIRATION
An attempt was made to measure respiratory rates

of zooplankton populations in the field. A simple tech=-

nique, essential for the type of field conditions encoun-

tered, was developed. It was essentially the closed
tottle technique used ty several workers in the lat-
oratory (RICHNAN 1958, MARSHALL ET AL 1935, etc.)

with minor modifications to suit field conditions.

Oxygen wss determined using the Winkler method (WINKLER1888)

and the technique evolved from an earlier study ty

CREMER AND DUNCAN (1969) and DUNCAK ET AL (1970).

Apparatus and procedure

Apparatus used had to te simple and rotust to
cope with variatle weather conditions encountered in

the reservoir throughout the year. Bottles used were

-500m1 "Quickfit" flasks fitted with hollow, ground-

| glass stoppers.

The tottles were suspended by putting them in a
length of excavated "Nalgene" tute (Jencons) which had
teen cut to accommodate five tottles. This arrange-
ment is shown in figure 4.%.1 (a). When loaded, the
tottles were wrapped in tlack polythene sheeting
secured firmly ty elastic tands. This darkening pre-
vented light affecting results ty preventing photo-
synthetic activity within the tottles. The bottles
fitted tightly in the tutes and the ends of the tutes
were secured with a continuous chain which also served
to suspend the unit. These units could then te easily
suspended at set depths on a chain fitted with cartine
clips which made removal simple and fast.

Animal sampleSIWére taken from the field and

filtered through a coarse net (60 meshes) filter tefore

—64.__
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teing put into the experimental tottles. The unit of
animals for the experiment was normally one 51 Fatalas
sample per bottle, tut when animal numters were estim-
ated to te too small to obttain a result for a 4 hour
exposure, a fraction of one vertical net haul was used.

While concentrating animal samples, the excess
water was collected in a 1%.6L plastic container
(Geeco). This wster was used to fill control and
animal tottles and also came from the same depth as
the animal samples. This pocess had the advantage that
the water was at the same reservoir twEmperature and
food concentration that the animals were taken from
tut the animals were concentrated to atout 17 times
their origimal concentration. Bottles were filled
with a siphon and flushed through with at least three
times their own volume of water. The animal samples
were then added to the top of the tottles and allowed
to sink into the water tefore the stoppers were inserted.

Duplicate tottles were used for each sample at
each depth. One control btottle was fixed immediately
with Winkler's reagents and the tottles were then sus-
pended in the reservoir, at the fixed depth that the
animals wefe taken from, for approximately four hours.
The actual time of exposure was measured exactly.

After exposure, the tottles were removed from the water,
fixed immediately with animals present, with Winkler's
reagents, and then carried to the latoratory for titra-
tion.

When conditions allowed, a complete depth profile
of the reservoir was made at 1,3,5,7 and 9 metres, As
conditions worsened samples were progressively removed
from the tottom strata or vertical net hauls were taken

as the sample unit.
.—66-



The Winkler's technique used was that described.
in Standard Methods (A.P.H.A 1965) with minor modifica-
tions. Reagents were made up and put under a small
vacuum to remove excess air. (Reagents . are
descrited in Appendix 43, ). Winkler's reagents I and II
were added in the field and the tottles were stored in
this condition. Bottles were moved from field to
laboratory in plastic dustbtins filled with reservoir
water, This helped to maintein field temperatures and
to prevent air diffusion through the ground glass Joint.

Samples were acidified immediately prior to
titration and 50ml samples were titrated against N/80
sodium thiosulphate solution using soluble starch with
urea as an indicator. Bottles were kept in the dark
until titration which wss carried out as quickly as
possitle after removal from the reservoir. Titration
was usually carried out on the same day.

Initially an N.P.L grade 'A' 5 ml turette was
used but later it was found more convenient to use a
Smith'’s free piston turette in conjunction with a
magnetic stirrer. 50 ml grade 'A' pipettes were used
for taking samples from the tottles and animals were
left in the tottles while subtsampling. The sample was
then filtered through Whatman g/f filler papers and dried
-to constant weight. The procedure was the same as for
field tiomass dry weights (see section 4.2.2).

To measure the respiration of the animals, the
animals were placed in water of known oxygen concen-
tration and left for a known time with the tottle
closed. The oxygen consumption is the difference tet-
ween the initial oxygen foncentration and the final
oxygen concentration of the water, In the field, the
gituation is more complex tecause of the presence of

_.(;7...

other oxygen consuming organisms in the water




4.,%,2

and the difference tetween initisgl and final oxygen
cohcentrations may te an overestimate of fhe oxygen
consumption, A tetter estimste caen te obtained ty
using.a final control of water left for the same time
period as the animal experiments.
The oxygen consumption was calculated in the foll-

owing way

Oxygen consumption per tottle Cb =. If - Af mgOg

Zooplankton Respiration C, = Ct/w/t mgo2/mg/hour

Where Ct = oxygen consumption per tottle (mgog)
If = oxygen concentration of final control(mgOg)
Af = oxygen concentration of snimal tottle(mg0,)
W = dry weight of zooplankton (mg)

time of exposure (hrs,)

Errors associated with using the Winkler's method

for the determination of oxygen consumption of animals

in closed bottles.

Discussion may te found in standard texts con-
cerning volumetric titration errors (VOGEL 1954,
CONWAY 1962 ) and will only te considered triefly
here., These errors applj equally and are valid here,
tut normally concern titrations carried out in solutions

not containing living organisms., When the Winkler's

- methdd is applied to respiretory messurements various

new errors are introduced. The oxygen consumption is
normally measured as the difference tetween two samples
and errors should te appled to the level of oxygen
consumption bty the animals and not the total oxygen con-
tent of the samples. The type of errors considered
include those associated with fixation and titration

of samples containing animals, the measurement of’
lowered oxygen concentrations, the flushing of res-

pirometer tottles, the storsge and transport of samples
_63..




in various conditions of light, temperature end time
and the relationship of the normality of the sqdium ‘
thiosulphate used with accuracy of the turette as
well &s the size of sut-sample and level of oxygen
consumption.

The whole procedure was examined to discover

sources of error and how these might te rectified or

reduced in relstion to the total error involved in the
experimental design.

Effects of filtration of sanimals

The effect on the metatolism of the animals
.of ‘teing filtered out of the semples has not teen
examined directly, Lut is almost certainly related
to the'disturted period'respirstion accounted for later,
Losses of animals to the filer are very small and are
unlikely to affect the results significaﬁtly as results
are computed as 05 consumption/mg db& weight/hour and
the dry weight of animals is the weight of animals
in the respirometer tottle. Any losses to the. filter
will not reach the Tottle.

A second effect of filtering will te on the
oxygen tension of the water used for filtering the
sample tottles. This oxygen concentration is only
likely to te seriously affected if the water is grossly
supersaturated. When the water is undersaturated, the
filtering process is such that‘it will tend to saturate
the water. At éupersaturFtions the oxygen will tend
to buttle out. These effects will toth te heightened
ty any increase in temperature occuéﬁng while samples
are out of the reservoir. Except during periods of
high supersaturation, the effect of filtering is to
raise the oxygen concentration t¥ 38% 9.7, This

comparison was made tetween initial control samples
o ~69-




and the oxygen concentfation found in the field and
the correlation coefficient for this test is very
high (r = 0.725 p<:.OOl). Where supersaturation'
occurred there wes a 15% drop in oxygen concentration
tut this only occurred once during an experiment when
the oxygen tension in the reservoir was 205%

These results, however, are unlikelwv to affect
the respiration values ottained very ®riously. The
oxygen saturation of the tottles will deerease as the
animals respire and final levels reached would Tte
close to field concentrations tut they may affect the
respiration rate of the animals and this would
'show up' in the‘disturbed perioé respiration.

Effects of tottle treatment

Respiration btottles were fixed with zooplankton
still in the¢ sample. Direct fixation in .the¢ presence
of the animals is the simplest procedurec and of
advantage in field situations. This procedure does
not aprear to affect the precision of the titration
if carried out quickly after the experiment
(i 0.026 ml 0.0125 N thiosulphate for a 50 ml semple)
tut it does slter the accuracy. The error, which is
0.013 ml 0.0125 N thiosulphate per mg dry weight of
animal, is due to the loss of iodine either tecause
the manganic hydroxide is trapped in or on the
carapaces and is not all dissoived on acidification
or tecause it stains' the animal todies snd is isolated
from the titration.

An alternative rrocedure would te to siphon
samples from the respirometer with a filtering siphon
tut this would incorporste the error associated with
filtering of incressing the oxygen content of the
sample and the flushing error - ¢ much more serious

error at this stage. -70~



Animal errors.

Ahimal errors 3re‘most likely to Te the result
of concentroting animals to obtain = measurabié5res—
piration rate and the effect of 'handling®' 2animals
upon their metatolic activity. ZEISS (1963%) discusses
the effect of population density on zooplankton
respiration rate and records that adult D. magna
confined to a space of 0.24 or 0.12 ml pe¢r individual
hnad an oxygen consumption 2 to 2.5 times those
animals with 12 ml or more at 19-21°C. He
criéﬁses respirometers where crowding occurs on this
tasis. During field experiments only three samples
(froml95)‘came within the 0.24 - 0.12 ml/individual
that he discusses. These occurred during winter
months when net hauls were employed as the sampling
unit. With Patalas samples only seven samples show
individuals with less than I ml/individual, made up

largely of small individuals of D.hyalina, Bosmina sp.

and copepods.

A second effect of concentroting animals is to
increase the concentration of metabtolic wastes,
These ave carton dioxide and nitrogenous waste.
The nitrogenous waste of zooplankton is largely ;n
the form of ammonium ions (BLAZKA 1966) and these
might te oxidised to nitrite ions. REBSDORF (1966)
concludes that if nitrites are suspecfed to te
present in the water, the Pomeroy-Kirschman azide
modification of the Winkler technique removes the
error due to nitrites. As nitrite is frequently
present in the field situation, this practice was
employed. The effect of metabolic waste ﬁas not
considered further except in thﬁt it was recognised

that high concentrations of ammonia might affect
...7'-



the metatolism of the animals. However, the time

af exposure of the experiment was relativelV short

(4 hours) and this effect was considered to te small.
The third effect of 'handling' has teen discussed

ty several other authors working with different

animals., MARSHALL ‘etal  (1935) studying the marvine

copepod, Calanus finmarchius, suggest that there is

a period of disturted respiration of up to ten hours
after capture. They suggest that this is due to
'handling' and confinement. KAMLER (1969), working

with Isoperls turesi and compuring closed tottle and

other respirometer measurements, records a disturted
period of up to five hours.

In the field experiments the effects due to
handling are incorporated in the results tut
several experiments were corried out to assess the
extent of this disturtance and its duration. Bottles
were filled and exposed in the same way as field
samples except that tottles were removed at hourly
intervals, |

The results of this experiment are presented in
figures 4.3.2.(2) and (t). Each result represents
a cumulated mean respiration result at the part-
~icular hour. After‘three to four hours exposure the
respiration rate appearsto slow down to a steady
level tut the levels are high tecause the first
hours of disturted respiration affect the final
result. The results are the same tetween three and
eight hours and, although too high, the four hour
exposure period is a reasonabtle compromise if a
correction factor of atout 0.6 the final value is
used. The measﬁrement of respiration at one or two

hours is also very variatle due not only to disturted
~72-
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rceriod respiration but also baw&ein this recion the
oxyaen differcnces arezqf,the same order of magnitude
as the oxygen consumad by the animals and the limits
of sensitivity of the technique are keing approached;
The effect of a change in concentraticn of the
foed cof the animals on their respiration is ngt known
but is not as large as it would have been if all foed
was removed. The exposure time is relatively short
comnmared with change cf food concentraticn and this
error will alsc be incorporated in the results of
the exneriments described above,

Win kKler's errors

Delayv of titration:

The results of a series of experiments to test
the effects of delayinc titration of samnles in various
conditions are presented in table 4.3.2(a). The
results show that the precision of the titration
varies very little but the accuracv alters signifi-
cantly if the titration is delayed for 24 hours.
There is very little difference between samnles
kept in the light or dark. The results presented
hera apply to 50 ml suksamples taken from the
respiration bhottles and it can be seen that if the
samnles are left overnight, the error canhe greafer
than the total differences of a respiration measure-
ment. For this study, no results are given where this

error has been exceeded,

Mcan titration i Standard | §D% N.
Taktle 4 .3.2(a) Na?ﬁ?o,1 (mls) deviation] mean
Immediate titraticon 4,430 0.035 0.7¢9 24
Stored feor 24 hrs.
(in dark) 1,509 0.026 0.58 24
Storad for 24 hrs.
(in dark) 4,512 0.029 0.64 24
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Chemical errors were minimal if the solutions were
freshly made up and well stireed tefore titrations were
carried out. Any oxygen taken up by Winkler's Reagents
is self cancelling as it appears unchanged in toth
experimental and control samples. Sodium thiosuphate
solution was made from commercially produced stock
ampoules and diluted to the required strength. When
standardised against Potassium iodate solution of
‘known normality, this was found to te less than
0.5% different from the required strength. 'Analar'
reagents, low in impurities, were used throughout.
Initially difficulty was experienced with starch
indicators tut the use of 'starch-solutle-~urea'
proved satisfactory as its colorimetric endpoint was
clearly visitle. The chemical error was estimated
as a coefficient of variation of 0.789% , which is
largely due to the photochemical reaction of iodine.

KAMLER (1969) draws attention to the error assoc-
iated with insufficient tottle flushing which
"partially saturates samples with oxygen from the
tottles. KAMLAER'S results show that flushing at least
three times is necessary. MNARSHALL ETAL (1935)
circumvented this protlem ty flushing the tottles with
nine times their own volume of the water used.

KAMLER obtains an error of 0.196%% 0.0066 mg/IL, =

standard error of 3.4% of the mean, RICHMAN (1958)
obtains a standard error of 10% of the mean. These
figures are related to the oxygen difference rather
than the total oxygen concentration of the samples.

Experiments were performed to test the effect
of measuring oxygen tensions near saturation and with
lowered oxygen tensions which‘related to control
and final experimentad tottles. Results ottained

showed that with concentr%fions at 100% 2and 30% oxygen




saturations, the standerd deviations were low (tatle
4,%2,2(t)) tut if tottle flushing was not carried out

these deviations increzse two to four times,

Table 4.3,2(b)

1

Mean ‘ Standerd ! SD as | N.
Nagsgoq' deviation|{% mean
‘Air saturated water | 4.082 | .0036 .08% | 20
(flushed 3x) (mls) '
0~ reduced water !l 1.2%0 .0054 A42% 20
(flushed 3x) (mis)
Air saturated water 4,81 .015 «31% 10 i
(not flushed) (mls
0O~ reduced water : 2.;9; i .012 439 10
(%ot flushed) | (mls : ,

These results also show that errors increase as oxygen
saturation gets lower. During the experimental work
saturations fell telow 80% of the total saturation on
only two occasions.

Glass Errors.

CONWAY ( 1962 ) suggests that the glass error is
test expressed as the coefficient of variation of the

individual glass errors (Cg).

e s e wm e

Cg =§/(Cp2 + Cb2 +Cm2)

where Cp = coefficient of variation of pipette
Cb = " n " "  burette
Cmn = " " " " manipulation

The coefficient of variation of the pipette
varies with the drop size and its precision on how
much it delivers., The coefficient of wvariation of the
turette is dependent on drop size and the coefficient
of variation of manipulation on how well the turette
may te read.

The total coefficient of variation (Cg) was
found to te 0.062%, which is very small compared with

other errors discussed.
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A second glass error is associated with the
volume of the respirometer tottles. These volumes
were determined bty weighing with and without water.,
For the experiments, it was assumed that the tottles
had a volume of 300 mls tut in practice it was higher
than this at 308.94%7.98 (2.6%) which respresents an
underestimate of 2.9% in tottle size. This is not
significant in the estimation of a resﬁiration rate.

Other Errors.

Other errors that occurred include interference
ty other living organisms. Algal photosynthetic
production was ignored as the tottles were btlackened
with polythene sheet and the effects of respiration
and as a trap for iodine were ignored as quantities

f algae were small, Bacteria may act as a consumer
of oxygen tut the exposure time of the e%periment
was kept short (4-5 hours) and tacterizl action was
minimal at this period of exposure.

Combined Errors.

The total comblned error, C, may te estimated by

=/ (ce2 + cw? + ct2 + ca 2y
M

where Cg = glass variation Cw = Winkler variation
Ct = treatment variation Ca = Animal variation

The largest errors occur as parts of Cw and Ca
where Ca is in the order of 10%. The total error has
been estimated as 10.5%%.

In addition a correction of plus 0.013ml N/80
thiosulphate has to te made for each mg dry wt of
animal in the samples and the final result reduced
to 0.6 of its level to account for disturted period

respiration.
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4.4 BUDGET WORK

Individuzls of D. hyalina were cultured in the

latoratory, to measure growth, development and res-
piration rates, at the constant temperature of 10°¢.
This was designed to complement previous studies from
the same latoratory, ty DUNCaN AND CRELER, carried out
at 20°C. The temperutures chosen reflected critical
periods in the field situation where 10°c was the
modal temperature of the spring zooplankton peak and
20°C wos the maximum summer temperature.

4.4,1, Culture of animals

Animals were collected from the .M. with coarse
net hauls on 9/4/69 when the water temperature was 7OC
and the reservoir was isothermal. These were trans-
ported to the latoratory in 2L Dewar flasks and sorted

for culturing. Large, »2.0mm, females, with eggs in
the trood pouch, were selected for culturing.

Large glass aguaria, maintained at a constant
temperature of lOOC, were used to contain the culture
vessels. Temperature control, tetter than % 0.1°C,
was maintained ty using tlackened 40W, light tulbs
connected, via & Sunvic relay, to a Beckmann mercury
contact thermometer, as a heat source and copper cooling
coils containing refrigerant as a heat sink. The tanks
were insulated with expanded polystyrene foam jackets

: om
and the arrangement is shown diagramatically in figure

4,4,1,(a)., The water contained thejllgicide,
Phenoxytol, to prevent troutlesome growths.

Animals were cultured individually in labelled
25ml open topped dishes which floated in the aquaria,
‘Dishes were cleaned carefully with chromic acid mixture

and thoroughly rinsed with distilled water each time

the culture medium was changed. The culture medium
=79~
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4.4.2.

was filtered reservoir water taken freshly from the

Q.M. It was filtered through Whatman GFC filter papers

- to remove algae and detritus, and kept in large (2L)

conical flasks at lOOC. Reservoir water was collected
twice weekly in 20L polythene containers.

Animals were fed from a culture of Qocystis solitaria

(Withr.) ottained from the M.W.B. which had teen isolated
from reservoir populations and had beeﬁ maintained in
bottle cultures since 1967. Qocystig cultures were
maintained in the exponential growth phase ty sutculturing
and cultures showing a tendency to become sessile were
discerded. Cell numbers were estimated ty taking one ml
subsamples, diluting to 100 ml snd counting further one

ml subsamples, in 2 haemocytometer. Cell concentrations
were maintained at approximately 2.5x104 cells/ml in the
animal cultures. .

Measurement of animals,

Animals were measured daily and records were kept
Ty means of sketches and notes of other relevant
features of their development.

Several different measurements of each animal were
recorded and these correspond with measurements made ty
ANDERSON (1932). The physical dimensions measured aré
presented in figure 4.4.2(2). For these measurements
animals were gently fransferred to a glass slide in a
drop of water and the water was reduced until the animal
was restricted ty the toundary of the water drop.

Anumals
Measurement took less than a minute andAwere then returned
to their culture dish. This handling of anim2ls proved
to te inexpensive in terms of animal deaths although it
placed an obvious strain upon them.

Reproducitility of measurements was examined bty
remeasuring the same living animal. Three dimensions:

length, width and tody length were measured ten times -81-
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using the normal Watson tinocular microscope with
micrometer eyepiece. Results are presented in tatle

Table 4.2.4(a)

%ength | width | tody length
mm ) (mm) (mm)

N=10
mean 2.241 1.415 1.880

S.D. 0.011 0.013 0.012 |

S.E. [0.16% @ 0.28% | 0.17%

Stages of growth were also recognised. At each daily
measurement, or mae frequently if the animal was used
for respiration experiments, the presence or atsence of
a carapace was noted and this indicated whether the
animal had changed instar. By this means a map of
instar-time development was created.

Adult daphnids were recognised ty the first
development of an ovary which marked the onset of sexual
maturity. An attempt was made to quantify this for the
construction of energy tudgets and life tatles., The
production of offspring ty the Cladocera may e convemi-
ently divided into two stages which occur in-adjacent
instars. The first staoge is seen aw ovary development
and the second stage as the shedding of the eggs into the
trood pouch and their sutbtsequent development until
release., CREMER AND DUNCAN (1969) descrite ovary growth
in semi~- quantitative terms -~ small, large etc., tut in
this study the length.of the ovary was measured and used
as an index of its growth and in later stages the numbers
of developing eggs were ascertained.

Stages of egg development in the trood pouch were
also reccgnised and these were recorded together with
nunters of young and length measurements, The stages of -
egg development recognised corresponded with those ot~

served by GREEN (1954) for D.magna and those otserved ty
.—-8_‘5_



CUMMINS BT~iL (1969) for lLeptodora kindtii. This

information was used to illuminate length measurements.
The stages of egg development recognised were:

1. Undifferentiated eggs

2. Differentiated eggs

2. Antennae forming

4, Two red eyes present

5. One tluck eye present

6. Heart testing, limts moving
During these experiments some of the animals developed
ephippia (resting ¢ggs). Measurements were made cf
ephippial development a& far as possitle and postephippial
animals were distinguished.

Limited observations of the nutritional state of
the animals were made. Food concentrations were monitered
and the state of the guts (full, empty, colour) were
recorded with the presence of food reserves such as oil
droplets in the tody tissues.

Other ctservations such as heart teat rate and
spine danage were recorded if they were thought to
Tte of significance,

Measurements and observations were made at least
once a day, normally early in the‘morning, and more
frequently if the animals were in the process of moulting.
Other observations were made at the times when animals
were used for respiration work. Overall the culturing
experiments lasted 108 days until the death of the last

animal,

8%
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LABORATORY RESEIRATION
The Cartesian diver micro-recspirometer was used to

measure respiration rates of D. hyalina in the latoratory.

These were messured at 10°C and the results used for the
construction of an energy tudget. This work was carried
out jointly with Dr. A. Duncan and followed a similar
study frcm the same latoratory ty A. Duncen and G. Cremer
at 20°C.

The Cartesian diver technique, origi nally descrited
ty LINESTR¢M-LANG (1937, 1943) and HOLTER (1943), was
modified ty ZEUTHEN (1943, 1950) who provides 2 rasic
description of 'stoppered divers' which were used in this
study. The method used is that of KLokOwSKI (1968,
1971).

It is not proposed to give 2 detailed discussion of
the principles and practice of the Carteéian diver here
since the subtject is zdequately covered bty LINDERbTRﬁM—
TANG (194%), HOLTER (1943) and in relation to sguatic
animals ty RLEKUWSKI (1968).-

The Cortesian diver respirometer is o constant
volume vﬁriable pressure system znd the stoppered diver
encloses & gas tuttle which mukes it slightly é?yant in
its flotation medium (0.1NNaOH). The flotation vessels
sre fixed in 2 constsunt tempersture t2nk (¥ 0.01°C) und
are connected to a manometer filled with Bredie's fluid
(UMBREIT ET AL 1949). The mancmeter was read against a
mm scole of 150 cm. The internal pressure of the system
is controlled bty means,coarse and fine screw adjustments
attached to the munometer, chamges in pressure in the
flo tation medium teing transmitted through the fluid
£illed space tetween the diver chaoamber and stopper tc the
gas tuttle inside the diver, Increased pressﬁre desreases

the gas volume and the diver sinks and vice versa, This
-85-.



happens tec-use eciach diver has a constznt volume

which maintains neutral touysncy zt an artitrary level
which cun te maintuined bty pressure udjustment of the
mancneter. The muncmeter, flotation vessels and
temperature tuth arrangement zre presented dizgrumatically
in figure 4.4.3(&) uand the diver construction is shcwn in
figure 4.4.3(t).

The upparatus used wus tuilt with ceight flotation
vessels und muintuined in o cool, dimily 1lit btuscement.
During experimentation, the divers werc observed with o
micrcscope medified to '‘travel’ vertically which had a
tuilt-in low intensity light source.

Divers of vsrious sizes were constructed from thin
walled 'Pyrex' glass capillory tubing with a specific
gravity of 2.55 and these were wushed in concentrated sul-
phuric ucid and rinsed in distilled water tefore use,
Bruking snd loading pipettes were ccnstructed from similor
capillury tubting. After use in experiﬁents, divers were
agein washed in sulphuric zcid and rinsed csrefully with
distilled wuter and stored in cotton weol in smull
Pectri dishes.

Befcre exiperiments were performed the flotation
medium was air saturated bty tuttling washed air through
the mediun.

The experimental animals were transferred tc the
loading dish which contained filtered rescervoir water
at 10°C. The diver was slso transferred to this dish,
fill é&.d with this water and then the animal was 'persuaded!
to enter the diver, Difficult;y was experienced with
small individuals which tended to adherc to the diver
walls and these were gently pushed in with a lo2ding
}ipette. The diver (with animal) was then transferred
to 0.I.N NsOH solution wich was intrcduced into the

lower neck of the diver snd the stopier was then inserted, =86~
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Fig, 4.4.3(b).
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The diver wus then transferred to the flotation
vessel,

Manometer readings were commenced immediately and
recorded a2t 15-20 minute interwvals until a 'straight
line' restiraticn rate was obttained and the manometer
was read to 0.5mm of Brodie's fluid. A siecimen graph
of the rate of change of equilitrium pressure is chown
in fig. 4.4.3(c) and the rate cf oxygeh consumition
was calculated using the procedure outlined ty
KLEKOWSKI (1968)

After experimentation, divers were removed,
dismantled and the aniwils returned tc their culture

vessels,

-—89_
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5.1%,

5 RESULTS

FIELD RESULTS.

Al]1 results presented in this section are
calculated from vertical net haul samrles using
Patalas samples only to amplify results gy when no
vertical net hauls were taken. Samples have teen
converted to the best corrected estimate using the
relationship found in section 4.1.5. All figures

3

where relevant are presented on & scgle for an aree .

urder a metre 2’sur£5ce of the reservoirs.

STANDING CROP (WEIGHT)

The standing crop measured directly of daphnids
in Q.M, for the period of this study can te seen in
figure 5.1.1.(a). The sequence of the seasonal cycle
is ncrmal for a temperate lake with standing crop
maxima occu%éng in the spring (April/May) and autumn
(August/Sertember) for the years of the study. This
sequence is widely recognised (reviewed in HUTCHINSON
1967) and similar tc previous studies of these reser—
voirs (CREMER AND DUNCAN 1969, ANGOLD 1968, LANGHELT11968).
It can also te seen that the winter levels are quite
high (normally 380 to 114Omg/m2) which are approximately
the same in toth years of the study. The spring maxima,
however, are consideratly different in 1968 and 1%9,
The 1968 spring maximum reached a level of atout
504Omg/m2 and in 1969 this reached atout 456Omg/m2
this will te discussed mcre fully in a later section
(section 5.71.4.). The sutumn maximum in 1968 reached
a level of atout 19OOmg/m2 which probably compares
with the late autumn value of about 4520mg/m2 in 1967,
In toth 1968 and 1969 the spring maximum ié treceded by
very low standing crop in mid April end this in turn
is preceded ty a smuller peuak in eurly April. The

significunce of this event will te discussed in the o
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section relating tc porulation dynamics (5.1.3).
During the whole course of the year the standing crop
fluctuates in a fairly regular fashion a peak teing
followed ty a low followed bty & peak which in the
winter months at least protably rerresents regular
changes in the population structure (section 5.1.3).
Figure 5.1.1(t) shcws the standing crop of
copepods (Cyclops sp and Diaptomus sp) throughout the

year. The technique used to separate the Copepoda from
the Cla docera does not separate cyclopoid from
calanoid corepods and the numerical analysis must te
used to distinguish specific accession. The 1968
data show that the standing crop reaches a peak in
late April, follcwed ty a high summer level and a
sutsequent peak in late August, The srring pesk is
also seen in 1969 tut is a much higher level
(ﬁb2660mg/m2) wich correlates with the higher darhnid
standing crop in that year. The raw data fcr the biomass
figures arg;zesgnted in Aprendix 5.1.1

Figure 5;1.1¢g shows the mean individual dry
weight for Cladocera in field samples calculated fron
the dry weight per V.N.H. and the numters rer V.N.H.
(Séztion 5.1.,2,) and this provides a crude idea of the
poprulation structure at different periods of the year.
When thefigure is high it indicates that the population
is composed muinly of large 0ld individuals and when low
it is mainly small (young) individuals. It can te seen
from the figure that duriné the winter the porulation
is composed of large old femules whereas during the
spring reak (late Arril and early May) the population
is of small animals. Towards the end of the spring
outturst the age structure changes and there are fewer
btut larger animals in the population (see fig.5.1.2(a)

showing rercentage age structure of porulations), ~93-
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Figure 5,1.1(d) shows a similar apyrcach to the corerod

rorulations and the sume pattern in each year can te seen.
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5.1.2., STANDING CROF (NUMBER%)
Porulation sizes are normally presented as numters
e.g. EDMONDSON (1955), HALL (1964), WRIGHT (1965) &and
standing crors in terms of weight calculated from these
and a kncwledge of thé population structure, Figure
5.1.2(a)(1i) and 5.1.2(a)(ii) shows the porulation size
of D. hyalina throughout the period of this study. The

numbters are shown on a lcgarithmic scale and egg numbers

are also shown. The population size of D. hyslina varies

throughout the course &f the year in l968)fhe spring
population maximum occurring 4n late April (601350 /mg)
followed bty a second maximum in July (32580 /m2) and the
autumn maximum in early Septembter (147744 /mz). The winter
levels are fairly high compared with the low numters immed- -
iately preceding the sypring period of population increase,
The same pattern can te seen in 1969 exdepr that the
maximum spring population size is highar(?@?ﬂolma). In
1969 more samﬁies were taken ireceding the syring peak and
an earlier prepeak maximup m®an be seen in early4April
(19OOOO/m2). This situation can te seen in 1968 if the
Patzlas data are examined (section 5¢ .8) where samples

were taken during Arril, and this appears to te a ncrmal
rattern associatéd with egg prodhction tefore the spring
maximum,

Egg numters can alsoc te seen in figure 5,1.2(a) and
the obvious feature is that the winter levels are consis—
tently high (7600 - 456OOO/m2) whereas the summer levels
are very low. The 1969 data show high'egg numters occurriag
during March and April tefore the spring maximum. Again in
1969 the winter egg levels sre consistently high.lhese egg |
numbers are more understandatle when the internal structure
of the porulstion is considered in conjunction with the egg

numters, -98-~-
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Figure 5.1.2{b) shows the size structure of the
D.hyalina populaticn throughout the course of the study.
Numters are plotted on a logarithmic scale for convenience
and the overall pattern is the same as the total numters
seen in figure 5.1.2(a). Except during Octcter and Novem—
ter 1968, the smallest size class (‘(1.00mm length) exceeds
all the other size clusses in atsolute numters for the whole
year and with rare exceptions the largest size class
(>2.00mm) is always lower in numbers than the cther size
classes. The size class 1,40 — 1,99mm follows a very
similar pattern to the 1.00 — 1,39mm size class but often
exceeds the latter which is a function cf the relative
duration of these size classes as a size groug.

