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INTRODUCTION AND INITIAL ASSUMPTION

By combining a numerical theory of predation
(Slobodkin 1957) a caloric analysis of individual
Daphnia pulex (Richman 1958) and experimen-
tal data on predation in Daphnia populations it is
possible to determine the energy budget and effi-
ciency of laboratory Daphnia populations in fair
detail. It will be shown that observed field effi-
ciency data and biochemical efficiency data from
the laboratory are compatible and that the entire
range of reported efficiency values in the literature
simply represents different ways of examining the
same elementary biological process.

The experimental procedure consisted of main-
taining populations of Daphnia pulex in 50 cc of
water in the laboratory at a temperature of 14-
15°C. These populations were counted every 4
days, dead animals were removed, and the total
number of newborn was computed from the dif-
ference between successive censuses. A number
of animals equal to some constant fraction of the
number of newborn was removed every 4 days.
In some cases the smallest animals present were
removed first and then the stock of larger animals
was tapped to make up the appropriate number.

Populations in which this procedure was fol-
lowed will be referred to as “Young removal”
populations. In other cases the largest animals
present were removed first. These will be re-
ferred to as “Adult removal” populations. In the
young removal populations removal rates were set
as 509% or 90% of the newborn. In the adult
removal populations removal rates were set at
25%, 50%, 75%, or 90%.

The number of newborn was determined as the
difference between the number of living plus dead
animals present at any given census, and the
number of living animals present at the termina-
tion of the census and removal procedure 4 days
earlier.

By assessing the number of animals missing
from the population when no reproduction was
occurring it was estimated that approximately
66% of the dead animals were recovered in the
young removal populations and 63% were re-
covered in the adult removal populations. Inde-
pendent experiments by Armstrong (1959) give
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an average recovery rate of 66% per 4 days in
Daphnia pulex.

For purposes of calculation the observed re-
moval rate (F in Table I) was taken as the num-
ber of animals removed divided by the total new-
born, where the number of newborn was computed
as (animals alive and dead at beginning of census
at time ¢4 1) minus (animals alive at termina-
tion of censusing and removal procedure at time
t) and the number dead were assumed to equal
the observed number dead divided by 66% in the
young removal populations or by 63% in the
adult removal populations.

The populations received 1, 2, 3, 4, or 5 rations
of a water suspension of Chlamydomonas rein-
hardi during each 4 days. The ration was de-
termined photometrically. By haemocytometer
counts it was found that a single food ration
contained 6.2 X 10® Chlamydomonas cells. Using
Richman’s figure of 1.308 X 10—% calories per
cell, (Richman 1958) the caloric content of a
single food ration was taken as 8.1 calories and
will be so used throughout. The populations were
kept in the dark, except during counts, so that
energy fixation by uneaten Chlamydomonas was
negligible.

All Daphnia were divided into the subjective
size categories of large and small. The caloric
content of the small animals was assumed to
equal that of newborn animals as determined by
Richman, while the large animals were assumed
to have the caloric content of Richman’s non-
reproductive adult females.

The caloric content of an egg in the brood
chamber of an adult female was assumed to equal
1/10th the difference between non-reproductive
(or eggless) females and reproductive females
(containing more than 6 eggs) as determined by
Richman, since 10 eggs per female is a reasonable
approximation of the number normally found in
the brood pouch of a rapidly reproducing female
under conditions of mass culture (Slobodkin
1954). The assumed caloric contents per indi-
vidual are, therefore: for large animals .11620
calories; for small animals .012275 calories; and
for each egg .017751 calories.

Details of the technique are presented in more
detail in Slobodkin and Richman (1956) and Slo-
bodkin (1954). The overall population growth
patterns were essentially identical with those re-
ported elsewhere (Slobodkin and Richman 1956)
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TasLe I. Summary of mean numerical data.
NuMBER IN RESIDUAL POPULATION NuUMBER IN YIELD
1) 2 |6 W (5) (6) () 8 9 (10 (11) (12)
Pop F N |F.L.| Large Small Total Eggs Large Small Total Eggs

