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TO STONER HAVEN

Out 04 the emptiness of innocence
Out of the clLear pool
Within the depths o4 Lakes, a madrigal symmetrny reigns
The nhythm faltens - obsidian in spawning pools
Out of the §luid §Lows the goam
0f dazzling patterns of Light
red
blue
and gheen
Mighating crnittens nelentlessly searching
Creating Life by theirn existence
The bioLogical rhythm of the univernse L8 the movement of Life
ALL things emerge in the mygieny 04 changes

- Katalin Burns
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ABSTRACT

A number of aspects of diel rhythms in the feeding and respiration
rates of zooplankton were examined. Emphasis was placed on the role of the
environment in the maintenance and synchronization of rhythmic processes
under natural conditions and the effects of various environmental parameters
on the amplitude of rhythmic phenomena.

The existence of endogenous diel feeding and respiration rhythms under
constant conditions was demonstrated in three zooplankton populations and
at temperatures from 10 C to 22 C. The rhythms were typically bimodal;
maximum rates were found at dawn and dusk, lowest values near midday.
Respiration rates at dawn and dusk were, on the average, 2.3 times higher
than during midday; the corresponding diel difference was 6.6 times in the
case of feeding.

Light intensity, spectral composition, and temperature were found to
have significant effects on the amplitude of diel feeding and respiration
rhythms. It was concluded that under natural conditions, periodic changes
in the light and temperature environment would reinforce endogenous rhythms,
increasing their amplitude over and above that demonstrated under constant
laboratory conditions. The effects of twilight duration and spectral
composition of light on the maintenance and phase of diel respiration rhythms
were nét clearly defined.

Significant diel rhythms in feeding, respiration, phosphate excretion,
and'assimilation rate were demonstrated in situ and an energy budget
constructed from the Eunice Lake zooplankton community. Maximum rates were
found near dawn and dusk, although the precise timing of maxima and amplitude
of rhythms varied with each parameter. Net assimilation efficiency varied
from less than 57 at dawn and dusk to over 90% during midday; net growth

efficiency was highest at dawn and dusk and lowest near midday.
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GENERAL INTRODUCTION

The 24-hr period of the earth's rotation has profound effects on the
physiology and behavior of organisms. Many important daily life functions
reoccur approximately every 24 hrs as diél rhythms that are either exogenous
or endogenous. Under natural conditions an organism may exhibit a day-
night periodicity which is purely exogenous, refiecting some response to
the environment that disappears under constant laboratory conditions; such
rhythms are diel but not circadian. Circadian rhythms, on the other hand,
are endogenous, persisting under constant conditions but drifting out of
phase with the external time scale. Some aspect of the environment, typically
light or temperature, acts as a cue (7eitgeber) to maintain synchrony under
natural circumstances.

Innumerable examples of circadian activity cycles, usually characterized
by one or more activity peaks at specific times of the day, have been
described (Harker, 1957). The diel vertical migration of zooplankton is
one behavioral rhythm that has received much attention in the last 100 years.
The endogenous nature of plankton migration has been demonstrated by a
number of authors (Harris, 1963; Ringelberg and Servaas, 1971).

There have been few studies of diel rhythms in the feeding and
respiration rates of zooplankton and many of these results are contradictory.
Fuller (1937) first proposed a diel feeding rhythm in planktonic copepods
demonstrating that feeding rates were greatest during the evening when
zooplankton inhabit surface waters. Similar observations have been made by
a number of other authors (Ponomareva, 1971; Singh, 1972; and Wimpenny,
1938). However, these observations do not necessarily represent circadian

phenomena since grazing rates will probably irncrease at the surface due to




the influences of increased temperature and food concentration. It is not
strictly possible to establish the existence of circadian rhythms without
controlling all the exogenous influences of the environment.

The purpose of this investigation i1s to ascertain whether circadian
rhythms in zooplankton feeding and respiration exist and if so, to examine
the role of the environment in the maintenance and synchronization of
rhythmic processes under natural conditions and to describe the effects of
various environmental parameters on the magnitude of rhythmic phenomena.
Diel rhythms were studied in situ to determine their possible significance

in the measurement of energy flow within natural zooplankton communities.




Chapter 1

ENDOGENOUS DIEL RHYTHMS IN THE FEEDING AND

RESPIRATION OF ZOOPLANKTON




INTRODUCTION

Over the past 50 years a number of workers have demonstrated the
existence of a 24-hr cycle of variation in the feeding and respiration of
zooplankton. However, it has not been satisfactorily ascertained whether
these rhythms are endogenous, in that rate changes occur in the absence of
periodic environmental stimuli, or are exogenous rhythms which are a
consequence of environmental stimuli.

The first suggestion of such a cycle in feeding rate was the observation
of Marshall (1924) who noted that the cdpepod Calanus (Crustacea) captured
in early morning had full guts, whereas the stomachs of those taken later
in the day were empty. Similar observations have been made by a number of
authors (Petipa, 1964; Ponomareva, 1971; and Singh, 1972) although their
studies neither confirm nor deny the endogenous nature of feeding rhythms
since their experimental design did not eliminate possible environmental
stimuli.

Other workers have been unable to demonstrate rhythms in the feeding
and respiration rate of zooplankton. Gauld (1953) found that if food was
available, the majority of Calanus examined had full guts throughout the
day; alternation of feeding and non-feeding periods only occurred when there
was vertical migration into warmer, phytoplankton-rich surface waters.
Similarly, Pearcy et al. (1969) and Richman and Rogers (1972) were unable
to demonstrate diel feeding and respiration rhythms in freshwater zooplankton.

The purpose of the first phase of my thesis was to establish whether
or not endogenous feeding and respiration rhythms exist in zooplankton

obtained from three lakes.




MATERIALS AND METHODS

Study Areas

Samples of zooplankton'used in this work were obtained from three lakes
in British Columbia: Eunice Lake, Deer Lake, and Babine Lake.

Eunice Lake is a small oligotrophic lake in the University of British
Columbia Research Forest near Haney. It has a surface area of 18.2 ha, a
mean depth of 15.8 m, and a maximum depth of 42 m. Diaptomus kenai (Wilson)
and Diaptomus tyrelli (Poppe) were the most common zooplankton collected
from this lake.

Deer Lake, a shallow eutrophic lake in Burnaby, has a surface area of
28.0 ha and depths varying from 3 to 5 m throughout much of the lake. The
principal zooplankters present were Daphnia pulex (de Greer) and Cyclops
scutifer (Sars).

The third lake from wﬁich zooplankton were obtained for this investigation
was Babine Lake, situated in north-central British Columbia. It is about
160 km long and has a surface area of 490 km?. Diaptomus ashlandii (Marsh)
and Heterocope septentrionalis (Juday and Muttowski), the most common
zooplankton, were collected from the North Arm where the maximum depth is

46 m and the mean depth 20 m.

Collection of Samples

Zooplankton were collected with #6 or #10 mesh (239 y and 158 yu pore diam.)
nets. Samples from Eunice Lake were taken with a #10 net (30 cm diam.) towed
approximately 25 m/min at a depth of 5 m. Babine Lake zooplankton were col-
lected with a #10 net towed at 10 m. A #6 net towed at 1 m was used in Deer
Lake. The plankton samples were transferred to 5-gal darkened insulated carboys

containing lake water to minimize crowding. Carboys were maintained at lake

temperature and returned to the laboratory.




Experimental Design

Three feeding and five respiration studies were conducted over a period
of four years in an attempt fo establish diel rhythms. Each investigation
consisted of six consecutive 4-hr laboratory experiments with zooplankton
from one of the lakes. Experiments were conducted at constant temperature

under continuous darkness using a sample of mixed zooplankton from the lake

rather than a single species.

Determination of Respiration Rate

Shortly after zooplankton samples were returned to the laboratory, 25-ml
subsamples were transferred to darkened 50-ml beakers and acclimated for 18
to 24 hr at constant temperature and continuous darkness. A far red filter
(Percival perspex) was used when zooplankton were handled and observed in
the laboratory darkroom. Viaud (1951) has shown that zooplankton are in-
sensitive to light of this wavelength (> 700 nm). A wide range of zooplankton
densities was used in the experiment to allow least squares linear regression
correction of all rates to values expected at a standard biomass of 50 ug
dry wt/ml. Only active individuals were used in each experiment. The
temperature chosen for each study was within 5 C of the surface temperature
to minimize any concern for acclimation.

Thirty minutes before each 4-hr experiment, 200 ml of air-saturated
dechlorinated water were measured into each of eight darkened 250-ml BOD
bottles. The zooplankton and the 25-ml samples of lake water were added to
six of the BOD bottles. The zooplankton from the remaining two beakers in
each set were removed with 53 u mesh and 25 ml of water added to two BOD
bottles as controls. Streptomycin sulphate (100 mg/l) was added to each
bottle to inhibit bacterial growth; this concentration did not affect the

respiration rate of zooplankton (P > 0.05). All bottles were stoppered and
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placed in an environmental chamber for 4 hrs. Tfhe:h(mtles weere inverted
periodically to prevent settling of the zooplankton.

At the end of each 4-hr experiment the dissdlved coxygen iin =ach sample
was fixed by addition of 2 ml of MnCl, (3M) .and 2 ml cof :alkdline iodide
(NaOH, 8N; NaI, 4M) with positive displacement ype -pipettes (Carritt and
Carpenter, 1966). Preservation of zooplankton was accomplished by the
addition of 2 ml of a 50% ethanol:507% formalin mixture. 7This preservation
did not affect the stability of the iodide precipitate.

At the end of each 24-hr study the dissolwed oxygen concentration was
determined by titrating 5-ml aliquots of the liherated dadine :@olution -with
0.0084 N thiosulphate from a 5-ml microburette.

Zooplankton were removed from each bottle by Filtration writh 53 u mesh,
stained with Lugol's solution, and counted by species «m Tilter paper. The
species composition of the zooplankters in eanh meplicate did mot wvary .over

the 24-hr period (P > 0.05). The mean weight »f 20 s#ntividuals of each

species after drying at 60 C for 48 hr was detrenmined ©om a Calm Electrobalance.

A decrease in the dissolved oxygen concemtration iin experimeuntal botrtles
relative to the controls was attributed to oxygen consumption by the zoo-
plankton. The respiration rate of the individuals in each bhottle was

calculated with the following expression.

RESPIRATION RATE _ _(CT - ET) (F) (X/X-6)(CF)
(1 02/mg dry wt/hr) ([N1W1 + NZWZ + .u;ﬁxﬂllmm)‘(:r)

where CT = ml thiosulphate for controls (mean)

tz]
hit|
n

ml thiosulphate for experimental bottle (mean)
F = calibration factor for thiosulphate solution
X = size of BOD bottle (ml)

CF = conversion factor (ml thiosulpibétc to ul ©9)



N1 to x = no. zooplankton of each species (x)

ﬁi to x = mean dry wt (ug)/zooplankter of each species (x)

T

experiment duration (hr)

In one of the respiration experiments, oxygen consumption of a
population of Diaptomus kenail was determined with a Gilson Differential
Respirometer. Readings on the same zooplankton were taken every 1 - 2 hrs
over the 24-hr study.

Since the number of zooplankters in each vessel was not the same and
population density is known to influence weight-specific respiration rates
(Zeiss, 1963), it was necessary to convert rates to those expected under
standard biomass conditions. For each 4-hr experiment, an individual correctiQn
equation (log r/s = slope(log biomass) + intercept) was derived from a least
squares linear regression of log respiration rate versus log biomass density.
This expression (eq. Fig. 2-8) was used to correct all oxygen consumption
values to those expected with a zooplankton biomass of 50 ug dry wt/ml.

One-way analysis of variance was used to test the null hypothesis that
there were no differences in the fespiratibn rate of zooplankton within a
day. F-ratios were determined in each study by comparing the mean square
of the deviation in rates due to time with variability (error) within each
4-hr experiment. The null hypothesis was rejected when the calculated
F-ratio exceeded the critical F-value for the appropriate degrees of freedom

(gtoups - 1; no. replicates - no. groups) at the 0.17% probability level.