Thé relative rroportions of sexuszlly mature to
immature gnimuls can te seen more clearly in figure
5.1.2@c§;w£here mature animals (}1.40mm length) are compared
with sexually immature animels G<j140mm length) The
situation is the same in euach year of the study. ILate
winter and early siring propulations . ~ have a high percen—
tage of mature anirals which reach a2 maxinum of 60—-80%
during early Arril and precede the siring population maximum,
and correspomds with the mina premaximum peak that can te
seen in fig. 5.1.1.(a). During the syring, suﬁmer and
autumn peaks the proportion of older, larger animals decreases
and slowly increasses again as the population numbers decline,
The major porulation peaks, which coincide with the high
tiomass figures, are éomposed largely of small onimals,

The meun maximal trocd size (eggs per female with eggs)
can te seen in figure 5.1.2(d)mwnlt can te seen that the pre-
spring values are high and risé g§ a maximum tefore the
spring peak and each subtsequent peuk, The trood size falls
throughout the spring pesk and reachesa low level throughout
the summer months. GREEN (1956) indicates that the egg

numter per female is related to size of adult and food and
: -100-
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the winter months the mean size is high tut food wuality
is protatly poor (STEEL et al 1972). As a result of this
mean egg numters are high tut not as high as pre—peak conditions
when food and size conditions are suitatle.

The occurrence and numbers of otfer specians of macro-
zoonlankton identificd can be seen in fioure 5.1.2(e).  Reosults
arc on a logarithmic zcale and the total numhers are
nresented, Tre cyclonnids have a lcw.population Aensity
durine the winter and a sprino peak in late 2pril which
coincides with the daphnid norulation neak. Summer
cyvclennid nonulaticns are hich and there is a second neak
in late summer (late Aucust) and the population falls to the
winter level. The pattern was repcated in spring 12€9
although the nopulation maxirum was higher in this vear
(1962 - 130,65 x 10°.n"7, 1969 ~ 157.70 x 10°.m %),  There
is a suggcstion f£rom the work of CREMER (Ders. corm.) that '
two soacies of Cvclens exist in the reserveir and that one is
a spring povulatior. and the other a late surmer ronulation
but taxonomic senaration of thess was not made and no
further comment car be offcred here.

The diaptomid ponulations are low in the winter, hiah
throvchout the surmer and reach a population maxirmum in
late August (229.0 x lOB.mz) than fall to low nurkers Jurine
the winter. This nattern is esserntizllv the same as descriked

for Diantomus aracilis in the Q.E.II by KIBBRY (1969%). The

norulation structure of cyclopoids and diantomids as
juveniles and adulte are shown in fiaqures 5.1.2(f) an? 5.1.2 (o)

respectively.

- .

+ Information taken from kheth net and Patalas samrles.

-
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Bosmina sp. are larcely ahsent throughout the winter from

September to March appearing sporadically in very low numbers.
The ponulation hegins to incrcase in March of each vear and
in 1968 reachcs a population maximum in early August
(45.98 x 103.mm2) althouagh the spring levels were higher in
1969,

The only other specias that appecsred in sigpificant numbers
in the racrozooplankton was Agnlanchna sn. - a large
carnivorous rotifer. The onlv records in 1968 were in Julvy

3

e ]
when populations recached £0.2 x 107.m “ but during spring

1969 the Asplanchna nopulations reached very high levels and

crashed over a period of two months, The maximum values
rocorded were 564.3 x l{‘?3.mm‘2 on Mav 12 when thev were bv far
the most numerically abkundant catch in the ccarse net. The
pooulation rise can ke scen in fiqurc 5.1.2(h) for this

rericd. The reasons for the appearance of Asplanchna in

the coarse nets are obscure exceot that thev were larger ind-
Viduals in 1969, It is pcssible that thev were predating on
small daphnids; both Bosmina sp. and small D. hvalina were
prescnt at this time but no diroct evidence of this is
availahle. |

Other snecics found in the macrozocoplankton were rare

in numbers and occurrence hut included:-

Purycercus Sp. (11 occasiocns)
Cypris sp. - (once)
Leptodora kindtii (cnce)
Chircnomid larvae (once) .

Of these Furvcercus is a littoral form and like Cypris may have
been washed in from the river or the edges cof the rescrveir.

Chironomidsrare benthic and Leptodora kindtii is a truly

planktonic cladnceran carnivore associated with late summer.

..-/Ho_
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5.1.3., EFOFULATION CHARACTHERISTICS
Population size changes, in terms of numters =nd
biomass)have teen descrited in section 5.1.2 and 5.1.1.
Some characteristics and attritutes of the topulation

structure of D, hyslins are examined in this section,

especially those that have teen used by other workers
for anslysis of porulation dynamics of daphnids.

It was seen in figure 5.1.2(a) that the occurrence
of 2 high proportion of adults in the population corres—
ponded with high egg numters. This occurs during the
early months of the year and precedes ropulation maxima.
However, the maximum nurtter of eggs per adult (trood size)
is not gynchronous with highest proportion of adults in
the porulation. Figure 5.1.3(a) shows the mean trood
size (the mean numter of eggs in adults with eggs) and
the numbter of eggs rer adult in the population. (HALL
(1964) refers to this as the average trood size). Egg.
counts of field samrles identified eggs and developing
emtryos and for each embryo recognised, 1.92 eggs were
seen. This result is at variance with the result
presented ty HaLL (1964) and is curious rather than of
consenuence. The figure shows that during the winter,
when the populsation has a high proportion of 2dults, the
mean troocd size is 4-6 eggs per female. During the pre-
spring peak situation this rises to atout 14 eggs rer trood.
Although egg numﬁers tecome very high during pre-spring
peaks, not enough eggs are found to sccount for the
otserved, sutsequent darhnid populations, This anomaly
may te explained in cne of three ways:(a) that egg
sampling is inefficient and not 211 the eggs in the
population sre trapped (b) that juveniles are imported

112~
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from the river source and (c) that ephirpial hatching
occurs from the tottom of the reservoir; Recent work
vy DUNCAN (pers. comm.) suggests that erhiriial hatching
may}account for this discrerancy. No degenerating eggs
were seen in field samples, some were seen in the
latoratory cultures; although these have teen widely
rerorted (HaLL 1964, WRIGHT 1965 and GREEN 1956).

The factors controlling the numter of eggs jproduced
ty dathnids may te 9ffected ty intrinsic fzctors such as
age, size and clonal charzcteristics or environmental
cheracteristics such as food or temperature (GREEN 1956).
Most studies of these factors have teen latoratory tased,
GREEN (1954, 1956) demonstrated that the mean numter of
eggs increases with the size of the adult female tut
ANDERSON AND JENKINS (1942) showed that egg production
decreases in successive generations -2 clonal defect.
BERG-@95$ showed that extreme temperatures can te deleter~
ious to egg iroduction and INGLE ET AL (19%7) descrited
the ortimal temperatures for egg production. SCHINDLER
(ﬂ971) examined the quality of the food and suggests
that tlue-green algae provide poor dietary material.
GREEN (1966), in Hampton Court Long Water, found thst the
egg reaks coincided with the highest chlororhylla levels.
Other workers in field situatio%f.hme tacitly assumed a
relationshiyp tetween chlorophylii;eaks =snd egg rroduction
although it is more often necessary to introduce a lag
reriod tetween chlorophyllipe&k and égg rroduction (BALL
1964, WRIGHT 1965). GEORGE AND EDwaRDS (1974) also msake
this 2ssumption and fufther define the imrortance of
the quality of the diet,

In this study it has teen found difficult to detect

~414--



these direct influences on egg rroduction. Attempts to
relate egg rroduction to temrerature are incoﬁclusive as
there is an otvious seasonal varistion which may well te
contrclled ty diet. Analysis shows no easily definatle
relationship tetween egg numbters and chlorophylla reaks N
even when lag factors tased on developmental times are
introduced. Attempts to discover a relstionship tetween
mean trood size and chlorophyllgzrer individual have also
rroved negative. (The availatility of chloroyhylle in

the Q.M. arpears to te two orders of magnitude higher

than that in Eglwys Nynydd Reservoir reyported bty GEORGE

AND EDwWARDS (1974):) Undouttedly there is a relationshirp <
tetween the algae and the darhnid egg yroduction tut it

has proved difficult to find a satisfactery relationshir
here. The seasonal variation in the chlororhyll o
concentration is pﬁéented in figure.B.ﬂ.B(b) with an
indication of the specific composition of the yredominant
comronents of the algze.

The €ladocera rrovidie a srecial probiem when ansly—
sing rporulation fluctuations tecsuse they have continuous
reproduction and mortality. This means that tirth rates
and death rates cannot te determined ty counting alone.
Hoever, the egg ratio method of estimating rroduction
modified from ELSTER (1954) and used ty EDWONDSCON (1960)
for rotifers has teen applied ty HALL (1964), WRIGHT
(1965) and GEORGE AND EDwARDS (1974) to porulations of
daprhnids and CUMMINS et al 1959 for s variety of Cladocera.

Knowing the numter of eggs (E), the duration of
develorment (De) and the initial population size (No)
the finite tirth rate (B) can te calculated from,

(1) B = E
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From B, the instantaneous tirth r-te (t) can te calculated

where,
(ii) © = 1In (1+B)

Although this only operates rigo rously for a
ropulation with a statle age distritution, it can te aryp—
lied to porulations with z2n unstatle age distritution if
there is s short sampling interval.

The coefficient of porulstion growth ('), a measure
of the actual porulation chsnge, can te calculsted from
sequential estimates of porulstion numbers. If No is the
initial porulation size and Nt is the porulation size
after time t, then,

o v _ r't
(iii) Ny = Nge

It

InNt — InNo
t.

a (iv) .

The trime sign is conventionally used to indicate thzt T
and‘b'have teen czlculated from counts (EDMONDSON 1960).
Kno&?ﬂ and r' the instsntaneous death rate csn te
calculated from,

(v) a =r - 1
The finite death rate (D) may te calculated from d

the equation;
!

(vi) D = I-e ¢

In this study two inderendent population estimates
were cvailatle for the cslculation thhese roprulation
parameters (¥, r' and d) as counts of the zoorlankton were
made from toth net hauls and Fatalas samples. The numters
ottained for E,Vf, d and D can ke seen in Aprendix 5.1.3.

Figure 5.1.3(c) shows the instantaneous tirth rate,
instantaneous rate of change and instentaneous degth rate

during the course of this study for D. hyalina. The

values have Teen calculated from the net haul counts excert

“17-



when no information is zva2ilsatle, when fatalas data are used.
Theoretically toth sets of data should give the same
values for ¥, r and d as they are dimensionless numters.
In general they do reveal the same trends tut differ in
some details., The values of rg which are calculsted from
successive rairs of porulation nurmters are plotted at the
midpoint of eesch reriod.

valves

In a statle population,of T should exceed the values
of r'if the egg production is to account for the otserved
changes in porulation size. when the jopulation density
is low,for example during the winter, the total egg
estimations may te unsatisfactory and may account for
variation from this pattern. But during this study the
values of r'frequently exceeded b during most reriods 6f

estimate o f
the year which indicates that theAegg rroduction of the
ropulation existing in the reservoir does not entirely
account for the sutseauent chenges.

The winter situation is very similar toth in 1968
and 1969 with consistent v vslues, which were slightly
higher in 1969 than 1968, and r val ues generally lower
tut occasionally ezceeding t' values. During the srring
of 1968 the changes in povulation size may te accounted
for ty the egg rroduction in the reservoir tut this is
not so in 1969 when r values far exceed t values. There
is evidence from the Patalas samrles during Arril 1969
that the net hsul b vslues are too low tut not sufficiently
low to account for this discrepancy. The situation tecomes
very confused in the mid summer when lsrge porulation
peaks in June, July and esrly August cennot te sustained
ty the eggs rroduced in the reservoir. The exyplanation
of these discrerancies is either in the pour quality of

-118-
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the egg estimates or that slterncstive sources of young
animals exist. The methods used to collect samples were
comparatle with other workers (HALL 1964, WRIGHT 1965

and GEORGE AND EDwARDS 1974) who only occasionzlly had

r velues exceeding t vzlies and it would swurear moe likely
that either erhirpprial production 2nd direct imvort from
the river would account for the differences. Never—the—
less, the figures rresented cast doutt on the velidity of
using these data for other purposes such &s jproduction
esimations.

The insfantaneous death rate, d, indicates the
matality of the porulation, also on 2 seasonal tasis.
Pcriods of negative mortelity, shown telow the tase line,
indicate where porulstion growth is not surported ty egg
rroduction. The negative martzlity is not shown to sczle,
The teriods of highest death rateé occur during populgtion
creshes, as might te éxpected, tut the resl vz2lue of this
estimate, as a means of calculating finite death rates
(D) is lessened if it is sccepted that there is some
import of animals from other scurces. It would te logical
to assume that the death of some of the porulstion cccurs
continuously however small this may te, ond negative
mar tality rates point to a deficiency in the model for use
in this particular situation.

Tatle 5.1.3(a) shows the mean instantaneous tirth
rate and rositive reote of increase of porulation for eczch
year of the study and compares this with results given bty
other authors. The mean instentaneous tirth rate is
‘similar to 2lthough lower thsn that of GEORGE aND
EDwARDS (1974) which in turn is lower than the value

given bty WRIGHT (1965). However the maximum tirth rate

~-120-



Tatle 5.1.3(a) Mean |{Maximum | Mean—+ | Maximum

ko ! ve ! +ve r'
Q.M. 1968 033 | ,534 133 418
1969 030 | .101 <130 420
HALL(1964) - .610 - . 150
WRIGHT(1965) . 15 | .590 - 140
GECRGE & 1970 .049 | ,298 .028 .132
EDWARDS 1971 «053 | 230 <040 o124

(1974)

Taken from Patalas results,

approaches the higher values given in the literature. The
instantaneous rate of change is about threefold that
previously reported. If the mean values of v’ and r' are
used to satisfy equation (v) and then (vi) on an annual
basis the average value for the finite death rate (a')
obtained for both years of the study is 0.0952 which is
equivalent to a 9.5% loss of individuals to the population
each day. This compares with values given by GEORGE AND

EDWARDS (1974) of between 4.7 and 6,5%.
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5.1.4. FRODUCTION

Several alternztive methods are avsilatle far
calculating production from zocrlonkton field dats.
Eéch has odvantzges znd diszdv:intzges and instead of
selecting one method, severzl hofe teen tried in this

study.

A. wINBERG (1971) examines the protlems asscciated with
production estimztions for populations th2t rerroduce
continuously snd have cohorts that cannot easily te
distinguished. DMost appréaches to these porulations
are tased on the finite growth rate of individuzls from
egg to death., This requires a knowledge of the
duration of stages of the life of the individu=zls 2nd
the weight increment of and numters of these stages.
Using this method, iinterg proposes the following
gener=alised formula for estimating production per unit
area or unit volume per unit time., The units of
production msy te any convenient unit such 2s dry

weight or unit carton.

(1) Production (P) = Np.We L Ni.Awg, + Mo« A vy
De Di Dy

where Ng, Nj....Ny = the numbter of individuals in st=zge

e, i, -.l.-llllaonl

AWgy AWiseees Ay the weight increment o that

stage.

Dgs Dyjseeee.Dyy = the duration of that stage
at the field temperature,
usually in days.

This method of estimating production has teen used ty

several authors including FPECHEN AND SHUSHKINA (1964),

=122~



GREZE AND BAlDINa (1964), WINBERG &T AL (1965) and STEEL
BT AL (1972). This method involves 3snalysing the
population within artitrary size clssses, the durations
of which zre known, snd making these corresponding to

the elements of equation (i). The duration rates were
determined in the latoratory study of growth

(figure 5.2.2(h).) and the weight increments in the
length—weight determinations (section 5.2.1). Population
tiomasses were estimated as the prroduct of the

numerical porulztion analysis and the length—-weight

determinations indiceted in figure 5.2.1.(a).
Results of this e¢stimate of production can te

seen in figure 5.1.4(=) and the dsta are presented as

production of dry weight of D. hyalina in milligrammes

per metre square per day. The péttern of production
is similar for cach year of the study although the
levels of production achieved differ. The winter
rroduction is low, 2560 mg;.n_{2 daj{ tut during the
spring this rises to the maximum level (1968 662 mg.

-2 .1

m2.d3y 1969 1064 mg. m 2.dxm .) Production fells

during June, reaches high levels in July (641 mg. m’g.

dﬁp) and during the autumn period (up to 300 m. m-a.&ﬁ o

An estimate of annual production is ottained ty
integrating the area under the daily production curve
and is found to te 50.60 g. mfa.yr._q. which is equal
to atout 4.22 g. m—5.yr_1. (It is only possitle to

5 value as the level of the water is

speculate the m
altered at different times of the year, A “12m depth

~ is assumed. Production was z3lso estimated for the
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H

i
!

period until the end of the spring period for each

year.,

1968 t0 10.6.68 24.95 g.m 2. 2.08 g.m 2

1969 to 10.6.68 27.092 g.m . 2.33 g.m o
These results sre compared with the results given by

a few other workers in Tatle 5.1.4(a)

i
i

i

Meshkova (1952) D.longispina sevanica 2.4538.m—5.yn_1
in Winterg(1971)* eulimnctica

Fetrovich D.galeats 5.82g.m—3.yn—1'

et al (1961)«* mendotae

e ) -3 -

Wright(1965)* D.galeata 41.50g.m “yn
mendotae !

— '—/‘ i

Wright (1965)* D.schodleri 82.86g.m. 5.3r.

George & Hdwards D.hyalina ’|’|.6Bg.m._3\.yn—/Ii

(1974)

*These results were not complete years sampling.

The percentage contritution .. _
to the daily production
of eggs, juveniles and adultspis” shown in

P
figure 5.1.4(t). The ssme pattern czn te seen in toth
years of the study. Fgg production.accounts for a
relztively small proportion of the total production
(max. 30% in August 1968) snd is normslly highest in
the winter (10-20%) although this level was sustained
into late March in 1969.  Adult production is high in
the winter, normally 320-50% of the total tut
occasionally exceeding 80%. The proportion of adult
production incresses rapidly immediately tefore and
after production maxima. The juvenile production is
the largest prorortion of the total (40-80% for most
of the time) and accounts for the largest rroportion

of prroduction peaks. During the summer the juvenile

rroduction remains high.
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The daily production to tiomass (¥/B) ratios are
shown in figure 5.1.4(c). The tiomass in the vslue
calculated from the product of the numter and weight
of each stage sumnicé for all strges. The minimum
value (0.027) occurs in the winter and the maximum
value (0.224) occurs in the mid summer and values are
very much the same during the different years of the
study. The annuz2l E/B r=2tio in the Q.M. for
D. hyalina was found to te %8.62 and this is compared

with values reported in the literature in tatle
5.1.4(t).

The annual F/B ratios are high compared with
other workers tut not the highest reprorted in the
literaturquiNBﬁRG et al  (1972) report =n znnual E/B
ratio in Ryrtinsk Reservoir of 50.0 GEORG# AND EDWARDé

(1974) working with the seme srecies, D. hyalina, in

the very shallow Elgws Nynydd reservoir sive daily
F/B rztios tetween 0.003 snd 0.263 and an annual

F/B ratio of 20.8 in 1970 and 25.9 in 1971.

It can e seen in figure 5.1.4(c) where the
seasonal temperature curve is shown, that there is a
strong correlation tetween temperature =2nd F/B ratio.
This relotionship is examined further in figure 5.1.4(4)
where the daily F/B ratio is rlotted against temperature.
Although the correlation is strong, no further statis—
tical analysis has teen performed on the data tecsuze
production (FP) has 2lresdy teen estimated partly 2:c a
function of the field temperature (equation (i) elemert
D in this section) and such c¢nalysis tecomes statistialy
fatuous. The dsta of SCHINDLER (1972) also show this
correlation and although his }/B values ore lower tho
average temperatures are lower cnd for the same

427~

temperature the /B values corresgond,




Table S.1.4(b)

ZOOPLANKTON TYPE ] ANNUAL P/B | DAILY P/B LAkE SQURCE
Herbivore +105 Mikolajskie [Kajak et al (1972)

" .098 Taltowisko "

" <160 Flosek n

" 067 Sniardwy "
Crustacean 14.334 10.011~0.096 | Arctic Lake |Schindler (1972)
Herbivore 12.6 L. Krugloe |[Winberg (1972)

i 13.0 L. Krivoe n

" 2241 L. Krasnoe "

i 50.0 Rybinsk Res. "

" 24,7 L. Drivyati "

i 16.3 L. Naroch n

" 13,9 L. Myastro "

" 18.4 L. Batorin "

f 26,2 Kiev Res. "
D, hyalina 38.622 0.027-0.224 | Q.M. Present Study

n 20.8 Eglwys George & Edwards |

(1974)
" 25,9 Nynydd

-12% -
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Using the F/B values 2s derived stove, the
rroduction may te colculatad using the directly

measured field tiomsss. Results for D. hyaiina in

the Q.M. c2n te seen in figure 5.1.4(e). The r=ttern

is similsr to the calcul=sted production .

(figure 5.1.4(1))but values ottained are lower, estecislly
at peak production periods. The peaks occur at the

same time andvtﬁréugh the winter vslues are very

similar tut in the sprring and summer pe2ks values 3re

atout 50% less in each year. The 2nnual production

estimate ty this method is 45% of the calculated method

=1
and was calculated to te 23.04 g.dry weight m. 2y

for 1968, The first six months production of 1569
was cezlculated to te 15.66 g.dry weight.m-g. The
difference may te ascrited to the vzlue of the weight
increment used for juvepile darhnids, due to the fact
that many of this size class 4o not reach full size

and account for thelargest numters in the population

especially during porpulation maxima.

B. A second method of estimating population production
may te rased on a knowledge of the instantaneous
growth r2tesof the individusls in that porulation
knowing the instantaneous growth rate (g.) in a
rarticulsr stage, the growth, or rroduction, cf the
individual (PS) in one dzy may te cslculated from

(ii) Ps = gs. ws.
where ws is the weight of the individu2l stage. (see
equation (iii) section 5.2.2.). Knowing the weight
contritution of the diffcrent stages o the total

-131-
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population ticmass and the instontuineous growth rate
of the different stiges, dsily porulation production
may te calculated. In @ sense this is similzr to the

arplication of F/B ratics to tiomass measurements

m

teczuse g.B = F . B. . The stzges recognised in

field samples wgre eggs, animsls >1.0mm (1), tetween

1.0 and 1,4 mm (2), tetween 1.4 znd 2.0mm(3) and
animels,>2.0mm. From the tody—-length relationship shown
in figure 5.2.1.(3) an aprroximate reclative weight hss
teen assumed for egg, (1), (2), (3) and (4) of 0.324:
1.0: 1.5: 5:10 and using this ratio, the numters in

the stages of the porulation counts snd the directly

messured porulation tiomass (B), the weights of these

stages contrituting to the tiomass was calculated from

.y |
003240Ne . B mulﬂ o
0,324.11_+1.n +1. 5,45, 4101

(iii) B =
e

and similarly for Bq, Bg, B3 and Bq.

The instantaneous growth rate (g) was taken from
the values given in tatle 5.2.2(c¢c) and the egg duration
rate (1/D) was that shown in tz2tle 5.2.2(h).
Instantaneous growth rates were corrected to existing
field tenterature relationship shown for egg
development, Fopulation production was then estimeted
from .

(iv) P = 1 . By + 84+B, +85.B5 +g5.B5 +g4.B4.mg.m-2.

Daily production rates calculated ty this method
can te seen in figure 5.1.4(f). The pattern of
results ottained is very similar to those calculated
for figure 5.1.4(a) tut the values are generally lower
excert in early Septemtexr 1968 when a maximum of 422

mg.m—z was recorded., During the esrly pert of the 133~
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syring pedk in 1968, tiomass data were more complcte
than numerical estimates of porulation size and
5.1.4(f) protatly more nearly reflects the true
situation. The annual producticn for this method
was calculated to te 28.856g.m~2. which is 57% of
the first method. The similarities tetween figure

5.1.4(f) and (e¢) are very striking.

C. The third alternative method of calculating
production, develored bty EDMCUNDSCN (196¢0) for use

with rotifer populations from the earlicr work of
BLST&R (1954) and applied bty a variety of workers to
Cladocera, is Ttased on the concept of turnover time,

T, Turnover time in days, defined 2s the time required
for a porulation of steady size tﬁ replace itself

in numbters is derived from

(v) T = 1 where B is the finite tirth rate
p (used Ty HALL (1964), wRIGHT (1965)
or(vi) T' = 1 where D is the finite death rate
D derived in section 5.1.3 equation

(vi) used ty GEURGE AND EDwARDS (1974)
The percentage turnover per day,

(vii) 1 . 100
(1)

T

may te aprlied to the stending crop tiomass to ottain

a figure for phe daily production. The disadvantages

of using this method for calculating production in this

rarticular situestion are the incorporation of the

' and r' to descrite the

inadequecies of using t', 4
porulation dynamics in the Q.M. However, production
estimates for production values from equations (v) and

(vi) are presented in figure 5.1.4.(g). The results

-135-
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do not compare satisfactorily with results presented in
figures 5.1.4(e) and (f) although this calculation is
also tased on the directly measured field tiomass.
Production peaks occur in toth spring periods although
the amount of production is consideratly less than
that measured ty the othe methods. The amplitude of
the peak in 1968 is consideratly higher than other
figures tut this is reccorded at the tegining of April,
the others fall at the end of the month., The annual
production for 1968 is calculated to te 12.944g.m_2
(25.6% cf that calculated ty the first method).

The different methods of calculating production
used in this section produce very different results |
and care must te taken in selecting the set of resulis
that reflect the actual situation. The first mgthod
used protatly over-estimates the actual production as
it relies heavily on latoratory measured tiomass
estimates. The last method is unsatisfactory tecause
the population parameters derived are insufficient to
descrite the situstion and also take no account of
the time it takes  daphnidsto develop from hatching to
reproducing adult. The test methods to use here are
protatly those applying a measure of F/B, derived from
the first method or from g.B. and arrlied to the
measured porulation tiomass, There is, in practice,
very little difference tetween these two techniques in
the result achieved. In subtsequent sections, produc—
tion e¢stimations, where referred to, will te tase? rn
the results shown in figure 5.1.4(f) and the actual

values used are rresented in Appendix 5.1.4.
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Length~weight relationships and the arowth rates of

the stages of Diaptomus sr. and Cyclons sp. were not

determined in this studv. However values of these are
available in the literature. Growth rates of stages of
Cyclops sp. and, or, Diaptorus sp. have keen reported hy
several workers including CUMMINS etal.. (1969), BURGIS
(1970) , WINBERG (1971) and MUNRO (1974). Length~weight
relationships have been reported by WINBE#G (1971) and
KIBRY (19€9) among others.