1.25A.......... .19096 | 82 1 33.756 22.817 57.024 15.448 | 1.7556 .2072 1.9628 2.0350
1.50A.......... 4164 72 1 22.1641| 16.8464| 40.0105| 14.6076] 3.4857 2777 3.7634 6.4016
1.75A. . ........ .65211 | 82 1 16.634 14.793 31.817 10.118 | 4.5729 .8902 5.4631 8.5357
1.90A.......... 83302 (751 1 6.800 6.813 | 13.613 8.013 | 3.9997 | 1.9599 | 5.9596 | 5.5590
3.26A.......... .20027 | 82 3 96.794 65.049 | 164.770 34.953 | 4.6216 .3048 4.9264 6.3405
3.50A.......... .40884 | 82 | 3 74.390 | 52.403 | 130.134 { 35.695 | 9.0851 .4999 | 9.5850 | 15.1700
3.75A.......... 69726 | 82 | 3 32.414 | 24.146 | 57.889 | 13.793 | 8.9753 .6584 | 9.6337 | 17.8530
3.90A.......... 90148 | 68 3 4.941 7.074 12.162 7.631 | 4.7643 2.6764 7.4407 8.5725
5.25A.......... 21909 | 82 | 5 | 164.750 | 115.344 | 284.056 | 66.609 | 8.6162 .3703 | 8.9865 | 13.9845
5.50A.......... 43631 | 82 | 5 63.354 | 49.450 | 112.950 | 36.233 | 8.7801 .9146 | 9.6947 | 18.3159
5.76A.......... 68361 | 82 5 15.057 12.889 28.141 9.916 | 5.7436 1.8658 7.6094 | 12.5970
5.90A.......... 85104 | 64 5 8.716 10.296 19.058 12.446 | 6.6533 3.3593 | 10.0126 | 14.5253
1.50Y.......... .4219 82 1 30.422 14.657 45.335 23.766 .1705 5.7926 5.9631 .0363
2.50Y.......... 4385 82 2 60.823 35.665 97.660 40.239 L0617 | 11.1974 | 11.2591 0
2.50Y.......... 4344 [ 81| 2 56.272 | 34.150 | 90.910 | 55.768 | .2500 | 11.5375 | 11.7875 .0250
4.50Y.......... .4351 81 4 120.236 73.412 | 195.348 68.709 .2125 | 21.2375 | 21.4500 .5250
5.50Y.......... 4426 82 5 153.899 89.036 | 243.581 86.699 | 1.6460 | 22.0852 | 23.7312 2.4384
1.90Y.......... .8424 74 1 11.278 3.742 15.060 26.930 .8646 | 17.6215 | 18.4861 .5670
290Y.......... .8535 74 2 13.914 4.150 18.146 29.878 | 1.3419 | 20.0547 | 21.3966 .6835
2.90Y.......... .8568 | 68 | 2 28.405 9.151 | 37.617 | 50.715 | .7423 | 34.2726 | 35.0149 L1211
4.9Y.......... .8532 68 4 52.012 24.059 76.220 | 115.277 | 1.4177 | 69.8507 | 71.2684 .2536
59Y.......... 8678 66 5 21.572 10.135 31.737 49.672 .6029 | 36.1666 | 35.7695 1.1541
0.1............. 0 82 1 36.642 29.950 66.641 19.257 0 0 — 0
0.2............. 0 70| 2 66.981 | 54.499 | 122.665 | 37.076 0 0 — 0
0.2.......... 0 811 2 72.774 | 53.542 | 127.316 | 33.075 0 0 — 0
0.4............. 0 81 4 146.182 | 105.481 | 254.502 55.859 0 0 — 0
0.5............. 0 82 5 176.216 | 116.731 | 294.715 93.896 0 0

The entries in the columns are: X
Column ( 1)—Code name of the populations.

Column ( 2)—F, the removal rate estimated from births, deaths and censuses, corrected for decomposition of the dead.

Column { 3)—Number of censuses.

Column { 4)—~Food level, number of feedings in a four day period.
Column ( 5)—Mean number of large animals in the residual population.
Column ( 6)—Mean number of small animals in the residual population.
Column { 7)—Mean total number of animals in the residual populations.

Column { 8)—Mean number of eggs in the reproductive females of the r
Column { 9)—Mean number of large animals in the yield per four day interval,
Column (10)—Mean number of small animals in the yield per four day interval.

"Ehis‘ is the‘su_m of columns (5), (6) and the mean number of males.

Column (11)—Mean total number of animals in the yield per four day interval, the sum of columns (9) and (10).
Column (12)—Mean number of eggs contained in the reproductive females in the yield per four day interval.

and will not be reported in detail here. The
discussion will center around the mean values of
population size and yield from 22 experimental
populations and 5 controls. The number of con-
secutive censuses available for each population is
indicated as N in Table I. Each population from
which animals were removed is designated by an
initial integer, indicating the food level followed
by a 2 digit number representing the e prior: rate
of removal and either an A indicating that adults
were preferentially removed or a Y indicating
that sma]l animals were selected. For example,
population 3.75 A received 24.3 calories of food
every 4 days and was subjected to removal of the
largest possible adult animals at the rate of ap-
proximately 75% of the number of newborn.

The control populations are indicated by zero
followed by the food level. For example, 0.2 is

the control population which received 2 food ra-
tions every 4 days. Note that the pairs 2.50Y
and 2'.50Y, 2.90Y and 2'.90Y, and 0.2 and 0.2
were treated identically.

By residual population (or standing crop) is
meant the animals that remained in the population
after the completion of the censusing and re-
moval process. The animals removed are re-
ferred to as the yield. Noté that the number of
eggs in the brood chambers were counted and
summed for each population. In Tables I and 11
the numerical and caloric means for residual
population and yield are indicated for each of the
27 populations.

The males present were added separately to
the total residual population. In general, males
were not removed as yield but some may be in-
cluded with the small yield animals.
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TasLe II. Summary of caloric contents, energy inputs, efficiencies and replacement rates. The entries in the
columns are:

CavLoric CONTENT Cavoric Imputr/8.1| Yierp ErFiciENCY R
1) (2) 3 @ (5) (6) Q) ® F(9)d (10 (11)
00
Initial | Revised chain Net

