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ABSTRACT

The standing crops of fishes which inhabited three small lakes were estimated immediately 
after rotenone treatment by combinations of procedures which included collections of all fish 
along the shorelines^from the surface waters offshorê^and from the bottoms in shallow water; 
collections and counts from random sampling area J | i i  shore and in shallow water ; and collec­
tions and counts from randomly selected transect lines^on bottom in deep water by SCUBA 
divers. Estimates of the net primary productivities of the lakes were made by the C14 method. 
When the lakes are ranked according to theirnestimated standing cropifithe order of ranking is 
confirmed by the estimated net primary productivity 0  the most productive lake, but is in i n ­
flict with the productivity estimates from the intermediate and least productive lakes. Analyses 
of the structures of the fish populations of the lakes before reclamation and evaluations of tech­
niques are also presented.

INTRODUCTION

Knowledge of the standing crops of fishes 
and the primary productivities of waters has 
been considered fundamental to predictable 
manipulation of aquatic ecosystems. The pur­
pose of this paper is to present the numbers, 
weights, and species compositions of the fish 
populations of three potential trout lakes in 
Maine, and to compare the total standing 
crops with the net primary productivities of 
the lakes estimated by the C14 method. Also 
described are a method for evaluating the 
standing crops of fishes in small lakes follow­
ing complete kill with rotenone, and a limita­
tion of the C14 method for estimating primary 
productivity of the very soft inland waters of 
Maine.

The possibility of enumerating standing 
crops of fishes in small lakes, ponds, and seg­
ments of streams by some direct-count method 
has appeared attractive to fishery biologists 
ever since rotenone products became readily 
available in the late 1930’s. Procedures for 
using rotenone to assure the killing of all 
fishes in suitable waters were developed 
rapidly, and it remained only to enumerate 
the fishes that had been killed. This latter 
problem has been approached using various 
procedures (Eschmeyer, 1939; Bennett, 1943; 
Swingle, 1954; Brown and Tatum, 1962; 
Boccardy and Cooper, 1963; and many others) 
but it appears that only Carlander and Lewis 
(1948) have considered seriously or taken 
into account the proportion of a fish popula­

tion that sinks to the bottom in deep water 
after rotenone treatment and is thus unavail­
able for counting or sampling at the surface. 
As will be shown, the number of rotenone- 
killed fish which sink to the bottom of a small 
lake may be as great as the number which 
float at the surface; therefore, a deep-water 
sampling procedure using SCUBA divers de­
veloped during these studies will be described 
in some detail.

Interest in the possible existence of a single, 
easily obtained index to lake productivity was 
increased greatly with the publication of the 
first description of the C14 method by Steemann 
Nielsen (1951, 1952). Later papers by Ryther 
(1956), Doty and Oguri (1958), Frey (1959^  
and Hooper, Podoliac, and Sniezko (1961^  
drew further attention to the method, empha­
sizing its relatively simple field technique. 
Use of C14 in this study .has revealed an im­
portant limitation of the method for certain 
types of water, however, and this limitation 
will be discussed.

METHODS

The Marine Department of Inland Fisheries 
and Game has been conducting a program of 
potential trout lake reclamation using rotenone 
since 1954. Usually 6 to 10 small lakes have 
been reclaimed each fall. As a corollary to 
this program, three lakes were chosen for in­
vestigation of the standing crops of fishes that 
existed before reclamation and for studies of 
primary productivity: Shagg Lake, Oxford
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Table 1 .— Physical and biological characteristics of Shagg, Coleback, and Hills Lakes, Maine

Characteristic
Lake

Shagg C o l i n s Hills

Surface area ( acres) , 55 20 19
Elevation ( ft above m sl) 850 • 130 1,200
Maximum depth  (fee t) 40 28 31
Typical summer tem peratures 

Surface 70 70 68
10 feet H I ■ i f l  • 67
20 feet 50 64 % il l l i

"vl | |)  feet 44 44
Typical summer oxygen ;leyelsM p p m ) 

Surface 7.4 8.6 8.4
10 feet 8.0 8.2
20 fe e t . 7.4 9.0 4.0
30 feet 4 . | H 6 . ^ H 2.4

M ethyl orange alkalinity ( ppm  IS 1 1-4 8B B R ? 3 -5
pH 6.1—7.9 6.3—6.9 6.2—6.5
Color of w ater Lt. brown 5 * C lear
Turbidity*^! None None
D ate of rotenone treatm ent ' 9 Sept. 1957 H ^ S e p t .  1958 3 Oct. 1961
Fishes present before rotenone treatm ent2 O sm erus m ordax O sm erus m ordax O s i r e n s  m ordax

C a tostom us com m erson i 
Ic ta lu rus  nebu lo sus  

niaer
R occus  am ericanus  
M icrop terus d o lom ieu i

L e p o m is  g ibbosus  
A n g u illa  rostrata  
E sox n iger %  
C atostom us W ^ ^ B r s d n i

C hrosom us eos 
jjm alurus nebu losus  
R h y n ic h th y s  a tra tu lus  
Salvepinus fon tina lis

^O bservations taken at depth of 25 feet.
v^Fishes listed in the order of their num erical abundance in ealpi  lake.

County; Coleback Lake, Washington County; 
and Hills Lake, Franklin County. These lakes 
were chosen because (1) they had physical 
characteristics which assured a high proba­
bility of obtaining complete kills with rote­
none; (2Hthey were small enough (maximum 
area, 55 acres) to give us confidence that the 
fish pickup and sampling operations could be 
handled in a few days with the personnel and 
facilities available; (3) they had negligible 
tributary systems and outlets and high, firm 
shorelines, features deemed necessary for ef­
ficient pickup of fish that floated to the sur­
face and then drifted ashore; (4) they had 
clear water and depths not greater than 40 
feet, features necessary to insure that the 
SCUBA divers would be able to see and pick 
up samples of fish that sank to the bottom; 
and (5) they were easily accessible by road 
and had good boat landings so that fish could 
be collected, counted, weighed, and disposed 
of rapidly and efficiently. Descriptions of the 
three lakes are presented in Table 1.

Commercial preparations containing 5 per 
cent of rotenone or 2.5 per cent of rotenone 
plus a synergist in an emulsifying carrier 
were used in the treatment of Shagg, Cole­
back, and Hills Lakes. Shagg and Hills Lakes 
received concentrations of 1.0 ppm, and Cole­

back Lake received a concentration of 0.75 
ppm. Application procedure was simply to 
spray the rotenone-bearing material mixed 
with water onto the surfaces of the lakes using 
a portable pumping apparatus carried in a 
small boat. Spraying was continued until the 
amount calculated to be necessary to provide 
the required concentration had been applied. 
In addition to surface spraying,^ to V2 of the 
rotenone-bearing material was pumped down 
into and beneath the metalimnions in Shagg 
and Hills Lakes.

Fish began to show distress within 30 min­
utes and to die within an hour after the rote­
none applications began. Subsequent sam­
pling operations demonstrated that all fish 
were killed within 24 hours or less in each 
lake.

Procedures for enumerating the fish that 
had been killed by the rotenone treatments 
differed among the three study lakes, and will 
therefore be described separately.

Shagg Lake
Recovery and enumeration of fishes killed 

by rotenone in Shagg Lake were divided into 
four distinct operations: (1) collection of all 
fish that floated at the surface; (2) collection 
of all fish that sank to the bottom in depths of
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10 feet or less; (3) collection of samples of 
the fish that sank to the bottom in depths 
greater than 10 feet^/ and (4) counting, mea­
suring, and recording length, weight, and 
species composition of the fish recovered.

Surface collection3|i—Because one of the ob­
jectives of the fish collection operation at 
Shagg Lake was to determine what proportion 
of rotenone-killed fish would surface and what 
proportion would sink, and because it was 
considered a possibility that some of the fish 
which surfaced initially might later sink, if 
not disturbed, floating fishes were collected 
only after they had drifted ashore. Three two- 
man crews used canoes and waders to work 
carefully along the shore picking up all the 
fish they encountered. Fish began drifting 
ashore within several hours after the rotenone 
had been applied, and the shore pickup was 
completed during the third day after reclama­
tion. Most of the shoreline areas had to be 
examined several times because of delayed 
surfacing of many of the fish.

Collections from the bottom in depths of 10 
feet or less.—The 10-foot bottom contour of 
Shagg Lake was marked with buoys before 
application of the rotenone began. On the day 
after the rotenone application, three divers 
using snorkels and attended by a boat began 
picking up the fish that had settled to the bot­
tom. The area of the 0- to 10-foot zone was 
23 acres, and it required 2 full days for the 
divers to collect all the fish. The divers 
worked together more or less in line, sweeping 
systematically around the lake. Spot checks 
of the bottom in the pickup zone after the 
divers had passed showed that few fish had 
been missed.

Deep bottom samples.— Four equally spaced 
transect lines were laid out normal to the long 
axis of the deep-water zone of Shagg Lake 
and marked with flags on the shore. Total 
length of the lines from 10-foot contour to 
10-foot contour was 4,023 feet. Three divers 
using SCUBA gear entered the water at the 
west end of a transect line and proceeded to 
pick up all fish seen in a 20-foot strip along 
the line. The divers worked side by side, the 
outer two holding the ends of a 20-foot rope 
to measure the width of the sampling strip 
while the diver in the center held the middle

of the rope and kept the team on course with 
a compass. All three divers picked up the fish 
they encountered within the 20-foot strip and 
carried them along in a mesh bag. It required 
1 full day to complete the pickup of fish along 
the deep sampling lines.

The area of bottom included in the sam­
pling strips was 1.81 acres, an area approxi­
mating 5.66 per cent of the 32 acres of Shagg 
Lake which have depths greater than 10 feet. 
Fish collected from the sampling lines were 
tabulated separately by line and species, and 
the lengths of the individual lines were known, 
thus allowing the data to be treated according 
to a method of representative sampling in 
irregular areas described by Schumacher and 
Chapman (1954, pp. 101-106). According to 
this method, the sampling strips were visual­
ized as consisting of individual segments each 
100 feet long, and weighted average numbers 
and weights of fish collected in the 40.23 seg­
ments examined were calculated. The vari­
ances of these estimates are given as

W B W  -
2 H  1

[S(wy„)]2\ |

' S ( w )  ''

and the standard errors as

SC?«,) =  V S ^ T ,
where y w — the weighted mean, the average 
number or weight of fish per segment in all 
sampling lines, yw =  the average number or 
weight per segment within any one sampling 
line, w the number of 100-foot segments in 
a line, and n =1 the number of lines. Expan­
sion of the weighted means to yield popula­
tion estimates for the entire area of lake bot­
tom under consideration was done using the 
expression

P - # ? ( * ) ■

where P — the required estimate of the popu­
lation, and k =  the total number of 100- by 
20-foot units of area in the deep-sampling 
zone; i.e., k =  43,560f |  32/2,000 =  697. The 
standard errors of the means were also ex­
panded by the factor k.



12 ROBERT S. RUPP A N D ^ T U A R f lE. DeROCHE

Data collecting.— Collecting crews brought 
their fish to a data station where they were 
separated according to species, weighed in 
groups by species, and measured for classifi­
cation into 1-inch or %-inch total length 
groups. When numbers of fish landed at the 
data station became too large for length classi­
fication of each individual, large random sam­
ples were taken for measuring.

Coleback Lake

Surface collections.B-It was again deemed 
desirable to collect fishes floating at the sur­
face only after they had drifted ashore. How­
ever, no attempt was made to collect all fish, 
a stratified sampling procedure described by 
Schumacher and Chapman HL954, pp. 71-70) 
being adopted instead. Five sampling strata 
were established: A and C at the ends of the 
lake, and B, D, and E at the sides. Shoreline 
areas measuring 3 feet along the shore and 
extending out to a depth of 2 feet were desig­
nated as sampling sites. Forty sampling sites 
were chosen at random in stratum A, 20 in 
stratum B, 38 in stratum C, 20 in stratum D, 
and 8 in stratum E. These numbers of sam­
ples provided for pickup of fish along 11 to 
12 per cent of the shoreline in strata A and C, 
along 7 to 8 per cent of the shoreline in strata 
B and D, and along 4 per cent of the shoreline 
in stratum E. Collection of fishes began on 
the day following application of the rotenone. 
A breeze during the previous night had drifted 
all floating fishes ashore, and observations 
showed that very few additional fish were 
rising to the surface. Two two-man crews 
worked along the shores in different strata, 
completing their collections in 2 days.

Bottom samples.— Sampling of fishes on 
the bottom in depths greater than 2 feet was 
done at Coleback Lake by SCUBA divers fol- 
jbwing transect lines normal to the long axis 
of the lake. The sampling zones were 3 feet 
wide, the divers maintaining this width with 
yardsticks held in front of them and at right 
angles to their direction of travel. Direction 
was maintained by following a compass held 
.on the wrist of the same hand that held the 
middle of the yardstick. Fish collected were 
carried along in a mesh bag, then tagged for 
identification of the transect and taken to the

data station. Bottom sampling began at about 
noon of the day following reclamation and 
was completed during the following after­
noon. The 20 randomly chosen transects rep­
resented 3.7 per cent of the 536 choices possi­
ble, and their total length was 11,480 feet. 
Procedures for analysis of data were similar 
to those described for Shagg Lake except that 
the transects were subdivided into 10-foot seg­
ments rather than 100-foot segments.

Hills Lake

Surface colle étions.SEnumeration  of fishes 
that floated to the surface of Hills Lake was 
undertaken in two steps: (1) a concerted ef­
fort was made to collect fish as they surfaced 
on the day the rotenone was applied, and (2) 
fish that rose to the surface during the first 
night and those not collected during the first 
day were allowed to drift ashore, then counted 
in sample areas around the shore. Sportsman 
assistance during the first day was solicited, 
and it was hoped that virtually all fish could 
be collected as they surfaced, reducing greatly 
the arduous and time-consuming shore sam­
pling. Fifteen to 25 sportsmen and crew mem­
bers simply dipped up fish whenever and 
wherever they could. Cooperation was excel­
lent, and approximately 17,300 fish were col­
lected during the first day.

Shore sampling at Hills Lake differed from 
that at Coleback Lake in that the fish in the 
sample areas were merely counted by species, 
not collected. Collection of the fish was not 
considered necessary because sufficient sam­
ples for size and weight had already been 
taken during the first day’s operation. Merely 
counting the fish in thé sample areas made 
the operation much faster than it would have 
been if the fish had been collected, and there 
was probably no reduction in accuracy. Sam­
ple areas were 24 feet long, there were only 22 
of them, and no stratification plan was used. 
The sample areas comprised 10.5 per cent of 
the shoreline of the lake.

Bottom samples.— Bottom sampling at Hills 
Lake was by the same procedure as that used 
at Coleback Lake except that only 10 transect 
lines were used, and the fish were not picked 
up. Instead of collecting the fish, the divers 
carried pencils and 2- by 4-inch pieces of
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sheet aluminum, simply tallying by species the 
numbers of fish they fsjaw as they proceeded 
along the 3-foot sampling zones. The 10 tran­
sect lines followed at Hills Lake had an aggre­
gate length of ¡§070 feet, and they comprised 
1.5 per cent of the 670 choices possible.

Productivity estimates

Estimates of net primary productivity1 by 
phytoplankton during the daytime at Shagg, 
Coleback, and Hills Lakes were made by a G14 
technique which differed in one important je- 
spect from that used by Steemann Nielsen 
(1952) and Doty and Oguri (1958), but was 
similar to that used by Goldman (1960). It 
has been shown (Jitts and Scott, 1961) that 
productivity calculations based on the ratio 
between calculated, zero-thickness count of the 
radiocarbon added to the lake water and the 
empirical count of the radiocarbon appearing 
in the plankton after exposure is not accurate 
because of the virtual impossibility of pre­
cipitating barium carbonate from the sodium 
carbonate solutions in layers thin enough to 
allow reliable extrapolation to zero thickness. 
For this reason, productivity calculations in 
this study were based on the ratios between 
the absolute activities of the radiocarbonate 
added to the lake water and the absolute activi­
ties of the plankton recovered after exposure, 
rather than on the relative activities as in the 
originally described technique. The steps in 
the development of this modified procedure 
were (1) to establish the relationship between 
counts of C14-bearing plankton samples as ob­
served with our REAC D-501 manual counter 
and the absolute activity of the plankton as 
determined by some direct technique, and (2) 
to confirm that the C14-sodium carbonate am­
pules purchased from a commercial supplier 
did indeed contain the absolute activities stated 
on their labels.

Millipore filter discs bearing plankton which 
had been exposed to C14 were counted on the 
REAC D-501 to a counting error of ±0.1  per 
cent. The filters were then sent to the New 
England Nuclear Assay Corp., Boston, Mass.,

1 “Net primary productivity is the rate of storage 
of organic matter in plant tissues in excess of the 
respiratory utilization by the plants during the period 
of m easurem ents Odum and Odum, 1959).

for radioassay by means of combustion to 
CO2 gas followed by direct liquid scintillation. 
Results allowed the construction of a regres­
sion of observed count on absolute activity- 
through a count range of 860 to 48,000 cpm.

Samples of the 1-ml sodium carbonate am­
pules with nominal activities of 3 and 5//,c/ml 
purchased for the productivity studies were 
also sent to the New England Nuclear Assay 
Corp. to confirm that the labeled activities 
were correct. Results of liquid scintillation 
analyses showed that labeled activities of most 
lots were within ± 5  per cent of the assayed 
activities, an accuracy considered sufficient 
for the purposes of our study.

Upon completion of these preliminary steps, 
estimates of the fractions of the total available 
carbon incorporated into protoplasm and re­
tained by phytoplankton at various stations, 
depths, and times in the three study lakes were 
made by the usual light-and-dark-bottle pro­
cedure. A sample of lake water from a given 
location was collected in a plastic sampling 
bottle, then used to Till two 225-ml glass- 
stoppered bottles. Each bottle was then inocu­
lated with 1 ml of C14-sodium carbonate solu­
tion from a hypodermic syringe. One bottle 
was covered completely with heavy aluminum 
foil to exclude light; then the two bottles were 
suspended on a buoy line at the location from 
which the water sample had been taken. Ex­
posures were for periods of half a day, begin­
ning at noon and ending at sunset. Upon 
termination of exposure, the plankton were 
removed from the water in the sample bottles 
by vacuum filtration onto type AA Millipore 
filter discs. After washing with filtered lake 
water (McAllister, 1961), the filters were 
placed in a desiccating chamber for drying 
and transportation to the laboratory. The 
fraction of the carbon available to plankton at 
the given site which was taken up and re­
tained by the plankton during the time of ex­
posure was then computed, with appropriate 
correction for the 6 per cent isotope effect 

HSteemann Nielsen, 1952).
In addition to estimates of the fractions of 

available carbon used by phytoplankton in 
given exposure times, estimates of primary 
productivity also require knowledge of the 
amount of carbon available to the plankton
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Table 2.—Counts and estimates of the total numbers 
and weights of fish killed at Shagg Lake, Oxford 
County, Maine, by application of rotenone on 9 
September 1957 f i -

LocationKMlakea r 1 ’ 1 n

Ashore 
and on 

bottom  10 
rfeet’deep 

or less
J

On bottom ddfeperlj
M easura^

of
standing

crop

* *thah 10

Point! ̂  
esti­

mates

^Confi-j 
;i ’̂ deir'cef $.•

M )  =  0 .2 ,  
df JJ*). ;

Point

mates

B c o n f i-
dence
limits

df =  3)

Number 34,495 37,465 M B
57,610 I I 1’960

51,820
9 1 1 0 0

Weight 
( pounds )

1,307 876 614
1’183 i

2,183 B B W
2,490

at the S e n  site and time. These data are ob­
tained using equilibrium equations involving 
temperature, pH, and total alkalinity. Tem­
peratures at each exposure site at Shagg, Cole- 
back, and Hills Lakes were obtained with a 
thermistor, pig was determined using a Hellige 
pocket comparator, and total akalinity was 
calculated from methyl orange titration using 
n/ 50 sulfuric acid. Conversions of these data 
to total available carbon in mg/liter were 
done using a table prepared by Mr. R. W. 
Bachmann.2

The most extensive sampling program feasi­
ble for estimating net primary productivity at 
Shagg, Coleback, and Hills Lakes consisted of 
exposures performed during 4 or 5 consecu­
tive days and at various depths and stations 
in each lake. At Shagg Lake sample sites were 
chosen 4 feet below the surface, just above 
the metalimnion, in the middle of the metalim- 
nion, and in the hypolimnion over a deep­
water station; and at 11- and 8-foot depths in 
the epilimnion over a shallow-water station. 
At Coleback Lake the exposures were made at 
one station only and at depths of 4, 14, and 
23 feet. At Hills Lake the samples were ex­
posed at one station and at depths of 4, 15, 
and 18 feet; the first two depths representing 
Ideations in the epilimnion and the 18-foot 
depth representing the metalimnion. Dates of 
sample exposures were: Shagg Lake— 14-17 
August 1962 ; l  Coleback Lake—30 July-3 
August 1962; and Hills Lake— 24-27 July

2 Bachmann, Roger W. (I960) The calculation of 
available carbon. Unpublished typescript, Dept, of 
Zool., Univ. Mich., Ann Arbor, Michigan. 8 pp.

1962. It is recognized that the sampling pro­
grams were minimal.

Final calculations for each sample site 
yielded estimates of net primary productivity 
in milligrams of elemental carbon per cubic 
meter of lake water per daylight hour. It must 
be emphasized that these are estimates of net 
primary productivity, estimates of the rate at 
which carbon is incorporated into and re­
tained by the plankton in their processes of 
growth and reproduction. Attempts to esti­
mate gross productivity from the data ob­
tained in this study would lead to errors be­
cause the plankton are known to lose C14 by 
respiration and probably other processes at 
the same time they are assimilating it through 
photosynthesis (Ryther, 1956; Davis, 1963). 
No attempts to measure any losses of carbon 
by the plankton were made in this study ; 
therefore, the data provide no information on 
gross rate of carbon assimilation for studies 
of energy budgets, photosynthesis, or respira­
tion. Estimates of daytime net primary pro­
ductivity were deemed sufficient for the com­
parative studies reported here.

RESULTS 

Shagg Lake
Standing crop of fish.—The number of rote- 

none-killed fish collected after they had drifted 
ashore at Shagg Lake or after they had settled 
on the bottom in depths of 10 feet and less 
was 34,495, and the weight was 1,307 pounds. 
These data are unaccompanied by any mea­
sures of variability because the collections 
were planned to yield complete counts. The 
estimated number and weight of fish that sank 
to the bottom in depths greater than 10 feet 
were 37,465 and 876 pounds, respectively. 
Addition of these counts and estimates yields 
point estimates of the total standing crop: 
71,960 fish or 2,183 pounds. These values can 
also be expressed as mean standing crops of 
1,308 fish or 39.7 pounds per acre. Confi­
dence limits about the estimates are presented 
in Table 2.

Comparison of the numbers and weights of 
fish which sank in the deep-water zone of the 
lake with the numbers and weights of fish 
which floated ashore or sank in shallow water 
also can be made using the data presented in
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Table ^WbEstimates of net primary producri0§$ in milligrams of carbon per cubic meter of lake water per 
daylight hour at various^stations and depths in Shagg Lake in  A u g u st1962

Statijoh^S Depth Stratum and 
temperature %®nge

(°F )

Mg C /m 3/hr ' ' f?jMean and 
standard 

error14 Aug. 15 Aug. 16 Aug. 17 Aug.

a Bill» Epilimnion 0.685 1.630 1.910 0.685
b 4 U ^ 6 8 ° —6 5 ° U 1.106 ■ l .6 4 0 1.350 0 .5 f2 0 .9 1 ^ 9 ) .1 2 7 1
b 8

TS*®*
0.415
■

1.100
0.663

0.720
1.048

0.488
0.310

a 16 Metalimnion 
( 65°—48° )

0.190 0.68'f ' 1 0.398 0.212 0;37M h 0.116

a 25 Hypolimnion 
(4 8 ° -4 3 ° )

0.093 0.155 0.165 0.074 O .ijfc it  0.023

IWfStation a was located in the center of the lake tbflr- .the deepest water; station b in a sheltered cove over■ a depth of 12
feet.

Table 2. Thus an estimated 40 per cent by 
weight of the total standing crop and 52 per 
cent by number settled to the bottom in the 
deep-water zone after their deaths from rote- 
none. Confidence limits for these estimates 
also can be computed from the data in Table 
2. The differences in the relative numbers 
and weights of fish found in the two zones 
can be attributed to the fact that relatively 
more of the smaller fish (smelts) sank after 
death, and relatively more of the larger fish 
(suckers) floated.

The precision of the estimates presented in 
Table 2 is discussed in a later section.

Net primary productivity.—Estimates of 
net primary productivity at various depths 
over two stations in Shagg Lake during 
August 1962 are presented in Table 3. Mean 
values and standard errors for the three 
strata into which the lake was divided at that 
time are also presented.

Productivity estimates expressed on the 
basis of lake surface area are considered more 
useful than estimates expressed on a unit vol­
ume basis because the unit-surface-area ex­
pression takes into account differences among 
lakes in trophogenic volume, littoral volume, 
turbidity, etc. Therefore, volumes of water in 
the three strata of Shagg Lake were computed 
from a hydrographic map, the volume of each 
stratum was multiplied by its appropriate 
mean productivity estimate, the products for 
each stratum were added, and the sum was 
found to be equal to 3.370 mg of carbon per 
square meter of lake surface per daylight hour 

■ m g  C/m2/h r ) . The entire volume of the lake

was considered to be within the trophogenic 
zone for the purposes of these calculations.

Population structure.^ In  addition to esti­
mates of the total fish population of Shagg 
Lake before rotenone treatment, independent 
estimates of the numbers and weights of the 
six species making up the total population 
were also made (Tablé 4 ) . These estimates 
were made by a procedure similar to that used 
for the total fish population, except that the 
estimates from the deep-water zone were com­
puted merely by proportional expansion of 
the sample sums (k =^1/0.0566 =  17.67). The 
close agreement between the sums of the 
species estimates in Table 4 and the total pop­
ulation estimates in Table 2 provides evidence 
that the simpler computational procedure for 
expanding the species counts from the deep­
water zone did not lead to important errors.

The American smelt was by far the most 
numerous fish in Shagg Lake, but the white 
sucker population contributed the most weight 
(Table 4 ). Furthermore, 53 to 57 per cent of 
the smelt population settled to the bottom in 
the deep-water zone after death, and 56 to 60 
per cent of the sucker population floated or 
settled in shallow water, explaining the high 
number but low weight of fishes in the deep­
water zone. Finally, the general agreement 
between numbers and weights of the various 
species found in the two zones of the lake (ex­
cept for the few white perch) provides evi­
dence that size of fish was not an important 
factor in their final location after death and 
that size selectivity was not an important 
source of error in the sampling procedure.
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Table .̂—Numbers and weights of six species of fish inhabiting Shagg Lake before rotepibne treatment in 
September 1957

Species ■ E to ta l population
[ É^^nrages of 

to ta lp o p u la E ifS I

Percentages of populations

■' . l^ ^ o ^ ë r ^ .a s h o r e * Estim at^^H  
in shallow zone1 in deèp||jS^^B

-Njffiber
(pounds

Number Weight Ä ^m m ber |É|j§ïght Number Weight

American smelt 60,659 484 84:1 22.0 I  44.4 47.4. 55.6 H p . 6
White sucker 6,122 S U  200 8.5 5 4 . » 56.2 ■ 9 . 5 ■ ■ I 40.5
Brown bullhead >.•*3*314 ' 252 4.6 11.5 92.6 94.3 7.4 5.7b
Chain pickerel 1,854 201 2.6 9.1 50.2 60.2 49.8 39.8
White perch 171 61 0 .2 H r ^ 2 ‘;-9 64.9 ... | B M 35.1 91.8
Smallmouth bass 1 2 ■ 9 1 H 3 I ■ ¡¡0 0 .0 100.0 ■ M H I B I

Totals 72,121 2,200 100.0 100.0 ■ 9 1 H -

1 The shallow zone is defined as the area of the lake with depths of 10 feet or lira; the deep zone as the area of the lake 
with depths greater than 10

The zonal distribution of the brown bull­
heads requires comment. The SCUBA divers 
who made the collections in the deep-water 
zone reported that many bullheads apparently 
had burrowed into the bottom silt as they 
died, leaving only their tails showing. Those 
seen were collected, but it seems likely that 
others may have buried themselves completely; 
making the bullhead estimate significantly 
low. The divers reported that none of the 
other species evidenced this burrowing be­
havior to any marked degree.
HRish collected during the Shagg Lake proj­
ect were measured for classification into bAi- 
and 1-inch total length groups, and the re­
sulting length distributions were expanded 
proportionally to yield estimates of the size 
compositions of the total species populations. 
These estimated size compositions are pre­
sented in Figure 1. Numbers of fish mea­
sured were: American smelt— 3,150; white 
sucker— 2,450; brown bullhead— 1,560; chain 
pickerel— 744; and white perch— 111.