Population densities of the copepods in the Q.M. were
estimated by counting and direct measurements cof the biomass
(section 4.2.2.). The numerical analvsis subdivided the
diaptomid and cyclopoid copepods into adults and juveniles.
From these data, together with developmental rates and
length-weight data taken from the literature, cstimates were
made of the daily production of the conepods. Usina
established relationships for the effect of temperature
on developmental rates (MUMNRO 1274) and the numerical
population analysis,; calculated production values for
dieptomids and cyclopoids were derived from eauation
5.1.4(1i) for the adult and copepodite fraction of the
population. Biomass was calculated from the product of
the number of the stage and the average weight of the stage.
From these valueé of production and biomass, P/B ratios were
established for the different copepod nopulations and these
can be seen in figure 5.1.4(h). Also shown in the figure
is a genecral line for the total copepod production to total
copepod biomass ratio on a daily basis. The dailv P/R
ratios exhibit the same general features of the daphnid line
shown in figure 5.1.4(c) excent that the correlation with

temperature is not guite so marked in the mid summer. -138-
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The hest value of production of copevrods was
determined by the product of these dailv P/P ratios and
the directly measured bkiomass (sce section 5.1.1,
figure 5.1.1. (b)) of the copepods and the values obtained
are presented in fiqure 5.1.4(i). The annual production
of the copepod fraction of the zoorlankton calculated by

2, which is equal

this method was found to be 5.286 g.m
in each year although the production levels during the
sprinag of 1969 are nearly three times as hich as spring

19¢8, The winter levels are low and rise steadily to the

spring maximum which is largelvy produced by the Cyclops sp.
populations (Ficure 5.1.4(;)} shows the percentace

contribution of cycloroids and diaptomids to the daily pro-

duction rate.of the copenods). The summer levels of pro-
duction are high, peaks occurring in June (max. 55 mg.mvz.
and,

2

dayulkauly and August (max. 71 mg.m .day-l) when the

highest production peak occurs. This peak is again cyclopoid—

dominated whereas the June and July peaks are produccad mainly

by Diaptomus sp. The highest production rate occurred in

1969 durinag the sprina vhen the, mainly cyclovpoid, populati~n

achieved a rate of 172 mg.mnz,day‘l.

This method of estimating production, although admitt-
edly open to criticism, nrovides what appears to be a

reasonable estimate of tho vproduction of the copepod
porulation. The P/B ratios tend to bhe lower than those
for daphnids (figure 5.1.4(c)) but this may well be an
underestimate as no account is taken of naupliar production
and might be expected for animals with a longer develop-
mental time attaining a smaller final size. One interest-
ing feature of the conepod vroduction is the fact that the
cyclopoids dominate the spring and autumn production peaks
while the diaptomids are the main producers in the mid
summer.
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5.1.5. FIZLD RESFIRATION
It is well known that the metatolic rate of

animals can te affected ty a range of environmental
factors such as food concentration and quality,
temperature, stage and state of development and the
tody size of the particular species (see section 5.2.3).
BLAZRA (1966) suggests that three types of metatolic
regulation may occur in field conditions. PRFimstly that’
respiration rates may te lowered in low seston con-—
ditions (insufficient food) * for food reserves to
last. The return to normal or heightened respiration
rates may te delayed for several generations when food
tecomes sufficient. This response may occur in the
change from winter to spring conditions. Secondly he
suggests that the respiration rate may vary with the
percentage utilisation of protein for different types
of diet (quality of diet). His third suggestion is
that daphnids show a seasonality of respiration rates
end that field animals show a more marked acclimation

to temperature than latoratory cultured animals.

It is difficult to simulate fidd food conditions,
either quality or concentration, in the latoratory and
impossitle to simulate the life historiws of previous
field generations. For these reasons, an attempt has
teen made, in this study, to measure oxygen consumption
of the zooplankton in as near field conditions as
possitle to detect gross variations that might occur
froﬁ latoratory measurements of oxygen consumption.

The technique used was the simple closed tottle technique
descrited in section 4.3. Other studies of this nature

ETAL
have teen attempted ty MARSHALL,(1935), STRASKRABA (1967)

143~



and CREMER AND DUNCAN (1969). BISHOP (1968) and

GANF AND BLAZKA (1974) measured oxygen consumption bty
the tottle method in the latorato®y. The results of
this study are presented here and subtsequently compared
with latoratory results interpolated into field
population estimates. Part of this work has teen
putlished separately with additional material ty DUNCAN
et al . (1970).

Figure 5.1.5. (a) shos the seasonal change in
oxygen consumption per milligram dry weight ier. -hour
for the macrozooplankton during 1968 and 1969 at
approximately fortnightly intervals, The vertical btars
represent the range of results ottained. It can e

seen that there is a period of intense metatolism

" 4
occug@ng in the spring of toth years, and to a lesser

extent in the summer. It is not easy to define a causal
relationship of this seasonal fluctuation in metatolic
rate and several different factors protatly contritute
to the differences that can te seen, The spring rericd
of high metatolism, that can te seen in toth years tut
which is higher in 1969, coincides with a period of

intense parthenogenetic reproduction ty D. hyalina

resulting in very large sfanding crops of young, smsll
animals - a category that has a high weight—specific
respiratory rete. An indication of the size structure
of the population is given ty the mean individual dry
weight, estimated ty dividing the field standing crop
tiomass ty the field standing crop numters (sce section
5.1.1. figure 5.1.1(c)) The field wstimations ef
respiration rate have teen plotted against the mean

_144..-
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individual dry weight and the results can te seen in
figure 5.1.5(t). The relationship, although mean
individual dry weight is a crude index of population
structure, is analogous to other respiration rate per
unit weight relationships (see fig 5.2.3.(t)). Regres—
sion analysis of the results, excluding medsurements
made during the spring period of each year, produce a
highly correlated relationship when plotted as a doutly
logarithmic function. (y = 5-53'x-""63 s = 0-8727

p <0.001 n = 22). Thi;‘relationship has teen used to
estimate expected respiration rates knowing the mean
individual dry weights. Results zre présented in
figure 5.1.5.(c) and it is possitle, from this figure,
to identify periods when respiration rates are impressed
more than might te expected from size structure

attritutes of the population. The speci¥ic composition

of the zooplankton, with high numters of Cyclops_sp

in the srring population, may also enhance field
estimations of metatolic rate tut not enough even to
approach the levels recorded. The summer rate, during
July and August 1968, which is warginally higher than

the line estiﬁated from mean individual dry weights 1is
most likely to te explained ty the presence of relatively

la rge numters of Bosmina longirostris and gravid female

Diaptomus gracilis, During the winter months, when

respiration rates are fairly steady, the zooplankton
propulation structure remsins predominantly cladocersan,
with a higher proportion of o0ld individuals than in the

spring and late summer (section 5.1.3.)

Food quantity and gquality protatly exert the
effects on the metatolic rate in the way that BLAYKA (1966)
- 146~
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suggests although no direct evidence of this is
rresented here as measurements of ingestion and
assimilation were not made. DUNCAN (1975), suggests
that the filtering rate nay te depressed telow its
maximum due to the high concentration of detritus
present in the water, although the critical limiting
concentration suggested ty RIGLER (1961 (a))is lower
than the algal plus detrital tiomass present at the
time., During the winter the sest-on has a larger
prorortion of detrital material present snd over=s1ll
lower concentrationsthan other periods of the year.
This low quality, low quantity food source might, if
BLAZKA S hypothesis is correct, depress the metatolic
rate slightly during the winter months and czause =
heightened pxriod of metatolism in the spring when food
tecomes atundant, DUNCAN ET AL (1976) indicate that
seston 1levels can decline dramatically during mid~
summer and possitly cause corresponding dips in the
zooplankton metatolic activity as occurs during late

June 1968.

No otvious temperature effect can te seen on the
respirétory rates of the zooplankton and regression
analysis of respiration rote per unit weight against
tempe rature shows no correlation even at the 20% level
(r = — 0.1140). However, the impressed rates of
respiration that ére seen in the string occur at the
time of year when the .most rapid rate of rise in
temperature occurs, At this time of the year the
zooplankton, particularly the cladoceran fraction, m2y
not te fully acclimated to the changing temperature
in relation to its generation time. 1In spring this
might csuse the increase in thelevel of metatolic
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actigity that is otserved in the field measurements.
Figure 5.1.5(d) shows the mean respiration rate per

unit weight from the field measurements plotted against
the rate of ch:snge of tempersture of the reservoir.

The troken lineis highly syeculative and fitted ty eye
but appears to demonstrate that with a positive increase
in the rate of chionge of temperature there is a heightened
metabclic rate. Increased negiutive rates cause 2
raised, tut less easily distinguished, metatolic

rate. Many more field meusurements would te reauired

to test the valid@y of this line but non—acclimatisation
of the population metaholism might te a large contritutory
factor in the enhanced metaﬁiic rute found in spring.

A corresponding fall in metabolic rate in the autumn is
less detectakle 2s the rise in rate is less dramatic
and, as with =11 these measurements, can te disguised

ty other factors such as population structure and food

conditions,.

Interpolation of latoratory respiration measure—
ments into field population data gives sn equally
confused picture. Results ottained from latoratory
experiments, descrited in section 5.2.3, are presented
in figure 5.1.5.(e) together with a comjposite field line
taken from the two years of the study. Theﬁ%?ié*wtthw
the-open-circtes represents the respiration rate,
calculated from the actuzl lautoratory rates obtzined
applied without any temperature correction. This .
assumes that the field populations ere fully acclimated
to the field temperature. As can te seen, this derived
line is consistently higher than the field measured
line except during the spring p:rio;iaﬁln the measursd
field 1line is two to three times higher. ZExcert during

.—150..
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one period in late Sertemter, and where the spring
lines cross, the respiration rstes from these lsastorstory
calculations are one and a hualf to two times the field

measurements,

The Qi corrected line, which is calculated on
thecuﬂmqmm%hat the latoratory measurements at 20°%¢
were most sa@éfactory, as the nutritional state may
have teen tetter, gives a fair degree of agreement
from August to the end of Novembter tut underestimates
the respiration rate during the winter and spring and
overestimates it during the early summer. Using the
10°%¢ line, Qi corrected, the same pattern is otserved
excert that the correspondence occurs with the winter
respiration rates. As might te exrected, the Qp

corrected line shows 2 direct correlation with the

otserved field temie rature,

Neither the fully acclimuated laitoratory line or
the Q. corrccted latoratory lines give a satisfactory
aprroximation to the fiecld measured lines excert at
occasional tises of the year. The explanation of this

difference is otscure.

The work of CREMER AND DuncaN (1969) provides the
only directly comgparatle study of field metatdic rate
measurements in zoorlankton populations. Their results
aprear to show 2a femperature—met@xﬂic relationshiyp
during the summer tut not during the winter or siring
where the calculzted vilues ure twice the weusured rate.
They also look for explanations other thun a simple
tempersture function und exypluin discﬁ}sncies in terms
of diet uand populution structure for spring 2nd sutumn.

The seosonal puttern they show is slightly different
=153~



from that cf the present study tut differences may te

due to differences of sampling interval and the differences
found in zooplunkton populations found from year tc year.
The wvalues fcr the metitdic r.tes they show cre in the

samg order of mzgnitude ss results found in this study.
BISHOP (1968) und GANF AND BLAYKA (1974) repert. a..
temperiture dependent metabolic rel.ticnship with their
experiments tut these were latoratory tased znd involved

rapid acclimation © the new temper:tures.

The conclusions to te drazwn from the field results
are tentuitive ond much more fie¢ld and lator:tory work
needs to te undert-ken to verify these. Results ottzined
are otviously diffe:ent from l:otorotory mezsurcments
interpolaeted into field porulztion dt2. The seasonal
1rattern of events arpeurs to te zs fcllows: during the
winter znd sunwmer, when the ambient temper:ture is statle
for longish periods, the zooplankton metztdic rates
are temperuture zdapted. These may te depressed during
the winter bty poor quality or insufficient food rescurces.
During the spring the met.bdic rote is rzised bty two to
three times its expected level c:iused by & corbdnation
of the following fectors: (a) a rapid rise in the rote
of temrersture chinge le=zding to unacclimatised animal
ropulations (t) improvement in the quolity and quantity
of the food and (c) a chinge in the weight—specific
met gbolic rate caused bty chinges in the Populatio: sbructurs.
Summerrlevels are ncrmally enhsnced ty the presence of
significont numters of other, smzller, specics such as

Diartomus gricilis and Rosmina longirostris. The gutumn

rates isre raised , cut this is less otvious thin the
syring chunges, ty the rupid fz11 in environmentul

temper-ture which lexds to unacclim2tised porul:ztions.
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5.1.6. FIELD ASSIMILATION

It is widelvy accepted that assimilation is equal to the
sum of the production and respiraticn of an individual animal
(MACFADYEN 1963 and PeTrusewlcz AND MACFADYeN 1370) and
that this mav be arpnlicd to populations'(MACFADYFN 1563 and
EDMONDSOM AND WINBERG 19271}, thus

(i) A = P+ R,
Fcr this study the daily producticn rate for the zocplankton
was estimated from the sum of the daily production rates of
the daphnids and copepods described in section 5.1.4
calculated from the product of the respective P/R ratio and
standing crop biomass.

(i1) Ptotal = Pdaphnids + Pcopepods'

The povulaticon respiration was calculéted from the product
of the hourly field resriration rate (section 5.1.5) and the
standing crop kiomass rultiplicd up for a daily valuc.

(iii) R

: 4.9:..:40
Raaily R.B.2

Mo account has haen taken cf any possible diurnal
fluctuation of resviration rate. At sample periods where
no respiration rate was measurad, values have been

cstimated from the adja cent values and the early period of
12€¢ from measured 1949 values at the same period and
aporopriate temnerature. All results exceprt where otherwise
stated are on a dailv basis. In this section different
elaments of the study are compared and a common unit is

used and that is taken tc b2 unit carbon per metre square
(g.C.mnz) following the practice of STEEL ET AL (1972).

This approach has benﬁ ucaed by cther workers studving the
zooplankton (GEORGE AND UDWRARES 1674) but is more frequently

found in algalogical studies (e.qg. STEEL 1972). Te
=159~



facilitate this aprnroach it has becn assumed that:

aC = g.drvueight.0.44, asa.mewawequﬂ

aC 30,.0.375(assuming an R.Q, = 1.0) . (as a measure of R

AssuUm| ng carbo hydrate metabo lism

i

ag.C g chlorerhyll a.30.

The daily assimilation rate of the zoonlankton population
for the coursc of the study is shown in figure 5.1.6(a) and
this is Arawn on a locarithmic zcale. The figure also
shows the standing cron of the algal ropulation. The
contributions of daphnid and copepod production and the
respiration of the population teo the total assimilation are
distincuished. It can be seen that the standing cron of
algal carbon is usually an corder of ragnitude higher than
the zocplankton assimilaticn excent towards the end of the
spring algal peak when assimilation aprroaches the total
available algal carbcn (in 1959 this'is exceeded). The
zooplankton assimilation pcaks can be seen teo follow the
algal neaks and tend to»be rropcrtional to the available algae.
STEEL ET AL (1572) Araw attention to the fact that
assimilation efficiences cf the Cladocera are normally less
than 50% (RICHMAM 1958) and therefore the actual carbon
demand may well he mcre than twice the assimilation levels
shown here. At certain times of the year, particularlv
during the-winter, detrital carbon mayv provide another
significant scurce of food and this is found in guantities
betveen 4.0 and 600 mg C.m ° (STEEL pers. comm.). However,
there is evidence that although this provides a food source at
certain timecs of the year it is likely to provide a poor
quality diet. Tt is more rewarding to relate zooplankton
assinilation to other daily “gains” and “lossces® of carben
in the system as attempted hy STEEL ET AL. (1972) - see

pancr attached in Apnpendix 5.3 - but as the algal primarv
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production rates and much cther necessarv information were
not determined as part of this study it has been decemed
inavpropriate here.

The fiqgure also‘reveals the extent of the danhnid
contrirution to the total vreoduction rate which is the main
compenent of the zconlankton and the tacit assumption is that
the zooplankton is herhivorocus. This is certainly not tru=s

of all adult copepods; =zome adult Cyclons sno. being

carnivecrous but [Qiaptomus copepodites and adults are
phytoplankten feeders (XIBRY 1264) and there is evidence

that Daphnia spn, are more omnivorous than the literature

shows (NADIN--HURLEY AND DUNMCAN, 1975).

The respiraticon componant of the zooplankton
assirilation varies at different times of the year, beingo
high in the winter and Aduring spring peaks énd low in the
summer . The total amount of energv needed for respiratory
maintenance occurs just before and during the sprina peaks of
zocoplankton nroduction. The ratio cof production to
assimilation (KZ) mere effectively describes this situation

vTheore

e
P+R

]

(iv) K2 =

1

which is analagous to the Kz values described in section 5.2.4.
The dailv Kz values are shcewn in fiqure 5.1.6(b) together with
the existing field terperature. There is a verv strona
correlation between K? and temrerature but this micht be
c¥pected as nroduction and respiration to some degree have becn
shown to be functicns of tcmparature (see Sections 5.1.4 and
5.1.5). What is interesting is that for over half the year

the roespiration element of the assimilation exceeds the
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nroiuction and most of the availabkle enerav is used for
maintenance of the population althoueh this neriod includes the
hichest reriod of rroduction, The heichtened spring and

auntumn metabolism creates a hicher domand on the available carboa
than the summer levels. Yz values will be affecte’? not only

by tzmperature but by quality and cuantity of available food

as well as the specific compositicon of the nlankton hut it

must he repeated that these K2 values demenstrate a remarkable

sensitivity to even relatively small chances in field

temnorature.

———— it

The assimilation values for zoorlankton civen abhove
arc very similar to the valuaes shown bv STEREL FT AL. (1972)
»rut the valuecs used to satisfy eccuation (i) were obtained
by different methods. The lahoratory resniration l

estimates nrobaklyv underestimate this Ademand while the

calculated rroduction (as in section 5.1.4, method A)

probahly ovcrestimates this fraction.

_»’lbo..



5.1.7. FATALAS BaMFLING

Patalas samples were taken from Fetruary 1568
until the end of the study. These samples were used
principally to check and calitrate the net sampling
procedure as descrited in section 4,17.2. They were also
used to provide the five litre sampling unit for the
field respiration measurements (section 4.3.1). However
they also provide a tody of information on the seasonzal
depth distritution of the zooplankton gnd as this has
not teen recorded in the literature tefore, these data
have teen presented here. Most depth—distritution
descriptionshsve teen limited to & short period of time
such ss one or two days and descrite the diuwrnzal k
vertical migrations of the zooplankton (see HUTCHINSON
1967 for review and ANGOLD 1968 for work on M.wW.B.

reservoirs).

Population fluctuationsfrom Patalas s2mples for

the Q.M. are shown in figure 5.1.7.(2a) for D. hyalinz

field size classes as kite dizgrams. The figures
presented represent an averaged value for each sampling
date in a 25 sample. It can te clearly seen in the
figure how peak egg numters precede peak numters in the
immature size classes except tefore the June and July
peak of 1968, During these pesk periods, the egg
numters are not sufficient to account for the
~subsequent population changes and this may te due either
to unsatisfactory egg estimetes (insufficient females
with eggs counted) or to another source of immature
animals, Subsequent work of DUNCAN (pers. comm,)
suggests that ephippial hatching may account for this

' difference in numters tut import of juveniles from the
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river may also contritute part of the population. The
winter numters of Novemter 1968 to Mazrch 1969 show

that egg and immature stage numbers are very similar
which suggests that the population structure remains
fairly starle during this period. A more sophisticated
comm rison may te made ty comparing the relstionship
tetween numters and durstion rates for eggs and
immature stages and this confirms the stove otservaticn,
Ne/De : Nimm/Dimm. The rarid fluctuations of the
prorulation during the spring of 1968 is protatly an
artefsct of close interval sampling and does not occur
in 1969 vhen samples were taken at weekly intervals.

In other respects the samples showed the same character-

istics as the net samples (see section 5.1.2.).

Figure 5.1.7.(t) shows Patslas samples for the
other principal zooplankton as averaged 25L samples.

This figure shows that Bosmina sp. is found inter—

mittently throughout the year and reaches a population
maximum in late June and July. Cyclopoid copepods occur
mainly in the spring reaching peak numters in late

April and May of toth years studied. Diaptomid copepods
follow the cyclecpoids and pezk in June and July with a
second peak in late August. Winter populations of

Cyclops sp and Diaptomus sp. are consistently low.

The time depth distritution o the zooplankton is
shown in figures 5.1.7.(c), (d), (e), (£f), and (g),.
As samples were normally taken during the morning no
otservations are possitle atout diwrnal depth
fluctuations aslthough these might te consideratle
(MCCLAREN 1963). It is very difficult to determine
a simple pattern of time—depth distritution tut it seems
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QUEEN MARY RESERVOIR 1968
TIME-DEFIH DISTRIBUTION OF DAPHNIA POPULATION (NOS./SL PATALAS SAMPLE)
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TIME-DEPTH DiSTRIBUTION OF DAPHNIA EGGS IN QUEEN MARY RESERVOIR ( NOS/L)
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TIME-DEPTH DISTRIBUTION OF CYCLOPS SP.IN QUEEN MARY RESERVOIR (NOS/L)
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TIME-DEPTH DISTRIBUTION OF BOSMINA SE IN QUEEN MARY RESERVOIR (NOS/L)
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likely that the distritutions seen are the result of
three different factors, The clossical description of
vertical migration includes a dzwn and evening rise for
the zooplankton and a gentle sinking during the night
and day. As samples were taken in the morning after
dawn, they are likeli to te in the sinking portion of
the migration. . HARRIS (1953) suggests that
zooplankton vertical migrations are an adsptive response
to te in the regions of mcest satisfzctory food con—
ditions. If this simple view is accepted then the
zooplankton will rredominzte in the deerer waters during
the winter when detrital carton is likely to te most
important and the situstion is reversed in other parts
of the year when the diet is mainly algesl znd opbtimum
conditioms occur in the upper few mctres cf the water.

A second fzctor that might affect distritution might

e thermal stratification which does occur trensiently
during spring, summer and sutumn 2nd may te responsitle
for localised concentrations of zooplankton during
these periods. The third factor is the extent of the
duirnal migration itself, which may te masked ty the
first two factors mentioned. There is expcrimental
evidence (see HUTCHINSON 1967) that vertical migration
in drsrhnids is controlled ty different wavelengths of
light tut the size of the animals might also affect

the distance of the migration and there are indicstions
that sexual differences in copepods may contritute
tehavicural differencesh(hﬁRT AND ALLANSON ,1976). ANGOLD
(1968) examined the duimgl distritution of zooplankton
in an M.w.B. reservoir (King George VI, Staines) during
one 48 hour period tut her results are difficult to
gener2lise from as they covered the period of mn

overturn of the water mass. -170-



Figure 5.1.7.(c) shows the distrituticn of D. hyalina

to te foirly uniform throughout the depths except

that winter concentrations, when they occur, tend to
te in the mid and lower waters (5 to 10.5m) whereas
spring and summer concentrstions 2re normally seen 2tove
five metres. This mey test te seen ss a food related
response and the situstion is the same for toth years
of the study. ZEgg distritution, which is related to
the distritution of (normally) large gravid females,
show egas to te concentrated tetween three 2nd seven
metres during the syring snd zutumn egg psaks and
telow five metres during the winter; at other times of
the year they are fairly evenly distrituted (figure
5.1.7.(2).

The cyclopoid copepods (figﬁre 5.1.7(e) show a
confusig distritution. %inter concentrations are found
towards the tottom and at other times of the year in the
middle water, three Fo seven metres, except during May
1968 wheﬁ the biggest = concentrztions were at nine
metres. During the sutumn the cyclopoid populations
are concentrated near the surface. The cyclopoid dist—
ritution is protatly a predominantly food related
resronse. The diaptomids aggreg:te nesr the tottonm
during the winter cnd towards the surfsoce during pezk
reriods (June/July and late August). This c°n te seen
in figure 5.1.7.(f).

Bosmina sp. (figure 5.1.7.(g) eppesred ecrlier

in 1969 than 1668 and during the spring of 1969 were
found mainly telow three metres with the biggest

concentrstions a2t the tottom. In 1968 the anim:ols were

A71-



found mainly telow three metres with b@g ¢st
concentrations telow five ,metres excert thst
immedistely tefore the porulation crashed the

3m¢test densities were found nesr the surfsce.
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5.1.8. QUELN BLIZABETH II RESKERVOIR
The sampling programme for the Q.E.II. was restricted
to taking direct tiomass measurements bty vertical net
hauls at approximately fortnightly intervals, During
this part of the study KIBBY (1969) took s2mples at weekly

intervals to examine the Diartomus gracilis ropulations

and he hss also rerorted mean numters of Bosmina sp.,

Darhnia sp and Cyclors sy in addition to the fluctuations

in the celanoid copepod population. Three stecies of
Darhnia coexist in the Q.E.II although not throughout
the full season, D. hyslina, D. pulex &and D. moagna,

D. magna is normally associated with shallower todies
of water and its aprearance in the Q.E.II is curious and
rrotatly related to the mansgement of the reservoir.

The standing crop of the zoorlankton is seen in
figure 5.1.8(a) for the course of the study. The same
pattern for the darhnids, as was seen for the Q.M., is
exhitited with the highest crops cccurring in the syring
(mid May 1968 and early June 1969) when the crors
reached 8,471 g.u © dry weight in 1968 and 6.515 g.m =
dry wéight in 1969. These vzlues are atout twice those
recorded in the Q.M. tut in fect the largest crors were
recorded in different years. The winter levels were
low, tetween 0.135 g.mfzand 2.234 g.ﬁq 1967/68 and
consideratly lower in 1968/69. The siring reak in 1969
occurs later in the year and this may te related to the
fact that the temperature rise occurred later in this
year. The summer levels remzin fairly high and there
gre indicstions that there wias 2n autumnal peak in late

Sertemter and QOctoter although the sémrling frequency
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wss poor at this time making otservations speculative.
The average daily standing crop during 1968 was

e which is equal to 0.138 g.m-3 (comparatle

2.365 g.m
results for Q.M. are 0.645 g.m”e and 0.0537 g-m“ﬁ).

The standing crop of the corepods during the
course of the study can also te secen in figure 5.1.8(a)
and here noct only the levels tut slso the measured values
of thGVCOpepOd standing crop 2re suanC in the Q.M.
Peaks occur in toth spring periodgmgigégtly tefore the
nmain daphnid peaks and the maximum standing crop of each
year occurred ¢t this time (1.391 g;.m'-2 1968 3.275Vg.m"2
1969). The autumn reak seen in the Q,M. is not revealed
here, again rrotatly tecause of the infrequent sampligg
at this time. The sverage daily standing crop during
1968 was 0.299 g,m"2 (0.018 g.mTB),the corresponding
figures for the Q.M. are 0.253 g.m-2 (0.021 g.m™2)

It is not possitle to estimste production directly
in the Q.E.II as no data are availatle from porulation
counts to satisfy the equations to calculzte this.
However an arproximate estimste may te ottained bty using
the F/B values ottained for the Q.M. (section 5.1.4)
and aprlying these to the itopulation standing crop of
darhnids. This suffers frcem the obvious criticism that
three different species of daphnids were present and each
of these may have different gréwth characteristics and
this is especially true of D. magna which is a much
larger srecies (specimens of over € mm in length
carrying more than 400 eggs were c2ught in sawmrles

during March 1968). But the F/B values ottained for the

Q.M. fall well within the range given ty other workers

175~



(see tatle 5.1.4(t)) snd SCHINDLER (1972) finds
similar P/B values for the same temperature with
D. magna . Therefore an estimate of production using
this method is presented in fipure 5.1.8(t) with reser—
vations stout the values presented. The PB/B values
used have teen aprlied on the tasis of the same field
tempersture at the same pericd of the year.,

The daily production rates for the Q;E.II are
higher than the Q.M. as would te exrected és the stznding

2, day .

crop is larger. The maximum rate, 0.780 g.m~
occurs in late May 1968 snd the levels remain consistently
high through the summer although large fluctuations do
occur. The lowest levels of daily production are TEeCOR—

2 il

ded in March 1969, 0.002 g.m <, day --' and during this

rre—~srring period the production rate was consistently
low tut rises steadily to the high values in late June.

The annual production of the Q.E.II was calculated to

-3 A

te 82,185 g.m'2 which is equivalent to 4.8%4 g.m ™ .yr."
The annualvP/B ratio for the reservoir may therefore te
calculated as 34,75 which is high tut in the same order
of magnitude as other workers. Bhe spring productiocn
peak in 1969 came more than a month after the 1968 real,
the production upr until the same time in early July

2 2

teing 35.33 g.m’ in the

corresronding period in 1968. This may te due principally

in 1969 and 48,34 B.mf

to two factors. Firstly the spring rise in temperature
of the water rody was delayed ty cold weather (see
température lines in figure 3.1. (f) and secondly that
the overwintering popul=tion is very much smaller in 1969

thus not giving the porulstion the good growing start it
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had in 1968.

The daily production rates for the coperod
rorulations in the Q.E.II are shown in figure 5.1.8(c).
These olso have teen ottained bty multiplying the /B
ratio ottezined in the Q.M. for the copeped populations
ty the stending cror. The criticisms of the method
are the same as for its rise in the Q.M, in addition
to the (unknown) differences in population structure
rrevailing in the Q.E.II. However, examination of the
data of KIBBY (1969) shows that the population structure
of the copepod populations ie very similar in toth
reservoirs znd this treatment rrovides a2t least an
aprroximate estimate of coperod production.