Determination of Feeding Rate

Feeding experiments were set up and conducted in the same way as the
respiration experiments except that all samples contained 10° cells/ml of
Chlamydomonas reinhardtii as a food source. Chlamydomonas was ingested by

all zooplankton examined during this investigation. At the end of each 4-hr



experiment, zooplankton were removed from the BOD botties by filtering the
water through 53 p mesh and preserved with Lugol's solution for subsequent
counting and dry weight determination. A 100-ml aliquot of the water was
removed from each bottle and the algae preserved with ethanol. A concentration
of 6 - 7% (v/v) ethanol killed the algal cells without causing plasmolysis.
Phytoplankton numbers in each sample were counted wigh a Model B
Coulter Counter equipped with Model M Volume Converter. Feeding rate was
determined by comparison of the total biomass (p3) in control and experimental
vessels, following the procedure of §peldon“and Parsons (1966b). A 50 u
aperture tube calibrated with paper mulberry pollen and 5% saturated KNO3
electrolyte was used in all cases. Decrease in algal biomass in experimental

vessels was attributed to feeding by the zooplankton. The feeding rate of

the zooplankters in individual bottles was computed from the following

expressions.
FEEDING RATE - FR
(13 algal biomass/ml/mg dry wt/hr)
I TC - ¢
FR = sc=1 Ccsc=l,n(F) Ecsc=l,n(F)
([N W + NoW, + N_W_1/1000) (T)
P = (abs. no. cells/ml @ SCM) (MCV @ SCM)
where , (TT @ SCM)
and MCV = (K)(S)30

sc = size class of algal cells (max = 16) where MCV of
each successive size class (sc) increases logarithmi-
cally
n = total number of size classes used for distribution
sc=l,n = mean control bottle phytoplankton count for each

size class



sc=l,n = mean experimental bottle phytopiankton count for each
size class
F = biomass conversion factor

SCM = size class with highest cell count

MCV

mean cell volume (u3)

N; to x = no. zooplankters of each species (x)

ﬁi to x = mean dry wt (ug)/zooplankter of each species (x)
T = experiment duration (hrs)
K = calibration factor for given Coulter Counter

aperture tube

S = sensitivity of Coulter Counter

All feeding rates were corrected to values expected at a zooplankton

biomass of 50 ug dry wt/ml.

RESULTS

Diel Changes in Zooplankton Respiration

Figure 1-1 presents data which show aiél changes in the respiration
rate of Eunice Lake zooplankton. The experiments were conducted over a two ]
month period at temperatures of 10 C, 16 C, and 21 C. There was a significant
diel change in oxygen consumption at all three temperatures (10 C: 12.31 >
5.98 @ I < 0.001, df = 5,24, 16 C: 26.28 > 6.08 @ P < 0.001, df = 5,23, 21 C: |
4.18 > 4.10 @ P < 0.01, df = 5,20). The most pronounced diel changes were
noted at 10 C. 1In all experiments there were maxima at 0600 and 1800 hr,
although the dawn maximum was not well defined in the 16 C study. This
study showed a large amplitude at 10 C and significantly (P < 0.001) higher
rates at all times of the day at 10 C than at 16 or 21 C. There were no ,

significant differences (P > 0.05) in the magnitude of the dawn and dusk




Figure 1-1

10a

Diel changes in the respiration of zooplankton from Eunice Lake

at three temperatures. All studies conducted in continuous
darkness with rates corrected to values expected with a zoo-
plankton biomass of 50 ug dry wt/ml. The most abundant species
present were the copepods Diaptomus kenat (41.9 ug dry wt),
Diaptomus tyrell? (13.5 ug dry wt), and the cladocerans Holopedium
gibberum and Daphnia rosea (6.9 ug dry wt). Experiment dates:

10 C = 22 May 1969, sunrise at 0416 hr, sunset at 2202 hr; 16 C =
18 June 1969, SR at 0502 hr, SS at 2124 hr; 21 C = 8 August 1969,

SR = 0412 hr, SS at 2021 hr.  Mean * standard error indicated.
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maxima at any individual temperature or in respiration rates (P < 0.05)
measured at 16 C and 21 C. 1In all experiments the rates determined near
midday (1000 - 1400 ﬁr) were lowest.

In another study of diel changes in the respiration of Eunice Lake
zooplankton in 1970, a similar trend was observed using respirometry to
measure the oxygen consumption of Diaptomus kenai at 22 C (Fig. 1-2).
Respiration maxima were found at 0730 and 1730 hr and were more precisely
defined than those shown in Fig. 1-1 since oxygen determinations were made
every hour. The diel differences observed were significant at the 0.1%
probability level (10.85 > 4.52 @ P < 0.001, df = 19,109). There was no
significant (P > 0.05) change in respiration rate from 0830 to 1430 hr.

Babine Lake zooplankton (95% D. ashlandii) were used in studies of diel
changes in oxygen uptake at 13 C. A significant (9.78 > 5.66 @ P < 0.001,
df = 5,28) difference in oxygen consumption with time of day was demonstrated;

respiration rates were highest at 0600 and 2200 hr (Fig. 1-3).

Diel Changes in Zooplankton Feeding

Diel differences in zooplankton feeding were also demonstrated. Eunice
Lake zooplankton maintained at 21 C showed a diel difference in feeding
rate (16.38 > 5.53 @ P < 0.001, df = 5,30) characterized by maxima at 0200
and 1800 hr (Fig. 1-4). The dawn maximum was significantly larger than the
dusk maximum (P < 0.001). There were no significant differences in feeding
rate from 0600 to 1400 hr.

Diel differences in the feeding rate of summer and winter populations
of Daphnia pulex and Cyclops scutifer from Deer Lake were also examined
(Fig. 1-5). Highly significant diel differences were found in both cases

(winter: 5.01 > 3.22 @ P < 0.005, df = 9,40; sﬁmmer: 12.21 > 5.53 @ P < 0.001,



Figure 1-2

12a

Diel changes in the respiration rate of Diaptomus kenai from
Funice Lake, B.C. Rates were determined under continuous

darkness at 22 C (16 August 1970; SR = 0501 hr, SS = 1931 hr).
All rates were corrected to values expected at a zooplankton

biomass of 50 ug dry wt/ml. Mean % standard error indicated.
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Figure 1-3

13a

Diel changes in the respiration rate of Babine Lake zooplankton
(95% Diaptomus ashlandii, mean dry wt = 5.6 ug). Experiments
were conducted at 13 C and under continuous darkness (12 Sept.
1969; SR = 0541 hr, SS = 1838 hr). All rates corrected to
values expected with a zooplankton biomass of 50 ug dry wt/ml.

Mean + standard error indicated.
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Figure 1-4 Diel change in the feedingrrate of Eunice Lake zooplankton.
Investigation conducted at 21 C and under continuous darkness
(8 July 1969; SR = 0412 hr, SS = 2021 hr). The principal
species present were the copepods Diaptomus kenai (mean dry
wt = 41.9 ug), Diaptomus tyrelli (mean dry wt = 13.5 pg) and
the cladocerans Holopedium gibberum and Daphnia rosea (mean
dry wt = 6.9 png). All rates corrected to values expected with

a zooplankton biomass of 50 ug dry wt/ml. Mean * standard

error indicated.
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Figure 1-5 Diel change in the feeding rate of Deer Lake zooplankton

samples consisting primarily of Daphnia pulex (mean dry wt =
18.5 ug) and Cyclops scutifer (mean dry wt = 8.5 ug) collected
in winter (5 Feb. 1972; SR = 0742 hr, SS = 1711 hr) and summer
(23 June 1972; SR = 0500 hr, SS = 2121 hr) and feeding experi-
ments conducted at 10 C and 20 C respectively. Experiments
conducted under continuous darkness and all rates corrected

to values expected with a zooplankton biomass of 50 ug dry wt/ml.

Mean * standard error indicated.
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df = 5,30). In both summer (20 C) and winter (10 C) experiments, the dusk
maximum occurred at 1800 hr while the dawn maximum occurred much earlier
in the summer experiment. At 10 C the dusk maximum exceeded the dawn

maximum (p < 0.00l) but was not significantly different from the dawn

maximum at 20 C.

DISCUSSION

The results of the present investigation demonstrate significant diel
changes in the respiration and feeding rates of zooplankton. The consistent
repetitive pattern of these changes and occurrence in the absence of periodic
environmental stimuli clearly establish their rhythmic and endogenous nature.

The limitations inherent in the present findings must be considered
before discussion of the data themselves. This study does not establish
that these rhythms are circadian - only that they are endogenous. Even
this statement must be qualified to some extent since rhythms can only be
called endogenous if all periodic environmental variables are controlled.

In the present study light and temperature were constant; however, some
authors suggest that periodic oscillations in other factors such as baro-
metric pressure may still persist (Brown et al., 1955). Before they can

be called 'circadian' the rhythms must be followed under constant conditions
for a minimum of five to seven days and the frequency of the 'free-running
period' determined (Pittendrigh, 1960). If a rhythm is circadian the free-
running period must deviate by a more or less constant amount from the
period of the earth's rotation. The free-running period is not exactly 24
hrs since this would usually indicate the existence of an unknown periodic
factor in the environment acting as a Zeitgeber. The peri;d of the free-~

running rhythm is not constant but continuously influenced by both the
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environment and the physiological state of the organisms. Since the free-
running period was not determined, the feeding and respiration rhythms could
not be defined as circadian.

The fact that significant diel rhythms were demonstrated for several
different species under a variety of environmental circpmstances suggests
that these rhythms are a general phenomenon. Diel rhythms in feeding or
respiration were shown at temperatures from 10 - 22 C, in zooplankton from
both oligotrophic and eutrophic lakes, in both cladocerans and copepods,
at different times of the year, and at different latitudes.

Several trends emerge from the experiments reported here. The diel
rhythm in the feeding and respiration of zooplankton is typically bimodal.
Respiration and feeding rates were always highest during the early morning
and late afternoon or evening, and were lowest during the midday. The
amplitude of the diel rate changes varied considerably but was usually two
to four times greater than midday levels for respiration and even greater
for feeding (Table 1-1). Respiration rates, on the average, decreased by
a factor of 1.9 times from dawn to midday and increased by 2.7 times from
noon to dusk. The corresponding average dawn to noon decrease for feeding
rhythms was 6.1 times with a noon to dusk increase by a factor of 7.1.

The limitation of a 4-hr experiment period was apparent in attempts to
establish the precise timing of these maxima. It is not possible to ascertain
the exact time at which the increased activity occurs. The observed maxima
may not represent the true maxima, which may occur slightly earlier or
later; consequently, the observed amplitude changes at dawn and dusk may be
underestimates of the true values.

The timing of the maxima appear to be correlated with dawn and dusk.

The results of the two Deer Lake studies are consistent with this hypothesis
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TABLE 1-1

Amplitude changes in zooplankton feeding and respiration rates under constant
conditions. All rates are expressed relative to a rate of 1.0 at the midday
minima. The zooplankton community was predominantly copepods in both Eunice

and Babine Lakes, and mostly cladocerans in Deer Lake.

Sampling Temp Parameter Decrease from Increase from

Area Measured Dawn Maximum Midday Minimum

to Midday Minimum to Dusk Maximum
Eunice 10 C Resp 2.3 2.3
Eunice 16 C Resp 1.1 1.5
Eunice 21 C Resp 2.1 2.3
Eunice 22 C Resp 1.9 3.4
Babine 13 C Resp 2.0 3.9
Eunice 21 C Feed 6.4 4.2
Deer 10 C Feed 2.8 5.6

Deer 20 C Feed 9.1 11.4
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(Fig. 1-5). Daylength during the winter study was approximately 10 hrs and
16 hrs during the summer. Since the two maxima observed in the winter study
were separated by 10 hrs of daylight and 16 hrs in the summer, a close
correlation to daylength is indicated, although the timing of the evening
peaks at both seasons was similar. However, the differences in the time
of occurrence of the maxima may not be entirely due to daylength since the
period of circadian phenomena is temperature dependent to some extent
(Sweeney and Hastings, 1960). A

The studies of diel rhythms in the respiration of Eunice Lake zoo-
plankters (Fig. 1-1) indicate that although the rhythms exist at the three
temperatures examined, temperature has a profound influence on both the
amplitude of the changes as well as the lowest midday rate. This is shown
in Table 1-2 which indicates the integrated daily oxygen consumption and
midday rates for each temperature. At 10 C the midday rates are 2.5 to 3.0
times higher than at 16, 21, or 22 C. The 13 C respiration rates of Babine
Lake zooplankton are intermediate between the 10 and 16 C results obtained
with zooplankton from Eunice Lake (Table 1-2) even though the species
composition differed. The decrease in oxygen consumption with increased
temperature is not predictable given the usual Qg relationships. Similar
observations were made by Halcrow (1963) who noted higher respiration rates
in Calanus at 10 C than at_20 C after a 24-hr acclimation period. However,
after 10 days acclimation, Halcrow (1963) found a more typical Qg relation-
ship in that rates at 20 C exceeded those measured at 10 C. Consequently,
the results of the present investigation are probably an artifact of in-
complete temperature acclimation.

The oxygen consumption of zooplankton at dusk was on the average 427

higher than at dawn; the evening maximum always equalled or exceeded morning
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TABLE 1-2
Integrated daily oxygen consumption and midday rates determined for various
zooplankton populations under constant conditions. Integrated daily
respiration rates are determined on an hourly basis and expressed in ul Oz/mg

dry wt/day. Midday level is expressed in ul 0y/mg dry wt/hr.