Examination of scales from samples of smelts

from Shagg Lake showed that the first peak in 
Figure 1 corresponds with the modal length 
of the 0 age group, the second peak with the 
modal length of age-group I, and the third 
peak with the modal length of age-group III. 
Members of age-group II (the 1955 year class) 
had lengths ranging generally from 4.5 to 6.5 
inches, and were poorly represented in the 
population.

Scales from suckers from Shagg Lake were 
not examined, but the length-frequency dis­
tribution for this species suggests strongly the 
presence of at least three age-classes. If the 
growth rate of suckers in this lake was similar 
to the calculated median rate in several waters 
reported bpfCarlander (1953)Hthe distribu­
tion then has peaks representing age-groups 
0, I, and III, and has also a low segment at 
8 to 10 inches representing a lesser number of 
fish of the 1955 year class (age-group II) . 
The absence of an ascending left-hand limb in 
this distribution cannot be explained.

The size distribution of the white perch 
population requires special comment. Shagg

Table 5 —Estimated numbers and weights of fish killed by rotenone at Coleback Lake, Washington County, 
Maine, on 3 September 1958

Measures

Standing
crop

Location in lake
TomLa^iAt surface,and on bottom 

not deeper than | I | | | n |
On bottom deeper 

than 2 feet

Point
estimates

Confidence
limits

■ g j g . l ;  df =~gj21 )̂ ^

Point C onfidence^ | 
estimatesjBli;1 limits

■ ^ ^ j O . l ;  df =  19)

Point
estimates

Confidence
limits

| ( p = . 0 .1 ;  df =  140 )

36,980 41,140 85,400
Number 48,520 64,910 113,430

60,170 84,990 141,460

646 810 1,670
Weight 847 1,245 mA 11 "1,090
(pounds) 1,050 1,680 f$g2,565
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Lake was surveyed initially in 1954, and the 
survey crew did not report white perch pres­
ent at that time. The 9- to 11-inch fish found 
in the lake in September 1957 were mature 
individuals, and the 1- to 4-inch fish were 
young-of-the-year. It can be concluded, there­
fore, that an unauthorized introduction of a 
small number of adult white perch took place 
sometime after 1954, and that the first suc­
cessful spawning of these fish occurred in the 
spring of 1957. It is most probable that the 
introduction occurred during 1956 or the early 
spring of 1957.

The recovery of the one smallmouth bass 
$|om  Shagg Lake cannot be explained. This 
species had not been known to be present at 
Shagg Lake prior to its reclamation.

TOTAL LENGTH (INCHES)

Figure M—Total length distributions of the five 
species populations inhabiting Shagg Lake prior to 
9 September 1957.

Table 6^-Estim ates of net primary productivity in 
milligrams of carbon per cubic meter of lake water 
per daylight hour at three depths imColeback Lake 
in jm r  and August 1962

Depth ¡Temper-
ature
(°F ) -30

Mg C/m 3/hr

3 i  i  2 p É M B
July Aug. Aug. Aug.

Mean and 
standard 

error

4 68 2.70 1.74 0.85 0.91 1.65
14 67 1.44 1.60 0.57 0.97 0.69 1 .3 6 ^ ^ 0 .2 0 4
23 61 0.25 g .1 6  0.65 2.72 2.52

Coleback Lake

Standing crop of /¿s/tH-Estimates of the 
number and weight of fish inhabiting Cole- 
back Lake prior to rotenone treatment on 3 
September 1958, are presented in Table 5. 
The estimated totals can also be expressed on 
an area basis, in which case they represent 
standing crops of 5,670 fish or 104.5 pounds 
per acre. Ninety per cent confidence limits 
about the estimates are also presented in 
Table 5.

The numbers and weights of fish that 
settled in the two sampling zones of Coleback 
Lake were more nearly similar than at Shagg 
Lake: 42.8 per cent by number and 40.3 per 
cent by weight were estimated to have floated 
ashore or settled to the bottom in depths not 
greater than 2 feet.

Net primary productivity.— Estimates of net 
primary productivity at three depths over a 
single station near the center of Coleback 
Lake during late July and early August 1962 
are presented in STable 6. The estimates from 
the three depths were averaged to give a 
single, general mean because the lake was not 
stratified at the time the sample exposures 
were made.

The estimated mean net primary productiv­
ity from Table 6 was converted to a per-unit- 
surface-area basis by the same procedure used 
with the Shagg Lake data, giving a definitive 
estimate of 6.958 mg C /m 2/h r .  The entire 
volume of Coleback Lake was considered to 
be within the trophogenic zone.

Population structure.— Independent esti­
mates of the numbers of fish belonging to 
each of the five species at Coleback Lake were 
made by the same procedure used for the total 
fish populations and are presented in Table 7. 
Ninety per cent confidence limits about the
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Figure 2/—Total length distributions of the five 
species populations inhabiting Coleback Lake before 
3 September 1958. Dotted lines in, the figure repre­
sent size classes not included in the samples.

estimates for the species populations were 
generally comparable to confidence limits 
about the estimates of; the total population, 
and are therefore not listed. Weights of the 
species populations were determined from 
small random samples of fish from each 
species, and the percentage distributions of 
weights of fish found in the different sam­
pling areas of the lake were therefore the 
same as the percentage distributions by num­
ber. This shortcut was deemed permissible 
because of the absence of size specificity in 
sampling or in ultimate location after death 
observed at Shagg Lake during the previous 
year.

Comparison of Table 7 with Table 4 shows 
that the locations of smelts, suckers, and pick­
erel after death in Shagg Lake and in Cole- 
back Lake were essentially similar ; more than 
half of the smelts settled in the deep zones, 
and more than half of the suckers and pick­
erel were located ultimately in the surface 
waters. Number-weight relationships were 
dissimilar, however; smelts at Coleback Lake 
were notably smaller than those at Shagg 
Lake, and pickerel and suckers were some­

what larger. The small number but great 
weight of the eel population at Coleback Lake 
is another feature of note.

Length-frequency distributions of the five 
species populations which inhabited Coleback 
Lake are presented in Figure 2. These distri­
butions are based on 1,154 measurements 
which were apportioned among the five species 
as follows: American smelt— 204; pumpkin- 
seed—846; American eel— 63; chain pickerel 
—20Hand white sucker— 21. Sample sizes 
were clearly inadequate in the cases of the 
pickerel and the suckers; however, the 111 
pickerel and the 81 suckers collected during the 
sampling operations were grouped visually ac­
cording to size, and the peaks in Figure 2 do 
represent the modal lengths of the major size 
groupings.

Examination of scales of the 204 smelts 
represented in Figure 2 revealed that three 
age-classes were present. The peak at the 2.0- 
to 2.4-inch class represents young-of-the-year, 
and the peak in the vicinity of 4.0 inches rep­
resents age-classes I and II. The observed 
average length of age-I smelts was 3.88 inches, 
and the observed average length of age-group 
II was 4.33 inches. No smelts longer than 5 
inches were found in Coleback Lake.

The length-frequency distribution of the 
pumpkinseeds shows the huge number of 
young-of-the-year of this species which were 
present in September 1958. Many of these 
fish floated to the surface on death and were 
then swept by the wind to the south end of the 
pond, making the sample collection in that 
area extremely difficult and tedious. No 
pumpkinseeds longer than 7 inches were 
found.

Many eels were seen climbing ashore soon 
after the rotenone was applied, but apparently 
they returned to the water eventually because 
no dead eels were found on dry land. Some 
may have escaped down the outlet during the 
first night after application of the rotenone, 
but it is doubted if a large number escaped 
because of the very low flow in the outlet at 
the time of reclamation.

Hills Lake

Standing crop of /¿s/iH-Application of rote­
none at Hills Lake began at daybreak on 3
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Table 1.—Estimated numbers and weights of five species of fish inhabiting Coleback Lake prior to rotenone 
treatment in September 1958

|JK |1  population Percentages of Percentages of species
total population populations1

Species
Number r Weight 

( pounds
Number W eight

Located 
ashore or in 

shallow zone2

Located 
in deep 

zone

American smelt 57,530 140 5 0 . # ^ S B 39.3 1 60.7
Pumpkinseed 51,680 265 45.6 12.6 45.9 54.1
American elsl';/ 1,655 850 1.4 40.7 2 s i 9 i 77.8
Chain pickerel 1,420 150 w m m 7.2 86.8 13.2
White sucker 2 2 ’909 685 1.0 32.8 50.9- 49.1

Totals 1 1 3 ^ 5 " ^ ,0 9 0 100.0 100.0 —

1 Percentages listed apply to both numbers and weights. See text for explanation.
2 The shallow zone is defined as the area of the lake with depths of 2 feet or less; the deep zone H th e  area of the lake 

with depths greater than 2 feet.

October 1961, and dying fish began appearing 
at the surface within 2 hours. Sportsmen and 
crew members collected the dying fish as 
rapidly as they could, periodically1 bringing 
their collections to the data station for enu­
meration. The fish collected were weighed in 
the aggregate by species, and frequent counts 
of known weights of fish in the several species 
provided conversion factors for estimating the 
numbers of fish collected. The total weight 
collected during the day was 314 pounds, and 
the estimated total number was 17,350.

Enumeration of the fishes which had floated 
into the 22 shore sampling areas and had 
settled on the bottom in the 10 3-foot-wide 
transects began on the morning of 4 October 
after it had been determined that no more 
dying fishes remained at the surface of the 
lake offshore. These counts provided data for 
estimates of the numbers and weights of fish 
not collected during the previous day’s opera­
tion; The estimates and the 90 per cent con­
fidence limits about the estimates are pre­
sented in Table 8. The totals in Table 8 can

be expressed as standing crops of 2,863 fish 
or 62.5 pounds per acre.

Net primary productivity.—Estimates of the 
net primary productivity by volume at a single 
station in Hills Lake during July 1962 are 
presented in Table 9. Total productivity per 
unit of surface area, calculated Bppm the 
means presented in Table 9 and the volumes 
of the two strata sampled, was estimated as 
1.886 mg C/m2/hr. Epilemnetic volume de­
termined from a hydrographic map for these 
calculations was 220 acre-feet (depth: 0 to 17 
feet), and the volume of the metalimnion was 
34 acre-feet (depth: 17 to 25 feet). The very 
small volume of water comprising the hypo- 
limnion (5 acre-feet) was not sampled and 
was not, therefore, included in the calcula­
tions.

The maximum probable error in the esti­
mated total productivity per unit area caused 
by neglecting possible productivity in the hy- 
polimnion is very small. If productivity per 
cubic meter in this stratum had been as high 
as that in the metalimnion, the final estimate

Table 8.—Counts and estimates of the standing crop of fish inhabiting Hills Lake before reclamation on 3
October 1961

Location in lake

Measures
of

standing
crop

Surface
collection

Ashore and on bottom 
not deeper than 2 feet

Bottom deeperiViOn O f/-trtl- _____
X UlcHS

man a  reer

Point Confidence 
lA e  stimMcilx . limits

(p = 0 .1 ;  d f z ^ M

Point 
estimates; I

jffp p

Confidence
limits

=  0.1; df =  21)

Point ^Confidence 
estimates limits A

W m p  h  0.1; d f ^ j W

8,650 13,190 4 J§|80
Number 17,350 11,440 25,620 54,400

14,220 38,050 66,240

59 410 908
Weight 314 78 796 1,188
( pounds) 97 1,182 S 66



20 ROBERTI S. RUPP AND STUART E. DeROCHE

Table 9.—Estimates ofM et primary productiSmmin 
milligrams of carbon per cubic meter of lake water 
per daylight hour at Hills Lake during JutyLl962

Depth
(feet)

Stratum and 
■“temperature 

tange

Mg <^^|j/hr • Mean and
l i l

July
| B  26
July July

27 H ^ S d a r d
error

4
15

Epilimnion
(6 9 -6 8 )

H |
0.30

o m  oTTi
0.59 0 .2 j |

jr lH P
o.fgt,'; 0.476 0 0 .0 6 8

18
Mfp^iimnion 

6 8 -4 6 ) 0.48 0.52 0.11 0.40 °-3Î 5 @ 0 -093

would have been increased only to 1.916 mg 
C/m2/hr. Because it is likely that productivity 
per unit volume in the hypolimnion was less 
than in the metalimnion, it follows that total 
areal productivity probably was somewhat 
less than 1.916 but possibly greater than 1.886 
mg C/m2/hr. In any case, the maximum in­
accuracy is small.

Population structure. —  Estimates of the 
numbers of fish belonging to the five species 
inhabiting Hills Lake prior to rotenone treat­
ment (Table 10) were made by the same pro­
cedures described previously. «um bers of fish 
were estimated from measured weights col­
lected during the first day’s operation, and 
weights were determined from numbers esti­
mated by sampling during the second day. 
Hhe species of dace were not distinguished 
when collected or counted; rather, relative 
abundance of the two species was determined 
by sampling later at the data processing sta­
tion. Blacknose dace comprised 4.43 per cent 
of the total dace collections, and redbelly dace 
comprised 95.57 per cent.

American smelts were the most numerous 
fish inhabiting Hills Lake before reclamation,

and they also made up the greatest weight. 
Dace were almost equally as numerous as 
smelts, but they were small and made up only 
a minor part of the total weight of the fish 
population. Only five brook trout were re­
covered from Hills Lake despite the fact that 
the lake had been stocked with this species for 
many years.

Comparison of the relative numbers and 
weights of fish collected as they surfaced dur­
ing the day the rotenone was applied with the 
relative numbers estimated to have settled in 
other parts of the lake after the first day 
allows an appraisal of the effectiveness of the 
attempted surface pickup. As shown by Table 
10, most of the smelts and many of the bull­
heads that might have remained at the surface 
after death were collected, while less than half 
of the dace remaining at the surface were 
collected. This result might have been ex­
pected because the dace surfaced in very shal­
low water near shore, and the sportsmen who 
helped with the collections were more inter­
ested in the smelts and bullheads. Neverthe­
less, Table 10 shows that the surface pickup 
operation was more effective than the authors 
thought it would be while it was in progress.

Total length measurements of 197 smelts, 
201 brown bullheads, 112 redbelly dace, and 
73 blacknose dace were recorded to provide 
data on size compositions of the populations 
(Figure 3 ). Examination of the scales of the 
smelts showed that the first peak in Figure 3 
represents young-of-the-year, and the second 
peak represents 1-, II-, and Ill-year-olds. The 
I-year-olds were the most abundant fish in 
this group, with the II’s and I l l ’s numbering

■Table lOSmfstimated numbers and weights of the five species of fish inhabiting Hills Lake before 3 October 
1961

Total population Percent a®^gpf 4 * "JMlI^^pgMtageS of species
total popula ti gfíl&PM ... p o p ú la n o s la

Species
Number Weight 

Sp|( pounds )
Number Weight

t Collected, 
at

Sampled
in

shallow zone2

Sampled 
in d c (|S fl  

Water zone

American smelt 26,128 686 48.0 B È I ? 18.4 0.7 80.9
Brown bullhead 5,450 4 H S ¡ 10.0 34.7 3 5 . » H p l r ! ? 57.2
Redbelly dace3 1 21,804 85 40.1 ■ H i » 46.5 1 47.6 5.9
Blacknose dace3 1,010 m m .. 1 1.9 0.4 46.5 47.6 5.9
Brook trout m h B m ! 1 - 100.0 - -

Totals 54,397 1,188 100.0 100.0 ■  ' 1

1 Percentages listed apply to both numbers and weights.
2 The shallow zone is defined as the area of the lake with depths of 2 feet or less.
3 Sportsmen and crew members did not differentiate between the two species of dace at the time the collections or counts 

were made. Rather, subsequent sampling of the fish collected showed that 4.43 per cent were blacknose .dace, and the 
remainder were redbelly dace.
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o n l | |  approximately 1,000 and 150, respec­
tively# Average total lengths of I-, II-, and 
Ill-year-old fish were 4.65, 5.30, and 5.6 
inches, respectively. It is thus evident that the 
growth rate of smelts in Hills Lake dropped 
markedly after the second summer of life.

Ages of bullheads were not determined, but 
it is perhaps worth noting that the range in 
lengths of bullheads from Hills Lake was 
similar to the length range of this species in 
Shagg Lake. Bullheads commonly attain 
lengths as great as 12 and 14 inches in 
Maine’s more productive warmwater environ­
ments.

DISCUSSION 

Critique of methods
Standing crop.—Efforts to determine the 

numbers and weights of rotenone-killed fish 
that floated to the surfaces of the study lakes 
after death were made by three different pro­
cedures: at Shagg Lake by exhaustive collec­
tion along the shoreline and on the bottom in 
shallow water after all floating fish had 
drifted ashore or settled; at Coleback Lake by 
stratified random sampling on and near shore 
after drifting fish had settled Sand at Hills 
Lake by surface collecting offshore, followed 
by nonstratified random sampling along the 
shore to estimate the number of fish not col­
lected offshore. The two latter procedures 
provided satisfactory data, but the procedure 
used at Shagg Lake was clearly inadequate.

The inadequacy of the Shagg Lake pro­
cedure resulted from our ill-advised attempt 
to collect all the fish that floated ashore or 
settled in water 10 feet deep or less ; the task in 
this 55-acre lake was much greater than we had 
imagined it would be, and there was no ob­
jective way to evaluate our results. Spot 
checks showed that most of the fish had been 
collected, but the spot checking was minimal 
and depended wholly on visual observation. 
An additional factor contributing to uncer­
tainty about the completeness of the collection 
procedure was the advancing decomposition 
of the rotenone-killed fish by the last day of 
the operation. In short, three two-man crews 
and a three-man team of divers were unable 
after 3 days of work to be certain that all fish 
had been collected. Their results are regarded

Figure 3.—Length-frequency distributions of four 
fish species which inhabited Hills Lake prior to 
reclamation with rotenone on 3 October 1961. The 
dotted line in the figure represents size classes not 
included in the samples.

as minimal estimates of the number and 
weight of fish actually present, and the esti­
mates cannot be accompanied by any mea­
sures of probable error.

At Coleback and Hills Lakes, on the other 
hand, the sampling and collecting procedures 
yielded satisfactory results. The 90 per cent 
confidence limits about the estimates from 
stratified random sampling at Coleback Lake 
were E  23.9 per cent. At Hills Lake approxi­
mately 60 per cent of the dead and dying fish 
which floated to the surface were collected be­
fore they floated ashore, and nonstratified 
random sampling yielded estimates of the re­
mainder, whose 90 per cent confidence limits 
were ±24.3 per cent. The sampling plan at 
Hills Lake involved sample areas which were 
larger and fewer than at Coleback Lake, an 
economy which evidently was permissible be­
cause of the large number of fish collected 
from the surface before they drifted ashore.

Sampling to estimate the number and weight 
of fish which sank to the bottom in deep water 
at Shagg Lake was done using 4 transects 
each 20 feet wide, at Coleback Lake using 20 
transects each 3 feet wide, and at Hills Lake 
using 10 transects each 3 feet wide. Locations 
of transects were chosen at random at Cole-
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T able | b 1.— Precisions of estimates of numbers and 
weights of fish that settled in the deep sampling 
zones of Shagg, Coleback, and Hills L a k e^ 0

Lake
Width of confidence

pcrJcen|SjB|

Estimates of weight

Shagg ± 5 3 .8  ( p = 0 . 2 ,  d f J f c l  
± 7 7 .2  (T fifell, d f= 3 )

B B , 9 l t e 0 . 2 ;  d f = 3 I  
K . 9 f e o . l .  d f = 3 g ;

Coleback2 ±36 .6s(/p = 0 .1 , d f= 1 9  j ± 3 5 .0  ( p = 0.1, df= y .9)|
H i l l# . ±48.5Tp<=0.1, d f = 9 ) ± 4 8 .5  ( p = 0 .1 ,d f = 9 )

1 The width of a confidence interval given as a percent­
age of the point estimate is considered an expression of the 
precision of the estimatiSHf

2 Precisions of estimates of number and weight are simi­
lar because weights were determined from numbers using 
conversion factors.

back and Hills Lakes, and systematically at 
Shagg Lake. The precisions of the estimates 
obtained by these varying procedures are pre­
sented in Table 11. The data show that the 
procedure used at Coleback Lake provided the 
most precise estimate and that the Shagg Lake 

procedure provided the least precise estimates. 
The total area of bottom examined at Shagg 
Lake was greater than the area of bottom ex­
amined at Coleback Lake, but the Coleback 
estimate was more precise because of increased 
replication. Replication of bottom sampling 
at Hills Lake was reduced because of limita­
tions in personnel and time, and the precision 
of the bottom estimate at Hills Lake was re­
duced correspondingly*

None of the confidence intervals described 
in Table 11 are considered entirely satisfac­
tory. Plans for future deep-water sampling of 
rotenone-killed fish should provided for in­
creased replication of samples, and also pos­
sibly for stratification.

All sampling at Shagg and Coleback Lakes 
was done by collecting the fish in the sample 
areas for later enumeration and weighing. At 
Hills Lake the numbers of fish in the sample 
areas were counted by species, but they were 
not collected. This latter procedure was much 
more efficient than the former, and it is be­
lieved that there was no loss in accuracy. 
Samples of the various species populations 
needed for determining length, weight, and 
age structure were obtained from fish not in 
the sampling areas.

Net primary productivity .-^Calculations of 
net primary productivity by the C14 method 
require: (if) measurement of the total inor­

ganic carbon available for uptake by phyto­
plankton during a specific time in a known 
volume of lake water at a given site, and (2) 
measurement of the fraction of the available 
carbon actually assimilated and retained by 
the phytoplankton during the specific time, in 
the known volume, and at the given site. C14 
is used as tracer to determine the fraction of 
the available carbon assimilated and retained 
by the phytoplankton, and ordinary chemical 
water-analysis methods are used to determine 
the total carbon available. Errors in either 
phase of the procedure will cause errors in the 
result.

No important difficulties were encountered 
in the tracer phase of the productivity studies 
at Shagg, Coleback, and Hills Lakes, but the 
calculation of total available carbon did pre­
sent problems. Total available carbon is ob­
tained from equilibrium equations which re­
quire measures of pH, water temperature, and 
total alkalinity. Total alkalinity was deter­
mined by methyl orange titration, and was 
subject to all the uncertainties usually experi­
enced with this difficult and unsatisfactory 
end point. Total alkalinities of natural waters 
can run as high as several hundred ppm, but 
are seldom found above 10 ppm in Maine 
waters. Error or uncertainty of the order of 
2 or 3 ppm is unimportant from the point of 
view of the entire range of alkalinities pos­
sible in natural waters, but when considered 
from the narrower point of view of the range 
expected in Maine, 1 or 2 ppm could be equiv­
alent to 10 or 20 per cent.

The effect of an error in alkalinity deter­
mination of only 2.5 ppm is illustrated below, 
where pH is 6.4 and water temperature is 
15° C:

Total alkalinity - 3.0 5.5
Milligrams avail- -  

able carbon per 
m3

1.47 X  103 ,2.70 X  103

Fraction of tracer -  
taken up in 
8 hours

3.8 X 10-3 3.8 X ]0~:i

Milligrams of C -  
taken up per 
m3 in 8 hours

5.586 10.260

Mg C/m3/hr - 0.698 1.282
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Thus an error of 2.5 ppm in measurement of 
total alkalinity has resulted almost in a doubl­
ing of the estimated net primary productivity. 
Again, the difference between 0.698 and 1.282 
mg of carbon could be unimportant if we were 
estimating a parameter with a normal range 
of several hundred, but in Maine waters it is 
unlikely that productivitji values above 10 mg 
will ever be encountered. Thus errors of 10 to 
50 per ?§eht> can be expected as usual occur­
rences under even the most ideal conditions, 
and hopes to correlate net primary produpg 
tivity with other attributes of Maine lakes am  
pear somewhat dim. It must be concluded 
that the C\4? technique at its present state of 
development provides productivity estimates 
which are too crude to be expected to indicate 
reliably the small differences whic|gj exist 
among Maine’s generally soft, infertile waters.

Another considerable difficulty in estimat­
ing the net primary productivity of lakes is 
found in the sampling problems involved. As 
pointed out by Davis (1963) , | B  . the results 
apply not to the ecosystems as a whole, but 
only to that particular portion of the area 
sampled on a particular day; hence they de­
pend upon local temporary weather Condi­
tions, and upon the local quality and quantity 
of those photosynthetic and chemosynthetic 
organisms that are present. . . . ” Rodhe 
(1958) also discussed the difficulties associ­
ated with attempts to measure primary pro­
ductivity and emphasized the need for exhaus­
tive sampling.

The authors do not consider that the 
sampling programs followed at Shagg, Cole- 
back, and Hills Lakes were adequate. Mea­
surement periods were too short, they did not 
include either the spring or fall plankton 
pulses, and they sampled the productivity of 
Coleback and Hills Lakes during periods of 
unusual local weather.3 Exposure times were 
from noon to sunset to insure that the plank­
ton would be metabolizing under the full 
range of solar radiation appropriate to the 
season and latitude, but the results obtained

3 Continuous rain and dense cloudiness during the 
productivity sampling at Hills Lake, continuous clear 
and unusually hot weather during the sampling at 
Coleback Lake, and variable weather during the 
sampling at Shagg Lake.

may differ from those that would have been 
obtained if exposures had been from daybreak 
to noon because of probable differences in 
physiological rhythms. Many additional fac­
tors could be discussed, but it is probably suf­
ficient here to Conclude with the observation 
that sampling problems involved with esti­
mates of net primary productivity are indeed 
herculean, and that they were not surmounted 
during the present study* The data are there­
fore useful mainly to indicate an order of 
magnitude which can be used for ranking the 
three study lakes or for gross comparisons 
with values obtained in other areas.

Interpretation of results

Estimates of standing crop of fish and net 
primary productivity during the daytime from 
Shagg, Coleback, and Hills Lakes are sum­
marized in Table 12. From the table it is 
clear that Coleback Lake ranks highest in 
standing crop and productivity. Which lakes 
occupy the intermediate and Ho west ranks is 
not so clear; the estimated productivity of 
Hills Lake was lowest, but this estimate might 
be in error because of the sampling and tech­
nique difficulties discussed above or because 
of the unfavorable weather that prevailed 
when the estimate was being made; the esti­
mated standing crop of Shagg Lake was 
lowest, but this estimate might also be in er­
ror because of the unsatisfactory sampling 
procedures used. The authors believe that the 
estimate of the primary productivity of Hills 
Lake is likely to be in greater error than the 
estimate of the standing crop of Shagg Lake; 
therefore, they conclude provisionally that 
Hills Lake occupied the intermediate rank in 
standing crop and productivity before recla­
mation, and Shagg Lake occupied the lowest 
rank.

