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INTRODUCTION

The measurement of energy flow has attracted
conslderable attention in recent years as a supplement to
counts of individuals and to measurements of blomass in
investigations of laboratory and natural ecosystems.

Energy flow 1is equivalent to the combined rates of production
and respiration, l.e. the rate of assimilation of energy by
the population or trophic level. Because of the precise
physical definition of the calorie, the energy flow in one
ecosystem is directly comparable with that in any other
ecosystem. Moreover, the transfer of energy from one system
to another 1s quantitative and follows a set of known
thermodynamic laws, These properties make energy flow
measurement a valuable adjunct to the methods of modern
ecology, both theoretical and applied.

The energy flow concept can be applied at the level
of the entlre ecosystem by measuring the transfer between
trophic levels (Odum 1957, Odum and Odum 1955, Teal 1957).
Such studies provide an overall view of the energetic
processes within the ecosysten and make possible & rough
comparison of very different communities according to the
rates of energy fixation and utilization, but because of
specles diversity, the difficulty of delimiting precisely
the higher trophic levels, and the complexlties of the

1
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physical environment, even the simplest communitles present
formidable problems. Order of masgnitude accuracy in many
of the measured parameters must often be accepted.

Some studies have emphasized the measurement of
energy flow in single populations or food chains, either in
the field (Golley, 1960; Odum and Smalley, 1959; Smalley,
1960; Odum, Connell and Davenport, 1962) or in the labo-
ratory (Richman, 1958; Slobodkin, 1959). Only a start has
been made in this line of research, although such a
reduction in scope can lead to slgnificant increases in the
accuracy of measurement.

Previous field studies have dealt with one or more
specles of organisms in one ecosystem. This paper compares
the energy flow in populations of the meadow spittlebug,

Philaenus spumarius L., in two different habltats, (1) a

8uccesslonal old field ecosystem and (2) cultivated alfalfa
cropland. Interest developed in this species because of its
prominence in the old field insect fauna, and because this

prominence seemed to be a result of large seasonal immi-

grations of adults.,

The overall objJectives of the study were: (1) to
evaluate quantitatively the ilmportance of the 8pittlebug in
the 0ld field ecosystem, (2) to determine the pathways and
efficlencles of energy transfer through the populations,
and (3) to compare the populations on the two habitats with
respect to energy flow, growth, mortality, etc. In addition,

the study dealt with the effect of feeding on the primary
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production of the vegetation and with the magnitude of
energy flow between the two habitats. The latter takes the
form of movements of adults from the Alfalfa Field to the
0ld Fileld.

Migrations are quite common in nature, especially
those of vertebrates, and migrants often have considerable
effect upon the structure and function of the invaded
community, serving as predators, prey, or both. But the
movement of energy into or out of a terrestrial population
in the form of migrating organisms has not been evaluated
prevlously, at least not where this movement 18 a natural
and necessary behavior of the migrant organism, and where
the magnitude of the energy transfer 1s large in proportion

to the annual energy flow through the "native" part of the

population,

The Species Studied

Philaenus spumarius is a specles of suckling insect

belonging to the order Homoptera, family Cercopldae. It is
qulte widespread, having been reported fronm Europe, Asia,
North America, and South America. Within the United States
the meadow spittlebug is found throughout most of the north-
eastern, north central, and northwestern parts of the
country. It 1s common over much of this range and in some
locallties reaches such high densities that it is a serious
agricultural pest of legume forage crops (Weaver and King,

1954).
The specles shows a high degree of color polymorphism
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and many of the color varieties have been named previously
a8 distinoct species. Becsuse two species were confused by
Linnaeus in his original description of the meadow epittle-
bug, there has been ground for controversy as to which
sclentific name should be applied to it. Spumarius has been
the name generally used, but for a time the alternative,
leucopthalmus, was accepted. However, a recent decision of
the International Commission on Zoological Nomenclature
(1961) restores the specific name Spumarius to this insect.

Because the meadow spittlebug 1s an important
agricultural pest of legume and other crops, a considerable
body of information on 1its 1life history has accumulated (see
Weaver and King, 1954).

The specles possesses distinet advantages as the
BubjJect of study of energy flow because i1t produces a 8ingle
generation annually and overwinters as an egg. Hatching
occurs early in May in southern Michigan. The splttlebug
feeds on a wide variety of plant 8pecles; in the study areas
forbs were preferred over grasses. The nymphs e¢limb onto
nearby plants and begin to feed, secreting in the process
a protective mass of bubble-filled fluld. There are 5
instars and molting takes place within the aplttle mass. In
June the final molt to the adult takes place. Mating begins
soon after adult emergence and can be observed throughout
the summer. The adults oviposit during September and by
late October are absent from the study areas. In south-
eastern Michigan the majority of reproduction by the species

occurs on legume cropland.
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On alfalfa fields high densities of nymphs are

permitted by the succulent plant growth made during spring
and early summer. A forced exodus of the adults occurs

when the hay 1a cut, with a consequent dispersal of this
insect into virtually every type of habitat in the sur-
rounding countryside., With renewed growth of the alfalfa
flelds, immigration rebuilds their resldent populations of
adult spittlebugs. This cycle 18 repeated during the second
perlod of hay cutting, after which overwintering eggs are
deposited.

When the adults disperse during the cutting of the
legume hayfields, large numbers of them enter the old fileld
ecosystem where the native population of P. spumarius is
very small. The migrants at times comprise more than 50% of
the total biomess of the above ground lnsect fauna on the

fleld (Evans and Lanham, 1960 and unpub. data).

The Study Areas

One of the study areas was the l5-acre Evans 01l1d
Fleld, located in the northeast quarter of section 19,
Putnam Twp., Livingston Co., Michigan. This field 1s within
the Edwin S, George Reserve of the Universlty of Michigan
and 18 referred to throughout this paper as the "0ld Field."
The 1200-acre Reserve, originally a farming area, has been
enclosed by a seven foot fence since 1928 and allowed to
revert to a "natural" condition, subject only to the dis-
turbance caused by a population of whltetall deer maintained

within the Reserve.
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The topography, soils and vegetation of the fileld
have been described in detail (Evans and Cain, 1952, Evans
and Dahl, 1955). Local relief 1s slight, with gentle contours
and several shallow, poorly drained depressions or swales.

The solls of the upland areas are mostly of the Fox sandy
loam series. Those in the swales are covered by colluvial
811t to depths as much as one meter,

The flora of the field is diverse. The swales
support & dense growth of Kentucky blue-grass (Poa pratensis),
interspersed with milkweed (Asclepias syriaca), foxtail
(S8etaria glauca), and sorrel (Rumex acetosella). The more
complex upland areas apre dominated by two specles of grass,
needlegrass (Aristida purpurascens) and Canada bluegrass
(Poa compressa). Witchgrass (Leptoloma cognatum) and paniec

grass (Panicum depauperatum) occur in patches on the field.

The most common forbs include: blazling star (Liatris

aspera), goldenrod (Solidago rigida and S. Juncea), ever-
lasting (Antennaria neglecta), hawkweed (Hieracium longipiium),

bush clover (Lespedeza capltate and L. Virginica), and sorrel

( Rumex acetosella), Extensive patches of mosses and lichens

occur on the drler sites, often in assoclation with Panicunm
8pp. The general aspect of the field is one of dry soil and
Sparse vegetation.

One of the two alfalfa fields studied was a 13-acre
first year seeding located across the road from the western
boundary fence of the Reserve and about one mile southwest
of the 014 Fleld. This 1s the "Small Alfalfa Fleld." It

supported a uniform stand of alfalfa, (Medicago sativa);
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several other species were present but in such low densities
as to make them of negligible importance in this study.

The second stand of alfalfa was a 25-acre, third
year seeding located one mile north of the Small Alfalfa
Field and one and one-half mile northwest of the 014 Field.
This area was used only for samples of the adult aplttlebug
population in 1960 and 1s referred to in this paper as the
"Large Alfalfa Field."

The topography of these alfalfa fields is similar
to that of the 0ld Field. No soil samples were taken.

The climate of the Reserve was described by Evans
and Dehl (1955) as a humid, mesothermal type. They stated
that precipltation occurs at all seasons and that the length
of the frost-free growing season at Jackson, 30 miles to the
southwest, averaged 155 days over a 40 year perlod as
recorded by the U. S. Weather Bureau Station. Published
8lx year averages from the Reserve weather station for the
perlod 1949-1954 (Evans and Dahl, 1955) show an annual range
in mean monthly temperature of from 25.3°F. (January) to
70.3°F. (July). The range 1n mean monthly precipitation was

2.18 inches (August) to 4.10 inches (June).



METHODS

Estimatlon of Density

During the summers of 1959 and 1960, the numbers of
Philaenus nymphs and adults on the 0l1d Field were sampled
at intervals of 3 - 7 days. A stratified-random method of
sampling was employed. The method of dividing the 0ld Field
into the three categorles (strata) has been described else-
where (Wiegert, 1962). This division and the allocation of
samples within each category were primarily aimed at
decreasing the sampling variance in a concurrent study of
the standing crop of plant biomass on the 0l1d Field. But
8lince the numbers of spittlebugs were directly correlated
with the denslty of green vegetation, the sample allocation
increased the accuracy of the spittlebug density estimate
over that which simple random sampling would have given.
The catego:'es were: (1) upland, (2) bryoid and (3) swale;
they occupy respectively, 66.5, 33.9, and 3.6 per cent of
the area of the 0ld Fleld. Statlions were randomly selected
wlthin each category, and the same station was used for
successive samples throughout the season., The sampling ares

was a circle of radius 6 paces with the permanent station at

its center. Before taking a set of samples, a compass
directlion and a distance (one to six paces) were selected
from a table of random numbers. This direction and distance

8
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from the permanent statlion located the sample preclsely and
a glven combination was used only once.

