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Abstract

Parameters for natural populations of the fluid-
feeding predaceous zooplankter Leptodora kindtii
and probable prey species were followed for three
years against a background of limnological
monitoring of a shallow lake ecosystem, Sanc-
tuary Lake, Crawford County, Pennsylvania.
Due to the shallow, uniform nature of the Fish
Hatchery Bay portion of Sanctuary Lake,
physical-chemical conditions are quite homoge-
neous during the Leprodora growing season (May
through November). Oxygen is normally near
saturation, water temperatures follow air tem-
peratures closely and the system is highly pro-
ductive. Bluegreen algae dominate the phyto-
plankton during the summer and fall.

The population parameters finite birth, in-
stantaneous birth, instantaneous population
change, and instantaneous death rates were
estimated from field data for six possible prey
species (four cladocerans and two copepods).
Also, turnover and production rates were cal-
culated for the prey. The same population data
were gathered for Leprodora, and predator — prey
inferences were drawn by comparing Leptodora
birth rates with prey death rates. The results
indicate that the predator — prey relationships
are quite complex, with the Leprodora population
usually depending on at least two prey species at
any given time.

Annual production for the Leprodora popula-
tion was 0.362 g/m3 (1876.1 cal/m3) in 1966 and
1.427 g/m3 (7395.4 cal/m3) in 1967. Assuming
assimilation and production (i.e. growth plus
reproduction) efficiencies to be 40%; and 309,
respectively and calculating yield from estimates
of death rate (d), annual energy budgets for
Leptodora have been proposed for two years. '

Pe3iome

HUccnenosanu mapaMeTpbl ECTECTBEHHBIX I1O-
nynsuuit Leprodora kindtii ~ XMIIHBIX MpeacTa-
BHTeneH 300NNaHKTOHA, MUTAIOIWMXCA COKaMH, a
TaKXe NOMyNsUuil BO3IMOXHBIX BUIOB UX XEPTB.
Ha6monesus NpoBOOMIINCH B TCYEHUE TPeX JeT
B IPUAOHHBIX CJOSX BOMBI JIMMHOJOTHYECKHX
MOHMTOPOB 3KOCHCTEMbI MEJIKHX O3ep Ha o3epe
Canktyapu B Kpoydopn Koyntu ([leHcuiabBa-
Hus). B Menkosonno#t yactu o3zepa CaIHkTyapu
- Ouuw-X3Tuepu-bait, PUIUKO-XHMHUYECKHE YCIIO-
BHMSA NOBOJILHO MOCTOAHHBL B NEPHOA pocTa Lep-
todora (¢ mas no Hoa0ps). KonuedTtpauus
Kkucaopona 6au3ka K YPOBHKO HACBIIICHHSA, TEM-
nepatypa BOAbl ONM3Ka K TeMnepaType BO3yxa,
NPOOYKTHBHOCTL CHCTEMBl BbiCOKa. B ¢uTtO-
[JaHKTOHE B TeyeHHe JleTa AOMHHHHUYIOT CHHe-
-3eneHbie Boaopocnu. [TapaMerpsl nonynsuuu
OMpenenAoT CPOKM [OABJIEHUS NONYJALMH,
MaccoBOr0 OTPOXIAEHHS OcObGel, ORHOBpPEMEH-
HBIX H3IMEHEHH NONyNALUUM U MaccoBOk rubenu
ocobefi. DT napameTphl ObinH OmpeneseKbl B
NoneBbiX ONBITAX ¢ BO3MOXHBIMH BHIAMH
xepTB (4 Buna Cladocera, 2 Buna Copepoda).
Jns nonynauui xepTB ONpeleNieHa MPONYKUHS
M MHTEHCUBHOCTbL ofmena. [lonoOHbie NaHHBIE
NoAy4eHb K AnA Leptodora, OTHOWEHUA XHII-
HUK-XKePTBa OLIIX UCCIEAOBAHE! NTyTEM CPaBHe-
HHUS CKOPOCTH OTPOXACHHUSA Leptodora ¥ CKODOCTH
rubenu ux xeptTs. Pe3ynbTartsi HaGnroneHust
MOKa3bIBAKOT, YTO OTHOIIEHHS XHILHHK-XEPTBa
NOBOJILHO CIOXHbi, T.K. nonynauun Leptodora
O6BIYHO CBA3aHbi MO MEHbILEH Mepe C OBYMSR
BUOAMMU XEPTB B KaXObIl JaHHBI! MOMEHT.

Tonosas nponykuus nonynsuud Leptodora
cocraBasaa 0,362r/m3 (1876.1kan/m3) — B 1966r.
H 1,427r/m3 (7395.4xan/M3) - B 1967r. IIpreumas
KO3DHLKHEHT aCCHUMMWJISLUY M faponykuuio (T.e.
POCT IUTIOC PAa3MHOXEHHE) COOTTEBCTBEHHOM 3a
40% wn 303, npu yveTre cKkopocTu rubenu (d)
NPEANONOXKHUTENbHO MONCYATAH FOOMYHBIA JHe-
pretudecknii 6anaxc ana Leptodora na 6anxai-
IKe OBA roaa.

1 This research was supported by contract AT (30-1)-3519 from the Environmental Sciences Branch
of the U.S. Atomic Energy Commission. The printing costs have been defrayed by a special grant.
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1. Introduction

[he widespread interest in ecological energet-
ics is exemplified by the recent appearance of
reviews such as Phillipson (1966) and Engle-
mann (1966) (see also Slobodkin 1962). The
collection of data on energy budgets, which
constitutes a logical extension of Lindeman’s
(1942) classical work, has progressed very
slowly. Some annual budgets have been pre-
pared for a number of ecosystems (Juday 1940,
Odum 1957, Teal 1957, 1962, King and Ball
1967) or portions of ecosystems (Englemann
1961, Mann 1966) but these suffer from the
simple lack of data. The few original values
which have appeared in the literature have
been grossly overworked and overextended;
obviously in this area ecologists have more
models than data.

Most investigators have approached eco-
system energetics at the level of single popula-
tions, the assumption being that the summa-
tion of such measurements will eventually
allow for model building at the level of entire
ecosystems. Some examples of single popula-
tion energy budgets are represented. by the
work of Trama (1957), Richman (1958) and
Comita (1964). Of particular relevance to the
present paper are the budgets prepared for
Daphnia pulex Leydig (Richman 1958) and
Diaptomus siciloides Lilljeborg (Comita 1964).
The information presented in this paper is
intended as an extension of these studies by
providing data on a predaceous freshwater
zooplankter. The long term objective of the
study is to determine an extremely detailed
annual energy budget for natural populations
of Leptodora kindtii (Focke).-

Previous investigators have studied various
aspects of the biology of L. kindtii (Weismann
1874, 1876, Forbes 1886, Kingsley 1886, Weiders-
heim 1890, Samassa 1891, Samter 1895, 1900,
Cariton 1897, Warren 1901, Gerschler 1911,
1912, Guth 1919, Gicklhorn and Keller 1925,
Siedentop 1930 a, 1930 b, Sebestyen 1931, 1933,
1949, 1960 a, 1960 b, McDougall and Verzar
1933, Frolich and Zak 1934, Von Saalfield 1936,
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Andrews 1948, 1949, 1953, Mordukhai-Boltov-
skaia 1956, 1957, 1958, 1960, Entz and Lukacso-
vics 1957, Hall 1959, Cheremisova 1960, Scharrer
1964, Wolken and Gallick 1965). Several of these
investigations present data on various aspects of
population dynamics but none have produced
energy budgets.

,2. Study location

Pymatuning Reservoir is a large (64.8 km2)
artificial impoundment of the Shenango River
in northwestern Pennsylvania and north-
eastern Ohio. Tryon and Jackson (1952) de-
monstrated the highly productive nature of
this reservoir and showed that it is divided into
three distinct portions which are ecologically
distinguishable. Sanctuary lLake, the 1013
hectare (2500 acre) eastern arm-like extension
of the reservoir, is separated from the re-
mainder of the impoundment by a spiliway
dam (Fig. 1), and constitutes the shallowest
(maximum depth 3 m) and most productive
portion (Tryon and Jackson 1952, Hartman
and Graffius 1960). The University of Pitts-
burgh Pymatuning Laboratory of Ecology is
located on the west shore of Sanctuary Lake
(Fig. 1).

In addition to the studies already cited,
various aspects of the ecology of Pymatuning
Reservoir have appeared elsewhere (Jackson
and McFadden 1954, Orr 1954, Tryon 1954,
Verduin 1954, Borecky 1956, Hartman 1958,
Hartman and Himes 1961, Dugdale and
Dugdale 1965). :

Only one area of Sanctuary Lake, Fish
Hatchery Bay (station no. 5 in Hartman and
Graffius 1960; marked FHB in Fig. 1), was
sampled intensively during the quantitative
study period, 1965-1967. However, during
1964 and periodically during 1965~1967 com-
parative samples were taken from other re-
gions of the lake. Since these supplemental
collections indicated little difference between
zooplankton densities in Fish Hatchery Bay
and other'regions, we have assumed that the
detailed data on the bay reflect conditions in
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Fig. 1. Sanctuary Lake portion of Pymatuning Reservoir showing sampling location in Fish Hatchery
Bay (FHB) and the location of the University of Pittsburgh Pymatuning Laboratory of Ecology
(PLE, indicated by cross hatching). (Figure modified from Hartman and Graffius 1960).

the lake as a whole. However, such extensions
of the data should be done with caution since
Hartman and Graffius (1960) have shown algal
differences in various regions of Sanctuary
Lake.

Fish Hatchery Bay represents a uniform
sampling area; a flat bottom basin with a
maximum depth of 3 m and a mean depth of
1.5 m. As shown in Fig. 1, the eastern portion
of the lake receives water from an extensive
marsh area. In addition to runoff, the other
major contribution is from Linesville Creek
(Cummins et al. 1965) which enters at the
north end (Fig. 1) carrying raw sewage from
the town of Linesville, Pennsylvania (popula-
tion approximately 1200).

15*  OIKOS 20, 2 (1969)

3. Methods

A. Physical-chemical limnology

Incident solar radiation was monitored with a
Belfort 7 day recording pyrheliometer (Belfort
Inst. Co., Baltimore, Md.; sensitivity 3800-
7200 A) and converted to gram calories/cm?/
day (= Langleys) by planimetrically deter-
mining the area under each daily tracing. On
each sampling date, profiles of the following
parameters were determined for the water
column by obtaining measurements at four
depths (surface, 0.5 m, 1.0 m and 1.5 m):
percent light penetration (G. M. submarine
photometer, G. M. Mfg. and Inst. Corp.,

N.Y., 509 sensitivity 4000-6400 A); tempera-
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ture (Electronic thermometer, Applied Res.
Assoc., Austin, Texas); dissolved oxygen by
the P.K.A. modification of the Winkler
method, phenolphthalein and total CaCOj;
alkalinity, and free CO; (Amer. Public Health
Assoc. 1965); dissolved solids (Myron dis-
solved solids meter, Mace Corp., San Gabriel,
Cal.). Also, several determinations were made
of orthophosphate (1966-1967) by the stan-
nous chioride method (Amer. Public Health
Assoc. 1965) and total carbohydrate (1967) by
the anthrone reagent method (Hewitt 1958).
In addition to the seasonal monitoring of the
parameters listed above, extensive physical-
chemical data were gathered during round-
the-clock studies of Leptodora diurnal migra-
tion patterns to be reported elsewhere (Costa
and Cummins 1969).