The values for daily production fall within the
range 0.39 to 210.65 mg dry wéight.m"z. day which is
very similsr to the Q;M. The maximum val ue was
achieved in May 1969 tut a comraratle value may well
have teen reached in May 1968 when sampling was less
frequent the rates of production are high in the spring
and autumn tut the winter levels fall extremely low
in toth years of the study. The annual production of

copepods in the Q.E.II is calculsted to te 6.334 g.m72.

for 1968 which is the equivalent to 0.373 g.m =. The
metre square column value is higher th2n the Q.M.
(5.286 g.m?a) tut the metre cute value is lower

(Q.M. = 0.440 g.m™>.). The total production until the
end of June in 1969 was higher than;5968 ( 4.583

g.m32 and 6.4%3 g.m"z respectively) tut, as has teen
indicated, these vclhies may te distorted ty inadequate

sampling.
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Figure 5.1.8(d) shows the annusl vesriastion in
the algal stsnding crop in terms of chlorophyll 2 as
well as an indication of the successicn of algal species
“throughout the study .. It is interesting to note that
although the zoorlankton standing crop and r-roduction
is higher in the Q.E.IT than the Q.M. the 3lzsl standing

crop is lower in the $.BE.II than the .M.
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5.2.1

5.2. LABORATORY RESULTS

BODY LENGTF-PODY WEIGHT RELATIONSHIPS IN DAPHNIA

Length-measurements provide the most comwonly used
indication of tody size in the Cladocera (WINBERG, 1971
RICHMAN 1958, LE SEUR 1960 , EDMONDSON 1955, KLEKOWSKI
AND IVANOVA unputl., BURNS 1968). A length-weight relaticn— -
ship may te used to convert length measurements to weight
measurements and the weight is most conveniently expressed
as dry weight, This relationship may bte measured empirically
a bty assuming a mathematical relationship and fitting the
results ottained to this equation bty regression analysis,

In this study two methods were used to determine the

length-weight relationship for D. hyalina. A Cahn talance

wag used to ottain individual dry weights and an Qertling
talance tc ottain mean dry weights for different size
classes of animsls., Results ottained are presented in
figure 5.2.1(a) plotted in an urithmetic fashion and

grrroximateto apower equation,
W= aLb ) -z

This tecomes more apparent when redrawn con doutle
logarithmic paper where a straight line is seen (fig.
5.2.1.(t). A regression analysis, using the methcd of
lesst squsres, produces the fcllowing equations fcr all
the gnimals measured, _
Oertling means WQHS) = 8.47L3'22(mm)
Cahn individual Vo) = 11,7812 22 (um) .
A closer examination of fig. 5.2.1.(a) shows that it may te
more satisfactory tb analyse the curve intu more specifie
areas which represent stages of development of the animal
either in size or rerroductive terms, Figure 5.2.1.(c)

presents the results c¢f regression analyses treaking down

-the curve in different ways.

Figure 5.2.1(a) shows there to te a treak in the curv.
at 0.9mm and regression analysis for animals atove end

telow this length shows that the vslue of "b" is different,
~182- ‘ :
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LENGTH-WEIGHT RELATIONSHIP DAPHNIA HYALINA
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LENGTH-WEIGHT REGRESSION LINES DAPHNIA HYALINA
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For animols less than 0.9mm length ©t - 3 which suggests
that growth is geometric, i.e. there is a constant
relationshir tetween linear dimensi ons during growth.
The full regressicn equution is

£0.9mm W = 16.295°°9
For animuls atove 0.%9mm b =2: 3, indicating that the relation-
ship is nearly geometric.

>0.9mm W = 11.7412+29
The reason for this change in growth rattern is discussed
more Pully later in this secticn btut the tody length 0.9mm

ks significant in the growth of D. hyalina as this is the

normal size tefore the primiparous instar and the value of
"b" may te affected by the onset of seygual maturity.
A difference is also seen with animals seen to te

in a8 rerroductive state with ovaries, eggs or embrycs.
Reproductive animalsj>0.9mm W =-11.’7OL2’75

This figure shows that t is aprroaching 3 and the concluéion
is that animals with eggs etc., aprrroach the mcre geometric
form of growth.

. During the course cf this study the mean dry egg
weight fer D. hyalina was determined as 3.24Fg TET egg.

Also the mean dry weight of the cast ephiprium was found
?o te 2qﬁg rer ephippium, ‘

The regults ottained for length-weight relationships
are consistent with,and in the range ottained ty,other
workers, The resu;ts ottained for all animals are presented
with those of cther workers fcr different species in
figure 5.2.1(d) and the numerical values of their

regression lines are presented in tatle 5.2.1.(a)
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LENGTH - WEIGHT RELATIONSHIPS FOR SOME CLADOCERA
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----- Klekowski & lvanova (S.vetulus)
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6
]

: T T 1T~ 1
01 ' 1.0 2.0 30 4.0
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Fig. 5.2.1(d).
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Tatle 5.2.1.(2)

§ Srpecies 'Wog = aLb(mm) ‘ Author , Comment

5 : 5.00 ¥

i Daphnia spr. W = 5.2L°° . Pechen (1965)§

iBosmina SD. fw =i2.4L2‘20 - Pechen (1965) % ,

‘Darhnia pulex.W = 5.41°*%2 | Richman(1958) ' Recalculated |

;Daphnia Tulex W = 5.5L2'43 i LeSeur (1960) % Eecalculatedg
‘ 1

Darhnia spp. W =1l.6L2’61 % Burns (1964) : i

Simocerhalus W =15.OL2‘33 ‘Klekowski and

vetulus : Ivanova(unpub.p |

Variations of "b" wvalues from 2.2 to 3.45 are found
within these results. The values of bt = 3,22 for the
Oertling means and t = 2,52 fcor the Cahn individusl messure-
ments full well within this runge.

The results presented here, with those of the other
workers, assume that there is a mathemutical relutionship
between weight and length. An inherent dsnger in this
procedure is that the wrong mathematical relationship may
be assumed and as direct measurement of the weight of most
Cladocera is not essy, small errors in weight determination
may lead to large discrerancies when interconverting for
values such as calorific determinaticns.

Early workers assumed there to te a direct relaticn—
ship tetween weight and the cute c¢f the tody length when
interyreting netatolic expreriments with Cladocera
(OBRESHKOVE 1930, pBREbﬁKUVE & FRAZER (1940). These szuthors
use the following expression

W=a L2 ' (1)
WINBERG(1971) draws attention to the fact that the
imrlication of this equaticn is that geometie proporticns
of the tody do not chunge throughout the growth of the
animal if b = 3, . o _ ,
e - . WINBERG(1971)

uses the more general formula ~-188-



W=al b (ii)

and concludes that "if the tody form changes during growth
of the aznimal so that the ratio of linezr measurement to
weight decreuases then b>5 or in the orposite case b<5."
Most modern workers use the assumptions of WINBERG
(1971) and assume that there is a straight line relationship
for the equaticn
(iii) log W = tlogy, L 4+ loglou
which is the ssme as equaticn (ii). Equation (i) is a
stecial case of this,
Some other workers make their data fit other
equaticns such as
(iv) W ="%tL —a (Richman 1958, Le Seur 1960 )
( v) loglOW = DbL + a
tut these only seem to fit when data are either insufficient
or discontinuocus. |
Se¥eral studies involving the measurement of the
linear dimensicns of Cladocera have teen reported, and

those working with Daphnia pulex and Dapinia magna

(ANDERSON 1932, ANDERSON et al 1937).

indicate that linear dimensions appeér to te constant.
KONSTANTINOVA (1961) measured length (1), height (h) and
thickness (t) for a smull range of immature animsls

(up to 1 = 1,32mm) and found that the ratios of 1l:t:h
were constant,

Relationshipg are further complicated, however, ty
the fact that cycl&morphosis is common in some speciem of
Cladocera and the usefulness of total length measurement may
te impaired under environmental or genetic conditions which
cause varistion in helmet length (BROOKS 1946, 1957, GREEN
1954, HRBACEK 1962,).

In the present étudy, animals froﬁ culture experiments
were measured for length (1), tody length (sg) and widch

(b) to see of the relationships were geometric. =139



Results for all znimals (D.hyalina) are rresented in
figures 5.2.1.(e), (f) and (g) and are summarised in table
5.2.1.(t).

Tutle 5.2.1.(t)

Relationship iRegression Standard ;Correlation
iequation dgviation coefficient(r)
(Pres)
length / width 1=.735t-.153 |0.0707  |0.987p¢ 0.001

length tody/length |1=.8445g-.05910,0361 |0.9975 0,001
tody length/width |sg=.880y-.081]0.0894 |0.9805<0.001

The results show a very high correlation éoefficient
and o very low stuandard deviation and the relationship
between linear dimensions appreuars to te geometric throughout
the life of the animals.,

Results for the length—width relationship for
individual animals are presented in figure 5.2.1.(h) and
these show very little difference from the general figures.

A further assumption imrlied when assuming a length—
weight relationship corresponding to equation (ii) is that
the density of the animal remains constant throughout the
life cycle of the snimal (This was noted ty BRODY(1945)
who worked with de¢mestic animals), GLIWICZ (1968) has
pointed out that, in rractice, the density of the animal
may vary throughout its 1life although the linear proportionc
remain constant, He obtserved that the fat content of

D. cucculata, D. longispina and other Cladocera varies

seasonally and that it might te affected ty food conditions
rrevailing. Observations cof the ccndition of indiviéuals
during this study indicate that oil droplets are most often
rresent in newly released Jjuveniles and ovigerous adults and
this could affect the density at these stages. The presence
of eggs and ovaries could also affect the density of the

animals and this may explain the "kinks" in the curves.
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+ REGRESSION LENGTH-WIDTH D. HYALINA
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width (mm.) W
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5,2.2.

GROwWTH OF DAFHNIA IN CULTURE

Culture of D. hyslina in the latoratory at 10°¢

provided informaticn for developmental rates at different
stages of the life history, growth characteristics and

a source of animals for lutoratory respiration studies.
This study followed similur work bty DUNCAN AND CREMER
(unputl.) at 20°C and some of their unputlished results

are presented here for comparison,

Increase in length

Daphnids, like other Crustacea, grow in discrete
stages or instars. The end cf each instar is murked by
the animal shedding its cz2rapace and rapidly increasing

in size tefore the new carapace tecomes toughened.

Results of otservutions of the growth of D. hyalina

as tody length messurements are presented in figure
5.2.2(2) for all animals cultured except line XIIT.
(Line XIIT is discussed sepsrately). These results show
th.t the length ¢f the animul normally increases ut
each instar btut th.t the rate of increase in length
decreases a8 the inimzl gets older, TFach inster is
usudlly charuacterised ty =n inmediute increaseg to the
maximum length for the instar followed by 2 slight
contraction to the final length for the instur. The
increuase in length in the pre—adult instur is 20-40% and
this decresoses to wtout § to 10%ty the sixth instar and
the increase in length per instur is fairly constant to
desth., Variation in length for the sume instzrs in
different onimals of the same line may te éonsideruble
and the Variation tends fo e much greoter in the sdult
insturs. This sequence of events appeurs to te normul
for dapknids und compures with regults reperted bty
BHALL (1964) and CREMBR AND DUNCAN (1969).
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A summary of the measurements for all animsls
except line XIII 1s presented in tatle 5.2.2(a).
These figures ure meuns for the unipals (meun length,
mean age etc.) for each instur until the end cf the

experiment,

Increuse in weight,

\
A more useful meusure of the growth is the increase

in terms of weight., (see WINBLRG 197i and EFETRUsEwWICZ
AND nACFADYEN 1970). FEength me:surcments were converted
to weight using the relsticnships derived in section
5.2.17. The length-weight relutionships used for this
conversion were:

16.291°°07 ¢

for snimals > 0.%mm, W = 41.74L2'29 g

for animals <0.9mm, W

]

The results ure presented in tatle 5.2.2(t) and

graphically in figure 5.2.2(t).

The line in figure 5.2.2(t) was fitted bty inspec-—
ticn and this compaures with examples given in FETRULEWICZ
AND MACFADYEN (1970) for other animals. The size
categories recognised in field clusses are also shown.
The figures obttuined may te used to calculate the finite

growth rate of the wunimals (G) using the expression.

G = Na - W1 = _ﬁ, g/ind./day
t2— t,l t

The growtd rate per unit weight may te czalculated ty
dividing the finite growth rute (G) bty the aversge

weight cf the individual where

G = W

tW
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Tuble 5.2.2(t)

-

' Instar I Age Iength welght
j | (urs) (mm) )
g Eegg ; -167 0.43 3,24
% 1 0 0.61 3,68
2 86 0.76 6.97
3 169 0.99 15.84
4 265 1.34 22.95
5 373 0 1,64 36.34
6 527 é 1.68 48,49
.7 646 1.95 54.18
8 769 2.1 64,97
9 962 2.12 65.60
10 1748 2.15 67.75
-1 o s22 2.22 72.93
; 12 1533 2.21 72.18
?
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A more useful measure of growth is defined ty the
instantsneocus growth rate, g, of the animz2ls where:

g = 1n ﬁtg - In"uvt1

t t

2 -1

which represents the daily grcwth us 2 percentuge of

the previcus days tody weight. Results cf the caslculation
of g zre presented in tutle 5.2.2(c).

Tatle 5.2.2(c)

?Instar ! Weight Daily | Field size :

? (/Ag) Instiﬁtigigus class (mm)
grow ,E.

'Egg 3.24 dzily | hourly during . !

1 3.68 | 0355 | L0075 : g

2 6.97 .1600 | .0067 i .1177 :<io.99 3

3 15.81 | 1575 | 0065 | ﬂ |

4 22.95 1022 | .0046 . 11022 . 1.00-1.39 |

5 36.34 | .0715 | .0030 § |

6| 48.49 L0581 | .0024 % 0504  1.40-1.99 %

o7 L 54.18 .0216 | .0009

8 | 64.97 L0221 | .0009 | %

t 9 | 65.60 L0014 | ,0001 % | . i

i 0 | 67.75 .0028 | .0001 | .0716 - 22.00 Z

K 72.93 .0203 | .0008 | | E

12 72,18 - - % % |

These results have teen culculated from o« smouvthed semi—
logerithmic plct of the data which protatly gives a
tetter estimate as the result for instar 3 appears to

te too high,

These figurecs =zre used in section 5.1.4 for the

calculation of the produétion in the field pcpulaticns. —499-



Reproductive development

Parthenogenetic development is normal in the
Cladccera and most of the animals used in this study
developed their first ovary during the fourth instar
(N = 13), tut some during the fifth or sixth instar.
This varisbility appears to te ncrmal and has teen
recorded by other workers including BANTA ETAL (1939),
ANDERSON (1932), HRBACKOVK{??$€6) and MURUGAN AND
SIVARAAKRISHNA (1973). The first instar in which the
ovary develops is known as the primiparous instar and
the cvary appears early in, and develops during the
rest of, the instsyr. In the later stages of ovary

development eggs can often te distinguished and enumer—

ated,

The eggs are shed into the trood pouch of the
female at the end of each instar when the animal has
shed its carapace. The eggs develop in the trood
pouch for the rest of the instar and the young are
released Jjust tefore the carapace has Tteen shed at the
following moult. This seqdence of events has been
recognised ty other workers with other species and is
descrited fully bty GREEN (1956), working with D. magna,
who also descrited different stages of the egg develop—

ment (section 4.2.2).

Results of otservations of the reproductive histofy
of all animals, except line XIIIl, are presented as a

summary in tatle 5.2.2.(4).
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Tatle 5.2.2(4)

INSTAR | SIZE} AGE |FIRST FARTHENOGENETIC | NO. UF §
 (mm)! (hrs)| (N) BROUDS P FEMALES wITH |
- % ! , . EFRIPPIA !
i i : i N Mean egg %
} ) ! ! No. ’ i
' ; . I ‘
f é * i | |
roA . 0.611 - |- |~ - .- ;
.2 0.76. 86 |- i~ - |- '
; , : i ! % :
3 1 0.990 169 |- = - - §
| 4 | 1.44 265 113 - - - §
| * ' i i ; ?
5 1.743 340 | 3 11 7.8 L2 {
: : L : ;
6 - 1.80: 436 - 1 7.0 12 ;
7 11.95 646 - o - A
: : . |
8 2.1 769 - '3 a7 2 f
! ; : j ‘
' 9 2.121 %62 - ‘0 - 3
10 S 2.51m8 |- o - - f
: o } :
11 | 2.22 11422 | - i1 6 P
I | |

1
The tatle shows instar, mean size, mean age for the

primiparous and reproductive instars, mean egg numbers

(trood size) and the occurrence and numters of ephippial

troods., The trood size varied consideratly (maximum
18, minimum 1 egg) but during this study were maximal
in the fifth and eigth instars for a2l1l animals. Figure
5.2.2.(c) shows the numters of eggs per instar for all
except line XIIT and it can te secen that egg numbers
increase with instar number until instar IT and then
decrease with age ( as do ephippial btroods). This
sequence may te related to food quantity or quslity but
Ais also seen in other studies such as those reported

bty BANTA ETAL(1939).
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During this study normul parthenogenctic
reproduction wis interrupted in all lincs, except
line XI1I, bty ephippial reproduction. It is generally
thought that ephippiul production is generated by
unsuitatle environmental conditions such us low temp—
erature or insufficient or poor qu:lity food (BANTA AND
BRO#N 1939, BROU&L 1946) and this is marked bty the
producticn ¢f males and the distinctive resting eggs.
Although ephippial production in cultures has teen
observed tefore (BANITAETALI939),and ephippia have teen
used to start cultures (GRBEN 18956), no sstisfactory
explanation of their occurrence has teen given. In
this study no male daphnids appeared and all cultures
were of individual animuls isolated from each othser in
glass culture dishes. BANTA (1926) and SCHRADER . (1926)
reported the production of "pseudosexuzl" eggs (ephippia)
without the presence of males for latoratory cultures
of D. pulex. De#eloping ephirpia were first seen as
a thickening and change in shape of the carapace znd
as these developed, eggs were laid iﬁto them. The
development of an ephippium spanned two normal instars
and the ephippium was then cast with the carapace.
After casting the cuarapace wilth the ephippium, the

female D, hyalina then either developed another ephippium

or roduced a normal parthenogenetic trood. Animals
that had cast an @phippium were left with a character—
istic shape to the dorsal side of the csrapace which
remained with the animal during its future development.
In'one instance a parthenogenetic trood that was

developing degenerated tefore the ephippium developed.

-203-



The results presented in tatle 5.2.2(d) show that
ephippial develorment cccurred in all instars, after
the animul tecame sexually mature, except instar ten.
Very few of the cultured animals suryived to instar
ten. Ephippial troods only occﬁrred in the first
reprcductive instar in two cases, most ephippial troods

occurring in instar six (N = 12).

The reasons for the apresrsnce of the erhippial

reproductive phase of D. hyalina, in these cultures,

are not clear and are especially difficult to understand
as no males developed. Cast ephippia were kept isolated
in the same culture conditicns and these did not develop
during the course of the experiment tut this may te

‘due to the fact that they were not fertilised. The
ephippial production seemed to occur in similar instars
tut these were not at all synchronised and the &nimals
also consisted of groups from different generations.

The effect of low temperature (10°C) may have triggered
ephippial production tut 2 much mcre likely cause is

the quality of the food. TAUB AND DOLLAR (1968) suggest
that food quality is of importance to the growth and
reproduction of daphnids and feeding on 2 monoculture

of Qocystis may not have teen satisfactory (15.3 x 103
cells/ml : 0.9) and falls into the limits discussed bty
BURNS AND RIGLER (1967) who suggest thot up to 25 x 105
cells per ml D. rosea, which is of comparaﬁle size to

D. hyolina, is filtering maximally with yeast as a food.

This situaticn is likely to te common in field populations
tut again BURNS AND RIGLER (1967) suggest that field
filtering rotes may te lower thin those measured in the
latoratory. One difficulty in 2ccepting the suggestion
that food quality may have caused ephiprial production
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is that line XII1I, although cultured in identical
conditions and at the same time, prroduced no ephipria.
This night suggest that control of erhiprial production
may te in part genetic tut may te triggered ty environ-—
mentalvconditions (although this appears to te very

rare in the reservoir populations).
Line XI1I

Line XIIT was cultured from =2n sdult D. hyslina

(XIII) taken from the original field sample and was
normal in all resrects excert that it was a dwarf line,
BANTA (1939) recognises the existence of dwarf lines
in daphnids.

Results sre presented in figure 5.2.2(d) and
tatle 5.2.2(e) and these show that the emtryos were
smaller, btefore release from the trood pouch, than the
mean length for embtryos of othér lineé (0.%8 and 0.43mm
respectively), tut that they fall within the size
range for all embtryos (0.30-0.52mm). The length at
instar one and sutsequent instars can te seen to te
smaller than all other animsls snd the instar lengths
do not fall into the normal range. The rate of increase
in leneth cf the animals aprears to te different from
the other lines in instars one, two snd three tut not
in sutsequent instars., The mean maximum length reached
at maturity (instar 12) was 1l.71mm (?aximum 1.88mm)
compared with 2.22mm for other lines. TLine XII1I was
much longer livedthan other lines and the maximum ége
was reached in instar 19 33 orposed to instar 14 in
other lines.,

Iine XIIT reached its primipaqué instar (inster
four) at a mean lmthh of 0.%4mm compared with 1.34mm

for other lines. Reproductively line X111 was different
-205~
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from other lines in that no ephirrial troods were

rroduced and mean egg numbers per trocod were much

higher than other lines.

Two animsls reached their

primiparous instar at instar three and the rest in

instar four tut, as only five unimals survived to

instar fcur, little more can te inferred from this,

Results cof the rerroductive otservations are presented

in taotle 5.2.2(f).

In all other resrects the develorment

of line XIII was similar to other lines.

Tatle 5.2.2(f)

INSTAR | SIZE | AGE | FIKST |PaRTHENOGENETIC EKOODS
é %(mm) (hrs) %X%RY . liean Egg No.
1 T R - -
2 i 0.611 140 i - - ~
5 1076 2w | 2 | - -
4 .94l 318 3 | 2 5.5
5 108 am - | 2 7.5 !
6 % 1.25 548 % - 3 8.0 |
7 Passloor - 5 9.2
8 i 1.41 | 875 % - 4 9.0
9 i 1.48 11026 | -~ 4 9.0 i
10 i 1.54 11212 2 - 4 8.0
11 ' 1.63 | 1366 | - 5 | 453
12 4.7 lasse L C 2 8.5
13 1.71 | 1686 - 2 5.5
14 1.60 | 1758 - 1 3
15 1.60 |1950 | - 1 4 ;
6 1.60 2070 | - 1 2 |

The occurrence

of the dwarf line XTIT is difficult to

explain tut was protatly genetic rather than environ—

mentally controlled.

The fact that the line developed
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from an otherwise ncermul sdult collected from the field

(1.36mn wé;n collected) and identified as D. hyalina

indicates thit this wus not unother species. It is
not known how frequently dwarf lines occur in the
field situaticn tut if this 1s: high it might tias

production estimstes.

Duration of stages

Results cf the experiments to determine the
duration of stuges of development for all lines are
presented in the tabtles 5.2.2(a) and 5.2.2(e) for
animals cultured at 10°C, The duration of egg
development corresponds with the duration of the instar
that the egg develops in and can te seen to be 167
hours (range 144—-192 hrs) which is about six days.
Line XIIT is very similar at 157 hours. The results
for the duration of instirs are presented graphically
in figure 5.2.2(e) for all lines and 2lthough there is
variation from line to line, there is a general trend
for the duration of the instur to increase with the
age of the animal up to instar eight when it becomes
relatively constunt until instar 12. After this instar
duration fluctuutes and then decreuases as the animal
tecomes more senile. From the eighth to the 13th
instgr the duration is arcund 170-180 hours and this
corresponds with the mean egg development time of 167
hours for parthenogenetic troods.

The variatiﬁn tetween lines for duration of
instars is quite consideratle in toth early and late
instars (up to 144 hrs) tut at the primiparous instar
(three to six) the vuriation is low and it appears
that fhe mean duration time of the lines tecomes

synchronised at the onset of sexual maturity.
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Similarly, the ages of the zanimils may te compared

at the some instars and it is aprarent that most
animals reach the same instar at the same time., The
standsrd error, exrressed us a percentage of the mean
age for ezch instur for 4ll lines, is 13% tut this is

less than 5% at most instars,

Growth at 20°C (Duncan and Cremer)

Results of u similar experiment by DUNCAN AND
CREMER (in prep.) sre presented in tatle 5.2.2(g).
These results are directly comparable with the results
shown in tatle 5.2.2(2) and similar inferences nay
te drawn except that the experiment was performed at
20°%. During the course of this work only parthenogen-—
etic reproducticn occurred tut development time for
eggs, not egg rroduction, is considered here., These
data is presented to enstle conclusicns to te drawn
otout the effect of temreriture con the rate c¢f

development,

Relationship retween tempersture and develorpment for

D, hyalina

The rate of development of the animal is the
time it takes for =z stage cf the life history to te

reached, The rote of egg development in D. byaiiné,

for exumple, is the time the egg takes to develop

from its release from the ovary until it is released
from the btrocd pouch of the adult: the rate of develop-—
ment of a juvenile darhnid is the time from hatching
until it reaches sexual maturity ordadh. The relationship
between temperature and develorment rate for different
stages of the life history ¢f the aniwmal must te known

accurately for production calculations from fleld duata.
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The stiges chosen muy relate to z period of tiological
significance in the life of the cnimal, such as the
time taken from hutching to sexual maturity, or it
nay relate to in artitrury measurement of the z2nimsal
such as size, In either cuse the value chosen must

e recognisatle in field samples for satisfactory
estimates of procduction to te made. This roint is
discussed further ty EDMONDSON AND wINBERG (1971)

and FETRUSEWICZ aND MACFADYEN (1970).

Using the developmental rates obtained for
anirals cultured at 10°C and 2000, develormental
reriods for other temperatures were calculated on the
tasis of Krogh®’®s normal curve ss used bty wINBERG (1971).
The rate of egg develcrment is jpresented in figure
5.2.2(f). Calculeted results, falling within the
range of field temperatures, are presented in tatle
5.2.2(h). The line obtained from these results is
compared with a similar line given ty BURGIS (1970)
and SCHINDLER (1972) for other planktonic crustacea.
SCHINDLER (1972) using results cited ty other workers,
derives the equation relating the duration of egg
development and temperature (°C) where

d 2

/D = 0.0426 + 0.0008T
which can te seen to te slightly different from the
values ottained for the duratiocn of egg development

for D, hyalina.

The resu1t§ obtained for the duration of egg
develorment from latroratory culturing were:
6.29% (N=8)
6.23% (N=7)

* 30 hours S.E.% D

10°¢ D = 170

]

+1

20°C D =56.5 — 9.3hours S.E.% D

n
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For line XIIT at 10°C the value can te seen to te very
similar:
20°C D = 164.1 * 27.5 hours S.E.% = 4.34% (N=13)

Tatle 5.2.2(h)

ol

o)

. /D (day_q) ; D (days) D (hrs)
T o.0475  21.05 505
2 0.0500 | 20.00 | 448
5 1 0.0575 | 17.39 417
4 % 0.0650 E 15.38 369 %
5 | 0.0750 . 13.33 ! 310 %
6 | 0.0850 | 11.76 | 282 |
7 i 0.0975 | 10.26 246 i
8 . 0.1125 | 8.89 | 213
9 | 0.1275 .84 188
10 i 0.1408 ; 2.10 1205
M 0,675 1 5.97 143 |
12 L 0.1925 i 5.19 125
13 f 0.2200 i 4,55 109
W 0.2400 | 4,17 100
15 E 0.2700 L 3.70 89
16 | 0.2975 | 3.36 81
17 E 0.3275 ' 3.05 73
18 | 0.3575  2.80 67
19 | 0.390 2.56 62
l20 | o.uosu 2.35 | se.s

Figure 5.2.2(g) éhows that the extrapolation ¢f results,
using Krogh’®s normal curve, rroduces a line conpursarle
with other putlished results. BOTTRELL (1975), as with
MCCLAREN (1963), qucsticns the validity of assuming 2
relationship such"as Krogh’s curve or the van't

Heff-Arrhenius function tc descrite develorrmtal rates
215



of epirhytic cladccerans uand copercds. Although his
criticism is protably justifiatle, and he suggests
several curvilinear functions of a quadratic form that
nay give slightly tetter statistical fits tc the
rutlished figures, it is difficult tc select a part—
icular function for 2 single srecies.. To use Krogh’s
aprroximaticn, when few measurements are availatle,
was thought to te the test compromise, The resulting
errors in production e¢stimutions are,in practice, very
small as the greutest deviaticn from the assumed line
occurs at extrenely low temperatures when production
is low tecause develormental rates are very slow and
population sizes are very smoll.

These results were checked with results obtained
using the approximote methéd of wRIGHT (1965) who
estimated the duration cf egg development from field
data, WwRIGHT descrites the methed as "determining the
average time required for dominsnant cohorts fo rass
through each cf 2 succession cf xdult sizeclasses at
different times throughcut the study". In this study
the interval tetween successive and distinct population
peaks of the smallest size class was assumed to te an
estimate of the duration cf egg development at the |
known field temperuture. This technique is certainly
subject to sampling errors and the errcors <¢f interval
sampling as well as sutjective errors atout the
distinctiveness ;f a2 peck,and also the assumption that
successive peaks represent distinct cohorts,tut the
results, with a range represented by vertical tars,
rroved to te in fairly good agreement with andi%omplement
the calculated values., These resdits can te scen in
figure 5.2.2(g) and tatle 5.2.2(i).
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Tatle 5.2.2(1)

Field tenperature ! Mean duration Range N
(°c) < of eggs (dzys) | (days)

4 22.0 15-29 2

5 14.5 7-22 2

6 1%.0 6—20 2

S 9.0 6—12 2

10 7.5 - 410 3

11 745 4-10 3

12 545 3-8 2

i 16.5 3.0 1=7 3

The rosults for the developrmental time cf stages
identified in the fiec¢ld sanmples, calculated from

labtoratory tudget figures are presented in tatle 5.2.2(3)

Table 5.2.2.¢)) 0% T 20%
Stage EInstar hours i days |[hcurs| days | @10
Egg é 170.5 | 7.10]56.5 | 2.35 | 3,02
1.00 Mand 2 | 169 | 7.04(82 | 3.42 | 2.06
1.00-1,39 %3 and 4 | 201 8.38|75 3.13 | 2.63
1.40-1.99 %5,6 and 5¢ 428 17.38(185 7.71 2.52.