Sampling Temperature Integrated Daily Midday Oxygen
Area Oxygen Consumption Consumption
Eunice 10 C 875.3 24.0
Eunice i6 C 247.8 7.9
Eunice 21 C 255.7 10.2
Eunice 22 C 304.2 8.4

Babine 13 C 561.4 20.0
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rates. However, the relationship between the respective amplitudes of dawn
and dusk feeding maxima was not as clearly defined. Dusk rates exceeded
dawn values by approximately 18% in two experiments, while in the third the
dawn feeding maximum was 52% higher than the evening maximum.

The magnitude of diel periodicity in the feeding rate of zooplankton
exceeds that for respiration (Table 1-1). This may have important implications
to the diel energy flow within zooplankton communities. If the energy
required for maintenance of zooplankton communities has smaller diel change
than feeding rate, then there may be an enhancement of food assimilation
relative to energy requirements at dawn and dusk. Consequently, the energy
derived from increased feeding at dawn and dusk, with only slightly greater
respiratory expenditure, may be made available for increased growth and
production. This argument assumes that assimilation efficiency does not
vary throughout the day as it may if zooplankton exhibit superfluous feeding
(Beklemishev, 1961) at dawn and dusk. Investigations of diel rhythms in
feeding, respiration, and assimilation Zn situ are required to substantiate
this hypothesis.

Rhythms of the type demonstrated in this investigation may be of
significance in three ways: to the organism, to the population, and to
experimental design. Of fundamental significance to the individual is the
selective value of biological clocks themselves. Here a rather important
distinction must be made. A biological clock is a basic physical oscillator
within the cells of virtually every organism. It is expressed as a number
of behavioral and physiological rhythms which may or may not have selective
advantage of their own. Biinning (1963) clearly makes this distinction by
relating the 'clock' itself to the 'hands of the clock' which are the

observed phenomena or the overt expressions of the fundamental oscillationm.
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Oscillations with 24-hr periods can only be called 'clocks' if they are
actually used to measure time. Respiration and feeding rhythms do not
measure time but are an indirect expression of basic cellular processes.
The selective advantage of biological clocks is that they provide the
mechanism whereby organisms continuously regulate their physiological
activities, even in the absence of external time cues which rely on the
earth's rotation.

The intrinsically higher respiration and feeding near dawn and dusk
has an important implication to energy flow within many zooplankton popula-
tions. At dawn and dusk migrating plankton are often exposed to increased
temperature and higher food concentrations which are associated with in-
creased respiration and feeding rates. Inherent rhythms in feeding and
respiration will reinforce this exogenous tendency for maximized rates near
the surface. A distinct energetic advantage is achieved when zooplankton
feed near the surface at dawn and dusk then migrate into deeper, colder
waters during the day; the energy in excess of requirements for basal
metabolism can be efficiently utilized for increased fecundity, development
rates, and production, by virtue of both lower temperatures and inherent
minimum energy expenditures during midday (McLaren, 1963).

A major significance of diel rhythms is to experimental design - large
errors may result from ignoring intrinsic periodicities. Frequently oxygen
consumption and feeding rates of zooplankton are expressed on a daily basis
without consideration of possible diel differences. Rates determined at
one time of day are often extrapolated to calculate daily values. Examples
of the resultant errors in estimating oxygen consumption and feeding rates
are given in Table 1-3 in which integrated daily rates are compared with

extrapolated rates determined from 4-hr experiments conducted at midday.
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TABLE 1-3
Total daily respiration and feeding rates of zooplankton under constant
conditions. Actual rates, integrated over 24 hrs are compared with extra-
polated daily rates based on 4-hr experiments conducted near midday (1000 -
1400 hr). Respiration rates are expressed as ul Oz/mg.dry wt/day. Feeding

rates are expressed as p> algal biomass/ml/mg dry wt/day.

Sampling Temp Parameter Extrapolated Integrated % Error
Area Measured Daily Rate Daily Rate
Eunice 10 C Resp 583.2 875.3 33.4
Eunice 21 C Resp 190.2 255.7 25.6
Eunice 22 C Resp 209.4 304.2 31.2
Babine 13 C Resp 474.0 561.4 15.6
Eunice 21 C Feed 150.0 537.4 72.1
Deer 10 C Feed 739.2 1344.4 45.0

Deer 20 C Feed 1454.4 2304.0 36.9
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Extrapolated respiration rates on the average underestimate total daily
oxygen conusmption by more than 25%; the underestimate of feeding by extra-
polation rangéd from 36.9 to 72.17%. Errors of this magnitude become very
important when extrapolated rates, such as those determined by Richman
(1958, 1964), provide the basis for further calculations of energy trans-

formation in zooplankton populations.



Chapter 2

THE EFFECTS OF ENVIRONMENTAL FACTORS ON THE AMPLITUDE OF

ZOOPLANKTON RESPIRATION AND FEEDING IN THE LABORATORY
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INTRODUCTION

Diel changes in environmental parameters,'such as light or temperature,
may affect feeding and respiration rhythms of zooplankton in two distinct
ways. They may act as cues that maintain synchrony between endogenous rhythms
and the exogenous time scale. In other words, the environment may affect
the phase of rhythms. These diel changes may also influence the amplitude
of respiration and feeding rhythms with the result that rates are increased
at certain times of the day and lowered at other times relative to the
endogenous rhythm under constant conditions. 1In this chapter I describe
the effects of various environmental factors on the amplitude of respiration
and feeding. Some consideration was also given to the persistence of
endogenous rhythms under a variety of light environments and the possible
roles of spectral composition and twilight duration on the maintenance of
rhythmic phenomena.

Light and temperature are the dominant factors which vary in a consistent
diel fashion and their effects on feeding and respiration rates will be
considered in detail. A number of other variables require consideration
since they affect rates of respiration and feeding measured in the laboratory
and the subsequent correction of rates to standard conditionms.

Temperature is an important variable in the environment of zooplankton,
particularly in the case of migratory forms where temperature changes of
5 to 10 C are possible during diel vertical migrations. Non-migratory
zooplankton are not exposed to significant periodic temperature fluc-
tuation; however, the 'in situ' temperature affects their metabolic rate
and possibly their response to light. The effects of temperature on

respiration rates of zooplankton are well documented (Comita, 1968), oxygen
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consumption normally increasing with temperaturé. Several workers have
also shown that the feeding rate of zooplankton is positively correlated
with temperature (Burns, 1969; Schindler and Comita, 1966).

The effects of light intensity and spectral composition on zooplankton
feeding and respiration are poorly documented and often contradictory. The
majority of workers have been unable to demonstrate significant differences
in feeding and respiration due to light intensity (see for example, McMahon,
1965; Schindler, 1968). Several authors have suggested that Calanus has
higher respiration and feeding rates in darkness (Gauld, 1951; Marshall and
Orr, 1955). Moshiri et al. (1969), on the other hand, have shown an increase
in respiration in light. Buikema (1973) reported highest filtration rates
in Daphnia at light intensities of 10 uw/cm? and significantly lower rates
in darkness and at intensities greater than 160 uw/cmz.

There have been few investigations which examine the effects of spectral
composition on respiration and feeding rates. The locomotor activity of Daphnia
varies with spectral composition of incident light (Smith and Baylor, 1953).
They noted that Daphnia populations remained relatively inactive under red
light (> 600 nm) and moved predominantly in a vertical vector, but when
exposed to blue light (< 500 nm) the population moved actively in a
horizontal vector. Harris and Wolfe (1956) noted that the phototactic
responses of Daphnia were lost under red light leaving a response which was
predominantly photokinetic. Buikema (1973) has shown that with the exception
of a small increase in filtration rates of Daphnia under blue light, spectral
composition did not influence feeding behavior.

Population density, food size, and concentration are factors whose
effects must be determined prior to an evaluation of the impact of light

and temperature on the amplitude of rhythms. The effects of these factors
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on feeding and respiration are well documented, but were examined to provide
a basis for correction of all laboratory results to standard conditioms.
There are few environmental factors which affect the timing of the
phases of a rhythm under natural conditions; one or more features of the
day:night cycle are the most common Zeitgebers (Harker,_l964). Since the
relative rate of intensity change (dI/Idt) has been shown to affect the
vertical migration of Daphnia (Ringelberg, 1961), rate of intensity change,
manifested as twilight duration, was the factor considered in the present
investigation. Under natural conditions, changeé in spectral composition
at dawn and dusk, photofraction (hours daylight/hours darkness), threshold
intensities, or any combination of these factors may act as a Zeitgeber
or affect the phases of rhythmic phenomena. For example, a relative
intensity change from dim to bright light has been shown to set the phase
of chromatophore rhythms in the fiddler crab, Uca, providing the photo-
fraction exceeds one hour of darkness (Brown et al., 1950, 1954). 1In
another case, a light flash of 5 x 10™% sec duration was shown to be
sufficient to set the phase of eclosion rhythms in Drosophila (Harker, 1964).
With the exception of the effects of rate of intensity change on the vertical
migration of Daphnia (Ringelberg, 1961, 1964), the role of environmental
periodicities on the phase and maintenance of diel rhythms in zooplankton

is unknown.
MATERIALS AND METHODS

Study Area and Collection of Samples

Zooplankton were collected from Eunice and Deer Lakes in the manner
outlined in the previous chapter. Unless otherwise stated, all studies

were conducted with a mixed-species sample of the zooplankton. After
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collection, zooplankton were returned to the laboratory in darkened 5-gal

plastic carboys and kept under constant temperature and darkness for 18 -

24 hrs.

Measurement of Feeding Rate of Zooplankton

Feeding rates were measured in a manner ﬁimilar to that described in
Chapter 1. To determine the effect of zooplankton abundance on weight-
specific feeding rate, 10° cells/ml of Chlamydomonas reinhardtii were added
to 12 darkened 250-ml BOD bottles and Diaptomus kenai with a biomass ranging
from 2 - 115 mg dry wt/1l added to 10 of the bottles. Two controls without
zooplankton were used and the experiment was conducted at 20 C for 4 hr.
Streptomycin sulphate (100 mg/l) and Penicillin G (50 mg/l) were used to
inhibit bacterial growth.

To determine the effect of food particle size on feeding, Daphnia
pulex were provided with food in which the diameter of individual cells
ranged from 1.3 to 90 u. Suspensions of equal total biomass (u3 mi~1)
between food typés were prepared using the following food sources: Escherichia
coli (1.3 u length), Chlorella ellipsoidea (3.3 p diam.), Chlamydomonas
reinhardtii (10.4 p diam.), pecan (45 u diam.), and corn (90 p diam.) pollen.
Cells were suspended in dechlorinated water previously filtered through a
Millipore HA filter (47 mm, pore diam. 0.45 u). Approximately 150 Daphnia
were transferred into each of six 250-ml BOD bottles for each of the five
foods; two controls, without zooplankton, were used in each case. In
another experiment, equal biomass of the five food sources were combined.
Experiments of 4-hr duration were conducted in the dark at 20 C. Cell
numbers were determined at the conclusion of the experiments with a Coulter

Counter equipped with either a 100 u or 200 u aperture tube.
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The feeding rates of Eunice Lake zooplankton were examined at eight
concentrations of Chlamydomonas ranging from 1.4 x 10% to 1.2 x 10% cells/ml.
The desired cell concentrations were prepared by suspending the algae in
Millipore filtered, dechlorinated water. Two replicates containing
approximately 150 zooplankton were used at each concentration and weight-
specific feeding rates determined in each case. A similar experiment was
conducted using D. pulex from Deer Lake; four replicates were used at each
of 10 concentrations from 2.8 x 102 to 1.4 x 10 Chlamydomonas cells/ml.

The effect of temperature on feeding rates in D. pulex was determined
at 5 C intervals from 5 C to 25 C after 24-hr acclimation. Six replicates

were used at each temperature and all experiments were conducted in the dark

for 4 hr using Chlamydomonas (10° cells/ml) as a food source.

Two studies were conducted to determine the effects of light intensity
and spectral composition oﬁ the feeding rates of zooplankton. In the first
study, zooplankton collected from Eunice Lake (predominantly Holopedium
gibberum and Daphnia rosea) were kept under constant darkness at 22 C for
18.hr, and then transferred to clear 250-ml BOD bottles containing Chlamydo-
monas. The various light quality regimes were achieved by placing Percival
coloured plexiglass filters between 4-20 W Durotest Vitalite fluorescent
lamps. The spectral composition of each source (Fig. 2-1) was measured
with the system described by Duval et al. (1973a). Intensities were reduced
to 20 - 40 pw/cm? with neutral-density filters. Feeding rate was measured
for 4 hr under red, green, blue, and white light; six zooplankton samples
and two controls were used for each quality. Rates determined in darkness
served as a control. A similar experiment was conducted at 12 C with
Cyclops scutifer collected from Deer Lake. In this case, the effect of

spectral composition was examined at eight intensities from 0.1 to 1000 pw/cm?2.



Figure 2-1

Transmittance spectra of light energy from 4-~20 W Durotest
Vitalite fluorescent lamps passing through the plexiglass

and/or neutral density filters used in the light quality

studies.

30a
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Layers of plastic film (Letraset Letratone LT-7) were used as neutral-density

filters.