Pop. Res. Pop. | Large Small Eggs Total | estimate | estimate % % %
1.25A.......... 4.48238 | .20400 | .002544 | .03612 | .24266 1.03 1.065 3.0 2.0 53.2
1.50A... 3.05377 | .40504 | .003410 | .11363 | .52208 .878 .9763 6.4 6.6 54.9
1.75A.......... 2.29892 .53137 | .010932 | .15151 .69381 1.00 .9529 8.7 9.0 61.9
1.90A.......... 1.01605 | .46477 | .024068 | .09867 | .58751 .770 .6092 7.3 11.9 63.3
3.25A.......... 12.70263 .53703 | .003743 | .11254 .65331 3.00 3.015 2.7 2.7 57.6
3.50A. 9.96224 | 1.05569 | .006139 | .26927 | 1.33110 2.83 2.898 5.5 5.7 60.0
3.75A.......... 4.32416 | 1.04293 | .008085 | .31689 { 1.36791 2.01 1.824 5.6 9.3 86.5
3.90A. . 79826 .55361 | .032866 | .15216 73864 1.10 .7234 3.0 12.5 65.7
5.26A.......... 21.79134 | 1.00121 | .004547 | .24822 | 1.25398 5.24 5.296 3.1 2.9 58.8
5.80A.......... 8.61391 | 1.02024 | .011231 | .32511 | 1.35658 2.53 2.737 3.3 6.1 59.1
S5.75A....... ... 2.08630 .66740 | .022912 | .22360 .91391 .946 1.128 2.3 10.0 55.5
5.90A.......... 1.36072 J77312 | 041252 | 25782 | 1.07219 1.19 1.136 2.6 11.7 61.6
1.50Y......... 4.14001 .01982 | .071133 | .00064 | .09159 1.00 1.112 1.1 1.0 51.1
2.50Y......... 8.23412 | .00717 | .137504 0 . 14467 2.20 2.187 0.9 0.8 54.5
2.50Y......... 7.95404 .02905 | .141681 | .00044 17117 2.03 2.150 0.7 0.8 51.8
4.50Y......... 16.11339 | .02469 | .260797 | .00932 | .29481 4.37 4.273 0.9 0.9 54.9
5.50Y......... 20.52327 | .19127 | .271206 | .04328 | .50576 5.50 5.335 1.2 1.2 59.1
1.90Y......... 1.83495 .10047 | .216392 | .01006 .32692 .895 1.172 4.0 3.4 52.5
2.90Y......... 2.19911 .15594 | .246272 | .01213 .41434 1.15 1.369 2.6 3.7 55.8
2.90Y......... 4.31397 | .08625 | .420868 | .00215 | .50927 2.42 2.372 2.1 2.7 60.6
4.9Y......... 8.38719 .08670 | .857767 | .00450 .94897 4.81 4.728 2.9 2.5 59.0
5.90Y......... 3.51314 | .07005 | .431846 | .02049 | .52239 2.19 2.276 1.3 2.8 57.6
0.1............ 4.96799
0.2............ 9.12509
0.2........... 9.71317
0.4............ 19.30797
0.5............ 23.59807

Column ( 1)—Code name of the populations. _ X

Column ( 2)—Caloric content of the mean residual population.

Column { 3)—Caloric content of the adult animals 1n the yield per four days.
Column ¢ 4)—Caloric content of the small animals in the yield 'i;er four days.
Column ( 5)—Caloric content of the eggs in the yield per four days.

Y’
Column { 6)—Total caloric yield per four days, the sum of column s (5), (4) and (3).

Columa ( 7)—Caloric input divided by 8.1 as estimated from equation (2), a revised estimate of the food level.
Column ( 8)—Caioric input divided by 8.1 as estimated from equation (3) for each population. :
Column ( 9)—Food chain éield efficiency. Each entry is equal to the corresponding entry in column (8) divided by 8.1 times the uncorrected food level.

Column (10)—Net yield e

Column (11)—The percent of the protoplasm in the residual pop which is r

ciency. Each entry is equal to the co‘rrg.spondin.g entry in co!'umn_(ﬁ) divided by 8.1 timesnth«z entry in column (8).

during a four day period. t rate is calculated from tion (7).

ANALYSIS OF THE DATA

Approximate energy consumed

Let P, represent the size of a control popula-
tion, Pp the size of a population from which ani-
mals are removed at the rate F. Assume popula-
tion size to be linearly dependent on food supply
at all food levels and removal rates, and also as-
sume that the energetic cost to the population of
each animal removed as yield is essentially inde-
pendent of the age and size of the animals re-
moved. The assumption of linearity is justified
by previous studies of Daphnia populations, both
in the laboratory (Slobodkin 1954, 1957) and in
the field (Borecky 1956) and will be discussed in
detail below.

Let:

Pr

_1? =o(F)
We require that when F =0, Pr=P, and
e(F)=1;when F=1, Pr=0and ¢ (F) =0.
At intermediate values of F, the reproductive rate
of Py tends to compensate for removal of animals
so that Pp is a non-linear function of F, with the
absolute value of :%E increasing as F ap-

proaches 1.

A suitable value of ¢ (F), that has the appro-
priate limits and is in general agreement with the
known compensating mechanisms of Daphnia
populations is:
M L R

Po ! TITF
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This equation has been derived elsewhere from
empirical population variability data (Slobodkin
1957) and is in reasonable agreement with the
observed values of Pr for the young removal
populations (Figure 1) but not for the adult re-
moval populations (Figure 2). Note that for the
young removal populations the assumption of
linearity with food supply is approximately valid
for both population size (Figure 1) and yield
expressed either as total number of animals (Fig-
ure 3) or animals plus eggs (Figure 5).

[ 1 1 A 1 [l )i 1 1 1
-] 10 20 30 40 50 60 10 80 90 100
F
Fi6. 1. Young removal populations. Residual popula-

tion size per unit food supply plotted against F. The
line is drawn from equation (1).