1
B
at 20°C instars 8, 9 and 10 were also less than 2.00mm.
Q10 is the frequently accepted relationship tetween
a netabolic function and temperature znd has teen used
here to estinmate developmental rates, using the
recirrocal of duration of a stage, for the colculation

of field production estimates. (see section 5.1.4)

~218-



5.2.3%. LABORATORY R#SFIRATION
There hasve teen few putlished studies of the
respiration of daphnids in the letoratory and these
include the work of MACARTHUR AND BAILLIE (1929),, ZEISS
(1963) and SCHINDLER (1958) working with D. magna.
i} ‘ Other relevant studies include the field
respiration experiments of ELaZKa (1966) , STRABKRABA
(1967) and CRulkr AND DUNCaN (1969) as well as the
comperigon of field snd latoretory results bty DUNCAN
BT AL (1970). Letor=tory studies of respir:tion with
other Clszdocera include those of OBRESHROVE aivD BANTA

(1030) znd UBRusSHKUVE (193%0) with Simocephalus expinosus,

OBRESHROVe aND RING (1932) and IVANOVA AND KLEKOWSKI
(1972) with S. vetulus and MOSHIR1 &1 aL (19€9) working

with the carnivorous cladoceran leptodors kindtii.

It is widely recognised thst respiration may
te used es o messure of the metatolism of an animal
and thst this may te affected ty a wide ringe of
physiologiczsl =nd environmentel factors, Fhysiological
factors include tody size, age, reproductive state,
nutritionszl stete sand stress. ZSnvironmental factors
include tempersture, oxygen tension =nd the degree of
crowding or confinement of the enimal,

Metetlic rste is proportionsl to a power of the
tody weight (WEYMOUTH ET AL 1944, ZaUTHEN 1947, 1953 arnd
HEMINGSEN 1950; 1960);

R = awb.
Theoretical values such 2s t=0.75 (HEMMINGSEN 1G€0)
have teen suggested, tut velues within the renge t=0.7

~and 0.9 have been reported for ricrocrustacea. RICHMAN

(1958) gives a figure of b = 0.88 for D. pulex and
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SCHINDLaR (19€8) hints et s similsr vslue for D.msgnsa,
Z2oULasN(1853) suggests th:t the °t? vsluevchanges
with ontosenetic incre-se in tody size. The study by
ZEISS (19€3) is concerned with the effect of spsce and
crowdinm on ND. magna which he finde c=zn sffect the
metaﬁ@ic rate sisgnificantly st levels not found in
nature tut thet m:y tecome import-nt in latorstory
studies. SCHINDLIzR (1CE8) studied the effects of
crowding, rerroductive stzte, tody weilght and temnerzture
on metetdic wzisht and found that only Ttody weight 2nd
temper: ture hsve a significznt effect on the respiration
rate of D. magns.

In this etudy, respir:tion ro~tes were messured
for 2niwm 1ls with 2 known life history 3t times throughout
their develorment. (The respiration work was completed
in conjunction with 3nd on the same animals used for
develoﬁmental studies and descrited in gection 5.2.2.
The tulk of the resyiratory determinitions were m-de bty
Dr. A. Duncan with the clcge assistince of the =zuthor and
recsults sre rtresented here with her permission snd the
authofé own interpret-tion). This h=4 the advantage thst
the effects of tody size, age nd reproductive state on
respirstory 2ctivity could te examined for individuxl
snim:1ls. The effect of nutriticn:l st:te, stress =nd
activity have tecn discussed in an earlier secticn (4.4.5.).‘j

Tre relationehirp betwéen r:z=pir~tion rate znd tody :

size in terms of weisht for N. hvalina at 1000 are

rrescnted in fisure 5.2.3(z). The line, which is for all

animals, can te scen to have g satisfactory doutle
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logarithric relationshin (i.¢. R = aﬂb sce table 5.2.3(a)

helow) and the weights were calculated fiom measured
lcngths | and the length-weight relationshin obtained
in section 5.2.1. The results were analvsed by

regression analysis producing satisfactorv recression
lines for all animals and immature animals and these

results can be seen in table 5.2.3(a)-

Table 5.2.3(a)

b . ]
R=a¥ 3| = tandard;PResidual) ¥ |Rearession
plo,/x10 Error Variance Coefficienty
- (8vx) (52) (b)
All 795 0. 8502p<
animals | 7.67" " 0.2891 0.3024{116| ©0.001
- —
Tnmature 0.06w>-877 | a.9215 0.3340] 70| 225

Tt can be¢ secen from the table that the regression
coefficient is highly significant in each case. The
regression equation for reproductive animals does not
provide a satisfactorv line because the weicht range

of the adult animals used for these experiments was too

-222-



small and the vertical spresad of results is too wide.

The varistion ottained may appear to e high when

compared with other workers’ results (e.z. RICHMAN 1958),
tut the measurement of respirstion rates of daphnids using
the Cartesian diver technicue revesals individusl varieticons
whereas the respirastion of many animzls in a closed tottle
technique disguises individuzl veriation snd only produces
an average value.

The results ure 2lso shown &s respirstion rute per
unit weight agoainst weight in figure 5.2.%.(p) and it czn
te secen thut this rel:tionship hdas & negative exponentisl
form, Of the results of regression énalyses, the line of
test fit is given bty

R/W = 7.674 0202 ulOy  .nr'x 107> .(1=0.3845p£0.007)

Figure 5.2.%(c) shows an ;rithmétic plot cof
individusl respiration rate agrinst length for all
animsls et 10°c. This figure shows the respirstion rate
of reproductive animuls fsolling tetween sizes 1.10mm and
2.00mm length the upper limit of which is =»n artefact of
the culturing technique. Anim:ls frequently exceed
2.00mm in the ficld situation. The st.ges snd types of
reproductive development are distinguished in this figure
and ovigerous znimsls, animals with eggs and developing
ovories ind those with a2n ephiprium have teen distineuished
from those without any otvious sexual attritute. It is
appsrent thot the some sized individueis with toth eggs
and ovaries have a higher respirution rste than those

with only eggs or than those with ephippia.

Oxygen consumption is compared with age and instar

in figures 5.2.3.(d) und 5.2.3.(e¢) (lines IVe and IX
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. -3
Oxygen consumption per unit weight (plOz /ug/hr X10 7))

RELATONSHIP BETWEEN RESPIRATION PER UNIT WEIGHT AND WEIGHT AT 10°C

1
® non reproductive
X reproductive
50
40
304
© RIW =7.67 w °020°
204
e
L4 X
L ]
10 hd °

1 T

10
Dry weight (th )

Fig. 5,2.3(b).
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Respiration {(piO, khr x1073)

RELATIONSHIP BETWEEN RESPIRATION AND LENGTH AT 10°C
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Fig. 5.2.3(c).
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resyectively) for individuzl cnimsls throughout their life
history. It c.n be seen th.ot the restir.tion r.te is
foirly uniform for the first three insturs tut the
varistion tecomee lurge in the primipirous instor,

individusls such 2s 1Xd, showing up to a three—
fold increvse in the respirotion rote. Other me:surcments
are consistent with the results discussed although it seems
that the production of ephippis, bty adult fem~les, coincides
with a depresscd resgirstion rste. This reduction in
respirction rite may =flect either 4 reduced food intake‘
or 2 poor quality food znd thut it is these senmistzrved
animals thot produce e¢phippia. Whern 2n anim=l fiils to
reoch sexusl muturity =t the norw.l stage, it .lso exhitits
a deyressed respirstion rote in the adult (sce individusl
IXj). Where two reepirsticn r:tes for the same individuzl
occur &t the same time of measuglment 1t rerresents two
2ctuadl r:otes measurvd consccutively during the same
experiﬁent. The differcnce may te rel.ted to a difference
in sctivity of, or conditions imposed upon, the anim:1 during
the c¢xperiment. The lower measurcucnts in thes:z cases hove
8 rrofound effecct on the errors of the regression snolyses
tut huve teen included .s thére 1s no rezson to doubt their
wwlzicbb@ . |

The relcoctionship tetween resrirrticn rate =nd temper-ture

Although no syecific experiment was desiened to study
the effect of temper.ture on the respiration rate of

D. hyalinc, the exﬁerimentul temper.ture of 10°C was chosen

to complenent the esrlier unputlished work of DUNCAN AND
CRiMsR at 20°C. using the s me species and technigues.
Their results are us<d here in summesr y, with their full
aprrov:l, to discuss and interpret this relstionship. The

interpretation is sclely the responsitility of the present

author. —228-
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The relstionship btetween temper -ture nd metstolic
processes is 2 complex ind controversiszl issue ond useful
reviews of this topic ¢‘n te found in ANDREwARTHA AND BIRCH
(1954), TETILNS~-NISLSEN AND EVANS (1860), MCCLAREN (1963),
WIGGLESWORTH (1966) and HBGARTY (1973).

One of the most frequently gccepted rel-tionships is
expressed by the empiricsl Q10 formulu which is generslly
used in the following form:

10
010 =V
_ 4—t2
va
This thecoretic relutionshir, .nd the very similor Law

of Arrhenius,

’ 1 =1
V2 =Vi_ t2-
where Vq = velocity of recction &t temrerzture t1
_ V2 = velocity of re-.ction ct'temperzture t2
€ = tase of notursl logsrithms

= rezction constsnt
were derived for spplicution to specific chemical recctions
tzking pluce under defined lzitceritory conditions. Although
much use has Teen msde of these formuloce in tiology, it is
detatatle =s to whether they have any predictive
significonce in mnimal metstolic studies ~lthough it may
te orgued thot they may te useful descriting different
rzte— temperature recctions. KROGH (1914) in KRCGH 1916
from meusurements of the rates of respirsticn of & serics
of poikilotherms «t different tem-er.tures yproduced a grarh
of respirztion rute Lg.inst temperzture where maximum rotes
coincided on a simple curve descrited ty van’t Hoff’s rule
(where Viiio = VtQ10). Since them many studies have teen
used to confirm this result. WINBERG (1971) analysed Krogh’s

norm.l curve ot different temperatures and hus constructed

~229-



o talkle of tempercture correcctions (q values) for
converting resrir.tory rites mwe-sured =t one temperiture

to respiratory rates ot snother known temperuture where

2 1 oK
th = respiradtion rite ot temper:ture tq
Rt2 = resypiration rote 2t tem er-ture t2
a4 = %q value?'rate =t terper-ture tq
as = q vzlue rote =t tem er.ture t2

Initi:lly it was prorosed to use reepir.tory data obtuined
at 10%¢ 2nd 20°C together with wintergs guick’ method to

rroduce = resyiration temperiture reclotionship.

Regression ¢n-xlyses, calculated from the origin=zl
data of DUNCAN AND CREWER (unputl.), for respiration —
weight curves can te sceen in tutle 5.2.3%.(t) and these
are conraratle with results for the 'all xnimal’ lines

from the 10°C work as seen in t.tles 5.2.3.(t) and the text.

Tatle 5.2.3..(t)

A1l D.hyalina Stundard | Residual | N Rugrc851on
at 20°C error vsriznce cocfflelent(b)’

(s.y.x.) | (89) {

R = 8.602 w972 | 0.3002 | 0.2451 | 191 0.7437p< 0.007

IR/ = 8.602 4227 | 0.3002 | 0.245 191 | =0.3801p<_0.00"

Using Wwintergs ‘quick®’ method where, q10 = 2.67 :nd q20 =
1.00, =nd Ryg = 7;67/M102.Mr-1xﬂo_3, foer sn snim«#l of unit
weight, subtstituticn in the forrmula

R = Rt 0 gives 20. 4'7/41,02.’44“ X’]O 3.

t20 10 . g20
q10

The cctucl result obt:ined ty measurement (see tuble 5.2.3

(t)) is:

_ o« N rq=2
Rty = 8.602/A102.ky x10 ~.
el?)o..



Bither R2O is lower thon would e expected according to
Krogh'’s curve or RWO is higher than expected, The use

of this method assumes that the respdnse of respiration

to temperature foliows Krogh’s curve. Few studies of
cladoceran metaktolism have teen undertaken at different
temperatures and SCHINDLER (1968) gives no indication that
his experiments at 10°¢ and 20°C with D.magna did other than
otey Krogh'’®s surve. MOSHIRI etgL(ﬁ969) also report results

censistent with Krogh'’s curve for ILeptodera kindtii.

MPCLAREN (1963}, reviewing a wide range of temperoture
functions in marine zooplankton, suggests theoretical
curves that give a Ttetter degree of fit than Krogh’s curve
tut he still finds differences in rates at differcnt temp—
eratures.

The results obtained at 10°C and 20°C are rlotted
together in figure 5.2.3.(f) and regression analysis prrodnc--

the relationship

0.743 2

R = 8.305% 02#£"1x10“5(syx. - 0.1946,58° = 0.259¢,
t = 0.8285 pﬁL0.00ﬂ)

The ‘a’ values st 1OOC, 20°C 2nd as the same regression lins
are very similar (7.67, 6.60 and 8.30 respectively) tut the
values are significzantly different as is seen by analysis

of variance (tatle 5.2.3.(c)). The correclation coefficientz
are extremely high and the standard error very low for

thesc malyses and the analys}s shows the slopes of the

lines (fr? values) to te the same.
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RELATIONSHIP BETWEEN RESPIRATION AND WEIGHT FOR ALL ANIMALS AT 10°C AND 20°C

5007 .. Non reproducing cnimais at 20°C
'400_ 0 = Reproducing animals ot 20°C
x = Non reproducing animais ot 10°C - : A
4 = Reproducing animals at 10°C o oo
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Fig. 5.2.3(f).
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Table 5.2.3(c) Analysis ofovarianceoof regression
lines &t 10°C and 20°C.

Source of viriation ﬁd.f. S.S. M.S. V.Ratio F‘O5
Explained by j _
parallel Reg. o 23.%36210 | 23.36210{551.3800 |[3.87
Improve, dus to |
indiv. slopes 1 0.04076 0.04076 0.9621 |3.,87
Differcnce in
intercepts 1 5.05069 5.050991119,2110 {13.87
Devnsi from indiv.
slopes 30% !112.83820 0.04237
L?otal | 506 |41.29200 |

The results scen here suggest that D, hyalina has scc—

limated its respiration rate to the experimental temperature
to a much greater extent than expected. Acclimation of
respiration rate to temperature in this wuay has not previéusly
teen rerorted in the literature for daphnids and although
complete acclimation has not occurred the rate measured is
only 5% of the expected value. MUNRO (1974) reports a degree
of acclimation cf developmental rate to tewperature for
Cyclops sp tut doces nct indicate whether this applies to

other metatolic processes.

Adaptation of resypiratory rates to different temperatures
in geographically separated races of poikilotherms has teen
recognised for a long time (see VERNBERG AND VERNBERG 1970).
RAO AND BULLOCK (1954), PRECHT LTAL (1955), FR&CHT (1958),
FROSSER AND BRC«wN (1961), PROSSER (1962) and NEWELL (1971)
review the occurrence cf acclimation of metatolic rate
functions to temperature in jocikilotherms. These authors
suggest that resyiratory acclimaticn may occur if the
animal is ke;f at the new temierature for many days?,

PRECHT (1958) iproposes a classification sheme of response
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patterns to temperature change which includes completely
adapted types. NwWELL (1971) 1oints out that acclimation
is a complex phenomenon and deiends on factors other than

time, such as activity and nutritional state.

In the present study, daphnids used in the resriration
-exieriments had teen collected from the ficld when the
environmental tempersture was low (tetween 700 and 1OOC)

and transferred to the ex;erimental'temlerature. The off-
srring of these animals and subsequent generations were used
for resjyiration experiments. All the animals used for
resyiration determinations had teen at the ex:erimental
temperature for the whole of their life. In cther words the
animals had gencration rather than many days® to acclimate
to their new temperature. The degree of temperature chnge
(1000) for the 20°C exryeriment was large even compared with
the annual range of field temperatures (from 4°¢ to 2000),
although no individual animal would survivevlong encugh to
te sutject to this temperature range, and yet the animals
still acclimated. The nutritionsal staté and activity were,
as far as was observed, the same in toth exyperiments. The
conclusion to te drawn from these two exjeriments is that
temierature acclimation of‘resyiration rate occurred. It

is felt, bty the author, that the pericd cof acclimation,
which covered generations, in relation to the change in
temierature, was sufficient for almost complete acclimation
to have occurred.; BUFFINGTON (1969) finds a similar

Lhenomenon with the diptersn, Culex pipiens pipiens where

conplete resjiratory acclimation occurred during the

culture of individuuls at the exyreriwmental temperature for the
whole life cycle., Acclimation of this sort may te a more
widesyread occurrence than his teen rrevicusly reported,

FRALEIGH AND wIBGHRT (pers. cormm.) find the same function
-234- |



ix tlue—green algae in hot springs. No explanation of
the kinetic changes that must occur can te cffered on

the tasis of the results presented here and there is very
little indication from the literature atout this (see
NEWELL 1971). The ecological occurrence of this
phenomenon is also discussed in section 5.1.5 descriting

field respiration measurements.
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5,2.4 LABOGRATORY BUDGLT

Since R1CHNAN (1958) produced his latorstory
energy tudget for D. pulex, there hsve teen no putlished
energy tudgets for daphnids. It has not teen widely
recognised that energy tudgets can te most revealing
in the strategy of a species bty compartmentalising its
availatle energy and this can te useful for interpreting
field data. This method has been pioneered ty KLEKOWSKI

AND SHUSHRINA (1966) working with Macrocyclops altidus

and some information is availatle from work on

Simocephalus vetulus (.KLEKOWSKI AND IVANOVA1972).

Using the data ottained from growth and respiration
experimentation, descrited in sections 5.2.2 and 5.2.3,
it was possible to produce a partial energy tudget for

D. hyalina at 10°C. Using the results of DUNCAN and

CRiLER (in prep.)at 2OOC, the effect of temperature on
the energy tudget was examined. RICamai (1958) uses
two generally accepted equations for the theoretical
tasis of his energy btudget, that of IVLEV (1929, 1945),
later modified ty RICKER (1946) where:

Input = Growth + Respiration + Egestion.....()
and that of LINDEMANN (1942) where:

Assimilation = Growth + Respiration..........(2)
Neither input nor egestion rates were measured in the
present study tut assimilation was estimated from equation
(2) using respiration and growth data. The results

ottained are pfesented telow.

Figure 5.2.4(a) shows the growth and respiratioﬁ

of an individual D. hyalina (izj) from the 106°C

experiment. Individual Izj was chosen as a gobd rep—
resentative of line IX, in that the primiparous instar
was the fifth and it also produced an ephippial as well

as the more normal parthenogentic troods. Results for =236-
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other individuals of lines IXdand IVeE are shown
(pp-2943295)
in Appendix ﬁyiil#@)umAand these show the same general

features.

Using the information shown in figure 5.2.4(a)
an instantaneous and cumulative energy tudget has teen
constructed and is shown in figure 5.2.4(t) for the
individual IXj. To construct this tudeet, length was
converted to weight using the relationships ottained in
section 5,2.4 and this weight was then converted to a
common energy unit (calories) using the calorific values
ottained by RICHMAN (1958), where:

calorific value

newtorn animals 4059 cal/g ash free
last pre—adult instar 4124 cal/g - "
actively reproducing animals 5075 cal/g v

Egg poduction was calculated from the numter of eggs

and the calorific value of the eggs was sassumed to te
the same as that of a newtorn individual. Ephippia

were assumed to te equal in value to two parthenogenetic
eggs as the normsal number of eggs per ephippium in the
Cladocera (BANTAETAL1%9}The oxycalorific value of oxygen
was taken to te 3.57 calories per mg. (MACFADYEN 1963).
The final assumption made was that animals had an

R.Q. =1, which assumes that cartohydrate metatolism was
occurring (MACFADYEN 1963)., The cumulated energy tudget
in figure 5.2.4(b1), cilculated in this way, shows, for
individual IXj at 10°C, that bty the end of its life,
dgring the eighth instur, growth and respiration
(assimilation) - had totalled .. 0.87 calories of which 0.38
calories were growth in terms of tody and egg growth.

It can te seen that when the animal tecomes sexually
mature the rate of increase in tody growth falls tut the
growth rate is continued as egg production. Figure
5.2.4(b2) shows the instantaneous tudget for individual

IXj for tody growth and reproduction =:nd slso for the - 238~
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assimiloted energy. The highest rates can be seen at
the start of an instar when 8- ébrupt 6ﬁahge occurs
for growth und therc is @ decrease as the animal gets
older. The assimilztion line is a reflection of the

growth line asg respiration is o function of size.

The results of the cumulsted tudget for ull animals
at 10°C uare presented in tatle 5.2.4(z) und shown
graphically in figure 5.2.4(c). The tudget is shown
to instar 12 at 10°C and the relationship tetween egg
production and tody growth can te seen much more clearly
although mean egg numbters, not maximzl egg numters, sTre
used for the calculation., It appears that the ratio
of cumulzated egg to tody growth tecomes fairly constant
during active adult growth whereas in the juvenile
period active growth is manifested as rapid tody growth.
This otservation relates to the growth rate of animals
which is discussed in section 5.2.2 and is scen 2s a
decrecase of the growth rate (G)Jin mature animals. The
index of growth to assimilation (Kg) secen in tatle
5.2.4(a), which includes egg growth (Ge) as well as tody
growth (Gt) changes slightly throughout life. Initially
at a low level, it reaches a maximum of 0.63 (63%) during
the first remroductive instar and slowly falls throughout
the rest of the animuals 1life. The change in the value of
K, can te seen in figure 5.2.4(d) and the vazlues ottained
compare well with the results given bty R1CHMAN (1958)
where:

55 — 5%  (at 20°C)
56 - 7%%

Jjuvenile K2

1l

adult of K2
40 days old

and the results of IVANOVA AND KLEKGwSKI (1972) for
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Simocephalus vetulus where:

juvenile K, = 71 %% at (2200)
preadult K5 = 73.1%
adult K, = 64.7%

Comparing K, values at 10°C and 20°C the results of which
can te seen in Tatle 5.2.4(t) and are calculated ty the
same methods (plotted graphically in figure 5.2.4(f) it
can te seen that the shape of the curves are the same

tut the values st 20°C are slighfly higher. The ratio

of K, values (K2.2O/K2.1o) is fairly constant at 1.26.

Table 5.2.4(t) shows

(O]

summary of the tudget
results for D. hyulina ottained bty DUNCAN AND CRUMER

(unputl.) calculated ty the same methceds used to ottain
tatle 5.2.4(a). The results can te seen graphically in
figure 5.2.4(e) which shows the same features as figure
5.2.4(c) except that the time to reach a given instar is
much shorter, A comparisontof the two figures shows
that the -respiration demand to reach a given instar is

smaller at 20°C than 10°C.

Figure 5.2.4(g) compares the cumulated tudgets of
20°c and 10°C animals using the same instar scale instead
of the same time scale. This figure shows that for the
same stage of growth the energy of tody growth is the
same in toth cases. The energy cf egg growth is very
similzr tut differences sre apparent and due to a
different rate of egg prcduction (numter per instar).
This differencé is probabiy the result of using sparse
data for the egg production at 20°C and relates to the
one individual(Ii%. The 10°C figures are tased on the
mean egg numbers pr instar for 2ll anim2ls cultured,
GREEN (1956) and HALL (1964) demonstrate clesrly that
the rate of egg develdpment in Daphnia, cnd not the

actual egg numbers produced, is a function of temperature

245~



.m.zsaﬁg ,ﬁdoeg@g\sssgo uﬁ.o oY oyt QEQQ UoONl D ggdﬂ Lou@ u\mmﬁSﬁ mm\_\s\,@ g?iso-

*szequnu ) QT WOIF .OHH TBUTUB WOXJ

(FT) (T)
g99°0 | ovvo'z2 G6L9°0 | Svoc 1| es9sto| 9setto 8962 (T7)9°5 ¢ plrg6:  zcz | 68l T
969°0 | 6888°T L0690 | 28¢2°Tl oebL o} 29V 0 ¢r9¢e (T1)9°G | e6°Let T2tz | 99l ¢t
€69°0 |  LST9'T 966Y*0 | TOZT'T| TSTL®0| 020V°0 9°8T2 (¥1)9°5 | Te'6L| £T'z | 999 2T
869°0 _ 86TV T €8er* o GT66°0f ehbo° o} cLve*o 0"96T A..B.”vmﬁ VAARSY) 20z | 4lS 1T
069°0 W ¢6sT°T T¢6¢°0 298L° 01 92Lv*0] 9¢1L"0 9°18T vao.m 6L°19 ¢6°T | T6V 0T
6L9*0 ﬂ 6668°0 9262°0 | £L09°0[ 90%£ 0] L992°0 8° 09T Aﬂv¢ GG*es{ T8'T| ¢t 6
¢oL" 0 n L2lLL* 0 ¢622° 0 behGcol 8L82°0| 9442°0 | 2° 94T A..nvkm LE* 04 8L°T ¢¢.m w,
vel'o ,  2659°0 TvL1"0 | TI8Y"0| 04¢zol TovZ O P* 16T (1)5 | év'ev | 89°T | 892 L
95L°0 k 70670 g6TT°0 | 90LE°0| 069T°0| 9TOZ"0 G*0¢T (3" cleez | 29t | ete 9
¢hlro | vergto €080°0 | Te£2* 0| 099070 T99T 0 6°2TT G | greg] ostt | oovt q
099°0 |  GG¥TI*O G6v0°0 | 0960°0| - 0960°0 G*l8 hm@wo Le*¢z| teT | sot Y
90 | 9260°0 2cc0t0 | vesote| - 66070 |  8°T9 - et} ot gL ¢
¢69°0 | V69070 ¢1z0'0 | 1800 - 1870°0 g'es - 98°TT{ 06°0 | L Z
6v5°0 |  28T0°0 2800°0 | o00TO° 0| - 00T0" 0 9°9T - 9v°2 50| 0 T
01L*0 W 98T0"0 $600°0 2¢10 0| - 2¢£10°0 oe - Yec¢ - €G- 237

P (<] ° '

«n 2 (V)("To0) | () “dsex i apo+ D o mwm.m 1y £pog ! /T | - m (5v) maav (sau) g
D+D UOTLBITWISSY | pejeTuem) | (T [L0) UIOIJ pajuTaimp MqOHpmMﬁmmmm :FUSTON map us | o3V

(Q)¥°2*s oTdsg

246




CUMULATED ENERGY BUDGET FOR D HYALINA AT 20°C.
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Fig. 5.2.4(e).
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and if this is true in represeﬁtative experiments the
egg production per instar should te the same at troth
temperatures. The figure (5.2.4(g))also shows the
encrgy of respiration and it can te seen thot the
respiration fraction is much lower ot 20°¢ than 10°C for
these animals. The importance cf this is that for fully
acclimated animzls @lthough the reepiration rate is the
same at toth temperatures, the developmentul time is
much longe¢r =t lower temperlturcs and consequently more

respirational energy is used.

Figure 5.2.4(h) shows the tody growth (in terms
of length) and respiration of individual IIc at 20°¢
and IXj at 10°¢ superimposed on the szme instar scule,
This figure demonstrates that apart from expected
individual variation in growth and respirztion rates

that they are very much the same,
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€, DISCUSSTION

The bulk of this study Acalt with the Oueen Mary Reserveir
and animals taken from that rescrvoir for further studv in the
labecratory. Therafore most of the comment in this section
is directed mainly towards the CO.M. although that is not to
say that the Queen Elizabheth Reservoir showed no interesting
aspect. The raecont rmarer of DUMCAN (1975h) Adraws attention
to the coexistence of three snecies of Darhnia in the Q.E.II

reservoir and unfouktedly this situation existed at the time
of this studv and contributed to the very different production
gituation described in s=zction 5.1.8.

In studies of ficld ronulations most information is
Aerived from a bkasic norulaticn estimate taken at intervals
cduring the course of a scason. This estimation is most often
cne of nonulation numbers which has heen further reofined hy
suh-division into s»ecific and/or size categorics,
reproductive stages, ctc. It mav also be a direct measure cf
the bicmass of the porulation hut this has more often been
obtained as the product of the numerical analysis and a length-
weight relaticnshir.

The ocuality of the rnorulation estimatz determines the
reliability of any subsecauently calculated informatien
such as nonulation dynamic indices or nopulation production
estimates. The basic porulaticn estimate may ke improved
in several ways. The best available technigue annlicable tc
the narticular ficld situation must be selected. Samples
may be rcmlicated to the extent that the statistical
estimate improves sionificantly. Unfortunately the
imnrovement of the statistical estimate by renlication of
samples is no guarantee that the chosen samnlina technioue
is the hest estimator of abksolute nerulation size and care must
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also ke taken to gather only a managrable numher of samples
so that time remains for the study of other, perhans more
rewarding, facets of the rrohlen. As LUMD ET 2AL. (1258)
demonstrate vhile suh-samnling algal rorulations, the reward
(nrecisien in this case) does not improve directly in
nronortion to the effort. An alternative arrroach is to
select scveral different sampling methods which may

sacrifice the precision chtainakle for the same effort with

a single replicated technicuce but micght indicate how close tc
aksclute porulation size the samprling programme approaches.

