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INTRODUCTION

The study of animel populations has progressed from the strictly
descriptive field approach and the strictly laboratory approach to an
integration of the 2 approaches where careful laboratory experimenta-
tion 1s used as a tool in-the analysis of field descriptions. This in-
tegrated approsch can result in the ability better to predict populatién
events under natural conditions. In this study the next logical step
has been taken of exﬁerimentation carried out in the field under natural
conditions,

One of the major questions in ecology is whet determines the num-
bers of animals in natural populations. There is a number of widely
divergent views on the overall classification of the mechanisms responsi-
ble for keeping the numbers of animels in populations at their observed
levels in nature, and as these views diverge so do the actual mechanisms
proposed. Two views are dominant, One is that the numbers of animals
in natural populations are determined independently of population dgn-
sity with the weather being the major determining factor, while the
other view is that natural populations are regulated in a dersity-
dependent fashion and that this regulation is mediated through intra-
and interspecific relationships whieh result directly from density feed
back, Advocates of density-dependence do not or should not deny the
importance of weather as a factor influencing the number of animals in
nature, since it can obviously disturb populations strongly. They hold,
however, that the average levels achieved are not determined by density-
independent processes.

A number of quantitative studies have been done on natural populations
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(for example: Davidson and Andrewartha, 1948; Reynoldson, 1961; Paris,
1963; Hall, 1964; Cooper, in press). Scme of the above studies were
completely descriptive and some combined laboratory with field work.
In each case the author sas fairly certain as to whether the population
being studied was regulated or if the numbers were determined mainly by
density-independent processes., But the problem in the past and presumably
that of the future is that the interpretation of this type of work has
not been completely acceptable to ecologists in general. The ecological
1iterature contains many statements of theory and rebuttal on the topic
of what determines the numbers of animals in natural populations (Thompson,
1956; Milne, 1957; Birch, 1957; Andrewartha, 1957; Nicholson, 1957;
Hairston, Smith, and Slobodkin, 1960; Smith, 1961; Klomp, 1964). The
problem yet unresolved is whether a population can have its numbers
determined solely by demsity-independent processes and be maintsined
in this fashion from generation to generation, or whether regulation'
has to be invoked to explain the numbers of animals in natural populations.
A simple experiment which should yield results unequivocally support -
ing either density-dependence or density-independence is one in which the
densities of isolated units of a natural population are artificially
increased and decreased. The examination of these units in time would
reveal whether or not convergence in density of unaltered and altered
units has occurred. Since the only variable here is density, densi%y-
independent models must predict that coﬁvergence would not occur and that
altered and unaltered units would remain disparate in time., As various
density-independent processes acted on the subpopulations, they would
fluctuate,_but a plot of the logs of densities with cime would give a

series of quasi-parallel lines, On the other hand, density-dependent
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models would predict tha£ altered and unaltered situations would converge
in time, although the level at which convergence occurred would almost
certainly be influenced by density-independent processes.

The basic idea of altering densities of isolated units of & naturel
population as a test for density-dependent regulation has been suggeéted
at least twice in the literature. Nicholson (1957b) first suggested it
and Solomon (1961) restated Nicholson's basic ideas along with a plea
that the work be done.

The major goal of this study was to perform the experiment as des-
cribed above and test the hypothesis of density-dependent regulation,
and hopefully to get at some of the mechanisms of regulation, if indéed

it did occur.

A population of the pond snell, Lymnaea elodes living in a small

pond, was chosen for the experimental device. The small pond afforded
& discrete hebitat which could easily be subdivided asnd the snail, an

enimal with limited powers of dispersal, which could be isolated effec-

tively with simple enclosures.



THE STUDY AREA

'Payne Pond is a small permanent pond located about 5 miles north of
Ann Arbor, in Washtenaw County, Michigan. It is bordered along about
half of its margin by an open horse pasture, and along its other half
by an over-grown field. As a result of recent highwaey construction, a
small portion of the southern end of the pond was filled and now borders
the highway right-of-way. The pond has no permanent inlets or outlets,
Rain run-off enters from a series of swales from the rasture and from a
small temporary pond located in its northern end, and from adJoining
fields. High water is drained off through & culvert at the southern
end of the pond which runs under the highway. Due to the highway con-
struction mentioned above, the meximum weter level of the pond was re-
duced asbout 6 inches. In order to compensate for this a small sod éam
was bullt neer the culvert entrance, restoring the originel water level.
The surface area of the pond varies with rainfall but rarely is less
then 2 or more than 3 acres. Minimum water levels are usually reached
in the fall and are maintained until the ice cover melts and the spring
rains begir, Maximum water levels are usuelly reached in the late spring
or early summer after which time the pond water level again tegirs to
drop due to low summer precipitation. This series of events can be con-
siderably altered by high winter precipitation which can fill the pond
to near maximum levels before the spring thaw, The pond is shallow with
a maximum depth of sbout 4 feet. The margin is gently sloping, resulting
in a wide border area only inches in depth, During the summer, this shal-

low margin, out to a depth of about 18 inches, becomes overgrown with

emergent vege“ation, i.e., Sagittaria latifolia, Alisma plantago-aquatica,



Eleocharis spp., etc. This lush growth of vegetation generally coincides

with a lowering of the water level in the pond, It is this marginal

aree of the pond that forms the major portion of the Lymnsea elodes hsbitat,




LIFE HISTORY

Lymnaea elodes (palustris) Say [Stagnicola palustris elodes (say),

see Baker, 1928] is essentlally restricted to 1 generation per year in
Payne Pond. The snails overwinter along the exposed margin of the pond
as small juveniles (1 to 5 mm) . As the rond thaws and the water level
rises in the spring, this area is submerged:and the snails become active
and begin to grow. They reach adult size (15 to 30 mm) in late spring
and early summer at which time they begin to reproduce, The adults do
not appear to grow much once reproduction has begun, The snalls repro-
duce through June and most of July during which time the water level of
the pond is generally falling, It is during this period of reproduction
and falling water level that young snails estivate along the margin above
the water line.

Throughout the reproductive period only 2 size classes of snails are
usually found: the adults and the small young of the year. Thus snails
produced in one year do not attain adult size that same year. In late
summer and early fall both young and adults ﬂ;come increasingly difficult
to find until they have essentially disappeared from the pond. Occasion-
ally in the spring an adult that has overwintered is found, but the num-

bers of these snails in the spring of 196L represented an insignificant

fraction of the summer adult population,



OVERALL PLAN OF THE STUDY

The study can be divided into three parts. The first deals with a
purely descriptive approach to a portion of the snail population in the
pond that was not under ehclosure. This part also involves a limited
amount of laboratory work on the growth, reproduction, and predators of
the snails. The mejor purpose of this part of the study was to obtain
& description of the general dynamics of the snail Population which could
be used as a basis for comparison with the results obtained from the ex-
perimental work with isolated populations. The second part of the study
concerns itself with the alteration of adult densities in & number of
isolated populations and the effects of these artificial alterations on
adult density per se. The third part of the study deals with the effects
of the alterations in adult densities on the dynemics of the subsequent
snail populations in the altered situations, In addition, a number of
treatments other than adult density alteramtions were carried out and the

effects of these treatments on their respective isolated populations were

carefully examined,



THE SNAIL POPULATION OUTSIDE THE PENS

Sampling

The snail habitat in Pa&ne Pond presents a heterogeneous area for
sampling, Water depth and vegetational characteristics show strong zonsa-
tion from the mergin toward the center of the pond. A method well suited
to sampling this type of habitat is that of teking semples at equal inter-
vals from transects which traverse the hebitat, perpendicular to the
pond's margin, In sampling the snail population not under enclosure
transects were used exclusively.

In order to follow the general dynamics of a portion of the snail
population not under enclosure, a seééion of about 20 feet of margin was
selected. This was adjacent to and north of the rens, and appeared to
have the same general environmental characteristics as the area under
enclosure., At each sempling time this area was divided into 3 or 4 equal
parts, the middle 2 or 3 divisions determining the positions for 2 or 3
transects, respectively. The lengths of the transects were determined
by the total length of submerged area in the pens at the time of sampling,
Transects were begun just inside the waters edge, or if the pond level
wes higher than the backs of the pens, at the backs of the rens, In
this manner the area sampled outside the pens was adjusted on each ssmp-
ling date to coincide with the submerged area in the pens. Samples were
taken Qeekly from April 16 to July 30, 1964, except on June 4 and June 25,
1964, when no semples were taken. Semples were also taken on November 1,
196k, after the water margin was beyond the transect area.