70+
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Adult removal
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Fic. 2. Adult removal populations. Residual popula-
tion size per unit food supply plotted against FF. The
dotted line is drawn from equation (1). The first food
level is drawn as X ——, the third as —— A ——
and the fifth as ——[]——.

Yield and population size are not linearly re-
lated to food supply in the adult removal popula-
tions. Since microscopic examination indicated
that Chlamydomonas cells were consistently pres-
ent in the used medium from populations 3.754,
3.904, 5.504, 5.754, and 5.90A4 but not in the
used medium from the other populations, it is
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Fic. 3. Young removal populations. Mean yield in

animals per census per unit food supply plotted against
F. With the exception of populations 2.90Y and 5907,
vield per unit food supply seems essentially constant for
each value of F.

st ANIMALS OF YIELD FROM ADULT REMOVAL
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Fic. 4. Adult removal populations. Mean yield in
animals per census per unit food supply plotted against
F. Yield per unit food supply decreases with food level
execept at the lowest values of F. For any given value
of F the number of animals in the yield is lower in the
adult removal populations than in the young removal
populations. The lowest food level populations are indi-
cated by circles, the third food level by triangles and the
fifth food level by squares.

clear that in at least some of the populations the
food supplied was not equivalent to the food con-
sumed. There is ample experimental evidence
that population size in Daphnia is linearly related
to food consumption for the case in which all the
food supplied is actually consumed (Slobodkin
1954). We should therefore be able to use the
population size to determine the relative food con-
sumption by considering that any deviation from
a linear relation between population size and food
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Fic. 5. Young removal populations. Mean yield in

animals and eggs per census per unit food supply. The
pattern is essentially the same as in Fig. 3.

supply is proportional to the difference between
the food supplied and the food actually consumed.
It will therefore be assumed that all of the popu-
lations are actually following equation (1) but
that the food supplied to the population is not
necessarily identical with the food ingested by
the populations. Analysis of an experimental test
of this assumption is now in progress. We will
assume that the food consumed by a population
is measured by its deviation from the calculated
value as determined from F (Table I) and equa-
tion (1) according to the following equation:

Pp
2 calculated Pp

The calculated food consumed for each popula-
tion is listed as Column 8 of Table II and is equal
to 1/8.1 times the calories consumed, to a first
approximation.

If we now replot yield per calculated food con-
sumption level it is found that it is essentially
dependent only on F (Figures 7 and 8). Fur-
thermore, if we compute production efficiency
(see below) using the food supply as our energy

=Food consumed
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input we find negative efficiency values; while
production efficiency values derived from the
calculated food consumption are all positive and
in agreement with other estimates of biological
efficiency. That is, failure to use equation (2)
leads to nonsense conclusions, while the conclu-
sions derived from equation (2) are simple and
in remarkably close agreement with other, inde-
pendent, data. We therefore consider that the
food input derived from equation (2) is a closer
approximation to the actual food ingested than is
the raw food level data.

YIELD AS ANIMALS+ EGGS, ADULT REMOVAL

Yield 0s onimols+eggs /4 days/food removal

Food Level
. —_—— !
s —_—- 3
4 — — E
3F
2}
\ L L N
© 1t 2 3 4 s ¢ ! & 9 i

Fic. 6. Adult removal populations. Mean yield in
animals and eggs per census per unit food supply. The
pattern is essentially the same as in Fig. 4, except that
addition of eggs to the yield makes the low food level,
adult removal yield comparable in numbers with the
voung removal yields.

Efficiency

Having values for the caloric content of the
yield and the caloric content of the food supplied,
the simple quotient (calories of yield divided by
8.1 times food level) is equal to the efficiency with
which the Daphnia transform the Chlamydomonas
into food for a hypothetical predator. This quan-
tity is listed as Column 9 of Table II. This is the
“food-chain”? efficiency and is plotted as a func-
tion of F in Figures 9 and 10.

Food-chain efficiency increases with F for the
young removal populations but has a maximum
at intermediate values of F in the adult removal
populations. This is simply due to the inability
of the greatly reduced residual adult populations
to consume all of the food provided. Removal of
young does not as severely lower food consuming
capacity. The peak value of food-chain efficiency
diminishes with increasing food concentration as
does the maximally efficient value of F. Tt might

? This term is borrowed, with permission, from a book
manuscript by L. C. Cole.
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Fic. 7. Young removal populations. Mean yield in

animals and eggs per census per unit food consumed as
determined from equation (2). Scatter is reduced at
high levels of F.
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Fic. 8. Adult removal populations. Mean yield in

animals and eggs per census per unit food consumed as
determined from equation (2). The disparity between
food levels has disappeared.

be expected, with more dilute algal concentra-
tions, that peak values of 10-12% might be
achieved. These values are in general agreement
with those reported in nature. (Lindeman 1942,
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Fi1c. 9. Young removal populations. Food chain effi-
ciency plotted against F. Food chain efficiency is defined
as the total yield in calories divided by the total calories
of food supplied to the population.
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Fic. 10. Adult removal populations. Food chain effi-
ciency plotted against F. At all food levels food chain
efficiency has a maximum at some intermediate value of
F and the maximally efficient value of F decreases with
food level as does the maximum food chain efficiency
attained.