The nymphs are slow moving and were easy to sample
from a frame quadrat placed on the ground. The first and
second 1nstars are quite small and apt to be overlooked, so
for the first few sampling periods all forbs within the
frame were dug up and dissected in an enameled tray. The
older nymphs are easy to detect because of the larger splttle
mass they produce.

During 1959 a square wooden frame 0.25 m® in area
was used to sample the nymphs., The first set of samples,
taken on May 12, was from three randomly chosen transects
across the field. During the remainder of the 1959 nymph
sampling the permanent stations described above were used.
Thirty samples were taken 1in each set.

In 1960 a circular quadrat 0.20 m® in area was used.
The number of samples taken in a set varied from 7 - 50. The
set of 7 samples was taken on May 7 and was randomly chosen
from the entire field. For the remainder of the 1960 season
the sets contained from 24 to 50 samples each and the

permanent stations were used.

For the first two samples of adults (June 19 and 22,
1959) a frame quadrat of area 0.25 m2, with sides one foot
high, was used. It was placed over the vegetation and all
spittlebugs inside the frame were counted. Thls procedurs
gave a low estimate of density because some of the insects
Jumped from the vegetation before being counted and others

were mlased in counting. I subsequently designed a
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cylindrical sampling cage which collected all the adult
splttlebugs from an area of 0.20 m? (Wiegert, 1961).
Throughout the summers of 1959 and 1960, sete of fifty
samples each were taken at two-day to one-week intervals
at permanent stations as described above.

The 1959 results indicated that a reapportionment
of the sampling statlons would increase the accuracy of the
mean denslity estimate. In 1959 the allocation of the 50
permanent statlions on the 0ld Field was: upland 28, bryold
14, swale 8. In 1960 this was changed to: upland 36,
bryold 6, swale 8. The standard errors and the confidence
limits of the stratified random samples were calculated
according to the method of Snedecor (1956, p. 505).

Because of the relatively uniform stand of vegetation
in the Small Alfalfa Field, simple random sampling was used.
All samples were taken from an area of approximately one
square hectare on the south-central side of the field. The
sampling polnts were located by pacing the dilstances from
marked boundary lines. The nymphs were sampled with the same
circular frame used on the 0ld Fleld in 1960. On June 20
and agein on June 24, 1960, five random samples of the adults
were taken with the cylindrical sampling cage. Each time
one of these samples was taken I also made 10 sweeps in the
general area of the sample with a standard sweep net (15 in.
dia. ring). From these data an areal comversion factor was
calculated and applied tc all subsequent adult samples,
which were taken solely with the sweep net, at the rate of

5 samples per set and 10 sweeps per sample.
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On the Large Alfalfa Field, only the adult spilttle-
bug populations were sampled. This was also done with a
sweep net, and all samples were taken on a transect
extending from the southern edge of the field toward the
center. I was interested in relative numbers only and so

calculated no conversion factor for this fileld.

Estimation of Mortality

Movement of the nymphs is very restricted, and their
immigration and emigration are neglligible factors in the
population. After the hatching period nymph mortality was
calculated from the decrease in density with time. The rate
was assumed to be the same during the hatching period.

Adult mortality rates were estimated by placing a
large square cage (basal area of 7 m2) over an undisturbed
part of the 01d Field. The lower edge was sealed with earth
and the spittlebug adults in the cage were counted.
Successive counts were made at intervals of approximately
10 days from August through October, 1960. In June of 1961
the cage was moved to a new location and the procedure
repeated from June through July. No adult mortality rates

were measured 1n the alfalfa field habitats.

Measurement of Blomass

All welghts used in this paper were obtained by oven
drying the material at 60°C. in a vacuum or at 100°C. with-
out a vacuum. The materials were subsequently stored in
desiccators over a drying agent for at least 24 hours before

being weighed. All welghts were determined on Mettler
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automatic analytical balances sensitive to elther 0.01 mg
or 0.001 mg.

The fleld collections of nymphs were not welghed
directly; instead their welghts were calculated by multi-
Plylng the number of nymphs by the mean weight for each
instar, times the rer cent of that instar in the sample,
The mean welghts of the instars were those of the nymphs
used in the respiration experliments,

A mean body weight for adults was calculated fron
the total weight of &ll the adult splttlebugs collected in
the 0l1d Field samples of 1959 and 1960. The individual
samples were also analyzed and, except for a slight increase
shortly after emergence, the mean body welght of both
females and males remained relatively constant throughout
the summer.

A mean weight per egg was obtained from the welght
of several hundred fully developed eggs dlssected from
females collected on both the Old Field and the Large
Alfalfa Field in late September and early October, 1960.

The weight of material lost at molting by each instar
was determined from field collections of cast exoskeletons.
These cast skins were classifled by measuring the width of
the head capsule and comparing with the instar key of
Weaver and King (1954). Welghed exoskeletons from the molt
of known fifth instar nymphs served as a check on this

procedure.
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Determination of the Food Material

To obtain direct evidence of the plant tissues
penetrated during feeding carbon dioxide was used to
anesthesize nymphs feeding on young tomato plants
(Lycopersicon). A sectlon of the plant stem plus attached
nymphs was then placed in an alcohol-acetic acid-formalin
solution. The materlal was subsequently cleared, embedded
and sectioned. The sections were stained with saffarin and
fast green, using the standard graded alcohol-xylene azeries.
They were then mounted under balsam. Most of the nymphs
dropped off the stem during the clearing and embedding.

The feedlng puncture alone, however, was enough to indicate

the slte of feeding.

Anglyses of Xylem Sap and Spittle
Exudate from the bleeding stumps of tomato plants

was collected by means of a capillary tube fastened to the
stump with a short plece of rubber tubling. Root pressure
foreed the fluid out of the capillary. This procedure glves
a relatively pure sample of the fluid from the Xylem elements
of the plant (Bollard, 1960).

The splttle samples were collected from fourth and
fifth instar nymphs feeding on tomato plants under bell Jars.
The jars maintained a relative humidity of 100% and prevented
evaporation and consequent condensation of the spittle
solutes.,

The total dry matter, total organic matter and ash

content of both xylem sap and spittle were determined by
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drying to constant weight in porcelaln crucibles at 100°C.,
welghing, then ashing in a muffle furnace at 600°C. Paper
chromatography was used to determine the amino acids.
Whatman No. 1 washed filter paper and solutions of phenol-
water and butanol-acetic acid-water (5-1-4 v/v) were used.
The papers were air dried for several hours after the runs,
then sprayed with a 0.2% solution of ninhydrin in isopro-
panol and dried at 100°C. for five minutes. The sample
amounts applied to the papers were 0.0l ml of 0.2% w/v
solutions of the known amino acids, and the equivalent of
0.1 ml of unconcentrated spittle and xylem sap.

For the quantitative determinations a one-way
chromatogram was run in phenol-water after applylng the
above amounts of spittle, xylem sap, and the amino acids
known to be present in tomato xylem sap. After development
the spots were cut out and eluted in 5 ml of 50% n-propanol.
The optical densltlies of the eluted solutions were read in
a8 Klett-Summerson photometer and the amounts of the unknown
aclds were determined by comparison with the results from
the spots contalning the known compounds.

A one-way chromatogram run in butanol-acetic acid-
water was used to test for the presence of sugar in the
spittle. Anilin phthalate was the developing reagent (0.93
ml aniline and 1.66 gm phthalic acid 1n 100 ml water-

saturated n-butanol) and 0.02 ml of splttle was applied to

the paper.
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Measurement of Egestion

The rate of spittle production was measured by
placing nymphs on tomato plante, letting them feed for a
known time, then absorbing the spittle produced on a weighed
Plece of filter paper. Periodic weighings established a
rate of evaporation of spittle from the filter paper and
by extrapolation to time zero the total welght of spittle
produced was calculated. Because of the small amounts of
solute in the spittle and the short time interval involved
in the welghings, the error in assuming a constant rate of
evaporation was probably not large. Bell jars over the
plants maintained the relative humidity at about 100% and
prevented evaporation of the splttle during the feeding
period.

Although they do not produce spittle, feeding adults
foreibly expel small drops of fluld from the anus. The
droplets produced by a number of individuals feeding on
alfalfa (Medicago sativa) and Kentucky bluegrass (Poa
pratensis) were counted and used to calculate a mean rate
of droplet production. Several of the flattened droplets
were collected on a piece of tinfoll and their dlameters
measured under the dissecting microscope. A micropipette
was used to produce a number of drops with the same mean
diameter as those obtained from the spittlebugs. The volume
of water used divided by the number of drops produced from
the pipette gave a mean volume per drop. This value was

checked by welghing a series of droplets from a feeding adult
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and extrapolating to time zero in the manner described above

for welghing spittle production,

Measurement of Respiration
A modification of the apparatus described by

Engelmann (1961) was used for measuring the oxygen con-
sumption of both nymphs and adults, A small glass vial with
& ground glass neck held the animals plus a wad of cotton
and a plece of filter paper soaked in 10% w/v potassium
hydroxide. A pyrex micropipette, graduated in 0.001 ml and
taper-ground on one end, fitted into the glass vial. Stop-
cock grease was used as a seal. Colored manometer fluid
moving down the plpette indicated the volume of oxygen
consumed. A vial with filter paper, KOH, and cotton, but
without an animal, served as the control., A water bath
constant to 0.1°C. held 6 of these instruments. A piece of
rubber tubing over the open end of each pipette admitted air
to the submerged instruments.