With the exception of the April 16 sempling, when 1 foot intervals

were used, all samples were taken at 2 foot intervels along the transects,

8



Generally 3 transects and 12 to 24 semples were taken, When young and eggs
were abundant and 3 transects were taken, in order to reduce the work
load, one of the 3 was arbitrarily omitted from the examination for young
and eggs.

With the exception of the Februery 22, 1964, samples, when a 5-inch
diameter device was used to saﬁple frozen soil (see Hairston and Byers,
1954, for description of the sampler) , a 3-foot length of 4-inch diameter
stovepipe was used to take all transect samples. The stovepipe proved to
be very adequate for both submerged and exposed, unfrozen areas. Samples
taken with this device included a 2- to L-inch deep plug of the bottom
substrate, plus whatever water and vegetation lay on top, Each wet sample
was first drained of excess water through a 35 mesh screen sieve and then
Placed in e plastic bag. They were then brought into the laboratory and
each was placed in a white enamel par which was filled with enough water
to submerge the entirs sample.

Snails were removed from the samp ‘s by careful visusl examination.
This removal was greatly facilitated by a number of behavioral traits
exhibited by the snails., They showei a tendency to crawl on the bits of
vegetation in the samples or to move to the sides of the ensamel pans,
Sualls were also located by means of the trails they left in the settled
sedimert in the bottoms of the pans. In addition s iarge number of snalls
were found moving around, foot uﬁ, on the surface of the water., With wet
semples the procedure of removing snails was begun as soon as the samples
were submerged in the enamel pans, but with dry or frozen samples there
was usually a 12- to 2k-hour period before the snails became active
erough to be found essily and removed from the samples,

While the populstion was reproauctive, eggs were found by carefully
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examining each bit of vegetation and debris in the samples for the presence
of egg masses. After the samples had been thoroughly examined'they were
sieved through an 18 mesh screen sieve and the sieve residue was examined
for the presence of loose egg masses,

The process of examining the samples was followed continually on the
day the samples were taken, or in the case of dry or frozen samples, on
the day following sampling. On the first day of intensive examination the
greatest mejority of the snalls were removed from the samples, but they
were periodically exemined for an additional 2 or 3 days. During the
general hunting procedure and before discarding samples were carefully
examined for the presence of dead adult shells. Also, snail predators
were removed from the samples when they were found.

On several occasions, samples ready for discarding were pooled and
kept in the laboratory for several days, over which time they were peri-
odically examined for snails. This procedure always resulted in the find-
ing of & few additional snails, but s zys of the small young and less
than 1% of the total obtained from the regular time interval of examina-

tion,

On one occasion a known number of partially grown adults was added
to a group of snail-free samples and these were agitgted to simulate the
condit‘ons after sampling. All snails added were found with ease, -TIt
is felt that adults, both living and dead, were removed from samples in
& quantitative fashion due to their large size relative to the size of the
samples. No test of efficiency of the extraction method was mede for the
small snails, but snails of the size of young at hatching were obtained

from the samples in large numbers and with apparent facility., It is also

thought that egg masses due to their large size and usual attachment to
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solid substrate were removed from the samples with & high degree of effi-
ciency.

All snails from the samples were counted and measured. Adults were
measured with a palr of vernier celipers to the nearest 0.1 mm and young
with an ocular micrometer to the nearest micrometer unit (17.3 units = 1.0
mm). Snails were measured for greatest iength from the base of the apex
to the end of the aperature. Young measured with the ocular micrometer
were first oriented with their aperatures facing up. The numbers of eggs
and egg messes were counted, All snails and €gg masses from the trensect
samples were discarded after counting and measuring, and not returned to
the pond.

Each time the pond was visited the temperature of the water in the
study area was taken with a mercury thermometer and the water level was

recorded from a celluloid ruler fixed to a cedar post at the pondward end

of pen 28,

Results

The results of the weekly transect samples of the snail habitat not
under enclosure are given in Figure 1. There appears to have been little'
mortality in overwintering snails during the first few weeks of sampling,
followed by & fairly constent rate of loss over the remaeinder of the
sempling period. For the period from April 16 to July 23 the death rate
was 0,041 per day. The pbresence of eggs was first noted on May 28 and
egg production reached its peak (45.08/sample) on June 18, The rumbers
of yﬁung reached maximum levels (82.25/sample) on July 9. Botlk eggs and
young showed fairly rapid increasses followed by a very rapid decline, On

July 30, neither eggs nor adults were found and only 4,0 young per sample
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were found (note: these samples did not include the exposed zone of

pond bottom),

Egg masses in the transect samples ranged in mean clutch size from
20.86 eggs on May 28 when 1k masses were found to 45.00 eggs on July 23
wvhen only 1 egg mass was found. However, the mean number of eggs per
mess did not increase in a regular fashion with time and, except for the
July 23 samples, it was never over 30 eggs per mass., Of the 77 egg
masses found, 67 had between 10 and 40 eggs. The largest clutch con-
tained 48 eggs.

In Figure 2, the size freguency distributions of adults (overwin-
tering snails) from the weekly transect samples are plotted. The open
circles on the graph are the mean sizes of the snails within a transect
series. A smooth curve drawn through these open circles approximates a
growth curve for the snails under the environmental conditions over this
time interval, uncorrected for differential mortality. The growth rate
slowed in late May and early June when the population became reproductive.
The increase in mean adult size after May 28 was achieved without an in-
crease in size of the larger size categories. The February 22 distribu-
tion in this figure represents the snails (estivating) from the margin
samples whose distributions of abundance were used in locating the snail
pens (see section on The Snail Populations in the Pens; Location and Con-
struction of the Pens). Little growth occurred in the snails before
April 16. Of particular interest is the range of sizes in the February

22 samples. Only 1 snail out of 328 is larger than 4.0 mm, and size
cuts off sharply at 1.2 mm,

The size frequency distributions of the new generetion snails from
the transect samples are given in Figure 3. On Mey 28, in addition to

eggs from newly matured adults, a few partly grown yourng were found.
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They probabl& were produced by the few overwintering adults that were know:.
to be present in the pond, at densities too low to be expected in samples,
These young never appeared in later semples, nor could any of their age

be found anywhere in the pond,

With the exception of the May 28 samples, the meximum size attained
by young snails was only 4.3 mm, The size ranges in these histograms are
thus similer to those from the February samples of estivating snails, The
major difference between the 2 is the vnresence of many snails between 0.8
and 1.2 mm in the summer samples,

A summary of the raw data from the transect sampling is presented in

Teble 1.

TABLE 1

THE RESULTS OF TRANSECT SAMPLING FROM OUTSIDE OF THE PENS
FROM APRIL 16, TO JULY 30, 1964, AND NOVEMBER 1, 196k

Date No. of No. of No. of No. of No. of No. of No. of

Adults Samples Young Samples Egegs Egg Masses Samples
L-16 115 15 0 15 o} 0 15
L.23 174 18 0 18 0 o} 18
4-30 120 16 0] 16 0 0 16
5«7 189 24 0 2k 0 0 24
5=14 91 24 0 24 0 0 2k
5-21 59 2L 0 24 0 0 pellt
5-28 8 - 24 23 24 292 14 2
6-4 — -- - -- - -- -
6-11 L6 12 153 12 250 10 12
6-18 22 12 Lo8 12 541 20 12
6-25 - -- -—- -- -—- -- --
T=-2 10 18 733 12 Lu46 19 12
7-9 15 18 987 12 256 9 12
T7-16 7 18 530 12 17 4 12
T-23 2 11 61 11 L5 1 11
T=30 0 7 28 T 0 0 7
11-1 (0] 24 T7 24




GROWTH AND REPRODUCTION

Laboratory

Egg hatching intervals

Adult Lymnaea elodes collected from Payne Pond were acclimated to

20° and 25° C in constant temperature boxes in the leboratory. After 2
to 3 weeks the egg masses deposited by these snails were isolated and main-
tained at the temperatures at which they were produced to determine the
time interval to hatching., This interval varied from 8 to 9 days for eggs

at 25° C and from 11 to 12 days for eggs at 20° C.