Wright 1958, Juday 1940) It is definitely clear
that, if any predator feeds preferentially on young

Daphnia, the Daphnia population will not be more
than approximately 6% efficient at producing
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yield for that predator. In addition to the food-
chain efficiency it is of interest to determine the
net efficiency, that is, the ratio of calories of yield
to calories of food actually consumed. The spe-
cific efficiencies of reproduction, growth, and the
caloric cost of population maintenance (in calo-
ries/4 days/calorie) are also significant.

These will be derived from an analysis of ca-
loric data as follows: The energy budget of a
Daphnia population can be written as:
calories of food consumed per 4 days = [(cost, in

calories per 4 days, of maintaining each calorie
of standing crop) X (the caloric content of the
standing crop)] + [(cost per calorie of produc-

ing a calorie of yield) X (caloric content of the
yield per 4 days.)]

1€))

Each of the 22 populations subject to predation
must follow equation (3) and for each population
we know the caloric content of the steady state
population and of the adult, young, and egg yield.
We also have an estimate of the calories of food
consumed per 4 days. It is therefore possible to
solve by least squares for the caloric cost of main-
tenance and the efficiency of production of adult,
young, and egg yield. Details of the solution are
presented in the Appendix and Table III. A
second approximation to the caloric input to each
population is obtained by substituting the best
least squares values for the maintenance costs and
efficiencies back into equation (3) with the known
steady state caloric contents and yields and solv-
ing for input. This revised estimate of the calo-
ries consumed for each population is listed as
Column 8 of Table II.

Using the calculated cost and efficiencies, equa-
tion (3) can be rewritten for each population as

caloric input per four days =
caloric content of standing crop
5038 cal. days per cal.

calories of adult yield per 4 days +
(3) .4830
calories of egg yield per 4 days 1
.06204
calories of young yield per 4 days
03586

Net efficiency can now be defined as (total calo-
ries of yield per 4 days divided by the revised
estimate of energy input per 4 days). For the
adult removal populations this is a linear function
of F, while for the young removal populations
there is some indication of higher net efficiency
at higher values of F (Figure 11). The lack of
complete linearity in the young removal popula-
tions is probably due to the fact that a higher
proportion of adult animals are removed from
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TapLe III.  Matrix solution for the values of y and the

X; in equation (4).

n @) @) 4)

1809.49308530( 65.75403750, 16.79684106(24.32872472 | (1)

A= 65.75403750)  6.68031307| 1.88140823! .38309611 | (2)

16.79684106|  1.88140823 -54208247) 06774019 | (3)

24.32872472 . 38309611 -06774019( 1.39675661 | (4)

A-1= 0013496 | —.0509634 . 1370824 |—.0161774 (8)

—.0509634 9.247013 |—30.839049 |—.1803367 6)

-1370824 | —30.839049 | 104.505111 | 1.0023809 | (7)

—.0161774 | —.1803367 1.0023809 | .998571 )

gi= 510.16442814; 20.44016716|  5.28479188|10.098613288} (9)

81 = . 207900 - 25569 1.98967 3.44231 (10)
X{

y=.5938 xp=.482§ x2=.06204 | x3=.03586 |(11)

y'=.5938 x'=.4830 | xo'=.06204 | x5'=.03586 [(12)

The first four rows are the coefficients of equation (4), e.g., the entry in the
second column, third row is the sum of the products bibs for all twenty-two ex-
perimental populations where by is the caloric content of the adult yield and ba is
the caloric content of the egg yield, as indicated in Columns 33) and (4) of Table II.
The diagonal elements are the sums of the squares of the caloric data for standing
crop (a11), adult yields, (as2), egg yield (a3a) ete.

Rows (5) through (8) are the inverse of the matrix consisting of the first four

w3,
Row (9) contains the sums of the products of a or the (b;) multiplied by food
level as estimated from equation (2) for each population, e.g., the entry in the third
column of row (9) is the sum of the products of columns (5) and (7) in Table II.
Row (10) is the vector resulting from the matrix multiplication of row (9) and
the inverse matrix (A-1) rows (5) through (8).
Row (11 the initial of y and the xi values in equations (3)
and (4) of the text.
Row (12) contains the values of y’ and xi’ obtained by substituting the values of

v and xj into equation (3), solving for I and re-computing row (9). The values of I
used for getting y” and xj’ are listed as Column (8) of Table II.

o

these populations at high levels of F. Note that
the linearity of net efficiency with F depends on
the assumed constancy of the efficiencies and
costs. This assumption is supported by other
evidence indicating that all quantities in unex-
ploited Daphnia population are linearly propor-
tional to food supply (see especially Slobodkin
1954). If this assumption is not valid there will
probably be a slight upward convexity to the re-
lation at high levels of F since our major revision
of input calorie estimates occurred at these levels.
The values of production efficiency derived from
the matrix indicate that if all available energy
was utilized for the production of young, new cal-
ories of young protoplasm would be produced
with an efficiency of 3.6%, the corresponding effi-
ciency for egg production is slightly higher, that
is 6.2%. The difference is presumably due to the
cost of differentiating the egg protoplasm into a
new animal. The efficiency of producing adult
protoplasm, in the sense of adding new proto-
plasm to an extant animal, is 48%, which seems
remarkably high at first glance. In particular,
the work of Hutchens (1951) would indicate a
steady state efficiency of not more than 25-30%
for glucose metabolism.