An example of this problem encountered in this study
is in the éifficulty in obtaininc a satisfactcocrv estimate
of eag numbers in the perulation, This made population
analyses and nroduction estimates bv standard techniques
difficult. Replication of the samnles mav well have
imnroved the reliabilityv of the estimate but the alternative
samnling technicue using Patalas volume samnles showed
essentially the same rroblem. This indicated that an
introduction ©of young from some other source may account for
the obsecrved discrenancies. Racent work of DUMNCAN (rers.
comm.) indicates that rnart of this difference may be
accountod for by ephinnial hatching from the bottom of the
roservoir and that this may bz considerakle at certain times
of the vear.

Making full use cf available porulation data by
estimating production or explaining nonulation fluctuationrns
bv means of models involves the use of other factors such as
the coa developmental rate (De)., the instantancous
individual growth rate (g), the respiraticn rate (R) and the
feeding rate. These factcors arc themselves subject to

crrors in their detcermination which mav cause qross distorticn
—25%—



of the real situation if incornorated into pogulatioﬁ data
without reference to the existing field conditions. Each
factor above is in some way a function of temperature, f(TQ),
an easily and accurately measurable field variable.
Unfortunately the relationshir of these factors and
temrerature is not alwavs simnle or clear. Results given
in this studv demonstrate that the effect of temnerature on
respiration is not always the same in the laboraterv and
field situations and that an arrarently simnle temperature
relationshin such as the commonlv accepted Qlo function

may be obscured by a variety of factors such as feeding
conditions, previonus nutritional state or a degree of
acclimatization to the existing environmental temrerature

as well as the more easily Adeterminahkhle size metabolic
relationship. In fact the measure? field respiration rates,
admittedly confused bv being cf a mixed species porulation,

denart so far from Qi expectations as to make aquestionable

0
the relevance of this sort of relationship to field conditions.
It is therefore advisabhle, when laboratorv measurements
of any function are to he interrolated into field data, to
devise a field method (however crude) that can bhe used to check
labcratory results in field conditions even if no obkvious
recason to exnect a discremancv can ke seen. wérkers in the
area of zooplankton rroduction use, amono other factors, a
value of De to calculate their nreoducticon estimates. YIMICHT
(1265) estirated De from the field morulation data themselves and
GEORGE AND EDWARDS (1275) made in situ determinations of De.
These results, where thecoreticallv only temncrature mav affect
the developrental rate of healthy oggs, show excellent

aareement with results given kv other workers from laboratory

exneriments, but even here extrarnolation cof the relationship to
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unmeasured temperatures mav lead to problems of
intercretation. McCLAREN (1963) and ROTTRELL (1975) cast
doubts on the nreviously accented relationship between De and
temperature and suggest several different functions that may
be emploved. Fortunatelv, in this narticular cxamrle, the
imnroved functions deviate little from the earlier function
except at or beyond the extremes of the environmental
temneratures encountered bhut empirical determinations of De
in the field situation, if feasikle, obviate the need to
extrapclate a limited range of laboratcry fdeterminations.
Greater difficulties mav be encountered when variables
other than temperature may alsc affect a relationship. This
has alreadyAbeen indicated in the area of field metabolism
and the nroblem is not restricted to the zoonlankton (QANF
1974) . The instantaneous growth rate mav be modified by
food cquality and quantitv, the previous life histbry (this is
usually unknown in field situations), the temperature and the
genctic history of the population. The occurrence of a dwarf
line in the lahcratory study (line XIIT in section 5.2.2)
mav not be uncommon in the field populations but without more
sonrhisticated data analysis it is impossible to identify their
contribution to the pornulation production and it is only
nossible to aprlv measured factors in a blanket fashion to the
ponulation data. The effects of food ouvality and quantity
on various growth and metakolic functions has not keen
examined here. (or in manv other studies) and is an area that
reauires attention. It is difficult to discover which
varticular food source the zooplankton are using and this may
not be in pronortion to the existing algal rorulations.
NADIN-HURLEY AﬁD DUNCAM (1976) have made a serious attempnt
to determine specifically what food sources arec used by

darhnids but it still remains to find out what nutritional
~255- ' : e e



value cuantitatively and cualitatively the natural diet
provides.

Errors of interpclaticon do not only occur in the estimate
of the variable to be introduced into the population data
but alseo in the manner in which they are used. When
aprlving variables such as growth or resriration rates
determined in the laboratory, the values chosen must be
arplied to particular size categbries that have been
identified in field samnles. These have often been
determined on an arbitrary bhasis, especially if develormmental
stages such as instars cannot be distinguished, or on the
basis of a previous studv, CIZEORGE AND EDWARDS (l975> use the
categories of the present author in STEEL ET AL.(lQ?Z)and
these were determined on the previous exrerience cof CREMER
(pers. comm.) . The size categories chosen are most useful
if they represcnt a honlogically identifiable stage of
develorment such as juvenile, adult, or reproductive state
cven if these staaes do not rernresent a known instar.
‘Stages such as these usually cmbrace several instars and the
choosing of a particular respiration rate, growth rate or
weight for interpolation becomes largelv cuesswork (heavily
biased by the experience of the worker) and this will
introduce errors within the range of that particular size
class. This typme of errcor becomes large particularlv when one
size category cmbracing several instars dominates the
porulation samnle. Again a more satisfactory approach would
be to measure each individual but in the available time this
would he at the exrenge of other narts of the studv. The
determination of results from the field situation, even if
only apprcximate, provides a useful indication of large
discrepancies. The application of laboratory weight data to

the numerical analysis of ponulation data has to some extent
-256-



been examined in this studv (secticn 4.1.s) and discremancies
hitherto unrernorted can ke seen to exist. The individual
variation in weight of animals of the same length

(fig. 5.2.1(a)) can be considerable and is likely to be

a normal field phenomencn and mav be morz cxtreme if

seasonal variations are to be considered.

The cor.clusion to be drawn from the above nart of
the discussion are not that internclation of laboratory
results into field data should not be attemnted but that
caution should bhe cxercised when deing so. A field

rather
measurenent, éwn‘q A crude, may indicate areas of
discrepancy. & uscful function is served by erecting
models and testing them with whatever data are available
as this indicates areas ~f the study needing further, and
scnetires more sophisticated, examinaticn. If alternative
methods are availakble for testinag the same function it may
be possible to arrive closcr to the actual result.

Many of the results presented here reinforce the
findincs of other workers in this fielcd. The seasonal
changes in the zooplanktcn nonulaticons are much the
same as found for other studies in shallow eutrophic lakes
(e.g. CEORGE AND EDWARDS 1875). Similarlv production levels
aéhieved are well within the range reported in the literature
but towards the urper end of the ranga. This again might
te exnected in waters rich in nutricnts for algal growth
supporting very large algal crops. The major contribution
to this production is from D. bvalina, again a similar result
to GEORGE AND EDYARDS (1975) but different from the result
of JONNSOM AND WALKER (1975) in the very shallow Lech Leven

where Cyclons strenuus abvssorum was the dominant zoonlankter.
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The reasons why D. hyalirna wvas dominant in the Q.M. during

this study are complex and not well understood hut may be

most related to the fish populatinons existing in the reservoir
and their controlling influence as predators of the
zooplankton. Other predators cf the daphnids include

large populations of I'snlanchna sp. occurring princirally

in the spring of 1969 and the occasicnal appearance of

Lentodora kindtii as well as the continual presence of adult

cycicpoid coperods.

The results of the field respiration cxperiments
nrovided valuakle data for making estimates of populaticon
assimilation. The results cbtained compare with and exrand
the seasonal pattern describhed hv CREMER AnD -DUNCIAN (1969)
for the samn rescrvoir. Tho seasonal variation in ‘
respiration rates which cannot be adequately described in
termz of temperature and fcod conditions have fundamental
ecological implicatieons especially in reference to the
assimilation demands of the daphnids. This prhenomenon
requires further describPtion and unfortunately no
exnlanation of the mechanism is possible from this study
although a few other workers are concerned with this nroblem
in other animals (see NEWELL 1971). The assimilation of the
zooplankton in the field situation expands the findings of
STEEL ET AL. (1972) and althovgh differing in some Cetail
reaffirms the usefulness of these data in contributing to
exrlain the oﬁerall relationshins between zoonlankton and
algal ecology. The contribution of respiration as a user
of energy narticularly during the winter and srring can he
seen in figure 5.1.6(a).

The laboratorv studies have been used mainiy tc amnlify
the production and respiration studies in the field. The
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length~weight relaticnshins and growth rates of different
stages were necessarv to calculate production rates from the
field data. The results nresented here are in accord with
the findinas of other workers. The measurement of
indivicdual drv weights showed clearly the variation that

can be expected. The laboratorv respiration rates
determined, partly by the author in conjunction with A. Duncan
and rartly by A. Duncan and G. Cfemﬁr, where acclimatization
at two widelv separated temreratures armears to have taken
nlace is interesting in relation to the field respiraticn
rates chtained. Althouch internolation of these results
into field data is difficult, for the reasons discussed in
the earlier nart of this section, thev go a long way tc
confirming the,o;&qupﬁ of the field results. ¥Vhether this
dearee of acclimatization to temmerature is a common
phencmenon is open to speculation.but the effect on the
animals is marked. The cumulated cnergy hudgets of

individual D. hyalina (fic. 5.2.4(g)) show that for the same

neriod of time less energy has been used for respiration by
the animals at the hicher temreratures and the difference has
been channelled intc producticon mainlv in terms of eqq
productien. In the field situation most of the nroduction
is by small, immature individuals, lower proportions surviving
to hecome mature femalcs, and these animals have a very high
weicht specific respiratoryv rate. This may account for the
very high contribution of resriration to the field
assimilation. This particularly anplies when the
temperatures are colder and the growth rates of the animals
are slower thus rerainino as small individuals for a longer
pericd of time. The lakoratorv nart of the study could well

have becn amplified bv examinino the same factors at a areator
~259-



randge of temperatures bhut this would have made demands in
terms of time and ceffort that were not rracticable.

In conclusion, this studvy, although incomrlete in many
afeas, doas serve to indicate some facets of the rrobklem
that warrant further detailed study. Particular areas that
escarec attenticn include measurements of field feedina rates
and assimilation efficiencies which would bhe valuakle in
defining the tronhic relationshirs cof the zocrlankton.
fimilarlv a measure of predation on one hand and ~rhinpial
rroduction on the other and the contribution of the River
Thames might have made comnlete studies in their ~wn richt.
Two areas that have received brief treatment in this work
include production and respiraticn. It has been shown
that production estimates depaend martlv on the method used
to estimate them and the most satisfactorv method micht bo
determined by more theorstical work and computer simulation
using saclected data in different models. The resriration
studies also indicate a need for further field exverimentation
and further studies to discovcer nossible control mechanisms.,

Finally, the rrescnt studyv has dermonstrated to the
author the value of studies that are linked with several
workers linked closelv and working in a common field study
area. This has haprecned recentlv under the aeqis of the
I.B.P. nrogramme with such grouns as the Loch Leven ILR.P.
rroject and the Lake Ceorge I.3.P. nroject. On a smaller
scalc the cooperation hetwecn J. A. Steel and A. Duncan,
together with a number of other workers, while allowina score
for individualityv bhut with the same ceneral chjectives, has
allowed integrated studies bevond the score of an
individual worker to bha uncdertaken.
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APPENDIX 4. .3.

Reagents for Winkler's Determination

(2) Winkler's I
A
f ‘ .
M/ SO, 4H,0 A0 g
made up to 1 litre distilled water
(b) Winkler's II
KOH ™ g
KI 150 g
made up to 1 litre distilled water
op .
+ N E{\N3 10g
dissolved in 40 mls distilled water
(c) Concentrated sulrhuric aciéd
36N HZSO4
(d) Starch-soluble urea.
(e) N/320 Sodium thiosulphate solution

made up from commercially purchased amnoules of
solution ¢f known strength.
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APPEKDIX 5.1.1

Drv weicht of daphnids and copepods. mg per V.N.H. in Q.

Date Paphnids | Copenads! Date | Daphnids | Conepods
E |
16.10.67 | 40.12 7.38 %2n.10 11.€9 4.7
23.10 8.14 2,07 J4.11 16,49 1.31
30.10 11.95 2.53 {13.11 12,5f 4.23
6.11 10,61 4,13 §25.11 £.01 1.23
1 13.11 3.64 .66 }2.12 17.10 4.52
20.11 23,97 3.16 {9.12 2.67 4.27
27.11 7.20 2.54 {16.12 n.,04 .13
4,12 10.19 3.61 §30.12 4,43 1.72
| 11.12 10.69 3.34 }$6.1.69 § 11.74 2.58
18.12 17.30 3.78 113.1 14.13 3.0
1.1.€8 4.79 2.10 {20.1 22.04 2.59
£.1 10.29 2.93 }27.1 20,70 1.42
15.1 21.13 4.14 }3.2 31.63 2.16
22,1 26.62 5.96 {10.2 10.273 1.24
29.1 8.47 2.54 {17.2 €.46 1.88
5.2 2.21 4.23 24,2 23,12 10,52
12,2 26.56 8.12 [3.3 13.83 3.26
10.2 10.041 a.280 J10.3 16.70 7.06
26.2 10.40 8.32 117.3 2%.57 10.23
4.3 14,05 9,40 124.3 20.68 8,06
} 11.3 15.15 9.20 $#31.3 11.10 11.11
18.3 { 1.53 3.59 }0.4 11.65 7.16
25.3 6.70 5.20 10,4 56,67 24,46
1.4 4.0) 3.80 f14.4 29.05 R.33
3.4 27.51 4,53 [13.4 3.20 3.59
13.4 3.01 5.20 §21.4 8.01 4.50
22,4 10.09 9.66 {29.4 60,21 18.70
| 25.4 78.81 28,70 $30.4 21.F1 33.59
6.5 37.09 11.49 §5.5 121.76 58,39
13.5 43.22 6.43 37.5 12,00 34.56
20.5 30.52 £.32 §9.5 22,29 8.03
27.5 22.13 7.12 {12.5 59.24 70.43
5.€ n.22 10.72 f{19.5 118,38 '17.14
10.6 5.36 15.78 }27.s 75.7¢8 10.84
17.€ 11,79 15.96 12.6 36,18 5.60
25.6 14,76 12.05 }9.6 23.74 12.76
1.7 1.84 2.13 |
8.7 0.A7 €.57 |
22,7 21.99 13.70 {
29.7 2.25 1.0 1|
5.8 i 1.26 1.42
12.8 5.04 1.00 |
10.¢8 22.62 12.75 g
26.0 32,06 25.15
3.0 26,502 n.75
2.0 20,59 7.17
1€.9 25.53 5.48
23,0 5.10 2.22
30.9 23,53 1.33
| 7.10 17,25 5.42
14.10 1 16.12 2.37 1
| 21.10 3.19 .0F
L .

-280-




APPENDIX., 5.1.2°.

Numbers and classes of D. hyvalina per ccarse V.N.H. for Q.M.

i Date iTotal | Eggs, »1.0 mm| 1.0-1.39| 1.40-1..7" >2.0

- :

. 30.10.67 850 100 310 50 490 j 0
13,11 360 80 170 30 160 ! 0
27.11 900 440 500 80 320 0
17.12 12470 350 1910 260 240 60

1. 1.68; 2575 775 1400 475 675 25
8. 1. 870 175 560 140 170 0
22. 1. 2640 { 1200 1890 330 410 10
29. 1. 1307 163 1069 69 169 0
12. 2. 2280 740 1630 150 320 180
19. 2. 840 | 305 700 45 60 35
26. 2. 1315 260 895 230 155 35
4. 3. 1370 180 810 335 200 25
11. 3. 1225 250 670 275 270 10
18. 3. 555 25 405 70 25 0
25. 3. 470 45 395 45 10 0
1. 4. 178 26 136 16 20 6
29. 4. 15825 600 13675 1275 750 125
6. 5. 12050 0} 10200 825 850 175
13. 5. 8000 25 6525 725 625 100
20. 5. 3975 50 3090 325 513 50

27. 5. 2335 30 1490 320 410 130 .
5. 6 123 35 664 17 42 0
10. 6. 100 0 90 D 0 10
' 17. 6. | 1860| ol 1710 50 80 20
} 1. 7. 350 20 220 80 - 50 0
8. Te 1750 0 1550 75 125 0
22. T 8575 0 8225 200 150 0
5. 8. 240 20 200 0 40 0
2. 8. + 1160 0 1160 0 0 0
19. 8. 2987 170 1848 280 776 66
26. 8. 450 | 450 325 25 50 50
3. 9. 3888 50 3375 300 200 13
9. 9. 1960 0] 1510 130 60 0
23. 9. 1440 0} 1210 150 70 10
{ 30. 9. 2962 | 437 2050 213 475 25
T.10. 2070 0 1710 220 140 0
14.10. 1210 160 940 70 180 20
21.10 180 0 120 0 60 0
28.10. 660 | 150 360 50 240 10
4,11.,68 1730 0 310 20 370 30
11.11. 780 0 520 80 160 20
18.11. | 1810 180 1190 140 480 0
25.11. 420 140 140 30 250 0
2.12. 870 210 210 10 640 10
9.12. ! 200 30 150 10 40 0
16.12. 740 {* 120 500 60 140 40
23.12. 1500 520 880 120 460 40
30.12. 390 40 300 30 60 0
6. 1.69} 1080 | 450 670 | 130 250 30
13, 1. 1460 § 430 960 160 360 10
20. 1. 1450 760 890 160 360 40
27. 1. 930 | 1740 550 50 310 20
3. 2. 920 660 640 70 200 10
10. 2. 1070 520 760 100 180 30
17. 2. 430 140 310 40 70 10
24. 2. 880 590 510 130 220 - 20
3. 3. 790 420 540 60 160 30
10. 3. 825 350 530 140 135 20
11940 850 1240 | 200 440 60

17. 3.
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APPENDIX 5.1.2 (Crrtd.)

1.0-1.3%9mnm

Date Total | Eggs | 1.0 mn 1.40-1.2%m) 2. 0mm
24. 3. 1670 | 1070 900 ! 210 490 70
31l. 3. 1230 | 180 720 | 140 340 30
8. 4. 420 1 180 190 60 170 D
10. 4. 5000 1233 2850 1233 800 117
14. 4. 1710 | 1510 630 310 740 30
21. 4. 290 25 216 16 50 8
28. 4. 5120 {1940 4800 160 140 20
30. 4. 1380 | 6801 1220 70 60 30
5. 5. | 22025 {1400 ! 10050 1425 475 75
12. 5. _9975 | 2000 7575 1675 650 75
19. 5. | 20045 | 250! 15920 2025 1975 125
27. 5. | 12025 , 625 7900 1250 2525 350
2. 6. 5440 | 100 4020 | 470 880 70
9. 6. | 890 | 210 230 0

1330 |

{
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APPENDIX =.,2,72

Numbers of Bosmina sp., Cyclops sp., Diaptonus sp., and

Asplanchkna sp. per coarse V.N.H. for Q.M.

——

Bosmina ! Cyclops | Diaptomus

- v

Date j iasplanchna
30.10.67 | 20 120 230 0
13.10. 0 20 i 100 | 0
27.11. 20 100 i 180 . 0
17.12. 0 60 | 130 0
1. 1.68 13 75 | 376 0
8. 1. 0 40 140 | 0
22. 1. 0 380 ! 180 | 0
29. 1. 0 56 | 26 | 0
12. 2. 90 80 | 80 ! 0
19. 2. 0 475 60 i 0
26. 2. 0 585 125 0
4o 3.0 | 0 235 70 | 0
11. 3. 0 380 50 i 0
18. 3. 25 250 60 | 0
25. 3. 5 160 100 ! 0
1. 4. ! 2 226 40 0
29. 4. | 50 3675 225 | 0
6. 5. 25 1450 | 650 | 0
13. 5. 100 675 225 0
20. 5. 113 475 150 0
27..5. 70 360 200 0
5. 6. | 83 216 1411 0
10. 6. 60 390 890 0
17. 6. 280 300 | 1320 | 0
1. 7. 440 210 490 200
8. 7. 400 200 700 1600
22. 1. 125 675 2200 | 0
5. 8. 1210 250 230 | 0
12. 8. | 370 170 60 | 0 i
19. 8. . 233 1302 1737 ! 0
26. 8. | 0 875 6000 i 0 |
3. 9. 0 737 250 0 '
9. 9. | 0 870 290 i 0
23. 9. | 0 170 i 200 i 0
30. 9. 0 137 . 250 ! 0
7.10. 0 70 1 1260 0
14.10. 0 40 | 440 | 0
21.10. 40 230 i 650 0
28.10. | 0 60 290 0
4.11.68 | 20 | 0 | 240 0
11.11. o | 60 ! 400 0
- 18.11. 0o | 130 300 0
25.11. 10 | 10 110 0
2.12. | 10 | 80 160 ! 0
9.12. 0 0 70 | 0
16.12. 10 30 60 0
23.12. 80 20 280 0
30.12. o 20 70 0
6. 1.69 . 20 | 30 140 0
13. 1. ! 30 70 380 0
20. 1. 10 60 230 0
27. 1. 0 110 90 0
3. 2. 0 120 100 0
10. 2. 10 150 110 0
17. 2. 0 170 30 0
24. 2, 30 390 80 0
3. 3. 30 330 130 0
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APPENDIX 5.1.2 (Centd.)
P T i T
Date Bosmina ¢ Cyclops ;Diaptomus i Asplanchna |
= - D l -~
10. 3. 0 220 | 60 1 10
17. 3. 20 520 190 0
24. 3. 10 230 100 i 0
31. 3. 20 570 80 ! 0
8. 4. 20 280 20 i 20
10. 4. 30 1650 266 | 30
14. 4. 50 370 20 i 90
21l. 4. 100 530 49 100
28. 4. 40 2830 160 | 550
30. 4. 50 3880 120 550
5¢ e 375 4150 225 7225
Te 5o 150 1925 100 11000
9. 5. 60 1090 130 7360
12. 5. 725 3825 275 14850
19. 5. 350 700 225 4075
27 5. 400 750 250 | 375
2. 6. 210 350 ! 60 230
9. 6, 90 | 140 630 50
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APPENDIX 5.1.3

Date VERTICAL NET HAULS PATALAS

b' . r' d' . 1 b’ r' ar D
1.1.68 §.0223 , - - - - - - -
8.1 .0130 | -.1550| .1680 | .15468% - - - -
22,1 }.0291 | .0793}-.0502 ; * - - - -
29.1 f.0087 |-.1004| .1091 | .1034 - - - -
12,2  {.0240 | .0397| -.0157 | * - - - .
19.2 J.o0251 |-.1426| .1677 | .1535 - - _ _
26.2 .0104 .0640 | -.0536 * .0126 - - -
4.3 .0070 | .0059| .00ll |.0011f .0056 |-.0583| .0639 | -
11.3  J.old1 |-.0160 .030L |.0297f - - - -
18.3 |.0034 |-.1131| .1165 |.11004 - - - -
25.3 |.o0086 |~.0238| .0326 |.0321 o |-.0694| .0694 |.0670
1.4 .0163 |-.1387| .1550 |.1436}) .0571 | .2265| -.1694 | =*
8.4 - - - - f§.5344 |-.1112| .6456 |.4757
18.4 - - - - }.0477 |-.0755| .1232 |.1159
29.4 J.o080 | .1603}|-.1523{ * § .o107| .3750|-.3643 | =
6.5 ) -.0389 | .0389 |.0382} .0074 |[-.0274 | .0348 |.0342
13.5 }.0005 {-.0585{| .0590 |.0573} .0016 | .0177 | -.0161 | *
20.5 }.0024 |{-.0999| .1023 {.0972] .0029 | .0492 |-.0463 | *
27.5 f.0028 |-.0760| .0788 |.0758} .0077 {-.1790| .1767 |.1620
5.6 .0144 1~.1303| .1447 |.1347] o |-.1704| .1704 |.1567
10.6 o -.3956 | .3956 |.3267§ .0647 |-.1230 | .1877 {.1711
17.6 o] -4176 | -~ 4176 * L0042 | ..29%5 | -.2933 *
24.6 - - - - }.0c71 | L0061 | .0010 |.0010
1.7 .0192 ;..1193| .1385 |.1293} .0047 |-.1196 | .1243 }.1169
8.7 o | .w821)-.1821 | *. ].0026 | .2055 {-.2029 | *
15.7 - 1 - - - .0063 | .0891 |-.0828 *
22.7 ) 2 .1135| -.1135 | = 0 .0234 | ~.0234 | *
29.7 S . - .~ §.0359 |-.4871 | .5320 |.4073
5.8 . 0269 f-.2554 .2823 |.2460} .0671 | .0044 | .0627 |.0608
12.8 0 | 2251 | -.2251 | * o |-.07m15{ .0715 |.0690
12.8 f.o170 | .1351}-.1181 | * §.2694 | .3845 {-.1151 | +
26.8 §.2829 !. 2704| .5533 |.4261] .1567 |-.1436 | .3003 |.2594
3.9 .0042 | .2695|-.2653 | * |.o115| .2066 |-.1951 |
9.9 ) -.1142| .1142 |.1079} - - - -
23.9 0 -.0220| .0220 {.0218] .0084 |-.1106 | .1190 |.1122
30.9 §.0390 | .1030|-.0640 | * §.0219{ .0925 |-.0706 | *
7.10 ) -.0512 | .0512 |.c499 } .0097 |-.0822 | .0919 |.0878
14.10 }|.0326 -.0767 | .1093 |.1035] .0205 | .0794 |-.0a09 | *
21.10 | o -.2722| .2722 }.2383§ o |-.3846 | .3846 |.3193
28.10 t.051o .1856 | ~.1346 | * r - - - -
4.11 o) 0144} -,0144 | * - - - -
11.11 § © .0095 | ~,0095 | = - - - -
18.11 {.0139 | .1203|-.1064 | * | .0123 |-.0696 ;-.0573 | *
25.11 |.0365 |-.2087; .2453 .2175{.0151 |-.0710 | .0861 |.0825
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APPENDIX

5'1.3

Date VERTICAL MNET HAULS PATBALAS

b ' a’ D | Db r ar D
2.12.68 §.0266 | .1040 |-.0774 | * }.0255 | .1055 {-.0800 | *
9.12 .0149 |-.2100 | .2249 |.2014}.0429 |-.1741 | .2170} .1951
16.12 f.0137 | .1869 |-.1732 | * {.0334 |-.0060 | .0394 | .0386
2312 §.0201 | .1009 |-.0718 | * - - - -
30.12  §.0067 [-.1924 | .1991 |.1805.03%0 | .0010 | .0380 |.0373
6.1.69 §.0219 | .1455 |-.1236 | * |.0277 |-.0530 | .0807 | .0775
13.1 .0155 | .0431 |-.0276 | * Y0264 | .0682 |-.0418 | *
20.1 .0335 {-.0010 | .0345 |.0339).0164 |-.0152 | .0316 | .0311
27.1 ,0618 |-.0634 | .1252 |.1177].0504 | .1698 |-.1104 | *
3.2 |.0524 |-.0015 | .0539 |.0525{.0442 |-.0088 | .0530 | .0516
10.2 .0311 | .0216 | .0095 |.coa5}.0372 |-.1178 | .1550 | .1436
17.2 !.0172 -1302 | .1474 |.1371}.0147 |-.1247 | .1204 | .1214
24.2 .0375 | .1023 {-.0828 | * {.0200 | .0523 |-.0233 | *
3.3 .0299 |-.015¢ | .0453 |.0243].0230 | .0579 |-.0349 | *
10.3 0183 | .0344 |-.o161 | * J.o195 | .0132 | .0063 | .0063
17.3  §.0281 | .0940 |-.0659 | * }.0320 |-.0312 | .0632 | .0612
2a.3  }.0470 [-.0214 | .0684 |.0661}.0603 | .o101 | .0502 |.0490
31.3  §.o116 |-.0437 | .0553 |.0538}.0233 |-.0620 | .0843 | .0808
8.4 ,0008 |-.1343 | .1751 |.1606}.0163 |-.0870 | .1033 | .0981
14.4  }.1007 | .2340 |-.1337 | * l.1232 | .2003 {-.0571 | *
1.4 }.o117 |-.2637 | .2752 |.2407].1330 |-.1675 | .3014 | .2602
28.4 .0520 | .4204 |-.3684 | * J.1264 | .3256 {-.1992 | *
5.5 0233 | .1220 |-.0987 | * J.0653 | .1950 {-.1306 | *
12.5 .0432 {-.0271 | .0703 }.0679).0143 |~-.0264 | .0407 |.0399
19.5 0027 | .0872 {-.0845 | * ].c045 |-.0021 | .0066 | .0066
27.5 0119 |-.0852 | .0971 |.0925].0159 |~.0548 | .0707 |.0683
2.6 0050 |-.1133 | .1183 |.11161.0069 |-.1018 | .1087 |.1030
9.6 .0018 {-.2012 ' .2030 |.1837].0038 {-.0779 | .0817 !.0785
NOTE: - no sample

or poor sampling.

death rate (D) negative which indicates either
recruitment from ephippial hatching or river import
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PRODUCTION FIGURES CALCULATED FROM g.RB. and P/B

APPENDIX

5.1.4.