In each study, feeding rates were standardized to values expected with
a zooplankton biomass of 50 ug dry wt/ml by least squares linear regression;

individual corrections were applied for each experiment.

Measurement of the Respiration Rate of Zooplankton

The effects of the same parameters on respiration rates were examined
in zooplankton collected from Deer and Eunice Lakes. Unless otherwise
indicated, oxygen concentration was determined by the Micro-Winkler technique
described in the previous chapter.

To test the effect of zooplankton abundance on weight-specific oxygen
consumption, respiration rates of Diaptomus kenai from Eunice Lake were
measured in 20 samples ranging in biomass from 15-115 mg dry wt/l. Streptomycin
sulphate (100 mg/l) was added to samples to inhibit bacterial respiration.

The effect of phytoplankton concentration on oxygen consumption was
determined using Eunice Lake zooplankton. The experiments were conducted
at 20 C using Chlamydomonas in suspensions of 1.4 x 10* to 1.2 x 105 cells/ml.
Two replicates with approximately 150 zooplankton in each bottle were used
at each of 10 algal concentrations.

The effect of temperature on the oxygen consumption of Daphnia pulex
was examined after 24-hr prior exposure of six zooplankton samples to each
experimental temperatures ranging from 5 C to 25 C.

Experiments were conducted to determine the combined effects of light
intensity and spectral composition on the weight-specific oxygen consumption of
two species of zooplankton at different temperatures. In the first study, the

respiration rate of D. pulex collected from Deer Lake was examined under
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red, blue, and green light, at 5 and 12 C. Oxygen consumption was determined
with a Gilson Differential Respirometer after the animals had been kept in
darkness for 24 hr at the experimental temperature.

In another study, the respiration rate of Diaptomus kenai from Eunice
Lake was determined under red, blue, green, and white light, at intensities
from 1 - 100 yw/cm? and at three temperatures: 5, 10, and 15 C. All
experiments were conducted for 4 hr in 250-ml BOD bottles after a 24-hr
dark period at the experimental temperature. Dissolved oxygen concentrations
were determined using the spectrophotometric techniqﬁe of Duval et al. (1973b).
Oxygen consumption of Daphnia pulex was examined under the same colours and

intensities of 1 - 1000 pw/cm?.

Respiration rates were corrected to values expected with a zooplankton

biomass of 50 ug dry wt/ml by the method previously described.

Measurement of Short-Term Changes in the Respiration Rate of Zooplankton

(Phase Studies)

Diel rhythms in the oxygen consumption of Deer Lake zooplankton
(predominantly Daphnia pulex and Cyclops scutifer) were determined for one
week periods with a continuous flow respirometer/data acquisition system.
Zooplankton samples were enclosed in a 7-1 perspex vessel and aerated
dechlorinated water flushed through the system at a flow rate of 300 ml/min.
The apparatus and zooplankton were kept at constant temperature (15 C) in
an environmental chamber equipped with a twilight simulation system. Light
intensities were maintained at 1500 pw/cm? by a negative-feedback control
system and temperatures continuously monitored with five thermistors placed
throughout the system. Twilight duration was adjustable from 1 to 120 min

with an electronic dimmer; the rate of intensity change followed the
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exponential pattern characteristic of natural twilight transitions.
Respiration rates were determined at 16-min intervals by comparing dissolved
oxygen concentrations at each side of the respirator with four YSI Model
5331 oxygen probes placed in perspex holders. Five l-sec readings were
taken from each probe by a programmed data acquisition timer utilizing two
YSI Model S3 Oxygen Monitors and punched on paper tape in ASCII code by a
Datex DSR-1 data acquisition system. Further details of the system are
described by Duval et al. (in prep.)

Each investigation was of one-week duration and examined the effects
of a specific aspect of the light:dark cycle on the phase of respiration
rhythms. 1In the first two studies, the persistence of diel rhythms was
determined under continuous darkness and continuous 1ight.

Three experiments were designed to examine the effects of twilight
duration on the maintenancé of respiration rhythms; twilight durations of
1, 60, and 120 min were tested. In each study, the zooplankters were kept
in continuous darkness for two days before thé light:dark cycle (L:D = 12:12)
waé initiated. The timing of the light:dark cycle was delayed 6 hr (90°
phase shift) from the natural photoperiod to test the ability of zooplankton
to resynchronize their endogenous rhythms to the altered light regime.

The role of red (> 650 nm) and blue (< 500 nm) light in the maintenance
of respiration rhythms was also examined. In these experiments a 12L:12D
photoperiod with 120-min twilight was given 6 hr out of phase with the

natural light:dark cycle after two days continuous darkness.
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RESULTS

The Effects of Temperature on the Feeding and Respiration Rates of Zooplankton

Temperature had a significant effect (P < 0.001) on the biomass of
Chlamydomonas consumed by Daphnia pulex from Deer Lake. Feeding rates were
highest at 15 C and decreased at temperatures above and below this point (Fig.
2-2). The range of cell sizes consumed also varied with temperature; the great-
est range of cells was consumed at 15 C, the smallest at 5 and 25 C (Table 2-1).

The oxygen consumption of D. pulexr increased in a linear manner with
temperature; rates at 25 C were eight times higher than at 5 C (Fig. 2-3).

Q10 calculated for temperatures between 5 - 15 C, 10 - 20 C, and 15 - 25 C

were 4.6, 2.2, and 1.7 respectively.

The Effects of Spectral Composition and Light Intensity on the Feeding and

Respiration Rates of Zooplankton

Spectral composition had a significant effect (P < 0.001) on the biomass
of phytoplankton consumed by Eunice Lake zooplankton under approximately
eqﬁal intensities (20 - 40 yw/cm?) of red, blue, green, and white light. The
biomass of algae consumed by the cladoceran-dominated samples were as

follows:

LIGHT QUALITY FEEDING RATE
p3 biomass/ml/mg dry wt/hr
x 103
Red 7.5 0.8
Green 13.4 + 0.8
Blue 23.7 * 3.3
White 8.0 * 0.5

Dark 11.8

1+

1.8
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TABLE 2-1
The effect of temperature on the range of particle sizes consumed by Daphnia
pulex. All investigations were conducted with a food concentration of 10°

cells/ml. Feeding rates corrected to values expected with a zooplankton

biomass of 50 ug dry wt /ml.

Temperature Size Range Consumed Mean Cell Volume of
u diameter Cells Consumed (u3)

5 1.3 to 2.6 2.4

10 1.3 to 3.3 4.5

15 1.3 to 10.4 8.0

20 1.3 to 2.6 2.0

25 1.6 to 2.6 2.0
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Figure 2-2 The effect of temperature on the feeding rate of Daphnia
pulex collected from Deer Lake. All rates are corrected to
values predicted with a zooplankton biomass of 50 ug dry

wt/ml. Mean *+ standard error indicated.
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Figure 2-3
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The effect of temperature on the respiration rate of Daphnia
pulex collected from Deer Lake. All rates corrected to values
expected with a zooplankton biomass of 50 ug dry wt/ml. Mean

+ standard error indicated.
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The feeding rate of Cyclops scutifer from Deer Lake was dependent on
both spectral composition and intensity of light. Feeding rate generally
decreased with increasing light intensity under all qualities (Fig. 2-4).
Rates at intensities less than 1 uw/cm2 were 50 - 907 higher than at intensi-
ties over 1000 uw/cm?; the greatest percentage change was found in blue
light, the least in green. The feeding rate of Cyclops was significantly
higher in white light (P < 0.001). There were no significant differences
(P > 0.05) in the rates determined in red, blue, or green light except at
intensities less than 10 pw/cm?. At low intensities (< 10 pw/cm?) feeding
rates were higher in red and white light than in either blue or green light.

Both spectral composition and intensity influenced the respiration
rate of D. pulex from Deer Lake. There was a significant interaction between
light intensity and temperature (P < 0.001); at intensities greater than
1 uw/cm2 respiration rates in all spectral compositions were lower at 12 C
than at 5 C; 12 C rates exceeded 5 C values at intensities less than 1
ww/cm? (Fig. 2-5). At 12 C, the highest rate of oxygen consumption was
found in low intensity (< 1 uw/cmz) blue light. At 5 C, rates determined
under blue light were significantly higher than red and green rates at all
intensities (P < 0.0l1) whereas oxygen consumption did not vary significantly
between red and green light; maximum respiration rates were found at the
intermediate intensity (2.1 - 3.4 pw/cm?) in all light regimes.

The oxygen consumption of Daphnia pulex at 22 C was also dependent on
both intensity and spectral composition. Respiration rates in blue light at
intensities from 1 - 30 uw/cm2 were highest; maximum rates were found at 8
uw/cm?, more than 70% higher than in white light of equal intensity (Fig. 2-6).
Spectral composition did not influence the re;piration rate of this cladoceran

at intensities greater than 500 pw/cm?. At intensities less than 30 uw/cm?



Figure 2-4
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The effect of light intensity and spectral composition on
the feeding rate of Cyclops scutifer collected from Deer
Lake. Experiments conducted at 12 C and all rates are
corrected to values predicted with a zooplankton biomass

of 50 pg dry wt/ml. Mean + standard error indicated.
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Figure 2-5

40a

The effect of light intensity, spectral composition, and

temperature on the respiration rate of Daphnia pulex

collected from Deer Lake. All rates corrected to values

predicted with a zooplankton biomass of 50 pg dry wt/ml.

Mean * standard error indicated. Upper graph (A) = 12 C,

lower graph (B) = 5 C. Intensity ranges were as follows:
I= 0.9~ 1.3 pw/cm?

II

2.1 - 3.4 pw/cm?

11T 16.3 - 22.9 uw/cm?
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Figure 2-6 The effects of light intensity and spectral composition on
the respiration rate of Daphnia pulex at 22 C. All rates are
corrected to values predicted with a zooplankton biomass

of 50 pg dry wt/ml. Mean * standard error indicated.
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there was no significant intensity effect in blue light. 1In general,
respiration rates were lowest in green light, approximately equal in red
and white light, and highest in blue light, although oxygen consumption at
intensities near 100 uw/cm? was significantly higher (P < 0.01) in white
light (Fig. 2-6).

The respiration rate of the copepod Diaptomus kenai was examined under
eight light intensities between 1 and 100 uw/cm?, in four colours, and at

5, 10, and 15 C. The results are presented in Table 2-2 and summarized

below.

A. Temperature = 5 C

1. Light intensity had no significant effect on respiration rates in
red and green light (P > 0.05).

2. In blue light, oxygen consumption was inversely related to light
intensity; rates at 2.5 uw/cm? were 2.2 times greater than those
at 60 uw/cm?.

3. Respiration rates in white 1ight'were highest at 10 pw/cm?, five
times greater than at 2.5 pw/cm?.

4, At intensities less than 10 pw/cm?, rates were highest in red
light, not significantly different between blue and green light,
and lowest in white light (P > 0.05).

B. Temperature = 10 C

'1. Light intensity had no significant effect (P > 0.05) on respiration rates
in red and green light except at intensities less than 2.5 ww/cm?.

2. In both blue and white light, minimum respiration rates were
found at intensities of 5 uw/cmz, increasing at intensities above

and below this level.
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TABLE 2-2

The effects of light intensity, spectral composition, and temperature on

the respiration rate of Diaptomus kenai collected from Eunice Lake.

All

rates corrected to values predicted with a zooplankton biomass of 50 ug dry

Mean and standard error indicated.

ul 09/mg dry wt/hr.

Units
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LIGHT INTENSITY (uw/cm?)
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3. At intensities greater than 10 uw/cm? there wére no significant
differences (P > 0.05) in rates observed in red, white, or green
light; all rates were significantly greater (P < 0.01) than
oxygen consumption in blue light.

4, At light intensities less than 10 UW/cmZ, respiration rates were
highest in red and green light.

C. Temperature = 15 C

1. In general, oxygen consumption of D. kenail at 15 C was 80% higher
than values determined at either 5 or 10 C.

2. Light intensity had no effect on rates in green, blue, or white
light; a significant intensity effect was noted under red light
where oxygen consumption was inversely related to intensity above
2.5 uw/cm?.

3. There were no significant differences in respiration rate in blue,
green, or white light at intensities below 30 uw/cm?; oxygen consump-

tion in red light always exceeded values found in other colours.

The Effects of Crowding, Food Concentration, and Food Size on the Feeding

and Respiration Rates of Zooplankton

The effects of various laboratory variables were examined to provide
the data necessary to standardize feeding and respiration rates to values
expected under compérable conditions in the field. This enabled determination
of the results of light and temperature on the amplitude of rhythms independent
of lab variables such as population density, food concentration, and food
size. The results presented in this section are representative'of the
types of corrections applied to the data; however, species-specific

corrections were determined for each light and temperature experiment.
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Feeding rate was inversely related to the biomasslof zooplankton/liter
(Fig. 2-7). Rates decreased 170 times when the biomass of zooplankton was
increased from 2 to 115 mg dry wt/l. Crowding alsé had a significant effect
on the weight-specific oxygen consumption of Diaptomus kenai (Fig. 2-8).