Even more elementary considerations would
indicate that an efficiency of more than 30% is
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Fic. 11. Net efficiency, all populations. Calories of

yield per census divided by the final estimate of calories
consumed per census interval (i.e. 8.1 X column 8, Table
II) plotted against F. The relation is essentially linear
for the adult removal populations and concave upward
for the young removal populations.

impossible in a steady state biological system.
Consider that at least 150 chemical steps are in-
volved in the complete degradation of any food
molecule and that there must be a sufficient num-
ber of exergonic steps in the sequence to guaran-
tee unidirectionality of metabolism. The energy
burned at each step is unavailable for growth. To
leave sufficient residual energy to permit an effi-
ciency of much more than 25% requires an ab-
surdly high mean efficiency per step. The precise
value is given by: # log e = log E where #n is the
number of steps, e the mean efficiency per step,
and E the overall efficiency of growth. The ap-
parent contradiction is resolved when it is con-
sidered that the 48% efficiency value is not a
steady state value, since it does not account for
maintenance. The effect of removing an animal
from a population is twofold. Most obvious is the
actual cost of producing the animal. There is
also a saving of the energy that would have been
required to maintain that animal in the popula-
tion had it not been removed. The production
cost, as determined by the matrix, cannot distin-
guish between these two effects. Since the cost
for maintaining a calorie of protoplasm for 4 days
is known (i.e., .5938 cal.) the true efficiency of
growth including maintenance costs can be de-
termined.

On the assumption that maintenance cost per
calorie is constant, the maintenance cost per 4

0.1162
.5938
The net cost of removing the

days for a single adult Daphnia is or

1957 calories.
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0.1162

4830

2406 calories, so that the total cost, for each
adult is .4363 calories, and, since the caloric con-
tent of each adult is .11620 calories, the true
efficiency of growth, taking maintenance into
account is 26.63%, which is in agreement with
the biochemical requirements.

Corresponding arguments apply to the effi-
ciency of production of eggs and young. Several
alternative assumptions are available. We almost
certainly must assume that the maintenance cost
of eggs is paid by the adult that produced those
eggs in its ovary and this is conceivably also valid
for young, but because of variations from popu-
lation to population in the mean number of eggs
per adult, we will simply add the maintenance
cost to the young and eggs themselves. Owing
to the small size of the young and eggs the quan-
titative effect is negligible, altering cost per ani-
mal from .3423 to .3630 calories in the young
and correspondingly shifting efficiency from a
production efficiency of 3.59% to a true efficiency
of 3.38%. Egg costs per egg shift from .2861 to
.3160 and the true efficiency of egg growth is now
5.62% rather than the production efficiency of
6.20%.

By using the calculated mean efficiency and
maintenance cost values (Appendix, A) and the
observed census and yield data from each popu-
lation it is possible to calculate the rate at which
calories are replaced in the residual populations.
The details of this calculation are in the Appen-
dix (B). The calculated replacement rates for
each population are listed as R in Column 11,
Table II. Replacement rate (R) is essentially
constant and equal to 57.95%. Richman (1958)
measured the weight lost by starved Daphnia and
found approximately 569% weight loss in 4 days.
To maintain a steady state, replacement would
haye to be 56% at least from his data. The
agreement with the present estimate is so good
as to be very surprising. It should be possible
to check the theory by calculating the caloric
content of the control populations from mainte-
nance cost (y) as estimated from the energy
budget, since, in the absence of predation, equa-
tion (3) reduces to

calories of food consumed per 4 days —

caloric content of the standing crop
.5938 cal. days per cal.

same animal from the population is

or

5938 X 8.1 =4.69 cal. of standing crop per
unit food in the control populations. The ob-
served mean caloric content of the control popu-
lations is 4.77.
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The line has been drawn through the origin and the
mean of the points. This is equivalent to Figs. 1 and 2
after re-evaluation of the food consumption for each
population.

Note that the control populations influenced the
result of the matrix analysis only in the original
calculation of energy input from equations (1)
and (2).

A similar result is attained if we substitute the
mean replacement rate, or Richman’s weight loss
data from an individual Daphnia for the mainte-
nance cost. That is, we have found 3 numbers
that are identical with each other. These are:

1. The percentage weight loss in 4 days by a
starved adult Daphnia (56%).

2. The inverse of maintenance cost per 4 days
per calorie estimated as a weighting constant
in an energy budget (59%). (See Appendix
A)

3. The replacement rate per 4 days per calorie
estimated on the assumption that all the
energy which is not utilized in providing
yield is used in replacement reproduction
and replacement growth (58%). (See Ap-
pendix B.)

As a matter of convenience we have referred
to the inverse of maintenance cost and the replace-
ment rate but both concepts are defined in the
identical units of calories per calorie day. The
clear implication is that the same thing has been
measured in three different ways. This conclu-
sion is equivalent to stating that the process of
maintaining a steady state Daphnia population,
regardless of its size (since we have the data from
the limiting case of a single animal) consists ex-
clusively of growing or reproducing sufficient new
protoplasm to replace the loss in death plus ca-
tabolism. This very simple conclusion may be
amplified slightly.
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It is possible, in principle, to consider the
process of maintenance in a biological system in
two different ways. We could imagine that there
is a certain cost involved in maintaining a mass of
protoplasm and that this cost is not related to the
growth or reproductive characteristics of the sys-
tem but in some way is a third property of the
system. The other alternative is that growth and
reproduction are identical with the processes in-
volved in population increase, size increase of
individual animals or production of yield for a
predator and are the only processes that are sig-
nificant in maintenance of a biological Steady
state.