Sizes of young at hatching

The sizes of young snails at hatching were determined by isolating
12 egg masses from a laboratory culture of adult, Payne Pond nggaeé which
was kept at room temperature, and removing the young as they hatched. To
facilitate handling and measuring, the snails were killed in T70% alcohol
as they were removed. These young were measured in the identical faéhion
to the young from the transect samples, The size distribution of the 281

snails produced by the 12 egg masses was:

Size (mm) %
0.8 17.1
0.9 65.8
1.0 16,k
1.1 0.7

Growth rates

Growth rates for snails at 20 and 25° C from the time of hatching were
determined from groups (cohorts) of 5 snails selected from individual egg

masses deposited at the appropriate temperatures. Freshly hatched young

17
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were first maintained together in finger bowls that had previously been
conditioned so.that they contained a rich algal growth attached to the
glass suﬁstrate. After 3 to 4 days the young were segregated into
separate, similarily conditioned finger bowls. After the snails head
atteined a size of approximately 2,0 mm their food supply, which up to
this time consisted entirely of the algae in the finger bowls, was sup-
Plemented with super-sbundant amounts of dried, frozen spinach. The
measurement of small snails (up to sbout 5.0 mm) was done in the same
fashion as the young from the transects,but snails over 5.0 mm were
measured against a piece of millimeter graph paper and their lengths
were estimated to the nearest 0.1 mm. Because of the very rap{d growth
of these snails their shells were very delicate and they had to be hand-
led with great care, Every 3 or 4 days, when the snails were measured,
the water in the bowls was changed with preconditioned water and new
food added,vwhile old, uneaten food was removed.

In figure L, the averaged growth curves for 4 of the atove 12 co-
horts of Lymnaea grown at 20 and 25° C are Presented. These curves
represent the maximum and minimum rates obtained for each temperature.
Some 25° cohorts did not grow as well as the meximum 20° group, In the
minimum 20° cohort shown in the figure, the irncrements of growth for 7
dey intervels beginning at time zero (hatching dete) increase steadily

from 1.1 mm (O to 7days) to 3.0 mm (9 to 16 dayz) .

Reproduction

Two cohorts of snails from the 25° growth study were maintained
through a portion of their reproductive period. First eggs were depos-
ited 31 and 34 days after hatching by snails 20.4, 21.6, and 19.2, 22.9

mm respectively for the 2 cohorts. The growth retes in these 2 cohorts
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were the minima obtained for the temperature. The lower 25° C growth curve
in Figure 4 is from the cohort that first produced eggs at 34 days., The 9
snails (1 died prior to reproduction) in these 2 cohorts deposited 31 egg

masses and a total of 2653 eggs in 11 days for a mean number of eggs per

mass of 85.58 (s = 27.3).



PREDATION

Field

A number of direct observations of snail predation was made in the
field. Those animals actually seen in the process of killing and eating
snalls were: large dragonfly nymphs eating large, adult snails; leeches
eating small snails; a bug, Belostoma (both early instars and adults),
eating both adult and small snails; several species of sciomyzid fly lar-
vae eating small snalls and one species that deposited its eggs on the
shells of estivating adults and whose larvae killed the snails,

Several methods were tried in an attempt to quantify the sciomyzid
larvee in the pond, but none wes successful, Tke regular sampling for
snalls both inside and outside of the pens did produce some larvae, but
not enough for reliable estimates of the fly larvae densities. Observa-
tions of adults around the pond and of larvae and the puparia and edults
they produced indicated that 4 or 5 species of sciomyzids were present in
the area.

An impression of the fly larvae population, based muiriy on +ths facil-
ity with which they were collected for laborsatory work, indicated that there
were 2 peaks in larval abundance. These were in April and May when the
overwintering snails were most sbundant and agein in late June and early
July when the young of the year were most abundant., From mid May to mid
June and sgain in late July the larvae sppeared to be almost completély
absent, from the pond.

“here was no indication from the field observations of any sigrnificant
degree of preia‘ion on the snail's eggs. A few 1solated observations were

made of single egg capsules in egg masses fllled with protozoa. Further-

21
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more, while it was found in the laboratory thet adults of Iymnees elodes

will, in the absence of alternative food, cannibalize their freshly hatched

young, there is no evidence that this occurs in the field.

Iaboratory

A number of possible predators were brought into the laboratory from
Payne Pond. A wide variety of animels, from newts to crayfish, were found
to prey on the snails under leboratory conditions and with no other food
available., But the value of such determinetions is highly questionable
since predator food preference in nature is not known.

In the laboratorythe only quantitative predator experiments were those
using sciomyzid larvae collected from the.pond. Neither the exact ages
of the fly larvae used were known nor how many, if any, snails they had
elready consumed in the field, On April 22, 5 small larvae (about 8 mm
long) were placed in separate finger bowls along with a large number of
Iymneea collected on the same day. A superabundance of snails was always
kept in the finger btowls, The 5 larvee consumed 142 sneils from 2.3 to
8.0 mn in length during & total combined larval feeding life (until feed-
ing stopped prior to pupastion) of Wi days. Thus approximately 3.2 snails
were consumed per larvel feeding day. It was found that the seme types
of sclomyzid fly larvese as used in this experiment would not, even when

starved, attack adult snails (15 mm or larger).



FIELD AND LABORATORY

The tempersture of the water in the study area varied a great deal,
both diurnally and from day to day, during April ard May when the over-
wintering snails were growing to adult size. The shallow nature of the
margin habitat mede it subject to extremes in temperature, especially on
clear; sunry days. On April 5, an overcast day, the water temperature
wvas 7 to 8° C at 4:00 P.m., while on April 6, which was clear and sunny,
the temperature of the water was 21.5° C at 3:30 p.m. Throughout April
it was common to fird early morning temperature of around 10° ¢ and mfter-
noor tempersatures of 21 and 22° ¢. In May few temperatures below 15° C
were recorded and on sunny afternoons the temperature reached 30° ¢. In
June ard July few temperatures below 18° C were observed and most of the
day the water temperature ranged from 25 to 5C° c.

Since there was so much varistion in temperature in the pord while
the overwintering snails were groving there can be no direct comparison
made between their growth and the growth of snails in the laboratory
under constant temperature conditions.

However imperfect the laboratory data on growth and reproductior are
in relation to actusl field conditions, one thing is clearly demonstrated
by them. A generation time of about L0 days is probzbly a reasonable
estimate for temperstures between 20 and 30° C and it therefore seems
not unreasorable to expect that under idesl conditions (i,e., abundant
food, low mortality) the snails in the pond should have been able +o com-
plete 2 ard perhaps 3 generations during the spring and summer (Aprfi
*hrough Augus*) instead of the single gereration which was observed,

Examinstion of the size frequency distributions of the new genersa-
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“ior snails from the transect semples (Figure 3) gives little indication
of growth in these snails. There appears to be 2 possible reasons for this,
Either they were not growing more than the slight amount that is indicated
in the figure, or they were growing more but the larger size categories
were being removed from the population.

In Iigure 5 are the results of an experiment run in the field in an
attempt to discover what was happening to the young snails in the pond.
An ensmel pan (area = 201 square inches) was submerged in the treansect
sempling area from July 9 to July 14, On July 14 the sediment that had
collected in the pan was removed, preserved in 70% alcohol and brought into
the laboratory. The sediment was carefully examined under a dissecting
microscope and all whole, dead snail shells were removed along with any
fragments containing a complete apex. About 90% of the shells found were
whole.

Of the 3 histograms in Figure 5, 2 have been reproduced from the
July 9 and July 16 samples from Figure 3. The middle histogram represents
the dead shells sedimented into the enamel pan from July 9 to July 1L,
The July 9 ard July 16 histogrems are each based on 12 samples and the
sediment histogram has been adjusted so that the area of the pan and
the time interval of sediment collection are equivalent to the area
sampled by 12, 4-inch cores and an interval of f days. The straight
line on this graph drawn through the 3 histograms connects the mean size
of a cohort of laboratory snails grown at 25° C with superabundant food,
from the time at hatching to 7 days of age. If the growth of the young
in the pond were proceeding at this rate, the majoriﬁy of the young sampled
in any one week would have been unhatched eggs the week before,

The effizien~y of the sediment method for collecting dead shells is
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Figure 5. Size frequency distributions of young snails from 2 July samples
and of dead shells sedimented in the sampling area, Each square represents

1 to 5 snalls or eggs.
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not known, but the indication is that it is quite high. If it is assumed
that the hatching interval during this reriod was 10 days,.then during
the week from July 9 to July 16, 7/10 of the July 9 eggs would have
hatched (.7 x 256‘= 179.2). Thus, on July 16 one would expect to find,
assuming no mortality of young or eggs, 987 + 179 or 1166 young snails.
But only 530 were found on July 16, leaving 636 to be accounted for. The
sediment pan produced 344 or just over 54% of this loss.