For the variable temperature runs the bath was
started at the lowest temperature; this was Increased by
increments of 5°C, after each determination. An equilibration
perlod of 20 minutes was allowed after each temperature
change and before starting the next run. All oxygen con-
sumption data were corrected to standard conditions of
temperature, bresaure, and humidity.

The respiration of the fleld populations was corrected
for the mean amblent temperature prevailing over each

sampling interval. This ambient temperature was calculated
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by summing the maximum and minimum temperatures for each day
in the interval and dividing by twice the number of days,
The max-min. temperature data were recorded at the Resgerve
weather station, located approximately one-quarter mile

south of the 014 Field.

Measurement of Caloric Content of Materials

All animal materials were dried in a vacuum oven at
60°C. and burned in a minlature bomb calorimeter (Slobodkin
and Richman, 1960). The experimental error of the procedure
was approxlmately one per cent.

The nymphs used in the caloric determinations were
collected from an alfalfa field outside the study areas but
near the E. 3. G. Reserve. The adult material was from the
0ld Field collections of 1960. Sufficient exoskeleton
material from meadow spittlebug nymphs was not avallable for
burning in the calorimeter. Instead, a sinzle determination
was made of the caloric content of the cast exoskeleton from
the final molt of a cicada (Tibicen 8p.). All caloric values

from the literature, unless otherwise acknowledged, are from

Kharasch (1929).



RESULTS

Population Density
The most striking fact about the nymph populations

on the 0ld Field was the rapid decline from the peak
densitles of 8.4/m? in 1959 and 12.0/m2 in 1960 (Figure 1).
In each year the nymphal populations declined to a level of
less than 1.O/m2 before the first appearance of adults.
This high mortality resulted in very low populations of
"native" adults (0.2/m° in 1959 and 0.4/m2 in 1960). The
95% confidence 1limits of the mean estimates of nymphal
denslty were generally close to 50%. In a few instances,
notably the inltial populations of 1959 and 1960 (when the
number of samples was low) and some of the last samples

in each of these years (when the densities were low), these
limite equaled or exceeded the mean.

Shortly after the first appearance of adults on the
0l1d Fileld the populations increased rapidly to peak denslties
that In each year exceeded the initial nymph populatlons
(Figure 1). These peaks were followed by a decline in
numbers and another rise in midsummer to second peaks which
were similar to the first ones. For the adult density
estimates the 95% confidence limits were usually 30 - 50%
of the mean. A very few samples taken during periods of low
density gave limits approaching 100% of the mean. Neither

18
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the peaks 1n Figure 1 nor the lows between them in midsummer
can be accounted for on the basis of sampling error. The
repetition of the bilmodality in successive years is furtiner
evidence for the reality of these peaks. The same pattern
was noted in the spittlebug population on the 0ld Field in
1958 (F. C. Evans and U, N. Lanham, Univ. of Mich., unpub,
data). Since the adult populations on the 014 Field cannot
be accounted for by the numbers of nymphs developing on the
field, these adults must be immigrants. Changes in the adult
population are thus influenced primarily by factors operating
outslde the 01d Field ecosystem and are not directly a con-
sequence of changes in the nymph populations on the 014 Field.

Figure 1 shows that in 1960 the spittlebug popu-
lations on the Old Fleld, both nymphs and adults, were
approximately twice as great as the corresponding densities
in 1959. 1Insofar as the change in the nymph populations on
the 0ld Field paralleled the change occurring 1n the outside
areas which supply the immigrant adult population, it
predlcted the resultant increase in the adult population on
the 014 Fleld in 1960,

The populatlion densities on the Small Alfalfa Field
during the spring and summer of 1960 were very high. The
peak nymphal denslty of l280/m2 was 100 times as large as
the peak density on the 0l1d Field in 1960 (Figure 2). The
95% confidence limits of the Small Alfalfa Fleld population
estimates were in most cases less than 50% of the mean.

By June 28 all nymphs had disappeared from the Small

Alfalfa Fleld and the population density of adultes was
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366/m° (Figure 2). The density of adults decreased steadily
throughout the remainder of the season. Such a steady
decline in the adult population is in marked contrast to
the fluctuations on the 014 Field (Figure 1) and on most
other legume hayfields. This was because the Small Alfalfa
Field was not mowed during the 1960 season. By mid-July
the vegetation had matured and begun to die back. Through-
out the rest of the summer this fleld was an unfavorable
habitat for lnsects dependent on a supply of succulent
vegetatilon. The adults on the Small Alfalfa Field were
sampled by sweeping and the density per m° was calculated
from a converslion factor. The error of the latter is not
known, but the 95% confidence limits of the means per set

of sweeps were on the order of 25 - 35%.

Population Age Structure

The nymph populations at any given time usually
conslst of several instars in varying proportions. This is
due to a prolonged hatching period and possibly also to some
indlvidual variation 1n rate of development. A comparison
of the 014 Field in 1959 and 1960 and the Small Alfalfa Field
in 1960 shows a similar dilstribution of instar classes for
a given date (Table 1). By the third week of May the first
instars were absent from the 0ld Field population and had
all but disappeared from the Small Alfalfa Field. Fifth
instars comprised 100% of the population of the 0ld Field by
mid-June and of the Small Alfalfa Fleld by the latter part

of June. There was little difference between the two
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TABLE 1

PER CENT REPRESENTATION OF EACH INSTAR CLASS IN
THE PHILAENUS SPUMARIUS NYMPH POPULATIONS OF
FIELD, 1959-1960 AND THE SMALL
ALFALFA FIELD, 1960

%

Instars
Date 1 2 3 4 5

01&¢ Field 1959
5/7 83.3 16.7
5/12 12.9 T74.2
5/20 23.1
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habitats or between years in the successional changes in
instar composition. On the Small Alfalfa Fleld the hatching
perlod was longer; this in turn prolonged the duration of

each instar class in the population.

Mortality
From the end of the hatching period until the first

appearance of the adults, the decrease in the nymph popu-
latlons 1s equivalent to the mortality. This decrease
occurred at a constant percentage rate (Figure 3). The
rates of mortallty were given by the slopes of the regression
lines fitted to these data (0ld Field 1959, -0.134; 1960,
-0.118; Small Alfalfe Field 1960, -0.047). Because of the
relative constancy of these rates in the interval between
hatching and the final molt, 1t seemed reasonable to assume
that they held also for the hatching period and the period
of adult emergence.

The disparity in mortality rates between habitats
in 1960 was much greater than the difference between
successlve years on the 014 Field (Figure 3). The mortality
rate on the Small Alfalfa Fleld was less than one-half that
of the 0ld Fleld, despite a density on the Alfalfa Field
100 times that of the 01d Fleld. This suggests a basic
difference 1n the carrying capacity of the two habitats,.

The mortality rates of the adults confined in the
large cage on the 0ld Fleld were relatively constant through-
out the summer, but lncreased sharply in early fall (Figure

4), The instantaneous rates derived from these data are:
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June 29 - July 24, 1961, -0.042 adults/adult/day; August
16 - Zeptember 16, 1960, -0.045; September 16 - October 18,
1960, -0.092. Because of the uniform rates of decline,
regressions were not calculated; instead the lines in Figure
4 connect the two points used in computing the instantaneous
rates.

Throughout most of the summer the adult mortality
rate in the cage was less than one-half of the mortality
rate of the nymphs on the 01d Field. The increased rate of
mortality in the early fall was coincident with the first
light frosts, with the maturation and death of most of the
green forbs remaining in the cage, and with the time of
oviposition. It is probable that some or all of these factors
were involved in the i1ncrease in mortality.

Application of these rates of cage mortallity to the
entire 01d Fleld assumes (1) that all possible sources of
mortallty were represented within the confines of the cage
and (2) that the area enclosed by the cage was representative
of the fleld as & whole. All organisms that were in the cage
when 1t was first placed remained in it for the duration of
the experiment, but many flying predators were unavoidably
excluded. To the extent that these excluded predators con-
tribute significantly to the splttlebug mortality on the 014
Fleld, the cage data must be regarded as a minimum estimate.
Probably the several nesting specles of sparrow (Field

sparrow, Spizella pusille; Chipping sparrow, S. passerina;
and Vesper sparrow, Poecetes gramineus) constituted the most
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lmportant group of predators excluded. Unpublished data on
the population densities and stomach contents of these birds
on the Old Field, collected by F. C. Evans, University of
Michigan, suggest that the number of adult spittlebugs
eaten annually may approach 10% of the total mortality on
the fleld. Other possible predators of the meadow spittle-
bug excluded from the cage were flying insects such as

dragonflles and asilid flies.

Immigration-Emlgration

Since all of the splttlebug natality took place in
the early summer, the decrease in population density on the
0ld Field following each of the two annual highs (Figure 1)
must be due to a combilned rate of emlgration plus mortality
that is greater than the rate of immigration. The adult
mortality rates, fitted to semllog plots of the populations
of the Old Field in 1959 and 1960, show that mortality alone
could account for the observed decline in density (Figure 5).
Since the mortality rate changed but little throughout the
summer, elther the lmmigration/emigration ratio must be close
to unity during the period of declining population density
or the immigration and emigration at these times must be
small compared with the amount of mortality.