B. Plankton sampling

Phyto- and zooplankton samples were col-
lected with a 0.5 m diameter no. 20 mesh
(0.076 mm pore size) plankton net, fitted with
a metering device (G. M. Instruments, regular

gear train counter type), between two marker

bouys set 90 m apart in the center of Fish
Hatchery Bay. Due to the shallow and uniform
nature of the Sanctuary Lake basin, collections
could be made at fixed depths. The net hoop
was welded to a rod marked at 0.5 m intervals,
allowing the net to be positioned at the desired
sampling depth and held in place during
standard 90 meter tows. During 1965-1967,
fixed position plankton net tows were obtained
with a 12 ft. aluminum rowboat propelled by
a 6 hp. outboard motor. The 1967 season also
saw the adoption of a 15 ft. pontoon boat
powered by a 20 hp. outboard motor and
modified to accomodate the sampling gear.
Other nets on 0.3 m diameter hoops at-
tached to rods and towed at fixed depths the
standard 90 m distance were used for ad-
ditional zooplankton (no. 10 mesh, 0.158 mm
pore size) and Leptodora (no. 000 mesh,
1.024 mm pore size) collections. In addition,
some 1967 collections were taken with an
Isaacs-Kidd (G. M. Instruments) high speed
plankton sampler lowered to a given depth
through a center well in the pontoon boat and
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supported by a specially designed structure
that allowed the sampler to be levelled during
collection.

Calibration of the plankton nets was ac-
complished by two methods. The first involved
mounting a metering device outside the net
hoop. By comparing the readings obtained on
the outside meter during a 90 m tow with those
read on the meter recessed in the mouth of
the net an efficiency factor was determined.
This efficiency factor was then used to correct
the theoretical collection volume of 17,640
liters (i.e. (90) x (efficiency factor) x (0.25m)2
10,000 = liters) to the actual volume sampled.
The second method involved a comparison
of meter readings from 90 m tows of the net
rigged for sampling with tows after removal
of the net. The no. 000 mesh net was used to
collect only Leptodora and it had an efficiency
that was essentially 100%;.

The Isaacs-Kidd sampler was calibrated by
Dr. Robert Bonn under standard flow condi-
tions (Hydraulics Laboratory, University of
Pittsburgh). The resulting calibration curve
indicated the relationship between volume
processed per meter revolution as determined
by the speed of the sample vessel. Comparisons
of population estimates obtained with the
Isaacs-Kidd sampler and metered nets in-
dicated no significant differences (P = < 0.05,
Wilcoxon matched-pairs — signed-ranks test:
Siegel 1956).

Tests of sampling reproducibility, when re-
plicate tows were compared (three tows at each
of two depths on three different dates), on the
basis of the 10 taxonomic categories enu-
merated, indicated no significant differences
(variance analysis, F values from 0.32 to 2.66,
P = 99.4). Comparisons between counts of
subsamples from two depths (surface — 0.5 m
and 1.0 m-1.5 m) collected on the same date
also showed no significant differences (P =
< 0.05, Wilcoxon matched-pairs - signed-
ranks test: Siegel 1956). The high reproducibil-
ity of replicate samples taken in Fish Hatchery
Bay is undoubtedly due to the uniform,
shallow, continuously mixed, and therefore
homogeneous, nature of Sanctuary Lake.
Sampling of the strata from surface to 0.5 m
and from 1.0 m to 1.5 m adequately com-
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Tab. 1. Data on sample number and sampling frequency for the years 1965-1967.
Number of samples Mean Sampling
sampling interval Sampling?
Year No.20 No.000 No. 10 Total interval range period
mesh mesh mesh (days)! (days) )
0.5mnet 0.3mnet 0.3 mnet

1965 39 39 5.2 1-11 18/5~ 4/12

1966 36 63 99 2.3 1-11 8/4-26/11

1967 25 88 73 186 1.2 1-11 19/4-19/11

I Including all collection methods.

2 Sampling initiated and concluded to cover the occurrence of Leprodora.

pensated for differences in vertical distribution
as indicated by extensive studies on Leptodora
diurnal migration patterns (Costa and Cum-
mins 1969). Furthermore, because most of the
sampling was carried out after sunset, dif-
ferences in density due to depth were not
significant. Data on number of net collections,
sampling interval and total sampling period
for the three years are presented in Tab. 1.

Net Collections

Ro. 20 mesh
8.5 m
diameter

Dilution to
1500 w1l

C. Plankton enumeration

Fig. 2 summarizes procedures for quantitative
estimates of plankton density which involved
separate methods for Leptodora, the remainder
of the zooplankton and the phytoplankton.
Estimates of size distribution for the Leprodora
population were made from fresh-caught ani-
mals obtained with the no. 000 mesh, 0.3 m
net. Because of severe and non-uniform

No. 10 mesh No. 000 mesh
0.3 m 0.3 m
diameter diameter

Dilution to Dilution to

500 ml 1000 ml
Subsample
Leglcdotlz Leptodora Phytoplankeon Prey zooplankton Leptodora and Leptodora
500 ml (pre- 500 wi+ 50 ml (pre- two 25 ml (pre- zooplankton 100
served with (frozen to be served vith served with 25 ml ml concentrated
95% ethanol used for we., formalin) 95% ethanol + Congo to 50 mi (pre-
+ Congo red) cal. anéd red) served wich 957
trophic analy- ethanol + Congo
sesg) red)
/ Zooplankton leptodora
’
Counting: Councing: ten Counting: petri Counting: all Counting: all Counting: size
entire fields in a 1 ml dish (7091 umz), animals in 10 animals in each distribution and
Sedgewick Rafter ten fields (113 ml counting of the three 25 egg data determined
cell at 100 x ) in each of volume ml subsamples on 25-100 randomly
three 1 ml withdrawn from seiected live
counting volumess 100 ml samples animals
1. In some cases dilution was to 1000 ml
2. Size determinacions msde on preserved Leptodora (1965) were discarded.
3. In some cases subsampling was necessary due to high Leptodora density.
4. In some cases 350 ml samples frozen.
5. In some cases, counting volumes were 0.5, 1.5 or 2.0 ml.
6.

1f sample contained less than 25, entire collection was counted.

Fig. 2. Pretreatment, preservation and enumeration procedures for plankton samples collected

during the 1965-1967 seasons.
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Tab. 2. Calculations of population parameters.
Population
Parameters Formulae Comments

Mean clutch size

E)

Embryos/unit
volume (E)

Developmental
time (D)

Finite birth rate
(B)

Instantaneous birth

rate (b)

change (r)

Instantaneous
death rate
T (d)

Turnover time in
days (D)
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total no. eggs counted

E

E = (% 2% with embryos)
(no./unit volume)(E)
(E = mean clutch size)

= total no. 2% with eggs

An age specific mean clutch size can be em-
ployed as an additional refinement.

Alternate estimates can be obtained by count-
ing all eggs in females from a standard sub-
sample volume removed from a quantitative
collection.

Developmental time (from appearance of embryos to brood sac release)
determined in laboratory culture at constant temperatures or estimated by using
the average lake temperatures over the time period between peaks and lows in
mean clutch size or the interval between appearance of smallest egg-bearing
females and newborn. Separate times were determined for four morphologically
recognizabie developmental stages of Leptodora (Table 8 and 9).

B e
= (D)(No)

Where Ny is the population
density at a given time (initial

time to)

b = Natural log of (1 — B)

(Natural log N¢)-(Natural log No)

t

Where No is the initial popula-
tion density and N is the final
population deasity after time t.

d=b-r

L
T=1

(% turnover per day =

1
T X 100)

B represents the number of newborn per in-
dividual female per day. For Leptodora:

E, E, E; E4)1
B=(5 + 5 * 5, + 5%

where 1-4 are the four morphclogically re-
cognizable developmental stages.

The value of ! in the equation represents an
“initial individual” to which is added the
increase/individual/day. Thus, b represents
the instantaneous rate at which the popula-
tions would increase if it maintained the birth
rate B.

the natural log of the equation rt
N¢ = No

Death rate, or *‘total yield”, is due to both
“natural death” (yield to detrital consumers)
and predation (yield to predators). That is,
the effect of the observed population change
(r) is removed from the predicted population
increase (b) to *“‘expose’ the death rate (d).
If the population is not changing, that is,
exists in a steady state condition, death and
birth are equal. When the population is in-
creasing, b exceeds d, when it is decreasing d
exceeds b; in both cases the values of d are
positive. A negative value of d indicates that
the observed change (r) exceeds the predicted
change based on births (b). This decrease in
death is probably associated with increased
survival of non-reproductive individuals or
other errors in the estimates.

. No 1
Actually the formula is qr=r5s = g

1 1
(Note that F= I/E = B)
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Tab. 2. (continued)

Population

Parameters Formulae

Comments

Production rate
(gm/unit vol/day)

(% turnover per day)}(N,) =
gm/unit vol/day (Where No is
expressed in grams)!

The values are production rate/day for a given
standing crop of size No. All values obtained
over the growing season can be averaged or
monthly averages can be obtained. The proce-
dure employed in the present investigation
was to plot daily production for the season
and determine the area under the curve plani-
metrically. Additional refinement can be
achieved by estimating size-specific produc-
tion based on time required to develop from
one stage to the next at a given temperature
(e.g. see Petrovich et al., 1961).

1 The dry weight biomass standing crop for a given day is calculated by multiplying the per cent size
class information times the standing crop and then each fraction by the mean dry weight of the
appropriate size class. For Leptodora calculations, dry weight values for animals are without eggs
so the egg weight is added to the standing crop by multiplying per cent females with eggs times
the female standing crop times the mean clutch size and then times the mean dry weight per egg

(summer and winter eggs treated separately).

shrinkage of Leptodora when preserved in a
wide range of ethanol or formalin concentra-
tions, the size distributions obtained in 1965
were discarded. In addition, during the 1965
season it was discovered that Leprodora fe-
males dropped significant numbers of eggs
even when frozen or preserved in 95 % ethanol
and therefore 1966 and 1967 egg data were
determined using only fresh-caught individ-
~uals.

Other zooplankton species exhibited rela
tively less shrinkage in preservatives and fe-
males appeared less inclined to shed their eggs
in 959 ethanol. Size distributions for zoo-
plankton species (other than Leptodora) were
determined on preserved collections in 1966
and 1967. Zooplankton egg data were obtained
from preserved samples taken in 1966, while
only fresh-caught specimens were examined
for eggs during the 1967 season. Counts were
made in triplicate (Fig. 2) and in cases where
one of the counts fell outside the 95% con-
fidence limits (Crowley and Cohen 1967) one
or two additional counts were made.

D. Population parameters and production
estimates

Based on measurements of standing crop
(numbers per unit volume), mean clutch size,
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per cent females with eggs, median (or mean)
lake temperatures and estimates of develop-

ment times from field data, a number of .

population parameters have. been calculated
for Leptodora and the possible prey species.
Procedures utilized to calculate the population
parameters finite birth rate (B), instantaneous
birth rate (b), instantaneous rate of population
change (r) and instantaneous death rate (d)
have been summarized in Tab. 2. The methods
are those described by Deevey (1947), and
applied to zooplankton populations by Ed-
mondson (1960), Hall (1964) and Wright
(1965).

In addition to some laboratory measure-
ments, several procedures were used in
estimating developmental times (D), the time
from appearance in the brood sac to the time
of hatching, from field data. For prey zoo-
plankton species, this involved two methods:
1) the interval between the peaks and troughs
in a plot of mean clutch size by sampling date;
2) one half the period between the low prior
to a peak plus one half the period between the
peak and the following low. The median (or
mean) lake temperature for the period was
taken as the developmental temperature. The
resulting curves (Fig. 3 and 4) have been
corroborated by isolated laboratory measure-
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Fig. 3. Zooplankton development times, from

the appearance of embryos in the brood cham-
ber to release of young, as determined by temp-
erature (estimates based on time between peaks
and lows in mean clutch size; points, + time be-
fore peak to 3 time after peak; circled points,
time from peak to low; X marks: Hall 1964).

ments and compared with data gathered by
other investigators (e.g. Hall 1964, see plot for
D, galeata mendotae in Fig. 3). The range of
developmental times for the six species in-
vestigated is from 1-3 days to 10-20 days over
the range of 30°C to 8°C (Fig. 3). Develop-
mental times for Leptodora (Fig. 4) were also
determined by the procedure described above
supplemented by laboratory observations. In
addition, four stages in the development of
embryos from their first appearance in the
brood sac until just prior to their release as
free-swimming young were recognized.