The distribution of the sizes of the dead snails from the sediment
is intermediate between those of July 9 and July 16. Thus, no evidence
of strong size-selective mortality is present.

There is evidence that the young in the field were growing at only
a fraction of the rates observed in laboratory snails. Of the 530 &oung
found on July 16, approximately 350 (530-179 = 349) must have been young
end not eggs on July 9. Since the indication frow above is that there
was no strong size-specific mortelity, then the medien snail from one
week should also be the median snail, after correction for newly hatched
young, the following week. Using this line of reasoning, an estimate of
field growth over a 7 day interval-can be obtained by considering the
periods June 11 to June 18, July 2 to July 9, and July 9 to July 16,

For these 3 periods it was determined that the medien snail grew on the
average 0.3 mm in 7 days. This is only about 1/7 of the growth increment
in 7 days achieved by snails, beginning at the same median sizes, in the
lowest 20° C cohort shown in Figure L.

In Figure 6, the relation between the numbers of young per sample
from the weekly transect samples and the accumulated estimate of the
numbers of eggs per sample hatched during the season is shown. An egg

development period of 10 daeys was used. Estimates of the numbers of
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eggs per sample on the 2 dateé (June 4 and June 25) vhen -amples were
not taken were ottalned by extrapolating from adjacent data,

The figure shows little loss of young up through June 25, at which
roint the actual number of young obtained per sample begins to fall
rapidly below that expected on the basis of accumulated eggs. The last
value of young per sample on the graph is from the November 1 semples
taken from the then dry transect area and represents only 3.2 young per
sample. This is opposed to a season's estimated accumulation of 145.7
eggs per sample. The difference between accumulated eggs and the num-
ber of snalls left represents a 97.8% mortality of young assuming all

eggs hatched.



THE SNAIL POPUIATIONS IN THE PENS

Iocation and Construction of the Pens

On February 22, 1964, & series of samples was taken from 4 evenly
spaced transects across a homogeneous portion of the exposed, frozen soil
of the margin of the pond. Seven samples were taken from each transect
at 2 foot intervals. On the basis of the distribution of the snails in
these samples, and with the aid of vegetational bands along the margin of
the pond, and with a knowledge of the preceding spring and summer water
levels, grids were laid out for 28, 3 x 15 foot enclosures (pens) in 2
groups of 13 (pens 1 to 13) and 15 (pens 14 to 28) pens each. The pens
were bullt perpendicular to the shoreline. Each pen was supported with
6 evenly spaced 3 inch by 7 foot cedar posts driven or dug about 3 feet
into the ground. The sides and shoreward ends of the pens were covered
with 14 x 16 mesh plastic impregnated steel screen which was attached to
the posts with wire staples. Pens within a group shared common supports
and sides. The pondward ends of the pens were first covered with 16. x
18 mesh aluminum insect screening and then with no. 202 Nytex nylon mono-
filament cloth (202 micron openings). The screen and nylon cloth were
attached to the end supports with quarter inch molding backed with strips
of insulating material to insure a tight fit, All ends and sides were
buried into the ground to a depth of 4 to 6 inches. The snails showed
little tendency to crawl onto the screen sides or ends of the pens and no
tendency to burrow more then a fraction of an inch into the bottom sub-
strate. |

The heavy work of placing cedar posts and putting up the sides of the

pens was begun on March 1, 1964, when the ground and the pond were frozen
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.and the water margin about 30 feet from the construction afea. This
lwork was completed on March 25, 1964, while the ground and the pond were
still partially frozen and thé &ater margin still several feet from the
pens,

After the cedar posts were all in Place and before the screen sides
were put up, 2 by L's were nailed to the posts, connecting in pairs the
3 sets of posts supporting each pen. These 2 by 4's later served as sup-
ports for 8 foot sections of 2 by 10's which were used as catwalks for
examining and sampling from the insides of the pens, Once the pens were
completely built they were not entered until the fall when they were com-
pletely dry. The end material of the pens was not put 1in place until May
26 and 27, 1964, so that up to this time the pond fauna could mix freely

in the partially built pens.

Adults

Density estimates and manipulations

On June 1, 1964, after the pens had been closed, estimates of the adult
densities in them were begun using a simple mark-release-recapture index
(Lincoln Index, unmodified). Every effort was made to meet the basic
assumptioné of the method. Three successive estimates for eech of 26
pens from June 1 to June 10 gave results that appeared to be consistent.
The estimates obtained by pooling these data are shown on the first column
of Table 2. Pens 27 and 28 were not sampled forAlack of time,

On the besis of these estimates 6 pens were selected from each of the
2 groups of pens, These 12 pens were divided into 3 sets of 4 pens
each in such a manner as to achieve similar means and varisnces among
the sets, Further criteria for selecting the pens within a set were that

helf (2 pens) of each set be located in each of the 2 groups of pens and
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that no 2 adjacent pens be assigned to the seme set. One of these 3 sets
was arbitrarily selected to have its adult densities increased to 5 times
the original density estimates,a second to have its densities reduced to
1/5 of the original estimates, and the third set to remain unchanged as
a control,

Reduction in the pens was accomplished by carefully exasmining the
pens and removing the required number of snails. Sneails removed were
used to raise the densities in the increased pens, but the majority of
the sneils for this purpose was collected from an ares of the pond about
50 yards to the south of the pens. Theée manipulations were begun on
June 10 and completed on June 15, 1964, and are shown on column 2 of
Teble 2.

From June 17 to June 23, 1964, a number of additional edult dersity
estimates was mede as a check on the first estimates, Both o013 marks
and a nev series of marks were used to obtain these estimates (column 3,
Taeble 2). 1In all cases the new estimates were higher than the first
estimates, With the evidence presented by these new estimates it ﬁas
decided that those used as a basis for manipulations were not reliable,
and adjustments were begun in the elready altered pens, At the time
(June 21) it was not known what the levels of manipulations would be, but
the new estimates indicated that the old ones were conslstently and con-
siderably low.

As an alternative method for estimating the adult densities, 2
pens, not previously assigned treatment, were selected from each of the
2 groups of pens. All of the vegetation in these 4 pens was either pulled
out or cut off below the surface of the water, and all snails found were

removed. The removal of snails was mainly accomplished by running a dip
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net through the pens and effectively straining the contents of the water
end the sediment in them. These 4 pens were continually examined until no
more snails could be found. Both living &and recently dead shells were re-
moved in the above manner, giving 4 censuses of total Pen populations,

The censusing of the adults was begun on June 25 and the majority
of the snails had been removed from 2 of the pens by June 26, although
the last snails were not removed from these k4 pens until July 7, 1964,
However, since it was felt that time was the more important factor to
consider, alterations ir manipulations were carried out on the basis of
partial censuses. An estimate of 1100 snails per pen was used for the
pens in group 1 to 13 and 700 snails per pen for the group 1k to 28, Thus
elther 880 or 560 snails was removed from the reduced pens and either
LLOO or 2800 snails were added to the increased pens. All manipulations
were completed on June 30, 1964 (see col:mn 4, Table 2).

The final numbers of adult snails removed from the L censused pens

are presented in Table 2 (column 5) and also below:

Pen Total Number
No. of Shells
3 1272
7 1006
X = 1139
22 709
2k _ 779
X = T4Yy

The original experimental design called for slterations in adult
density on the order of l/SX, X,’and >X, for the 3 sets of 4 pens iﬁ—the
basic design. This would have given a total difference between the reduced
and increased sets of 25 fold. Based on the mean number of all adults

from each of the 2 groups of censused Pens, the actual levels of altera-
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tion achieved are presented in Table 3. Also in this table are the levels
of alteration that were achieved on June 15 when the first manipulation
based on the first Lincoln Index estimates were completed, and on June 26
after readjustment had begun and the pens in group 14 to 28 had been over-

menipulated.