Concurrently with the population fluctuatlons on the
014 Fleld, changes occurred in the adult splttlebug popu-

lations on the menaged legume hayfields 1n the nearby farming

areas, The Large Alfalfa Field was sampled Just prior to and

lmmediately after each mowing and at intervals between mowings.
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The previous summer this field had been mowed in early
September and contalned few adults during the period of
oviposition. Consequently, the nymph population in the spring
of 1960 was low, and prior to the first cutting few adults
were present (Figure 6). Twenty-four hours after the first
cutting the number of adults per sweep had decreased to one-
seventh the previous value. As new growth began on the field
the adult population density increased to a high of more than
seven per sweep (August 12). The field was then mowed a
second time. One day later, on August 13, almost the entire
population had disappeared and the sweep sampling gave a
value of 0.4 adults/sweep. The mowing produced little
mortality; no dead adults were found on the ground beneath
the drylng hay. An increase in numbers occurred with the
resumption of growth by the vegetation. A second peak was
reached on September 13, after that the population declined
steadlly until the end of the season, The magnitude of the
increase after the second mowing was somewhat less than one-
half the 1ncrease that followed the first mowing. This was
similar to the populatlion change which occurred on the 0ld
Fleld (see Figure 1). But in the latter habitat the second
increase began on & base population that was considerably
higher than the initlal population. Thus the second peak
in Flgure 1 1s comparable in height to the first, not con-

silderably lower, as in Figure 6.

Production

Production of the nymphs is of two kinds, (1) that
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Oof the body substance of the animal and (2) that of the
exoskeleton discarded after each molt. The first of these
was calculated from the increase in mean welght per nymph
in the fleld populations (Figure 7). The regression lines
show a constant exponential rate of growth in all three
habltats., The instantaneous rate on the Small Alfalfa Field
in 1960 was identical with the rate on the 0ld Fleld in
1960 (0.111 gm/gw day) and differed only 8lightly from the
rate on the 01d Field in 1959 (0.120 gn/gn day). Nymphal
development on the 0ld Fileld in 1959 was about four days
ahead of the_comparable stage in 1960. Development on the
Small Alfalfa Fileld was a day or two behind that of the 0Old
Fleld in 1960.

The weights of the exoskeletons molted by the first
two Instars were estimated by extrapolation from the welghts
of the welghed exoskeletons of the last three lnstars
(Flgure 8). The lines were fitted by eye. The weight of
the molted exoskeleton increases at a constant rate, from
0.7 mlicrogram for first instars to 210.0 micrograms for
Fifth instars. Figure 8 shows that this rate is greater
than the rate of inorease in the body welzht of the nymphs;
the body welght/exoskeleton weight ratio of approximately
100:1 for the first instars decreases to 10:1 for fifth
instars.

The regression lines of Figure 7, extrapolated back
to the weight of a single egg (0.03 mg), gave an estimate
of the hatching dates. These were April 29 for the 0l1d
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Field in 1959, May 1 in 1960, and May 3 for the Small Alfalfa
Field in 1960. These values were used in all subsequent
calculations of population mortality and energy flow.

Growth ceases with the molt of the fifth instar to
the adult. There was a s8llght rise in the mean welght of
both males and females shortly after the first appearance of
adults, but no discernable trend in welght change was evident
after the first week in July. The egg production of females
1s apparently at the expense of other body substance and does
not result in an increase in welght.

The data used in constructing Figure 8 as well as
the mean welghts of adults and eggs are shown in Table 2.
These values were used in all subsequent computations in-

volving the blomass of a component of the spittlebug popu-

lations.,

Loss to Molted Exoskeletons

The number of nymphs hatched as first instars equals
the number dying plus the number surviving to become adult.
In the absence of emigration, the number of first instars
dying subtracted from the total hatched equals the number
molting to the asecond instar. Multiplying this number by
the welght of exoskeleton molted by the first instar nymph
glves the welght of exoskeleton lost by all first instars
molting to second instars. Repeating this process for all
instar classes and summing glves the total weight of
exoskeleton produced by the nymph population. Table 3 shows
the results of this procedure for the three populations

studied.
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TABLE 2

MEAN WEIGHTS OF PHILAENUS SPUMARIUS EGGS, NYMPHS,
ADULTS, AND THE EXOSKELETONS MOLTED
BY THE DIFFERENT INSTARS

Category Body Weight Cast Exoskeleton Weight
No. Averaged Mg No. Averaged ng

Egg 805 0.030
lst Instar 16 0.058 |  ------ 0.0007l
2nd Instar 48 0.150 |  ------ 0.0030l
3rd Instar 35 0.315 43 0.0120
4th Instar 24 0.704 30 0.0560
5th Instar 16 1.996 5 0.2100
Adult 3746 3.87

lBy extrapolation from Figure 8.
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Under the mortality column the number dying in each
instar class was calculated by (1) determining the mean
density of that instar present over each sampling interval,
(2) multiplying each of these values by the instantaneous
rate of nymphal mortelity for that habitat or year, and (3)
summing these products. The "remaining adults" are the
numbers present after the disappearance of the nymphs
(Figures 1 and 2). Adult mortality was computed as the
Instantaneous mortality rate for the habitat (one-half the
nymph rate was used for the adults in the Small Alfalfa
Fleld), times the mean number of adults present over the
interval, from their first appearance to the disappearance
of the nymphs, times the number of days in the latter
interval. The total eggs hatched was then the sum of nymphal
mortality, adult mortality and number of surviving adults.
The number molted column was then computed by successively
subtracting the number dying in each instar from the total
eggs hatched. For example, on the 01d Field in 1959, 5.38
first instars dled per m2. The total number of eggs hatched
per m2 was 23.30, therefore 17.92 first instars molted to
second instars. Each molt resulted in 0.0007 mg of
exoskeleton being discarded per nymph (Table 2) or a total
for that lnstar class of 0.013 (Table 3). Since 7.44 second
instars died, the number molting to third instar was 10.48
(17.92 -~T7.44). The per cent survival was computed as the
sum of adult mortality plus adult survival, i.e. the number

of fifth instars molting to adults, divided by the total
eggs hatched (Table 3).
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Less than one mg/m2 of exoskeleton material was
produced by the populations on the 0ld Field, but 162 mg/m2
was produced by the population on the Small Alfalfa Field.
This was the result of the lower mortality rate on the
Alfalfa Field, since a higher proportion of the nymphs
survived to the older age classes, where the proportionate
production of exoskeleton is much greater (Figure 8).
Differences in pPopulation density of 100:1 thus resulted
in a difference in total exoskeleton molted of more than
162:1.

At the bottom of Table 3 the absolute difference in
survival between the two habltats can be seen, For every
100 eggs hatched on the 0ld Field in both 1959 and 1960
only l.1 survived to become adult, whereas on the Small

Alfalfa Fleld the comparable figure was 21.4.

Reproduction

Weaver and King (1954) state that eggs of Philaenus
spumarius are not found in the field in southern Ohio until
after September 7. 1In the area in and around the E. S,
George Reserve, the oviposition period extended from
approximately September 10 until the last adults had disap-
peared. The length of this period plus the high mortality
rate of adults in late fall made 1t difficult to predict the
number of eggs that a given number of adults deposited.

The number of eggs carried by a female was estimated
from dlssections of splttlebugs collected from the Large

Alfalfa Field and the 014 Fleld. These specimens were
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collected in late September and early October of 1960. The
mean number of well-developed eggs per female varied from
9.1 to 17.1 (Table 4). The number of eggs found in indi-
vidual females ranged from O to 30. Since many of the
females dissected probably contained fewer than their total
production of eggs, the maximum number may be a better
estimate of the 6ggs produced per female than 1s the mean,
The mean maximum of the five samples was 22 (Table 4).

The population of adult spittlebugs confined in the
large cage on the 01d Field in 1960 (Figure 4) was used to
Provide an estimate of the number of eggs deposlted per
adult under "natural" conditions. On May 1, 1961, the eggs
deposited the previous fall by this population.began to
hatch. The hatching period lasted until the latter part of
May. The nymphs were not counted during this time, in order
not to miss some of the early lnstars or disturb the
remaining eggs. On June 1, 1961 there were 360 nymphs 1in
the cage. The subsequent instantaneous rate of mortality
was 0.33 nymphs/nymph day. The mortality that occurred
before the first census was estimated by assuming a mean
population throughout the hatching period of 360/2 = 180
nymphe and multiplying by the instantaneous mortality rate.
The estimated 190 nymphs that died plus the 360 alive on
June 1 indicate that 550 eggs were deposited 1n the cage
the previous fall. Fifty adults were in the cage on
September 10, the beginning of the oviposition period
(Figure 4). The number of egga deposited per adult was 11.

If half of the adults were females the number of eggs per
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TABLE 4

NUMBERS OF FULLY DEVELOPED EGGS DISSECTED
FROM FEMALE PHILAENUS SPUMARIUS

Date Sample location No. No. eg No. eggs

Spittlebugs mean? (range )

9/22/60 | Large Alfalfa

Field 13 13.2 0-30
9/27/60 | Large Alfalfa

Field 30 10.0 0-21
9/27/60 | 014 Field 18 9.1 0-22
10/4/60 | 014 Field 4 9.3 6-12

10/6/60 | Large Alfalfa
Field 19 17.1 6-25

84 11.9 2.4-22.0
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female was 22. The actual sex composltion of the populaticn
in the cage 1is unknown, but 01d Field collections for
September, 1960 contalned 47.4% females and a chi-square
test showed no significant difference from a 1:1 ratio
(p = 0.60). The estimate of 22 eggs deposited per female
agreed exactly with the mean maximum value obtained from
Table 4,

In experiments with caged splttlebugs, Weaver and
King (1954) reported 17 egzgs per female; Cecil (1930)
obtained 16 eggs per female, and Mundinger (1946) sald the
number ranged from 18 - 51. Weaver and King also found
considerable variation in the number of eggs deposited on
different materials; straw was preferred.