T able"T2.— Summary at standing crop and productiv­
ity  data from three potential trout lakes in Maine

Avete Standing croj> of fish
Surface -» ------------------------------- Net primary

Lake aresi depth Number-^ «Weight productivity 
|K lL crM p% feet) per' per acre in rhidsummer 

acre | pounds) ( mg I | K 2/h r )

Shagg 55 19 1,308 39.7*, 3 .370
Coleback 20 - 17 5,670 104.5 6.958
Hills § ¡9 1 7 •2,863 1 62.5 1.886
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Failure of ̂ standing crop and primary pro­
ductivity estimates from Shagg and Hills Lakes 
to conform with the proposed ranking of the 
lakes may not be wholly the result of errors in 
the measurements. There seems to be general 
agreement among biologists (Rounsefell, 1963; 
Davis, 1963; McConnell, 1963; Odum and 
Odum, 1959) that there is no a priori reason 
why standing crop of fish and productivity of 
phytoplankton should be correlated. Thus the 
data in Table 12 may not be misleadingly in­
accurate, but may merely, demonstrate again 
that productivity of phytoplankton is not a 
satisfactory index: to standing crop of fish, or 
vice versa. Indeed, standing crop of fish is 
considered a poor index even to the produc­
tivity of a fish population Ricker,wl958; 
McConnell, 1963), suggesting even more 
strongly the unreality of expecting a close cor­
relation with productivity of phytoplankton. 
Other factors probably operating to make 
close correlations unlikely are the differing 
species compositions of the fish populations 
that inhabited the lakes and their differing 
interspecific interactions, the differing food 
webs probable in the three lakes, and the 
varying amounts and types of extraneous nu­
trient materials reaching the lakes from their 
drainage basins.

In view of the above considerations it is 
doubtless unrealistic to imagine that a single 
index to the basic fish-producing capacity of 
a take exists. Certainly the most we can hope 
for with measures presently available is that 
individual habitats can be ranked. That the 
ranking tentatively assigned to Shagg, Cole- 
back, anfflpills Lakes after consideration of 
Table 12 may be correct is suggested by the 
average total lengths attained by brook trout 
in the lakes subsequent to reclamation and re­
stocking. Management policy for reclaimed 
trout lakes in Maine calls for annual mid- or 
late-summer stocking with 0-age trout (2 to 
M inches, total length) beginning in the first 
summer after the pond has become nontoxic. 
The number of trout stocked at Shagg Lake 
was 236 per acre, at Coleback Lake 250 per 
acre, and at Hills Lake 253 per acre. Average 
total lengths attained after 1 year at large 
were: Shagg Lake— 7.04 inches,HColeback 
Lake— 8.63 inches, and Hills Lake— 7.99

inches. These differences are statistically sig­
nificant at or above the 95 per cent level; 
thus the lengths attained in the three lakes 
conform with the proposed ranking! pf the 
lakes.
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BIOLOGICAL MEANS OF fNCREASING PRODUCTIVITY IN PONDS

S. Swingle

Auburn University 
Agricultural Experiment Station 

Auburn, Alabama 
U. S. A.

Many techniques must be employed by the fish culturist to obtain 
highest possible yields of fish from ponds. Unproductive natural waters 
and soils may be improved by the chemical means of liming and fertili- 
zation. Production can be further increased by supplemental feeding, 
and to the highest plateau by feeding in flowing waters to dispose of 
wastes.

A* all levels of fishculture, stock manipulation and other biological
means of increasing productivity are of greatest importance in obtaining
maximum efficiency in use pf the water and pond space. The various 

C /t 'f  |j jS  /

techniques found to be of importance in obtaining high .productivity at 
this Station^dnclude- use of efficient species, species combinations, 
disappearing species, rates of stocking, delayed stocking, control of re­
production, control of wastes, and use of cover.

1 USE OF EFFICIENT PONDFISH

Under this heading come three principal subheadings - species that are 
efficient because of their feeding habits, because of selective breeding or 
because of freedom from parasites and disease.

Proceedings FAQ World Symposium on Warm-Water Pond Fish Culture May 
18-25, 1966, Rome, Italy.
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1.1 Efficient species of pondfishes
It is well known in biology that highest production may be obtained 

by use of those species with the shortest food chains• In general this 
indicates that highest production may be obtained by use of plant-feeding 
species of fish; Results from a wide variety of species indicate that in 
general this is true. Maximum-production obtained at this Station with 
species of various feeding habits in fertilized ponds were as follows:

Maximum production
Species Feeding habit kg/ha

Laregmouth bass^ piscivorous 196
Channel catfish2 insectivorous 370
Bluegill3 insectivorous 560
Java tilapia^ plankton-feeder 1612

1Mi crqpterus salmgides 
2Ictalurus punctatus 
3Lepomis macrochirus 
4Tilapia mossambica

However, it should be pointed out that the Java tilapia is a plankton- 
feeder and not purely a plant-feeder. In fact, work by Tay (Prowse; 1961) 
has indicated that several species of phytoplankton ingested by this tila­
pia are apparently not digested. It is probably true that no species of 
fish is entirely herbivorous.

The mere fact that a species is at least in part herbivorous does not 
indicate that it will give highest production under various systems of 
management. The Congo tilapia (Tilapia melanopleura) feeds extensively 
upon submersed aquatic plants. However, when placed in an environment 
(fertilized water) where the plants are microscopic, it gives relatively 
low production because its gill rakers are too widely spaced to enable 
it to strain and utilize the phytoplankton. It does appear to hold true
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that highest production is usually obtained with plankton-feeding species. 
Where supplemental feeding was used, maximum production with Congo tilapia 
was 2240 kg per ha and with Java tilapia was 6048.

Again, it must be emphasized that a more efficient species at one 
level of management may not be the more efficient at another level. For 
example, the bluegill and the channel catfish are both principally in­
sectivorous. In fertilized ponds, the bluegill was the more efficient, 
yielding 560 kg per ha as compared with 370 kg for the channel catfish.
When placed in ponds receiving supplemental feeding, however, the order 
was reversed, with the channel catfish yielding up to 2,688 kg per ha and 
the bluegill 896. It appeared probable that the smaller mouth-size of 
the bluegill made it the more efficient in harvesting natural fish-food 
organisms, but this was no advantage when supplemental feed was supplied 
in the form of pellets.

These results emphasize that each species must be tested experimentally 
for efficiency at different levels of pondculture - in unfertilized ponds, 
in ponds receiving fertilization, and those receiving feeding. It is very 
important that this testing be done with the principal species present in 
each country to identify the most efficient fishes. There are at present 
relatively few species of fishes known to be suitable for pond culture, 
although many species in the great river systems of each continent would 
appear suitable. It is important to have a number of efficient yet different 
species to select from for use in ecologically different waters and for 
different human preferences.

1.2 Selection for efficiency
Most fish used in pondculture today have not been selectively bred 

for any purpose, let al.one for efficiency. The common carp Cyprinus cargio^
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have been selectively bred for shape, for extent of coverage by scales, 
and for color. Host other species used may be considered to be unselected 
strains of wild fish, although the fishculturist probably selects each 
year the larger individuals for spawning•

Prather (1951) selectively bred largemouth bass for efficiency of 
food conversion at this Station. Individual bass in circular pools were 
fed weighed amounts of small fish twice weekly for periods of 5 to 12 
weeks, and efficiency of gain was determined by dividing weight of fish 
consumed by gain in weight. The most efficient individuals were spawned 
and the more rapid-growing of these progeny tested as above for efficiency. 
This was repeated during a 6-year period. Conversion ranged from 1.5 to
24.2 the first year, and the mean conversions were as follows;

Mean Conversion standard deviation
1.20
0.28
0.16
0.50 
0.15 
0.26

1941
1942
1943
1946
1947
1948

7.3
3.1 
3.9
5.1
2.1
3.4

Apparently after 1 year, the most inefficient individuals were 
eliminated and little change was produced subsequently. The work was 
discontinued because it was evident that little more could be done without 

an intensive fish breeding and selection program.
The changes that have occurred in agricultural animals through 

selection and breeding suggest that this should be a fertile field for 

iaprovesent of fish stocks•

1.3 Use of parasite - and disease-free fingerlinqs for stocking 

All fishculturists have experienced loss of all or part of a fish
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crop from parasites and/or disease. The most effective way to reduce 
or prevent such losses in ponds is to stock only fingerlings that are 
relatively free of parasites and disease. Clean fingerlings can be 
provided principally by two procedures. The first is the use of brood 
fish examined and treated where necessary to rid of parasites and/or 
disease, followed by early separation of the eggs or young from the parents, 
and their culture in uncontaminated waters. The second is the chemical 
treatment of all fingerlings for parasite and disease control before 
stocking them into production ponds.

At this Station, the earliest experiments with channel catfish were 
conducted with fingerlings obtained from a river and no treatments were given 
to free them of parasites. During a 3-year test period, each year 50 
percent of all catfish died and it was concluded that this species was 
not suitable for culture in ponds. However, in later years channel 
catfish fingerlings were treated with acriflavin, formalin and potassium 
permanganate to rid them of external parasites and disease organisms, 
followed by treatment with di-n-butyl tin oxide to rid them of intestinal 
parasites before they were stocked into production ponds♦ When this 
was done, survivals ranged from 95 to 98 percent during their growth 
to marketable size (Swingle, 1958).

Allison (1957) has developed pond treatments that can be applied 
to control the protozoan ectoparasites on fish when epizootics develop in 
the production ponds. External parasites of catfishes have caused poor 
feed conversions or even extensive fish kills in ponds.

2 SPECIES COMBINATIONS

While the highest production of a single species may be obtained by 
raising a plankton-feeding fish, highest total fish production per hectare
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can only be obtained by using a combination of species of different feeding 
habits.

One of the most important problems in fishculture is to determine 
just what combinations of species are the most efficient in utilizing 
available fish feeds. Again, this can be determined only by testing 
in experimental ponds although a certain amount of preselection is 
possible.

The traditional fishcultures of China and India used species 
combinations, but these combinations resulted because of occurrence of 
these species in rivers from which the fish eggs and fry were obtained. 
Whether these combinations were the most efficient available in each 
country was not measured.

2.1 Combinations of fishes of different feeding habits

2.1.1 Channel catfish and Java tilapia

The channel catfish is insectivorous and utilizes efficiently 
pelleted fish feeds containing vegetable and fish meals. It was postu­
lated that this species with Java tilapia, a plankton feeder, should 
make an efficient combination. Where the pond received supplemental feeding, 
the results per hectare were as follows in a 191-day experiment:

Species Stocked Production Catfish
kg Feed Conversion

1. Channel catfish (4400)
2. Channel catfish (4400) 

plus Java tilapia (1250)

1400.0
1568
266

1.7
1.7

The combination of the two species yielded 1834 kg compared with 
1400 from the channel catfish alone. There was no difference in feed
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conversion, assuming all feed was utilized by catfish. The tilapia 
apparently fed on plankton, wastes, and other fish feeds not utilized 
by channel catfish.

Both the Java and Nile tilapia (T. aurea) have been used repeatedly 
with channel catfish receiving supplemental feeding. Addition up to
2,500 tilapia with 7,500 channel catfish per ha has not measureably 
affected growth of catfish or feed conversion where it is assumed that 
catfish consumed all the feed added.

t 22.1.2 Common carp* and bigmouth buffalofish

1 2
Cyprinus carpio Ictiobus cyprinella

The common carp stocked at rates over 240 per ha into fertilized ponds 
often muddy the water during their feeding activities to such an extent 
as to interfere with phytoplankton growth. The buffalofish is an omni­
vorous feeder, which does not burrow in the pond bottom. The results per 
ha of a 10-month test were as follows when the pond received 10 applica­
tions of 8-8-2 fertilizer:

Stocking Production, kg

1. 2500 common carp
2. 2500 buffalofish
3. 2250 buffalofish

plus 250 common carp

313.6
896.0

745.0
179.2 925.1

Here the combination of buffalofish-carp gave slightly higher yield than 
buffalofish alone, and much higher than carp alone,-also the pond water 
remained translucent enough for good plankton production.
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2.1.3 Fish and freshwater mussel

Other animals may be combined with fish in stocking to obtain 
higher total protein production. An edible soft-shelled musselr 
Lampsilis claibornensis, was introduced into bluegill-largemouth bass 
ponds to determine if it could be successfully cultured along with fish. 
This mussel was used fried or in soups and considered to be a desirable 
species for this purpose.

Production of mussels (including shells) per ha in a 12-month 
period was as follows:

Unfertilized  -------- ----58.2 kg
Fertilized  ---- -----------1010.2 kg

The missel vms stocked into an 0.8-ha pond along with; a standard 
stocking of per ha of 2500 bluegills, 1250 redear sunfish, and 250 
largemouth bass. Mussels became very abundant over the pond bottom and 
were harvested for a period of 5 years along with the fish. At the end 
of the 6th year, the pond was drained with the following recovery per ha.

Total fish 464.4 kg
Total mussel meats 399.6 M

The total weight of mussel plus shells was 1270.8 kg per ha, of which 
the shucked weight of meats was 31.5 percent. In addition to the fish re­
covered on draining, an additional 139.7 kg per ha had been removed by 
fishing. The average standing crop of fish where no mussels were present 
was 316.6 kg per ha (Swingle, 1961). In this case the presence of mussels 
appeared to increase fish production.

It is postulated that the apparent increase was real and probably 
caused by cleaner water resulting from the filtering action of the 49,440
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mussels per ha distributed over the pond bottom. Their combined effect 
in filtering out the detritus and organisms upon which they feed should 
have helped to reduce the waste materials that are limiting factor in fish 
production. The effectiveness of these and other animals in maintaining 
cleaner pond waters should be a rewarding field of research.

It is noteworthy that the difference in production obtained from Congo 
and Java tilapia receiving daily feeding, as mentioned in Section 1.1, 
appeared to depend upon their relative ability to maintain clean water.
The Java tilapia feed upon artificial feeds, decaying organic matter, their 
own feces and upon plankton. Consequently, they can be fed at a high daily 
rate because the pond bottom and waters are kept clean.

2.2 Combination with fishes that disappear from the combination

A problem in maximum utilization of all food in a pond is that when 
fingerling fish are stocked,and their combined weight is small, much 
food currently available is not utilized. Food is lost by emergence 
of adult insects, by decay and incorporation into the bottom muds, by 
denitrification, and other processes. A small amount is recycled into 
fish foods at a later date, but not in amounts to make up for inability 
of fish to utilize it during this early period.

One solution would be to stock more fingerlings, but if too many 
are stocked, none may reach a desirable size. Another solution is to 
stock the desired species in combination with another species that 
reproduces very early, is efficient in harvesting the otherwise wasted 
fish-food organisms, and that remains small enough to be consumed when the 
principal species becomes larger and food per individual is more scarce.
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2.2.1 Bluegills plu3 Gambusia

In a 7-month experiment in fertilized ponds using 3,900 bluegill 
plus 1623 Gambusia offinis per hectare, average production per ha was:

Bluegill 186.4 kg
Bluegill plus Gambusia 349.4 '*

The 2-inch bluegills plus Gambusia adults were stocked May 2 . The 
Gambusia began producing young on June 1, and became very abundant by 
late July, when their numbers began declining. When the pond was drained 
November 14, practically all topminnows had been consumed by bluegills.

2.2.2 Bluegill-bass plus fathead minnows

The fathead minnow (Pimephales proaelas) appeared more desirable 
for this purpose than Gambusia since the former began spawning in March 
and the latter in June. Average production per ha for a 12-month period 
in fertilized ponds stocked with 3750 bluegill fingerlings (5cm), 134 
largeraouth bass (2cm), and with or without fathead minnows (1000 and 2500) 
were as follows:

Bluegill-bass 282.6 kg
Bluegill-bass-fatheads 470.6 "

The fathead minnows and bluegill fingerlings were stocked in December, 
with the small fingerlings bass added in May. Fatheads spawned in March 
and became exceedingly abundant. The numbers began to decline early in 
July, from predation upon them by both the bass and the bluegills. Few 
remained when ponds were drained in October-December. Their presence 
harvested enough extra fish foods to increase average production by approxi­
mately 66 percent.
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2.2.3 Tilapia-bass plus fathead minnows

Tilapias at this Station are carried overwinter in warm water and 
stocked into ponds in April. Largemouth bass fingerlings are added in 
May. One year a pond was stocked with 2,500 Nile, 2500 Java tilapias 
plus 500 largemouth bass per ha. The next year it received the same stocking 
of Nile, Java tilapias and bass, plus 2500 Congo tilapia and fathead 
minnows. The fathead minnows were in the pond in January of the same year, 
being escapees from draining a fathead pond above. They were used to 
harvest fish-food organism produced in the pond prior to stocking the 
tilapias. Since tilapias were primarily plankton feeders, the fatheads 
plus any young tilapias hatched in the pond were principally feed for the 
young bass. Each year the fish received supplemental feeding from May 
to November, when the pond was drained. The results per ha were as 
follows:

Production, kg
Experiment_______ _i_______ _____________ Tilapias_______Bass ____ ________
Without fathead minnows 2118.0 21.2
With " " 2182.7 108.6

The addition of fathead minnows resulted in an increase of 87 kg 
largemouth bass per ha, without reducing the production of tilapias.

2.2.4 Channel catfish-bass plus fathead minnows

Originally, 2,500 fathead minnows were added with 7,500 channel 
catfish per ha in ponds receiving supplemental feeding with the expectation 
that they would be eaten by catfish. This did not occur/ therefore, they 
were utilized by stocking 125 largemouth bass per ha. In a period of 7 
years this had added an average of approximately 45 kg per ha of bass to 
each crop of catfish without interference with the growth or production
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of the latter.
This method of making more efficient use of unused fish feeds in 

ponds would appear worthy of more extensive testing and use.

3 RATES OF STOCKING

Rates of stocking of fish are extremely important at all levels 
of fishculture. If too few are stocked, the results are large fish 
and low production. If too many are stocked, the result may be high 
production, with fish of undesirable size.

3.1 In unfertilized and fertilized ponds

The problem of how many fish to stock is most troublesome in unferti­
lized and in fertilized ponds. If the number of fingerling carps is 
stocked so that 200 g carp will be produced by the end of the growing 
period, then fish foods produced by the pond are being wasted during 
a considerable portion of this time. This is true because the carp 
normally eats not more than 5 to 8 percent of its own weight daily, and 
when small, little feed is required. In natural populations, this 
problem is solved by spawning/ then thousands of young fishes are available 
for harvest of the fish-food organisms. As fish grow larger and require 
more'feed, this problem is solved by reduction in small fishes by predation 
This is a similar solution to that presented in section 2.2 by use of the 
fathead minnows as a disappearing species.

If sufficient carp are stocked to consume current fish-food production 
then there will be insufficient food to raise them to a desirable size.

This was illustrated by experiments at this Station on rates of 
stocking Java tilapias in fertilized ponds during a 4-month period (Swingle 

1960). The results per ha were:
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Number stocked
Pish
Total

production, kg 
Harvestable ^

Percentage
harvestable

5,000 316.2 309.1 97.5
10,000 403.2 203.4 50.4

1
Tilapias averaging 45 g or more.

In experiments with various rates of stocking bigaouth buffalofish,
results from a 6-month growing period in fertilized ponds (Swingle,
1957b) were per ha: 

Number stocked
Average weight 
stocked, g

Production
kg

Average size 
9

300 22.7 151.6 636
600 22.7 273.5 603
1080 22.7 656.5 590

In this case, since the final sizes were approximately equal, the 
naxiavua rate of stocking probably could have been somewhat higher. The 
two lower rates of stocking (300 and 600) required another 7 nonth of 
growing season to reach approximately the same standing crop as was achieved 
in 6 months at the highest rate of stocking. It is evident that in 
determining rates of stocking for various levels of management, a range 
in rates of stocking Bust be tested to enable selection of the maximum 
rate producing desirable-sized fish in a miniaus time period.

3.2 In ponds with feeding

Supplemental feeding enables the fishculturist to use natural fish- 
food organisms more efficiently. In a direct way he can do what nature 
does in natural populations in a round-about way. In section 3.1 it was
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pointed out that in natural populations small fishes hatching in the 
spring harvested economically the fish-food organisms and as some 
became larger, a larger share of the food was made available to them by 
reduction in the numbers of fish. This reduction is accomplished by 
predation, often ably assisted by various other causes of "natural 
mortality". With supplemental feeding, the fishculturist can stock 
larger numbers of fish per ha to more fully utilize natural fish-food 
organisms. As fish grow larger, he can supply increasing amounts of 
supplemental feed to bring them to harvestable size.

3.2.1 Experiments with catfishes

With daily supplemental feeding, large numbers of fingerling fish, 
or larger fish, must be stocked if high production is to be achieved.
In early experiments at this Station, the channel catfish was stocked 
at 560 fish per ha and given supplemental feeding. The species was dis­
carded as of little value for commercial use because production per ha 
was only 302 kg. Later work with the speckled brown bullhead (Ictalurus 
nebulosus marmoratus) demonstrated the important relationship between 
stocking rates and production with feeding (Swingle, 1957a). Results 
per ha are given below for a 1-year period during which fish received 
daily supplemental feed while water temperatures remained above 16° C:

Rate stocked Fish produced, kg_
2.500 631.7
5,000 840.1
7.500 1,011.8
15,000 1,387.0

With this information, it was immediately suspected that low production



obtained with channel catfish and feeding was the result of the low 
rate of stocking. Testing with this species was then resumed at various 
rates of stocking and with supplemental feeding. The channel catfish 
was then found to be a high producer and most economical in food 
conversion, directly contrary to the former conclusion. Results for 
an 8,5-month experiment per ha were as follows (Swingle, 1958):

Rate stocked Kg fish produced
2.500 1,076.7

5,000
7 . 5 0 0  2,646.6

3.2.2 Experiments with tilapias

Similar results were obtained in experiments with both the Java 
and Nile tilapias (Swingle, 1960). Fingerlings were stocked at various 
rates per ha in ponds that had been fertilized. In addition, the fish 
were fed a supplemental pelleted fish feed. Production per ha in a 

period from 111 to 123 days was:

Species Number stocked Production
kg

A«j» »»S11
Conversion

Java tilapia 10,000 563.6 98.7 2.57

it 20,000 1,601.7 99.7 1.67

it 25,000 1,999.9 88.9 1.10

tt 50,000 3,299.1 67.7 1.10

Nile tilapia 20,000 1,546.7 98.5 1.80

tt 40,000 2,665.5 91.9 1.35

The fishculturist still has several factors that limit the number 
of fish he can grow to harvestable size. He must stay within the feeding
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rates.that give economical conversion,and the maximum amount of feed 
hfe can add daily is limited by the type of feed and by the “sewage 
disposal" system in his pond. With flowing water to remove wastes and 
and to supply oxygen, safe feeding rates rise to a high level. Without 
flowing water to remove wastes, he is limited by the capacity of his 
pond system to minimize and to destroy wastes. The Java and Nile 
tilapias are among the most efficient of fishes in minimizing wastes) 
consequently they can be fed at high rates to obtain high production.
However, even here a limit exists beyond which it is not safe to feed. 
Although the stocking per ha of 50,000 fingerling Java tilapias gave 
highest production, it was not possible to increase feeding to where 
more than 67.7 percent (AT) of the weight was fish of harvestable 
size (i.e. weighing 45 g or more). Combinations of species giving 
more efficient disposal of wastes in impounded water or other methods 
of waste destruction are needed to attain higher levels of production.

4 CONTROL OF REPRODUCTION

While control of reproduction would probably decrease weight of 
the entire standing crop, it makes possible production of fish of desirable 
size. This is especially important with the use of supplemental 
feeding where the feed must be utilized to produce marketable fish.
Various methods of population control have been used in fisheries.

4.1 Change of environment

This nethod is widely used in pondfish culture. Milkfish (Chasos 
chanos), which spawn only in the ocsans, are cultured in brackish water 
ponds along the Asiatic Coast. Chinese and Indian pondcultures used 
carps that spawned in flooded rivers but would not spawn in ponds. Channel



catfish and buffalofish used at this Station also were river fishes and 
seldom spawned in production ponds. Lack of ability to spawn in the 
pond environment made many of these fish excellent species for pondculture

4.2 Repressive factor

Both common carp and buffalofish normally failed to spawn in waters 
in which they had been held for several months prior to the spawning 
period, but spawned readily when transferred to fresh water. This effect 
was attributed to the repressive effect of excretions from these species 
(Swingle, 1956). A method of culture for speckled bullhead was devised 
by stocking finger lings at different rates to determine the rate at 
which there was no or little spawning while the fish were still not 
too crowded for satisfactory growth. For this species the stocking 
rate of 7,500 per ha accomplished this purpose (Swingle, 1957a).

Nile tilapia fingerlings stocked at 20,000 or more per ha grew 
satisfoctorily with supplemental feeding, but failed to reproduce 
(Swingle, 1960). However, Java tilapias still reproduced at stocking 

rates of 50,000 per ha.

4.3 Use of fish too young to spawn

A culture method was devised for the brown bullhead by stocking 2 
to 5 cm fingerlings in June, feeding to obtain rapid growth, followed 
by harvest the next May before reproduction co u ld  occur (Swingle, 1957a).

A similar culture was used for Java and Nile tilapias by stocking 
in May and harvesting at 15 to 20 cm total length the following October 
(Swingle, 1960). Light spawning occasionally occurred with the Java 
tilapia, but insufficient young were produced before draining to 
interfere with production of larger fish.

These cultures have the disadvantage of producing relatively small
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harvestable fish (50 to 200 g), and harvest must b© in a fixed period 
just before spawning. This prevents the fish culturist from holding 
his crop to obtain higher prices when the market is low.

4.4 Use of piscivorous fishes

Piscivorous fishes are used in a number of cultures to reduce 
the numbers of young so that the older fish may reach a desirable size* 
In European carp culture, the pike Esox lucius or pike-perch Lucioperca 
sandra was used to eliminate small carp that resulted from unexpected 
spawning and wild fishes that entered the pond (Schaeperclaus, 1933)*

At this Station largemouth bass have been used with catfishes, 
tilapias, carp, and other species for a similar purpose and also to 
increase overall production of desirable species (Swingle, 1957a,b) 
1958; 1960).

5 ADDITIONAL SURFACE FOR FISH-FOOD ORGANISMS

In many fertilized ponds, almost the entire bottom contains in­
dividual fish-food organisms in close proximity. It appeared, 
therefore, that "floor** space was a limiting factor and that the addition 
of various materials would greatly increase surface for attachment and 
might increase production.

5.1 Freshwater shrimp and bluegills

Experiments were conducted with freshwater shrimp Palaemonetes 
kadiakensis and the bluegill in ponds with and without cover in the form 
of brush piles or a mixture of aquatic plants Chara, Najas, and Cabomba.
The stocking May 2 per hectare was 3750 bluegills weighing 53*7 kg and/or
65,000 shrimp weighing 21.7 kg; ponds were drained in November. Fertilized 
ponds received 10 applications of 7-8-2 fertilizer at the rate of 112
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kg per ha. The results per ha were as follows: 

Unfertilized ponds Production, kg 
Shriap _____ Bluegill

C\ Shrimp

Shrimp with plants. f l c %  ( k i / \  0 '^ %

(^Bluegill
ü Bluegill plus plants

i i S S
L Bluegill plus shrimp plus plants

Fertilized pond3 
A Shrimp
fj Bluegill plus shrimp 
^Bluegill
i) Bluegill plus shrimp plus brusii

45.4
236.7

182.0

637.7
104.9

1,173.5

112.0

140.7
263.9

The presence of rooted or attached aquatic plants filling less than 
50 percent of the water volume increased both shrimp and bluegill pro­
duction in unfertilized ponds.- Subsequent experiments indicated that 
the increase came principally from the presence of Chara, while Najas 
did not increase production , Highest bluegill production was with 
Ghara plus shriap.