TABLE 3

LEVELS OF ALTERATION ACHIEVED IN THE INCREASED
AND REDUCED SETS OF PENS

Ratio of Treatment/Control

Pen No. June 15 June 26 June 30
Increased
L 3.3 ) 4.9
11 3.5 L.5 L.9
17 4.3 6.4 4,8
20 4.0 6.4 4.8
Reduced
2 0.65 0.42 0.23
10 0.50 0.31 0.23
18 0.40 0.15 0.25
25 0.33 0.14 0.25

As mentioned earlier, every effort was made to meet the assumptions
of the merk-release-recepture method. The problem of dispersion over the
pond was solved by the confinement of the pens, but it is obvious by the
low nature of the early estimates that at least during the period from

June 1 to June 10 merked individuals did not mix randomly or were not re-
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moved randomly from the pen populastions. 1In pens 1 to 13, for example,
ﬁalf of the snails appear to have been missed in the Lincoln Index esti-
mates of June 1 to June 10. |

After manipulations were completed, only one further estimate of adult
density was made in the pens. On September 6, én extensive series of
samples was begun from all 28 pens, Samples were taken, using the same
stove pipe sampler as described in therpreceding section, from a zié-zag

transect which moved from side to middle to side at 2 foot intervals begin-

ning at the center of the shoreward ends of the Pens and ending at the
right hand corner (facing the pond) of the rondward ends, Oneach sampling
day 1 sample was taken from the same locstion in each of the 28 pens,
In this fashion the entire lengths of the pens were covered and the design
yielded 4 samples each from the sides and the centers of the pens, The
series of samples took until October 17 to complete., During this time
interval the level of the pond was falling and always below the level of
the samples being taken so that all 8 of these samples were dry soil cores,
and presumably contained only estiveting snails,

Semples were treated and sorted in en identicel meanner to those from

the snail population not under enclosure. The results are shown on the

last column of Table 2.

Results

In Figure 7 the number of adult snails (living and deed) expected
per pen on the basis of the spring estimates (column 6, Table 2) are
plotted in relation to the total number of adults, adjusted to a per pen
basis; obtained from the September-October series of samples (column 7,
Table 2). The straight line drawn on this figure has a slope of 1 and

passes through the origin of the graph and represents perfect agreement
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between erxpected and observed results., The agreement of the data to this
line, especialiy that from the aitered pens, indicates that the desired
levels of alteration of adult density were closely approximated and were
maintained over the time of phe study. Of maJor concern here earlier was
the possibility of snails crawling out or being'removed by some agent (i.e,,
birds).

" For individual ren estimates of adult density, both initiaslly and in
the fall, the 8 sample series of September-October (fall series) is con-
sidered to be the most reliable and will be used in this paper whenever
observed adult densities are mentioned,

The relationship between the number of living adults and the total
number of adult shells from the fall series is shown in Figure 8. To reduce
sampling error, each point on the graph represents the sum of a pair of
similarly treated pens. Pens were paired with their closest similar
neighbor beginning with pen 1. In this manner, pen 1 which received no
specific treatment and therefore acted as an extra control, was paired
with pen 5 which was designated a control in the original 12 pen design;
and pen 2 which was reduced was paired with pen 10; etec. A straight line
with & slope of 1 has been drawn through the median point on the graph,
Since the axes are on a logarithmic scale, the close agreement of these
data to this line indicates that the proportion of adults surviving until
fall was similar for all treatments. In other words, tﬁere was no regula-

tion of adult density among the various treatments through differential

survival,

Other Pen Treatments
Treatments other than alterations of adult density were given to a

number of pens, On June 19, 2 pens (27 and 28) which had received no
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Figure 8, The relation between the numbers of adults expected and observed
per pen, Solid circles are the 12 pens in the basic design, Open circles
are other controls (6), fed pens (2), and predator added pens (2).
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previous trestment were each supplied with a 10 oz. package of A&P frozen
spinach, The spinach was distributed throughout the submerged portions
of the pens, This treatmenf was continued at 3 or 4 day intervals until
July 30, 196k,

At the time the pens were being built, 2 pens (13 and 15) were selected
which were entirely closed in, in an attempt to exclude frédators. These
vere framed in with 2 by L's about 30 inches above the ground. The side
and end material was extended up to this frame and écreen covers made of
16 x %8 mesh aluminum insect screening supported on 2 by 2 frames were
constructed for the tops., Unlike the other 26, the ends of these were
closed off before the water level in the pond reached them, so that there
was no opportunity for the free movement of animals into or out of these
pens,

On July 11, 1964, 2 pens (12 and 14) were selected and 100 Belostome
(mainly early instars) collected from the pond at large were added to each,

Aside from the 12 pens in the basic design, the 4 which were censused,
and the 6 just mentioned above, 6 pens (1, 6, 8, 19, 23, 26) received no
treatment at all and therefore acted as 6 extra controls,

The disposition of all 28 pens is summarized in Table k.

Young and eggs

All samples of young snails were taken with the U4 inch diameter stove
Pipe sampler, On 3 dates in July (July 7, 20, and 27), 2 samples were
taken per pen from the 12 pens in the basic design. On the last 2 of these
dates, 2 samples were taken from each of the pens receiving additional
food. All of these samples were taken along the central axis of the pens
(1-1/2 feet from either side) and the exact location of the samples was

determined by the water level in the pens, On July 7 when the pens were
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TABLE L4

THE DISPOSITION OF THE 28 PENS

Treatment Pen No,
Reduced 2, 10, 18, 25
Control 5, 9, 16, 21
Increased 4, 11, 17, 20
Food Added 27, 28
Belostoma Added 12, 14
Completely Closed 13, 15
Censused 3, T, 22, 24
No Treatment (controls) 1, 6, 8, 19, 23, 26

full, 1 sample was taken from the middle of each half of each pen, while
on July 27 when they were almost dry, samples were taken at 1 foot inter-
vals beginning 1 foot from their pondward ends.

The 8 sample series from September 6 to October 17 (fall series) men-
tloned in the section on adults was also carefully examined for the pres-
ence of young snails end represents the most extensive series of samples
for this group of snails,

The handling and sorting procedures for these samples were identical
to those for samples taken from the unenclosed snail population.

On July 10, a time limited search for eggs was carried out in the
12 pens in the basic design and the 2 fed pens, Each was thoroughly exam-
ined and all egg masses found within 10 minutes, except for the fed pens
where eggs were so numerous that the searching time was reduced to 4 min-
utes, were placed in glass containers. The containers were brought into

‘the laboratory where the numbers of eggs and egg masses were counted,
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after which the egg masses were returned to their respective pens in the

fleld,

Results

On 3 successive dates in July when samples were taken from the 12 pens
in the basic design, an inverse relationship was found between the num-
bers of young and adults within the 3 sets (Figure 9). On all 3 dates the
reduced pens had the highest number of young and the increased pens the
lowest number of young. As early as July 7, only 1 week after the final
manipulations had been completed, the regulation of density as expressed
in the numbers of young obtained from the 3 treatments was complete to the
roint of overcompensation. The maintenance of this inverse relationship
over 3 sampling periods is in itself significant.

On July 20 there was over a 4-fold difference in the numbers of
young from the fed pens as compared with the controls, This difference
was over 9 fold on July 27 (see Figure 9 and Table 5). The greatest
difference found among the 3 sets in the basic design was a little under
2 fold between the controls and the reduced pens on July 27, The large
differences between the fed pens and the controls, or even the reduced
pens, indicates strongly that the snails in the unfed pens were severely
food limited and the additions of what seemed to have been relatively
small amounts of food in the form of frozen spinach were enough to at
least partially release the snails in the fed pens from the limitation,

The broken line in Figure 9 connects the last July semples with the
numbers of young from tpe fall serles, In the fall, the inverse rela-
tion between young and adult densities did not hold. The numbers of
young were greater in the fall than in the last July samples, It is

suspected that this was due to the fact that the July 27 samples were
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from a small submerged portion of the pens and were of "active" snails,
while the f&ll samples were fram the entire pens and were of estivating
snalls,

The size frequency‘distributions of the young snails from the 3 series
of July samples from the 3 treatments in the basic design (Figure 10) give
no indication of growth over the sampling intervels, In this respect
and also in respect to the actual size distributions of the snails
( maximum sigg was 4.3 mm) these you;; are very similar to the young
snails from the transect samples from outside the pens (Figure 3), There
are no convincing differences in the sizg distributions of young snails
from among the 3 sets of treatments.