Dissections of female spittlebugs made by Weaver
and King (1954) showed that the mean number of well-developed
eggs per female lncreased during the summer, from 0.52 in
the period August 6 - 12 to 14.82 in the period September
24 - October 1. These values are similar to the data of
Table 4.

In view of the above discussion, the value of 11 eggs
deposited per adult alive on September 10 seems to be
reasonable and is used in thls paper as an estimate of the

reproductive potential of the meadow spittlebug.

The Food Plants

Philaenus spumarius feeds on a large number of
different species of vascular plants. Weaver and King (1954)

1list over 375 species known to serve as hosts for the nymphs.
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The great majority of these are species of forbs; in the
fleld nymphs are only occasionally found feeding on grasses,
During the present study I observed nymphs feeding on
grass only once, and that instance was under conditions of
artificlally induced high density in the large cage on the
0ld Field. I have, however, been able to maintain nymphs on
grasses under laboratory conditions. So their unsuitability
as food plants does not seem to be due to a lack of
essentlal nutrients.

The vegetation on the swale areas of the 01d Field
is largely grass or unsultable forb specles (such as
Asclepias syriaca, milkweed). Despite the large populations
of adult spittlebugs that occur in the swales in the fall,
the nymphal densitles the following springz are very low;
the few nymphs present are found only on the occasional
sultable forb. These low nymph populations on the swales
may be the result of high mortality of eggs and early
instars, or fallure of the adults to oviposit there.

Adult splttlebugs on the Old Field fed on as many
different specles of forbs as did the nymphs, but the adults
were also often observed feeding on grasses. In fact, the
highest densities of adults on the 0l1d Fleld were often
recorded from the grass-dominated swales. Within the upland
parts of the field, however, the densities of adults in the
forb domlnated areas appeared to be higher than the densities
on areas supporting mostly grasses. To test this obsger-
vation, 1in 1959 the vegetatlion under the cylindrical cage

sampler was rated according to the dominant vegetation type.
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Five categorles were used: (1) grass dominant, (2) bryoid
specles dominant, (3) dominance by a single species of forb,
(4) dominance by two species of forb, and (5) dominance by
three or more specles of forb. Dominance was defined as
the contribution of more than half of the total green
blomass of vegetatlon within the area rated. These ratings
were completely subjective, but were made before I had any
knowledge of the number of insects in the sample. All
samples taken on the upland part of the 0ld Field in 1959
were rated in this manner,

The analyses of the 1022 samples are shown in Table
5. Both frequency of oceccurrence and dehsity per occupled
sample are compared for the different vegetation categories.
Frequency 1s the per cent of the samples that contained one
or more Philaenus adults, Density is the number of adults
per occupled sample (ecological density).

The three forb classifications differed from both
grass and bryold areas in having consistently higher
frequencies and densities (Table 5). Within the forb
classificatlion there was little variation, and the grass
category was essentlally similar to the bryoid category.
For statistical comparison the chi-square test was used
(Siegel, 1956). In each of the comparisons the null
hypothesis that there 1s no difference between the number
expected and the number found 1s implied. The data used in
these comparisons were the number of occupied samples and
the number of insects captured in each vegetation category

(Table 5). The following comparisons were made: grass
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TABLE 5

THE OLD FIELD IN 1959

FREQUENCY OF OCCURRENCE
PUMARIUS ADULTS ON

Vegetation No. No. of No. of |Density | Frequency (%
type samples | occupled| insects per of samples
samples captured |occupied containing
sample spittlebugs)
Grass 212 62 91 1.47 29
Bryoid 109 25 34 1.36 23
1l sp. of
Forb 222 133 300 2.26 60
2 8pp. of
Forb 134 72 152 2.11 54
3> or more
spp. of
Fordb 345 193 415 2.15 56
1022
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versus bryold, the three forb categories with each other,
and the combined data from the grass-bryold categories with
the combined data for the three forb categories. The proba-
bilities that the null hypothesis 18 true are:

Grass-bryold Forbs Grass-bryold vs. Forbs

Number of insects
captured >0.20 >0.50 £ 0.001

Number of occupied
samples >0.20 >0.70 &« 0.001

The high probabilitlies of the first two sets of comparisons
Justiflied combining the data for the third set. The latter
showed that there is a highly significant difference between
the number of occupied samples and the numbers of insects
captured on the forb areas of the upland as opposed to the
gress-bryoid dominated areas.

It 1s tempting to conclude that the densities of
Philaenus adults as well as nymphs were correlated with the
breasence of forbs in the upland habitat. But it was pointed
out earllier, that the situation with respect to the adult
populations on the swales was Just the reverse. Instead of
thinking in terms of grasses versus forbs, another explanation
1s possible. When the samples summarized in Table 5 were
taken (July, August, September) the grass dominated areas
of the upland consisted malnly of maturing, mature, or dead
culms of Poa compressa and Aristide burpurascens. These two
grasses exhiblt very little new growth during this time of

year. Consequently, areas dominated by thew have relatively

little green vegetation. The bryold dominated areas have a
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low biomass of vascular plant material. The forb domlnated
parts of the upland and the grassy swales have in common a
high blomass of green plant material per unit area. They
also contailn the highest densities of adult spittlebugs
adults, The density of splttlebug adults thus appears to
be correlated with a high unit area bilomass of green plant
material and not necessarily with the growth form or species

composition of the vegetation.

The Food Material

The following observations were important in ascer-
taining the specific part of the plant fed upon by the
splttlebugs: (1) both the nymphs and adults produce fluid
when they are feeding. This 1is expelled from the anus at a
falrly rapid rate, and large amounts may be produced from a
slngle feeding puncture. (2) The feeding punctures, even
when concentrated on a small area of the plant, seldom
produce any obvious necrosis of the tissue around the
puncture. (3) The parts of the plant above the feeding site
wllt and eventually dle 1f large numbers of spittlebugs are
forced to feed from a small section of the stem, The bugs,
however, will contlnue to feed from the living stump of the
plant. (4) A paper chromatogram of the spittle showed no
traces of sugar.

Observations (1) and (2) do not fit the hypothesis
of an insect that feeds from the cell sap of plante. Such
an lnsect typlically feeds by inserting the mouthparts,

sucking up the contents of a group of cells, wlthdrawing the
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mouthparts, and relnserting them into another part of the
plant. A necrotic spot commonly forms at the site of
feeding (Flemion, Ledbetter and Kelley, 1954). The material
ingested by cell sap feeders is relatively rich in nutrients
and large amounts of sap are not needed. Therefore, large
volumes of 1liquid excreta are not expected. Observation (3)
indicated a xylem feeder, since the interruption seems to
occur 1n the materials being translocated upward, particularly
water, hence the rapid wllting. That the insects can exist
even when the plant is decapitated also indicates sub-
slstence from the xylem sap since there would be little of
value in the phloem tissue under such circumstances., The
final observation (4) 1s inconsistent with the facts known
about phloem feeders. Mittler (1958) showed that aphids,
which feed exclusively from the phloem, excrete liquid
containing concentrations of from 10 - 25% sugar,

Direct evidence of xylem feeding in Philaenus
spumarius was obtained by sectloning a pilece of tomato stem
from which a number of nymphs had fed (Figure 9). The first
photomlcrograph (a) shows the partially withdrawn mouthparts
and the darkly stained feeding puncture extending to the
xylem of the plant. The partial feeding puncture shown on
the right of Flgure 9a, when traced to its termination,
extended to the same group of xylem elements. More than a
dozen nymphs had been feeding from this short section of stem
and all the remaining feeding punctures stailned very deeply

red with the saffarin used to dye the Xylem elements,
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CROSS SECTION OF TOMATC STEM SHOWING
FEEDING PUNCTURE AND THE PARTIALLY
WITHDRAWN MOUTHPARTS OF A 4TH INSTAR
PHILAENUS SPUMARIUS NYMPH. THE
PUNCTURE EXTENDS TO THE XYLEM ELEMENTS
OF THE VASCULAR BUNDLE.

CROSS SECTION CF TOMATO STEM SHOWING
FEEDING PUNCTURE, WITHOUT MOUTHPARTS,
EXTENDING TO LARGE VESSEL.
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Twenty additional punctures were traced to their terminations
(Figure 9b); all but two of them ended in the xylem. The
exceptions were punctures that missed the vascular tissue
entirely and entered the pith.

Xylem feeding by other members of the Homoptera has
been reported. Esau (1961) mentions that leafhoppers and
cicadas feed on either phloem or xylem and that splttlebugs
of the genus Aphrophora are xylem feeders. Smith (1926)
showed that leafhoppers of the genera Eupteryx and Zygina
puncture the tracheids of plants. Houston, Esau, and Hewitt
(1947) demonstrated with tissue sections that 88% of the

feeding punctures of the leafhopper Draeculacephalsa minerva

extend into the xylem, 9.1% into the parenchyma and only
2.1% into the phloem. They also explalned that the feediling
punctures staln deep red because the sallva lining the walls

+f the puncture takes saffarin readily.

Composition of the Xylem Sap

The sample of tomato xylem sap that was anslyzed

contained 10 amino acids and amides, of which Beven were
identified: glutamine, glutamic acild, asparagine, aspartic
acld, leucline, alanine and a fraction ldentified only to
methionine/valine. The three unknowns were present only as
trace amounts.