In fertilized ponds, the presence of shriap increased bluegill 
production 60 percent. When cover (attachment surface) was provided 
by filling the pond to water level with loosely-piled brush, the added 
surface caused production of 10 times the weight of shrimp but no increase 
in weight of bluegills above that in the shrlmp-bluegili pond without 
cover. However, all bluegills in the pond with cover were large, while 
those in the pond without cover included a high percentage of small 
bluegills. Cover was thus effective in greatly increasing a fish-food



20
* l>

organism, the freshwater shrimp, and increased the harvestable crop 
of bluegills. _ \ ' ; }

5.2 Blueqill-largaaouth bass

Four ponds were each stocked per ha with 3750 bluegills in December 
plus 300 largemouth bass fingerlings in May. Three of these ponds were 
without cover and one was filled with brush to the water level in the 
shallow half of the pond. After draining in October, the latter pond 
was restocked the following season exactly as above, except 600 largemouth 
bass fingerling were added. All ponds received standard fertilization.
The average results per ha were:

S ta c k ing Cover
Production

H  Bluegill plus bass (300) None 282.6

1] Bluegill plus bass (300) Yes 492.8

C Bluegill plus bass (600) Yes 439.0

Again, it is quite evident that "cover" or added surface provided by 
brush was effective in increasing total fish production very materially 
(65 percent). The amount of added surface or "cover" needed for highest 
production and methods of supplying it are interesting subjects for research. 
These experiments suggest that submersed aquatic plants and brush 
served the same purpose. It is postulated that the increased pro­
duction resulted because of increased attachment surface for fish-food 
organisms. Since brush or flooded trees decay rapidly, they lose most 
of their effectiveness within a few years. It would appear that submersed 
footed aquatic plants would be the cheapest and best for adding attachment 
surface, provided species can be found that do not become so abundant



as to exclude fish from large areas of the pond.
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A quatic  P rim ary Production  
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Sy n o p s is .  The ecosystem concept has been particularly useful and extensively employed in the 
study of aquatic primary productivity. The flow of energy through the system is an attractive 
area of investigation when it involves some process, but has a more restricted value when units 
of biomassdare simply converted to calories. Although we are able to measure primary produc­
tivity in terms of the carbon fixed, we are not yet able to measure the actual change in the 
oxidative state of the newly fixed carbon. The fate of photosynthate as food for higher trophic 
levels is therefore dependent upon a considerable array of biological and environmental varia­
bles. Primary productivity is considered in terms of its evolution from measures of standing crop 
and yield, which have been gradually replaced by measures of rate of carbon uptake or oxygen 
production, or by measure of nutrient loss, or by change of COa in the environment. Bata from 
five lakes are used to illustrate the evolutionary thread of eutrophication and the great range in 
primary productivity to be expected on the basis of either unit volume or unit surface area at 
different trophic states. Light and nutrients are important in limiting primary productivity, and 
are contributing factors to the great variability which one may encounter within a given lake. 
Only with a sounder understanding of productivity at the base of the food-chain can we have 
any real hope of controlling the productivity of aquatic environments for the benefit of man.

T he concept of “primary productivity” 
is one aspect of the more general concept 
of the “ecosystem.” Judging from the his­
torical developm ent of ecological theory, 
ecosystems as conceptual divisions have 
been most easily studied in the form of 
standing bodies of water. Eighty years ago 
Forbes (1887) published his classic “T he  
Lake as a Microcosm,” in which he dis­
played remarkable insight into the inter­
dependence of the plants and animals in a 
lake. If he appeared less aware of the great 
importance to his microcosm of such abiotic 
factors as erosion and domestic pollution, 
it is probable that in 1887 they were con­
siderably less visible than they are today. 
T h e ecosystem concept continued to devel­
op through the work of other aquatic biolo­
gists such as Thienem ann (1925), and 
eventually gained maturity in papers by 
H utchinson (1941) and Lindeman (1942). 
T he last author considered productivity 
the focal point of activity within his dy­
namic ecosystem.

O ne result of this historical development 
is that the productivities of aquatic systems 
have been more intensively examined and 
more carefully measured than terrestrial 
ones. A  further result was the realization 
that the physical and chemical environ­

ment must be studied concomitantly with  
the biological. T his was a major step for­
ward, but with the spectacular availability 
of new research tools and methods for 
measuring vast arrays of biological and 
physical parameters, the researcher now  
finds himself in a new and sometimes seri­
ous dilemma. W hat is to be measured, why 
should it be measured, and what is it likely 
to add to our understanding of the ecosys­
tem? In the following I give, and some­
times illustrate, my impressions of the di­
rection that primary productivity studies 
have taken, what progress has been made 
along the way, and what some of the op­
portunities are for gaining a better under­
standing of the first level of the aquatic 
food-chain.

The object of conducting a study of the 
primary productivity of a particular aquat­
ic environment is to obtain quantitative 
information about the amount of energy 
available to support what Ohle (1956) has ' 
called the “bioactivity” o f the system. This 
is considered to be the system's capacity 
for the formation of potential energy a n d  

the subsequent reconversion of this to ki­
netic energy on a unit volume or area basis. 
In terms o f Lincleman’s trophic-dynamic 
model, one measures productivity in order
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to compute efficiency of energy transfer 
within the system. In this kind of analysis, 
some value derived from the measured pri­
mary productivity is used to express the 
input of energy into the herbivore level.

Lindeman (1942) developed a model in 
which he introduced the concept of energy 
flow, illustrating it with data collected in 
natural ecosystems. It was consistent with  
his purpose to express the data as energy 
units (calories). Subsequent workers have 
continued to probe the concept of energy 
flow. However, advances in biochemistry, 
physiology, and ecology require an elabora­
tion of the model of energy How to the 
point where data relating it to the natural 
world are extremely difficult to acquire.

Energy is interesting to talk about when 
the discussion is referred to some process. 
In an imaginary world in which the func­
tional units are discrete trophic levels, it is 
not only possible but stimulating to de­
scribe the flow of energy through the sys­
tem. .But when the functional units of the 
system being investigated are conceived of 
as macromolecules there seems to be only 
limited merit in translating what amount 
to rate measurements of biomass accumu­
lation into energy units.

As an illustration, the widely used C14 
method for.* estimating primary productiv­
ity measures the physical incorporation of 
carbon atoms into living cells. Neither this 
method nor any other practical technique 
adequately measures the change in oxicla- 
tive state of the carbon fixed. Moreover, 
the subsequent ecological role of newly 
fixed carbon is even less amenable to quan­
titative study. Photosynthate may be used 
in numerous ways by the photosynthetic 
organism. T he subsequent ecological role 
of the photosynthate depends on which of 
these possibilities is realized. Even if we 
could specify completely the fate of newly 
fixed carbon in producer organisms, we 
would be unable to describe its transfer to 
heterotrophic organisms in any but the 
most general terms. In particular, we are 
still not in a position to describe the energy 
conversions which take place when a popu­
lation of natural zooplankton grazes a natu­
ral population of phytoplankton. Present-

ly, we are barely in a position to list some 
of the factors which may be significant. 
Among these factors are those relative to 
the immediate history of the organisms, the 
past and present condition of the environ­
ment, and the trend of growth in both 
populations. Not only do the primary pro­
ducers themselves have rather different 
abilities to utilise the available light en- 
ergy, but the consumers of this trophic level 
are not bomb calorimeters and have very 
different abilities,to utilize the calories that 
they consume.

Disregarding for the moment this prob- 
lem of how best to present data, let us con­
sider how much of primary production is 
available to the rest of the food-chain. Per­
haps the best way to answer this is to con­
sider how much is not available. T he com­
munity of phytoplankton has a definite 
respiratory need which obviously must be 
met before any energy can be passed on to 
higher trophic levels. T he magnitude of 
this need is impossible to determine with 
samples of natural phytoplankton because 
of the presence of bacteria. Plowever, a 
minimum figure of 10% seems acceptable 
from studies using the oxygen light-and- 
dark bottle (e.g., Patten, 1966). In such a 
study the difference between gross produc­
tivity and net productivity represents the 
rate of community respiration, and ranges 
from 10% of gross productivity to several 
hundred percent. An, appreciable part of 
this respiration is due to phytoplankton, 
and there seems to be no reason to make 
the assumption that algal respiration re­
mains at some fixed percentage of gross 
photosynthesis while community respira 
tion fluctuates widely in response to chang­
ing Conditions. Bunt (1965) measured oxy­
gen consumption of bacteria-free algal cul­
tures with a mass spectrometer and re­
corded values between 20 and 100% of 
gross photosynthesis. The results were in­
fluenced by quality of the light and tem­
perature. T he number of factors likely to 
influence the ratio of algal respiration to 
photosynthesis is large and any figure arbi­
trarily taken to represent this ratio is not 
apt to be very reliable.

Besides requiring a portion of their auto-
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trophic production for respiration, phyto­
plankton com m unities must also reserve a 
portion for the m aintenance of community 
structure. T h is “information cost” has 
never been measured directly but there is 
some indirect evidence that it must be paid. 
When an aquatic sp te in  is altered with the 
aim of increasing the production of fish, 
zooplankton and fish production may in­
crease disproportionately more than does 
the production o f phytoplankton (McCon­
nell, 1965* Goldman, 1967). A possible in­
terpretation of this observation is that a 
large am ount of primary production is un­
available to grazers but remains with the 
phytoplankton community as “informa­
tion” necessary for the maintenance or de­
velopment o f community structure. Grazers 
remove production which is in  excess of 
this threshold level. If the magnitude of 
the inform ation cost is high relative to pri­
mary production and is not itself a fixed 
percentage of primary production, then a 
small increase in the rate of growth of the 
phytoplankton w ill provide a relatively 
larger increase in  the food supply of grazers 
and eventually the fish which consume 
them.

There are additional difficulties that 
must be m et in the course of fitting meas­
urements o f primary productivity to the 
trophic-dynamic model. It is now known 
that a highly variable, yet often significant, 
portion of the photosynthate produced dur­
ing a C14 light-and-dark-bottle experiment 
is not retained by the producer organisms, 
but moves into the environment in soluble 
form (Fogg and W att, 1965;; Watt, 1966; 
Hellebust, 1965). It is impossible to meas­
ure the absolute magnitude of such excre­
tion by a com m unity of natural plankton 
because the excreta can serve as a substrate 
for bacterial growth (Hobbie and Wright, 
1965) and thus End their way back to par­
ticulate or inorganic form during the incu­
bation period. T o  be sure, the material so 
formed is rightly considered primary pro­
duction, and it ultim ately serves as a 
source of energy for organisms at the higher 
trophic levels. T h e  pathway along which 
this energy flows, however, is quite different 
from that usually m odeled for the transfer
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of energy from phytoplankton to herbi­
vorous zooplankton, and there is evidence 
that the amount of energy involved may 
sometimes be of the same order of magni­
tude as that recovered in particulate form  
in routine Cu  productivity studies (Fogg 
and Watt, 1965).

Another factor that should be considered 
in studies of energy flow is the role of- 
allochthonous material in supporting the 
energy requirements of consumer organ­
isms. This material is included in  O hle’s 
(1956) definition of bioactivity. N o natural 
aquatic ecosystem is entirely closed. Poten­
tial energy enters in the form of organic 
solutes and debris. Parsons and Strickland
(1962) and Sorokin (1965) have discussed 
the role of bacteria in incorporating or­
ganic solutes into particulate matter. More­
over, Sorokin has shown that this type of 
production of particulate matter can be the 
most important as far as producing food  
for filter-feeding crustaceans is concerned. 
Organic matter, both particulate and dis­
solved, may also appear in the water as a 
result of chemosynthesis. This mode of 
formation should be considered primary 
production, but is not usually measured. 
Its magnitude is probably not great in 
many systems, but Sorokin has found it to 
be very important in the Rybinsk reservoir 
and in the Black Sea.

EVALUATION OF METHODS

Before continuing with a discussion of 
primary productivity and succession in  
lakes it is important to turn our attention 
to methods of measuring primary produc­
tivity, for much of the current research in  
aquatic primary productivity is still di­
rected toward achieving more accurate 
measurements or toward greater under­
standing of the methods already in use. 
Methods of measuring primary productiv­
ity are reviewed and discussed in greater 
detail in Ryther (1956), Odum (1956), 
Strickland (1960), Doty (1963), Goldman
(1963) , and Strickland and Parsons (1965). 
Although some methods of measuring pri­
mary productivity have preceded the great 
development in  instrumentation in the last 
two decades, they have been greatly acceler-
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ated by the use of m odem  instruments, 
radioactive isotopes, and computers for 
analysis of data.

Standing Crop and Yield

T he standing-crop method has been used 
by aquatic biologists for the longest time 
and is still used for estimating the produc­
tivity of rooted plants (Westlake, 1965), 
and for periphyton growth on slides. Pri- 
mary productivity is the conversion of in­
organic matter into organic matter. Stand­
ing crop is that part of the production 
which is physically present in the system, 
and does not include what is lost in  respira­
tion. Findenegg (1965) has made useful 
comparisons between the standing crop and 
productivity. Biologists in the early part 
of this century were, for the most part, 
content to look at biological systems at 
rest. T o  set the whole scheme of biological 
interactions in motion took several more 
decades. Preoccupation with measuring 
standing crop dominated the interests of 
both freshwater and marine scientists dur­
ing the long period when nets were yield­
ing a myriad of exciting new plankton or­
ganisms to be described. Standing-crop 
measures were most frequently reported in  
terms of numbers of organisms. Recogni­
tion of the lack of precision in equating 
large phytoplankters to smaller forms led  
to the more precise practice of converting 
counts to biomass or to volumes, and even­
tually thought was given to production in  
terms of yield of organisms. This intro­
duced the time factor, and fisheries biolo­
gists, like farmers, expressed yields in terms 
of tons of fish produced per acre of water 
surface per year.

Productivity is defined as the rate at 
which biological production occurs. Thus 
an operational definition of primary pro­
ductivity is the rate at which photosyn­
thesis occurs. An early attempt at estimat­
ing phytoplankton productivity was made 
by Lohman (1908) from changes in the 
standing crop. Estimates of phytoplankton  
productivity are still made today from peri­
odic measurements of standing crop f f i f l  
Maciolek and Kennedy, 1964), but the

method is of limited use because changes 
in standing crop of phytoplankton reflect 
only the net effect of many biological and 
physical events. For example, standing 
crop may be greatly diminished by preda­
tion and water movements, while *at the 
same time photosynthetic rates may remain 
high. T he measurement of plant pigments, 
also a standing-crop measurement, is fre­
quently used (Richards, 1952). Some prob­
lems in the estimation of chlorophyll a are 
discussed by Tailing and Driver (1963).

UPTAKE OF NUTRIENTS

An early attempt at measuring the rate 
of production in aquatic ecosystems was 
made by measuring the materials removed 
in a given aquatic system and calculating 
how much biological production would be 
required to absorb this amount. In the 
North Sea, the decreases in C 0 2 and phos­
phate were used by Atkins - (1922, 1923), 
and Cooper (1938) considered decreases in 
oxygen and nitrate. Steele (1956) has esti­
mated the annual cycle of plant produc­
tion in  a northern portion of the North 
Sea (Fladen Ground) by considering 
changes in the inorganic phosphate in re­
lation to vertical m ixing of the water mass. 
Phosphorus is considered by many to be a 
particularly difficult element to use because 
it is often taken up and stored by organ­
isms well in excess of their requirements 
for optimum growth (Gerloff and Skoog, 
1954). T hese methods were, of course, in­
direct and were influenced to an uncertain 
extent by the interactions of both plants 
and animals. Still they were of real impor­
tance in directing the field towards attempt­
ing to achieve more precise measurements 
of a dynamic system.

M ethods of M easuring Oxygen and C 0 2

In moderately to highly productive aquat­
ic environments it is feasible to measure 
short-term fluctuations in dissolved oxygen 
directly in the environment. As a first ap­
proximation, it is assumed that as each 
mole of carbon dioxide is reduced in pho " 
tosynthesis a mole of oxygen is released 
into the water. Thus, if suitable correc-
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tions can be made for the diffusion of oxy­
gen across the air-water interface this meth­
od can be used to estimate the net rate at' 
which the community is incorporating C 0 2, 
without enclosing it in a bottle (Odum, 
1956). If measurements are made at regu­
lar intervals over a 24-hr period, the aver­
age hourly decrease in oxygen during 
hours of darkness can be determined. It is 
then assumed that respiration removes this 
amount of oxygen each hour throughout 
the day, making it possible to estimate the 
gross rate at which the community incor­
porates C 0 2. There is an analogous meth­
od in which fluctuations in C 0 2 are re­
corded.

T he pH meter, which was thought for a 
while to be the panacea for the afflictions 
of aquatic biologists, was quickly brought 
to bear on the problem of measuring pho­
tosynthesis. As carbon dioxide is removed 
from an aquatic system during photosyn­
thesis, the pH rises. This shift has been 
used to estimate both photosynthesis and 
respiration. T he sea and Some fresh waters 
are too buffered against changes in pH  to 
make this method useful in  all environ­
ments, but it has been employed with suc­
cess in lakes (Verduin, 1956), and for con­
tinuously monitoring the growth o f cul­
tures (Beyers, 1965). C 0 2 may also be meas­
ured by standard volumetric or gasometric 
techniques.

Although C 0 2 and 0 2 can be measured 
with relative precision, the overall preci­
sion of productivity measurements made by 
these techniques is not generally great be­
cause of uncertainties in the corrections for 
diffusion, water movements, or extended 
enclosure time. Some of the oxygen pro­
duced may not be immediately released 
from higher aquatic plants, thus causing a 
lag period in the evolution of oxygen. T he  
big advantage of this method relative to 
the more sensitive C14 method is the esti­
mate one gets of community respiration.

Light-and-Dark-Bottle M ethods

Some of the uncertainties just mentioned 
can be reduced by making the measure­
ments on samples which have been en­
closed in glass bottles for a time just long

enough for measurable changes to occur, 
but not long enough for depletion of nu­
trients or bacterial growth on the bottle 
surface. Respiration can be estimated by 
pairing each “light bottle’' sample with a 
“dark bottle” from which light is excluded. 
Putter (1924) and Gaarder and Gran 
(1927) were apparently the first to use this 
method. T hey recorded the oxygen in the 
initial sample and* then, after incubation, 
the change in oxygen that occurred in the 
light and the dark bottles. From this they 
calculated net and gross productivity.

In methods dependent on measurements 
of oxygen one has to make some assump­
tion about the photosynthetic quotient 
(moles 0 2 liberated/m oles C 0 2 incorpo­
rated). For the photosynthesis of carbo­
hydrate the ratio is unity. For the synthesis 
of an algal cell, however, the expected ratio 
is higher, and presumably varies with the 
physiological state of the algae and the nu­
trients available (Myers and Cramer, 1948; 
Ryther, 1956).

Oxygen methods in general have rather 
poor sensitivity and are of no use if the 
gross incorporation of inorganic carbon 
during the test period is less than about 
20 m gC /m 3.' In many of the less produc­
tive aquatic environments several days may 
be required for this much photosynthesis to 
occur. During this time bacteria may de­
velop on the insides of the container, in­
validating the results.

Photosynthetic rates can also be meas­
ured in  light and dark bottles by determin­
ing the amount of radioactive carbon fixed 
in particulate form after a short incubation 
with N a2C140 3 (Steemann Nielsen, 1952). 
Sensitivities with this method are much 
greater, and much shorter periods of incu­
bation are possible. By adjusting the speci­
fic activity of the N a2C140 3 inoculums it is 
possible to obtain easily measurable 
amounts o f C14 in particulate form after 
only 2 hr. Unlike the oxygen method, how­
ever, the result with the dark bottle does 
not provide an estimate of community res­
piration and for this reason the C14 meth­
od gives the ecologist somewhat less to 
work with.

Because the C14 method is so sensitive
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and rapid, it has been widely used. One 
outcome of its popularity has been a great 
deal of scrutiny of the method itself. After 
15 years of use, however, it is still not clear 
whether the C14 method estimates gross 
productivity, net productivity, or some­
thing in between. One of the latest papers 
on the subject (Bunt, 1965) concludes that 
the results most closely estimate net pro­
ductivity, but also suggests that the prob­
lem may only be resolvable in terms of a 
particular set of experimental conditions.

1 here are other uncertainties associated 
with the G « method already mentioned.
I nere is now ample evidence that a par- 
tion of the C14 fixed during incubation 
may seep out of the algal cells in the form 
of water-soluble organic compounds (Fogg 
and Watt, 1965). This material is part of 
the primary production although it follows 
a different path through the food-chain, 
presumably being utilized by bacteria 
(Hobble and Wright, 1965). T he amount 
of photosynthate liberated extracellularly 
is large enough to be measured with pre­
cision and a number of workers; including  
the author, are now routinely including 
quantitative studies of extracellular prod­
ucts of photosynthesis as part of the meas­
urements of primary productivity:

A serious technical problem associated 
with Cm concerns the calibration of radio­
active sources and of instruments used for 
measuring radioactivity. In order to calcu­
late productivity in terms of carbon uptake 
it is necessary to know accurately the 
amount of Cm initially in the sample, the 
amount of C «  added in microcuries, and 
the number of microcuries recovered in 
particulate form by filtering the sample 
through a membrane filter. Steemann N iel­
sen (1966) and Goldman (1963, 1968) de­
scribe different approaches to solving these 
problems.

Arthur and Rigler (1967) confirm the 
warning of Guillard and Wangersky (1958) 
that another possible source of error exists 
m the C " method. These authors found  
evidence that under certain conditions 
phytoplankton cells are damaged durum 
the filtration, and  if steps are not taken to 
circumvent this loss, calculated productiv­

ities will be less than the actual rates.
These comments on methods have been 

presented as a caution to those ecologists 
who might be tempted to rely too. heavily 
on published values of primary productiv­
ity in generalizing about the transfer of 
energy through aquatic food-webs. In this 
regard, it is significant that those of us who 
are measuring primary productivity are 
sti 1 spending a disproportionate amount 
of time on sim ply finding out more pre­
cisely what is being measured.

PRIM ARY PRODUCTIVITY AND SUCCESSION 
IN  LAKES

Having briefly discussed methods of 
measurement, I shall consider succession 
in five lakes which exemplify major differ­
ences in  primary productivity and trophic 
state. T he concept of eutrophic and oligo- 
trophic types of lakes is not a new one. It 
was used by Naum ann (1919) to indicate 
the difference between the more productive 
akes of the cultivated lowlands and the 

less productive m ountain lakes. T he troph­
ic state o f  five different aquatic environ­
ments is summarized in Figure 1. It shoujd
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ITG. 2. Permanently frozen Lake Vanda in the Wright dry Valley, Antarctica (77°32'S lat. 
161°33'E long.). Previous shorelines are evident along the right side of thè lake. Official U. S. 
Navy photograph.

be kept in mind that the general progres­
sion from an oligotrophic to eutrophic and 
finally to a dystrophic lake is as much a 
result of the original basin shape, climate, 
and edaphic factors, as it is of geologic age. 
It is unlikely that some shallow lakes ever 
passed through a stage that could be con­
sidered oligotrophic, and it is just as un­
likely that the first lake to be considered 
here (Vanda) will ever become eutrophic.

Lake Vanda, located in “dry” Wright 
\  alley near McMurdo Sound in Antarctica, 
is one of the least productive lakes in the

world (Fig. 2). T he lake is permanently 
sealed under 3 to 4 m of very clear ice, 
which transmits 14 to 20% of the incident 
radiation to the water below. This pro­
vides enough light to power the photosyn­
thesis of a sparse phytoplankton popula­
tion to a depth of 60 m (Goldman, et al., 
1967). Lake Vanda can be classified as 
ultraoligotrophic, since its mean produc­
tivity is only about 1 m gC /m 2/b r  (Fig. 1).

Lake Tahoe in the Sierra Nevada of 
"California and Nevada is an alpine lake 
long esteemed for its remarkable clarity.
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at an elevation of 5600 feet.

Although it is more productive than Lake 
Vanda, it is still oligotrophic. T he lake is 
characterized by a deep euphotic zone, with 
photosynthesis occurring in the phytoplank- 
ton (Fig. 1) and attached plants to a depth 
o f about 100 m. Although the production 
under a unit of surface area is not small, 
the intensity of productivity per unit of 
volum e is extremely low. Lake T ahoe’s low 
fertility (as inferred from its productivity 
per unit volume) is the result of a restricted 
watershed, whose granitic rocks provide a 
m inim um  of nutrient salts. This situation 
is rapidly being altered by human activity 
in  the Tahoe basin. T he cultural eutrophi- 
cation o f the lake is accelerated by sewage 
disposal in  the basin and by the exposure 
of mineral soils through road building and 
other construction. Since Lake Tahoe’s 
water is saturated with oxygen all- the way 
down, the decomposition of dead plankton 
sinking slowly towards the bottom is essen­
tially complete. This means that nutrients 
are returned to the system and because of 
a water retention time of over 600 years the 
increase in fertility will be cumulative.
c c £ f Srle Laice’ Iocated at an elevation of 
5600 feet m  the Klamath Mountains of 
northern California, shows some of the 
characteristics of Lake Tahoe as well as 
those o f more productive environments 
(rig . 5). It is, therefore, best classified as 
mesotrophic. Although the lake has a mean 
productivity of about 70 m gC/m Vlir (FiV 
1) during the - ------ * v °

depletion in oxygen in its deep water dur 
ing summer stratification and also unde 
ice cover during late winter.

Clear Lake is an extremely eutrophic 
shallow lake, with periodic blooms of 
bluegreen alga (Aplianizom enon) and in 
organic turbidity greatly reducing the 
transparency of the water. T he photosvn' 
thetic zone is thus lim ited to the upper f 
“  (Flo- 1), with a high intensity of pro 
ductivity per unit volume yielding an aver-
age of about 300 m gC /m V hr during the 
growing season. Because Clear Lake is 
shallow, it does not stratify for more than 
a T V, h0Urs at a timc during the summer, 
and the phytoplankton which sinks below
the light zone is continuously returned to
it by mixing.

Cedar Lake lies near Castle Lake in the 
Klamath Mountains (Fig. 4). Its shallow  
basin is nearly filled with sediment and it 
is nearing the end of its existence as a lake. 
Numerous scars of similar lakes found in 
the area presage Cedar Lake’s future. Ter­
restrial plants are already invading the 
lake, and higher aquatic plants reach the 
surface in many places. T he photosyn- 
thesis beneath a unit of surface area 
amounts to only about 6.0 m gC /m 2/h r  
during the growing season as the lake is 
now only about 4 m in depth (Fig. 1). 
Cedar Lake may be considered a dystrophic 
lake. Some lakes of this type pass to a bo<» 
condition before extinction. In others! 
their shallow basins may go completely dry
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FIG. 5. Average photosynthetic carbon assimilation 
with variation in solar radiation at Brooks Lake, 
Alaska. The primary productivity on a cloudy day 
is compared with that occurring on a bright day. 
Values are from the average of two stations run 
simultaneously. (Goldman, 1960a)

during summer, and their flora and fauna 
become those of vernal ponds.