Morphological characteristics of these four
stages and the relative per cent of the develop-
mental period spent in each have been pre-
sented in Tab. 3. The estimated development
times for four stages of L. kindtii embryos are
summarized in Tab. 4. Temperatures are as-
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sumed to be medians (or means) over the
developmental time period. Estimates of
development time for temperatures below
19°C have been taken from the data of
Mordukhai-Boltovskaia (1958); these have
also been plotted in Fig. 4. The range of total
development time from 1°C to 31°C is 17.4
days to 1 day (Tab. 4).

Production estimates were calculated using
turnover times derived from field population
data. Calculation methods for turnover time,
per cent turnover per day and production
(grams dry wt/m3/day and cal/m3/day) have
also been summarized in Tab. 2. The method
employed provides an approximation of pro-
duction based on per cent turnover per day as
derived from population birth rate. Produc-
tion can also be calculated using finite death
rate (Heinle 1965, 1967). However, production
can be assessed most accurately if, in addition
to embryo development times, instar duration
times are known. Such data are difficult to
obtain for field populations since, unlike
embryo development, instar duration times
are both temperature and food dependent.

204

« population shift
» ¢Qgs per liter moxima

+ Mordukahi = Boftovskoio (1958)

TEMPERATURE *C

Fig. 4. Leptodora development time, from the
appearance of embryos (stage I) in the brood
chamber to release of young, as determined by
temperature. Estimates based on the time be-
tween appearance of youngest egg bearing fe-
males and new born (2 mm) individuals (popu-
lation shift) and the time between peaks and
lows in eggs per liter (eggs per liter maxima). (Line
fit by graphical test of monotonic association,
Quenouille 1959.) Data from Mordukhai-Boitov-
skaia have also been plotted.



Ecological energetics of Leptodora 197

Tab. 3. Morphological characteristics and relative duration of Leptodora developmental stages
(% duration determined in the range 20 to 25°C).

Embryo stage Morphological description

% of total development

Approximate period (where total
size period = appearance in
(in microns) brood sac to hatching)

1 Undifferentiated spherical
embryo; granular.

II Posterior and anterior differentia-

tion; head rounded and with 2
antennae, posterior end slightly

tapering.

1II Further differentiation and elon-

250-300 (diameter) 1009,
500 (long) 67 %
750-1000 (long) 32%

gation of anterior and posterior
regions. Head still rounded, eye
pigmented, antennae 3/4 length of
body. Legs present and partially

developed.

v Elongation of antennae, legs and
body. Tail bifurcated. Animals
actively moving about in brood

sac.

1500-2000 (long) Hatching (1%)

Investigations are currently underway to
permit the use of such a method (Cummins
and Costa 1969).

Production per year was estimated by sum-
ming the daily production over the growing
season. Production values for days on which
no samples were taken were calculated by
interpolation. Both interpolation and summa-
tion to obtain the annual estimate were ac-
complished by computer programming. The
greatest advantage of computer programming
in this case is the continual refinement of
estimates as more data become available. Since
copepod nauplii were not separated to species,
the data presented represent non-naupliar
copepod production only.

4. Results

A. Physical-chemical limnology of Fish
Hatchery Bay

Measurements at Sanctuary Lake of incident
solar radiation, obtained for 1965-1967,
yielded the following average values in g cal/
cm?/day for the months covering the Leptodora
growing season: May, 284.7; June, 307.7;
July, 320.1; August, 223.7; September, 197.3;
October, 121.3; and November, 56.6. Profiles
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of percent incident radiation indicate a rapid
absorption of light with depth due to the large
amounts of suspended plankton, detritus and
sediment. The general pattern is for less than
1% of incident light to penetrate below a
depth of 1 m. This results in an average energy
income at a depth of 1 m of 2.4 cal/cm2/day
for the Leptodora growing season, of which
only 509, or 1.2 cal/cm?/day, is presumed to
be photosynthetically available. Temperature
data summarized in Fig. 5 (1965-1967) show
the continuously mixed character of Fish
Hatchery Bay water in which the water and
air temperatures correspond closely. These
data represent instantaneous measurements of
the average temperature in the water column.
In addition, median temperature measure-
ments (based on maximum and minimum
daily temperatures) are available for most
dates in 1966 and 1967 courtesy of the Penn-
sylvania Fish Commission which monitors
water temperatures in the bay. When a weak
thermal stratification was observed during the
summer in the bay, the static period usually
prevailed no longer than 24 to 48 hours. Even
during such rare occasions, complete oxygen
depletion was never observed in the bottom
waters.
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Tab. 4. Estimated development times in days for

four morphologically distinguishable stages of

Leptodora over the range of 1°C to 31°C.

Development times for temperatures below 20°C

taken from Mordukhai-Boltovskaya 1958; see
also Fig. 4 and Tab. 2.

Tempera- Development Times in Days
ture °C Stagel Stagell StageIII StagelV
1 17.4 11.5 5.4 0.2
2 16.8 11.1 5.2 0.2
3 16.2 10.7 5.0 0.2
4 15.6 10.3 4.8 0.2
5 15.0 9.9 4.7 0.2
6 14.4 9.5 4.5 0.1
7 13.9 9.2 4.3 0.1
8 13.2 8.7 4.1 0.1
9 12.6 8.3 3.9 0.1
10 12.0 7.9 3.7 0.1
11 11.5 7.6 3.6 0.1
12 10.9 7.2 3.4 0.1
13 10.3 6.8 3.2 0.1
14 9.7 6.4 3.0 0.1
15 9.5 6.3 2.9 0.1
16 9.3 6.1 2.9 0.1
17 8.1 5.3 2.5 0.1
18 7.3 4.8 2.3 0.1
19 6.5 4.3 2.0 0.1
20 6.1 4.0 1.9 0.1
21 5.1 3.4 1.6 0.1
22 4.4 2.9 1.4 0.04
23 3.7 2.4 1.1 0.04
24 3.1 2.0 1.0 0.03
25 2.7 1.8 0.8 0.03
26 2.3 1.5 0.7 0.02
27 1.9 1.3 0.6 0.02
28 1.6 1.1 0.5 0.02
29 1.4 0.9 0.4 0.01
30 1.2 0.8 0.4 0.01
31 1.0 0.7 0.3 0.01

Because of the lack of thermal statification,
chemical parameters are quite homogeneous
throughout the water column during the
Leptodora growing season (May-November).
Dissolved oxygen is normally at saturation, in
fact supersaturation is a common phenomenon
in surface waters. The ranges of mean values
encountered in three years of sampling were 7
to 12 ppm (80 to 1309, saturation). Total
alkalinity ranged between 40 and 60 ppm with
the majority of measurements yielding values
close to 50. Due to the high pH range, 8.0 to
9.5, free CO; levels were normally zero or
extremely low, the highest levels recorded
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being | ppm on rare occasions. Total dissolved
solids (conductivity) were usually above 100
ppm, the total rangs encountered being 70 to
130 ppm. Other parameters have been mon-
itored from time to time in Sanctuary Lake.
Orthophosphate levels are low having an
August (1966) mean of 0.0162 ppm. Nitrogen
data gathered by Dugdale and Dugdale (1965)
indicated rather high levels (0.05 mg/liter NO3)
and suggested extensive nitrogen fixation
primarily by large summer populations of
bluegreen algae. A few fall (1967) determina-
tions of total carbohydrate had a mean of
7.75 mg/l for six determinations. Assuming a
significant proportion to be in the form of
glucose, the values are high compared to the
data of Hobbie and Wright (1965) on glucose
concentrations in some Swedish lakes which
ranged from 0.009 mg/l to 0.059 mg/l.

B. Primary producers

As reported by Hartman and Graffius (1960),
green algae such as Pediastrum spp. dominated
the spring phytoplankton community. The
summer and early fall communities are com-

1968
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Fig. 5. Air and lake temperatures (mean of four
depths) measured for Fish Hatchery Bay,
1965-1967.
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posed predominantly of bluegreens, partic-
ularly Microcystis spp., the late fall com-
munity consists of green algae such as Volvox
and diatoms while the winter community is
composed primarily of diatoms, such as
Melosira spp. Determinations of algal com-
munity composition indicated the dominance
of bluegreens during the Leprodora growing
season; for example, Microcystis spp. yielded
values of per cent occurrence ranging from
60 to 1009 (i.e. per cent occurrence in each
ten field count made on a given sample).
Microscopic examination of unconcentrated
lake water and the close correlation between
carbon fixation (as measured by the Ci4
technique: Goldman 1961) and net phyto-
plankton density, suggest the error incurred
by not including nanno- or ultraplankton is
probably only significant in the spring. How-
ever, since essentially none of the dominant
bluegreen algae (Microcystis, Anabaena and
Aphanizomenon) have been seen during the
examination of the gut contents of Sanctuary
Lake herbivorous zooplankters, it seems that
unicellular and colonial green algae, ultra
phytoplankton, detrital particles and as-
sociated (or free) bacteria and fungi probably
constitute the primary food sources. The same
green algae and diatoms retained by a no. 20
net are normally encountered in zooplankter
guts collected in Sanctuary Lake. Other in-
vestigators (e.g. Saunders 1967) have demon-
strated assimilation of bacteria and detrital
particles by grazing zooplankters.
Chlorophyll measurements were made rou-
tinely (1966-1967) on 50 ml quantitative
samples filtered on 0.45u pore diameter
Millipore Filters (Millipore Filter Corpora-
tion, Bedford, Mass.), extracted in 909 ace-
tone and decanted after overnight refrigera-
tion. A Beckman D.B. spectrophotometer was
employed to obtain readings at 480, 510, 630
and 645 p, and calculations of mg chiorophyll
(a, b and c) per liter were obtained following
the procedure of Parsons and Strickland
(1963). The values were high ranging between
15 and 80 mg/! total chlorophyll (a, b and ¢).
An inverse relationship between mg/l chloro-
phyll and zooplankton density similar to that
reported by Wright (1965) was observed with
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maximum zooplankton densities associated
with reductions in total chlorophyll.

Although photosynthetic carbon fixation
was not measured routinely, several experi-
ments were conducted during 1965, 1966 and
1967 using sodium bicarbonate-C4. Measured
rates of carbon fixation were fairly high in
Fish Hatchery Bay, ranging up to 0.8 mg/l/hr.
(approximately 9.6 mg/l/day).

C. Prey population data and production estimates

As yet, the trophic relationships of Leptodora
kindtii in Sanctuary Lake have not been com-
pletely determined, since this predator is a
fluid feeder. Extensive data, however, have
been gathered on species populations most
likely to serve as prey. Detailed studies of
ingestion and assimilation by Leptodora using
radioactive tracer experiments as well as
through the employment of chromatography,
electrophoresis and immunochemistry, are
presently under way. So far, these investiga-
tions have implicated Daphnia and Cyclops as
the most important prey species. The informa-
tion summarized bzlow concerns changes in
zooplankter populations which were con-
sidered possible prey species (see section on
predator-prey relationships below).

a) Daphnia galeata mendotae Birge - Al-
though three species of Daphnia, D. galeata
mendotae, D. retrocurva Forbes and D. pulex
occur in Sanctuary Lake, D. galeata mendotae
individuals were dominant in the lake during
the Leptodora growing seasons (1965-1966).

D. pulex was only encountered in April

samples while D. retrocurva constituted less
than 209 of the population from June through
September. (Note: data for 1968 indicate a
shift such that D. galeata mendotae and D.
retrocurva are essentially codominants in the
system.)