The most 1mportant of these were determlined
quantitatively with a one-way chromatogram (Figure 10). The
various fractions and their quantitles are listed in Table 6,

The glutamine fraction, with 0.25 mg/g of sap, constituted
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TABLE 6

COMPOSITION OF TOMATO XYLEM SAP AND SPITTLE OF PHILAENUS
SPUMARIUS NYMPHS FEEDING ON TOMATO. THE SPITTLE
WAS NOT TAKEN FROM THE SAME PLANT
AS THE XYLEM SAP SAMPLE

Material Tomato xylem sap Spittle
ng/g £ of total| mg/g |% of total

Total solids 1.75-3.6510.18-0.37 | 1.71 0.17
Ash 1.10-1.53 | 0.11-0.15 0.69 0.07
Organic 0.65-2.12 1 0.07-0.21 1.02 0.10
Amino aclds
Glutamine 4+ Alaninei| 0,250 39 0.025 22
Asparagine 0.150 23 0.015 13
Glutamic + Aspartic

aclds 0.140 22 0.050 44
Leucine 0.050 8 0.015 13
Methionine + Valine |0.030 5 0.005 4
Unknowns 0.020 3 0.005 4

100 100

Total amino acids 0.640 98 0.115 11
Other organic 0.013 2 0.3905 89
Total organic det.

by ashing in

muffle furnace 0.653 100 1.020 100

#Trace.
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30% of the total amino acid complex. The unknowns were
present 1ln amounts of 0,02 mg/m or 3% of the total. The
total organic matter content of the xylem sap sample used
in the chromatogram of Figure 10 was 0.653 mg/g. The
difference between this value (determined by ashing an
aliquot of the sample) and the amino acid component was
0.013 mg/g or 2% of the total organic matter.

The total organic matter content and ash content
of several other xylem sap samples from different tomato
blants were also determined. Total organic matter content
ranged from 0.65-2,12 mg/g and the ash content ranged from
1.10-1.53 mg/g (Table 6). The xylem sap sample used in the
chromatogram of Figure 10 had the lowest organic matter
content of the various samples,

Since amino aclds and their amides accounted for
98% of the organic in the xylem sap sample of Fi - - 10,
they form the bulk of the nutrient substances ingested by
spittlebugs feeding on these plants.

Untill quite recently the xylem sap of plants was
generally regarded as a very dilute water solution of inor-
ganlc compounds. Bollard (1957c and 1960) has shown, however,
that a substantial amount of organic materisl is present in
the xylem sap of most plants and that amino acids and their
amides are the principal constituents, A recent analysis of
tomato xylem sap gave a dry matter content of 2.57 mg/g of
sap (Van Die, 1958). Van Die found different amino acids
and amldes; together they accounted for more than 90% of the
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total organic matter. Van Die's data corroborate in large

part the analyses made during the present study.

Composition of the Spilttle

A paper chromatogram of splttle obtained from a
nymph feeding on blazing star (Liatris aspera) showed no
trace of reducing sugars. Splittle from tomato plants was
not tested for the presence of sugars. But since Van Dle
(1958) found sugars to be present in only extremely minute
amounts in tomato xylem sap, 1t 1s unlikely that they con-
stitute any significant fractlon of the organic matter
found in splttle.

The amino acld composition of splttle from nymphs
feeding on tomato plants was determined from the one-way
chromatogram of Figure 10. The correspondence between the
qualitative composition of spittle and tomato xylem sap 1l1s
striking. All the major groups present in tomato Xylem sap
were present in the spittle and vice versa. The quantities
of amino acids in the spittle, thelr percentages, and the
total organic matter and ash content are shown in Table 6.
The ashing determinations were made on the same spittls
sample used for the chromatogram. The spittle sample used
for the chromatogram was, however, not from the same plant
as the xylem sap sample used in Figure 10. Thus the high
total organlic matter content of the splttle 1ls possible
because of the wide range exhibited by xylem sap samples
from different plants (see Table 6).

The amino acid fraction of the spittle accounted for
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only 11% of the total organic material, as opposed to 98%
for xylem sap. This decrease in concentration corresponds
to the amino acids assimilated by the nymph. Eighty-nine
per cent of the organic matter of the spittle was "other
organic matter." This includes the exoretory products of
nitrogen metabolism as well as the "surface tension
depressant" produced by the nymph. The latter substance
glves the spittle its foaming property.

There have been a few published analyses of the
organlic components found in spittle from cercopld nymphs,
but unfortunately they disagree about the nature of both
the excretory products and the surface tension depressant.
Kato (1958) reported ammonia, urea, and uric acid in the
splttle of Aphrophora intermedia. Xershaw (1914) found uric

acid 1 the spittle of Tomaspinia saccharina feeding on

sugar cane roots. Zlegler and Ziegler (1958) stated that
uric acid was not present in the spittle of Philaenus
spumarius or Aphrophora salicis but they did not test for

urea or ammonia.

The two divergent views of the surface tension
depressant are that it is (1) a fatty acld or kind of soap,
Introduced from the glands of Batelll after the spilttle
leaves the anus or (2) that it is sa proteinacecus substance
secreted from the Malpighian tubulea. Kato (1958) discusses
these two viewpolnts in detail. Zlegler and Zlegler (1958)
state that the S.T. depressant is a protein whereas Kato
(1958) seems inclined toward the 1ipid theory. A thorough

study of this problem 1s currently being made by Alan T,
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Marshall of Hong Kong University. He 1s convinced that the
substance 1s produced by the proximal segments of the
Malpighian tubules and ie an acid mucopolysaccharide.
(Marshall, pers. comm.)

Composition of the Adult Excreta
I could find no published information on the sub-

stances excreted by adult Philaenus spumarius and such an
investigation was beyond the scope of thls study. Some
speculations seem Justified, however, on the basis of
preliminary findings by Marshall (pers. comm.). His data
indicate that the Malpighian tubules degenerate histo-
logically in the adult and that urlc acid is excreted via
the tracheas. If the surface tension depressant is produced
by the proxlmal segments of the Malpighian tubules 1t would
not be produced by the adult. Because the adult does not
produce splttle it certainly has little use for a foaming
agent 1n 1ts liquld excreta. If the bulk of the organic
matter excreted by the adult i1s urlec acid (or possibly urea),
1t 1s possible to calculate the amount, given the rate of
Ingestion, the materials ingested, and the rate of
respiration.

Table 7 shows the amount of energy that can be
derived from the oxldation of one mg of the amino acid
complex present in tomato xylem sap if the nitrogen 1is
excreted in the form of either urea or uric acid. The per
cent nitrogen 1in the amino acid complex 1s the weighted mean

of the per cent nitrogen in each amino acid times the
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TABLE 7

E ON BURNING ONE MG TOMATOQ
EITHER URIC ACID OR UREA

Material |[Geal. Nitrogen| Waste Geeglories Per cent
amino excreted material retalined
acid (mg) | excreted
ingested (mg) fkexcreted |retained

Uric acid 3.9 0,165 0.495 1.3 2.6 67

Urea 3.9 0.165 0.356 .0.9 3.0 77

TABLE 8
RATE OF SPITTLE PRODUCTION OF PHILAENUS
SPUMARIUS NYMPHS ON TOMATO PLANTS

Instar | Temp. ©C. | Relative Body wt. [ Spittle | Spittle

humidity (mg) (mg/hr) | (mg/mghr)
4 25 100 1.16 30,2 26.0
3 23 100 0.39 11.7 30.0
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relative abundance of that acid in the amino acide of the
sap. Thirty-three per cent of the lngested potentlal energy
18 excreted when uric acid is the end product of nitrogen

metabolism and 23% 1s excreted when this end product 1is urea.

Rates of Ingestion and Egestion
The rate of fluid egestion of both nymphs and adults

must equal the rate of lngestion, discounting the loss of
water from the body surface and tracheal system of the
adult. The heavier chitinous exoskeleton of the adult
probably reduces the rate of evaporation from the general
body surface, but the extent of respiratory water loss is
unknown. |

Table 8 shows the rate of spittle production of two
nymphs under the stated conditions of temperature and
relatlive humldity. The rate per unit body welght Increased
from 26 to 30 mg/mg hr as the welght of the nymphs decreased
from 1.16 to 0.39 nmg.

Table 9 shows the rate of fluid production of several
adults feeding on grass and alfalfa. The rate of 25 - 26
mg/adult hr is about the same as that of the nymphs, but
the rate per mg/mg hr was only 6.5 - 6.8, congsiderably lower

than the nymph rate.

Respiration

The rate of oxygen consumption of Philaenus spumarius

varied from 8.70 ml/g/hr for first instar nymphs to 2.70

ml/g/hr for adults (Table 10). The oxygen consumed per
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TABLE 9

MEAN RATE3 OF FLUID EGESTION BY PHILAENUS

SPUMARIUS ADULTS.