In examining some aspects of the pro­
ductivity of these five lakes, the variation 
in both the intensity of photosynthesis and 
the depth to which it occurs is evident (Fig. 
1). T he great importance of the total avail­
able light can scarcely be overemphasized. 
This was first made apparent to the author 
during studies of primary productivity and 
limiting factors in three oligotrophic lakes 
of the Alaskan Peninsula, where weather 
conditions imposed severe light limitations 
on the phytoplankton productivity (Gold­
man, 1960a). T he average photosynthesis 
(mgC/ m3/day) on both a cloudy and a 
bright day was essentially proportional to 
the available light energy (Fig. 5).

In Figure 1, photosynthesis with depth 
has been presented for five lakes of greatly 
differing trophic character; These values

of photosynthesis per hour are all based on 
4-hr experiments made at mid-day during 
summer. Had the experiments been per­
formed during a different time of day, the 
results would have appeared quite differ­
ent. A  diurnal study of photosynthesis 
with depth is therefore particularly in­
structive because it reflects this variation 
in  photosynthesis as the light pattern 
changes throughout the day (Fig. 6). If 
photosynthesis-depth curves such as those 
shown in Figure 6 are integrated, we can 
plot the diurnal course of photosynthesis 
beneath a unit of surface area. This has 
been done for six diurnal studies at Castle 
Lake, California (Fig. 7). T he light curve 
is included to show the very close relation­
ship between photosynthesis and light dur­
ing the months of June through September. 
T he consistent symmetry of these curves 
enables an investigator to make rather ac­
curate conversions of short term experi­
ments to a day's productivity on the basis 
of measured light.

Theoretical curves have been developed 
by T ailing (1965), Vollenweider (1965),

castle lake diurnal
VIM-1*61

FIG. 6. Diurnal photosynthesis-depth curves at a 
single station in Castle Lake, California. Measure­
ments were made under different light conditions 
O ccu rrin g  during the four time intervals noted on 
1 August 1961. For the light curve for this day see 
Figure 7.
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FIG. 7. Integral diurnal productivity curves (brok­
en lines) and photosynthetically active radiation 
(solid lines) based on measurements made at Castle 
Lake, California. All curves were developed from 
the integration of vertical productivity profiles such 
as the one constructed for 1 August 1961 shown in 
Figure 6.

and Rodhe (1965) to express the integral 
photosynthesis. These give rather good 
estimates if  there is not too great an asym­
metry in the distribution of the phyto­
plankton population and if the light curve 
decreases uniformly with depth. This pro­
cedure has very lim ited usefulness, how­
ever, in a lake like Clear Lake where the 
percentage o f light transmitted per meter 
varies greatly in the euphotic zone (Fig. 
8), or in  a lake such as Naknek, Alaska, 
which receives volcanic ash from tributary 
streams and has a strongly asymmetrical 
curve of photosynthesis with depth (Gold­
man, 1960a).

N utrient lim iting factors have been re­
viewed by Lund (1965) and examined by 
the author in a number o f lakes (Gold­
man, 1960a, b; 1964; 1965). In Brooks 
Lake, Alaska, a sequence of the most lim it­
ing  factors ranged from magnesium in the 
spring, through nitrogen in the summer, to 
phosphorus in the fall (Goldman, 1960a). 
In  Castle Lake, potassium, sulfur, and the 
trace elem ent, molybdenum, were found to 
be the most lim iting. In Lake Tahoe, iron 
and nitrogen gave greatest photosynthetic

^  ̂ , ___.... 1[n|

response, with nitrogen of particular im­
portance. Trace elements, either singly or 
in combination, have been found to stimu­
late photosynthesis in a variety of lakes. In 
general, some component of the phyto­
plankton will respond positively to almost 
any addition of nutrients, but the com­
munity as a whole will tend to share some 
common deficiencies, Justus Von Liebig  
did not intend to apply his law of the m ini­
mum as rigidly as some have interpreted 
it, and we can best envision lim itation of 
nutrients from the standpoint of the bal­
ance and interactions of the whole nutri­
ent medium with the community of organ­
isms present at any given time. Much 
about the nutrient requirements of phyto­
plankton can be gleaned from the excel­
lent treatise of Hutchinson (1967).

It must be borne in m ind that the pri­
mary productivity of a given lake may vary 
greatly from place to place, and measure­
ments made at any one location may not 
provide a very good estimate for the lake as 
a whole. T his problem has been explored  
in reservoirs by Sorokin (1959), and in 
Brooks Lake, Alaska, by the author. In the 
rather sterile Brooks Lake the productivity 
per unit volume and per unit of surface 
area increased as one approached the major 
tributaries providing the lake's nutrients.

Variability in productivity beneath a 
unit of surface area is particularly evident 
in Lake Tahoe, where attached algae are 
already becoming a nuisance in the shal­
low water, and transparency is often mark-

mission with depth in Clear Lake, California. Val­
ues computed for each successive depth interval.
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edly reduced near streams which drain dis­
turbed watersheds. In July, 1962, the pro­
ductivity of Lake Tahoe showed great in­
crease near areas of high nutrient inflow 
/Goldman and Carter, 1965). This condi­
tion was even more evident in the summer 
of 1967 when Crystal Bay at the north end 
of the lake, and the southern end of the 
lake showed different periods of high pro­
ductivity. This variability in productivity 
may be influenced by discharge of sewage 
and land disturbance. Were it not for the 
great volume of the lake (155 km3), it 
would already be showing more severe 
signs of eutrophication.

In the foregoing, I have attempted to 
give my impressions of aquatic primary 
productivity, treating the subject both as 
a research task and as a body of informa­
tion to be interpreted. I believe that b io ­
logical productivity can no longer be con­
sidered a matter of simple academic inter­
est, but must be recognized as a problem  
of unquestioned importance for survival. 
The productivity and harvest of most of 
the world's terrestrial and aquatic environ­
ments must be increased if the world p op u ­
lation is to have any real hope of having 
enough to eat. This increase is not pos­
sible unless we gain a much better under­
standing of both aquatic and terrestrial 
productivity. Only with a sounder under­
standing of the processes which control 
productivity at the level of the primary 
producers can we have any real hope of 
understanding the intricate pathways by 
which energy moves and biomass accumu­
lates in various links of the food-chain.
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H o w  T o  B e a P redator  

L aw rence B. Slobodkin

D epartm ent of Zoology, University of M ichigan, Ann Arbor, Michigan 4SI01

Synopsis. This paper discusses what would appear to be the optimal strategy of a predator 
given two alternative objectives: (1) maximum yield commensurate with the long-term mainte­
nance of the prey species, and (2) extinction of the prey species. The problem is examined in 
terms of past research on Daphnia and Hydra, and takes into account estimates of ecological 
efficiency, population efficiency, and growth efficiency based on many laboratory experiments. It 
is shown that there may be distinct differences in the effects of removing different kinds of indi­
viduals from a prey population. The optimal system for a predator wishing to insure the con­
tinued availability of its prey is to take animals which are about to die anyway, t.e., to alter the 
natural pattern of mortality as little as possible. It is concluded, with some reservations, that 
predators in nature generally act in this manner. Conversely, if one’s intent is to exterminate a
prey species {e.g,, an objectionable pest), the 
predators do not select.

It is obvious that the welfare of man is 
in part dependent on the kind and abun­
dance of some of the other animals on 
earth. T he life, death, and abundance of 
the completely domesticated animals (e.g., 
the cows, horses, and pigs) are completely 
in man’s hands. If there are economic rea­
sons for having a large population of cows 
this can be arranged by normal husbandry, 
and if new means of transportation appear 
the number of horses is appropriately re­
duced. There are, in addition, non-domes- 
ticated species whose abundance is of sig­
nificance. Some of these animals are of 
great value, and populations of them con­
stitute resources occasionally equal in po­
litical and historical significance to m in­
eral resources. Others are pests. Included  
among the pests are the direct nuisances 
and hazards, like biting insects and disease 
vectors, and the indirect nuisances, like ter­
mites and stored grain eaters, which tend 
to lower the wealth and living standards 
of human populations. W hile the abun­
dance of both pest and resource popula­
tions is of great interest to man, and is par­
tially under his influence, it typically is 
not under human control. W ith regard to 
these populations even modern man is a 
hunter, not a farmer.

There is an intuitive feeling that there 
are wise and foolish ways to be a hunter.
A hunter may have as his goal the exter­
mination of his prey, or he may be con-
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cerned wi th satisfying his own needs at the 
expense of the prey over a long period of 
time. Clearly, we expect the behavior of 
the exterminator to differ from that of the 
manager, and the behavior of hunters of 
different species of animals also differs. Is 
there a general theory which will permit 
us to distinguish between the behavior of 
a clever pest killer and a clever resource 
manager? Or are the differences between 
the various prey species so great that they 
overwhelm the hunters' behavior, and ob­
scure the differences between exploitation  
and extermination? T he answer to this 
question is of major importance on a very 
practical level. As the world's human popu­
lation expands, greater pressures are put 
on specific resource populations. Occasion­
al ly in the past, and increasingly in the 
future, these populations are, or will be, 
altered so as to be in danger of extinction. 
W hen such dangers are recognized, research 
is begun on ways to modify the exploitation  
of the resource, and any possible shortcuts 
that might be made in such research are of 
obvious practical value. If each resource 
population is a unique problem then no 
shortcuts are possible.

I t  would be extremely pleasant if we 
could discover some basic mathematical 
law of predation, which would permit us 
to evaluate in the field a list of constants, 
and from these parameters derive an opti­
mal process of rational predation or effec-

ggg§|
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tiye pest control. Various workers in fish­
eries institutions, pest infestation labora- 
torics, and university biology departments
around the world liave been exploring this 
possibility for many years. 1 will not at­
tempt a historical summary but will discuss 
some of the experimental approaches that 
have been made to the problem, largely in 
hry own laboratory. I will then derive a 
rather tentative general theory of preda­
tion. r

It should be noted that man is not the 
only hunter to benefit from a prudent 
policy of predation. T he various carnivor­
ous animals also face the same problems. 
Obviously, for both man and animals the 
first problem is how to catch prey. Once 
that has been successfully solved the next 
problem is how to avoid catching the prey 
in such a way as to eliminate the resource 
completely. If we succeed in  developing a 
general theory of prudent predation, it be­
comes of great biological interest to know 
if  non-human predators mimic this prudent 
behavior.

It is extremely difficult to experiment 
with a natural fishery. Aside from the in ­
trinsic difficulties in dealing with large 
populations of wild animals in nature, any 
attempt to alter actual fishing procedures 
involves social and economic problems of 
major magnitude, Some “natural” experi­
ments can be found, e.g.,the cessation of 
fishing during wars or the introduction of 
new technology. Unfortunately these are 
generally lacking in replication and con­
trols and can only be analyzed in a limited  
way. British and European workers have 
carefully analyzed the effect of two world 
wars on the North Sea fisheries.

Rather than wait for accidental experi­
ments it is possible to derive some infor­
mation from laboratory experiments. These 
experiments must use animals which are 
short-lived and which are amenable to rela­
tively simple procedures for laboratory cul­
ture. Once the culture problems have been 
solved, animals placed in a laboratory con­
tainer will alter their abundance, so as to 
accommodate to the environment. So long 
as culture conditions remain constant such 
laboratory populations can be maintained

lor generation after generation. It is pos­
sible to set up arbitrarily different systems 
of predation and determine the effect of 
these on laboratory populations. «

In the laboratory, “reality” and immedi­
ate applicability are sacrificed for ease of 
experimental m anipulation and repetition. 
Both matura! and laboratory populations 
are, however, self-regulating systems in 
which the abundance of a population is de­
termined by the environmental circum­
stances and the interactions between the 
organism (given the physiological and ge­
netic properties of the individual animals 
themselves). If there exists a unique gen­
eral theory of predation it should be ap­
plicable to both natural and laboratory 
systems and derivable, in  principle, from 
either.

In my laboratory we have used, at vari­
ous times, populations of flatworms, 
nia, and H ydra .All of these species are 
aquatic and capable of asexual reproduc- 
tion. In fact sexuality is essentially ne<<- 
ligible during these experiments. T he ex­
periments are singularly simple, even for 
laboratory situations, because we deal with 
behaviorally simple animals in a transpar­
ent medium, and are not confronted with 
genetic recombination and selection d u rin g  
the course of each experiment. In Daphnia, 
or any given physical environment, the 

size of the population is dependent on the 
rate of food supply in an essentially linear 
fashion (Slobodkin, 1954). This is also 
true of H ydra  and is convenient for analy-
SIS. . ;

It is also generally true that the number y 
of animals maintained in steady-state popu­
lations is lower at higher rates of preda­
tion. For such populations there is no 
unique optimal predatory procedure. This 
becomes obvious if we recognize that a 
prudent predator must maximize' both its 
yield from the prey population and the
probability of future survival of the prey 
Other things being equal, an increase in' 
the rate of predation increases the yield 
but also reduces the number of animals in 
the prey population-m aking the continued 
survival o f  the prey population increasing­
ly less probable. T he rate of predation to
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on the amount of weight to be given these 
two considerations.

A ssum ing for the moment that the preda­
tor is concerned with maximal steady-state 
viekl, it need only leave behind enough 
of the prey population to just replace it­
self. What are the limits on this process? 
The ultimate limit is the maximal possible 
rate of increase of the prey population. In 
a constant environment all populations 
tend to eome to constant abundance or 
fluctuate cyclically. The period of con­
stancy is obviously characterized by equal 
rates of natality and mortality. The actual 
size of the population at any time is a re­
sultant of the number born and the life 
expectancy of each animal. For example, 
if ten animals per clay are born into a popu­
lation and ten animals die, we know that 
the population is not changing in abun­
dance. But we do not know how many 
animals are in it unless we know how long 
the average animal lives. If an average ani­
mal lives ten days there will be one hun­
dred animals in the population—ten times 
as many animals as there would be if the 
average animal born lived one day.

Predation acts initially to increase the 
mortality rate above the birth rate. If there 
were no compensatory increase of the birth 
rate the prey population would be com­
pletely eliminated. However, there is for 
all species a certain resilience in the re­
productive rate. This resilience is primari­
ly due to the fact that in any population 
the removal of some of the animals leaves 
unutilized the resources these individuals 
would have used. This increases the avail­
able resources for the survivors. The num­
ber of young born tends to be higher than 
in the absence of predation, and the mean 
life expectancy of the animals that are not 
taken by the predator may be higher than 
it otherwise would have been. However, 
the mean life expectancy of a newborn ani­
mal will be less than in the absence of 
predation.

As predation becomes more intense and 
the prey population becomes smaller, a 
further increase in the rate of predation 
diminishes the increase in reproductive

rate and longevity of survivors. That is, 
the physiological limits of fecundity and 
longevity are approached. Once these lim­
its have been reached there is no further 
compensatory mechanism available, and 
further predation will simply destroy the 
prey population. At the physiological limit 
the population can be thought of as at­
tempting to increase at a rate equal to the 
rate of predation. This rate (computed 
as the immediate increase in population 
that would occur should predation cease) 
is the maximal rate of natural increase of 
the population. It can be computed readi­
ly from data on life expectancy and fecun­
dity, and varies between and within species 
according to the quality of the environ­
ment. If we consider that what is taken 
per unit of time by any predator represents 
the increase for that environment, it be­
comes apparent that in the absence of all 
predation the rate of increase is zero.

While a predator can remove animals at 
a rate up to the maximum intrinsic rate of 
natural increase in that environment, it is 
not advantageous to do so. Not only does 
such an intense rate remove all resilience 
from the prey population, but it also usual­
ly involves a reduction of the rate of yield 
to the predator over that achieved by a 
lower rate of predation.

A predator, in general, uses its prey 
population to manufacture some com­
modity from raw materials which are other­
wise of no immediate use. For example, a 
fur trapper uses the fox or beaver popula­
tion to manufacture furs from the raw 
material of lemmings or poplar bark, and 
a herring uses microcrustacea to manufac­
ture food from phytoplankton. The preda­
tor is therefore best off if the rate of preda­
tion is adjusted to maximize its yield. The 
process of predation increases the rate of 
manufacture per unit of prey population 
while it diminishes the size of the prey
population. An extremely small prey popu­
lation cannot produce the same total quan­
tity of yield to the predator as a somewhat 
larger one, even if the larger one is produc­
ing at a slower rate per animal. Excessive 
predation therefore diminishes yield even 
if it does not destroy the prey population.
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Our experiments provided a rather sur­
prising result with regard to the maximum  
ra e  o f yield possible in a predator-prey 
rela tion sliy . In the experiments with 
H yd ta  and D aphm a, the amount of food 
provided the experimental populations 
could be measured with fair precision. T he  
D aphm a  were fed on unicellular algae 
grown on sterile agar medium. T he algae 
w r e  washed off the medium, the density 
ot a gae in suspension was measured pho­
to electrically, and a constant amount of
m t w  l  .t° . I each cultufe. Richman 
( 9oS) determined by direct combustion the 
a  o n e  content of the algae and of 
o f  different sues. W ith this information, 
and ^the number and approximate size of 
the D aphm a  that had actually been taken 
from the populations, the ratio of the en­
ergy (as calories) in  the Daphnia  removed 

in M■  eaten can be cal- 
effect' the efficiency of 

the D aphm a  population in  taking algal 
energy and converting it into energy in the 
form o f yield to the predator.

Various attempts have been made to 
evaluate this type of efficiency (which is 
now  called “ecological efficiency”) in natu­
ral populations (see Slobodkin, 1962- En-

f f i f i M  P ®  B H  these attemptsm volve fairly large sampling errors in esti­
mates of the densities of the prey and 
predator populations. There are also a 
variety o f  more or less correct conversion 
constants, and other sampling errors. The  
values for ecological efficiency that have 
been derived from field studies vary rather

to?0 25? H i  ̂  CXpeCted’ £rom H
i here 1S a tendency for such 

estimates to cluster around 10-15%. Given
the various problems in making these de­
terminations, it is not clear whether this 
clustering is actually an indication of the

vhether a kind of consensus has been cre- 
ated^because workers exercised some kind 
of choice m  their conversion constants so 
as to not disagree too badly with already 
published work. W ith these qualifications^  
approxim ately 10% is a generally accepted 
% ure for ecological efficiency in nature, 
and the variations reported from that value

do not seem to have any particular rela­
tion to ecological situations or taxonomic 
gioups. Many of the estimates of ecologi­
cal efficiency are for “tropic levels,” 
lerbivores, first-level carnivores, etc., which 

may involve pooling data from groups as 
diverse as the vertebrates and the coelenter- 
ates.

1. Th^ P eriments with Daphnia  (Slobod- 
krn 1959) were among the first laboratory 
s udies  ̂ in which ecological efficiency could 
be evaluated. W hile there are still several 
conversion constants; the errors in  sam­
pling are negligible and the steady-state 
condition is met. In these experiments the 
intensity of predation is under complete 
experimental control. T h e technician oper­
ates as a predator. In the absence of preda­
tion the ecological efficiency is zero by defi­
nition, since the prey species continues to 
consume energy but furnishes no yield to 
t e predator. As the intensity of predation 
increases, the size of the steady state popu­
lation decreases and, at least for low values 
of predation, the ecological efficiency in ­
creases. As predation becomes more in- 
tense the relation between the population  
of D aphm a and its food supply begins to
change. At low levels of predation there 
is a linear relation between food level and 
size of population. Because the food-con­
suming capacity of a population is propor­
tional to the number of animals present, 
when the population is excessively reduced 
I  Predatl°n  it can no longer consume all 

of the food provided. This occurs when 
the ecological efficiency is approximately 

/0- As predation becomes even more in­
tense the calories of yield from the D aph­
ma become a smaller fraction of the food  
provided in the experimental container 
However, the amount of yield providedHBflBGB HI actua
oy the D aphm a  continues to rise. At the 
highest level of predation which we could 
maintain without elim inating the popula- 
tion completely, the ratio of yield from 
D aphnia to  food consumed by

1961)aPPrOXi,,iatdy U% iSIobodkiT  1959,
Thus, the first experimental evaluation 

of ecological efficiency, using:1g animals
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•t experimental evaluation 
efficiency, using animals

t hoseri solely for their convenience as ex­
perimental material and without regard to 
their taxonomic or trophic position, gave 
a maximal value of ecological efficiency 
which essentially coincided with the mean 
of field estimates; This result is sufficiently 
surprising  to merit either careful theoreti­
cal analysis or extensive repetition or both. 
Are we dealing with a constant value or 
not, and if it is constant why should it be 
so? Unfortunately no theoretical analysis 
of any satisfactory sort has yet been made 
and the experimental repetition has been 
limited to my laboratory.

Since the generality of the agreement 
between laboratory and field estimates is 
of at least as much interest as the precise 
value for D aphnia, the repetition was done 
with H ydra, an organism as different from  
Daphnia  as possible in most respects. T he  
Daphnia  are free-swimming herbivorous 
Crustacea. H ydra  are normally sedentary, 
carnivorous coelenterates. T he results with  
Hydra  were not clearly different from those 
obtained with D aphnia.

This was then tested in one further ex­
tension. I found that the green hydra, 
Chlorohydra viridissima, could be main­
tained at a steady state in the same culture 
vessel as the brown hydra, H ydra littoralis, 
in the dark. A system of predation was 
established on this two-species system in 
which the total number of animals to be 
removed was determined as a fraction of 
the total increase in population, and the 
number removed from each species was 
proportional to their relative abundance 
in  the populations. Again, the maximum 
ecological efficiency obtained was essential­
ly the same as given by D aphnia  and the 
generally accepted field value.

There is an immediate suspicion that the 
result is some sort of artifact of the experi­
mental procedure, but this is unlikely be­
cause when a similar experim ent is at­
tempted with green hydra, in the light, the 
maximum ecological efficiency, calculated 
as energy in the yield-animals divided by 
the energy in the brine-shrimp nauplii 
which were used as food, is four times 
higher than in the earlier experiments. 
Muscatine has shown that green hydra re­

ceive maltose from their algal symbionts 
(Muscatine and Lenhoff, 1963; Muscatine, 
1965). T he tentative conclusion, subject to 
further test by other laboratory workers 
and subject to more precise analysis o f field 
situations, is that an ecological efficiency of 
8-12% is a reasonable and safe figure to be 
maintained by a steady-state population.

If this is valid, we have produced a gen­
eral criterion for exploitation. However, 
even if it is valid this criterion is not a 
particularly usable one , for either human 
or animal predators, because it requires a 
global perspective on the status of preda­
tion which neither the individual predator 
nor the individual fisherman can maintain. 
In my experiments I can precisely adjust 
my rate of predation to a fixed level with 
regard to any desired characteristic of the 
population as a whole, because I can ex­
amine the entire population and only then 
remove the prey. T his type of adjustment 
on the part of the fisherman is impossible, 
because during his predatory activity he 
does not know the state of the entire re­
source population. It is, therefore, neces­
sary to find a procedure which will permit 
the individual predator or fisherman to act 
within his own local framework in such a 
way as to achieve the optimal relation with 
the prey population as a whole.

T h e solution to this problem lies in the 
fact that the different kinds of animals in 
the prey population have different roles in 
that population. Removal of some kinds
o f animals critically reduces the standing 
crop of the prey population while removal 
of others does not. W hile it is not possible, 
on a local level, to assign an optimal preda­
tory rate to each predator it is possible to 
imagine an optimal mode of predation. 
T h e strategy of the predator is to take 
those animals which best satisfy its needs 
with minim al disruption of the prey popu­
lation if the prey species is a resource, and 
take animals so as to cause maximal dis­
ruption if the prey is a pest.

In the experiments with D aphnia  the 
optim al category of prey animal to be re­
moved can be readily determined. In these 
experiments the yield could be taken either 
as young animals or as adult animals, the
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adults could be taken either with or with- 
out eggs; and the number of eggs in the 
yield could be counted. For each popula­
tion we knew the calories of food consumed 
per unit time (I), the calories of standing 
crop maintained during that time (P), and 
the yield as adults (YA), as eggs (YE), and 
as young (Yy). T he yields are expressed in  
calories per unit time. For each population  
we can write an equation:

YA YE Yy (1) I CP +  -1___ L  v '
EpA Epe Epy

in which the coefficient c is the cost of 
maintenance, in calories, of one calorie of 
standing crop for one time unit. T he  
terms Epa, Epe, and EPY are called “popu­
lation efficiencies” associated with the re­
moval of adults, eggs, and young, respec­
tively. We will provide a rationale for 
these terms below, but notice that if the 
value of EPi for some kind of animal, i, is 
large, the corresponding term Yj/EPi is very 
low. If the values of population efficiency 
differ for two kinds of possible yield in the 
prey population, it is preferable to take 
the kind with the highest population effi­
ciency. This is a kind of information that 
can be used locally without knowing the 
momentary global status o f the prey popu­
lation. For example, it may be expected 
that animals in the prey population differ­
ing from each other in population effi­
ciency also differ from each other in other 
properties, e.g., perhaps body size or be­
havior. A  predator can now concentrate 
on those prey-capturing techniques which 
tend to take animals of the appropriate 
size or behavior.

We now have two problems. First, can 
population efficiency or the relative popu­
lation efficiencies associated with different 
kinds of prey be evaluated in any reason­
ably practical way? Second, and somewhat 
more subtle, do natural predators take 
prey of maximum population efficiency, 
and if so how did they determine the 
values for population efficiency?

T he simplest kind of evaluation of popu­
lation efficiency can be made if data on 
steady-state sizes and yields are available

from a series of populations, each of which 
is subjected to a different pattern of preda­
tion. In the experiments with Daphnia  
there were 22 populations distributed over 
three feeding levels (Slobodkin, 1959). At 
each feeding level young animals were pri­
marily, but not exclusively, removed from 
some populations while adult animals were 
preferentially removed from others. W ithin  
each of these categories the rate of removal 
differed between populations. All of the 
populations differed from each other in  
standing crop and yields, but assuming that 
equation (1) is valid for all of them, there 
is a uniquely determined best set of esti­
mates of maintenance cost and population  
efficiencies. That is, for each population  
it is possible to write an equation like (1) 
with four unknowns and then to solve the 
22 equations for the best estimate of the 
four unknowns. T h e actual values of popu­
lation efficiency for Daphnia  were 48% for 
adults, 6% for eggs, and 3% for young. 
W hile the precise values are not critical, 
their relative  magnitudes provide some in­
sight as to the relative values of population  
efficiency when we have only a single popu­
lation for study instead of a whole series.

We know that, in  general, the natural 
mortality pattern of Daphnia  is such that 
the life expectancy of a young animal is 
considerably greater than that of an older 
one. T hat is, Daphnia  shares with man, 
m ountain sheep, and horses the property 
of being relatively viable in their youth 
and becoming more susceptible to various 
sources of mortality when they grow older. 
T he removal of calories of old D aphnia  
may make considerably less difference in 
the size of the prey population than the 
removal of equivalent amounts of young 
calories because the old animals are quite 
likely destined to die in the near future.

T his suggests a general procedure. Ani­
mals can be removed from a prey popula­
tion with essentially no danger to the con­
tinuity of the prey population, if the preda­
tor acts so as not to disturb the distribu­
tion of deaths in the prey population. Any 
prey population, even in the absence of a 
particular predator, has a normal pattern 
pf mortality. T his pattern is a safe one
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from the standpoint of continuity of the 
population or the population would not be 
there. If a predator were able to deter­
mine which animals were destined to die 
in the next instant and captured only 
those, he would be optimally prudent. T he  
limit to this system is that the total yield 
per unit of time remains small. Any preda­
tory activity which increases yield also 
alters the death-distribution of the prey. 
Nevertheless, it is possible to alter this dis­
tribution in a modest way. It seems rea­
sonable to conclude that the kinds of prey 
exhibiting high population efficiency are 
best to take. These individuals are rela­
tively large and have a relatively high 
probability of dying in the near future 
even in the absence of predation.