No relation was found between the number of eggs per pen from the
July 10 time limited search and the total number of adults per pen (Figure
11). There was no significant diffefence in the total number of eggs per
pen among the 3 treatments. But the numbers of eggs from the fed pens
showed a striking (25 fold) increase over the numbers of eggs fram the
12 pens in the basic design. As with the number of young from these
pens, this difference can only be attributed to the food edditions made
to these pens.

There was a significent relation found tetween the meen number of
eggs per egg mass and the number of adults per pen in the 12 pens of the
basic design (Figure 12). There was also a significan* difference (one-
way analysis of variance on logs: 'F2,235 = 22,40, ,05 > P > ,025) in the
number of eggs per egg mass among the 3 treatments, The mean clutch size ir
the fed pens (146.91) was over 2 fold larger than the.mean clutch size in
the cortrol pens (20.16). 1In the reduced pens the mean clutch size was

26.06 and in the increased pens it was 16.14 eggs per egg mass, In the
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fed pens the mean clutch size was only a little less than half of that
for laboratory snails grown at 25° C with superabundant food (85.58).

In Figure 13, the relation between the numbers of young per pen and
the total numbers of adults per pen, based on the fall series, is plotted.
The total numbers of youﬁg ﬁer pen among the 3 treatments in the basic
design are not significantly different, The difference remains not sig-
nificant when the 6 extra control pens are included in the analysis,

The fed pens, however, have sigrificantly more young in them than the

unfed pens, But, what was over a 25 fold difference in egg numbers between
the fed pens and the 12 pens in the basic design, 1s now Just & 2 fold dif-
ference, Obviously there has been a much higher mortality of young snails
in the fed pens than in the pens in the basic design,

When the total number of young from all 3 sets of July samples is
plotted in relation to the number of young obtained from these same pens
in the fall series, a significant relation is found between the 2 sets
of date (Figure 14), Ignoring the fed pens, a corner test of assoéiation
gives a sum of plus 12 (.05 > P > ,02). In other words, pens, regardless
of treatment, which had high numbers of active young during July, also
tended in a significant fashion to have high numbers of estivating young
in the fall. This indicates the presence of individual differences among
the pens which were expressed independently of the treatment they received.
Without sufficient replication in the experimental design, this type of
individual difference could have masked the final results,

The results from the closed pens (13 and 15) and those (12 and 1L)
to which predators (Belostoma).were added are inconclusive, There were

no clear effects of either of these treatments on either the adults or

the young.
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The closing of pens 13 and 15 did not in fact exclude predators from
them. Eerly in June, pen 13 contained an estimated 1000 or more young
crayfish, and while the numbers of crayfish in it were not followed, their
presence was obvious throughout June and July. In addition to the cray-
fish in pen 13, sciomyzid fly larvae were observed in both pens as well
as emerging adult dragonflies, Access to these pens by predators could
have been had when their tops were off for inspection or at all other
times through small openings around the imperfectly fitting tops. Early
in June at the time of the first Lincoln Index estimates, these pens
eppeered to have larger populations of adults of a smaller size than the
other pens. It is thought that this mey have been due to the early clos-
ing off of their ends and the fact that the enclosed ares contained most
of the area in which snails estivated, while once the pond level rose
the snail habitat covered an area greater than that covered by *the pens.
The fact that pen 13 contained the crayfish and only produced 14 estivating
young in the fall mey or may not be significant.

The edditions of the Belostoma to pens 12 and 1k were made at a
time when the water level in the pens was beginning to drop and should
not be considered as an adequate test of this predstors effect on the
snail population.

Throughout the sempling for young snails pen 4 was consistently low
in the numbers of young found. This difference is real, but the reason
for its existence is unknown.

The results of sampling within the pens for eggs, young, and adults

are summerized in Table 5,



DISCUSSION

The Demonstration of Regulation

When the basic experimental design of altering densities in pens was
first conceived, it was thought that the most that could be expected,
if regulation did occur during the time of the study, would have been
a statistically significant convergence in the densities of the altered
with the unaltered sets of pens., But convergence, and hence regulation,
as expressed in the densities of young snails, was found to be far more
complete and to occur more rapidly than was thought possible, The first
set of samples of young snails from the 3 sets of rens in the basic
design in July revealed an inverse relationship between adult and young
densities., This same relationship was further borne out in the 2 sub-
sequent samples of young (see Figure 9). The inverse relationship found
mey be compared with the over-adjustment of temperature to thermostatic
control, a common phenomenon in feed back systems.

The results of the time limited search for eggs in July showed no
significant difference in the number of eggs per pen smong the 3 treat-
ments in the basic design. However, it did show a significant difference
among the 3 treatments in the mean clutch sizes ard also = significart
Inverse relationship between observed adult densities and the mean
clutch size in the 12 basic pens. As with the numbers of Young above,
these data show regulation in the system.

Since the only variable in this system was adult density, it must
be assumed that the results obtained were due to the alterations in
adult density. The inverse relations and the convergences must te attri-

buted to feed back from adult density, and from both increased and de-
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creased densities. This type of result is exactly what would be pre-
dicted by density-dependent models, These results should be considered
as an unequivocal demonstration of the existence of the regulation of
numbers in a natural animal population, a demonstration that the author
has been unable to find duplicated for any other natural enimal popula-
tion in the ecological literature.

The absence of any regulation through adult survival in the altered
pens was not expected but was not entirely surprising. Since the snails
in the pond essentially reproduce in only 1 year, all that is required
of the system for regulation to be achieved is that adult density be in-
versely expressed in fecundity, or short of this immediate relationship,
that there be an inverse relation between adult density and young sur-
vivorship, That one or both of these things happened in the snail popula-
tions in the altered pens is abundantly clear from the data.

A number of investigators have used density manipulations under more
or less natural conditions, but in each case reviewed, serious questions
remein unanswered or the experimental design was not adequate for a
test of regulation, Kajek (1963) manipulated the densities of s species
of tendipedid in submerged cages in a lake, but his cages were not free
of emigration and immigrstion and a replicated design was not used, He
found that artificial increases were, in general, not maintained, but
decreased to the general level of the population in the lake around the
cages. But, when the population in the lake around the cages was itself
increasing, the artificially high levels in the ceges were maintained
better, However, some species, noted as sbsent from the cages at the
beginning of experiments, were found in some cases to have attained very

high densities &t their ends (0 to 1776 in one extreme case), While the
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results of this work are of some interest and to some would certainly
indicate a regulated system, they remain equivocal, Andrzejewsky (1961)
artificlally manipulated the densities of s homopteran in meadows. 1In a
set of cages in a na%ufal meadow, where elther 250, 500, of 1000 homoptera
were added per cage, he found a 90% mortelity in all cages during the
first 3 days of the study. This was followed on the 6th day by the inter-
mediate (500) cage having the highest density of animals, This inter-
mediate cage remained the highest with the high (1000) and low (250) cages
with respectively lower densities over the remainder of the study (6 more
days) . However, a replicated design was not used and the author does

not indicate whether or not the differences in density observed among

the 3 treatments were significant, making the interpretation of the
results difficult. Economic entamologists have used elegant designs in
manipulative experiments in attempts to evaluate the effects of varying
densities of pest species of insects on economiceally important crops
(Bowling, 1963a; Lloyd, et al., 1962). But their major interest has been
the effect of the pest on the crop and not the density effect per se
within the pest species populations. In one of the more careful studies
to date, and with a specific eye to regulation, lomnicki (in press)
artificially increased the density of adults in a natural.population

of the snail, Helix pomatia. He found no regulation in adult survivel,

but he did not follow reproduction.