IVEN IN PARENTHESES

MAXIMUM RATES ARE

Food No. Temp.
plant insects| ©C. | Droplets/hr. |Mg/droplet Mg/hr
Grass
(Boa
pratensgis) 8 21 420 (900) 0.06 25.2 (54.0)
Alfalfa 9 21 438 (798) 0.06 26.3 (47.9)
TABLE 10

OXYGEN CONSUMPTION (25°C) AND CALORIC EQUIVALENTS
OF PHILAENUS SPUMARIUS NYMPHS AND ADULTS

Oxygen Consumption
Instar|No. averaged (Mean wt.(mg)| ml/g/hr | mm3/hr |Gecal/day
1 16 0.058 8.70 0.50 0.058
2 48 0.150 8.41 1.26 0.147
3 35 0.315 7.89 2.74 0.317
4 24 0.704 6.66 4,68 0.542
5 16 1.996 4,61 9.36 1.084
Adult 23 3.925 2.70 10.58 1.226
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insect ranged from 0.50 mm3/hr (first Instars) to 10.58
mm?/hr (adults). The double log plot of these data in
Filgure 1l shows a considerable departure from a straight
line relationship to body weight. The lines drawn through
the data points (mean values for ml/g hr and mm>/hr
approximate straight lines only over short intervals, The
rate of oxygen consumption for first and second instars is
roughly proportional to body welght ralsed to the power
1.0. This factor decreases with increasing body welght,
and between the fifth instar and adult stages the oxygen
consumption 1s proportlional to the 0.2 power of body weight.
This change 1s probably best explained by the increasing
proportion of metabolically 1nert chitin in the bodies of
the older nymphs and adults. The increase in the chitinized
portion of the body 1s obvious 1n adults, and the data of
Filgure 8 1ndicate that the proportion is increasing
gradually throughout the 1life of the nymph.

Varlation in temperature had somewhat more effect
on the respiratory rate of the adults than on that of the
nymphs, and the adults showed more individual variation in
the response of the respliratory rate to temperature changes
(Figure 12). The lines on the semllog graph were fitted
by eye to the mean rate of oxygen consumption at each
temperature. The values were expressed as percentages of
the value at 25°C to eliminate individual dlfferences in
oxygen consumption. The change in oxygen consumptlon per
OC remained constant over the temperature interval used in

the experiment. The lines of Figure 12 correspond to Qlo
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values of 1.61 for adults and 1.47 for nymphs.

Oxygen consumption of the field populations was
corrected for differences in ambient temperature by multi-
Plying the consumption at 25°C times the appropriate fraction
from Figure 12. The effect on the rate of respiratory
energy loss due to activity was not evaluated in this study.
The nymphs are incapable of rapld movement and are seldox
active under field conditions. The adults, although they
sometlmes fly long distances, spend most of “he daylight
nours motionless on a suitable food plant. The error
involved in extrapolatinzg from small respirometers to field

conditions is probably quite swmall.

Saloric Eguivalents

The calorlc eguivalents of the rate of OXy~en cori-
sumption are listed in Tavle 10 for each instar class and
the adult. A conversion factor of 4.8 cal/ml of oXygen
consumed was used (Brody, 1945, p. 312). The resplratory
quotient wus not measured, but the conversior factor 1s
eppropriate because 1t 1s based on an R.Q. of 0.82,
approximately that which would result from the catabolic
metabollsm of amino acids. I{he values of Table 10, corrected
tor amblent temperatures different tuan 25°Z., were used in
all the calculatlons of individual and population energy
budge ts,

ihe caloric values of all materials involved in
inzestion, production, and excretlon are listed in Table 11.
The number of determinations and the standard deviations are

Zlven for all materlals burned in the calorimeter.
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TABLE 11

CALORIC EQUIVALENTS OF MATERIALS USED IN THE
ENERGY CALCULATIONS

Material Number of gcal/gm  Btandard
dleterminations Heviation
Molted exoskeleton 1 4422 -
Eggsa 2 6307 95
Nymphs (instars 3,

4, and 5) 3 5336 232
Adults (¢%) 7 5740 177
Adults (9) 7 5875 179
Adults (mean) - 5808 -
Tomato xylem sap 3900

(dry organic matter)

Tomato xylem sap 2.5 - 8.3

(liquld)

Spittle 3900

(dry organic matter)

Spittle 4.0
(liquid)
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The caloric content of the nymphs varied with age
and the adults showed both s8easonal and sex differences in
caloric content per mg. The absolute values of the
differences were small, however, and in all subsequent
computations a mean value of 5336 cal/g has been used for
the nymphs and a mean value of 5808 cal/g for adults
(Table 11).

The caloric content of the organic matter in tomato
Xylem sap was calculated by welghting the published values
for the different amino acids according to the relative
percentages of Table 6. No value for glutamine was available
80 1t was assumed to be the same as that of asparagine, an
amide with approximately the same per cent of nitrogen by

welght,

The amino acid component of the spittle had the same
calorlc value (3900 cal/g) as that of the xylem sap organic
matter. In the splttle, however, 89% of the organic matter
was of unknown composition. Part of thls material was the
byproduct of nitrogen metabolism, probably uric acid or
urea. The remainder was the surface tension depressant,
poseibly a nitrogenous polysaccharide, Usling data on the
resplratory rate, ingestion rate, and composition of the
ingested xylem sap, I have estimated that each gram of
organic matter in the splttle would contain approximately
0.11 g of unassimilated amino aclds, 0.20 g of the waste
product of amino acid catabolism, and 0,69 g of surface

tension depressant. The caloric content of the amino acid
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fraction 1s 3.9 cal/mg, that of excretory waste is 2.7

cal/mg (uric acid), and that of the nitrogenous poly-
saccharide 4.2 cal/mg (mean of published values for several
different polysacchardes). The welghted mean caloric
content of the organic matter of spilttle was identical
with that of the amino acid fraction (3.9 cal/mg). Since
a gram of liquld spittle contalilns 1.02 mg of organic matter,

its caloric content 1s 4.0 cal.

Individual Energy Budgets

Table 12 shows one-day energy budgets for the third
and fourth instar nymphs of Table 8 and for an adult (body
welight 3.87 mg) feedinz at the rates shown in Table 9. All
values are in cal/day. 'Growth' and 'respilration' were
computed from the rates given in Figures 7 and 11. The
'egestlion' of the nymphs was calculated from the calorlc
values of spittle (Table 11); eleven per cent of the egested
energy was amino acids and the remainder 'other organic
matter' (Table 6). The 'egestlion' of the adults was computed
from the amounts of urea and urlc acld excreted for a given
energy release from the oxlidation of amino aclds, plus the
amount of amino acids unassimilated. The latter value was
calculated on the assumptlion that the per cent unassimilated
was the same as that of the nymphs (11%). The 'estimated
ingestion' was calculated from the rates of ingestion by
multiplying times the caloric content of tomato xylem sap.
The range indiceted the possible ingestion per day, based on

the varlation in the energy content of the sap of different
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plants (Table 11).

Such terms as egestion, assimilation, etc. are con-
venient and widely used in ecological energy flow studles.
They must at all times be clearly defined. 1In thls paper
the followlng i1dentlties are assumed:

(1) Ingestlon = gross energy intake (heat of com-
bustion of food).

(2) Egestion = ingestlon-(respiration + production).

(3) Assimilation = metabolizable energy (ingestion -
egestion).

(4) Respiration = energy cost of maintenance, work,
and 'specific dynamic action.'

(5) Production = e : rgy contained in organic material
syntheslzed by the organism,

(6) Growth = that part of production incorporated as
an increase 1n the blomass of the organlsm.

The gross energy and metabollzable energy categorles
were proposed by Brody (1945) and have been formally
identified by him with the terminclogy employed 1n certaln
thermodynamic equations. A full discusslon of the latter
terminology 18 deferred to a subsequent sectlon of this paper.

Table 12 shows that the nymphs assimilated approximately
35% of the ingested energy. The adults assimilated 62 or
71%, depending on whether uric acid or urea was assumed to
be the principal excretory product. Nymphs and adults
differed in the per cent of the gross energy intake assimi-
lated because of the large amount of organic materlal egested
by the nymphs 1n the form of the 'surface tenslon depressant.'

The 'ealculated ingestion' was always lower than the

maximum value for 'estimated ingestion' (Table 12). Tomato
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Xylem sap thus contains sufficlent energy to account for the
ingestlon of nutrlents and the maintenance of both nymphal
and adult splttlebugs. If the per cent assimilated remains
constant for all individuals in a given age class feeding on
several different tomato plants, then the rate of ingestion
must vary with the energy content of the Xylem sap of the
host plant. 1In Table 12, for instance, doubling the rate
of ingestlon would bring the minimum 'estimated ingestion'
above the calculated ingestion of energy.

The total energy ingested by a population of spittle-
bugs can be estimated by multiplying the assimilation of
the nymphs by 1.00/0.345 = 2.9. The ratic for adults is
1.00/0.663 = 1.5 (the denominator of this ratio is “he

average of the two assimilation efficiencles from Table 12).

Energy Budgets of the Populations

Table 13 18 a summary of the energetics of the popu-

lations of Philaenus spumarius studied in 1959 and 1960,

All values are in calorles and represent a sumration for all
sampling intervals throughout the season. In calculating
these energy budgets the followlng equalities were used:

(caloric value of egg) . (number of
nymphs hatched).

Energy in Egg

Growth = (mean biomass/m2 over each sampling
interval) . (instantaneous growth
rate of nymph).

Loss to molt = (total welght of exoskeleton produced).
(caloric equivalent).

Production = growth + loss to molt.

Asgsimilation = resplration + production (metabolizable

energy).
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TABLE 13

POPULATION ENERGY BUDGETS FOR PHILAENUS SPUMARIUS ON THE
OLD FIELD 1959-1960 AND THE SMALL ALFALFA FIELD 1960.
SEE TEXT FOR METHODS OF COMPUTATION.

ALL VALUES IN GCALORIES.