Another feature which distinguishes one 
prey organism in a population from an­
other is “growth efficiency,” or the ratio of 
energy in the animal to energy consumed 
in its growth and maintenance (Slobodkin, 
1960). Imagine an animal living for an 
infinitely long time but growing only dur­
ing its first year of life. Assume also that 
its rate of food consumption is approxi­
mately proportional to its body size. It is 
clear that while the growth efficiency of 
our hypothetical animal might be reason­
ably high during its first year of life, it 
would tend to fall with time and eventually 
approach zero. Other things being equal, 
it is better for a predator to take animals 
at an age when their growth efficiency is 
still high.

Now turn this concept around, and con­
sider an animal that is dying at some par­
ticular age. It is possible to calculate the 
cost, in calories, of replacing that animal 
with an equivalent one, viz., the number 
of calories in the anim als body divided by 
its growth efficiency summed up to its age 
at death. This permits us to relate growth 
efficiency to population efficiency. It is pos­
sible to show that Epi—the population effi­
ciency used in (1)~for any animal of type 
i is precisely equal to:

E § ____  Yk_________|  (2)
Pi S K A  — p y p s ^ D j

in which Yk is thé; caloric content of the 
animal, Ki is the cost of replacing an ani­
mal of age i in the absence of predation, 
and Dj the number of such animals dying 
per unit time. and Dj are the corre­
sponding values in the presence of preda­
tion and P' and P are the calories of stand­
ing crop maintained with or without the 
removal of the animal of kind i.

Equation (2) may not appear to have 
simplified anything, but it has the virtue of 
permitting evaluation of population effi­
ciency from data which, at least in prin­
ciple, can be derived from a single popula­
tion. Even if no precise evaluation can be 
made, it i£\a fairly safe procedure to take 
a large animal (with a decreasing growth 
efficiency and a high probability of dying 
in the near future) rather than a small ani­
mal with an increasing growth efficiency 
and a long life expectancy. Population effi­
ciency is more or less inversely proportion­
al to reproductive value, as defined by 
Fisher ( 1958) and used by population ge­
neticists, but the precise relation is not ob­
vious.

We have now shown that there is al­
ways an optimal kind of prey for a predator 
to take. Although it is possible, at least 
in principle, to choose between kinds of 
prey on the basis of information from a 
single population, a large problem remains. 
Do non-human predators actually take the 
optimal kinds of animals that would be 
indicated by our theory? Unfortunately we 
face a shortage of direct data. T he prob­
lem can be resolved, however, by recogniz­
ing that if a particular predator is a major 
source of mortality for a particular prey, 
there is strong selection for some kind of 
adjustment to the activity of that predator. 
T he adjustment must be expressed in some 
way rendering the predator s activities less 
significant. This result can be attained in 
either of two ways. T he more obvious is 
in the development of escape behavior or 
protective mechanisms. Because the evolu­
tionary machinery available to predators is 
essentially the same as that available to 
prey, this results in an endless evolution­
ary race unless some stabilizing process is 
found. T he alternative procedure for the
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prey is to adjust its mortality, fecundity, 
and growth patterns so as to maximize the” 
population efficiency of those animals most 
subject to predation.

Selection is not concerned with an ani­
m al’s body except as this is a container for 
future generations. If the fecundity and 
growth patterns are' suitably adjusted, 
older annuals (although still nourishing or 
valuable from the predator’s standpoint) 
can be made, into empty husks from the 
standpoint of selection. Comfort (1961) 
has suggested that animals of this sort may 
be expected to show various kinds of senile 
degeneration. Being of no value from the 
selective standpoint permits the degenera­
tive changes that result in death from all 
causes, in particular from predation. A  
predator that took only this sort of animal 
would appear to be highly prudent and 
would appear to be choosing animals of 
mgh population efficiency.

It IS possible to raise the objection that 
predators may prefer younger, more per- 
fect specimens. In any case this is a pos­
sibility that should be considered. A shift 
to younger prey by predators constitutes a 
selective change on the prey and may be 
met in the same way as the initial selective 
change. If this cannot be done I would 
judge that the prey has been destroyed at 
some time in the past and is not now avail­
able for study. There are many cases in
which prey are taken at relatively early 
ages, before any reproduction at all has 
occurred (e g., many of the marine animals 

• with small larvae). It is generally true that 
these stages are also those that die rapidly
H I  absence, of Predation. Errington 
(1946) suggested, on the basis of studies of 
muskrat populations, that the chief im ­
pact of predators on these animals is borne 
by the excess anim als-those that are wan­
dering and have no territory. In both of 
these situations, although the animals 
taken have the physiological potentiality 
for reproductive life before them, the ac- 
tiyiues o f the predators do not seriously 
Rlter the normal survivorship distributions 
of the prey populations. The predators are 
merely competing with other sources of 
mortality. Again we are seeing the removal

of animals with high population efficiency.
In  some field situations violent fluctu­

ations of prey are correlated in time with  
great increases of predatory activity. Anion«- 
the best studied of these is the lemming- 
population of Point Barrow, Alaska. It is 
suggested by the work of I’itelka (1957) 
and his students that the numerical de­
cline of lemmings would actually occur 
even in the absence of predators.

O f course, in  some cases (e.g., the Kaibab 
deer), elim ination of all predators results 
m a radical alteration in number and con­
dition of the prey. Cases in which the 
elim ination of only one predatory species 
has clearly resulted in an increase of a prey 
population, seem relatively rare. T he re 
verse situation is well known in the field 
of biological control where new predators 
are sought deliberately so that they may 
reduce some prey species. It has been fre­
quently pointed out that the prey species 
is almost always an exotic, and the success­
ful controlling predator is usually from the 
same country of origin as the prey. T his 
does not necessarily imply that elim ination
of the controHing predator would cause an
outbreak of the prey in the country of 
origin It must be emphasized, however 
that this experiment (to my knowledge) 
lias not been attempted. 6 '

and C«ndr f ie’ HI a series of reservations 
nd qualifications (only some of which

have been listed here), that predators gen-Ml ■ H B B  fldently T his apparent prudence is essen­
tially forced on them by the selective ef-
and dn Predatl° n on the Prey population, 
and does not represent any form of ration­
ality on the part of the prey itself. In de­
signing a system of predation for man, we 
are behaving with maximum prudence if 
we ako take ,he kind of prey L t
predators seem to prefer. Conversely in  
designing a control system we ought to 
take the kind of prey natural predators 
do not take.

REFERENCES

Comfort, a . 1961. The life span of anim-m cw 
American 205:108-119. " mats. Sci.



How to  be a  P redator 51

copulation efficiency, 
ions violent fluctu­
a t e d  in time with 
ory activity. Among 

ese is the lemming 
urow, Alaska. It is 
M Pitelka (1957) 
the numerical de- 
dd actually occur 
predators.
* (e-g., the Kaibab 

predators results 
number and con-

■ses in which the 
predatory species 
increase of a prey 

f t  rare. T he re- 
rown in the field 
*?e new predators 
? that they may 

It has been fre- 
the prey species 
and the success-

nsually from the
the prey. This 

that elimination 
would cause an 
the country of 
wired, however, 
my knowledge)

of reservations
®me of which 

predators gen- 
hehaving pru. 

dence is essen­
ce selective ef- 
5-v Population, 
orm of ration-
• ttself. in  de- 
■i for man, we 
1 Prudence if

that natural 
-oaversely, in 
we ought to 
raf Predators

ar«mals. Sei.

Errington, P. L. 1946. Predation and vertebrate 
populations. Quart. Rev. Biol. 21:145-177, 221- 
245.

Fisher, R. A. 1958. The genetical theory of natural 
selection. Dover Publications, New York.

Muscatine, L. 1965. Symbiosis of hydra and algae. 
III. Extracellular products of the algae. Comp. 
Biochem. Physiol. 16:77-92.

Muscatine, L., and H. M. Lenhoff. Symbiosis: on 
the role of algae symbiotic with hydra. Science 
142:956-958.

Pitelka, F. A* 1957. Some aspects of population 
structure in the short-term cycle of the brown 
lemming in northern Alaska. Cold Spring Harbor 
Symposia on Quantitative Biol. 22:237-251.

Richman, S. 1958. The transformation of energy by

Daphnia pulex, Ecol. Monographs 28:273-291.
Slobodkin, L. B. 1954. Population dynamics in 

Daphnia obtusa Kurz. Ecol. Monographs 24:69- 
88.

Slobodkin, L. B. 1959. Energetics in Daphnia pulex 
populations. Ecology 232-243.

Slobodkin, L. B. 1960. Ecological energy relation­
ships at the population level. Am. Nat. 95:213- 
236.

Slobodkin, L. B. 1961. Growth and regulation of 
animal populations. Holt, Rinehart, and Win­
ston, New York.

Slobodkin, L. B. 1962. Energy in animal ecology, 
p. 69-101. In  J. B. Cragg, [ed.], Advances in eco­
logical research. Academic Press, London and 
New York.



Am, Z o o lo g ist , 8:11*18 (1968),

Lös Angeles, for 
o f  America, C o  
'oented at Texas 
as a part of the 
¿ nted by a grant

qecdve. W hile it is 
immunity studies re- 
ip port levels beyond 
tersities, energy stud­
io. designed. Manage­
st all levels of com-

blems and ask the 
iv hope that the 1967 
f this volume of the 
i l l  contribute to this

RNER *

u cl ear Medicine and 

lifornia, Los Angeles

Energy Flow  in Ecosystem s: A  H istorical Review 

E ugene P . O dum

Institu te of Ecology and D epartm ent of Zoology, University of Georgia,
Athens, Georgia 30601

Sy n o p s is , A  generalized model of energy flow applicable both to individual populations and 
food chains is discussed. The basic ideas of energy flow and trophic levels are described, and it 
is emphasized that the concept of trophic level is not primarily applicable to individual species. 
The efficacy of rates of population energy flow as a measure of importance in community func­
tion is stressed, and the disadvantages associated with measures of density and biomass are 
pointed out. Finally, the historical development of energy-oriented thinking in ecology is traced 
in a series of ten steps dating from the fate 19th century. The growing importance of systems 
analysis and the use of computer models to simulate ecological functions are recognized as major
areas of emphasis during the next decade.

T he study, understanding, and intelli­
gent m anipulation of our environment re­
quires systematic investigation of the struc­
ture and function of ecological systems at 
various size levels ranging from simplified 
microcosms to the biosphere as a whole. In  
a recent article (Odum, 1962) I suggested 
that ecology could best be defined as the 
study of the relationships between struc­
ture and function in nature, and that the 
following breakdown might provide a sim­
plification of the first order for purposes of 
study.
A. Structure.

1. Composition of the biological com­
munity (species, numbers, biomass, 
life-history, dispersion, etc.).

2. Quantity and distribution of abiotic 
materials (nutrients, water, etc.).

3. Range or gradient of conditions of 
existence (temperature, light, etc.).

B. Function
1. Range of energy flow through the sys­

tem (eco-energe tics).
2. Rate of material cycling (eco-cycling).
3. Regulation by physical environment 

and by organisms (eco-regulation).
Thus, we review in this refresher course 

one of the several fundamental approaches 
to ecology—one that lends itself especially 
to the teaching of the subject to student and 
citizen alike. My paper is concerned with

a brief history of this approach as an intro­
duction to the five papers which follow. 
Before going into history, I believe it would  
be well to delim it and define our subject.

T he behavior of energy in ecosystems 
can be conveniently shorthanded as ‘‘en­
ergy flow” because energy transformations 
are directional in contrast to the cyclic be­
havior of materials. T he potential and 
kinetic components of energy flow through 
an ecological system are lumped under the 
designations, production (P) and respira­
tion (R), respectively. Consequently, en­
ergy flow (E) can be very broadly defined 
as the sum of P and R, or E ~  P +  jPi W e 
need, of course, to further subdivide P and 
R into their ecologically significant sub­
compartments. Since terminologies have 
not been standardized and the usage of 
equation-symbols varies so widely as to be 
confusing, I believe the best way to estab­
lish communication, especially in the teach­
ing arena, is to fall back on a graphic model 
that shows relationships in the form of an 
easily understood picture.

In Figure 1, I present what might be 
called a “universal” model of energy flow, 
one that is applicable to any living compo­
nent whether it be plant, animal, micro­
organism—or individual, population, troph­
ic group. Linked together, such graphic 
models can depict food-chains (as shown in

11
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the lower right o£ Fig. 1), or the b ioener  
getics of an entire ecosystem.

In Figure I, the shaded box labelled “B ” 
represents the living structure or “biomass” 
pf-the com ponent. T h e designation, “stand­
in g  crop, is a comparable term often used 
iv'hen we wish to speak of the total mass of 
a population or trophic grouping such as 
phytoplankton in a coluriin of water or 
phytophagous insects in a grassland. Bio-
rm ss is usually measured and expressed as
som e kind' o f weight: either total living 
(wet) weight, dry weight, or ash-free weight“ 
Varying usages here and the lack of good

conversion factors often pose problems. 
From the standpoint of energetics it is also 
desirable to express biomass in terms of 
caloiies so that relationships between the 
rates of energy flow and the instantaneous 
or average standing-state biomass can be 
established. As will be briefly noted further 
along in this article, the ratios B /E , B /P , 
and B /R  are of great theoretical interest 
with respect to community development 
and ecological succession.

T he total energy input or intake is indi­
cated by Mm in Figure 1. For strict auto­
trophs this is light, and for strict hetero-
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trophs organic food. Some species of algae 
and bacteria can utilize both energy 
sources, and many may' require both in cer­
tain proportions. A  similar situation holds 
for invertebrate animals and lichens which 
contain m utualistic algae. In such cases the 
input flow in  the energy flow diagram can 
be subdivided accordingly to show the dif­
ferent energy sources, or the biomass can be 
subdivided into separate boxés if  one wishes 
to keep everything in  the same box at the 
same energy level (he., the same trophic 
level).

Such flexibility in usage can be confusing 
to the beginner. In  teaching, I find that it 
is important to emphasize that the concept 
of trophic level is not prim arily intended  
for categorizing species. Energy flows 
through the community in  stepwise fashion 
clue to the second law of thermodynamics, 
but a given population of a species may be 
(and very often is) involved in more than 
one step or trophic level. T he universal 
model o f  energy flow illustrated in Figure 
I can be used in two ways. T he model can 
represent a  species-population, in which 
case the appropriate energy inputs and 
links w ith other species would be shown as 
a conventional species-oriented food-web 
diagram. Gr the model can represent a dis­
crete energy level, in  which case the bio­
mass and energy channels represent all or 
parts o f many populations supported by 
the same energy source. Foxes, for exam­
ple, usually obtain part of their food from 
eating plants (fruit, etc.) and part by eat­
ing herbivorous animals (rabbits, field 
mice, etc.). A single diagram of energy flow 
could be used to represent the species or 
the whole population of foxes if our objec­
tive is to stress intrapopulation energetics. 
On the other hand, two or more boxes 
(such as shown in  the lower right of Fig. 1) 
would be em ployed should we wish to ap­
portion the metabolism of the fox popula­
tion into more than one trophic level. In 
this way we can place the fox population  
into the overall pattern of energy flow in 
the -com m unity. W hen an entire commu­
nity is m odeled one cannot mix these two 
usages unless a ll species happen to be re­
stricted to single trophic levels (c.g.y a

highly simplified blue-grass-cow-man eco­
system).

So much for the problem of the source 
of the energy input. Not all of the input 
into the biomass is transformed; some of it 
may simply pass through the biological 
structure, as occurs when food is egested- 
from the digestive tract wi thout being me­
tabolized, or when light passes through 
vegetation without being fixed. This en­
ergy component is indicated by “N U “ (“not 
utilized“) .  That portion which is utilized 
or assimilated is indicated by “A “ in the 
diagram. T he ratio between these two 
components, i.e., the efficiency of assimila­
tion, varies widely. It may be very low, as 
in light-fixation by plants or food-assimila­
tion in detritus-feeding animals, or very 
high as in the case of animals or bacteria 
feeding on high energy food such as sugars 
and amino acids.

In autotrophs the assimilated energy 
(“A“) is known as “gross production“ or 
“gross photosynthesis.“ Historically, the 
term, “gross production,“ has been used by 
some authors for the analogous component 
in heterotrophs. However, since the “A “ 
component in heterotrophs represent food 
already “produced“ somewhere else, the 
term “gross production“ should be re­
stricted to primary or autotrophic produc­
tion. In higher animals, the term, “me­
tabolized energy,“ is often used for the “A “ 
component.

A key feature of the model is the separa­
tion of assimilated energy into th eS P “ and 
“R “ components as previously described. 
That part of the fixed energy (“A “) which 
is burned and lost as heat is designated as 
respiration (“R“) , while that portion 
which is transformed to new or different 
organic matter is designated as production 
(“P“) . This is the “net production“ or 
“net photosynthesis“ in green plants and 
simply “production“ or ''secondary produc­
tion“ in animals. It is important to point 
out that the “P “ component is energy avail­
able to the next trophic level, as opposed 
to the “N U ” component which is still avail­
able at the same trophic level.

T he ratio between “P“ and “R “ varies 
widely and is of great ecological signifi-
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cance. In general, the proportion of en­
ergy going into respiration or maintenance 
is large in populations of large organisms, 
such as men and trees, and in mature (i.e., 
“climax”) communities. Conversely, the 
“P” component is relatively large in active 
populations of small organisms, such as 
bacteria or algae, and in  the young or 
“bloom” stages of ecological succession.

Production may take a number of forms. 
Three subdivisions are shown in Figure 1: 
“G” refers to additions to the biomass or 
growth. “E” refers to assimilated organic 
matter which is excreted or secreted (e.g., 
simple sugars, amino acids, urea, mucus, 
etc.). T his “leakage” of organic matter, 
often in dissolved or gaseous form, may be 
appreciable but is often ignored because it 
is hard to measure. Finally, “S” refers to 
“storage,” as in  the accumulation of fat 
which may be reassimilated at some later 
time. T he reverse “S” flow shown in Fig­
ure 1 may also be considered a “work loop” 
in  that it depicts that portion of produc­
tion w hich is necessary to insure a future 
input of new energy (e.g., reserve energy 
used by a predator in the search for p rey).

Figure 1 shows only a few of the eco­
logically useful subdivisions of the basic 
pattern of energy flow. In  practice, we are 
often hampered by the difficulties of meas­
urement, especially in field situations. A 
primary purpose of a model, of course, is 
to define components that we want to meas­
ure in order to stimulate research into  
methodology. Even if we are not yet able 
to chart all the flows, measurements of 
gross inputs and outputs alone may be re­
vealing. Because energy is the ultimate 
lim iting factor, the amounts available and 
actually utilized must be known if we are 
to evaluate the importance of other poten­
tially lim iting or regulating factors. Many 
of the controversies about food limitation, 
weather limitation, competition, and bio­
logical control could be resolved if  we had 
accurate data on energy utilization by the 
populations in question.

Concepts of energy flow provide not only 
a means of comparing ecosystems with one 
another, but also a means of evaluating the

t a b l e  1. D e n s ity , b iom ass, an d  en ergy  f lo w  o f  
d ifferen t organ ism s.

Approximate 
Density (m2)

Biomass
(g/m*)

Energy Flow 
(Ecal/m 2 

/day)

Soil bacteria 1012 0.001 ' 1.0
Marine eopepods 

(A c a r tia )
IO5 2.0 2.5

Intertidal snails 
(L itto r in a )

200 10.0 1.0

Salt marsh 
grasshoppers 
(Orchelimum')

10 1.0 0.4

Meadow mice 
(M iero tu s)

io-2 0.6 0.7

Deer (Odo- 
coileus)

io-5 1.1 0.5

Insectivorous
birds

io-3 0.02 0.02

Blue grass 
(JPoa)

40 200 20.0

relative importance of populations of di­
verse sizes and rates of metabolism. Table 
1 lists estimates of density, biomass, and 
energy flow rates of eight populations dif­
fering widely in size of organism and 
trophic position. These estimates are based 
on densities and weight-specific metabolic 
rates (including an estimate for the “P” 
component) that one might expect to find 
in a temperate community of moderate nu­
trient fertility. For the first six popula­
tions listed, the estimated energy require­
ments are similar, even though the densi­
ties vary over 17 orders of magnitude and 
the biomass over five. T his indicates that 
all six populations are functioning at ap­
proximately the same energy level (i.e., as 
primary consumers or herbivores). T he  
higher rates estimated for blue grass and 
the lower rates for insectivorous birds are 
indicative of their different trophic roles 
in the ecosystem. Because numbers over­
emphasize the importance of small organ­
isms (e.g,, bacteria) and weight or biomass 
overemphasizes the importance of large or­
ganisms, we cannot use either as a reliable 
criterion for comparing the functional role 
of populations that differ widely in size- 
metabolism relationships. T he rate of en­
ergy flow, however, provides a suitable in­
dex for comparing the importance, ener-
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.if, a n d  e n e r g y  o f
~*pin ism s.

Biomass
(g /» ’)

Energy Flow 
(Kcai/m2 

/day)

0.001 1.0
2.0 2.5

10.0 1.0

1.0 0.1

0.6 0.7

1.1 0.5

0.02 0.02

200 20.0

populations of di- 
ml metabolism. Table  
density, biomass, and 
eight populations dif- 
ze of organism and 
ese estimates are based 
ight-specific metabolic 
estimate for the “P” 

e  might expect to find 
iunity of moderate nu- 

the first six popula- 
mated energy require- 
ven though the densi- 
lers of magnitude and 
e. This indicates that 
are functioning at ap- 
e  energy level (i.e., as 

or herbivores). T he  
ed for blue grass and 
insectivorous birds are 
different trophic roles 
because numbers over- 
nance of small organ- 
and weight or biomass 
mportance of large or- 
use either as a reliable 
ring the functional role 
: differ widely in  size- 
ships. T he rate of en- 
provides- a suitable in- 
the importance, ener­

getically speaking, of any and all compo­
nents of an ecosystem.

T he idea of looking at nature as an en­
ergy-flow system is deeply rooted in the 
early history of science. Interest in the 
“fires of life” goes back to antiquity. Many 
of the concepts that we now apply to the 
population and community level had their 
origin in the physical sciences and in the 
early history of physiology and medicine. 
For the purposes of this refresher course, 
I believe we can trace the recent history 
of ecological energetics in about ten steps. 
It should be emphasized that the following 
outline was prepared primarily as a chro­
nology of ideas and not as a historical re­
view of names and literature. Only a few 
samples of the latter are suggested for their 
value as background reading.

1. Q ualitative description of food webs: 
The idea that organisms in nature are 
linked together in network fashion through 
food was expressed in various ways in the 
writings of 19th century naturalists. Ste­
phen A. Forbes' classic essay on “T he Lake 
as a Microcosm" (1887) is a good example, 
and provides an appropriate beginning for 
this historical review.

2. Trophic levels and ecological pyra­
mids, In the 1920’s, August Thienem ann  
(1926) described trophic levels in terms of 
“producers" and “consumers," and Charles 
Elton (1927) wrote about the “ecological 
niche” and the “pyramid of numbers" in 
terms of organization of the food chain. 
As emphasized earlier in this paper, cri­
teria of energy flow should replace num­
bers if the “Eltonian pyramid" is to remain 
a valid concept for all types of ecosystems.

3. Application of therm odynam ic prin­
ciples. T he 1920’s also saw the beginning 
of the influence that the second law of 
thermodynamics was to have on ecological 
theory. A. J. Lotka’s book, “T he Elements 
°f Physical Biology" (1925), was a mile­
stone. His concepts of the non-equilibrium  
Heady state and the ‘flaw of maximum en- 
etgv m biological systems" were forerunners

important ecological generalizations, 
e  ̂> theory of H. T . Odum and Pinker- 
ion (1955) that nature’s low efficiency of 
|  nergy transfer is a consequence of the

tendency for optimum efficiency for maxi­
mum power output to be less than maxi­
mum efficiency .

4. Energy budgets and the concept of 
prim ary productivity . Limnologists were 
among the first to develop these concepts, 
perhaps because lakes provide such con­
venient units for study and because heat 
and gaseous exchanges are more easily 
measured in standing bodies of water than 
in other ecosystems. T he work of Birge 
and JudayJn the 1930’s comes to mind in 
this connection (see Juday, 1940). As in­
strumentation improved, it later became 
possible to deal with energy budgets of ter­
restrial environments, and even of the 
whole biosphere, as suggested in  David 
Gates’ little book, “Energy Exchange in 
the Biosphere’A: (1962).

T o  a considerable extent, progress in the 
study of primary productivity depended on 
the development of field methods. T he  
following is a brief chronology of methods 
(together with one or more pioneer method­
ologists):

a. C 0 2 uptake in terrestrial enclosures. 
Transeau (1926).

b. Dark and light bottle method (aquat­
ic). Gaarder and Gran (1927).

c. T he diurnal curve method (aquatic). 
Sargent and Austin (1949), H. T . Odum  
(1956).

d. Harvest methods. Penfound (1956), 
Ovington (1957), E. P. Odum (I960).

e. T he pH  method (aquatic). Verduin 
(1956), Beyers, and H. T . Odum (1959).

f. T he light-chlorophyll method. Ryther 
and Yentsch (1957).

g. Infra-red gas analyzer measurement of 
C 0 2 (enclosed terrestrial vegetation). Lem­
on (1960), Mooney and Billings (1961).

h. C 0 2 vertical gradient method (unen­
closed terrestrial vegetation). Monteith 
(1962).

5. Trophic-dynam ic concepts and en- 
ergy flow by trophic levels. Raymond 
IJndeman’s classic paper on the “Trophic- 
dynamic Aspect of Ecology” (1942) ushered 
in the 1940’s and did more than any other 
single contribution to bring concepts of 
energy flow to focus at the level of the 
ecosystem. One should not forget, how-
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ever, the contributions to this synthesis by 
G. E. Elutcliinson (1 9 4 8 ) /George Clarke 
(1946), Amyan Macfadyen (1949), and 
others.

6. T he energy-flow diagram and com­
m unity m etabolism . T he diagram of en­
ergy flow might be referred to by some as an 
"Odum” device (H. T . Odum, 1956, 1957; 
Odum  and Odum, 1959; E. P. Odum, 1963), 
although flow-diagrams are routine in 
physics and engineering. T he basic unit of 
the ecological energy-flow diagram has been 
described in this paper. In modified form, 
flow-diagrams have proved useful in em­
phasizing the fundamental partition of 
flow into grazing and detritus food-chains 
(E. P. Odum, 1962; 1963), and as a basis 
for models of electrical analogue circuits 
(H. T . Odum, 1960). T he latter approach, 
which considers the energy channels to be 
the “invisible wires of nature,” is especially 
appropriate for analogue computer ma­
nipulation (see item 10 below).

Studies during the 1950’s demonstrated 
that important generalizations could be de­
rived from measurements of the metabo­
lism  of whole communities without neces­
sarily having detailed information on all 
com ponent populations (Odum and Odum, 
1955; H . T . Odum, 1957; Teal, 1957).

7. Secondary production  and energy flow 
in populations. It is only natural that suc­
cess in the study of primary production 
should be followed by increased interest in 
the energy flow of heterotrophs and con­
cern with the utilization of net primary 
production. Here again, background ex­
perience in laboratory physiology was the 
basis for the first attempts at field meas­
urements. I cite only a few examples of 
efforts to combine laboratory respirometry 
with field census procedures: Pearson 
(1954), Phillipson (1962), E. P. Odum and 
Smalley (1959), E. P. Odum, et al. (1962), 
Golley (1960). Ecologists are now seeking 
new methods which do not require “en- 
closem ent” (i.e., confinement in cages or 
respirometers). Ra tes of uptake, eli mina- 
tion, and flux of radionuclide tracers pro­
vide the most exciting new tools (Crossley 
and Howden, 1961; E. P. Odum and F. B.