Data on D. galeata mendotae population
density gathered for the three years are sum-
marized in Fig. 6. Population densities were
maximum early in the summer and late in the
fall when the L. kindtii populations were low.
Data on development times, per cent females
with eggs, mean clutch size and standing crop
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were employed to estimate birth, death,
population change, turnover and production
rates. Estimates of instantaneous death rates
are summarized in Tab. 5. The mean dry
weights per individual used to calculate the
production rates are presented in Tab. 6. Since
the information is processed by computer pro-
gramming (available, Kellogg Biological Sta-
tion), as more refined data on any of the
parameters (e.g. mean dry weights by size
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class) become available, better estimates of
production can readily be made.

Similarities between standing crop curves
for the three seasons (1965-1967) are apparent
in Fig. 6, although the range in maximum
density was considerable, approximately 230/
liter in 1967 to 700/liter in 1966. Based on
field data, production during the 1966 and
1967 seasons ranged from 0.061 x 10-3 g/m3/
day to 2.078 g/m3/day (Table 7).
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Tab. 5. Estimates of zooplankton instantaneous death rates (d) from field data.

1966

Date Daphni Ceriodaphni B, Chydorus Cyclops Diaptomus
0.128 —0.076 0 0.136 0.131 0.153
0.448 0.381 0 0.133 —0.029 0.103
0.270 —0.243 0 0.076 0.128 -0.074
0.318 —0.072 0.209 0.056 0.008 ~0.206
0.539 0.293 0.069 0.036 0.183 0.327
0.592 -~0.103 —0.208 -0.004 0.149 0.037
1.118 —0.850 0.168 0.032 0.014 0.232
—0.086 0 0.287 —0.054 ~0.094 —0.192
0.040 0.767 0.288 0.264 ~0.065 0.081
0.069 0.024 0.062 0.260 0.599 0.112
0.217 0.035 0.143 0.302 —0.306 0.108
0.205 -0.059 -0,057 —0.169 0.104 —-0.009
0.485 0.103 —0.013 0.018 0,210 0.184
0.618 0.178 0.299 -0.146 ~0.133 0.401
0.876 —0.400 0.316 0.201 0.022 0.821
0.129 0.201 0.082 —0.026 0.643 0.139
-0.007 0.133 ~0.106 —0.042 0.415 —0.095
0.217 0.020 0.053 ~0.100 0.233 0.051
~0.120 0.147 0.257 0.138 -0.332 —0.096
SePt  S.. i 0.479 0.084 -~0.088 0.061 0.340 0.184
0.135 —0.134 0.592 0.215 —0.266 —0.305
-0.179 0.050 0.097 0.124 0.058 0.118
0.069 —-0.004 0.077 —0.052 —0.161 0.094
0.034 —0.006 —0.101 —0.057 —0.092 0.052
-0.100 0.092 0.100 —0.010 0.465 0.078
0.139 0.074 —0.113 0.058 0.231 0.056
0.109 0.093 —0.032 0.004 0.225 0.043
—0.240 0.057 0.029 0.156 0.026 0.003
—0.048 0.141 0.004 —0.031 0.033 -0.019
0.046 —0.131 0,087 —0.073 0.828 —0.083
0.236 0.019 0,111 0.094 0.619 0.050
0.534 0 0.205 0.366 ~0.030 0.648
. 0123 —0.031 - 0.526 —0.053 0.727 0.414
0.372 0.042 —0.066 —0.301 —0.080 0.067
July 7o 0,133 0 0.330 0.348 0.076 | 0.209
18, it 0.346 0 0.578 0.170 —0.048 0.693
26 e e 0.402 0 0.381 —0.058 0 -~0.271
3 S —0.080 0 0.646 0.041 -0.271 0.052
AUg 4......iiiiiiiiiieana 0.095 0 —0.528 —0.027 0.487 —0.442
—0.455 0 0.207 -0.030 ~0.446 —0.169
0.134 1] —0.015 0.019 0.235 —-0.235
0.249 [ 0.934 0.086 0.003 1.142
0.361 0 —-0.244 0.102 0.093 -~0.176
-0.306 0 ~—0.183 0.019 0.072 0.138
0.259 ] 0.073 0.104 0.072 0.169
0.188 0 -—0.668 0.405 -0.008 0.080
-0.370 0 0.485 —-0.959 —0.240 —0.060
—0.420 0 0.311 0.668 0.521 0.127
-0.112 0 -0.154 —0.320 ~0.459 0.037
0.952 0 0.565 0.438 0.392 0.203
—0.926 0 —0.799 -0.327 —0.233 —0.517
0.544 (1] 0.355 -—0.153 0.029 0.229
—0.039 (] -0.107 0.273 —0.143 -0.039
1.318 [] ~0.355 —0.466 0.217 —0.054
—~0.672 (1] 0.694 0.471 0.127 0.308
-0.019 [} —0.063 —0.132 —0.102 ~0.013
-~0.050 0 0.196 0.383 0.504 0.323
0.188 0 0.071 -0.018 0.081 -0.024
-0.227 [ —0.182 -0.106 ~0.231 0.380
—0.269 [} 0.250 0.373 -0.083 —0.488
0.257 0 0.145 -0.070 0.100 0.085
0.026 0.527 —0.099 0.045 —0.265 ~0.009
~0.163 0 0.181 0.285 ~0.023 -0.197
-~0.114 ] —=0.265 —0.243 -0.234 0.054
0.294 0 0.349 0.293 0.771 0.294
—0.626 [ —0.424 —0.321 —0.407 ~0.373
0.281 0 0.175 0.039 0.067 -0.172
0.177 0 —0.021 0.001 0.025 0.275
0.091 0 0.136 0.259 0.508 0.364
0.463 0 0.640 0.604 0.193 0.245
—0.565 0 —0.605 —0.347 —0.129 —0.645
0.196 0.330 0.129 —0.083 0.143 0.159
-0.717 0.527 —-0.123 0.119 0.307 -0.017
-0.108 [ -—0.148 0.169 ~0.043 —0.068
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Tab. 6. Mean dry weights for prey zooplankton species.

Species Size class! Mean dry wt/ Eggs Number of

range (mm) individual (ug) individuals
Daphnia galeata mendotae ....  0.60-1.55 13.6 Mixed 50
0.60-0.70 10.0 Without 10
0.80-0.90 11.0 Without 10
1.00-1.10 11.0 Without 10
1.20-1.30 12.0 Without 10
1.40-1.50 15.0 Without 10
Mean? 11.8 Without 50
Ceriodaphnia reticulata . ... ... - 6.0 Mixed *3
Bosmina longirostris .. ........ 0.25-0.65 7.0 Mixed 50
Chydorus sphaericus . ......... 0.20-0.60 1.79 Mixed *4
Cyclopsvernalis ............. - 0.44-1.02 8.6 Mixed 50
Diaptomus siciloides. ......... 0.69-1.30 7.6 Mixed 50

1 Total length as measured in a straight line from the base of the spine (Cladocera) or caudal setae
(Copepoda) through the eye to the margin of the head.

2 Mean of 40 females without eggs, 0.60—1.50 mm.

3 Determined by equivalency of 0.1 mm of body length corresponds to 1.5 ug (based on Daphnia).
4 Determined volumetrically, i.e. 2 volume containing a calculated number/ml which was dried and
weighed; an estimated 1.3 x 106 individuals weighed 2.332 gm.

b) Ceriodaphnia reticulata Jurine - Esti-
mates of C. reticulata densities for the three
years differ not only in pattern (Fig. 7), but
also in magnitude. The midsummer dominance
of Ceriodaphnia in 1966 was unique for the
three year sampling period. The maximum
density reached in 1966, about 200/liter, was
far greater than the 1965 and 1967 standing
crops of 10 to 20/liter. Production estimates
for 19661967 ranged from 0.003 x 10-1 g/
m3/day to 0.460 g/m3/day (Tab. 7).

¢) Bosmina longirostris (O. F. Miiller) - coregoni
Baird complex. - Although the mono-
specific nature of the Bosmina population had
been previously established (Borecky 1956),
we discovered in 1967 that B. coregoni was
present in the lake and probably occurred in
1965-1966 as well. Therefore, the population
is referred to in this paper as a co-dominant
system. Based on determinations made by
Dr. C. E. Goulden (Dept. Limnology, Phila-
delphia Academy of Science) B. coregoni ap-
pears to dominate the fall collections.

The maximum standing crop of Bosmina
was reached earlier in the 1966 season than in
1965 or 1967. In 1965 and 1966, the maximum
density attained was more than 1600/liter,
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while the highest level recorded for 1967 was
only 587/liter (Fig. 8). Accordingly, produc-
tion estimates for 1966 are higher, ranging
from 0.001 g/m3/day to 0.324 g/m3/day, in
contrast to 1967 that ranged from 0.020 g/m3/
day to 0.177 g/m3/day (Tab. 7).

d) Chydorus sphaericus (O.F.Miiller)-C. sphae-
ricus reached maximum density peaks of be-
tween 1000 and 2000/liter in 1966 and 1967,
but the highest recorded density in 1965 was
less than 300/liter (Fig. 9). During the 1965
and 1967 seasons, Chydorus was abundant in
early summer and midfall. Production esti-
mates for Chydorus in 1966 and 1967 ranged
from 0.002 x 10-1g/m3/day to 0.460 g/m3/day
for the two years (Tab. 7).

e) Cyclops vernalis Fischer — In all three
years, C. vernalis, predominantly a late spring
- early summer species, had maximum den-
sities in May and June ranging from 150/liter
in 1967 to 1500/liter in 1965 (Fig. 10). Al-
though maximum densities were lower in 1967,
the population maintained a higher consistent
level throughout the season than in the pre-
vious two seasons. Densities of nauplii (lumped
with those of Diaptomus siciloides Lilljeborg)
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Tab. 7. Estimates of production (g/m3/day) for zooplankton species populations from field data.
1966

Date Daphni Ceriodaph B, i Chydorus Cyclops* Diaptomus®
0.849 0 0.324 0.001 0.023 0.014
3.432 0 0.236 0.003 0.089 0.017
1.989 0 0.207 0.005 0 0
1.776 0 0.108 0.003 0.089 0.001
2.078 0 0.025 0.004 0 0
0.811 0 0.051 0.00% 0 0
0.238 0 0.040 0.019 0 0.016
0.0004 (] 0.086 0.008 0 0
0.006 (1] 0.019 0.007 0 0.015
0.004 0.004 0.017 0.006 0.261 0
0.010. 0.002 0.134 0.003 0
0.008 0.012 0.033 0.0002 0 0
0.012 0.046 0.124 0.001 0.018 0.006
0.001 0.071 0.410 0.001 0
0.0002 0.031 0.062 0.0002 0 0
0.001 0.207 0.034 0.001 0.082 0.002
0.0002 0.093 0.029 0.002 0.030 0
0.0002 0.030 0.022 0.004 [ 0.003
0.061 0.063 0.023 0.019 0 0
0.007 0.025 0 0010 ° 0 0