As mentioned in the introduction, a variety of populaﬁions has
been studied in an attempﬁ to discover how their numbers are determined
(regulated or in s density-independent fashion) and the mechanisms in-
volved. Work on the Spruce Bud Worm (Morris, 1963) shouid perhaps be

considered the most complete in this respect, But descriptive epproaches,
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even 1f they are coupled with extensive laboratory experimentation, cannot
substitute for direct experimental evidence obtained under naturel condi-
tions. As long as results are descriptive they will remain equivocal in

the minds of some, and general agreement on the subject of regulation will

not be reached by ecologists,

Mechanisms of Regulation
The mechanisms of the reguletion of density in the snail population

are not as clear as the demonstration of their existence. The results
from the fed pens indicate that the snails, both in the pens and in the
pond at large, were under a severe food limitation, Further, a comparison
of the clutch sizes and growth rates of field with laboratory animels
indicates that even in the fed Pens, the snails were realizing only a
portion of their potential for growth and reproduction.

The results from the basic experimental and fed rens indicate that
in the altered pens of the basic design, the regulation of density was
achieved through an adjustment in adult fecundity as influenced by the
food supply. Egg number similarity alone in these pens would have led +o
convergence in the numbers of young. However, the actual level at which
convergence occurred must have been a function of other factors and these
may not have been regulatory. For the snail population outside of the
rens, young snail mortality was estimated to be 97.8%. Assuming egg
production in the pens was similar to that in the pond, a slightly lower
(sbout 93%) mortality is indicated here. However, there is no way of
determining at present whether or not this mortality was regulatory in
nature. There are 2 things that indicate that mortality mey be a poten-
tial reguliastory force in the snail Population., First there was the loss

of the inverse relation of young to adult densities in the 12 rens of the
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basic design, and second, the extremely high mortality that was indicated
in the fed pens. Comparing the fed pens and the 12 bens in the basic de-
sign, what was over a 25-fold difference in the number of eggs in July,
and b~ and 9-fold differences in the number of active young on 2 other
occasions 1in July, resulted in little over a 2-fold difference in the num-
ber of estivating young in the fall. So here at least, in the fed pens,
it cannot be said that regulation was achieved through adult fecundity.

However, within the framework of the experimental design, that is, 20-
fold differences in adult density, it appears that survival is immate-
rial to regulation, because at least within this 20-fold range, food will

be limiting and regulation will occur in egg production,

Food Limitation

The idea of food limitation is not a new one in ecology and some
broad generalizations have been made concerning its role in determining
the numbers in natural populations (Hairston, et al., 1960). Malacolo-
gists 1n the past have considered fresh water snails not to be food
limited (Boycott, 1936), but Boray (1964) states that one of the factors
influencing snail populations is the presence cr absence of suitable food,

In the present study food limitation in the Lymnaea population has
been clearly demonstrated, but it is felt that the limitation is one of
a relative rather than an absolute nature. There is a superabundance of
vegetation and coarse debris in the pond that the snails can and do eat,
but apparently there is a shortage of "high quality" food that is required
for maximum growth and reproduction. Even in the increased pens of the
basic design there was little evidence, with the possible exception of
a few grass cuttings, that the snails were actually damaging the habitat
(i.e., the vegetation) in their quest for food.

It 1s quite uncommon to find accounts of animals starving to death

in nature, but there are a number of examples of the effects of food
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quality and food quantity on animals in natural and artificial situations.
Lack (1954) cites a variety of evidence showing a clear relationship be-
tween food supply and clutch size in a number of bird species, ‘Of éér-
teular interest is the work of Swanberg (1954) who supplied certain wild
nutcrackers with hazelnuts during "bed" nut years and found that the clutch
sizes in these birds were larger than those of birds not supplied nuts,
Reynoldson (1961) obtained increased fecundity in a natural population of
a flat worm by periodically supplying the habitat with food in the form

of cut-up earth worms.

A great deal of work has been done by economic entomologists on
arthropod pest nutrition (see review by Fraenkel and Lipke, 1956). Both
Bowling (1963b) and Okigbo and Gyrisco (1962) found that pest insect den-
sities increased with increased applications of nitrogen to cultivated
fields, Henneberry (1962) and Henneberry and Smith (1960) found that
mite densities increased on individuel Plants that had been supplied with
elevated nitrogen levels, In the latter study they found60-to 80-fold
increases in mite density with nitrogen additions,

In the case of the snails the nature of the food limitation 1is not
known, but events during the snail's life history indicate what 1t might
be. 1In the spring when the snails begin to grow, there is almost no
emergent vegetation in the hebitat, but a greét deal of debris from the
previous year's growth, In the habitat area the water is shallow and
clear and this debris becomes heavily encrusted with epiphytic growth,
As the season wears on the new emergent vegetation becomes more and more
Prominent and also large portions of the surface of the water become

covered or obscured with duckweeds (Lemna trisulcs and Spirodella polyrhizs).

The growth of these vascular plants may not only act to cut down on light
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transmission to the epiphytes ., but they may also compete with them for
essential nutrients (i.c., nitrate) . Perhaps it is only coincidence, but
at the time of the year when the vascular plants begin to dominate the
hahﬂét, the snails slow, or stop groving and begin to reproduce.

In the 4 pens which were censused, some young snails and eggs were
not removed and during the course of the surmer a number of snails attained
adult size. In the fall series of samples from these 4 pens, 9% of the
young were over 8.1 mm long, while only 1 other young snall from the entire
fall series of samples attained this size (8.4 mm), and this snail was from
the fed pens. Obviously conditions in these &4 rens vere different from
the other pens and the pond at large, but the cause of this difference is
not clear. Not only were most of the adult snalls removed from these
pens, but all of the vegetation in them was either pulled out or cut back
below the water level. 1In addition it is not known how this treatment
affected the other organisms (i.e., predators) in these pens.

It does nék seem unreasonable to propose that the type of food
limitation found in the pond snail may not be at all urcommon among
animals of similar trophic classification in the aquatic and semi-aquatic

environment, ard the possibility of its existence in terrestrial situa-

tions cannot be overlooked.

Predation

The actual role of predators, if any, in the regulation of the
Lymneea population in Payne Pond is not known. There is however an in-
dicated 93 to 98% mortality in the young snails in the Pens and the pond,
and predation is no doubt responsible for s large percentage of this loss.

Due to the important economic and medical position held by snails as

vectors of trematode infections in large parts of the world, the possi-
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bility of their biological control using predators has been examined (see
review of snail predstors by Michelson, 1957). But the actual role of any
predator in the regulation of & natural population of fresh water snails

is unknown. Introductions of the large predaceous pulmonate, Marisa conru-

atietis into Puerto Rico resulted in greatly reduced numbers of the snail

Austrolorbis glabratus in certain of its habitats (Ferguson, et al., 1958),

but the authors were uncertain as to whether this was due to predation by
Marisa or to competition between the 2 specles of snails,

A group of snall predators that have recently received a great deal
of attention is the schiomyzid flies whose larvae are specific predators
of snails (Berg, 1953; Berg, 1961, Knutson and Berg, 196L; Berg‘and Neff,
1959). However, there i1s no evidence to date as to the specific effect
of sciomyzid fly larvae predation on & netural population of snails,

It is difficult to imagine the mortality of the snails in a habitat
like Payne Pond to be due to & single specific predator. Productive
bodies of water like this pond contain a wide variety of invertebrate
Predators. Most of these are seasonal in their occurrence. Predaceous
beetle larvae are most common in the spring, and the bug, Belostoma does
not occur in any numbers until lste in the summer, while sciomyzids
appear to be very scarce except for é short peaks in abundance. It seems
much more reasonable to assume that while a few more or less specific
snail predators may account for an unequal share of the snail mortality,
that the remaining large number of less speciflc predators may take an
equally large fraction of the snails lost to predation, Under certain
conditions the combined effects of all predation could exert a regulatory
influence on the snail population. However, the only way to determine the

role of specifiz predators or predators in general, is to experimentally
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manipulate them under natural conditions.

While there was no indication of any strong size-specific mortality
in the young snaills in the pond, the fact remains that they did not, in
general, grow larger then about 4 mm. Pert of this was aczounted for by
the slow growth rate in the field » but this does not explain why a few
larger snails were not found. The most resasonable explanation for this
lack of larger snails appears to be mortality due to preﬁation. But as
indicated &above, the only way to determine if this were truly the case
would be to experimentally exclude snails of the new year class from all

sources of predeation.