Golley, 1963; R. G. Wiegert, E. P. Odum, 
and J. H. Schnell, 1967; Reichle, 1967).

8. Energetics of laboratory populations. 
Just as some generalizations are b.est made 
from the study o f “big nature« (such as a 
coral reef), so other useful generalizations 
come from the study of “little 'nature” in 
the laboratory. Ecologists are just begin­
ning to take advantage of the precision, 
control, and experimental design-possibil­
ities of thelaboratory in studies that range 
from those focused on the energetics of 
populations of single species (Richman, 
1958; Slobodkin, 1959) to those dealing 
with the community metabolism of self-sus­
taining micro-ecosystems (Beyers, 1963; 
Cooke, 1967). The latter will be of great 
interest in future attempts o design a re­
generative ecosystem for man’s space travel.

9. The energetics of ecological succes­
sion. H. T . Odum and R. C. Pinkerton 
(1955) were perhaps . among the first to 
point out that ecological succession in­
volves a fundamental change of the pat­
tern of basic energy flows.. As ecosystems 
develop toward maturity (i.e^j “clim ax”), 
the P /R  ratio approaches one and the B/E  
(or B /P  or B /R ) ratio, increases—-the 
strategy being not to maximize efficiency 
of production (as is often desired by man), 
but to optimize the support of as large and 
complex a biomass structure as possible per 
unit of available energy flow. Margalef 
(1963a, 19635) has recently documented 
and extended these basic ideas, and his 
papers should be required reading for all 
ecologists.

10. Systems ecology. T he “input-output/’ 
“rate of change,” and “flow chart” ways of 
thinking lead directly into “systems analy­
sis,” which is a state o f mind as much as it 
is applied mathematics and computers 
(Watt, 1966). Because energy flow drives 
the complex cycles of materials that are the 
form, function, and diversity of life, “eco- 
energetics” is the core of “ecosystem analy­
sis.” It is not difficult to predict where the 
emphasis will be in the next decade!

EPILOGUE

W ithin our own exploding population,
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exploding population,

there is increasing concern about “food 
ecology,” which is essentially the same 
tiling as “energy flow ecology” if we con­
sider light as “plant food.” T he Inter­
national B iological Program (IBP) now  
heincr planned worldwide around the 
theme, “the biological basis for produc­
tivity and human welfare,” is but one indi­
cation o f the recognition by scientist and 
citizen alike that a better understanding 
of the biosphere is urgent. T he first phase 
of IBP, now well underway, involves the 
scheduling of symposia, planning of pro­
grams by national committees, and the 
preparation of manuals on methods.1 The  
definitive phase w ill involve intensive, mul­
tidisciplinary studies of landscapes (such 
as forests or croplands), important processes 
(such as nitrogen fixation), and key prob­
lems (such as hum an adaptation). T o  
achieve these goals, many more trained and 
motivated people than are now available 
will be needed. Hence, training is one of 
the primary concerns of IBP planners. In 
someSmall way w e hope that this refresher 
course’w ill prove a useful adjunct to the 
IBP.

i Bulletins outlining; the U. S. National Program
for IBP raav be obtained by writing: U. S. National
Committee for the IBP, National Academy of Sci­
ences, 2101 Constitution Avenue, Washington, D. C.
SHIS,
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Association, niche, and habitat. The only divisions of die bio- 
coenosis that seem to have real significance in ecological limnology 
are what would be termed associations by plant ecologists, particularly 
in Europe. Such parts of the biocoenosis are those that can be char­
acterized by dominant or at least characteristic species.5 The concept 
of the association is definitely useful for both plant, animal, and mixed 
communities. It inevitably has an arbitrary size parameter which can­
not be dealt with by a concept of homogeneous diversity but must 
remain relative to the visual field of the investigator. The association 
is recognized as a patch, which on examination proves to be caused 
by the presence of a number of specimens of a particular species 
close together or to the texture of an area defined by a more scattered 
but nevertheless spatially restricted distribution of organisms against 
a nonliving background. The fact that associations so often have 
definite limits, although the factors determining them often vary con­
tinuously, is doubtless due primarily to the external determination of 
the direction of competition, as Cause and Witt (1935) first pointed 
out in a formal manner. The term association ordinarily is used for 
an assemblage of species that recurs under comparable ecological condi­
tions in different places. There is, however, no logical reason why 
some associations should not have a unique representation in nature. 
To deny that such an assemblage is an association is to introduce 
hidden theory into the meaning of the word.

Chodorowski’s (1959) term taxocene for a group of species, all 
members of a supraspecific taxon and occurring together in the same 
association, is most convenient. We may thus speak of the benthic 
taxocene of tendipedid larvae, the epilimnetic planktonic taxocene of

* The question why a few species are common and many rare, a condition essential in the characterization of an association, Is a fundamental one and Is discussed at greater length in Chapter 21.

calanoid copepods, or the littoral taxocene of monocotyledonoui 
flowering plants. The populations of the species of a taxocene have 
obviously been defined as an assemblage or part thereof.

Within any biotope we may also recognize a series of habitats which 
may be characterized in terms of the various species present The 
habitat of a species, within the geographical range, may be regarded 
as operationally defined by specifying those parts of the ecosystem 
that must be present in a biotope in order for the species to occur. 
The habitat is regarded as having spatial extension.

The niche of a species is defined purely intensively. It is assumed 
(Hutchinson 1957, 1959b) that all the variation of the factors required 
to define a habitat can be ordered linearly on the axes of an «-dimen­
sional coordinate system. If the species S2 requires that the variable 
X' have values between X2' and X2' . . . we. can define a hyperspace 
N2; any point within Nt corresponds to values of the variables XV 
X" I • • which permit the species to occur. This hyperspace is called 
the fundamental niche of the species. The space of which the niche 
is a part is called the niche space or, symbolically, the N-space.

The habitats of two species, being two volumes of the physical 
space of the biotope (B-space) defined by the presence within them 
of certain parts of the ecosystem, can overlap or be coextensive. It 
is considered by many ecologists, including myself (see pages 356~357)| 
that under ordinary circumstances at equilibrium two species cannoty 
co-occur in the same niche ( principle of competitive exclusion). F o r / 
example, if we consider two species (Sl5S2) of planktonic copepop 
or rotifer, one feeding on large and one on small algal cells, apd 
both requiring an identical range of temperature and chemical composi­
tion, the habitat of one species would be a volume of water in ordinary 
B-space of the required physicochemical properties, with small algae 
suspended in it; the habitat of the other could be the same water 
with larger algae. Any volume of water might contain both algae 
and so be a habitat for both species of zooplankton. In the ideal 
niche diagram, however, the hyperspaces Nx and N2, defining the funda­
mental niches of the two species, would be separated by the different 
values of the food size on the axis along which food size is measured. 
More elaborate, if still two-dimensional cases, are easily envisioned 
(Fig. 71).

Chodorowski, A. 1959. Ecological differentiation 
of turbellarians in Harsz-Lake. Polskie Archwm 
Hydrobiol., 6: 33-73.



Specific D iversity in Fossil Assemblages

E dward S. D eevey, J r.
Dalhousie University, H alifax, C anada

ABSTRACT
Far from forming a confused jumble, some assemblages of fossils, including 

mammal bones in alluvium, show more ecological order than modern collections of 
species usually do. Under restrictions first clarified by Goulden, the equitability 
component of diversity (proportion of individuals per species) converges on Mac- 
Arthur’s Type I distribution. The important restrictions also define a taxocene: taxo­
nomic as well as ecological homogeneity, and (if abundance is measured numeri­
cally) approximately uniform size. Over time, as shown by Goulden, Tsukada, and 
others, chydorid Cladocera form stable taxocenes of maximum equitability (esl.O ). 
So, also, do forams in deep-sea ooze (data of Phleger et al.), interglacial land snails 
(data of Sparks), and the rhizopods of bogs (data of Tolonen). Minor losses of equi- 

-e.g., from £ =  0.95 to e =  0.75, usually result from abnormal abundance of a 
single common species, and are associated with disturbance: with shifting agriculture 

l |n d  with volcanism (chydorid Cladocera), with flooding and drying of marshes and 
bogs (land snails, testaceous rhizopods), and perhaps with oceanic cooling (forams). 
Th<? relation between diversity and stability might be less enigmatic if these dis­
turbances could be quantified geochemically. Supernormal equitability of relative 
abundance (e>1.0) occurs only in a few fossil taxocenes (forams, chydorids), and 
evidently implies postmortem redistribution.

From: Diversity and Stability in Ecological
Systems* Upton, N*Y.: Bookhaven Symposia 
in Biology: No* 22 (1969).

The similarity of the concepts of energy, order, negentropy, and information led 
M argalef2 and M acArthur14 to a formulation of ecological order that expresses 
relative abundance in bits of information per individual. Thus, where there are $ 
species and p \ is the abundance of the ith-commonest species in a rank-order of 
abundance, the total information in the system is
; . 8 -

— — GL Pi * l0g2Pi •

Although I will use the model in this form, it has an alternative derivation that was 
independent of information theory.15’18 etal* The model, M acArthur’s Type I or 
a, the “broken-stick model with nonoverlapping niches,” assumes that abundances 
are proportional to the lengths of the n segments of a stick formed by cutting it at 
random n — 1 times. For individuals of ¿species, the proportional abundance of the 
rth-rarest species is

Pr~ s < k s - i + l  *

This generates a theoretical distribution of abundance (labeled “ M acA rthur” in 
Figures 1 to 3) that is essentially linear when the proportion of individuals per 
species is plotted against the logarithm of the rank. Such linearity is not necessarily 
significant, for, as Cohen19 has shown, identical distributions are generated by sev­
eral quite different mathematical models; but the heuristic value of M acA rthur’s 
broken-stick model is not impaired.

Despite the random  m anner of its generation, such a distribution of relative 
abundance, if it is more than momentary , implies a good deal of organization.^8 The 
species must have “jockeyed for position,” over evolutionary time as well as more 
recently, within some definable habitat, and arrived at a  harmonious apportionment 
of the environmental resources, whatever they are. Noting that a more even distri­
bution (more nearly equal abundance of all species), though mathematically more 
orderly, is highly improbable biologically, Lloyd and Ghelardi20 suggested that Mac- 
A rthur’s distribution represents the maximum equitability (evenness, not equality}of 
abundance that is to be expected in nature. Their coefficient £, defined as s '/s , is the 
ratio between an hypothetical and an observed number of species, the hypothetical 
number s' being the one which, on M acArthur’s model, corresponds to the observed 
specific diversity H s. (To ease the work of computation, Lloyd et al. give tables20 of 
H 9 for s species, and tables21 of n * log2 n  and n * log n.)

To find species mutually adjusting their abundances in a real habitat, so that 
£=== 1.0, it is essential to give some thought to the definition of the habitat and its re­
lation to sampling, as well as to the choice of species. For example, Lloyd et al.,22 in 
their treatm ent of the herpetofauna of Borneo, were astonished to find an overall 
value of e as low as 0.34, i,e., 28.3 equitably abundant species would give the di­
versity observed for 84 species. They were unable to decide whether the in homo­
geneity arose from improper sampli ng, frtfm^luihping of heterogeneous habitats, or 
from the unpredictability, from a frog’s point of view, of the environment on the 
floor of a rainforest. I t  is also questionable whether the frogs, lizards, and snakes oi 
Borneo constitute a sufficiently homogeneous taxon inhabiting a sufficiently defined 
environment. T hat is, a herpetofauna seems not to be a taxocene, as defined by
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titled "What is Ecology" and was prepared by a panel of 
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Stability and Diversity in Ecosystems'

Natural communities as small as a patch of meadow have hundreds or 
thousands of species living together. The total number in a held, or in a 
wood or pond, is not known; every handful of soil is likely to contain 
species that have never been identified. Nevertheless, the main proper­
ties of the ecosystem, which is all the living and nonliving components 
that interact in a defined area, can be understood without knowing all 
its species, in the same way that an organism can be known without i 
knowing all of its cells. Understandably, in so complex a system, some ! 
interactions are stronger than others; strong interactions are usually ; 
the obvious ones, long known to classical natural history. Ecologists j 
nowadays spend most of their time evaluating weak interactions, many ! 
of which turn out to be not so weak, while the totality of a set of weak 
interactions is almost invariably both strong and nonobvious. The flow 
of matter and energy, as discussed in the previous section, are functional j 
aspects of ecosystems. In this section we consider some organizational I 
aspects—though if one says that a reef flat has more organization than a 
pine woods, it should be evident that organization is being used in an 
abstract sense, closely akin to information content or order.

456 . ; Biology and the Future of Man

Pattern o f Organization. The diversity of species in an ecosystem is a 
' function òf both thè number of species and the number of individuals 

of each species A -¡vstem of ten equally abundant species is more «fi­
verse than one ...th uuc very common species and nine rare species. 
Several indices have been devised to quantify diversity, some purely 
empirical, others founded on extremely interesting mathematical models. 
For many practical purposes, comparisons of diversity among ecosys­
tems yield much the "same result no matter which index is used. This 
sobering fact has not damped the explosion of research on the subject or 
diminished its excitement, but it is clear that our mathematical models 
are not yet adequate for the complexity of natural systems. The mod 
ingenious and promising ones are too abstruse to be discussed in this 
nontechnical account of the subject

A complete description of the pattern of a particular ecosystem mug 
embrace three types of organization: (1) the pattern of the food web (the 
network through which energy flows, for example from an eaten individ­
ual to the eater), (2) the distribution and arrangement of different specks 
in space and time, and (3) the grouping of individuals of several species 
into higher taxonomic units, which have varying functional roles. This 
last, which is also the main concern of systematic and evolutionary bi- 

. ology, is particularly important in ecology when one reflects that organi­
zation represents a moment in history. Evolutionary history is not ir­
relevant where different organisms interact; taxonomic distinctness is 
the product of such interaction over the whole span of the organisms* 
histories. The nature as well as the number of the individuals governs, 
among other ecological properties, the probability that populations wil 
fluctuate with small or large amplitude through time. The following gen­
eralizations exemplify ’he three types of organization:

1. In general, the *ater the number of species at any trophic (food- 
chain) level in a conii unity, the greater the community stability at that 
level, and at lower and higher levels as well. Amplitudes of fluctuation of 
herbivore populations are determined by the number of species of plants 
they eat and by the ni< nber of species of predators and parasites that at­
tack them.

2. The areal density of food plants determines the extent to which 
herbivore populations fluctuate, and the size of the herbivore popula­
tion in turn determines population fluctuation among predators. Further, 
the extent to which plants of different ages and species are interspersed 
affects the stability of the animal populations.

3. When, in a given area, a genus or higher taxon is represented by a 
large number of species, all with about equal abundance, the information 
coijtent (degree of organization) of the genus is high. When a genus has 
only one or a few species, and the commonest is much more abundant
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than the rest, the information content is low. The information content 
of some genera of parasitic insects, so measured over a large area such 
as a state, has been found to be inversely proportional to the number of 
host species and to their average population stability.. . ’

Diversity and Succession. Ecological succession is the process by 
which one assemblage replaces another in time at the same site, produc­
ing a series of identifiable systems of increasing complexity, and ending 
with a self-replicating climax stage. The mechanisms are various, and 
have drawn attention for a hundred years. The significant aspects of suc­
cession and climax must be systematic changes in the flux and storage 
of matter and energy, but these are far from being understood. What is 
clear is that diversity tends to increase with maturity of the system. In 
one investigation, land abandoned by agriculture in 1952 was studied 
through 1963. The early stages were successively more diverse, produc­
ing after eight years a grass community dominated by broomsedges. Dur­
ing the ensuing four years the broomsedge community became more di­
verse, showing both an increase of plant species and an increase in the 
number of dominant species from eight to twenty-three. Production a n d  
diversity are not related in a simple manner, however. Production was 
high initially, decreased rapidly through the early stages, rose in the 
grass community to levels above that of the first year, and then declined 
slowly.- ■ -

Diversity and Stability. Diversity and ecosystem stability are related, 
but the form of the relation is obscure and has given rise to controversy. 
Part of the difficulty may be that the relations differ as between animal 
and plant communities, and ecologists have attempted to generalise pre­
maturely. If one thinks about a food web, for example, it is easy to see 
that a species’ efficiency in feeding is in partial conflict with the demands 
of the total system. Food specialization will maximize efficiency for a 
given animal, but if all animals become perfect specialists, they aB Hslr 
extinction during small environmental perturbations—the animal diver­
sity may be maximal, but the stability of the system declines. For ter­
restrial plants, however, animal diversity may often be an unimportant 
epiphenomenon. With soil nutrients! and air evenly dispersed over an 
area, competition is for space in the sunlight. And the greater the success 
of some species in becoming large and tall,! thus obtaining more sunlight, 
the more different kinds of room there will be in the interstices for species 
like herbs and vines that are adapted to shade. So both plant diversity 
and the stability of the system may increase, almost without limit, as 
they seem to have done in tropical rainforests.

Computer simulation is a promising technique for understanding such 
matters, but computer models need both'adequate formulation, or pro­
gramming, and high-quality data, and so far their application to large
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terrestrial ecosystems has had only modest success. Such systems be­
ing obviously the product of their histories, high-quality historical data 
are particularly important. A very large body of historical information 
exists in Europe and North America, covering environments of the last 
ten thousand years or so, or since the continental ice sheets disappeared. 
(The restriction is explained by the fact that basins of deposition—lakes 
and bogs—are mainly found in recently glaciated tenrain.) Minor changes 
of upland vegetation are recorded in lavish detail by the sequence of 
pollen assemblages in lake mud and peat. Before radiocarbon dating be­
came available, this sequence, used as a chronology, was the principal 
method of dating archaeological sites, sea level changes, volcanic erup­
tions, and many other events. Where pollen changes were synchronous 
over wide areas, regional climatic change is inferred; and although the 
role of human disturbance has probably been underestimated, there is no 
doubt that early postglacial changes (9000 to 7000 b.c.) were dramatic ' 
but orderly responses to climatic warming. From about 7000 B.c. on­
ward, however, what is most impressive about tins record is not the 
changes, but the stability: somewhat to the surprise of older plant ecolo­
gists, climaxes seem to have endured for millennia, not just for centuries. 
Unfortunately, the entire record is nonquantitative, in the sense that pro­
portions of fossil pollen in mud have no definable relation to plant popu­
lation density in any particular area. As radiocarbon dating (which also * 
calibrates the pollen chronology) brings sedimentation rates under con­
trol, this difficulty is gradually being overcome, and the potentialities 
of a quantitative historical ecology can then be realized.

Diversity and Disturbance. Though stability may be hard to measure 
satisfactorily, it is often easy to sense, after the fact, when disturbance, - 
the inverse of stability, has occurred. Experiments along these lines are 
rarely designed; most are performed inadvertently, by advancing civiliza­
tion. One that was designed studied the role of calcium in lakes. An hour­
glass-shaped bog lake was divided into two lakes by an earthen barrier 
across the constriction. Calcium hydroxide (lime) was added to one twin, 
raising the pH from 5.9 to 7.3. In the first year the transparency in­
creased by 60 percent and by the second year the well-lighted zone had 
thickened from 2.7 to 7.0 meters. The Daphnia population was found to 
replace itself each 2.1 weeks in the lime-treated lake, compared to 4.6 
weeks in the untreated twin; both the size of the population and its rate 
of energy transfer were increased by liming. In addition, new species of 
phytoplankton and of rooted aquatic plants appeared and began to 
thrive (Fig. 11-4).

When field collecting is concentrated on particular taxonomic groups, 
the relations of common and rare species are often found to be remark-
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Figure 11-4. Peter-Paul Lakes in northern Michigan were divided by a dam to make twin experimental lakes. Peter Lake was treated with calcium hydroxide» while Paul Lake served as a control (Courtesy of A. O. Hasler) . . igS M r  ̂—x
§g®J H i §i| 11

ably orderly: a constant ratio holds between abundances, from com­
monest to rarest, and much the same rank order recurs from place to place 
and from year to year. A group of very similar species, if of about the 
same size and competing for similar resources, meeting similar predators, 
and so on, might ideally be expected to sort itself out numerically in this 
way, but many more departures from an ideal relation would be expected 
than are actually observed. The phenomenon doubtless holds the key to 
many puzzling aspects of ecological order, but a satisfactory general 
explanation has not yet been found. What is clear so far is that specific 
diversity, measured in this way in taxocenes (natural assemblages that 
are related both ecologically and taxonomically, like the diatoms in a 
stream or the mites in an acre of soil), is a sensitive measure of disturb­
ance, especially of pollution.

The reason, probably, is that certain narrow assumptions about “eco­
logical niches” apply best when species that occur together are genuinely 
similar; the larger the taxon (the birds of Massachusetts, say),, the less . 
likely that its members are truly competing for the same resources, which 
is to say that such a taxon is not a true taxocene. In more natural com­
munities, under careful observation, the first hint of something abnormal
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is often the discovery that some species has become abnormally common, 
while the rest of its relatives are abnormally rare. Diatoms, censused 
after settling on glass slides suspended in streams, have proved them­
selves to be an appropriate taxocene, in that their diversity changes in 
response to pollution. Cladocera, or water fleas, have also done so, 
especially the family Chydoridae, which are almost ubiquitous in weedy 
ponds and lakes. Both diatoms and chydorids have the further advantage 
that they fossilize readily, often quantitatively, so that quantitative 
historical data are easy to get Human disturbance (slash-and-bum 
agriculture) in Guatemala and volcanic ashfalls in a Japanese lake have 
both been proved to deform the chydorid diversity systematically and 
reversibly: after each episode of disturbance, the original orderly re­
lation is restored after a few years or decades.
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ON THE PROBLEM OF THE EFFECT OF FISHERIES 
ON FISH STOCKS

By

Ju. Ju. M a r t y

Institute of Oceanology, Academy of Sciences, USSR

W hen w e consider the problem  how  the fisheries affect the fish stocks 
and their reproduction the m ost im portant and principal question arises 
whether the fish have ever encountered the influence of any factor similar 
to that of the fisheries. In  other words, vve ask if the fish have been able  
to adapt them selves to som e influence which can help them to stand the 
fishing effect, or w hether the fisheries are quite a new factor to them, 
and they are not prepared a fa ll .

In  ichthyological literature the effect of fisheries is, to som e extent, 
considered sim ilar to that of predators on the fish stock. T he suggestion  
seems to be true for small sized abundant species which are, in fact, sub­
ject to such an influence under natural conditions. H owever, the fishing 
and predatory effects differ substantially. The. fishery is usually based on  
the adult portion of the population, and due to longer contacts between  
the fishery and older age groups the num erical strength of the latter is 
drastically reduced. T h e rejuvenation** process is alway's a consequence  
of the fishery. Predators, on the contrary, take vounger age groups. 
T he predatory effect never leads to rejuvenation of the population Thus, 
the fishing effect is of specific character, and the m ajority of fish in their 
developm ent and during the adaptation process to the environm ent have 
never encountered influences resem bling the fishing effect under natural 
conditions. Furthermore, m any biologically adapted features which a re 
acquired due to evolution and advantageous to the fish under natural 
conditions arc turning into disadvantageous habits, thus increasing the 
effect of fisheries on the stocks and the reproduction.

This can be illustrated by a num ber of exam ples ■ Table ] \  In many 
fish species the bodies arc covered with bom- knobs, hooks and thorns,

Contribution given in honour of Guiinar Rnll.-isrn at bi, 7otli binlulas.

1 alile 1 . Adapted features in fish, their biological significance and negative role under
condition of intensive fishing

Ad ap t cd feat u res Biological significance Negative role under 
fishing conditions

!. Knobs, hooks and thorns Protection of fish, especi­ Tangling in nets and diffi­
on fish bodies, thorny ally young from pre­ culty in escaping through
rays in fins dators meshes

2. Height and width of fish Lower predatory effect on Enmeshing in nets with
bodies young fishes relatively large meshes

3. Shoaling Lower predatory effect Efficient detection of shoals 
by echosounders and as­
dics

.. I . Multiage composition of Increase in the reproduc­ Decline in the reproduc­
a population tive ability of the popu­

lation
tive ability as a result of 
rejuvenation of the stock 
caused by intensive fish*
ing >

5. Gradually maturation of Increase in the reproduc­ Due to longer stay spaw-
eggs and spawning in 
batches

tive ability of a species ners are more easily 
caught on spawning 
grounds

6. Low metabolism in win­
ter during the period of

Savings in energy Higher accessibility to the 
fisheries

maturation
7. Ability of burying them­ Protection from predators Failure in escaping fish nets

selves in the ground
8. Well developed recep­

tive system in tuna ,
Detection of prey Increase in the space be­

tween hooks and ex­
tension of longlines

9. High speed of movement Chasing for prey, escape Spread of the area fished
in tuna from predators by a longlinc

10. Habit of avoiding zones Savings in energy during Better access to the fisheries
with high velocities of anadromous migrations in shallow localities in
water in the river in 
many anadromous

the river

fishes

and the fins have thorny bone rays. These peculiarities can be looked 
upon as an adapted protection of the species, especially the young, 
against picdators. D ue to these features the bycatch o f  young increases 
under intensiv e fishing since it  is difficult for them  to escape through the 
meshes of nets and trawls and easy to get tangled in  the meshes of the 
different gears. T he best evidence of the negative role o f  the m orphological 
peculiarities is tangling of the young of sturgeon in fixed and drift nets. 
This greatly affects the fish stock.

Great width and height of a fish body protect the fish from predators.



In the fishery, due to the height of the body, young specimens are en ­
tangled in nets with rather big nyeshes. Flounder, bream and some o |her  
species m ay exem plify this fact. T he peculiarities of their body form 
im pede selective fishing.

Shoaling can, to a certain extent, be considered a means to protect 
the fish from predators. H owever, the fishery with modern scouting  
techniques is facilitated by the shoaling and yields good catches.

A  m ultiage com position of a spawning population leads to som e in­
crease in the reproductive ability of a species. Intensive fishing may result 
in a rejuvenation of the stock by reduction in tin* older age g r o u p s  in 
the spawning population ami finally, lowering of the reproductive 
ability of the species.

T h e fecundity of fish increases when the eggs mature gradually and is 
spawned in batches. This enables the fish to use much m ore of the energetic  
resources of the body as com pared to the case where all tin* eggs ripen at 
the sam e tim e. U nder fishing conditions a gradual m aturation makes 
females stay on the spawning grounds m uch longer, chances for catch, 
thus, increases. #

A lower rate of m etabolism  in  winter, in the period of gonad m atura­
tion is observed in m any species of gsh: T he phenom enon enables a 
species to save som e energy for spawning. Low m obility of fish in this 
period makes them  more vulnerable to fishing gear. T he winter■ fishery 
for carp is based on this peculiarity as the fish arc taken in deeper holl</ws.

M any species of flat fishes bury them selves in the ground to escape 
predators. T he same reaction in fish to a com ing trawl is observed, but 
all their efforts are in vain when the trawl is too near.

T una possess a »well developed receptive system which enables them  
to locate prey over a radius of several dozen meters. O w ing to this 
peculiarity hooks can be arranged with wider spaces, say 70 100 in apart, 
and the longline stretched to over 100 km.

T he great sw im m ing speed of the tuna causes an expansion of the 
efficient area of a longline, and the efficiency increases in proportion to 
the speed of the tuna m oving over the area. As a result, a harmless gear, 
as it m ay seem at first sight, turns into one of tin* efficient means in the 
marine fisheries. Let us assume that the average speed of tuna is as low  
as 5 km per day w hen the longline is arranged in the water; a longliner 
then can cover the area of 500 square km. Even if not more than 2 0 Mo 
of the fish inhabiting the area arc caught, the catch per day per longliner 
will .^ r e sp o n d -  to' a yield from an area of 100 square kin. Actually, 
the tuna is m oving m uch faster.