0 0.003 0 0.010 0 1]
0.0004 0.013 0.001 0.007 0.005 0.010
0.009 0.011 0.001 0.002 0 0.011
0.009 0.004 0.001 0.003 ] - 0.010
0.008 0.003 0.006 0.010 0.014 0.023
0.048 0.002 0.001 0.005 0.080
0.021 0.0003 0.007 0.005 0.076 0.009
0.026 0 0.002 0.009 0.068 0.002
0 0.002 0.077 0.012 0.033 0
0.024 0.003 0.028 0.003 0 ]
0.212 0.001 0.043 0.005 0.674 0.009
June 2..... ...l 0.153 0.001 0.085 0.011 0.569 0
0.229 0 0.150 0.029 0.045 0.322
0.027 0.011 0.052 0.003 0.672 0.089
0.090 0.0004 0.002 0.006 0.021 0.068
July 0.016 0 0.037 0.004 0 0.157
0.006 0 0.017 0.013 0 0.135
0.002 0 0.002 0.005 0 0.006
0.0001 0 0.002 0.023 0 0.007
Aug 0.0005 o - 0.0003 0.029 0 0.001
0.0001 0 0.003 0.050 0 0.005
0.012 [ 0.002 0.010 0 0.014
0.008 0 0.005 0.001 0.004 0.037
0.0004 (1] 0.001 0.083 0.005 0.005
0.0003 0 0.0003 0.069 0.042 0.016
0.010 0 0.005 0.074 0.014 0.019
Sept 0 0 0.020 0.005 0 0.017
] 4] 0.282 0.013 0 0.002
0 0 0.240 0.051 [ 0.019
0.007 0 0.117 0.014 0 0.022
0.118 0 0.090 0.029 0 0.021
0.003 0 0.052 0.007 0 0.006
0.028 0 0.179 0.007 0 0.004
0.007 0 0.057 0.004 0 0.007
Oct 0.005 0 0.051 0.004 0.018 0.003
0.003 0 0.088 0.005 0.014 0
0.008 0 0.070 0.012 0 0.005
0.016 0 0.180 0.002 0 0
0.011 0 0.101 0.006 0.006 0.001
0.014 0 0.079 0.001 0 ]
0.012 0 0.126 0.008 0.005 0
0.017 [ 0.088 0.003 0 0.005
0.011 1] 0.010 0.001 0
0.016 0 0.022 0.001 0 0
0.013 0 0.573 0.0003 0.005
0.014 0 0.021 0.005 0.101 0
0.010 0 0.019 0.0001 0 0
0.074 0 0.017 0.001 0.025 0
Nov 0.021 0 0.035 0.003 0.004 0.003
0.022 0 0.017 0.001 0.056
0.025 0 0.014 0.0003 0.011 0.001
0.006 0 0.003 0.0001
0.037 0 0.008 0.0001 0.024 0.004
0.014 ] 0.007 0.007 0.037 0.001
0.013 0 0.122 0.0001 0 0.001

! Non-naupliar production.
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followed adult copepod densities in all three
years (Fig. 11). Cyclops non-naupliar produc-
tion estimates ranged from 0.005 g/m3/day to
0.706 g/m3/day during 1966 and 1967 (Table 7).

[} Diaptomus siciloides Lilljeborg - D. siciloides
followed a pattern similar to C. vernalis in all
three years, but with peak densities, which
ranged from 80/liter to 160/liter, observed
slightly later in the season (Fig. 12). Diaptomus
production estimates covered a range of 0.001
g/m3/day to 0.294 g/m3/day during the 1966
and 1967 seasons (Tab. 7).

g) Rotifers. - Despite the inaccuracies in-
volved in lumping rotifer species together,
density patterns were quite similar for the
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Fig. 12. Diaptomus siciloides, standing crop data.
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Fig. 13. Rotifer (predominantly Asplanchna, Ke-
ratella and Polyarthra, see text), standing crop.

three years. Maximum densities which were
approximately 1000 to 2000/liter were ob-
served in June and July in all three seasons
(Fig. 13). The sequence of rotifer generic
dominance in 1966 and 1967 was Asplanchna -
Keratella - Polyarthra.

D. Leptodora population data and production
estimates

a) Standing crop. - Patterns of population
density for L. kindtii were different for the
three seasons (1965-1967). Maximum densities
were 1.7/liter in 1965, 4.2/liter in 1966 and
1.8/liter in 1967 (Fig. 14). In 1965, the curve of
population growth and decline peaked in early
July and again in mid-August. Following both
peaks, population density never fell below
0.1/liter, until late September following the
second maximum. During the 1966 season the
Leprodora population increased to a mid-June
maximum more than three times greater than
either peak observed in 1965. This very high
density was followed several days later by a
sharp decline to less than 1/liter; the decline
continued and the population density re-
mained much lower than in 1965, seldom
exceeding 0.02/liter for the remainder of the
season. The 1967 pattern (Fig. 14) resembles
that of 1966 although the curve is slightly
trimodal with declines to about 0.5/liter in
mid-July and late August, the latter associated
with the first appearance of males. Except for
the two brief low periods, the population re-
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Table 8. Leprodora size class composition (percent in each mm size class).
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Ecological energetics of Leptodora

Table 8. (Continued)
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Table 8. (Continued)

. Cummins et al.

Date 2 3 4 5 6 7 8 9 10 11 12 13

- - 4.0 12.0 - 12.0 20.0 40.0 12.0 - - -

- 8.0 8.0 8.0 16.0 24.0 28.0 4.0 4.0 - - -

- 7.9 7.9 22.5 19.7 10.5 13.1 6.6 2.6 - - -

- 5.3 5.3 12.0 10.6 19.1 16,0 21.4 - - - -

Sept - - 12.0 4.0 24.0 16.0 4.0 16.0 16.0 4.0 4.0 -
- 2.0 2.0 10.0 12.0 28.0 20.0 16.0 8.0 2.0 - -

- 20.0 8.0 10.0 8.0 12.0 18.0 12.0 8.0 4.0 - -

- 8.0 20.0 20.0 36.0 4.0 4.0 4.0 4.0 - - -

- 4.0 4.0 3.0 32.0 28.0 8.0 4.0 8.0 4.0 - -

- - 8.0 8.0 16.0 40.0 20.0 4.0 4.0 - - -

- - 4.0 - 24.0 36.0 36.0 - - - - -

- 4.0 8.0 12.0 28.0 36.0 12.0 - - - - -

- - 12.0 16.0 16.0 8.0 32.0 16.0 - - - -

- - 16.0 16.0 20.0 8.0 32.0 8.0 - - - -

- - 12.0 12.0 4.0 28.0 20.0 12.0 8.0 4.0 - -

Oct - 8.0 12.0 20.0 16.0 20.0 20.0 4.0 - - - -
- 8.0 4.0 8.0 20.0 24.0 28.0 4.0 4.0 - - -

4.0 8.0 12.0 12.0 16.0 24.0 12.0 8.0 - 4.0 - -

- 12.0 12.0 8.0 8.0 28.0 8.0 8.0 8.0 8.0 - -

- 12.0 4.0 16.0 12.0 20.0 16.0 4.0 8.0 8.0 - -

- - 4.0. 8.0 28.0 12.0 12.0 20.0 8.0 8.0 - -

- - - 28.0 4.0 28.0 20.0 8.0 8.0 4.0 - -

- - - - 32.0 28.0 16.0 12.0 4.0 4.0 4.0 -

- - - 4.0 8.0 56.0 28.0 - 4.0 - - -

- - 8.0 4.0 12.0 24.0 24.0 20.0 4.0 4.0 - -

- - 8.0 - 8.0 40.0 32.0 8.0 4.0 - - -

- - - - 8.0 36.0 36.0 16.0 4.0 - - -

- 4.0 16.0 12.0 20.0 28.0 4.0 12.0 - 4.0 - -

Nov - - - 12.0 - 12.0 28.0 28.0 4.0 - 4.0 -
- - 4.0 4.0 12.0 24.0 320 20.0 4.0 - - -

- - 4.0 8.0 16.0 36.0 20.0 12.0 - 4.0 - -

- - - - 12.0 16.0 36.0 16.0 4.0 12.0 4.0 -

- - - 4.0 20.0 8.0 20.0 20.0 16.0 4.0 - -

- - - 4.0 20.0 360 | 320 - 8.0 - - -

- - 4.0 12.0 20.0 24.0 28.0 4.0 4.0 4.0 - -

- - 4.0 20.0 20.0 28.0 8.0, 16.0 4.0 - - -

- - 46.2 30.7 15.4 7.7 - - - - - -

- - - 25.0 25.0 25.0 25.0 - - - - -

mained about 1/liter from late June through
late September.

b) Size distribution and sex ratio. — The size
distribution in the Leptodora population was
determined at frequent intervals in 1966 and
1967 (Tab. 8). The general pattern was for
the largest individuals to be present at low
population densities and for dense populations
to be composed predominatly of small
individuals, especially 6 and 7 mm females.

Male-female percentages were determined
for each sampling date, when males were
present, for all three years. The first males
were observed about the same time, early
September, in 1965 and 1966 while they were
detected by mid-August in 1967. During the
1967 season males constituted 509 or more
of the population from mid-September on.
In 1965 and 1966 the 509, level was not
reached until late October.

OIKOS 20, 2 (1969)

¢) Population parameters. ~ Estimates of finite
birth, instantaneous birth, death and popula-
tion change rates are summarized in Tab. 9
for 1966 and 1967. Based on the field popula-
tion data, estimates of turnover time ranged
from 1.5 to 200 days. The highest calculated
rate of population increase was + 0.822 and
the highest rate of decline, — 2.708.

Mean clutch size, including all ages of
embryos, varied from 0.8 to 16.0 for the two
seasons. When mean clutch size was calculated
by embryo age class (see Tab. 3), the ranges
for ages I to IV were as follows: I, 1-13; II,
1-17; III, 3-5; and IV, 2-7. Although these
values indicate embryo mortality, unequal
developmental rates among clutch members
coupled with gradual release of the clutch as
free swimming young is undoubtedly of
primary significance.

Following the disappearance of summer
embryos in the fall (Tab. 10), the winter eggs,
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Tab. 9. Estimates of population parameters for Leptodora kindtii.

1966
Standing crop Fecundity and recruitment Yield
Date Median No. per mg per Kcat per Percent Mean Embryos Development Finite Inst. Inst. rate of Turnover Inst.
tcmp. liter cubic cubic femalces clutch per time birth birth population time death
meter meter  withembryos size (E)  liter (E) (daysXD)! rate (B) rate (b) change(r)  (days)  rate(d)
8.9 0.043 1.08 0.006 (Mectanauplii)
13.9 Y 0.009 0.91 0.005 0 0 0 - 0 0 —0.059 - 0.059
145 0.008 0.7} 0.004 0 0 0 - 0 0 ~0.134 - 0.134
14.9 0.007 1.00 0.005 0 0 0 - 0 0 0.152 - —0.152
15.3 0.015 1.72 0.009 0 0 0 - 0 0 —2.708 - 2.708
15.5 0.001 0.11 0.001 0 0 0 - 0 [ 0.822 - —0.822
16.4 0.139 17.60 0.091 1} 0 0 - 0 0 0.542 - —0.542
17.5 —0.239 34.32 0.179 .0 0 0 - 0 [} 0.250 N - —0.250
20.0 1.536 213.74 1.108 6.0 4.0 0.16864 6 0.040 0.039 —0.037 25.0 0.076
21.5 1.430 206.43 1.070 240 4.5 1.54440 [ 0.180 0.166 0.270 5.6 —0.104
215 4.209. 519.26 2.691 8.0 4.0 1.34688 6 0.053 0.049 —0.779 18.9 0.828
214 0.886 97.07 0.503 12.0 30 0.31896 6 0.060 0.058 —0.152 16.7 0.210 -
26.1 0.356 42.53 0.220 20.0 33 0.35244 3 0.330 0.285 --0.129 3.0 0.414
26.0 0.144 15.50 0.080 -~ 8.0 25 0.28800 3 0.667 0.513 0.033 1.5 0.479
25.4 0.182 23.44 0921 10.0 24 0.04368 3 0.080 0.770 —0.03) 12.5 0.108
25.1 0.054 7.48 0.037 1] 0 0 - 0 [+] 0,713 - 0.3
242 0.001 013 0.001 20 1.0 0.00002 4 0.005 0.010 0 200.0 0.010
245 0.001 0.45 0.001 10.0 5.6 0.00056 4 0.140 0.1 0.116 1.6 0.0i6
23.4 0.002 0.30 0.002 2.0 20 0.00008 5 0.008 0.010 -0.115 125.0 0.125
25.9 0.001 0.12 0.001 4.0 5.5 0.00022 3 0.073 0.068 0 13.7 0.068
23.7 0.00t4 0.10 0.004 0 0 0 - 0 0 0 - 0
2.8 0.00) 0.19 0.001 4.0 16.0 0.00064 s 0.128 0.122 0 7.8 0.122
23.8 0.001 0.17 0.001 8.0 3.0 0.00024 4 0.060 0.058 0 16.7 0.058
20.0 0.001 0.15 0.001 6.0 6.0 0.00036 6 0.060 0.058 0.480 16.7 —0.421
24.8 0.014 1.65 0.009 16.0 7.6 0.01338 4 0.304 0.262 0.062 33 0.200
22.0 0.017 2.01 0.010 4.0 9.0 0.00612 5 0.072 0.068 —0.149 13.9 0.216
2t.2 0.006 0.72 0.004 0 0 0 - [ 0 ~0.135 - 0.135
19.2 0.004 - - - - - - - - —0.036 - 0.036
159 0.003 0.59 0.003 16.0* 5.5? 0.00264° 9 0.106 0.104 1117 9.4 —1013
15.3 0.028 5.00 0.026 8.0* 5.0 0.01120? 9 0.047 0.049 —0.154 21.3 0.203
14.3 0.014 2.25 0.012 - - - - - - 0.021 - —0.021
12.3 0.016 334 0.017 8.0* 6.5* 0.00832* 1 0.066 0.068 —0.084 15.2] 0.152
12.0 0.012 2.02 0.010 12.0* 6.7? 0.00965? 11 0.139 0.131 —0.077 7.2 0.208
8.2 0.007 1.40 0.007 0 () 0 - 0 0 -0.121 = 0.121
10.7 0.003 0.45 0.002 4.0* 14.0° 0.00168* - 0 [} —0.141 - 0.141
34 0.002 0.27 0.001 4.0 12.0* 0.00096° - - - -0.173 - 0.173
10. 10.0 0.0003 0.04 0.210 0 [ 0 - - - 0 - 0
18..... 9.4 0.0003 0.05 0.233 0 0 [} - - - 0 - 0
26..... 71 o - - 0 [} 0 - - - - - -