RATIOS FROM WINEERG'S METHOD

i 2

T

P.mg.m—i.day"l | P/B

Fate P.mg.m “.dav - | P/B| Date

30,10,67 0] 7.10 138.37 .138
13.11 .059] 14,10 04,67 JA11
27.11 0521 21.10 14.38 103
18.12 .039| 22.10 46.14 095
1.1.68 7.23 033] 4.11 46.99 .072
8.1 13.41 0314 11.11 - .059
22.1 38.60 .033} 18.11 35.85 052
29,1 15.45 038} 25.11 12.96 046
12.2 33.64 031 2,12 28,67 044
19,2 15.50 .030] 9.12 5.00 046
26.2 20.32 .025] 16.12 13,96 035
4.3 20,84 o241 23.12 - 037
11.3 23.68 0241 30,12 6.64 032
18.3 13.88 .036] 6.1.69 14.94 .029
25,3 19.38 0481 13.1 19.06 .030
1.4 g,41 0451 20.1 20,01 .00
8.4 111,60 - }27.1 29.92 .035
18.4 16.96 -1 3.2 52.18 .038
22.4 55.43 - }10.2 13.76 .031
22,4 401,57 .09%0117.2 7.72 027
6.5 172.48 003} 24,2 26,90 o7
13.5 200,55 .00213,3 18.24 026
20.5 131.17 103 10.3 22,81 030
27.5 84,89 115 117.3 - 36,19 .029
5.6 75.53 161 124.3 28,32 .038
10.6 29,10 112 | 31.3 20,72 041
17.6 101.10 .161 | 8.4 21.30 043 |
24,6 138.19. - |14.4 59.58 .050
1.7 24.34 .166 {21.4 22,23 062
8.7 91.97 . .204 { 28,4 282,40 1m0
22.7 257.53 .224 15,5 638.96 102
29,7 18.43 - }12.5 337.14 115
5.8 6.48 .174 118.5 630.89 109
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APPENDIX 5.1.4 (contd.)

1

i

Date P.mg.m-z.day_ P/B § Date <P.mg.m_2.day-l { p/B
12.8.68 52.44 .186 }27.5.69 361,50 . 100
19.8 137.27 134 2.6 208.51 .122
26.8 144,72 .141 | 9.6 16.22 .110
3.9 422 .00 .164
2.9 195.77 .161
23.9 40.72 .060
30.9 139.02 | .127 ! |
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APPENDIX 5.1.7

Numbers of D.hyalina and classes per 25L from Patalas samples.

for Q.M.

Date ‘Tatal 'Eggs AL« Omm ,_.O-l 39mm | l 40-2 . Omm |/Q Omm
126, 2.68, 113 | 27 | 95 | 5 1 . 2
5. 3. | 170 ; 18 | 139 12 18 1
i25. 3. 1 50, O | 3L 10 | 9 + 0
1. 4. ! 244 ; 128 ! 188 | 35 9 , 12
8. 4. i 112 | 623 | 22 | T ! 82 1
118, 4. | 66 ¢ 19 i 29 | 1 20 | 16
129. 4. 1 911 | 47 | 832 | 73 6 | 0
30. 4. | 1803 | 101 @ 1627 . 145 | 25 . 6
P 4. 5. 1 856 1 2 i 820 23 2 11
;6. 5. 4 752 1 29 1 500 ; 200 551 1
9. 5. . 540 - 15 ; 859 ! 59 i 7 ¢ 5
110, 5. 1187 ! 43 | 865 | 200 i 112 ¢ 10 ¢
j12. 5. 1296 | 18 | 1149 | 89 | 43 1 15
14, 5. | 348 . 4 i 309 | 7 7 i 5
,20. 5. j1e0r ¢ 18 | 817 ! 220 | 153 ;11
21, 5. 11064 ' 12 | 671 i 164 217 1 12
110, 6. ; 404+ 9 | 19| 2 i 11 8 i
i17. 6. ¢ 32r ¢ 4 | 288 | 17 16 0
124, 6. 335 0 T | 284 ¢ 33 13 F 5
L1, 7. 145 1 2 | 123 . 14 8 | 0
i 84 7o 611 ¢ 4 1 583 | 23 4 51
'15. 7. 1140 1+ 20 | 1045 72 21 | 2
i22. T. 968 | 6 921 . 23 ! 24 | 0 i
129, 1. 32 0 3, 29! 1 2 , 0 |
i 5.8. | 33 7 | 26! 0 6 i 1
2. 8. i 20! 0 i 18 ; 0 2 0
19. 8. : 295 ; 304 { 126 54 93 , 22
;20. 8. | 805 | 165 | 571 ! 125 100 ; 8 .
‘26, 8. ;. 108 | 56 | 93 i 4 11t 0
3. 9. 564 | 20 | 517 | 32 15 0
23. 9. 134 ¢ 4 . 89 : 26 | 18 7 1
130, 9. 1 256 ! 21 | 167 i 48 | 37 . 4
7.0, 1144 ' 5 ¢ 108 ! 28 | 8 0
14,10, | 251 1 30 : 179 | 22 42 1 8 |
21.10. 7o 7 0 l 10 | 0
18.11. { 194 : 17 98 | 21 ! 73 02
25.11. | 118 ! 16 40 31 35 L8
| 2.12.68 | 247 | 57 88 6 | 146 LT
9.12. | 173 32 35 2 3% i 0
116,12, | 70 | 28 41 4 22 3 e
130,12, | 116 71 44 5 51 6
6. 1.69.; 49 | 26 30 | 13 1 2
20, 1. ; T1 i 18 49 7 : 4 01
27. 1. j 223 1144 152 | 18 51 2
! 3. 2. | 219 t132 142 | 2 52 7
1100 2. ] 96 4 56 TL 6 i 18 1
4. 2. i 62 32 46 | 6 | 10 | 0
i 3. 3. | .93 , 38 62 | 10 8 3
0. 3. | 102 | 38 66 | 4 17 i 05
17. 3. | 82 | 41 56 | 6 19 1
2240 30 L .—?‘8 ) 73 } 44‘ 1: 8 ;— 34 4 ——“—2"““": "2.?9—




APPEINDIY

5.1.7

(contd.)

1.40~2.0mm

N
.

Total Pggs |1.0mm {1.0-1.3%mm
—_

57 16 3€ 8 10
31 6 20 2 a
126 137 31 21 74
39 24 27 3 9
331 3nd 335 13 28
1501 525 | 1104 206 167
1248 82 | 1139 56 53
1227 25 | 100F 89 i 128
883 62 (2F al 156
233 11 331 32 X
251 4 192 27 30

N

b=

NNVNODSDULMOO0OD W g
é H
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APPENDIX

5.1.7

Numhers of Posmina sn., Cvclops sp., Diaptomus sp., and
Asplanchna sp. per 25 L from Patalas samples for Q.M.

! Bosmina

'

Asplanchna |

Date : Cyclops iDiantomus
b] }
26.2.68 0 28 14 Q !
3.3 1 31 6 o) :
| 25.3 2 15 9 | o]
i 1,4 11 135 13 | 0
8.4 0 25 20 0
18.4 2 76 14 0
29.4 5 130 10 0
30.4 15 414 19 0
4,5 0 190 35 0
6.5 o) r8 48 o)
2,5 2 210 88 o)
10.5 12 27 95 0
12.5 10 146 51 0
13.5 7 56 | 24 o)
14.5 o) 32 15 o)
20.5 ) 64 21 o)
21.5 12 84 31 o] .
27.5 19 34 10 o) i
5.6 0 22 50 o)
10.6 6 28 152 0
17.6 31 10 254 0 s
24.6 102 40 269 0
1.7 185 17 317 0
8.7 94 40 192 0
15.7 518 26 147 0
22.7 30 55 144 0
29.7 49 11 | 16 o]
5.8 11 7 12 0
12.8 16 11 17 o)
19.8 6 17 76 o)
20.8 3 135 245 o)
26.8 1 30 227 o)
3.9 1 27 34 : 0
23,0 1 14 18 : o)
30.9 0 3 6 0
7.10 1 5 52 0
14.10 o) 9 52 o)
21.10 0 14 23 0
18,11 o) 10 24 0
25.11 1 7 17 0
2.12 1 10 49 0
2,12 o) A 30 o
16.12 1 4 25 o
30.12 5 6 31 0
6.1.69 1 7 12 0
12,1 5 4 18 o]
20,1 o) 5 i 19 0
27.1 1 12 i 18 0
3.2 5 1Q 11 0
10.2 o) 20 a o)
17.2 o) 12 8 o)
24,2 A 29 7 0
3.3 1 37 8 0
10.3 1 32 5 0
17.3 ; 3 22 10 o) i
24,3 i 2 22 2 0
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15.11 21.14 5.21 }24.7 15.13 § 4.15
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6.12 52.80 .42 25.9 54,93 ] 4.67
13.12 7.71 .68 12.10 36.8¢€ 4,79
20.12 28,72 2,00 16.10 64.21 5.78
27.12 71.55 2.3% §27.11 5R.68 3.25
3.1.68 22,41 | 2.61 §12.12 13.43 1.11
13,1 16.32 5N 1.1.60 ! 12.22 1.74
17.1 39.8n 1 3.58 8.1 21.03 1.87
24.1 } 32,81 § 1.36 {5.2 2.93 €9
7.2 28.26 3.62 [ 19.2 ‘ 5.9€ 2.07
14.2 1 14.26 7.32 §5.3 ! 1.65 .93
21.2- 30,41 4.15 }19.3 3 2.13 2.31
28.2 1 48.35 1.7° §{2.4 4 3.35 1.92
£.3 ] 23.55 .59 116.4 £.47 -
13.3 ] 16,13 6£.C1 30.4 1 15.75 23.74
120.3 22.55 2,78 14.5 _ 47.65 "6.21
27.3 { 117.€2 § 5.50 {28.5 137.53 31.92
3.4 131.50 £.34 §11.6 171.43 16.83
24.4.60 171.55 36.63 |25.€ { 117.11 12.61
115.5 222,72 ¢ 20.81
22.5 ~ £5.10 ? 11.42 }
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THE MEASUREMENT OF RESPIRATORY RATES UNDER FIELD
AND LABORATORY CONDITIONS DURING AN ECOLOGICAL
STUDY ON ZOOPLANKTON

Department of Zoology, Royal Holloway College, University of London, Englefield
Green, Surrey, England

ABSTRACT

!

[ Two procedures adopted in an attempt to measure the respiratory rates throughout
the year of the naturally composed macro-zooplankton in near-field conditions
are described critically and in detail. Some results are presented showing the
changes in the oxygen consumption per mg dry weight of the larger zooplankton
 from two reservoirs in the lower Thames Valley (England). An attempt is made
_to compare the levels of “field” respiratory rates per 51 of the zooplankton during
1a period when Daphnia hyalina predominated with the levels obtained when
'laboratory respiratory rates of this species were applied to its field population
numbers obtained during the same period.

INTRODUCTION

In ecological studies, the measurement of respiratory rates can provide us
| with information difficult to obtain in other ways, namely, how much energy
is required for maintaining normal activities in a particular species and,
together with measurement of growth rates, gives us another estimate of the
demands this species-population makes upon its food supply, in addition to
a direct one. The respiratory rate is also an extremely sensitive measure of
the physiological state of an animal and its measurement helps us to disting-
uish the different states of metabolism exhibited by animals throughout their
life cycle in response to various environmental conditions. Some ecologists
have suggested that it is not necessary to measure respiratory rate to the
“degree of sensitivity possible because the range of metabolic levels in any
species is too small for the type of productive studies with which most Inter-
national Biological Programme investigations are concerned. However, if
our aim is not only to produce some value or other representing the secon-
1dau‘y biological production in terms of cal/m2 year but also to understand
why this particular value was obtained and therefore to be able to predict
future values, more needs to be known about the patterns of both metabolic
and growth responses of different species to their environment.

It is well known that the metabolism of animals is affected by wvarious
environmental conditions such as temperature, food concentration and qua-




150 A. Duncan, G. A. Cremer, T. Andrew

lity as well as the state of development and body size of the species itself,
It may also be that an animal’s previous history affects its respiratory res-
ponses to its present environmental conditions. In 1966, BLazka gave a very
interesting paper in which he suggested that the relationship between the
rate of oxygen consumption and temperature was not a simple one of tem-
perature acclimatization. He postulated three types of metabolic regulations
related in some way to food conditions which occurred in some species of
the cladoceran genus Daphnia and perhaps in other crustacea; in two of
these, the level of metabolism did not alter under the influence of immediate
environmental change but required some time. The first of these metabolic
regulatory mechanisms was revealed during a period of low winter meta-
bolism in Daphnia hyalina coinciding with low concentrations of seston (less
than 3 cal/l); the respiratory rate decreased proportionately to the seston con-
centration so that the energy reserves of these winter daphnids could last
for 6-7 weeks longer. The resumption of the spring-summer levels of meta-
bolism did not take place immediately but only after about 6-8 weeks or two
or three generations. The second type of metabolic regulation is concerned
with the variability of the relationship between oxygen consumption and
temperature; this was detected in several daphnid species, all with similar
responses. Measurement of the metabolic rate per mg body N at several tem-
peratures from 5°-30°C at different seasons of the year in field animals as
well as in well-fed laboratory cultures kept at 20°C showed that the pattern
of metabolic response was different in field animals at different seasons and
was different in the laboratory and field animals. Brazka suggests that the
field animals were exhibiting a more developed temperature acclimatization.
The third type of metabolic regulation postulated concerns the varied per-
centage utilization of protein as a respiratory fuel under different Jevels
of diet. Information about this was obtained by measuring the quantity of
ammonia excreted as well as oxygen consumed and by assuming that all the
ammonia excreted came from catabolized protein. In laboratory cultures of
D. hyalina with a surplus of food, proteins were not used as a source of
energy whereas in the field, between 12-80% of the liberated energy came
from protein metabolism. The percentage of protein metabolized in this way
was affected by environmental factors, being increased with increase in
temperature and decreased by an increase in the level of food.

If Brazka’s ideas are correct and the previous nutritional history of an
animal can affect its present responses to its environmental conditions, direct
measurements of metabolic rates of field animals under field or simulated
field conditions may enable us to detect this situation, to interpret the pat-
tern of metabolic response. to seasonal and other changes in its normal envi-
ronment as well as to gain some idea of the degree of metabolic variation to
be expected. During the last three years, an attempt has been made to mea-
sure the oxygen consumption of the naturally composed macro-zooplankton
(retained on a 0.3 mm mesh) in as near to field conditions as possible in order
to determine whether any pattern of variation in metabolism was detectable.
This work was part of a study on the metabolism and secondary production
of the zooplankton in three reservoirs of the lower Thames Valley whose
phytoplankton was being investigated simultaneously (SteeL et al, in pre-
paration). o :
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METHODS

For field measurements of respiration at all seasons of the year, only the
simplest, weather-proof apparatus can be employed. Simple glass stoppered
flasks of 300 ml capacily protected in nalgene tubes were used, flushed and
filled with reservoir water, to which were added concentrated suspensions
of zooplankton filtered off through a 0.3 mm mesh from a quantitative sam-
ple. After fixation with an azide modified alkali-iodide solution, the level of
dissolved oxygen was determined by the standard Winkler titration, using
50 cr 100 ml sub-samples and an 0.0125 N sodium thiosulphate solution. The
level of dissolved oxygen in the animal flask was compared with that of two
control flasks without animals, one of which, the initial control, was fixed
immediately after filling and the other, the final control, at the same time
and having received the same treatment as the animal flask; the difference
between the animal and final control flasks was used to calculate oxygen
consumption by the zooplankton concentrate. These two controls were im-
portant in that they provided a check on the oxygen changes occurring
associated with the water medium itself. The flasks were suspended in the.
water body itself, which thus acted as a natural water bath, usually from
a buoy or raft whose wind-induced movements provided some shaking. The
term, “in as near to field conditions as possible” refers mainly to tempe-
rature, the water medium used and to the period of time between the collec-
tion of animals and their re-suspension inside bottles.

Two procedures were developed during the course of the study differing
in the methods employed to collect the animals (nets hauled vertically from
above the bottom to the surface or volume samples taken from various
depths) and in the length of exposure period (24 or 4hr); the consequences
of these technical differences are described below.

The earlier procedure was developed in 1966—1967 by CrREMER, whose aim
was to study comparatively the seasonal changes in numbers, biomass and
metabolism of the zooplankton of three reservoirs. The sampling and subse-

. quent treatment of samples is described in more detail in CrRemer and Dun-

can (1969) and was designed to provide composite collections consisting of
a known number of vertical net hauls from several stations. These composite

' samples were considered to be representative of the water body as a whole,

leaving in abeyance for the moment the question of how selectively nets
sample a column of water. The net samples were convenient in that they
provided an integrated sample of what was present throughout the depths.
In the laboratory, the composite samples were split into equal sub-samples,

" using a plankton splitter designed by Mctcpa (1959) and these were used

for either counts and species analysis, dry weights of various components or
respiratory measurements. The respiratory sub-sample was treated carefully
and immediately; it was further sub-divided to provide suitable concentra-
tions of animals whose oxygen consumption was not more than 20% of the
initial oxygen concentration. It was a matter of experience to judge this,

. especially as the degree of sub-sampling necessary varies seascnally. Thus in

May, during the peak daphnid numbers, too large a sub-sample was used

 resulting in a greater than 20% decrease in oxygen concentration in the ani-
| mal flask so that these results had to be rejected. As the exposure period

was 24 hours in order to encompass any diurnal variation, it was necessary
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to use reservoir water filtered through a glass fibre pad (GF/C) to remove
the algae and bacteria; the use of filtered water meant that the animals had
no food available while in the flasks. The two control flasks were also filled
with filtered water and the differences in oxygen concentration was usually
less than 30% of the animal oxygen consumption. The animal and final con-
trol flasks were suspended, undarkened, from a buoy in a windy part of the
reservoir near the laboratory for 24 hours. As the oxygen consumption of
the macro-zooplankton was obtained by subtracting the oxygen content of
the final control from that of the animal flask, any heightened initial respi-
ration due to the disturbance of the animals by handling will be incorporated
in the results, although this error is somewhat reduced because of the long
exposure period; Kamrer (1969) has recently drawn attention to this error
associated with closed-bottle-Winkler respirometers. To what extent lack of
food for 24 hours affects the oxygen consumption of these animals is not
known.

During this work, an attempt was made to estimate the oxygen consump-
tion of not only the naturally composed zooplankton but also of its compo-
nent fractions, namely the copepods, consisting of the larger copepodites and
adult of Diaptomus gracilis and Cyclops spp., and the cladocerans, consisting
of Daphnia hyalina, other species of Daphnia and the larger stages of Bos-
mina longirostris. It is possible to separate the copepods from the rest of the
zooplankton by STrASKRABA’s narcotic technique (STRAskraBa 1967) and to
measure their oxygen consumption in a separate flask and to calculate the
respiration of the cladocerans by subtraction. The effect of the mild narcoti-
zation on the respiratory rate of the copepods has not yet been tested but the
animals recover very rapidly their normal swimming movements. However,
the subsequent shaking to separate off the cladocerans is likely to produce
a period of initial “disturbed” respiration as mentioned above.

The second procedure was developed during 1967 and 1968 by Duncan on
one of the three reservoirs and on another during 1968 and 1969 by ANDREwW.
In contrast to the procedure described above, the concentration of animals
suspended in the flasks was determined by the number of animals collected
by the five litre PaTaras volume sampler (PatavLas 1954) and retained on
a 0.3 mm mesh net disc. Moreover, all the handling of animals, from their
collection to their re-suspension inside the flasks, was carried out under
field conditions, as shown in Fig. 1. The period of exposure was only four
hours. Animals from a known depth were washed into a flask which was
then flushed out with three times its own volume of coarse filtered reservoir
water from the same depth. This coarse filtered water contained all the par-
ticles or organisms which passed through the 0.3 mm mesh net disc, so that
some food was available for the herbivorous species. However, due to the
presence of algae, detrital particles and smaller zooplanktonic organisms,
it was necessary to darken the flasks to prevent photosynthetic production
of oxygen and to expose the flask for a period too short for bacterial respi-
ration to reach a measurable level. The difference in the oxygen concentra-
tion of the initial and final controls was greater than in the first procedure
when glass fibre filtered water was used, and was between 50-100% of the
animal oxygen consumption for most of the year but dropped to 25% with
a mean value of about 10% during peak daphnid periods. Rather than acting
as a control on the changes occurring in the water medium, these differen-
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ces provided an estimate of the oxygen consumption of the various organisms
present, which passed through the 0.3 mm mesh. The oxygen consumption of
the macro-zooplankton was calculated from the difference in oxygen content
of the final control and the animal flask and will include both the initial
period of heightened respiration due to disturbance and possibly darkness
as well as any possible effect which the presence of animal excretory pro-
ducts may have on algal or bacterial respiration. The former error will be
more serious than in the first procedure since it will form a greater propor-
tion of a four hour consumption. It may be possible to eliminate by fixing
an additional animal bottle after the period of disturbance, previously deter-
mined. Duplicate samples were taken at 2 m intervals down to 9 m depth
or to the thermocline at weekly or fortnightly intervals.

temperature

recorder |

raft .| 51 Patalas

sampler

. Water fram
= | known depth

anchoring line

" thermister line

__Suspension line
net disc

(0.3 mm hotle
size)

_ o Flushed 3 times
&
Animal Animal Control Control

Ay 4 O Cz

Water filtered through Ahours - 4hours 1‘rf71#r€g- 4 hours

! 15m I * 03 mm net ciately

Fig. 1. Diagram showing the collection, handling and suspension of samples for
“field” respirations '

7m

The time taken between the removal of animals from the reservoir to
their re-suspension inside the flasks was much shorter in the second proce-
dure. Usually all the titrations were completed on the same day and the
animals filtered off to determine their dry weights. Thus it was possible to
sbtain quite quickly an estimate both of the standing crop and the metabolic
intensity of the macrozooplankton, which is useful during periods of rapid
thange. Parallel samples were also taken for counts and species analysis.

One of the problems not yet solved satisfactorily is how to fix the oxygen
in the animal flask. Direct fixation in the presence of the animals is the
simplest technique which can be easily carried out at the edge of the reser-
voir; this does not seem to affect the precision of the titration carried out
within an hour, £0.026 ml thiosulphate for a 50 ml sample, but does alter its
iccuracy (ANDREw, personal communication). The error which is 0.013/1 ml
lhiosulphate/mg dry wt. animal is the result of loss of iodine either because
the manganic hydroxide which is trapped in or on the carapaces is not all
lissolved on acidification or because it colours the animals’ bodies and is
solated from the titration. An alternative method attempted during this
vork was to siphon off a sub-sample into a smaller bottle, filtered through
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a coarse mesh disc to remove the animals. This produced rather variable
results when performed at the edge of the reservoir because of the problems
of preventing contact with air, of flushing the receiver bottle adequately to
remove the film of air on its surfaces and of clogging of the netting by ani-
mals forced against it by water flow. It may be possible to use a syringe to
withdraw a good sub-sample, especially if it is simultaneously fixed as in
the Fox and Wingfield technique, although this method precludes any pre-
vious flushing of the syringe walls. The addition of liquid paraffin does not
ensure isolation from atmospheric air and contaminates the bodies of the
animals whose dry weights are desired. Transporting the flasks for fixation
under laboratory conditions involves submerging them in water containers
to prevent air diffusion through the ground glass joint, demands more labour,
lengthens the exposure period and risks changes in temperature.

RESULTS

Figure 2 illustrates the seasonal changes in the oxygen consumption per
mg dry weight of the larger zooplanktonic animals from two of the reser-
voirs during 1966, 1967, 1968 and 1969, measured by means of closed bottle
respirometers, suspended in the reservoir for 24 or 4 hours; these measure-
ments were performed by three different workers for various periods of time
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at monthly, fortnightly or weekly intervals. Although there is considerable
. variation in the maximal absolute values of metabolic rate in different years
for the same reservoir, these are probably not real but reflect procedural
and calculation differences associated with different exposure times, errors
due to disturbance from handling, darkness, absence of food. What is striking
is the similar seasonal pattern of variation in metabolic intensity revealed
in consecutive years with the periods. of -more intense metabolism occurring
during the spring, in the summer and again during the autumn. The causes
of some of these periods of more intense metabolism are not yet known,
although in Queen Mary Reservoir, the spring period coincides with a period
of intense parthenogenetic reproduction by Daphnia hyalina resulting in very
arge standing crops of very young, small animals with a high level of weight
. specific respiratory rate. However, this is not the cause of the periods of
| more intense metabolism later in the year. Nor are these caused by the
i higher water temperatures prevailing at this time but rather they seem to
| be associated with changes in the specific composition of the zooplankton
! (with relatively few Daphnia hyalina, relatively more Bosmina longirostris
"and the appearance of considerable numbers of adult cyclopoids) and in their
breeding conditions (a greater proportion of female Diaptomus gracilis bear-
ing egg sacs). This is discussed in more detail in Cremer and Duncan (19€9)
but clearly more information is required about the respiratory rates of dif-
ferent develcpmental stages of these species in order to interpret the complex
changes occurring in the summer and autumn.

! The level and quality of food available is also likely to affect the meta-
!bolism of zooplanktonic animals. This would be best demonstrated by the
| direct measurement of ingestion and assimilation rates together with respi-
ratory rates and some information on the percentage utilization of protein as
.a respiratory fuel, as suggested by Brazka (1966); the simultaneous and fre-
‘quent measurement of these would be most indicative of the food situation
ibut difficult to achieve. However, the juxtaposition in Fig. 3 of the seston
&concentration, level of zooplankton biomass (predominantly cladoceran) and
1its weight specific respiratory rate during the summer of 1968 in the top 5 m
of King George VI reservoir suggests that the overall decline in metabolic
intensity of the zooplanktonic biomass may be a reflection of the dramatic
decline in seston level. The alternation at almost weekly intervals of periods
'of high biomass levels and lower metabolism (19.VII, 1.VIII) with lower bio-
mass levels and more intense metabolism (4.VII, 26.VII and 8-15.VIII) coin-
i cides with the occurrence in the zooplankton of either predominantly large
or predominantly small daphnids.

During the spring 1968, an attempt was made to compare the respiratory
‘rates of the zooplankton in Queen Mary reservoir obtained in two ways. The
spring period was chosen because at this time the zooplankton consists
‘mostly of Daphnia hyalina reproducing most intensely and resulting in its
highest levels of standing crop biomass and numbers. What was compared
was the mean respiratory rate of zooplankton from 5 1 samples from diffe-
rent depths as measured in closed bottle respirometers suspended in the
reservoir with rates calculated from respiratory rates of different sizes
measured in the laboratory applied to the same field populations.
| In the laboratory, the progeny from several large, old females containing
ltwenty or more parthenogenetic eggs were kept separate at 20°C in condi-
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Fig. 3. Changes in the concentration of seston biomass and the oxygen consumption

per mg dry weight and biomass of macro-zooplankton in one reservoir during the

summer 1968. 1 — zooplankton metabolic rate, 2 —zooplankton biomass, 3 — seston
biomass

tions of surplus food which was Oocystis spp. cultured from the reservoir
populations. These old females were the precursors of the subsequent spring
daphnid “bloom”. The temperature was 20°C because it was the first tempe-
rature investigation to be completed in a programme studying the influence
of temperature on the respiration and development of D. hyalina. The young
released from these older females were individually named and their deve-
lopment followed in individual cultures until they died. Fourteen such indi-
viduals were successfully reared in dishes whose 30 ml filtered reservoir
water was changed daily and replenished with surplus food. The following
daily observation was made on each individual: growth as length in mm
from the top of the helmet to the inflexion at the base of the spine; respira-
tory rate in the modified cartesian diver (Zeurmenx 1950, KLExkowski 1968);
the occurrence of ecdysis; the reproductive state, involving the condition and
size of ovary, the number of eggs and developmental state of the embryos.
Figure 4 illustrates the developmental cycle of animal 1le which lived for
600 hr at 20°C up to its 10th instar when it had produced 6 broods of eggs.
Such a method of investigation pioneered by Dr. R. Z. KLEkowsKil in the
study on Macrocyclops albidus (Jur.) (Krekowsk: and SHUSHKINA 1966) pro-
vides a pattern of both the individual’s and the species’ life history. Thus 1llc
missad producing a brood of eggs during its 7th instar, for some reason, and
this coincided with both a period of respiration lower than expected (hori-
zontal hatching) and a cessation of growth in length; the stippled areas re-
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Fig. 4. The length, oxygen consumption, ecdysis and reproductive state of an indi-
vidual Daphnia hyalina (number 1llc), cultured at 20°C, fed on Oocystis solitaria
and observed at daily intervals throughout its life span of 600hr. C — carapace
i instars

[

present the increased respiration associated with the development of an
,ovary and its released eggs and embryos.