Differences Between the Pens and the Pond

There were 2 obvious differences between the isolated pen popula-
tions and the snail population in the pond at large. The survivorship
of adults in the pens was much higher than that in the pond. Approxi-
mately 37% of the adults recovered from the pens in the fall series of
semples were alive, while no living adults were recovered from the 3
transects taken from the outside sampling area in November, The reasor
for this difference is not known, but it might have been due to the ex-
clusion from the pens of & predator or predators whose lete srrival to
the pond kept it (them) from generally getting into the pens. Also,
approximately 3 times as many estivating young were found in the pens as
in the transect area outside the pens. Again the reeson for this differ-
erce 1s not known.

It is not felt that these differences could have in any way in-

fluenced the outcome of the experiments in the pens,
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The Timing of Adult Altersastions

Assuming thet egg production in tﬁe pens was similar to that in the
transect area, about 65% of the season's egg production had ocecurred in
the pens by June 25, 5 days before the manipulations of adults were com-
pleted. If it is further assumed that there was no density regulation,
the expected levels of abundance of young snails in the altered pens can
be calculated, corrected for the timing of manipulations.

If the number of eggs produced per adult at each sampling date in
the transect area is pPlotted and a smooth curve drawn through these data,
the number of eggs per adult per day can be taken directly from the graph.
Also, the number of adults in each pen in the basic design can be deter-
mined on a day by day basis by using the census means (1139 and T4h) for
the dates before June 10 when manipulations were begun, and after June 10
these same numbers plus or minus the altersations made. Assuming no adult
mortality over the period, the number of adults present can be multiplied
by the number of eggs per adult for that same day to give the number of
eggs produced in the pens for that day. Using a 10 day intervel to hatch-
ing the accumulsted number of young produced per pen to any day can be
calculated.

The results of these calculations in the form of ratios of abundances
ir altered to control pens are given in Table 6 for the 3 dates in July
when active young were sampled from the pens. In the absence of density
regulation these ratios rather than those given in Table 3 should have
been approximated. A comparison of the ratios from Tables 3and 6 shows
some convergence, but with any density regulation in the pens the degree
of convergence would be reduced. At any rate the amount of convergence
shown here is not significant when compared with the a:ztual results which

showed totel converger:e.
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TABLE 6

EXPECTED LEVELS OF ABUNDANCE OF YOUNG SNAILS IN INCREASED
AND REDUCED PENS, CORRECTED FOR THE TIMING OF MANIPULATIONS,
ASSUMING NO DENSITY REGULATION

Ratio of Treatment/Control

Pen No. July 7. July 20 July 27
Increased
4 3,2 L,1 L,2
11 3.4 L, 2 k.3
17 4,2 L,s 4.5
20 b1 Lok 4.5
Reduced
2 0.65 0.43 0.39
10 0.58 0.40 0.37
18 0.48 0.3%6 0.34
25 0.43 0.34 0.3%2

Density-Dependence vs, Density-Independence

Natural populations have the capacity to increase geometrically,
but they do not in fact increase without limit, nor do they genersally
become extinet in the space of "ecological" time, There appear to be
more or less the same numbers of animals of the same kinds in nature
from year to year (Richards, 1961), The numbers of animals, however,
within the range of this "more or less" fluctuate. For some popula-
tions the fluctuations may be of the order of 10 fold, while for others
100 fold or greater (for examples from literature see Solomon, 196L4),
However, there 1s no reason to assume that there exists a fixed level
around which a natural population tends to fluctuate from year to Year,
Whét must be assumed is that natural populations tend to achieve scme

sort of equilibrium with their enviromments, and since the environment
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is not a constant, as it changes the numbers of animals would also be
expected to change.

In the simplest terms possible, what is being said sbove is that the
numbers of animals in natural populations are determined in some meaning-
ful manner as opposed to a haphazard one. This author chooses to call the
state of such a population "reguleted" and to define regulation as follows:
the maintenance of the numbers of animals in a natural population, brought
about as a result of negative feed back from population density, within s
certain range, around some level that is determined by the whole of the
environment. befined in this manner, regulation can only be density-
dependent, and the phrase "density-independent regulation” is a contra-
diction in terms,

The test for the presence of regulation and the demonstration of its
exlstence in the pond snail population have been given earlier in this
faper. However, we must remain cognizant of the "time" factor involved
if we are to escape from trivial argument. It cannot be expected that the
numbers in a naturel population will increase during periods of reproductive
inactivity. Therefore when speaking of time in regard to regulation, we
should probebly consider a single generation time as our smallest unit of
measure. A single generation time was sufficient for the complete regula-
tion of the pond snail population but this may not be so for all popula-
tions.

In their book, The Distribution and Abundance of Animals, Andrewartha

and Birch (1954) state that expressions like "regulate" and "control" stem
from the dogma of density-dependence, are allegorical, and should be
viewed with caution unless carefully defined. They choose to avoid using
these terms freely but rather talk about what "determines" and "limits"

the numbers of animals in nature. Tt is not entirely clear whether they
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are denying completely the regulation of numbers as defined above, but in
some instances this appears to be the case. In regard to a study of

Thrips imaginis, +they state, "All variation in maximal numbers from year

to year may therefore be attributed to causes that are not relsted to
density: not only did we fall to find a "density dependent factor," but
we also showed that there was no room for one." And again when talking

about a study of the grasshopper, Austroicetes crucista, whose numbers

were not counted, they say that fecundity was determined by the food supply
but that food ran out not because it was eaten by the grasshoppers, but
because in the absence of rain it became unsuitable. From this they con-
clude, "The supply of food was therefore quite unrelated to the number

of grasshoppers, and it cannot in any way be construed as a density depen-
dent fector."

Part of the problem at least that leads to the major disagreement
between the schools of density-dependence and density-independence, and
which must be confusing to one reading the literature for the first time,
is a semantic one, With the definition of regulation given above and the
2 examples from Andrewartha and Birch, the following hypothetical example
is presented in the hope that part of the problem can be clarified.

Consider a natural population thet is limited only by its food supply
and let the numbers of this animel vary as some direct function of the
food supply., For the seke of simplicity let the animal be a herbivore ani
the food supply a specific plant and furthermore let the eburdance of the
plant be some direct function of rainfsll such that it is determined by
the rainfall in the season preceding its growth. Within such a hypothe-
tical system, knowing the amount of rainfall in the spring (say this is

the preceding season) would ensble one to accurately predict the abundance
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of the plant in the summer (say this is the growing season) and also
the abundance of the animal if it had earlier been determined what the

relationships between rainfall, plant abundance, and animal abundance

were,

The above relationships might be bresented in the following manner.

f(F)(abund.za\nce of plant)

let D(gensity of animal)
and let F(abund.ance of plant) < f(R)(rainf‘all)
and let the density of the animal (D,) at any time Ty be related to the
density (Dz) at time T» such that for every increase or decrease in rain-
fall from T; to Ty there is a constant factor by which the density of the
animal either increases or decreases, so that
Dy = Dlek(Ra'Rl)
where k 1s the constant for the system that has previously been determined
by observation and which relates animal density to plant abundance and
hence to rainfall,

The question that should now be asked » glven that the above system
operates as propbsed, is whether this hypothetical population is regulated
or if its numbers are determined by density-independent processes, As in
the Thrips, the causes of the changes in density may be attributed to
factors other than density, in fact rainfall is adequate in this particular
system, Also, like the grasshoppers, it is rainfall that determines the
amount of food that will be available and the animals cannot influence
the amount of rain that will fall., What kind of system does this model
describe? Up to this point nothing has been said about mortality, fecun-
dity, etc,, and these subjects need never be considered if one is only
interested in predicting density changes in this particular system.

But if one is interested in how this system operates, the question
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must be asked as to how the animals adjust their density to changing
levels in the food supply. In order for this system to be maintained
there must be a feed back from density interacting with food so that the
animels can come into some sort of equilibrium with their food supply.,

If this were not the case, only random fluctustions would be expected

in density and with rendom fluctustions the correlation of density with
rainfall would disappear. This system then is a regulated one, and while
density-independent processes may influence the numbers in the population
they cannot be responsible for its maintenance.

Predictability is something that is sought after by all ecologists,
but the attainment of the ability to predict (as in this hypothetical
case) should not mask those things of greatest theoretical interest;
namely the mechanisms, which generally must be understood and quantified

in order to meke prediction possible.
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