ri0poidaT Jo sonefiaus [eoiojoog
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Tab. 9. (Continued). Estimates of population parameters for Leptodora kindtii.

o1z

1967
Standing crop Fecundity and recruitment
Date Mecdian No. per mg per Kceal per Per cent Mean Embryos Development  Finite Inst. Inst. Turnover Inst.
temp. fiter cubic cubic females with  clutch per time birth birth population time death
meter meter cmbryos size (E) liter (E) (daysXD)' rate (B) rate (b) change (r) (days) rate (d)
20.1 0.0002 0.03 0.166 0 0 0 - 0 0 0.284 - —0.284
21.2 0.0002 0.04 0.197 0 0 [} - 0 0 1.012 - -1.012
21.8 0.001 0.13 0.668 0 0 0 - 0 0 0.375 - ~0.375
229 0.001 0.13 0.00% 0 0 0 - 0 0 0.576 - —0.576
27.2 0.005 0.85 0.004 4.6 8.0 0.00199 1.9 0.205 0.186 0.144 4.9 0.042
28.0 0.006 0.7t 0.004 0 0 0 - 0 [ 0.378 - —0.378
29.0 0.009 1.02 0.005 0 0 0 - 0 0 0.836 - —0.836
28.5 0.021 2.26 0.012 2.0 31 0.00130 1.4 0.044 0.043 0.926 22.7 —0.883
27.8 0.053 5.90 0.031 0 0 (1} - 0 0 0.137 - —0.137
24.0 0.080 18.27 0.095 320 4.9 0.12544 31 0.506 0.409 1.050 2.0 —0.641
23.4 0.028 50.60 0.262 20.0 1.6 0.00896 3.7 0.086 0.082 2.420 11.6 —2.338
24.0 0.315 46,95 0.24) 4.0 1.0 0.01260 31 0.013 0.013 0.731 71.9 —0.718
20.9 0.073 96.22 0.499 0 0 0 - 0 [ 1.008 - —1.008
20.6 1.500 143.91 0.746 0 0 0 - [ 0 ~0.568 - 0.568
21.8 0.850 131.16 0.680 0 0 0 - 0 [} —0.189 - 0.189
223 0.704 112,42 0.583 ) 0 0 - 0 0 0.293 - —0.293
21.8 0.944 127.56 0.661 8.0 4.0 0.27974 4.1 0.060 0.058 ~—0.328 - 0.386
20.6 0.680 129.30 0.670 28.0 23 0.43792 5.1 0.126 0.110 —0.157 7.9 0.267
21.8 0.310 53.99 0.280 4.0 5.0 0.06200 4.4 0.045 0.044 0.498 22.2 —0.454
21.8 0.510 84.04 0.435 16.0 2.5 0.20400 4.4 0.091 0.087 0.174 110 —0.087
21.8 0.607 83.80 0.434 (1] 0 0 - 0 0 —0.165 - 0.165
234 0.370 39.64 0.205 [] 0 0 - [ 0 0.697 - —0.697
229 0.743 74.00 0,383 0 0 0 - 0 0 —0.173 - 0.173
237 0.625 84.07 0.436 4.0 3.0 0.07500 31 0.039 0.038 0.428 - —-0.390
243 0.959 127.80 0.662 0 0 [} - 0 0 —0.34¢ - 0.34t
20.6 0.682 82.45 0.427 4.0 1.0 0.02728 5.1 0.008 0.008 0.174 125.0 —0.166
21.8 1.148 159.38 0.826 0 0 1] - 0 0 ~0.255 - 0.255
218 0.890 85.27 0.442 0 0 0 -~ 0 0 0.684 - —0.684
20.6 1.763 238.34 1.235 0 0 0 - 0 0 —0.466 - 0.466
201.8 1.106 173.35 0.898 16.0 2.3 0.40701 4.4 0.084 0.081 0.376 119 —0.295
21.8 1.610 21893 1.135 [ 0 [} - 0 [} ~0.016 - 0.016
223 -1.534 176.74 0916 0 0 ] - 0 L) —0.539 - 0.539
22.8 0.895 136.13 0.705 4.0 13.0 0.46540 37 0.141 0.132 0.646 7.1 —0.514
24.0 1.708 261.10 1.353 24.0 42 1.72166 3.1 0.325 0.281 0.098 3t 0.383
25.1 1.548 196.67 1.019 12.0 4.0 0.74304 27 0.178 0.164 —0.012 5.6 0.176
24.8 1.529 187.18 0.970 0 0 0 - - - —0.234 - 0.234
K ) S 24.5 0.758 99.80 0.517 4.0 2.0 0.06064 29 0.028 0.028 0.358 357 —0.330
Auvgust 1....,... 24.5 1.084 160.65 0.832 12.0 20 0.26016 2.9 0.083 0.080 —0.066 12.0 0.146
3o 24.5 0.950 99.90 0.518 ) 0 ] - - - 0.154 - —0.154
4....... 233 1.108 170.94 0.886 8.0 9.0 0.79776 3.7 0.195 0.134 0.016 5.1 0.158
i 223 1.162 147.96 0.767 12.0 (X ] 0.10458 44 0.020 0.020 0.270 50.0 —0.250
8....... 24.5 1.052 125.82 0.652 4.0 1.0 0.04208 29 0.014 0.014 -0.517 714 0.527
10....... 234 0.541 65.51 0.3155 8.0 35 0.15148 37 0.076 0.073 0.810 13.2 -0.733
40.0 4.0 1.94560 37 0.432 0.366 —0.058 23 0.424

| § DR 227 1.216 254.34 1.318

Te 1 sTrmwn) ‘M "}
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Table 9. (Continued). Estimates of population parameters for Leptodora kindltii.
1967 (continued)

Standing crop

Fecundity and recruitment

Date Median No, per mg per Kcal per Percent Mecan Embryos Deveclopment  Finite Inst. Inst. rate of Turnover Inst.
temp. liter cubic cubic  females with clutch per time birth birth population time death
meter mcter embryos size () titer () (days)(i»! ratc (B) rate (b) change(r)  (days) rate (d)

4....... 21.8 £.022 161.24 0.835 20.0 16 0.53144 4.4 0.118 0.112 0.270 8.5 ~0.158

15....... 229 1.339 318.14 1.649 40.0 5.1 2.73156 37 0.551 0.439 0.325 1.8 0.114

16....... 229 1.854 42).64 2.195 320 5.5 3.26304 44 0.400 0.336 ~0.334 25 0.670

17....... 229 1.372 261.48 1.355 240 6.5 207012 37 0.422 0.352 —1.139 24 1.491

18....... 234 0.425 86.65 0.449 28.0 44 0.52360 3.7 0.333 0.288 0.028 3.0 0.260

2....... 21.5 0.462 82.93 0.430 20.0 17 0.15708 4.4 0.077 0.074 0.057 13.0 0.017

2....... 220 0.489 123.34 0.639 36.0 4.8 0.84499 44 0.393 0.331 0.758 2.5 —0.427

23....... 20.0 1.043 15).39 0.795 8.0 30 0.25032 6.1 0.039 0.038 —0.186 25.6 0.224

25....... 20.0 0.791 141.79 0.73§ 17.0 4.8 0.64546 6.1 0.134 0.126 0.113 1.5 0.013

29....... 18.9 1.134 21694 1.124 27.0 33 0.99917 6.5 0.136 0.128 0.025 1.4 0.153

Septemberd..... 20.6 0.931 145.80 0.756 4.0 2.0 0.07448 6.5 0.0i12 0.012 0.015 833 —0.003

3. 218 1.324 302.74 1.569 10.0* 2.8 0.49803* 6.5 0.072 0.070 --0.076 13.9 0.146

6..... 20.6 0.949 57.86 0.300 2.0* 3.0? 0.05403* 6.5 0.012 0.012 0.060 83.3 —0.048

9..... 209 1.260 138.03 0.715 [\ 0 0 - - - 0.092 - -~0.092

13..... 19.5 1.820 118.95 0.616 16.0° 3.0* 0.87360° - -~ - —0.016 - 0.016

15..... 179 1.764 114.01 0.591 4.0* 3.0 0.37340* 7.3 0.052 0.051 —0.266 19.2 0.317

17..... 204 0.965 86.19 0.447 4.0* 2.0° 0.07450* 6.1 0.029 0.030 —0.029 34 0.059

18.4 0.895 53.65 0.278 4.0° 2.0* 0.07160* 73 0.011 0.011 0.040 90.9 0.030

16.0 0.969 61.76 0.320 0 0 0 - - - —0.056 - 0.056

16.0 0.867 66.10 0.343 4.0% 5.0 0.17340° - - 0.018 - —0.018

14.0 0.899 72.94 0.378 4.0 2.0° 0.07327° - - - 0.342 - —0.342

10.6 0.454 8.58 0.044 0 0 0 - - - 0.027 - —0.027

14.4 0.479 53.25 0.276 8.0° 8.0 0.30656* - - - —0.030 - 0.030

13.8 0.425 -9.48 0.049 1] 0 (1] - - - 0.079 - —0.079

13.0 0.498 56.32 0.292 4.0* 1.4 0.21912° - - - 0.047 - —0.017

11.8 0.515 41.51 0.215 4.0° 8.0’ 0.16480° - - - —1.593 - 1.593

11.0 0.022 14.52 0.075 0 1] 0 - - - —0.120 - 0.120

12.9 0.018 9.32 0.048 0 0 0 - - - 0.032 - —0.032

11.0 0.019 7.92 0.041 0 0 [} - - - —0.499 - 0.499

9.0 0.007 1718 0.020 0 0 0 - - - 1.309 - —1.309

10.0 0.096 10 0.016 0 0 0 - - - 0.359 - —0.359

10.0 0.197 5.05 0.026 0 0 0 - - - —0.478 - 0478

6.0 0.047 4.39 0.023 [ 0 0 - - - 0.285 - —0.285

30....... 7.0 0.083 0.69 0.004 [) 0 0 - - - 0.029 - —0.029

Novemberl..... 8.6 0.088 2.84 0.015 4.0 1.0* 0.00100 - - - —0.041 - 0.041

3. 9.0 0.081 6.61 0.034 0 0 0 - - - —0.126 - 0.126

5..... 59 0.063 5.56 0.029 0 0 0 - - - -0.024 - 0.024

T..... 2.5 0.061 8.47 0.044 0 0 0 - - - —0.178 - 0.178

9..... 25 0.042 3.19 0.017 0 0 0 - - - -3.350 - 3.350

1n..... 4.5 0.001 0.09 0.0004 0 0 o - - - 0.575 - —0.575

13..... 5.0 0.004 0.25 0.001 4.0° 6.0° 0.00094° - - - ~0.471 - 0.471

15..... 20 0.002 0.08 0.0004 0 to 0 - - - 0.040 - —0.040

17..... 0.5 0.001 0.01 0.0001 0 [o 0 - ~ - —0.206 - 0.206
19..... 1.0 0.0002 0.03} 0.137 0 0 0 - - - - - -

! Development times are for stage 1 embryos (sec Table 4).