Particle size had a significant effect on both the biomass and number
of cells consumed by Daphnia pulex. The number of cells consumed was
inversely related to cell diameter (Table 2-3). The lowest feeding rate
was observed with Chalmydomonas reinhardtii, less than 1.5% of the rate
determined with the bacterium Escherichia colt.

Food concentration had a significant effect on the feeding rate of
Diaptomus kenai and Daphnia pulex (Fig. 2—9). The biomass of algal cells
consumed increased in a linear manner with food concentration up to 6 - 7
x 10° cells/ml depending oﬁ the species. Beyond this concentration feeding
rate was reduced in both populations. Phytoplankton concentration did not

affect (P > 0.05) the oxygen consumption of zooplankton.

The Effects of Light on the Persistence and Phase of Respiration Rhythms

-

Few consistent trends emerged from the studies reported here. 1In
general, significant diel respiration rhythms were observed only on the
first and second days of each study, decreasing in amplitude and becoming
arrhythmic on the third and successive days. This loss of rhythmicity was
most apparent in thdse investigations having a twilight duration of 120 min,
irrespective of spectral composition (Table 2-4). The most pronounced
rhythms were observed under continuous light and continuous dark, but even
in these studies the timing of the maxima were not consistently correlated
to the photoperiod prior to the experiments; in continuous darkness maximum

rates were found between 2100 and 2400 hr and 1400 - 1600 hr. Under
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TABLE 2-3

The effect of cell size on the feeding rate of Daphnia pulex as determined
in 4-hr experiments in which each of five food sources were provided in equal
total biomass (p3)/ml. All rates are corrected to values predicted with a

zooplankton biomass of 50 pg dry wt/ml. Mean + standard error indicated.

Food Source Cell Diam. Biomass Consumed Cells Consumed
u u3/ml/mg dry wt/hr no/ml/mg dry wt/hr
x 103
Escherichia 1.5 123.0 + 36.0 4.3 + 1.0 (x 10%)
coli

Chlorella 3.3 5.0 + 0.6 1.8 + 0.1 (x 103)
ellipsoidea

Chlamydomonas 10.4 1.8 + 0.2 1.5 + 0.1 (x 103)
reinhardtii
Pecan Pollen 45.0 5.0 * 0.5 0.2 * 0.05

Corn Pollen 90.0 15.0 £ 2.4 0.2 + 0.03
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Figure 2-7

48a

The effect of crowding on the feeding rate of Diaptomus kenai
collected from Eunice Lake. TFeeding rate was related to
population density by the following linear expression; log

FR = - 0.945(log zooplankton biomass/liter) + 8.29, correlation

coefficient (r) = - 0.997. Mean feeding rates indicated.
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Figure 2-8

49a

The effect of crowding on the weight-specific oxygen consumption
of Diaptomus kenai collected from Eunice Lake. Respiration

rate was related to population density by the following linear
expression: log R/S = - 0.837(log zooplankton biomass/liter)

+ 2.545, correlation coefficient (r) = - 0.920. Mean

respiration rates indicated.
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Figure 2-9

50a

The effect of phytoplankton concentration on the feeding rate
of Diaptomus kenai (A) collected from Eunice Lake and Daphnia
pulex (B) collected from Deer Lake. The food source utilized
for the investigation was Chlamydomonas reinhardtii. All rates
are corrected to values expected with a zooplankton biomass

of 50 pg dry wt/ml. Mean rates indicated for D. kenai (A);

mean * standard error indicated for D. pulex (B).
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continuous light, maxima were observed between 1500 and 1900 hr and from
0600 - 1300 hr, showing no consistent pattern of shift in phase. There
were no rhythms observed under either blue or white light when zooplankters
were exposed to a photoperiod of 12L:12D with 120 min twilight duration.
There was some suggestion of a rhythm in red light, but again the phase of

rhythm shifted rapidly and bore little relation to the photoperiod examined.
-DISCUSSION

The results presented in this chapter clearly indicate that light
intensity, spectral composition, and temperature have a marked influence on
the feeding and respiration rates of zooplankton. Consequently, daily
changes in these parameters will affect the amplitude»of any inherent
feeding and respiration rhythms.

Vertically migrating iooplankton are often exposed to diel temperature
fluctuation: of 5 — 10 C for many months of the year, non-migrating species
considerably less. Diel temperature ¢hanges can be expected to affect the
amplitude of any diel rhythms in migrating species. The relationship
between temperature and oxygen consumption demonstrated for Daphnia pulex
in the present investigation is consistent with responses demonstrated
for other zooplankters (Comita, 1968). Respiration rates of Daphnia
increased with temperature in a curvilinear manner; since the zooplankters
were kept at constant temperature for 24 hr prior to each experiment, a
lack of acclimation is indicated. This is consistent with the observations
of Halcrow (1v63) who noted that Calanus could only reach an acclimated
state after several days exposure to a particular temperature. Consequently,
in nature, it is unlikely that the diel temperature changes zooplankton

encounter would be accompanied by any significant degree of acclimation.
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Thus, in those species in which vertical migrations are associated with a
pronounced temperature change, significant effects on respiration rates can
be expected. The effect of temperature on the amplitude of inherent diel
respiration rhythms can be illustrated by re-examining data from the
previous chapter (Fig. 1-1). 1In a hypothetical situation where zooplankton
migrate from 5 C water at midday to 20 C water at dusk, the amplitude of
the diel respiration rhythm would be increased four times over that due to
the endogenous component alone (Table 2-5). In nature, the increase in
amplitude may be even greater due to the simultaneous action of other
environmental factors such as light and population density differences

throughout the day.

Temperature also affected both the feeding rate and size of cell

consumed by D. pulex. Maximum feeding rates were observed at 15 C (Fig. 2-2).

If filtration rates of Daphnia increase linearly with temperature as shown
by Burns (1969) and McMahon (1965), the high feeding rates at 15 C are
attributable to the much wider range of cell sizes (1.3 - 10.4 u diam.)
consumed at this temperature. Similarly, the observed decrease in feeding
rate above 15 C may be a consequence of the smaller range of phytoplankton
ingested (1.3 - 2.6 u diam.). In the case of vertically migrating zooplank-
ters, temperature will increase the amplitude of feeding rhythms in a
manner similar to that previously described for respiration.

In non-migratory zooplankton species, temperature will have little
impact on the diel variability in either feeding or respiration rhythms
since any diel temperature changes will be minimal.

Light intensity and spectral composition also have a marked effect on
the behavior and physiology of zooplankton. Exposure of zooplankton to

diel changes in either of these parameters will be reflected in relative
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TABLE 2-5

The effect of temperature on the amplitude of diel respiration rhythms in
a vertically migrating zooplankter. For the purpose of demonstration the
effect of temperature shown in the present chapter (Fig. 2-1) is super-
imposed on the amplitude of the endogenous rhythm observed at a constant
temperature (16 C) from the previous chapter (Table 1-1). Respiration

rates at midday are given as 1.0 for the endogenous component.

Time Depth Temp Endogenous Diel Rhythm
(m) _ Rhythm + Temp Effect
|
Midday 10 5 1.0 0.2
Dawn 1 20 1.1 1.5

Dusk 1 20 1.5 2.1
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changes in the amplitude of diel rhythms.

In the present investigation I examined the combined effects of light
intensity, spectral composition, and temperature on the respiration and
feeding rat2s of both cladocerans and copepods. Several generalizations
emerged from the trends observed in this study.

The first point is that spectral composition and intensity affect zoo-
plankton feeding and respiration only at low light intensities; there were
no significant colour or intensity effects above light intensities of 500
uw/cm? in either D. pulex or Cyclops scutifer. Zooplankton are only exposed
to these low intensities before sunrise and after sunset; even in the case
of the vertically migrating species observed in this study, light intensities
exceed 1000 uw/cm? throughout most of the day (Fig. 3-3). Any effects of
light intensity or spectral composition would be expressed only at dawn and
dusk.

A second generalization is that the effects of light intensity are
temperature and colour dependent. In the copepod Diaptomus kenai, changes
in.light intensity had little effect on respiration rates beyond 15 C
(Table 2-4). The effects of temperature are not fully understood since a
marked intensity effect persists in the cladoceran Daphnia pulex at 22 C
(Fig. 2-6) and respiration rates at intensities greater than 1 uw/cm? are
lower at 12 C than at 5 C (Fig. 2-5). A similar temperature-light inter-
action was shown by Smith and Baylor (1953) who noted that the characteristic
behavioral response of Daphnia to blue light was lost at certain temperatures.
It is possible that in some situations the effects of temperature may over-
ride any light responses, particularly in the case of surface-dwelling
species which are exposed to the combination of low intensities and high

temperatures at dawn and dusk.
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The final generalization concerns the response of zooplankton to spectral
composition. At all temperatures and at intensities less than 30 pw/cm? the
cladocerans examined showed ﬁighest feeding and respiration rates in blue
light. 1In the copepods Diaptomus kenai and Cyclops scutifer, feeding and
respiration rates were highest in red or occasionally white light and lowest
in blue. The distinction between the response of the cladocera and copepoda
to spectral composition is indicated in Fig. 2-10 which illustrates the ratios
of mean feeding and respiration rates in blue light to the corresponding

red rates at six intensities; the marked effect of low intensity blue light

(10 - 20 pw/cm?) on the cladocerans examined is clearly apparent. The high
ratios in cladocerans were due to high respiration and feeding rates in
blue light rather than unusually low rates in red light. These results are
consistent with the observations of Smith and Baylor (1953) who noted that
Daphnia exposed to blue liéht became active, whereas populations kept under

red light remained relatively inactive.

In studies where comparisons between light and dark were made, respiration
ana feeding rates between 1 and 30 pw/cm? exceeded dark rates; beyond 100
pyw/cm? rates in the light were less than those measured in the dark. This
observation may explain many of the conflicting results shown by other workers.
For example, Gauld (1951) and Marsﬁall and Orr (1955) found higher respiration
and feeding rates in darkness. However, the light intensities used by
these authors were well above those normally encountered by Calanus. The
results of the present investigation are consistent with the observations
of Buikema (1973) who has shown that filtration rates of Daphnia are highest
at a light intensity of 10 pw/cm? and significantly lower in darkness and
at intensities greater than 160 pw/cm?. Many workers have observed that

zooplankton respond to high light intensities by moving to regions of lower
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Figure 2-10 Ratios of blue response:red response in the cladocerans and
copepods examined. Equal respiration or feeding rates in
blue and red light equals unity by definition. Mean values
(+ standard error) for both feeding and respiration are shown

for each of six intensity ranges.
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intensity (Cushing, 1951); changes in respiration and feeding rate may be
another manifestation of this photonegative response. |

The most pronounced intensity effect was observed on the feeding rate
of the copepod Cyclops scutifer (Fig. 2-4) where rates at less than 1 uw/cm?
were 50 - 907 higher than at intensities over 1000 uw/cmz. Feeding rate
was inversely related to light intensity over the range examined (0.1 -

1000 uw/cm?), the greatest intensity effect being shown in blue light. A
similar relationship between intensity and oxygen consumption was observed
for D. kenai in blue light at 5 C and in red light at both 10 and 15 C.
However, the effect of intensity on respiration and feeding rates was both
colour and temperature dependent. In all studies, there was no significant
effect of intensity above 15 C in either red or green light; in the case of
D. kenail this lack of intensity effect in red and green light persisted at

5 and 10 C. In white light, oxygen consumption of Diaptomus was exceedingly
low when intensities were less than 10 uw/cm? at either 5 or 10 C. The
significance of this effect in white light is not known and will require
further study for clarification.

Spectral composition had a marked effect on the feeding rates of the
cladocerans Daphnia rosea and Holopedium gibberum. The biomass of phyto-
plankton consumed was three times higher in blue light than in either red
or whige light of equal intensity (20 - 40 pw/cm?). The fact that rates
determined in red and white light were not significantly different and
botﬁ lower than dark rates suggests that the presence of red light in the
visible spectrum may have an inhibitory effect on the activity of cladocerans,
overriding the presence of all other wavelengths. The results of the
respiration study with D. pulex are consistent with this hypothesis (Fig.

2-6); oxygen consumption in red and white light was not significantly



58

different and less than 50% of the rates determined in blue light (1 ~ 30
uw/cm?).

The increased activity of certain cladocerans in low intensity blue
light may have an important consequence to the amplitude of inherent diel
rhythms in feeding and respiration rate. During dawn and dusk most zoo-
plankters are found near the surface and are exposed to a visible spectrum
which is predominantly blue light of low intensity (Chapter 3). 1In
cladocerans, feeding and respiration rates will be increased as much as 50%,
reinforcing the rates which are already inherently high at these times of
the day (Chapter 1). 1In copepods, the increase in the proportion of red
light at sunrise and sunset may produce the same effect, except slightly
later than the blue light enhancement predicted for cladocerans. The
significance of spectral composition and intensity effects in terms of diel
variability in zooplankton energy requirements and expenditure will thus be
even greater than described in Chapter 1. In a thermally stratified water
column, respiration and feeding rates of migrating species may be as much
as ten times higher at dawn and dusk thaﬁ-qt midday. Endogenous rhythms
are reinforced by the effects of light and temperature to produce an
amplitude of this size.