T he sturgeons m oving upstream to their spawning .areas, avoid zones 
with high velocities of w a te r . T o save their energy they m igrate over
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shallow places where they are more easily caught by seines than in deeper 
places of the river..

It is very likely that far more exam ples can be given as evidence for 
tho\v adapted features, biologically advantageous, m ay turn into dis­
advantageous habits under the condition of intensive fishing.

All these facts reveal that the effect of fisheries on fish stocks is related 
not only to the technical progress and its excessive scale, but also with 
the aspect that som e adapted features in fish is counteractive under 
conditions of intensive fishing, thus m aking the effect of fisheries more 
pronounced. .

Programmes of further investigations should include exam ination of 
adapted features in fish which tend to have counteractive effect under 
fishing conditions, as well as com parative studies of these features 
under natural and fishing conditions.

S U M M A R Y

It Is dem onstrated by exam ples that m orphological, physiological 
and behavioural features of fish developed evolutionary and norm ally of 
protective value are directly disadvantageous to the fish when subjected  
to intensive fishing.
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1NTRAS PEC I IT C STRUCTURE AND VARIABILITY 
IN RELATION TO FISHERIES MANAGEMENT

By
G e o r g y  V. N ik o l s k y

Institute of Animal Evolutionary Morphology and Ecology,
USSR Academy of Sciences, Moscow

 ̂ I N T R O D U C T I O N

Cod is nothing but cod, a fisli species, Gadus mor/ma L. This species is 
caught nowadays with trawls in the north Atlantic and on the N ew ­
foundland banks, in the Barents Sea as well as in the northern Pacific, 
near the coasts of northern Asia and northern Am erica. This fish is also 
caught with long lines and hooks in the N orwegian fjords and the W hite 
Sea and is known to have been fished by pomors in the last century and 
by middle age vikings. Cod was fished by the stone age man who popu­
lated the N orw egian coast, the Russian M urm an and the Pacific coastal 
areas thousands of years ago.

It is yet uncertain when cod originated as a species, but as far as a 
number of other species of the sam e boreal faunistic com plex, mostly  
fresh water fishes, are concerned, they are known to have originated in  
the mid tertiary period. Most zoologists nowadays regard species as an 
objective reality, as a form of existence of the living matter. Anim al species 
is ifot a conventional concept, it is not “ what a good taxonom ist considers 
«  species” , but an actually existing m ultitude of specim ens which possess 
some specific-qualitative properties characteristic for the given species 
and relatively stable in time and space. It means that a species which  

, once originated exists a more or less long period of tim e (so far as the 
specific environm ent exists) retaining its specific properties.

As regards freshwater fishes, perch, pike, pike-perch, catfish and some 
others, they are known to have undoubtedly existed since pliocene time 
and possibly earlier. At approxim ately the same tim e most species 
representative of the boreal sea fauna com plex, cod, oceanic herring, 
plaice and flounders, etc. were formed (N ik o lsk y  1968). However, the
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stability of the species over thousands, and possibly, millions of years 
ensured by the intraspecific variability, by its elasticity^ so to say.

Stenobiotic species adapted to live under relatively stable, abiotj 
and biotic life  conditions reveal a lower variability, lower elasticity 
U sually, their intraspecific structure is sim pler. An exam ple o f this typ 
of stenobiotic fishes with a very low  variability could be supplied by mb 
of the species populating coral reefs, e.g . Pom acentridac. These sped  
are extrem ely low-variable, occupying as a rule, a very lim ited distribi 
tion area and being adapted to very stable life conditions. T h ey  peris 
w hen these conditions change beyond the lim it of this fish’s very In 
specific adaptability.

Eurybiotic species, such as Arctic chars and cod, possess a mm  
wider range of adaptability, a considerable intraspecific variability and 
more com plex intraspecific structure. Thus, every species represents < 
open self-regulating system in a perm anent interaction w ith the enviro  
m ent w hich incessantly keeps adapting to the changing conditions. TI: 
system possesses at the same tim e certain m orphological, physiologic 
and ecological characters distinctive for the species as a  system . ,

I N T R A S P E C I F I C  V A R I A B I L I T Y

For fishery biologists, endeavouring to develop a scientific basis |  
fish resource exploitation, the know ledge of the elasticity and the structu 
of the given species-system of econom ic im portance is quite essenti; 
Principal m echanism s operating in  the populations provide changes 

f num ber and biomass due to respective environm ental changes, first a i 
foremost in the food supply rate w hich is m anifested in growth change 
As is known, th&increase in growth rate is related to a faster achievem e  
of m aturation age and an increase in  fecundity. A  faster growth is rclat 
to reduction of m ortality rate, for, as a rule, bigger fish fall prey to pred  
tors on a larger scale than the sm aller ones. Principle m echanism s 
population self-regulation in connection w ith food supply changes ha  
been rather w ell studied (N ik o lsk y  1950 ,1962  and 1969, R o l l e f s e n  195 
S c h a e f e r  1956 and others) and a detailed account is uncalled for her

H ow ever, the process in  question is often found not to be as direct 
in the above schem e, being ci3hsidcrably affected by a num ber of facto 
and, in  particular, by m utual interactions of fish in  different num ber 
year-classes. A  num erous year-class m ay handicap the growth rate of bo 
preceding and follow ing generations. T he problem  calls for further invest 
gation for it is of a .great-t heorc t i cal and practical interest, first and for 
most, in  forecasting of the mature stock recruitm ent. A review  of the da 
on the problem  was reported by P o l y a k o v  (1962).
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: Changes in spawning periodicity appear to be an essential form of 
self-regulation. In fact, in years when the stock of W hite Sea herring is 
numerous a part of the females m ay leave put a spaw ning period. D ue to 
food supply insufficiency they fail to fatten during a single feeding period  
(C h e pr a k o v a  1966). Ib is phenom enon is also observed in som e fresh­
water species, e.g. in whitefish ( R e s h e t n ik o v  1967). It should be noted  
that m any species inhabiting the northern part of the distribution area 
reproduce every other year, southern populations reproducing annually. 
Besides whitefish, this has been found in bream  and some other species 
(K oshelev  1960). i t  is inti-resting that in  som e species in the southern 
part of the distribution area, e.g. in bream , portioning in spawning is 
observed, i.e. the reproduction rate speeds up.

An essential, though y et poorly investigated, m echanism  of self­
regulation is change in the variability of specim ens in  the population. 
Food supply increase is, as a rule, related to a reduction in the year-class 
size variability. This has been most clearly dem onstrated in  Baltic herring 
larvae (Anokhina 1969) . Strong year-classes are distinguished by a w ider  
variability range that weaken year-classes. T he food supply js determ ined  
not only by the numbers of fish in  an age group, but by the developm ent 
of its food resources, and equally im portant, the coincidence of the food 
plankton period with fry developm ent. This regularity, though m ani­
fested in a m ore com plicated w ay, is noted for cod fry (Nikolsky, 
Belyanina, Ponomarenko and Sysoeva 1968). In the case of cod fry,

variability of characters is largely dependent on the size of the con­
centrations formed due to the dispersal over one or the other branch of 
the Atlantic current. Besides, in  recent year$, due to a low  level of repro­
duction no feedback between the total num ber of cod fry and the food 
supply has been observed. This relationship was, however, revealed  in  
specifically rich generation years, e.g. 1963.

The relationship betw een character variability and the quantity of 
cod fry is better dem onstrated in coastal forms. In such stocks, as a rule, 
numerous populations prove to be most variable. An increase in  vari­
ability makes it possible for the population to cope w ith more diversified 
environmental conditions. It has been most explicitly dem onstrated for 
characters related to feeding and diet diversity. It is noteworthy, as was 
revealed in M urm an coastal cod, that the diversity of characters in it 
slightly reduces with age in connection with a higher food supply level in  J 
fish at the age 1 +  and 2 +  as com pared with specim ens at the age of 0 + .

One of the m ost essential specific characters which secure the existence 
of a species as a relatively stable unit, is the intraspecific structure. T o a 
certain extent, all the intraspecific forms can be subdivided into four 
groups.

1. Geographical forms or subspecies, e.g. A tlantic'cod  and Pacific
cotl. File formation of subspecies enables the species to fill in  a greater 
clistributiiMi r*rea. \

2. Ecological forms oi mfraspecies, e.g. fjord and m igratory cod
forms. I he existence of various ecological forms enables filling in diversi­
fied habitats within the distribution area. :

3. Sr;tson;d forms, e.g. spring * if I autum n forms in salm on, autumn  
and spi ing spaw ning herring forms. 'This means of variability ensures 
filling in lire same biotope to a greater extent in different seasons of the 
year.

4. Tem porary forms, the forms which originate in the sam e biotope 
under changed life conditions in a population of any species. Such  
t< m p oia iy  forms are most markedly observed i.n num erous freshwater 
species, e.g. roach in  the course of transition to the life in a reservoir 
newly formed at the river. In m am m als such tem porary subspecies are 
found in som e fossil forms from the quarternary period, e g. -in Baltic 
region elk. I he adaptive value of tem porary subspecies lies in the 
capability of filling in the same biotope under changed conditions.

T he diversity of the four intraspecific forms m ay be quite different 
ranging from a clear cut distinguishability to a gradual transition of one 
form to the other, elinal variability being in evidence. It should be m en­
tioned in this connection that I do not find justifiable the fact that in the 
latest edition of the zoological nom enclature code taxonom ic values are 
solely attributed to geographical categories, subspecies, the rem aining  
intraspecific forms, being left out. Ecological and seasonal forms, however, 
often prove to be distinguishable to a greater extent than subspecies.

In m any cases the appearance of ecological and seasonal forms is of a 
parallel character. T h e  phenom enon faced is rem iniscent of V avilov’s 
law  of hom ologous rows (N ik o lsk y  1969). Possibly, as was suggested bv 
Be r g  (1948) it is expedient to attribute the sam e specim ens to such 
similar forms in different species, e.g. deep-w ater forms, infraspecies 
profundicola, lacustrine forms, infraspecies lacustris, etc. I believe that 
this scheme should be em ployed in zoological nom enclature code, 
subspecific individual names being retained.

I M P O R T A N C E  F O R  F I S H E R I E S  M A N A G E M E N T

For fishery biologists, the existence of intraspecific group forms within  
a species is extrem ely essential. W hen exploiting a certain population, 
dynam ics of its number and distribution area should be taken into con ­
sideration. For exam ple, the A reto-Norwegian cod stock, being a unified 
self-reennting form ■distributed, over a great area, calls for a definite
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exploitation schem e. If, as in the case of the northwestern Atlantic cod, 
some local forms arc found, rational fishery should he arranged on a 
different basis than in the case of the Arcto-N orw egian stock. It is interest­
ing to note that m orphological indices in different age groups of the same 
form do not differ greatly in local forms of western A tlantic cod. In the 
Arctic cod, however, the distinctions in the m orphology of different age 
groups within a form m ay be quite pronounced. This appears to be 
accounted for by highly variable life conditions in different age groups 
(Popova 1968). In numerous species there occur both large m igratory  
forms and sm all coastal ones distinguished by a slower growth as well as 
an earlier m aturation onset. T he degree of isolation in  these forms m ay  
range widely in  some cases as in  north Caspian roach. A  coastal, sm aller 
form m ay result from reproduction by a sem i-m igratory fast-growing one, 
^nd, evidently, vice versa. In other cases these forms m ay be isolated, one 
not reproducing the other.

In red salm on, Oncorhynchus nerka (W alb.), the m igratory form repro­
duces in Fakes a land-locked form, the so-called residual. In  turn from this 
land-locked form a m igratory form can be reproduced under certain  
conditions (K ro k h in  1967).

It should be noted that in  the course of the dwarf red salm on develop­
m ent som e caryotypic changes occur, a great num ber of polyploid  
specim ens appearing. This is of particular interest if polyploidy is related  
to an increased m orphological variability. It is notew orthy that in  
m igratory red salm on the caryotype is peculiarly stable (C h e r n e n k o  
1968). T h e relationships betw een seasonal forms prove to be likewise 
diversified. If, e.g. in  autum n-and* spring spaw ning Baltic herring, a 
partial transition of one form to the other is evidently possible, in chum  
salm on this appears to be out of the question. It is natural that a fishery 
biologist aims at elucidating the relationships betw een the intraspecific 
forms, in  particular, the possibility and conditions under w hich specim ens 
of one form appear from the specim ens of another form, i.e . whether one 
form can be reproduced by another and to w hat extent.

Thus, investigation of the theoretical aspects of the problem  of species, 
further elucidation of the concept of species as a self-regulating system  
appears to be extrem ely essential for the solution of a num ber of fishery 
problem s, and, first and foremost, for developing the basis of a r^ ion a l 
exploitation of com m ercial species.*

* Dr. Rollefsen’s paper on cod and cod fishery which he kindly sent me bears the 
following dedication; “ To Dr. Nikolsky who also struggles with these mysteries”. I be­
lieve that joint efforts of scientists the world over will eventually do away with numerous 
mysteries that still have currency in fishery biology and help to organize rational fishery 
in international waters, a work which Dr. Rollefscn has been contributing greatly to.
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C O N C L U SIO N S

Every anim al species is relatively stable in tim e and space. This rela­
tive stability is provided by adaptive intraspccific variability which  
makes it possible for the species to exist under certain changes of its biotic 
and abiotic environm ent. Species is an open self-regulating system. 
Eurybiont species usually possess a more com plex intraspecific structure 
and a wider range of self-regulation m echanism s than stenobiont species 
adapted to more stable conditions.

The knowledge of specific structure as w ell as its regulatory para­
meters is essential for rational exploitation of com m ercial species popu la­
tions and the ensurem ent of their reproduction. T he m ost essential system  
of regulatory m echanisms manifests itself in food supply and reproduction  
rate variability. Disturbances in  this regulatory system  affect recruitm ent 
and bring about a lack in  resources of the g iven  com m ercial species, i.e. 
overfishing in  the biological sense.

A n essential regulatory m echanism  w hich secures the existence of the 
species is  an adaptive m orphological variability of its specim ens. Every 
year-class is som ew hat distinguishable from adjacent year-classes due to 
the specificity of its living conditions. A t the same tim e adjacent year- 
classes specifically in  the species w ith a long life cycle m utually interact, 
affecting the growth rate, fecundity and other year-class characters.

In specific structure the relationships betw een intraspecific forms is 
its essential property. T o m eet the requirem ents of fisheries, not on ly  the 
infoi m ation of the size and properties of the different species forms are 
essential, but also the possibilities of reproduction of one of the forms by  
another, i.e. the character of their relationships.

T he knowledge^of the peculiarities of com m ercial species regulatory  
mechanism s and their structure are prerequisite for develop ing productive 
fishery.

S U M M A R Y

T he paper presented deals w ith the problem  of intraspccific structure 
and variability in fishes. Four forms of intraspecific groups are noted. T he  
necessity to study the intraspecillte structure and variability for fishery 
m anagem ent is em phasized.
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A  n o t e  o r . e u t r b p h i c a t  i o n

W .  T .  E d m o n d s o n  • •

O f t e n  a  d i s t i n c t i o n  i s  d r a w n  b e t w e e n  n a t u r a l  a n d  a r t i f i c i a l  

e u t r o p h i c a t i o n ,  b u t  t h e  q u e s t i o n  n o w  a r i s e s  w h e t h e r  a n y  n a t u r a l  

p r o c e s s  c a n  usefu lly  b e  d e s c r i b e d  n s  n a t u r a l  e u t r o p h i c a t i o n .

F o r  p u r p o s e s  o f  t h i s  n o t e  I  w a u i / t o  u s e  s i m p l e  a n d  d i r e c t  

c o n c e p t s  o f  t r o p h y  t h a t  a r e  m o r e  c l o s e l y  r e l a t e d  t o  t h e  o r i g i n s  

o f  c o n c e p t s  O f  o l i g o t r o p h y  a n d  e a t r o p h y  t h a n  a r e  s e m e  m o r e  r e c e n t  

e l a b o r a t i o n s  o f  t h e m  ( s e e  t h e  d i s c u s s i o n s  b y  H u t c h i n s o n  a n d  

b y  R o d h e ,  1 9 6 ? ) .

A n  o i l g o t r o p h i c  l a k e  h a s  a  r e l a t i v e l y  s m a l ^ S u p p l y  o f  n u t r i e n t s ,' . ' H ; ■ j| /
a  e u t r o p h i c  l a k e  h a s  a  l a r g e  s u p p l y .  A r t i f i c i a l  e u t r o p h i c a t i o n  

c l e a r l y  v&x.a n r l y  m e a n s  a n  i n c r e a s e  i n  t h e  n u t r i e n t  s u p p l y  t h r o u g h  

s o m e  h u m a n  a c t i v i t y .  T h e  m o s t  f a m o u s  c a s e s  a r e  t h o s e  o f  e n r i c h m e n t  

w i t h  s e w a g e ,  b u t  p r e s u m a b l y  a n y  d i s t i n c t  i n c r e a s e  r e s u l t i n g  f r o m  

h u m a n  a c t i v i t y  w o u l d  a p p l y ,  s u c h  a s  d e l i b e r a t e  f e r t i l i z a t i o n  

o r  i n c r e a s e s  b a s e d  o n  i n c r e a s e d  e r o s i o n  f r o m  c l e a r e d  f o r e s t ,  l a n d .

N a t u r a l  e u t r o p h i c a t i o n ,  i n  t h e  n a r r o w  s e n s e ,  w o u l d  h a v e  t o  

b e  a n  i n c r e a s e  i n  t h e  n u t r i e n t  i n c o m e  o f  a  l a k e  b r o u g h t  a b o u t  b y  

s o m e  n a t u r a l  a g e n c y .  S u c h  i n c r e a s e s  c a n  h a p p e n !  a t  a n y  t i m e  

d u r i n g  t h e  l i f e  o f  a  l a k e ,  b u t  t h e r e  i s  n o  s u p p o r t  f o r  t h e  i d e a  o f  

a  s l o w ,  g r a d u a l ,  s t e a d y  i n c r e a s e  i n  n u t r i e n t  s u p l l y  t h r q ^ o u t  t h e  

e x i s t e n c e  o f  a  l a k e *  A  A 4 k e  n e w l y  f o r m e d  b y  g l a c i a l  a c t i o n  m a y  

r e c e i v e  a  l a r g e  i n p u t  o f  m a t e r i a l  b e f o r e  t h e  s u r r o u n d i n g  l a n d  

i s  s t a b i l i z e d  b y  a  p l a n t  c o v e r .  O n c e  t h i s  h a p p e n d ,  t h e  l a k e  w i l l  

b e  i n  a  s o r t  o f  e q u i l i b r i u m  w i t h  i t s  w a t e r s h e d  d u r i n g  a  l a r g e  

f r a c t i o n  o f  i t s  l i f e ,  r e c e i v i n g  e a c h  y e a r  s o m e  a m o u n t  o f  n u t r i t i o n a l  

m a t e r i a l  f r o m  t h e  g r o u n d  a n d  f r o m  t h e  t h e  c o m m u n i t y  i n  t h e  f o r m



* f  d e a d  l e a v e s ,  c o r p s e s  a n d  o t h e r  o h ^ c t s .  T h e  i n c o m e  m a y  v a r y  x  

f r o m  y e a r  t o  y e a r  w i t h  c h a n g e s  i n  w e a t h e r ,  a n d  s o m e  l o n g  t e r m  

t r e n d s  m a y  o c c u r  a s  a  r e s u l t  o f  s u c c e s s i o n  w i t h i n  t h e  t e r r e s t r i a l  

p l a n t  c o m m u n i t y  a n d  c l i m a t i c  c h a n g e s ,  b u t  t h e r e  i s  n o t  a  s t e a d y  

i n c r e a s e  i n  t h e  n u t r i e n t  s u p p l y .  F o r e s t  f i r e s ,  l a n d s l i d e s  a n d

such events m a y  m a k e  s u d d e n  i n c r e a s e s ,  b u t  t h e y  a r e  t e m p o r a r y

a n d  f o l l o w e d  b y  d e c r e a s e s  a f t e r  t h e  | j | | |  a g a i n *

T h i s  i d e a  o f  t r o p h i c  equilibrium w a s  i n t r o d u c e d  e a r l y  b y  

H u t c h i n s o n ,  a n d  m u c h  o f  t h e  p a l e o l i m n o l o g i c a l  l i t e r a t u r e  s u p p o r t s

i t .  . ' ' • .
T h e  p r o d u c t i v i t y  o f  a  l a k e  i s  b a s e d  o n  i t s  n u t r i e n t  s u p p l y .

I n  g e n e r a l ,  a  e u t r o p h i c  l a k e  w i l l  be r e l a t i v e l y  h i g h l y  p r o d u c t i v e ,  

a n d  m a n y  p e o p l e  h a v e  f a l l e n  i n t o  t h e  h a b i t  o f  u s i n g  " e u t r o p h i c "  

a s  a  s y n o n y m  f o r  " h i g h l y  p r o d u c t i v e " .  B u t  t h e  w a y  a  l a k e  u s e s  i t s  

n u t r i e n t  s u p p l y  i n  m a k i n g  o r g a n i s m s  c a n  v a r y  w i d e l y .  T h e  r a t e  

o f  p r o d u c t i o n  a n d  t h e  r e s u l t i n g  p o p u l a t i o n  d e n s i t y  t h a t  i s  s u p p o r t e d  

a r e  a f f e c t e d  b y  p r o p e r t i e s  i n  addition  t o  nutrient s u p p l y ,  ouch a s  

s o l a r  r a d i a t i o n ,  e x p o s u r e  t o  w i n d ,  s h a p e  a n d  s i z e  o f  t h e  l a k e  

b a s i n ,  a n d  m a n y  o t h e r  matters. Further, m e a n  b i o m a s s  or p o p u l a t i o n  

d e n s i t y  i s  o n l y  l o o s e l y  c o u p l e d  t o  p r o d u c t i v i t y ,  a l t h o u g h  i n  g e n e r a l  

l a k e s  o f  h i g h e r  p r o d u c t i v i t y  willsupport l a r g e r  p o p u l a t i o n s .

A H  t h i s  i s  n o t  t o  s a y  t h a t  t h e r e  a r e  n o t  s t e a d y ,  

p r o g r e s s i v e  c h a n g e s  i n  l a k e s .  W h a t  d o e s  h a p p e n  a s  t h e  l a k e

a g e s  i s  e c o l o g i c a l  s u c c e s s i o n .  J u s t  a s  t h e  b a r e  l a n d  a r o u n d  t h e  

l a k e  d e v e l o p , ?  a  v e g e t a t i o n  r o v e r ,  s o  d o  t h e  p l a n k t o n  a n d  b e n t h o s  

b e c o m e  e s t a b l i s h e d  i n  t h e l a k e ,  A s  l o n g  a s  t h e  l a k e  r e m a i n s  d e e p ,  

w i t h  a  v o l u m i n o u s  h y p o l i m n l o n ,  t h e  b i o t a  o f  t h e  l a k e  r e m a i n s  i n  

a  f a i r l y  u n i f o r m  c o n d i t i o n .  P r o b a b l y  o n e  o f  t h e  m o s t  i m p o r t a n t  

p r o c e s s e s  t h a t  d o m i n a t e  t h e  c o n d i t i o n s  i n  t h e  l a k e  I s  t h e  c h a n g e  

o f  s h a p e  b r o u g h t  a b o u t  b y  f i l l i n g  i n ,  a n d  c h a n g e s  b e g i n  t o  h a p p e n



r e l a t i v e l y  f a s t  w h e n  t h e  v o l u m e  o f  t n c h y p o l i m n i o n  b e c o m e s

s i g n i f i c a n t l y  r e d u c e d .  F u r t h e r ,  t h e  f r a c t i o n  o f  t h e  b o t t o m  

t h a t  i s  i n h a b i t a b l e  b y  r o o t e d  p l a n t s  i n c r e a s e s ,  s o  t h e  t o t a l  

a m o u n t  o f  v e g e t a t i o n  i n c r e a s e s .  A n o t h e r  p r o g r e s s i v e  c h a n g e  i s  

i n  t h e  a m o u n t  o f  n u t r i e n t s  b o u n d  u p  i n  t h e  r e l a t i v e l y  l o n g - l i v e d  

b u l k y  p l a n t s ,  r e l a t i v e  t o  t h a t  i n  t h e  s h o r t - l i v e d  r a p i d l y  

t u r n i n g  o v e r  p h y t o p l a n k t o n .  I n  " t h e  l a t e r  s t a g e s  o f  s u c c e s s i o n  

w h e n  t h e  l a k e  i s  v e r y  s h a l l o w ,  t h e  b u l k  o f  p r i m a r y  p r o d u c t i o n  m a y  

b e  c o n t a i n e d  i n  t h e  m a s s i v e  r o o t e d  p l a n t s  a n d  a s s o c i a t e d  p e r i p h y t o n

T h e  c h a n g e s  i n  b i o m a s s  p r o b a b l y  a r e  . b a s e d  o n  i n c r e a s e s  i n  

p r o d u c t i o n  i n  t h e  l a k e  i n  a d d i t i o n  t o  r e d i s t r i b u t i o n  o f  

p r o d u c t i o n  a m o n g  d i f f e r e n t  c o m p o n e n t s  o f  t h e  c o m m u n i t y ,  b u t  

d a t a  a b o u t  t h i s  p o i n t  a r e  v e r y  s c a r c e .  T h i s  n o t e  i s  p u t  m  

q u a l i t a t i v e  a n d  r e l a t i v e  t e r m s ,  b u t  o b v i o u s l y  t o  d e v e l o p  t h e s e  

p o i n t s  f u l l y ,  w o u l d  r e q u i r e  q u a n t i t i e s  t o  b e  e x p r e s s e d  i n  t e r m s  

t h a t  c o u l d  b e  u s e d  f o r  c o m p a r i n g  l a k e s  o f  d i f f e r e n t  s h a p e  a n d  s i z e .

T o  s u m m a r i z e ,  i t  a p p e a r s  t h a t  d u r i n g  t h e  d e v e l o p m e n t  o f  a n  

i n i t i a l l y  deep l a k e ,  p r o g r e s s i v e  c h a n g e s  t a k e  p l a c e  i n  t h e  r a t e

o f  p r o d u c t i o n  o f  o r g a  n i s m s  a n d  i n

a m o n g  d i f f e r e n t  k i n d s  o f  o r g a n i s m s ^ t h e  r a t e  o f  c h a n g e  i n c r e a s e s  

t o w a r d  t h e  e n d  o f  t h e  l a k e ' s  e x i s t e n c e .  T h i s  d o e s  n o t  m e a n  t h a t

a  corresponding c h a n g e  t a k e s  p l a c e  i n  t h e  n u t r i e n t  s u p p l y .

T h e  s u c c e s s i o n  i s  n o t  f r o m  o l i g o t r o p h i c  t o  e u t r o p h i c ,  b u t  f r o m  

l o w  p r o d u c t i o n  t o  h i g h  p r o d u c t i o n  a n d  f r o m  s m a l l  a b u n d a n c e  t o  

l a r g e  a b u n d a n c e .  A  l a k e  m a y  b e  e u t r o p h i c  s h o r t l y  a f t e r  i t s  

f o r m a t i o n  i f  i t  i s  i n  a  e u t r o p h i c  w a t e r s h e d ,  o r  i n  H u t c h i n s o n ' s  

s e n s e ,  i s  p a r t  o f  a  e u t r o p h i c  s y s t e m .  I t  m a y  n e v e r  b e c o m e  

e u t r o p h i c ,  a l t h o u g h  n e a r  t h e  e n d  o f  i t s  e x i s t e n c e  i t  m a y  

b e  d e n s e l y  v e g e t a t e d .
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