¥ Overwintering cggs excluded.

? Owerwintering eggs only (i.c. no summer embryos observed).
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Tab. 10. Relationship of lake temperature and date to some changes in Leprodora populations.

First detection First detection First detection Last detection Last detection Total time
in the spring of males of over- of summer in the fall span for the
Year wintering eggs embryos population
(days)
Lake Lake Lake Lake Lake
Date temp. Date temp. Date temp. Date temp. Date temp.
°C °C °C °C °C
1965 Junell 240 Sept.7 20.1 - - - - Nov.26 3.9 168
1966 Mayll 89 Sept.5 22.0 Sept.23 154 Oct.13 12.0 Nov.18 94 191
1967 June3 240 Aug. 2! 21.0 Sept.3 19.1 Sept.22 18.0 Nov.1$ 1.0 167
Means 19.0 21.0 17.3 15.0 4.8 175
Tab. 11. Dry and wet weights in micrograms for Leprodora kindtii.
Size  Females without Females with Males Males and Females Percent
Class eggs eggs (without eggs) Water
(mm) wet dry wet dry wet dry wet dry
2 - 50 - - - - - 50 -
3 240 60 - - - - 240 60 75.0
4 720 80 - - 650 80 690 80 88.4
5 1370 100 - - 1370 150 1370 130 90.5
6 2210 120 2400 200 2360 140 2290 130 94.3
7 3200 150 3600 220 3310 150 3260 150 95.4
8 4420 160 4720 250 4220 190 4320 180 95.8
9 5480 180 5730 290 5240 180 5360 180 96.6
10 6620 210 7130 400 6200 - 6410 210 96.7
11 7960 240 8100 400 - - 7960 240 97.0
12 9540 250 - - - - 9540 250 97.4
Means 418 14.5 528 29.3 334 14.8 414 15.1 96.1

Summer eggs: dry wt. 51 ugm,.water 61.0%.
Winter eggs: dry wt. 110 ugm.

which appear only after males are present in
the population, reached a maximum mean
clutch size of 14 in 1966 and 11 in 1967. The
winter eggs result from sexual fertilization
and overwinter to produce the first generation
of the next year. The eggs hatch as nauplii,
molt to metanauplii within a few hours, then
molt to 2 mm females in about one day.
Production estimates based on standing
crop information (Tab. 9) and data on mean
weight per individual (Tab. 11) have been
calculated for a number of dates in 1966 and
1967 (Tab. 12). Production estimates ranged
from zero (lowest positive value was 0.007
g/m3/day or 0.0036 Kcal/m3/day) to a high of
0.1753 g/m3/day (0.9085 Kcal/m3/day) meas-
ured in August, 1967. Monthly and annual
production measured by planimetry of curves
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of daily production against time are sum-
marized in Tab. 13. Monthly values ranged
from 0.003 g/m3/yr (Aug., Sept., 1966) to
1.087 g/m3/yr (Aug., 1967), while annual
production was estimated as 0.362 g/m3/yr in
1966 and 1.427 g/m3/yr in 1967.

d) Predator ~ prey relationships. — Previous
studies implicated Leprodora in the control of
zooplankton populations. Hall (1964) sug-
gested that Leprodora played a significant role
in the control of Daphnia galeata mendotae
populations in Base Line Lake, Michigan.
Comparing Leptodora standing crop and
Daphnia  schrodleri Sars instantaneous
death rates calculated from field data in
Canyon Ferry Reservoir, Montana, Wright
(1965) inferred that a predator - prey rela-
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Tab. 12. Daily production rates of Leptodora kindtii based on estimates of per cent turnover per day
and dry weight biomass standing crop.
1

Date % Turnover Standing Crop Production in Production in
per day in gm/m* gm/m?/day Kcal/m?/day!
June 4 .21371 .0085 0441
18 .20643 .0372 .1028
5 .51926 0275 L1425
6 - 09707 .0058 .0301
33 T .04253 0140 0726
67 .01550 .0103 .0534
July 8 02344 .0019 .0098
0.5 .00013 .0007 x 10~* .0036 x 10~?
9 .00015 L0210 x 10~ .1088 x 10-*
Aug. 0.8 .00030 0024 x 10-* 0124 x 107
7 .00012 .0088 x 10~* 0456 x 10-*
13 00019 .0243 x 10~* L1259 x 10™*
6 .00017 0102 x 10~ 0529 x 10~
6 .00015 L0090 x 10— .0466 x 10™*
kL] .00165 .0005 0026
Sept. 7 .00201 .0001 .0005
19 00059 .0625 x 107 .0003
14 .00500 .0002 .0010
Oct. 11 .00334 .0002
12 00203 .0003
1967
June 20.5 .00085 .0002 .0010
4.4 .00226 .0001 .000S
50.6 01827 0092 0477
8.6 05060 0044 -.0228
1.3 04695 0006 0031
6.0 12756 .0077 .0399
12.6 .12930 .0163 .0845
July 4.5 .05399 .0024 .0124
9.1 08404 0076 0394
.39 .08407 .0033 .0171
0.8 .08245 .0007 .0036
8.4 .17338 0146 0757
14,1 .13613 0192 0995
325 .26110 .0849 4400
17.8 19667 .0350 1814
2.8 09980 .0028 0145
Aug. 8.0 .16065 .0129 0669
19.5 17094 .0333 1726
2.0 14796 .0030 0155
1.4 12582 .0018 0093
7.6 06851 .0052 0269
43.2 .25434 .1099 .5696
11.8 16121 .0190 .0985
551 .31814 .1753 9085
40.0 42364 .1695 8784
4.2 26148 .1028 5328
33.3 08665 .0289 .1498
7.7 08293 .0064 0332
39.3 .12334 .0485 2513
3.9 15339 .0060 0311
13.4 14179 .0193 1000
13.6 21694 0295 1529
Sept. 12.0 14580 .0018 0093
7.2 30274 .0218 1130
1.2 05786 .0007 0036
52 .11401 .0059 0306
2.9 08619 .0025 .0130
1.1 .05365 .0006 .0031

! A caloric conversion of 5182.5 cal/gm dry wt (Cummins 1967) was used.
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Tab. 13. Comparison of Leprodora production and ingestion estimates to production of probable prey species on a monthly basis as gm/m?3/
month. Calculations are for the time periods in which Leprodora was found in the lake. Astricies mark probable prey based on comparisons
of Leptodora birth rates and prey death rates, sce Tab. 9.

1966
Leptodora Prey Production
Leptodora
Ingestion as
Month Days Production Ingestion Daphnia  Cerio- Bosmina  Chydorus  Cyclops\ Diaptomus'  Total % Total Prey
daphnia Prey Production2
May 20 0 0 41.800 0 5.100 0.060 0.740 0.200  (47.900) -
June 30 0.327 2.725 29.418* 0 1.860* 0.270* 0.510* 0.090*  32.148 8.5
July 3 0.025 0.208 0.217* 0.155 1.581 0.0001*  2.015 0.0001 3.968 5.2
Aug. 31 0.003 0.025 0.341+* 2.387 3.100 0.124* 0.589 0.062 7.183 0.3
Sept. 30 0.003 0.025 0.540 0.330 0.0003 0.180* 0.00003  0.180 1.230 2.0
Oct. 31 0.004 0.033 0.868 0.093 0.0001 0.248 1.457 0.372 3.038 1.1
Nov. 18 0 0 0.432 0.004 0.126 0.126 1.296 0.108 (2.092) -
Totals 191 0.362 3.018 73.616 2.969 11.767 1.008 6.607 1.012 47.5673 6.33
1967
June 25 0.049 0.408 3125+ 0.075 1.800 0.300* 8.175* 3.000 16.475 2.5
July 3 0.211 1.758 0.190* 0 0.449 0.359+ 0 2313 337 52.¢
Aug. 31 1.087 9.058 0.137* 0 0.074* 1.395* 0.286* 0.471 2.363 383.3
Sept. 30 0.080 0.668 0.612* 0 1.891 0.488* 0 0.366 5.357 2.5
Oct. 3 0 0 ’ 0.495 0 3.203 0.106 0.376 0.043 (4.223) -
Nov. 19 0 0 0.380 0 0.551 0.038 0.361 0.038 (1.368) -
Totals 167 1.427 11.893 4.939 0.075 9.968 2.686 0.198 6.291 27.5663 43.13

! Non-naupliar production.
2 Production does not include rotifers.
3 Total does not include values shown in parentheses.

14 ¥4
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tionship existed and Leprodora was responsible
for a significant mid-summer decline in D.
schrodleri density. Mordukhai-Boltovskaia
(1958) concluded, based on laboratory ob-
servations, that the Leprodora population in
Rybinsk Reservoir (Russia) was supported
chiefly by predation on Bosmina and Cerio-
daphnia.

Our observations indicated that Leptodora
in culture will feed on a wide variety of
organisms, including brine shrimp (Artemia),
hardly to be considered a natural food. Since
Leptodora is a fluid ingesting predator,
microscopic gut analyses yield little or no in-
formation. For the present, it is possible to
infer predator — prey relationships by com-
paring such parameters as Leprodora birth
rates (b) and suspected prey death rates (d)
calculated from field data (see also Wright
1965).

Investigations reported elsewhere (Costa
1967, Moshiri 1968, Moshiri et al. 1969) have
demonstrated that the 2-5 mm size classes and
the 6-12 mm size classes constitute two
distinct groups. For example, less than 0.01 %,
of the 2-5 mm females collected have besen
observed carrying eggs. Field investigations
showed that the two groups have inverse
diurnal migration patterns, the larger animals
being found at the surface at night and the
smaller ones occupying the upper strata in the
daytime (Costa and Cummins 1969). Tracer
studies on ingestion and assimilation together
with determinations of RQ (respiratory
quotient) values show only the larger size
class group (6-12 mm) to be predaceous. The
smaller aaimals (2-5 mm) probably depend
upon bacteria, algae and detrital particles
(This size category can be fed yeast in the
laboratory). Therefore, only that per cent of
the population in the 6-12 mm size classes
probably should be considered predaceous on
any given sampling date. This means that if
Leptodora standing crop data are used in the
future to infer predator - prey relationships,
only the larger size classes should be included.

The relationship between Leprodora in-
stantaneous birth rate (b) and prey instanta-
neous death rate (d) estimates is expressed in
Tab. 14. Correlation coefficients have been
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calculated to express the degree of relationship
for various time intervals during the 1966 and
1967 seasons. Early in the 1966 season, during
the period of rapid population increase, the
data suggest a dependence by the Leprodora
population on five prey: Daphnia, Cerio-
daphnia, Chydorus, Cyclops and Diaptomus.
Bosmina was apparently an important prey
organism in June and early July with Chydorus
and Cyclops carrying the Leprodora population
through the later summer and fall. The sug-
gested 1967 pattern differs from 1966 in that
the dominant prey were apparently Daphnia
and Cyclops, and possibly Chydorus, through-
out the Leprodora growing season with an
August dependence upon Bosmina also in-
dicated. Naturally such correlations are weak,
showing only that Leptodora birth rates and
various prey death rates are responding
similarly either to each other or independently
to some other factor or combination of factors.
Since instantaneous death rates were not
determined for rotifer populations, total
rotifer standing crop was compared with
Leptodora birth rate. The resulting correlations
indicate possible predator — prey relationships
between Leptodora and rotifer populations in
June and July both years and in August in
1966.