If the first alternative were correct we would
have expected the maintenance cost per 4 days,
as determined from the energy budget, to differ
from the replacement rate per 4 days as deter-
mined from growth and reproductive efficiency
data and the census data for each population.

As a matter of fact, maintenance cost and re-
placement rate are identical. We must therefore
conclude that growth and reproduction are identi-
cal with steady state population maintenance in
Daphnia. An equivalent statement would be that
the only direct source of usable energy for meta-
bolic work in a Daphnia population is Daphnia
protoplasm and that this protoplasm is produced
with a fixed efficiency regardless of its eventual
fate.

Possible Second Order Corrections

The surprisingly close agreement between re-
placement rate per 4 days as calculated and the
observed weight loss in starved Daphnia and be-
tween observed and calculated control population
size indicate that the efficiency values are fairly
accurate. It is of particular interest to note that
the widely different values that “efficiency” may
take in the same system depend on precisely how
efficiency is defined.

While the possible sources of error are prob-
ably obvious it seems useful to list them here.
There may be quantitative inaccuracies in:

1) The original estimate of decomposition rate

of dead animals.

2) The assumed caloric contents of the animals
and algae.

3) The general assumption of universal linear-
ity.

4) The assumption that both young and adult
removal situations ideally correspond to
equation (1).

Of these the most important is probably the
fourth. Apparently the general agreement of
equation (1) with both young and adult removal
data is primarily a very fortunate accident. The
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cost of young, adults, and eggs are sufficiently
close to equality, and the numbers in the yield
happen to balance out so that the effect on re-
sidual population size is virtually independent of
the age and size of the animals removed. By any
set of reasonable assumptions it would also be the
case that removal of an adult animal from a popu-
lation reduces the filtering rate of that population
considerably more than removal of a young ani-
mal or an egg. This is not significant unless the
filtering rate is reduced below some critical value.
At this point food is left over in the medium.
This point will be analyzed in greater detail in
connection with another set of experiments. In
addition, the efficiency of assimilation tends to
vary inversely with food concentration. (Rich-
man 1958) so that even if all the food is eaten
there will be effectively lower food absorption at
high food levels. These effects are simultaneously
compensated for in part by our assumption of the
general validity of equation (1). We must con-
cede that equation (1) is not generally applicable
to other species and that it should be replaced by
a more general statement.

Equation (3) is a general statement in caloric
terms. This can fairly readily be translated into
numerical terms. A rather complex replacement
for equation (1) could then be constructed fol-
lowing the same type of argument as that of
Beverton and Holt (1957). It will not be at-
tempted here. Equation (1) is approximately
valid whenever the values of efficiency in equation
(3) (see Appendix A and Table IIT) are essen-
tially the same as those observed in Daphnia.

Possible Generalizations and Implications

Growth efficiency of 20-28% may be considered
almost universal. Reproductive efficiency equal
to slightly less than the square of the growth effi-
ciency may also be very common. The mainte-
nance cost per unit time (y) will tend to vary
with the amount of inert material present in the
animal’'s body. For example, the larger the fat
depot in the animals the lower will be the replace-
ment rate, resulting in a correspondingly greater
reduction in population size as a consequence of
removing a single adult animal. The lower limit
of production efficiency of adults is approximately
25%. Replacement rate, and caloric content per
animal, will vary from species to species. Actual
growth efficiency probably will not vary very
much. The energetic pattern of a population
should then be largely determined from replace-
ment rate, reproductive efficiency and the caloric
content of the animals as a function of age.
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CONCLUSIONS

It is possible to use steady state population data,
caloric content data and an assumption of general
linearity to determine growth efficiency, both in-
cluding and not including maintenance cost, and
reproductive efficiency. The numerical popula-
tion equation was primarily significant in per-
mitting us to assess approximate energetic input.
In other situations it might be possible to assess
energetic input into the population more ‘directly
in which case the analysis presented in the matrix
(Appendix A) is not dependent on any numerical
assumptions whatever and simply depends -on
caloric content as a function of age or size and
on the conditions of the steady state population
as far as size distribution and reproductive rate
are concerned. The efficiencies determined from
the Daphnia data are in surprisingly close agree-
ment with biochemical values (Hutchens 1951)
and, depending on the various interpretations that
we give to the word efficiency, bracket all existing
estimates of ecological efficiency (see Odum 1957
for examples). In essence, we have translated
between ecological efficiency in the laboratory,
biochemical efficiency determined in wvitro, and
field efficiency values. It would be expected that
while replacement rate would vary from species
to species the efficiency values for growth and
reproduction which we have found will be ap-
proximately valid for all animals, or can be used
as starting points until better analyses are avail-
able. The process of population maintenance in
Daphnia is identical with that of replacing existing
protoplasm with new protoplasm.
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APPENDIX
The calculation of efficiencies, maintenance cost,
and replacement rate from caloric content data.
A. Computation of production efficiencies and

maintenance cost from an energy budget.
We define the following symbols:
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Symbol Definition Units

I Food calories eaten by the popula- cals/time
tion in 4 days. Input.

a Caloric content of the standing crop cals
of the population, after predation.

b; Calories of adults removed by pre- cals/time
dation per 4 days.

b, Calories of eggs removed by preda- cals/time
tion per 4 days.

bg Calories of young removed by pre- cals/time
dation per 4 days.

1/y Calories expended per 4 days to cal/cal/time
maintain one calorie of standing
crop.

1/x, Calories expended to produce one cal/cal
calorie of adult yield.