The effects of the light environment on the maintenance and phase of
respiration rhythms observed in the present investigation are not clear.

In general, rhythms shifted in phase rapidly and were unrelated to either
the photoperiod under natural conditions or the photoperiod examined. To
satisfactorily demonstrate the role of some environmental parameter as a
Zeitgeber, it is necessary to achieve full synchronization of rhythms to a
light: dark cycle at least 6 hr out of phase with the natural environmental

cycle after a period of continuous darkness. This was not demonstrated in




59

the present investigation; consequently, the role of the light environment
in the maintenance of respiration rhythms cannot be assessed from my results.

There are several possible reasons which may account for the failure
to shift the phase of the rhythms in a consistent fashion during this study.
Light intensities in the environmental chamber (1500 pw/cm?2) exceeded those
to which diel migrating zooplankters are normally exposed (Table 3-1);
results of the amplitude studies reported in this chapter clearly suggest
that intensities of this magnitude produce lowered respiration rates. There
was no significant zooplankton mortality during this investigation, although
light avoidance reactions were observed in many cases.

It is possible that the high zooplankton densities (> 1000/1) required
to achieve a measurable change in oxygen concentration in 16 min may have
contributed to the problem; physical interference between zooplankters is
unavoidable at these densities.

Further studies will be required to clarify the role of specific
aspects of the light environment as a Zeiltgeber and in the maintenance of
respiration rhythms. There is every reaéon to expect that both the rate
of intensity change at dawn and dusk and perhaps the marked changes in
spectral composition observed at these times (Fig. 3-2) may play an important
role in the synchronization of endogenous diel rhythms under natural
conditions. The effects of light intensity and spectral composition on the
amplitude of rhythms have been previously described; it remains to be

demonstrated whether the phase of rhythms is also affected by these parameters.



Chapter 3

DIEL RHYTHMS IN THE FEEDING, RESPIRATION, EXCRETION, AND ASSIMILATION OF

EUNICE LAKE ZOOPLANKTON IN SITU
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INTRODUCTION

In the first chapter I demonstrated the existence of endogenous diel
feeding and respiration rhythms. The results in the second chapter suggested
that diel changes in light and temperature would reinforce these rhythmic
phenomena under natural conditions. 1In the present chapter I have examined
the possible existence of diel rhythms 7n situ. Vertically migrating zoo-
plankton, in the normal course of events, are exposed to periodic differences
in light intensity, spectral composition, temperature, and food concentration
which may modify the final expression of rhythms. 1In an attempt to clarify
the consequences of rhythmic phenomena to the secondary production and
energetics of zooplankton communities, diel variébility in assimilation,
excretion, respiration, and feeding rates were examined and a diel energy
budget constructed.

Although there have been numerous attempts to measure respiration,
feeding, excretion, and assimilation in the field, they have never been
monitored simultaneously throughout the day and under a periodic light and
temperature regime. In most cases, energy'budgets of zooplankton communities
are based on short-term experiments extrapolated to 24 hrs (Kibby, 1971;
Pavlova, 1961; Richman, 1958, 1964; and others). As indicated in Chapter 1,
the existence of rhythms could lead to serious underestimates of the
production of natural communities. Rates determined in the present investiga-
tion were compared with the results of other authors and the consequences
of rhythmic phenomena to the energy expenditure and utilization of natural

zooplankton communities predicted.
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MATERTIALS AND METHODS

Study Area and Collection of Samples

The investigation was conducted over a 24-~hr period (May 28 - 29, 1973)
at Eunice Lake in the University of British Columbia Research Forest. All
experiments and sampling were conducted from a large float (16 ft x 20 ft),
situated over the deepest portion of the lake (> 30 m). Zooplankton were
collected every 2 hr with a #10 (156 u mesh, 30 cm diam.) plankton net hauled
vertically from a predetermined depth. Phytoplankton samples were collected

from various depths with a 7-1 Van Dorn bottle.

Measurement of Physical Parameters, Phytoplankton, and Zooplankton Distributioqs

Light spectra were measured from dawn to dusk at 1l-m intervals from the
surface to 20 m using the spectroradiometer/data acquisition system described
by Duval et al. (1973a). Due to an equipment malfunction during this study,
1971 are presented; however, cloud cover and surface conditions were similar
on both days. Spectra were normalized to 550 nm (intensity @ 550 nm = 1.0)
to facilitate identification of changes ip spectral composition with depth
and time. '

Water samples collected at 1-m intervals every 2 hr were used for measure-
ment of temperature, dissolved oxygen concentration, and phytoplankton standing
crop. 'Temperatures were taken immediately after samples were brought to the
surface.

Dissolved oxygen concentrations were determined as follows. Water from
the Van Dorn sampler was siphoned into 250-ml BOD bottles and 2 ml of MnClj
(3M) and alkaline iodide (NaOH 8N; Nal 4 M) added to each bottle with plastic

syringes. Samples were returned to the laboratory for spectrophotometric

determination of dissolved oxygen concentration (Duval et al., 1973b).



62

A 100-ml aliquot from each sample was transferred to a 4-oz glass
bottle and preserved with 5 ml of a 50% ethanol:50% formalin mixture. The
standing crop, biomass, and dry weight estimation of phytoplankton were
determined with a Model B Coulter Counter and Model M Volume Converter
(Sheldon and Parsons, 1966a,b).

The vertical distribution of zooplankton was determined in two ways.
Vertical hauls were taken every 2 hr at 2-m intervals from 0 - 20 m with a
#10 plankton net. A Furono 200-kc/sec echo sounder was used to monitor the

distribution of zooplankton every 15 min throughout the day.

Determination of Feeding Rate

Every 2 hr zooplankton (predominantly Diaptomus kenai (30%), D. tyrelli
(40%) , Holopedium gibberum (30%), and Chaoborus sp.) were collected from the
depth of highest population density as indicated by the echo sounder. Any
Chaoborus sp. were removed from the samples and discarded. Samples of water
containing phytoplankton were taken from the same depth. Approximately 200
zooplankters of the above species composition were transferred into each of
six 250-ml BOD bottles; the bottles were then filled with lake water containing
phytoplankton and returned to the same position in the water column. Two
bottles without zooplankton were used as controls. After 2 hr the bottles
were brought to ﬁhe surface and the zooplankton removed and preserved with
5 ml of Lugol's solution. The phytoplankton in 100 ml of the sample were
preserved and returned to the laboratory where the cells were counted and

feeding rate calculated.

Determination of Respiration Rate

The oxygen consumption of six zooplankton samples taken from the depth
of maximum population density was measured every 2 hr. Zooplankton were not

removed from the bottles at the end of each experiment; 5 ml of ethanol:
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formalin were added to each bottle in addition to the Qinkler reagents

(Carritt and Carpenter, 1966). The addition of preservative had no signifi-
cant effect (P > 0.05) on the dissolved oxygen content of the samples. Dis-
solved oxygen concentration was determined as described by Duval et al. (1973b)

and respiration rates calculated as outlined in Chapter 1.

Determination of Rates of Inorganic Phosphate Excretion

At 2-hr intervals, approximately 200 zooplankton were transferred into
six 250-ml BOD bottles; two bottles without zooplankton were used as controls.
The samples were returned to the sampling depth for 2 hr. At the end of this
vperiod the bottles were brought to the surface, the zooplankton removed, and
100 ml of the remaining water preserved with 1 ml of Chloroform and quick-
frozen in an acetone/dry ice mixture. On thawing in the laboratory, all
particulate matter was removed from the water with a Millipore HA filter (47
mm, pore diam. 0.45u). The concentration of dissolved inorganic phosphate
in each sample was determined with a Beckman DU-2 spectrophotometer following

the method of Strickland and Parsons (1972).

Determination of Assimilation Rate

To measure the assimilation rate of zooplankton, 50 uCi of H1“CO§ were
added to 1.0L of a log phase culture of Chlamydbmonas reinhardtii (5 x 10°
cells/ﬁl). After 24 hr the culture was diluted to 5 1 with dechlorinated
water. Every 2 hr 50 ml of radioactive Chlamydomonas were pipetted into
each of eight 250-ml BOD bottles and approximately 200 zooplankton added to
six of the bottles. All bottles were filled with unfiltered lake water and
returned to the sampling depth. After a 2-hr experiment, the zooplankters
were transferred into water containing non-radioactive food to allow them
to cléar their guts of 14c-1abelled phytoplankton. The zooplankters were

then counted, dissolved in 2 ml of Protosol Solubilizer (New England Nuclear)
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and transferred to scintillation vials for radiocarbon'assay in the
laboratory. The algae in all bottles were preserved with 5 ml of ethanol:
formalin mixture and returned to the laboratory for a Coulter Counter
determination of cell number and radiocarbon assay with a Packard Model 3003
Tri-Carb Scintillation Spectrometer. Phytoplankton numbers were converted

to dry weight and assimilation rates determined following Sorokin (1968).

Determination of Caloric Equivalents

Respiration rates were converted to caloric equivalents with the factor
of 0.005 cal/u1’02 proposed by Swift and French (1954) assuming an RQ
(Respiratory Quotient = + ACOZ/— AOy) of 1.0 for zooplankters feeding off
phytoplankton rather than living off fat reserves (Parsons and Takahashi,

1973). A sample calculation is given below.

If: Oxygen Consumption = 5.0 ul 0,/mg dry wt/hr

Assuming: RQ 1.0 (Parsons and Takahashi)

and Caloric Conversion 0.005 cal/pl 0y (Swift and French, 1954)

Respiratory Expenditure (0.005) (5.0)

]

2.5 x 1072 cal/mg dry wt/hr

Feeding rates were converted to caloric equivalents in the manner oﬁt—
lined in the following example. Since Eunice Lake phytoplankton were
predominantly Chlorophyceae, the mean dry weight/cell was taken as 1.67 x
107" ug (Parsons et al., 1961) with a caloric equivalent of 5.3 cal/mg dry

wt (Cummins and Wuycheck, 1971).

Feeding Rate 50.0 x 10% u3/ml/mg dry wt/hr

Volume of Sample 250 ml

Total Biomass Consumed (50.0 x 103 u3/ml/mg dry wt/hr) (250 ml)
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= 1.25 x 107 u3/mg dry wt/hr
since the mean cell volume of each cell consumed (Fig. 3-7) was 50 u3d

Total Cell Number Consumed

(1.25 x 107 u3)/50 u3
= 2.5 x 10° cells/mg dry wt/hr
Dry Wt Consumed = (2.5 x 10%)(1.67 x 10~"% pg/cell)
= 41.75 ug/mg dry wt/hr
Calories Consumed = (41.75 ug) (0.0053 cal/ug)

= 0.221 cal/mg dry wt/hr

Assimilation rates were converted to calories in a similar manner using

a carbon:dry weight ratio of 0.52 (Parsons et al., 1961).

Carbon Assimilated = 1.0 pyg C/mg dry wt/hr

Total Assimilated = (1.0 ug C)/0.52

1.92 pg/mg dry wt/hr

Calories Assimilated 1.92 ug(0.0053 cal/ug)

0.0102 cal

RESULTS

Vertical Distributions of Temperature, Light, Dissolved Oxygen, Phytoplankton,

and Zooplankton

a) Light

Light intensity decreased in an exponential fashion with depth; 60 -
80% of the surface light was removed in the first meter with the greater
surface e#tinction occurring near dawn and dusk. At no time during the day
(May 27, 1971) did more than 1% of the incident light reach 7.5 m. The

extinction coefficients at noon were as follows:
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QUALITY WAVELENGTH EXTINCTION
(nm) COEFFICIENT
Violet 400 - 430 - 0.58
Blue 430 - 500 0.34
Green 500 - 575 0.22
Yellow 575 - 600 0.24
Orange 600 - 650 0.25
Red 650 - 700 0.29
Far Red 700 - 750 0.49

The shifts in spectral composition of light with depth are more apparent
when normalized spectral distributions are compared (Fig. 3-1). Virtually
no red or blue light penetrated to depths greater than 10 m.

The spectral composition of incident light varied throughout the day.
The proportions of all wavelengths varied to some extent with time, but
marked changeé in the relative amount of blue were evident at dawn (Fig. 3-2)
and dusk. The proportion of blue light at the surface near midday was
29.5% of the total radiation and increased'to over 487 at dawn and dusk.

At 1 m the relative amount of blue light (400 - 500 nm) at noon was less
than 16% but over 347 at dawn and dusk.