. For the purpose of the present comparison of metabolic rates, these four-
teen life histories were employed to obtain average individual respiratory
irates at 20°C for different length classes. Figure 5a illustrates the relation-
{ship between the mean oxygen consumption per hour of an individual and
body length and Fig. 5b presents the numbers of different length classes of
D. hyalina present in Queen Mary reservoir during April, May and June 1968.
From these two sets of data was calculated the total oxygen consumption .
'of the D. hyalina present in five litres, both at 20°C and at field temperature
((whose values are given on the lower axis); the measurements at 20°C were
converted to field temperatures by means of the tables based on Krogh's nor-
‘mal curve as published in WinBerc (1956). The two population respirations,
derived from laboratory measurements applied to field numbers, are illustra-
xted in Fig. 6 along with the field respirations per 5 1 measured by means
lof closed-bottles suspended in the reservoir; this latter curve gives also the
range of the 95% confidence limits.

| Figure 6 shows that the field respirations during this period of the daph-
nid spring peak were considerably higher than the population respirations
‘derived from laboratory measurements but the similar shape of the two sets
‘of curves suggests that the same events are being described. The reasons for
this difference is not known at present. It is unlikely to be due to the respi-
ration of the other species present in the field bottles since these were not
numerically abundant during this time; the mean numbers per 5 1 of larger
zooplanktonic species between 25.1I1.68 and 17.V1.68 was 131 for D. hyalina,
18 for Cyclops sp., 10 for Diaptomus sp. and 1 for Bosmina sp. As mentioned
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earlier, any initial heightened respiration due to disturbance from handling
is incorporated in the field respirations but has been excluded from the diver
results which were applied to population numbers; this is a possible cause
of the difference not yet measured. Another possible cause is the effect of
crowding; Zeiss (1963) records that adult Daphnia magna confined to a space
of 0.24 or 0.12 ml/individual consumed 2 to 2.5 times more oxygen at 19-21°C
than those with 12 ml available per individual and, on this basis, criticises
the use of microrespirometers for the measurement of daphnid respiration.
The space available per daphnid is given in ml/individual in Fig. 6 (the num-
pers in brackets) and varied throughout the spring period. It is clear that

‘it was minimal (between 1 and 2 ml/individual) during the greatest respira-

'tion, however, the space available for single daphnids of various ages in the
‘cartesian divers used was between 0.01 and 0.02 ml and the respiratory rates
when applied to population numbers revealed lower levels of respiration per
51 rather than higher. An important difference between the two respirome-
ters was the possibility for active movement; all sizes of animals in the
bottles but only the smaller daphnids in the divers could swim actively dur-
ing the respirometric measurements. Moreover, in both respirometers, the
period of measurement lasted about 4 to 5 hours which may be a long time
for a daphnid to be without food, as was the situation in the divers, whereas
normal food in reduced concentration was present in the field bottles. Cle-
arly, further investigation needs to be undertaken in order to determine the -
causes of the difference in level revealed in Fig. 6.

. SUMMARY
I

1. Two procedures adopted in an attempt to measure the respiratory rates
lhroughout the year of the naturally composed macro-zooplankton in near-field
onditions are described critically and in detail. Both procedures involved the use
if concentrates of zooplankton and closed-bottle-Winkler respirometers but differed
in the presence or absence of food and in the duration of exposure (4 or 24 hr).
i 2. Some results are presented showing the changes in the oxygen consumption
er mg dry weight of the larger zooplankton from two reservoirs in the lower
Thames Valley (England) at different seasons of the year and during a period of
rapid decline in the summer seston concentration. The possible causes of the
thanges revealed are discussed. )

3. An attempt is made to compare the levels of “field” respiratory rates per
il of the zooplankton during a period when Daphnia hyalina predominated with
the levels obtained when laboratory respiratory rates of this species were applied
o its field population numbers obtained during the same period. The laboratory
neasurements were obtained from daily measurements throughout the life cycle
if fourteen D. hyalina, cultured at 20°C and fed on Oocystis solitaria by means of
leuthen’s stoppered cartesian diver, an approach pioneered by Krexowskr in Ma-
rocyclops albidus Jur. (KLekowsk: and SHUSHKINA 1966). The pattern of changes
1 the population respiratory rate throughout this period of spring peak abundance
iven by the two methods was very similar but the levels differed. Possible causes
if this difference are discussed.
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The daily carbon gains and losses
in the seston of Queen Mary Reservoir,
England, during early and mid 1968

The aim of the contribution is to describe the seasonal changes in the daily rates of carbon
“gains’ and “losses™ in the seston of Queen Mary Reservoir during 1968, in order to indicate
the possible temporal and quantitative trophic inter-relationships between the basin’s phyto-
plankton and herbivorous zooplankton. The methods adopted for measurement and com-
putation of the various parameters involved are described: net primary production, algal
numbers, chlorophyll, total particulate carbon, algal immigrétion and emigration, time-depth
temperature and silica distributions and, for Daplnia hyalina Leydig, the numerical density,
length frequency distribution, individual body weight, duration of developmental cycle, mean
respiratory rate and daily assimilation. The weekly sampled biomasses of D. hyalina, algae
and detritus illustrate the statics of the situation and the daily carbon “gains” and “losses’
in the reservoir seston its dynamics; a computed balance between these daily “‘gains’
and “losses™ provide an estimate of the required increase and decrease or of the goodness, or
poorness, of the attempt to balance the incoming and outgoing carbon fluxes.



516 J. A. P. STEEL, A. DUNCAN AND T. E. ANDREW [2]

1. INTRODUCTION

The aim of the contribution is to describe the seasonal changessin the daily
rates of carbon “gains” and “losses” in the seston of Queen Mary reservoir during
1968, in order to indicate the possible temporal and quantitative trophic inter-
-relationships between the basin’s phytoplankton and herbivorous zooplankton,
It represents a first attempt to integrate the results from Ph.D. theses and co-operative
studies designed to form a parallel investigation involving two or three trophic
levels and has proved more successful in the first half of the year than during the

late summer period.

2. DESCRIPTION OF THE RESERVOIR

Queen Mary Reservoir is one of several being studied which are situated in the Thames valley
and which form part of the Metropolitan Water Board’s storage system for the London water
supply. These reservoirs are wholly mammade, consisting of a basin excavated to the London
clay and surrounded by an embankment of materials with a clay core “keyed” into the lower clay.
Queen Mary Reservoir is the largest of the Board’s reservoirs at present and its major supply
reservoir; its area is 290 ha, depth 12 m and volume 30 x 10° m3. Normally between 1 and 2%
of its total volume passes through it every day. The reservoir is roughly circular with a baffle wall
delimiting the outlet area to approximately one third of the whole. Water enters the basin through
pipes with submerged orifices and impinges upon a small wall which thus absorbes most of the
. momentum of the inlet water and restricts any mixing to the space between the pipes and the wall.
The reservoir is filled from the River Thames, an enriched calcareous river with the following
nutrient levels: NH;-N — 0.1-1.2 mg/l, NO3-N — 5 mg/l, orthophosphate — 1-2 mg/],
Si0, — 15-20 mgfl, CaCO; — 250 mg/l Windle Taylor 1967).

The large area, shallowness and volume transported per day generally ensures that this reser-
voir is isothermal for most of the summer. However, when periods of intense radiation coincide
with relative stillness, some degree of stratification appears but usually only involves the bottom
metre of the reservoir, there being some chemical deterioration. Such conditions do not usually
persist for very long periods and the reservoir then de-stratifies. The period of stratification is not
usually long enough for gross deterioration of the bottom waters and overturns do not affect the
quality of the general water mass, although such overturns may, of course, affect biological pro-
duction. Thus, this reservoir is characterized by intermittent stratification with, perhaps, three
mixings per year (Windle Taylor 1967).

3. METHODS

3.1 The samples upon which this study is based were taken at weekly intervals between
9—11 a.m. from the outlet raft (Fig. 1). In an earlier investigation (Steel et al., in preparation),
this reservoir was sampled from three major areas, the inlet (A), tip of baffle (B) and outlet (C).
In each area, depth samples were obtained from two or more stations and then bulked so as to
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provide a composite sample from that area. Subsequent comparison of the chemical and biolo-
gical data of the composite samples indicated sufficient homogeneity of the organisms being con-
sidered here for the outlet samples to be taken as representative of the whole. Measurements of
vertical extinction coefficients of the outlet water during 1968 indicate, after some period of
closure of the reservoir, the presence of river water within two days. This would seem to support
the presence of a fairly high degree of horizontal mixing implicit in the sampling results.
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Fig. 1. Map of Queen Mary Reservoir and its time-depth distribution of temperature and dissolved '
silica during 1968

32 Net primary production has been computed from an assessment of the total .
daily gross production reduced by an assumed daily respiratory loss. The daily gross production
was determined by short-term (4—6 hours) exposure of replicate light and dark bottles at various
depths, any change of oxygen being measured by Winkler’s titration, the dosing reagents of which
were modified to 50% Pomeroy-Kirschmann concentration. The iodine was released by phosphoric
acid and a 100 ml aliquot titrated with N/80 thiosulphate in a Smith’s Free Piston Burette, using
fresh starch indicator. The resultig profile was planimetrically integrated with respect to depth
and converted to a daily rate per unit area by a day rate conversion factor determined as part of
the main study. The daily respiratory loss per unit volume was assessed from the respiratory rate
in the dark and assumed to be constant throughout the 24 hours. The time course of change in
oxygen concentration over 24—30 hours was measured and the linear or near-linear portion of
the result regressed. In order to convert this day rate per unit volume to a day rate per unit area,
it was multiplied by an assumed mixing depth assessed from vertical distribution of counts and
chlorophyll data. Thus, net production :

NP =ZXnP—n-R-24-z,
(Talling 1957) where: ZnP = the daily integrated gross production, n = the phytoplankton

concentration per unit volume, R = the respiratory rate per unit phytoplankton, z, = the mixed

depth. .
This net production in terms of oxygen was then converted to carbon net production assuming

a PQ of one.
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33 Phytoplankton counts were performed using a clarified membrane filter
technique (Steel 1969) in conjunction with Utermohl sedimentation-counting with an inverted
microscope. Occasional size measurements were performed so as to allow volume assessment.

34 Chlorophyll was measured by filtration of 1—2 | samples onto Whatman GFC
glass fibre filter papers with an addition of MgCO;. These were extracted in 90%; acetone for
24 hours in the dark at —4°C. The samples were then filtered through either sintered glass or glass
fibre and their optical density (OD) determined in a Beckman DB spectrophotometer. Chloro-
phyll concentration was determined as 11.9 ODg¢s mg/m® (Talling and Driver 1961).

3.5 Total particulate carbon was determined by wet oxidation of the total part-
iculate material with a potassium dichromate-sulphuric acid oxidant together with a silver sulphate
catalyst. The oxygen demand was determined by back titration with N/80 ferrous ammonium
sulphate and equivalence to C was used to assess total C. The particulate carbon was separated
by filtration of 1.0—0.1 1 of sample, after removal of the larger zooplankton, through Whatman
GFC glass fibre paper previously treated in a muffle furnace for at least 0.5 hour at 550°C. A re-
gression of total particulate carbon and computed total plant volume was then used to assess plant
carbon and this subtracted from the total particulate carbon was taken to be detrital (tryptonic)
carbon.

36 Algal immigration was computed from a knowledge of the volume of river
water flowing into the basin each day and the concentration and size of those phytoplankters
which also were forming the reservoir’s standing crop. From this data, and using the above carbon/
volume relationship, a total daily input per unit area was calculated, assuming “instantaneous”
mixing.

3.7 Algal /emigration was computed in an exactly similar fashion, but using the
reservoir phytoplankton standing crop.

38 The time-depth temperature distribution (Fig. 1) was constructed
from the data automatically recorded from twelve resistance thermometers placed at 1 m
intervals throughout the depth at the outlet raft. _

39 The time-depth silica distribution (Fig. 1) was constructed from silica
determinations by an acid molybdate method; the developed yellow colour was read at 420 mp
in a Beckman DB spectrophotometer. .

310 The numerical density and length frequency distribution
of populations of Daphnia hyalina Leydig, the only daphnid and the main planktonic herbivore
present, were based upon averages of samples collected by means of a 5-litre Patalas volume sam-
pler at five depths which were then filtered through a coarse mesh net (aperture size — 0.26 mm)
in situ. Total counts were made of all the organisms retained on this net, through which few small
daphnids could pass. The following daphnid stages were recorded: eggs or embryos, less than 1 mm
length, 1.00—1.39 mm, 1.40—1.99 mm, greater than 2.00 mm; number of individuals with eggs
or embryos; numbers of eggs or embryos per individual. Simultaneously, vertical hauls with co-
arse and fine plankton nets were taken to provide larger samples but these net samples collected
only one third of the daphnids collected by the volume sampler for the same volume of water
filtered and have not been used in the calculations.

3.11 Individual body weights of daphnids for the field size classes were obtain-
ed from a length-body weight regression based upon measurement of several hundred field
individuals using a Cahn electrobalance. The carbon content was 44% of the dry weight.

3,12 The duration of the developmental cycle and the mean res-
pirat ory rates of daphnids of different lengths at 10 and 20°C were determined experimen-
tally (Duncan, Cremer and Andrew, in preparation); in each case, about 20 indivi-
duals, fed on an excess supply of Oocystis solitaria Wittrock, were reared under controlled tempe-
rature co nditions, from newly released young of known age until their death. At both temperatures,
the oldest individual had attained the 10th-11th instar but was about 600 hours old at 20°C and
1,200 hours old at 10°C. Rates of oxygen consumption were measured by means of Zeuthen’s stop-
pered cartesian diver (Zeuthen 1950, Klekowski 1968) at 24 hourly or 48 hourly inter-
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vals. Respiratory rates for other temperatures were obtained from diver measurements of field
individuals. The developmental period for other temperatures were calculated from the measured
durations on the basis of Krogh’s normal curve (Winberg 1968). An RQ = 1.0 was assumed
for converting oxygen consumption to carbon production.

313 Daphnid daily assimilation (as carbon per unit area) has been calculated
as the sum of their daily production and respiration, assuming that no natality or mortality occur-
red during the 24 hours being considered; this under-estimates the ‘“grazing demands” of the
population since the assimilation efficiency in Cladocera is usually less than 505, (Richman
1958, Klekowski and Ivanowa — personal communication on Simocephalus vetulus)
and diver respiratory rates probably represent something less than active metabolism. Daphnid
production was calculated from numbers and size frequency distribution in the weekly samples,
the maximal dry body weight attained by the field length classes and the duration of development
at different temperatures. Thus,

5

Wi max— Wa- 2.
ZNI' (w: (1—1) max) . 0.44
i=1

D,

where : N; = the average number of a field size class per unit area [five field classes are involved
(eggs/embryos, less than 0.1 mm, 1.0—1.39 mm, 1.40—1.99 mm and greater than 2.0 mm)]; (W; max—
—W(i-1) mae) * 0.44 = the difference between the maximal dry weights of individuals belonging
to successive field classes, converted to carbon; D, = the duration in days of the development
of the field classes at field temperatures.

The population respiration was calculated from mean respiratory rates per hour for differ-
ent instars at different temperatures, assuming that the rate of oxygen consumption was constant
throughout 24 hours; no account has been taken of any possible food effects upon either the res-
piratory rate or duration of development. Thus,

5
ZN,'R,,'24~0.4

i=1 \
where: R, = the oxygen consumption per hour of an individual at the field temperature; this is
converted to carbon production per day, assuming an RQ = 1.

3.14 Inter-sample computation: As the carbon fluxes associated with the bio-
mass changes relate to “inter-sample” periods, it was necessary to estimate the values of the other
carbon fluxes at similar times. Such “inter-sample” values have been obtained by assuming
a linear rate between samples, that is,

An41—an
Aipter = ——(——
n—n+1 7

where : @ = a parameter determined on or computed for sample days » and »+1 at weekly inter-
vals.

Some earlier model work on this system indicates that, with respect to the various rates in-
volved and the sampling frequency, such an assumption would not invalidate the relationship
detailed in what follows.

4. RESULTS

Figure 2 illustrates the qualitative and quantitative algal history at 1 m depth
throughout the period considered. It may be seen that the algae of this eutrophic
basin are dominated by diatoms. There are usually much larger crops of blue-

A
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-green algae, however, the very poor late summer of 1968 seems to have greatly
reduced their abundance. A particular characteristics of those algal crops which
do exist is their “dynamic” nature ; they are usally either increasing or decreasing,
any quasi steady state being maintained for only short periods. Figure 2 also
illustrates the seasonal changes in the numerical abundance of five length groups
of Daphnia hyalina, the .two larger of which are reproductive. The fact that the
group less than 1.0 mm is more abundant than the numbers of eggs-embryos
implies that the larger reproductive sizes have been inadequately sampled.

Algae

Asterionella formosa

Stephanmodiscus
astraea g

Stephanodiscus hantzschli

Tribonema_bombycinum ‘

Nitzschia acicularis

Cryptomonas ovata

Cell volume — 2mm3.m-3

Aphanizomenon sp.

—_—

Pandorina sp. —_—

Daphnid sizes (mm)

20

Numbers-m3 ,__, 1074

JF ' M'A ' MU'l a's' o' N" D

Fig. 2. Weekly sampled species composition of phytoplankton and size-frequency distribution
of Daphnia hyalina

Figure 3 presents the weekly sampled biomasses of Daphnia hyalina, algae
and detritus. The daphnid biomass was calculated from the product of arithmetic
mean concentration. of each size group and 'the group mean dry weight,
multiplied by the total depth. Figures 2 and 3 show the considerable overwintering
population of Daphnia as well as its three periods of reproductive activity. An
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estimate of the detrital carbon biomass was obtained from regression analyses
on particulate chlorophyll and carbon concentration. The zero chlorophyll-carbon
was taken to represent detrital carbon. This concentration was multiplied by the
total depth to obtain biomass. Subtraction of that biomass from the total part-
iculate carbon biomass is an estimate of the algal carbon biomass. This estimate
is supplemented by values based upon algal volume and total particulate carbon
regression analyses, the resulting coefficients being taken as an indication of the
value of the carbon-volume relationship of the algae. This relationship was used
to ensure that the chlorophyll-carbon analyses were restricted to more or less*
steady values of the carbon/chlorophyll ratio. The algal biomass has a largest
value (32 g C-m~2) at the end of the spring bloom of Stephanodiscus astraea
Grunow. The subsequent lesser peak (about 15 g C-m~2) is almost coincident
with a diatom maximum in the River Thames. The final biomass of August is,

(nota algal biomass scclc)
)

F1 % Daphnia hyalina
T % 5 ’

O * N w v &

*  Detritus

F ﬂww“!’i] &“‘;E]

T

TR,

Fig. 3. Weekly sampled biomasses of Daphnia hyalina, algae and detritus as g carbon - m~?

as already indicated, much reduced from “normal”, and would usually also be
of the order of 15 g C-m~2, The January and early February detrital biomass
(4.5 g C-m~2) is a result of the large silt suspensions in the high winter flows of
the River Thames. The post-algal peak “levels” (about 2.5g C - m~?) are presum-
ably partially the result of the manner of estimate, that is, it includes as non-
-chlorophyllous carbon bacteria, rotifers and Protozoa, although some loss of
these will occur due to the pore size of the glass fibre filters used and/or fragmen-
tation of the organisms.

Figure 4 illustrates the main daily carbon “gains” and “losses” in the
reservoir during 1968, where daily carbon “gains” are represented by the rate of
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phytoplankton net carbon fixation (+NP) plus the daily addition of river algal
and detrital carbon (algal and detrital immigration) and any decrease in either
algal (—4B/4t) or detrital (—AC/4t) biomass. The daily carbon “losses™ are the
algae and detritus carried out of the basin (algal and detrital emigration), any
increase in either algal (+4B[At) or detrital (4 AC/At) biomass, any negative net
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Fig. 4. Computed inter-sample daily carbon fluxes (expressed in terms of mg C:m~2-day~})

production (—NP) plus the carbon which must have been assimilated daily by
the daphnid population present [daphnid assimilation (P+ R)], these being the
main planktonic herbivore. A computed balance between these daily “gains” and
“losses” was then set up, the required increases and decreases being shown in
Figure 5.

Figures 3 and 4, respectively, illustrate the statics and dynamics of the situation,
and thus in what follows any quoted biomass estimate will be found in Figure 3
whereas any cited rate can be read off from Figure 4. '
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In the early part of the year, what algal biomass was present (between 1—2 g
C-m~2?) is dominated by a large variety of Stephanodiscus astraea (cell size : 15—
18 by 40—50p) and data on both net production (up to 2,000 mg C-m~2 - day~?)

i and changes in the standing crop (up to 2,500 mg C-m~2-day~') suggest that
; nearly all the production is being manifest as new algal biomass. This state of
affairs continued until early March when the basin was shut in; within the next
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‘ Fig. 5. The required carbon fluxes for numerical balance of Figure 4

ten day, further net production reduced the silica concentration within the basin

i to nearly zero (Fig. 1) and this coincided with the maximal algal biomass of 32 g
+ C-m~2. This was then followed by an algal biomass reduction to approximately

10 g C-m~2 due to settlement of the moribund S. astraea.

i During the same period, and up to mid-April, when the biomass of Daphnia

i hyalina was low (less than 1 g C-m~2), daphnid assimilation was also at a very

' low level (about 100 mg C-m~2-day~!); the food available was either nutrit-

‘] ively poor detrital material (4 g C-m~?2) or, during February, March and April,
large populations of the relatively inedible diatom, S. astraea. Although as many
as 60% of the mature-sized daphnids (which were not very numerous) were bearing

| eggs, the low number of eggs per female (about 4.0/female) seemed to confirm the

| poor quality of the food available. ’

' The basin was then re-opened to the river in late March and the consequence
was an introduction of more silica as well as the diatoms, Asterionella formosa
Hassall and Stephanodiscus hantzschii Grunow, from the river. A rapid growth

+ of S. hantzschii and, to a lesser extent A. formosa, took place within the river
during the first three weeks in April, thus producing a greater algal immigration
(300 mg C-m~2: day~?) into the reservoir. Just after the main growth of Stepha-
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nodiscus astraea, when the daphnid biomass was still at a relatively low level
(about 1 g C-m~2), this algal immigration, plus some degree of basin net
production, were sufficient to produce a second growth of A. formosa and
S. hantzschii (15 g C-m~2). Towards the peak of this growth in late April,
Figure 4 demonstrates that there was virtually no net production within the
basin and, in fact, there seemed to be a large column respiratory deficit (up to
500 mg C-m~%-day~'). Meanwhile, the high biomass levels were being
maintained by algal immigration.

By the beginning of April, a striking increase in the number of eggs per female
- daphnid (14.0/female) took place and remained high (10 eggs/female) until the
end of April; this coincided with the better quality of the food available in the
actively growing cells of the river diatoms. By the end of April and during May,
a major change occurred, namely, the appearance of a large increase in daphnid
biomass (up to 5 g C-m~2) whose daily assimilation level reached values of
1,000 mg C-m~2-day~! and, concomitantly, the plant biomass decreased to
a low level (to about 0.5 g C-m~2). This reduction occurred although the same
level of algal immigration (270 mg C-m~2-day~!) from the river was
sufficient earlier to support much larger basin plant biomasses. The immigrant
algae consisted of smaller diatoms (S. hantzschii with a cell size of 8—10 by 8—10u
and 4. formosa with a cell size of 2—4 by 60—120p) and these appear to be the
sole potential food available to support these high daphnid assimilations apart from
the detrital carbon immigration of about 136 mg C-m™2-day~'. It therefore
appears that the daphnid population at this time was being maintained entirely
by the immigrant river algae and detritus, which, however, was being voraciously
grazed down so that no measureable basin net production was detectable. At the
end of April and beginning of May, considerable numbers of adult Cyclops vicinus
Uljanin and the predacious rotifer Asplanchna sp. were present and may have
cropped the smaller daphnids; this effect has not as yet been demonstrated.

This situation continues until the end of May and early June, when the river
population of algae declines so that the algal immigration level drops to 85 mg
C-m~2-day~?! and, consequently, the daphnid biomass falls to their low summer
value (0.5 g C-m~2) with a daily assimilation rate of barely 200 mg C-m~?
- day~! during June. Throughout this period (end of May to July) the main food
~ available was again detrital carbon (270—85 mg C-m~2-day~!) upon which
the daphnids could only produce 2 or fewer eggs per female.

In the absence of any serious levels of herbivorous grazing in mid-June, the
basin production attains values of about 1,000 mg C-m~2 - day~* which results,
by the end of June and beginning of July, in a further increase in the algal biomass
(up to 14 g C-m~?), consisting of Asterionella formosa and Tribonema bomby-
cinum Derbes et Solier, the former being twice more abundant than the latter.
During the second week in July, the concentration of Asterionclla decreased as
that of Tribonema increased, resulting in a reversal of dominance, although the
biomass remained at much the same level (10—14 g C-m™?2).

However, after some delay, daphnid assimilation demands .increased up to
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900 mg C-m~2-day~! in mid-July and remained at more than 300 mg C- m~2 -
- day~! until the beginning of August, during which period, the algal biomass
was rapidly reduced to 1 g C- m~2, even although some net production (500—
—700 mg C-m~2-day~!') was still taking place. It would appear that the basin
production is not being maximally exploited by the cladocerans during this period
which could be the result of predation. During July, the only invertebrate carnivore
present in large numbers was Asplanchna sp. whereas, later during August, when
the rotifer numbers were still high, the predacious Leptodora kindtii (Focke) and
adult cyclopoids were also present. Any cropping effect by these predators has
not yet been assessed quantitatively and nothing is known about the numbers
of young fish larvae in the reservoir.

At the present state of this investigation, it is not possible, as had been hoped,
to continue to the end of the year such interpretations of the changes in algal and
daphnid biomasses because of various difficulties, one of which is the assessment of
“mixed depth” for net production and respiratory calculations for blue-green

. algae.

5. SUMMARY AND DISCUSSION A

It is suggested that the following sequence of biological events occurred in
Queen Mary Reservoir during the first half of 1968:

1. A period of low “holding” net primary production, light-limited, which
together with immigrant detrital carbon, supports the low winter daphnid population

“with a characteristically low egg number per female.

2. This .is followed by a period of high basin net production but little river
algal immigration; the still high level of detrital carbon immigration provides
the sole support of the daphnid biomass since the dominant alga is of an almost
inedible size. The net production results in very high algal biomasses of Stepha-
nodiscus astraea.

3. Nutrient limitation takes place in the relatively quiescent conditions of
the enclosed basin; there is a period of sedimentation of the senescent diatom.

4. The opening of the basin to the river brings in new silica and new algae
from the river, Stephanodiscus hantzschii and Asterionella formosa. The resulting
basin net production plus the continual algal immigration results in new levels
of algal biomass.

5. The river algal biomass then attains maximum levels, resulting in a decline
in the level of river silica. This also causes a decrease in the level of silica in the
basin and, coinciding with this, high levels of deficit algal respirations were
measured. The algae of river origin are smaller diatoms, apparently grazeable by
daphnids, since large increases in daphnid biomass, produced by increased egg
production per female, coincides with reductions in diatom biomass.
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6. This situation of low diatom biomass plus the relatively constant, fairly
high input of river diatoms changes when the river diatom population declines.
The daphnid population, although possibly subject to predation by rotifer and
adult cyclopoid predators, appears to overgraze its food supply and its biomass
falls to very low levels. '

7. In the absence of daphnids, further net production by the summer population
of Asterionella and Tribonema results in new algal biomass. .

8. After some delay, an increase in daphnid biomass then occurs and the
grazing power of this new daphnid population, possibly also subject to predation
by Asplanchna coincides with a reduction in the plant biomass to low levels.

Figure 5 is indicative of the goodness, or poorness, of the attempt to balance
the incoming and outgoing carbon fluxes; the biomasses illustrated in Figure 3
represent temporary resting places of carbon in its passage through the trophic
system of the basin-ecosystem, with complete capability to effect such a balance,
“deficit” sources and sinks would be unnecessary and Figure 5 would just show
a zero line. The deviation from perfect balance shown in Figure 5 is some
measure of the imperfections of our field sampling, measurement and comput-
ation techniques; these result from (1) non-measurement of parameters of
importance (bacterial production, diatom sedimentation, herbivore grazing
directly, young fish predation); (2) imperfect measurement of other parameters
(algal respiration, active metabolism of daphnids, adequate field sampling,
particularly of the larger daphnid sizes); (3) imperfect computation by which we
mean inadequate understanding of the relevant factors influencing organisms
in nature and under the conditions of measurement, resulting in imperfect transfer
coefficients.

The larger sink fluxes in Figure 5 are those of mid-March, that is, immediately
after the spring maximum of Stephanodiscus astraea. The requirement is almost
entirely to satisfy a large reduction in algal biomass (—4B/4t) (approximately
about 2,000 mg C- m~2 - day~?') and the net production of that reducing biomass.
It would seem reasonable to ascribe this reduction to sedimentation, and some
field measurements made during the post-bloom spring period confirm that such
a value for sedimentation is reasonable for that time. The other moderately large
sink fluxes are those of June and July, in which probably all the errors play a part.
Thus an unknown amount of sedimentation will have taken place and, as there
was only partial circulation of the water column, much greater difficulty exists
in estimating the ‘“‘mixed depth”. Adequate assessment of such an effect is important
for the estimation of net production and over- or underestimation may well be due
to an under- or overestimate of this depth. It is quite possible that such a “mixed
depth” may not in fact exist for the whole of the 24 hours.

It had been hoped to continue this mode of approach throughout the year,
however this has not proved possible for the biomasses of late August and early
September. As this was a mixture of blue-green and motile green algae, it has been
impossible to obtain an objective estimate of their circulated depth from a single
sampling station. Choice of what seemed a reasonable depth, based on their
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vertical distribution at the outlet, led to some very large estimates of their net
production (2,000 mg C - m~2 - day~!) which could only be balanced by a “deficit”
sink of approximately 1,500 mg C-m~2-day~!. The buoyancy and motility of
the organisms makes it unlikely that such a deficit could be explained by sediment-
ation. It would seem, therefore, that the net production was being overestimated,
due probably to some overestimate of the gross production and the difficulties
of obtaining a meaningful column respiration.

Although the attempt to equate the carbon fluxes then being measured has
been only partially successful, it has proved useful in revealing where subsequent
work should be concentrated.

The contribution of J.A.P. Steel is by permission of Dr. E. Windle Taylor, Commander of
the British Empire, Director of Water Examination of the Metropolitan Water Board. A. Duncan
and T.E. Andrew wish to thank Dr. E. Windle Taylor for permission to sample in Queen Mary
Reservoir and for generous help from his staff. T.E. Andrew was in receipt of a Studentship from
the Natural Environmental Research Council which he gratefully acknowledges.
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