1/x, Calories expended to produce one cal/cal
calorie of egg yield.

1/x4 Calories expended to produce one cal/cal

calorie of young yield.

For any steady state population we can then write
the equation:
(3" I=—+< by +£+—bs—)

1 2 L3

Note that the symbols enclosed in parentheses
in equation 3" are equivalent to the words enclosed
in parentheses in the verbal statement of the en-
ergy budget (equation (3) in the text (p. 238)).
The constants &y, 23, and 3 have the dimensions
of efficiency and are the production efficiences of
adults, eggs, and young respectively. That is, if
a population did not have to expend energy for its
own maintenance and was only producing adults
for a predator to remove, it would produce adult
tissue with caloric content equal to x; times the
caloric input and similarly for the production of
eggs and young.

We assume that y and the x;’s are constant for
all populations. The energy budgets of our 22
experimental populations can each be expressed
in the form of equation (3) and these 22 equa-
tions can he reduced to a set of four linear equa-
tions:

22

(4)
rul=YXY b,a-+}: b

rbl=X bza—+Z b2b1
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and the inverse matrix 4—! was then multiplied

by the vector with elements

b.J
8.1

222(11

_8——1_ y gi>1=

w
"I 'lw

& 97
giving 8.1 X 1 and 8.1 x 1 directly as
X ¥

)3 g a™’.

1

I was taken as predicted from equation (1) i.e.,
Column 8 of Table II. The matrix, its inverse,
the vector and the solution for the x; and y are
presented in Table III. The intermediate calcu-
lations have been omitted but the inversion pro-
cedure is clearly stated in Anderson and Bancroft
(1952), pp. 191-197. Note that equation (3) is
a special case of the generalized energy budget:
(6) I=X MiC,,.i+Z YiCyi

where the M/’s are age, sex or genotype specific
categorizations of the calories in the residual
population and the C 4, the corresponding costs
for each category and the Y,’s are categories of
yield calories with the Cy, the corresponding
costs. Equation (3) is used in its present form
since analysis of a preliminary set of equations in-
dicated that there was no difference in cost per
calorie between the large and small animals in the
residual population. The residual calories were
therefore pooled and the control populations
omitted from the analysis. When the values of y
and #; from the matrix solution are reinserted,
for each population, in equation (3) and multi-
plied by the appropriate constants and summed a
new estimate of / is acquired. This new estimate
of 7 for each population is listed as Column 9 of
Table II. If the matrix is re-solved, using the
new estimate of I, no significant changes occur in
our estimates of y and the x;.

B. Computation of replacement rate (R) from

Lal-L a"1+): ab1—+z ab2—+): aba—

+Z b1b2—+z ble——“

+}: b +): bzbs—-

Lbl=X baa-—+Z bsb1—+}: babz_—"f'z b?:,—-—
Y 14 T2 z3

which can be solved for the best least squares fit
for y and the x;’s. The solution has been done by
constructing a 4 X 4 matrix in which each ele-
ment a;; is equal to the i, j* coefficient of (4).
This matrix was inverted by the Doolittle method

efficiencies, maintenance cost, birth and stand-
ing crop data.
The rate at which the caloric content of the
residual population is replaced can be computed
as follows:
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We define R as the replacement rate in calories
per calorie per 4 days.

We define B as the caloric content of the new-
born produced per four days. This is computed
for each population as the difference between the
number born and the total number removed as
yield multiplied by the caloric content of a new-
born animal. Note that it could also be computed
as the total number dead of non-predatory causes
multiplied by the caloric content of one newborn.

The replacement calories occur as newborn
animals (f) and as new protoplasm added to the
existing animals, presumably with an efficiency ;.

The total energy available for replacement is g
v
The total energy available for growth is the

difference between % and the energy utilized for
y

reproduction L
v

a3
added by growth in four days are therefore

(s-2)
Yy I3

and replacement rate for each population can then
be computed as

(B =x1__é<£1__1)
@ * x‘<y _a@)ﬂ3 y a\xs

a

All of the terms in equation (7) except for 3 and
a are derived from the solution of equation (4) so
that constancy of R from population to population

The calories of new protoplasm

is a measure of the constancy of E The values
a

of R for each population are listed as Column 11,
Table II.

As a matter of fact, R =~ y, but this is an em-
pirical agreement and is not analytically deter-
minable from equation (7).

SuMMARY

Twenty-two populations of Daphnia pulex were
subjected to predation in the laboratory. Five
control populations were maintained. The steady
state census and yield data and the food consump-
tion of each population were translated into cal-
ories by use of conversion constants. Energy
budgets were then written for each population by
equating energy consumption to weighted caloric
content values of the standing crop and yield of
adults, eggs, and young. From the 22 energy
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budgets of the experimental populations, best least
squares estimates were made for the weighting
constants by a matrix inversion technique.

The weighting coefficients correspond to the
respective inverses of the caloric replacement rate
in the residual populations and the production
efficiencies of adults, eggs, and young.

Efficiency in the various senses of ecological
efficiency, production efficiency, and biochemical
efficiency were then determined for the Daphnia
populations. Each value was in agreement with
correspondingly defined efficiency values in other
systems. The implication of this agreement is
that efficiency is approximately constant from spe-
cies to species.

The replacement rate per calorie of standing
crop was found to be identical with the mainte-
nance cost per calorie of standing crop, implying
that maintenance and replacement growth are
identical processes.
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