Changes in the total down-welling radiation at various depths through-
out the day are shown in Fig. 3-3. The absolute rate of intensity change
(AT/At) varied with both depth and time of day (Fig. 3-4). The rate of
intensity change was inversely proportional to depth and highest at sunrise
and sunset. Relative rates of intensity change (A1/IAt) were highest at

dawn and dusk but did not vary significantly with depth.
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Figure 3-1 Spectral composition of down-welling light with depth in
Eunice Lake, May 27, 1971, at 1240 hr (PST). All data are

normalized to a value of 1.0 at 552 nm.
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Figure 3-2 Changes in the spectral composition of surface light from
dawn to noon in Eunice Lake, May 27, 1971. Relative spectral

distributions are normalized to a value of 1.0 at 600 nm.
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Figure 3-3 Changes in the total down-welling radiation at various depths
throughout the day in Eunice Lake, May 27, 1971. Sunrise at
0530 hr (PST), sunset at 1800 hr (PST). Energy units are

uw/cm?.
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Figure 3-4 The rate of intensity change (dI/dt) at various depths and
times of the day in Eunice Lake, May 27, 1971. Units are

pw/cm?/min and time of day is PST.
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b) Temperature and Dissolved Oxygen Profiles

With the exception of the first meter, there were no significant
differences in the temperature profiles in Eunice Lake throughout the day.
A gradual decrease in temperature was found between 4.5 m and 9.5 m (Fig.
3-5). Surface temperatures varied from 14.2 - 17.0 C throughout the day.

Dissolved oxygen concentration did not vary significantly with time of
day. There was a slight increase in oxygen concentration from the surface

to 6 - 8 m, but concentrations always exceeded 10 ppm above 20 m (Fig. 3-5).

e) Phytoplankton Standing Crop

The biomass of phytoplankton varied significantly with depth but not
with time. The standing crop of phytoplankton and detritus at 2.5 m (94 ug
dry wt/1l) was approximately 50% of the surface value (180 ug dry wt/l) as
indicated in Fig. 3-6. The highest standing crop was found at 5.5 m. The
phytoplankton community was composed of at least three major species having
mean cell volumes of 0.6, 18.7, and 149 u3 respectively (Fig. 3-7); the

species composition of the entire phytoplankton community was not determined.

d) Diel Changes in the Vertical Distribution of Zooplankton

There were marked diel vertical movements of Eunice Lake zooplankton
throughout the day (Fig. 3-8). The migration pattern indicated by the echo
soundings was similar to that shown by the vertical hauls. During midday,
the majority of zooplankters were found between 3 and 12 m, although the
vertical position varied with species. The vertical haul data indicated that
the most extensive migration (8 - 10 m) was undertaken by Diaptomus kenat, D.
tyrelli, and Chaoborus sp. and the least by Holopedium gibberum and Daphnia
rosea. In general, they began their ascent between 1345 and 1415 hr and

reached the surface waters by 2300 hr. Shortiy before midnight they sank
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Figure 3-5 Temperature and dissolved oxygen profiles of Eunice Lake,
May 28 - 29, 1973. Units for dissolved oxygen are ppm; mean

values over the 24-hr period indicated.
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Figure 3-6 The standing crop of phytoplankton and detritus (u3 x 108/1)
in Funice Lake at various depths on May 28 - 29, 1973. Mean

values over the 24-hr period are indicated.
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Figure 3-7 Size distribution of phytoplankton collected from Eunice
Lake during a 24-hr period on May 28 - 29, 1973. Mean values

indicated.
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Figure 3-8 Diel changes in the vertical distribution of Eunice Lake
zooplankton (May 28 - 29, 1973). Data taken with a Furuno

200 kec/sec Echo Sounder.
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slightly in the water column and between 0730 and 0845 hr after a slight

dawn rise (0.5 m), descended to their day depth.

Diel Changes in the Feeding Rate of Zooplankton

Highly significant differences (P < 0.001) in the feeding rate of
Eunice Lake zooplankton were found throughout the day. Feeding rates were
highest at 0400 and 2115 hr and lowest near midday (Fig. 3-9). Noon rates

were only 17 of values found near dawn.

Diel Changes in the Respiration Rate of Zooplankton

The respiration rate of Eunice Lake zooplankton varied throughout the
day (Fig. 3-10). Oxygen consumption was highest at 0930 and 2130 hr and
not significantly different (£ > 0.05) between 1100 and 1900 hr. Rates at
dusk were twice as high as midday levels; the morning maximum was 237

higher than the midday minimum.

Diel Changes in the Inorganic Phosphate Excretion of Zooplankton

Highly significant (P < 0.001) differences in the rate of inorganic
phosphate excretion were found throughout the day. Rates were lowest at
1500 hr, increasing four times to a maximum at 1700 hr (Fig. 3-11). Two

lesser maxima were found at 0130 and 0800 hr.

Diel Changes in the Assimilation Rate of Zooplankton

The assimilation rates of Eunice Lake zooplankters, as measured from
the incorporation of labelled Chlamydomonas, were highest near dawn and
dusk and lowest during midday (Fig. 3-12). Rates at noon were less than
50% of dawn and dusk values. There was no significant difference in the

amplitude of dawn and dusk maxima.



Figure 3~9

77a

Diel changes in the feeding rate of Eunice Lake zooplankton
(May 28 - 29, 1973). All experiments conducted at the depth
of maximum zooplankton density with in situ light, temperature,
and food concentration. Rates corrected to values expected
with a zooplankton biomass of 50 pg dry wt/ml. Mean * standard

error indicated.
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Figure 3-10 Diel changes in the respiration rate of Eunice Lake zooplankton
(May 28 - 29, 1973). All experiments were conducted in situ
at the depth of maximum zooplankton density and rates corrected
to values expected with a zooplankton biomass of 50 ug dry

wt/ml. Mean * standard error indicated.
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Figure 3-11
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Diel changes in the rate of inorganic phosphate excretion of
Eunice Lake zooplankton (May 28 - 29, 1973). All experiments
were conducted with in situ conditions at the depth of maximum
zooplankton density. Rates corrected to values expected with
a zooplankton biomass of 50 ug dry wt/ml. Mean * standard

error indicated.
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Figure 3-12 Diel changes in the assimilation rate of Eunice Lake zooplankton
(May 28 - 29, 1973). All experiments were conducted at the
depth of maximum zooplankton density under in situ light and
temperature conditions. Incorporation of l4c-1abelled
Chlamydomonas reinhardtii was determined and rates corrected
to values expected with a zooplankton biomass of 50 ug dry

wt/ml. Mean * standard error indicated.
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DISCUSSION

The results of the previous chapter suggested that under natural
conditions periodic changes in light intensity, spectral composition,
temperature, and food concentration would reinforce endogenous diel rhythms
by increasing rates even further at dawn and 4usk, reducing rates during
midday. The results of the present chapter clearly demonstrate significant
diel rhythms in feeding, respiration, excretion, and assimilation in situ.
Differences in the amplitude of each of these rhythms resulted in large
variations in assimilation efficiency (A/I x 100) and net growth efficiency
(A/(A + R) x 100) throughout the day.

Since a number of environmental factors affect feeding and respiration
rates (Chapter 2) and would change the amplitude of in situ rhythms, several
biotic and abiotic features in the environment of Eunice Lake zooplankton
were examined at the depth of maximum zooplénkton density (MZD) at 1 hr
intervals throughout the day. These data, based on visual approximations
of. the mean depth of maximum zooplankton density (MZD) from echo soundings,
are summarized in Table 3-1.

During this investigation, Eunice Lake zooplankton at the depth of
maximum abundance experienced significant diel changes in light, including
shifts in the spectral composition of incident light, changes in the total
intensity of down-welling light, as well as marked changes in the rate of
intensity change (dI/dt) throughout the day. Zooplankton were exposed to
maximum light intensities at sunrise and sunset (ca. 1100 pw/cm?) and
experienced lower intensities during midday (Table 3-1). The intensities
shown in the previous chapter to increase respiration and feeding rates

(< 100 uw/cmz) were only found at dawn and dusk; consequently, reinforcement
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of endogenous rhythms would only occur at these times. Higher intensities
found between sunrise and sunset, given the relationship established in the
previous chapter, may be partially responsible for the low rates observed
near midday, particularly in the case of feeding. There was no evidence of
Eunice Lake zooplankton at the depth of maximum abundance (MZD) following
similar or 'optimal' light intensities throughlout the day as suggested by
Cushing (1955).

Rates of intensity change were also highest at sunrise and sunset;
however, the effects of this parameter on the feeding and respiration of
zooplankton are not known. The vertical movement of zooplankton appeared
to be related to rates of intensity change (AI/At); rates of intensity change
began to increase shortly after dawn (Table 3-1) and were accompanied by
a general downward movement of zooplankton (Fig. 3-8). This phenomenon
was not examined in detail'in the present investigation; however, various
other authors have demonstrated a strong correlation between rates of
intensity change and vertical movement of zooplankton (McNaught and Hasler,
1964; Ringelberg, 1961).

At dawn and dusk when zooplankton were distributed near the surface
(Fig. 3-8), populations were exposed to high proportions of low intensity
blue (400 - 500 nm) light (Fig. 3-2). This was evident by dawn and dusk
(0400, 0500, and 2000 hr) values of A g, 5 (Table 3-1), the wavelength which
divides the spectral distribution into two equal portions in terms of total
energy. Jerlov (1954) demonstrated that the spectral distribution of day-
light before sunrise and after sunset was predominantly short wavelength
radiation (< 560 nm) due to a relatively high contribution from blue sky
light in the absence of direct sunlight. As indicated in the previous

chapter, blue light increased feeding and respiration rates in cladocerans
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and may contribute to the higher rates observed at dawn and dusk.

In the previous chapter, food concentration was shown to have marked
effect on the feeding rate of zooplankton. During the present investigation,
Eunice Lake zooplankton encountered diel differences in the standing crop
of particulate matter (Fig. 3-6, Table 3-1); concentrations increased
approximately two times from 2.5 to 5.5 m. Consequently, during their
morning descent and again during the evening ascent, zooplankton passed
through water containing significantly higher food concentrations. This
could result in an increase in feeding rate as indicated in Chapter 2 which,
however, might be partially offset by the high intensities (> 1000 pw/cm?)
also experienced at these times.

Since temperature also affects feeding and respiration rates, the 5 C
temperature change experienced by Eunice Lake zooplankton during their diel
vertical migration may accdunt for amplitudes which are greater than those
demonstrated in endogenous rhythms under constant conditions (Chapter 1).

In summarizing the effects of diel changes in the environment of
Euﬁice Lake zooplankton at the depth of maximum abundance, it is clear that
the environment'will reinforce the endogenous diel rhythms demonstrated in
Chapter 1, increasing rates further at dawn and dusk, reducing them during
midday. Feeding and respiration rates at dawn and dusk when zooplankters
were distributed near the surface are increased by the combined influence
of higher temperatures, low light intensities, and a high proportion of
blue light. Rates at midday, already inherently low, are further reduced
by lower temperatures, higher intensities, and incident light which was
predominantly yellow-green.

Highly significant diel changes in feeding (Fig. 3-9), respiration

(Fig. 3-10), inorganic phosphate excretion (Fig. 3-11), and assimilation
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(Fig. 3-12) were found during the present investigation. However, both the
amplitude and timing of the maxima of each of the four parameters differed.
Feeding rates were highest at 0400 and 2115 hr and the amplitude of the
diel rhythm large due to negligible feeding near midday. The high rates
measured at dawn and dusk are not entirely due to the endogenous rhythm;
the intrinsic component probably accounts for an increase of six to seven
times (Chapter 1) with the environmental conditions previously described
contributing to the remainder of these maxima.

In the case of respiration, the dawn maxiﬁum was later (0930 hr).
However, since the migrating zooplankters did not reach the depth of maximum
phytoplankton density until sunrise (Table 3-1), the delay in the respiration
maximum may be related to the increasing food concentrations; respiration
rates occasionally increase when zooplankton are actively feeding (Conover,
1966). This effect was nof indicated in the previous chapter where food
concentrations from 10% to 10® cells/ml had no significant effect on the
oxygen consumption of zooplankton. Previous investigations (Chapter 1)
inaicated that the amplitude of respiration rhythms was always less than
the amplitude of feeding rhythms. The results of the Zn situ observations
are consistent with this trend; respiration increased only 2.0 times from
the midday level. This amplitude is no greater than observed under
controlled conditions in the laboratory and a consequence of the inherent
rhythm itself. For the species examined in the present investigation, the
environment did not reinforce endogenous respiration rhythms to the same
extent as feeding rhythms.

The diel pattern of inorganic phosphate excretion by Eunice Lake zoo-
plankton was similar to the pattern described for oxygen consumption.

However, the amplitude of the excretion rhythm was greater than that
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demonstrated for respiration; excretion of dissolved inorganic phosphate
increased four times from midday to dusk. The amplitude and timing of the
present rhythm was similar to that described for Acartia by Hargrave and
Geen (1968). The relative importance of endogenous and exogenous components
to the amplitude of the rhythm cannot be assessed since endogenous excretion
rhythms were not considered in previous chapters.