Data have been gathered on fish predation
on the Leptodora population in Sanctuary
Lake. The results are similar to those obtained
by other investigators (Entz and Lukacsovics
1957, Mordukhai-Boltovskaia 1958, Sebestyen
1960 a). Of the nine fish species examined,
only four, Lake chub (Squalius cephalus L.),
golden shiner (Noremigonus chrysoleucas
Mitch.), black and white crappie (Pomoxis
nigromaculatus de S. and P. annularis Raf.),
ingested Leprodora. By employing Iviev's
(1961) method of calculating a selection index,
it appears that feeding on Leptodora was
selective; that is, this large predator was taken
in preference over other zooplankters by those
species which fed upon it. On occasion small
lake chub, golden shiner and white crappie
were collected in quantitative plankton tows
(on occasion a 0.75 m diameter no. 000 mesh
net was used for this purpose). When such
rough quantitative data were available, fish



dependent variable).

The dates used to obtain the Pearson correlation coefficients given at the bottom of each column are indicated by crosses (N = the sum of

Tab. 14. Correlations between field estimates of Leptodora birth rate (b; independent variable) and prey death rates (d

216 K. W. Cummins et al.

crosses for any given column).
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ingestion could be compared to estimates of
loss to the Leptodora population (d). On four
sampling dates when comparisons were pos-
sible, fish predation was roughly of the same
order of magnitude as the estimated death rate
of the Leprodora population. Of course, the
difficulty with such comparisons lies in the
need for information on the rate of fish
feeding on Leptodora, although the data do
suggest that non-predatory loss from the
Leptodora population may bs negligible.

5. Discussion and ‘conclusions

The physical-chemical homogeneity of the
Sanctuary Lake ecosystem, due to continuous
mixing in the shallow basin, together with its
generally high biological productivity, con-
stitutes a situation which allows Leptodora
kindrii to reach densities as high as any pre-
viously reported. In all three years (1965-
1967), there were similarities in the overall
population growth patterns of Leptodora.
Variation in the date and lake temperature of
earliest detection of the new spring population
was observed. Males appeared and the popula-
tion disappeared at about the same lake
temperature and time of year in all three
seasons. A mean lake temperature of at least
9°C was required for overwintering eggs to
hatch, while temperatures below 9°C ter-
minated the population. The total time span
of the population had a mean of 175 days for
the three years. Thus, the general pattern was
for Leptodora to appear in the spring after

lake temperatures reached 10°C, to disappear

in the fall after temperatures fell below 10°C
and for males to appear in the fall when de-
clining median temperatures fell to near 20°C
(Tab. 10).

Given the size-specific differences in food
habits of the Leptodora population, such that
only 6~12 mm individuals are predaceous, the
energy processing by the population is quite
complex. Once young Leptodora reach egg-
bearing and predaceous-feeding size (6 mm),
presumably by eating algae, bacteria and
organic detritus, feeding is probably primarily
opportunistic. The predator crops the most
readily available prey (this is usually, but not
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always, the most abundant prey zooplankter).
Naturally, the dominant size class in the
Leptodora population and the dominant size
classes in the prey population will dictate
certain limits with regard to food intake by the
predator population as a whole. Based on
available data, the pattern is one in which the
predaceous size classes of the Leptodora
population depend upon a variety of prey
species throughout the growing season. In
addition, the patterns differ between years,
probably as a function of the differences in
relative abundance of suitable prey species.
The production estimates (g/m3/day) obtained
in the present study for Leptodora and a
number of probable prey species are compared
with selected data from the literature in Tab.
15. Although there are significant differences
in the lake ecosystems compared, the estimates
are roughly of the same order of magnitude
for similar temperature regimes and portions
of the growing season. The highest values
given for zooplankters other than Leptodora
were obtained by Patalas (1968) for Lake
Lichenskie, an artificially heated Polish re-
servoir. Production estimates for Leptodora
are higher in Lichenskie than Sanctuary Lake
in 1966. The Leptodora values are essentially
the same for the two systems, when the 1967
Sanctuary Lake data are compared, indicating
the comparatively high productivity of Sanc-
tuary Lake Leprodora in 1967.

The annual production by the Leptodora
population in 1966 and 1967 (Fig. 15) was
0.362 g/m3 (1876.1 cal/m3) and 1.427 gm/m3
(7395.4 g/m3) respectively. This would result
in a total assimilation by the population of
1.207 g/m3/yr (6255.3 cal/m;) in 1966 and
4.757 g/m3 (24653.2 cal/m3) in 1967, assuming
production (growth and reproduction) to
account for 309, of assimilation. If an as-
similative efficiency of 409; is assumed, then
total annual ingestion would be 3.018 g/m3
(15640.8 cal/m3) for 1966 and 11.893 g/m3
(61635.5 cal/m3) for 1967. This approximates

" the actual intakeé required by the Leptodora

population annually and, therefore, represents
the impact of predator upon prey. In ail
instances, except August 1967, the production
of the proposed prey is greater than this
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Tab. 15. Comparison of mean daily zooplankton production estimates (g/m3) determined in the present study with sclected values from the

literature.
Specics Source Location Median Sampling Number of Mean
temperature period sample production
C days gm/m*/day
Present study Sanctuary Lake, Pa 15.0 May-Nov, 1966 37 0.003
" " " P 14.0 June-Nov, 1967 57 0.013
" " " " - 23.0 July—-Aug, 1966 9 0.001
- " " w on 22.7 July-Aug, 1967 34 0.021
Patalas 1968 Lake Mikorzynskic, Poland 21.6 July-Aug, 1966 6 0.006
" " Lake Lichenskie, Poland 274 July-Aug, 1966 6 0.013
Present study Sanctuary Lake, Pa 15.0 May-Nov, 1966 28 0.407
- . - om - - 14.0 May-Nov, 1967 47 0.030 ~
" ” " .. Wright 1965 Canyon Ferry Reservoir, Mont. - Apr-Sept, 1958 23 0.114
D.schodlerl ............cccviiininnnnn - - " “ " " - Apr-Scpt, 1958 23 0.227 5
D.ocucullata . .......................cuen Petrovich et al. 1961 Lake Naroch, Russia 13.5 Apr-Nov, 1960 211 0.016 y
D. galeata mendotae Present study Sanctuary Lake, Pa 23.0 July-Aug, 1966 11 0.009 9
w o - " " - - 227 July-Aug, 1967 i 0.005
D. cucullata and D. longispina hyalina Patalas 1968 Lake Mikorzynskic 21.6 July-Aug, 1966 6 0.128 g
- w om " .. " " Lake Lichenskic 27.4 July-Aug, 1966 6 1.547 .
Bosmina longirostris and B. coregoni . . Present study Sanctuary Lake, Pa 15.0 May-Nov, 1966 28 0.183 5
" " .- e .. s - - “ w 14.0 May-Nov, 1967 47 0.067 o
Bosmina coregonl . ................. Petrovich et al. 1961 Lake Naroch 13.5 Apr-Nov, 1960 Un 0.006 -~
Bosmina longirestris and B. coregoni . . Present study Sanctuary Lake, Pa 23.0 July-Aug, 1966 1t 0.082 <R
" - w o w eeeeeeas \ - - " . oo. 2.7 July—-Aug, 1967 1" 0.007 .
Bosmina coregonl . ....................... Patalas 1968 Lake Mikorzynskie 216 July-Aug, 1966 6 0.060
" " .. . " " Lake Lichenskie 274 July-Aug, 1966 6 1.547
Ceriodaphnta reticulata . Petrovich, et al. 1961 Sanctuary Lake, Pa 16.3 July-Nov, 1966 20 0.031
- e Present study - “ ow 9.1 June, 1967 4 0.003
" - e Petrovich et al. 1961 Lake Naroch 13.5 Apr-Nov, 1960 pAY N 0.004
Chydorus sphaericus . ..................... Present study Sanctuary Lake, Pa 23.0 July-Aug, 1966 11 0.004
- e s - - . oo 227 July-Aug, 1967 H 0.047
" B e Patalas 1968 I ake Mikorzynskic 21.6 July-Aug, 1966 6 0.007
- W e " - Lake Lichenskie 274 July-Aug, 1966 6 0.347
Cyclopsvernalls. . ........................ Present study Sanctuary Lake Pa 21.3 June, 1966 ! 0.089*
19.1 June, 1967 4 0.327*

" ”

! Since number of sample days not given, total days in sample period used. *

N 1 jon.
Non P P
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1. Calories ingestion/m3/yr
1966: 15640.8 (3.018 g)

1967:

61635.5 (11.893 g)

219

4, Calories respiration/m’/yr
1966: 4379.2 (0.845 g)

1967: 17257.7 (3.330 g)

1966:

3. Calories assimilation/=d/yr
6255.3 (1.207 g)

1967: 24653.2 (4.757 g)

:

1966:

1967:

5. Calories production/md/yr
1876.1 (0.362 g)
7395.4 (1.427 g)

1

2, Calories egestion/md/yr 6.

1966: 9385.5 (1.811 g) 1966:

1967: 36982.3 (7.136 g) 1967:

Calories of yield/ws/yr 7.

766.3 (0,164 g)

Calories overwintering
eggs/nd/yrl

1966: 51.8 (0.010 g)

1967: 751.5 (0.145 g)

1. Estimated by plotting mumber of winter eggs/lirer from first detection until
disappearance of the population (Table 10) and summation of peak amouncs over

the period.

Fig. 15. Proposed 1966 and 1967 annual energy budgets for Leptodora kindtii. Year defined as the
period from first detection of L. kindtii in the spring to .the last in the fall: Tab. 9).

amount estimated to be required by the
Leptodora population. The impact of predator
on prey over the season was much greater in
1967 (43.1%;) than in 1966 (6.3%) (Tab. 13).
The calculated intake by the Leprodora popula-
tion in August, 1967, was nearly four times
greater than the measured prey production.
The difference, 6.695 g/m3, is undoubtedly
accounted for by the naupliar portion of
copepod production, rotifer production and
algal-bacterial-detrital feeding by 2-5 mm
Leptodora. In future studies, an attempt will
be made to assess production by all prey (prey
identity being determined by immunochem-
istry) and to partition Leptrodora production
into non-predatory (2-5 mm) and predatory
( < 6 mm) portions.

Other investigations are necessary to meas-
ure respiration and assimilation and ingestion
directlty (Moshiri and Cummins 1969). Pro-
posed 1966 and 1967 annual energy budgets
for L. kindtii are presented in Fig. 15. Only
production and yield have been estimated
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directly, for the present the other values have
been obtained by proportionality and dif-
ference.

Estimates of yield, or harvest by predators,
from the production portion of the energy
budget have been made using field measure-
ments of instantaneous death rate (d). A yield
of 0.144 g/m3/yr (746.3 cal/m3) leaves 0.436
g/m3/yr (2259.6 cal/m3) unaccounted for in
1966. A small fraction is accounted for by
overwintering eggs, 0.010 g/m3/yr (51.8 cal/
m3), but the majority of the difference is un-
doubtedly due to the present level of refine-
ment whereby harvest is calculated. We expect
that as more information is processed, the -
estimate will balance production on an annual
basis. Preliminary data also indicate that fish
predation is sufficient to account for loss to
(vield from) the population throughout the
season. Thus, “natural death”, that is non-
predatory loss, is probably insignificant. There-
fore, it seems that although the general effect
of Leptrodora on its prey may be minimal,
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during periods of maximum predator produc-
tion the impact can be extremely significant.
The effect of fish predators on the Leprodora
population is also quite significant. This is to
be expected since the herbivorous zoo-
plankters have other predators, such as fish
and Chaoborus larvae, while all predation on
Leptodora is accounted for by relatively few
fish species.
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