The diel rhythm in assimilation rate was similar to that of feeding in
timing but not in amplitude. Assimilation rates were highest at dawn and
dusk and lowest at midday. The magnitude of dawn and dusk maxima were not
significantly different and approximately 507% higher than midday levels.

A budget for the diel energy consumption and expenditure of the Eunice
Lake zooplankton community is presented in Table 3-2; only zooplankters
larger than 156 ﬁ are considered, and no attempt has been made to estimate
the energy losses incurred.by the excretion of dissolved organic and in-
organic compounds. It was not possible to estimate excretion of carbon
based on losses due to inorganic phosphate excretion; there are no published
C:f ratios for the excretion products of zooplankton. This represents a
shortcoming of the present data since it has been estimated that in some
cases as much as 30% of the energy incorporated is lost within 24 hr through
excretion (Butler et al., 1970).

Diel differences in the feeding, respiration, and assimilation rates
of Eunice Lake zooplankton were converted to caloric equivalents and are
presented in Fig. 3-13.

The results of the present investigation indicate that Eunice Lake
zooplankton exhibit 'superfluous feeding' (Beklemishev, 1954) at certain
times of the day; ingestion rates at dawn and dusk were well in excess of

energy requiremen (Fig. 3-13). It has often been suggested that when
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Figure 3~13 Diel changes in the caloric values for feeding, respiration,
net and gross assimilation of Eunice Lake zooplankton Zn stitu

(May 28 - 29, 1973).
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concentrations of phytoplankton are high, zooplankton may ingest a great
deal more food than is actually assimilated, the remainder passing through
the gut undigested (Cushing and Vucetic, 1963). Conover (1966) stated that
if superfluous feeding occurred, assimilation efficiencies would decrease
but was unable to demonstrate any significant change in assimilation
efficiencies over a range of food concentrations from 103 to 2 x 105 cells/l.
Superfluous feeding has been the subject of much controversy over the past
20 years and has led to many discrepancies regarding assimilation efficiencies;
estimates of assimilation vary from 6 to 997 (Conover, 1964). Inconsistency
in the definition of 'assimilation' has also contributed to this problém;
in the present study assimilation is defined as that amount of energy
actually incorporated and remaining at the conclusion of the experiment.
Consequently, the lack of excretion data previously mentioned will have no
impact on the calculation of assimilation efficiencies (A/I x 100), only
that energy actually incorporated is considered in calculations. As
indicated in Fig. 3-14, assimilation efficiencies varied from less than 5%
at dawn and dusk to 1007 near midday. Ih fact, ingestion rates from 1000 -
1600 hr were insufficient to meet the respiratory expenditure of the zoo-
plankton; energy incorporated at dawn and dusk must be used to support the
population at this time.

Iﬁ some cases, the high assimilation efficiencies demonstrated by
other workers (Conover, 1964; and others) may be a consequence of experiments
coﬁducted near midday when feeding rates are inherently low and efficiencies
possibly high. 1In fact, during this study, the average assimilation
efficiency between 1100 and 1600 hr was 53%. This is consistent with values
determined by other authors even though the total efficiency over the 24-hr

period was less than 67%.
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Figure 3-14 Diel changes in the net assimilation efficiency (A/I x 100)
and net growth efficiency (A/(A + R) x 100) for Eunice Lake

zooplankton (May 28 - 29, 1973).
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The net growth efficiency (A/(AR) x 100) remained highest at dawn and
dusk (Fig. 3-14). 1In the present investigation, Eunice Lake zooplankton
would be unable to sustain growth at the ingestion rates found near midday;
some of the energy incorporated as a result of feeding at dawn and dusk
must be used to maintain the population during midday. Energy assimilated
at dawn and dusk, albeit at low efficiencies, may be utilized for increased
production throughout the day és well as for maintenance of metabolic re-
quirements at times when feeding rates are negligible.

There are a number of possible errors which may have influenced the
present budget and consequently its interpretation. As previously mentioned,
excretion of dissolved inorganic and organic compounds have not been included
in this budget. High excretion losses would tend to underestimate the
gross assimilation rate, resulting in net growth efficiencies (Fig. 3-14)
which would be abnormally High. The efficiencies found in the present
study (15 - 35%) are similar to the values presented by Conover (1968) for
actively growing copepods (20 - 60%) based on the expression: AW = K,
(A}RAt) where AW is the energy equivalent of growth over any period of time
(ot) and A', R, and K, are the fraction of ingested food assimilated, energy
acquired in feeding, and net growth efficiency, respectively.

Several other factors may have affected the assimilation rates measured
in this study. If some unincorporated 14%¢ remained in the gut of zooplankters
after the 2-hr clearing period, assimilation rates would be overestimated.

A major consideration in the interpretation of the present data is that
feeding rates were measured with natural phytoplankton populations, whereas
assimilation was determined with a labelled culture of Chlamydomonas
reinhardtii and lake water, albeit at similar concentrations. Since the

species composition of phytoplankton ingested has been shown to affect
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assimilation efficiencies (Fedorov and Sorokin, 1967; Schindler, 1971),
this may be an important consideration here. Further studies are required
to establish whether superfluous feeding is a general phenomenon under
natural conditions.

Nevertheless, the existence of marked diel rhythms in feeding,
respiration, and assimilation tend to cast dodbt on the observations of
several previous authors. Estimations of total daily consumption and
assimilation based on experiments conducted during the day may account for
a proportion of the discrepancy between these data and the values presented
in other energetics studies. TFor example, Richman (1964) estimated the
daily caloric intake of Diaptomus at approximately 1.7 cal/mg dry wt/day
with a respiratory expenditure of 1.1 cal/mg dry wt/day. Similar values
have been proposed for other zooplankters by a number of workers (Lasker,
1966; Pavlova, 1964; Richmén, 1958; Pechen and Kuznetsova, 1966). The total
daily caloric intake, assimilation, and respiratory expenditure measured
in this study were 3.9, 0.22, and 1.0 cal/mg dry wt/day, respectively.
Alfhough respiratory expenditures suggested by other workers are not
significantly different from the present one, presumably due to the small
amplitude of respiration rhythms, the caloric intakes of other authors
are less than 40% of the value determined for Eunice Lake zooplankton;
assimilation estimates by other workers exceeded the present value by at

least two times.



GENERAL DISCUSSION

In conclusion, it is clearly evident that diel rhythms in the
feeding and respiration of zoo-plankton presist under both constant
laboratory conditions and natural field conditions. These rhythms,
although endogenous, are reinforced by periodic changes in light and
temperature, increasing the magnitude of rhythms over and above that
due to the intrinsic component alone. Further investigations will be
required to determine whether or not rhythms of the type demonstrated
in this study are circadian; these phenomena must be monitored contin-
uously over a period of several days and the frequency of the free-
running period determined.

Several other areas require further investigation. These include
a more precise definition of the effects of temperature on the amplitude
and persistence of respiration and feeding rhythms as well as clarification
of the relationship between temperature and the responses of zooplankton to
light intensity and spectral composition.

It is also not known to what extent endogenous respiration and
feeding rhythms persist in other species of zooplankton or to what extent
these phenomena are seasonally dependent; ubiquity of endogenous rhythms
cannot be deduced from the results of the present investigation alone.

In this study, the magnitude of feeding rhythms always exceeded
that of respiration rhythms. Since this has important ramifications to
the diel energy budget of Eunice Lake Zooplankton, it is necessary to
establish whether or not this too is a common phenomenon. In other
words, does "superfluous feeding" commonly occur at dawn and dusk and
is the food consumption during midday typicglly insufficient to meet

the metabollic demands of the zooplankton community? It will also be



important to clarify the role of dissolved excretion products, omitted
from the present investigation, to the diel energy budget of zooplankton.

The differential response of cladocerans and copepods to low
intensity blue or red light is also worthy of further consideration.

An electrophysiological examination of the visual system of zooplankton
at different temperatures and at various times of the day may indicate
that specific photosystems are more active at dawn and dusk when zoo-
plankters are exposed to low intensity blue light.

One of the most important problems remains unresolved; what factors
in the environment of zooplankton act as Zeitgebers to maintain synch-
ronization of endogenous rhythms to the natural light : dark cycle?
Rates of intensity change (AI/At), absolute intensities, shifts in
spectral composition of light with time and depth, photofraction,
temperature or any combination of these factors may act as cues under

natural conditions. Each of these variables must be examined in the

laboratory to determine their ability to shift the phase of the free-running

rhythm.

However, despite the seemingly large number of questions posed by the
present. investigation, several significant advances have been made. Endo-
genous diel feeding and respiration rhythms have been demonstrated under
a vafiety of circumstances, the effects of several environmental parameters
demonstrated from laboratory studies and the existence of diel rhythms
iﬁ.ﬁiEH confirmed for at least one lake. The magnitude of the rhythms
demonstrated in this study clearly suggests that rhythmic phenomena may

be of great importance to the experimental design of future energetics

studies and the diel energy budgets of zooplankton communities.




95
SUMMARY

Endogenous diel rhythms in feeding and respiration were shown at
temperatures from 10 -~ 22 C, in zooplankton from both oligotrophic
and eutrophic lakes, in both cladocerans and copepods, at different

times of the year, and at different latitudes.

The diel rhythms demonstrated in the present investigation were
typically bimodal; respiration and feeding rates were always highest
during the early morning and late afternoon or evening, and were

lowest during the midday.

The amplitude of the diel rate changes varied considerably but was
usually two to four times greater than midday levels for respiration

and six to seven times higher at dawn and dusk in the case of feeding.

The timing of respiration and feeding maxima were closely correlated

with the onset of dawn and dusk.

The oxygen consumption of zooplanktoﬁ at dusk was on the average 42%
higher than at dawn; the evening maximum always equalled or exceeded

morning rates.

Light intensity, spectral composition, and temperature had a marked

influence on the feeding and respiration rates of zooplankton.

Respiration rates of zooplankton increased with temperature in a
curvilinear manner; oxygen consumption of Daphnia pulex increased

from 3.5 ul 0y/mg dry wt/hr at 5 C to 26.5 ul 0p/mg dry wt/hr at 25 C.
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Temperature also affected both the feeding rate and size of cell

consumed by D. pulex; maximum rates were observed at 15 C, lowest

values at 5 and 25 C.

Temperature was expected to have pronounced effects on the amplitude
of diel feeding and respiration rhythms; in migrating species tempera-

ture may reinforce endogenous rhythms, increasing rates further at

dawn and dusk when zooplankters are found near the surface and lowering

them during midday when zooplankton descend to colder water.

Spectral composition and intensity were shown to affect zooplankton feeding

and respiration only at low light intensities; there were no significant’

quality or intensity effects above light intensities of 500 pw/cm?.

The effects of light intensity were temperature and colour dependent;

this interaction, however, varied with the species examined.

At all temperatures and at intensities less than 30 uw/cm? the
cladocerans examined showed highest feeding and respiration rates in
blue light. However, in copepods, rates were highest in red or

occasionally white light and lowest in blue.

Feeding and respiration rates between 1 and 30 pw/cm? exceeded dark
rates; beyond 100 pw/cm? light rates were less than those measured in

the dark.

In the copepod, Cyclops scutifer, feeding rate was inversely related

to light intensity over the range examined (0.1 - 1000 uw/cm?).
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In the cladocerans, Daphnia rosea and Holopediwm gibberwn, the biomass
of phytoplankton consumed was three times higher in blue light than

in either red or white light of equal intemsity (20 - 40 uw/cm?).

The effects of twilight duration and spectral composition of light on
the maintenance¢ and phase of diel respiration rhythms were not clearly

defined in the present investigation.

Significant diel rhythms in the feeding, respiration, phosphate
excretion, aud assimilation of zooplankton were demonstrated in situ.
Differences in the amplitude of each of these rhythms resulted in
large variations in assimilation efficiency and net growth efficiency

throughout the day.

Diel char:es in the environment of Funice Lake zooplankton were shown
to reinfrce the endogenous component of diel rhythms; at dawn and
dusk, w'..n migrating zooplankters were distributed near the surface,
rates vould be increased by the combined influence of higher tempera-

tures, low light intensities, and a High proportion of blue light.

The results of the 7n situ investigation indicate that Eunice Lake
zooplankton exhibit superfluous feeding at certain times of the day;
ingcstion rates at dawn and dusk were well in excess of energy

recuirements.

Yet assimilation efficiencies varied from less than 5% at dawn and

dusk to 100% near midday.
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Ingestion rates from 1000 - 1600 hr were insufficient to meet the
respiratory expenditure of the zooplankton; it is suggested that energy

incorporated at dawn and dusk is used to support the population at

this time.

The net growth efficiency of Eunice Lake zooplankton was also highest

at dawn and dusk.

The total daily caloric intake, assimilation, and respiratory expendi-
ture measured in this study were 3.9, 0.22, and 1.0 cal/mg dry wt/day,

respectively.
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