Energy Small Alfalfa Fleld 914 Field 1959 |0ld Field 1960
category

Nymphs Adults |Nymphs Adults |[Nymphs | Adults
Eggs from

prev,

Fall 299 -———— 4.4 -—- 7.8 ————
Growth 15,125 --—- 46.3 | --- 92.6 | ----
Loss to

molt 722 - 1.4 - 2.7 ———
Productionfl5, 847 - 47.7 | --- 95.3 | ----
Respi-

retion 12,216 10,386 38.4 |495,.6 78.6 ] 992.1

22,602 534,0 1070.7
Assimi-
lation P8,063 10,386 86.1 | 495.6 173.9 ] 992.1
383, 449 581.7 1166.0
Excretion p3,320 5,193 163.6 |247.8 330.4 | 496.1
58,513 411 .4 826.5
Ingestion B1l,383 15,579 2h9.7 [ T43.4 504,3 [1488.2
96,962 . 933.1 1992.5
Increment

to

adults Q0,120 5.6 10.8
Mortality | 5,005 _———— 40.7 {475.2 81.8 0055.9

515.9 1137.7
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Ingestion-nymphs = assimilation times 2.9 (gross
energy).

Ingestion-adults = assimilation times 1.5 (gross
energy).

Mortality-nymphs = growth - energy recrulted to aduls.

Mortality-adults = (mean energy of adult biomass/m2
during sampling interval) . (instan-
taneous rate of adult mortality).

Increment to adults = (energy per adult) . (number of
fifth instars molted to adults).

The snergy values of Table 13 for the 01d Field in 1960
show approximately a twofold ilncrease over the same values
for 1359, The parameters on the field 1n the two years
(mortality rate, growth, etc.) were, with the exception of
populatlon density, identical or approximately equal. There-
fore, the lncrease in 1960 1is primarlily due to the change 1in
population density (Figure 1).

In contrast to the amount of energy iransformed by the
nymph population on the Small Alfalfa Fleld, the annual
energy flow on the 0l1d Fleld in 1960 was low. This disparity
betwesn the two habltats was due not only to the large
difference in populatlion density; it also reflected the
srester mortality rate for nymphs on the 01d Fleld. A larger
percentage of the nymphs survived to the later instar stages
on the Small Alfalfa Fleld. Since the production per nymph
1s much greater for the later lnstars, a population density
ratlio between the Alfalfa Field and 01d Fleld of approximately
100:1 changes to a ratio of 160:1 when total production on
the two areas 18 considered, and becomes 1000:1 if the

increment to adults 1s compared (Table 13).
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On the 014 Field adults assimilated approximately 6
times as much energy as did the nymph population. On the
Small Alfalfa Fleld the reverse was true; here the assimi-
latlon of nymphs was three times that of the adults. These
facts point out the difference in the origin and subsequent
history of the adult populations on the two habitats. An
immigrant populatlion on the 014 Field is continually being
replenished while a native population on the Small Alfalfa

Field is contlnually losing individuals through emigration.



DISCUSSION

Energy Flow

In any population of organlsms, excepti primary
producers, energy snters the population in the form of
ingested nutrients, This gross energy intake ultimately
leaves the population by three different pathways: (&)
waste materlals egested as a byproduct of either the
digestion or the metabolism of the food substances, (B)
productlon or storage, by the organlsm, of energy con-
taining substances that are yielded to a consumer orzanism
of another Bpecles, and (C) energy lost as heat. The
latter energy loss 1s often equated with the sum total of
the entropy gain from the several transformatlions which
take place in the body during the production and maintenance
of the organism. The magnitude of this pathway (C) 1is
estimated by the caloric equivalent of the oxygen consumed
by the population (Patten, 1959),.

The pathways of energy flow outlined above have been
formally l1dentified by Brody (1945) with the components of
the Glbbe free energy equation:

AF = AHwTAS (1).

Cchange in heat content or ingestion-
egestion (metabolizable energy).

where: A&H

AF = free énergy avallable for production
and the maintenance of the organism.

(net energy).
T4
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TAB = change in entropy or bound energy
unavallable for production or
maintenance (specific dynamic action).
It is not entirely correct to equate respiratory heat
loss with T A S of equation (1) since some of this heat
results from work performed by the organism on its environ-
ment. But for purposes of analogy we can regard the passage
of energy through a trophic level or population as a single
chemlcal transformation, in which part of the energy actually
assimilated by the organisms (metabolizable energy, AH) is
passed on to consumer organisms. The bart passed on as
production 1s by analogy free energy ( AF), available for use
by the consumer organisms in their own production and
maintenance, That part of the energy lost to the atmosphere
a8 heat 1s unavailable for use by other organisms (TA S).
Energy flow is thus measured as the sum of resplration
plus production (TAS + AF) and equals the assimilation or
Intake of metabollizable erergy ( AH). This is the generally
accepted usage of the term and 1t 1s the one followed in this
paper. However, 1t should be pointed out that this concept
of energy flow neglects the fact that an 'egested material'
can actually be a part of the production of the orzanism.
Therefore the energy flow of the splttlebug nymph population
does not account for the 'production' of the surface tension
depressant., To that extent the following data are minimum
estimates of the true energy flow throuzh the population.
Numbers, blomass and population energy flow of the
tnree populations are compared in Figure 13. The entire

nymphal period and the early summer adult densities are
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included. Assimilation in this graph was calculated as the
sum of growth plus respiration. The production of the
exoskeleton material was omitted because its rate of
production during the different samplling intervals was not
known,

The numbers of nymphs increased rapldly and reached
& peak early in the season. Because of the constant growth
rate, the Ilncrease 1n biomass followed a geometric pro-
gression, rising slowly at first, when the nymphs were small,
and rapidly bulldinz to a peak as the later instars appeared.
3lnce both respiration and growth increased directly with
body welight, the energy flow in the nymphal stages changed
wlth blomass, not with numbers. The rate of respiration
per unlt body weight actually decreases as the welght
increases, but the ambient field temperature tends to
increase as the season prozress28. The net result is o
resplratory rate that fluctuaties directly with changes in
body weight,

Very few nymphs survived to become adult on the 01d
Field, so biomass, energy flow, and density all declined to
very low values as the nymphs disappeared. These parameters
fluctuated in a very differcnt manner on the Small Alfalfa
Field. During the period of adult appearance blomass remained
at a high level and even increased 8lightly. The energy flow
decreased, although at & slowsr rate than density, becsause
of the cessation of growth when adult me tamorphosis occurs,

In the adult population energy flow consists only of

resplration, and by definition all three parameters (biomass,



78
numbers, and energy flow) fluctuate directly with each other.
The small discrepancies in Figure 13 between energy flow
changes and those of blomass or numbers during this period
are due to changes in resplration caused by variation in
the ambient fleld temperatures.

After the disappearance of the nymphs the adult
populations of the 01d Field and the Small Alfalfa Field
differ sharply in the changes that occur in numbers, biomass
and energy flow. These parameters decline rapidly on the
Small Alfalfa Fleld. On the 01d Fileld an increase shortly
after the appearance of the adults 1s follcwed by a decrease
and by another rise later in the summer,

The peak energy flcw on both the 0ld Field and the
Smell Alfalfa Fleld occurred coincidentally with the periods
of highest growth rate of ths vegetation. This suggests
thet a high growth rate in the vegetation may be correlated
with increased availablility of food materiale in the xylem
sap.

Bollard (1957a) showed that the amino acid content
of xylem sap fluctuates widely tluough the growins season,
being highest during the period of active growth 1n the
spring and decreasing as the plant matlures. The availability
of food for the spittlebug 1s thus correlated with the rate
of plant production but not necessarily with the standing
crop of vegetation. In thls respect the meadow spittlebug
differs from many phytophagous species in that the latter

are often able to exploit the standing crop of green material,
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irrespective of when 1t was produced. Even in phytophagous
specles, however, behavioral adaptations can restrict the
feeding of the growing parts of the plant, and energy flow
will still tend to be correlated with the rate of food

production (see Odum and Smalley, 1959).

Efficlency of Energy Trensfer

Desplte recent clarifications of the concepts of
energy transfer in populations (Slobodkin, 1960) and 1in
ecosystems (Patten, 1959), the nomenclature of efficlencies
remains 1in a confused state. OSpeaking of the transfer of
energy from one trophlc level to the next, Patten (1953G)
defines one kind of efficiency as the, "Efficiency of
transfer to next level in terms of ingested energy." The
definition 1is unsmbigucus, but i1s awkwerd as a reference
term. Slobodkin (1960) defined this same efficienéy and
called it the "ecologlcal efficlency.” This designation,
also, leaves much to be desired, first because 1t tells
little about the nature of the ratio 1ltself, and second
because 'ecological efficlency' has often been used to
Indicate a general class of efficlencles concerned wilth
energy transfer 1n living systems. Some standardization
of the naming process 1s needed, in which a concise name not
only deflnes the efflclency but at the same time indicates
i1ts relationship to other similar efficiencies.

An efficlency 1s the ratio of some arbltrarily
defined product, (the output) to an expenditure (the input).

Therefore, a definitlve name must refer first to this product



80
and second to the expenditure. A modification of the termi-
nology of Brody (1945) seems best for those efficlencies
where the input 1s in the form of food substances ingested
by living organisms. My proposed classificatlon proceeds
in the following manner: First, a name 1s given to the
product (numerator). Next, the input (denominator) is
specified as either, (1) the gross energy of the food
(ingestion) or (2) the metabolizable enerzy (assimilation).
Each of these efficlencies is further classified as to
whether they include the maintenance cost (gross efficiency)
or not (net efficiency). Thus, for a given product (X) four
different efflclencles could be computed: (1) Gross
efficliency of X/ingestion, (2) Gross efficiency of X/assimi-
lation, (3) Net efficiency of X/ingestlon, and (4) Net
efficiency of X/assimilation. This nomenclature is followed
for all efficlencies dilscussed 1n the subsequent sectlons

of Lhls paper.

Gross Efficienclies of Growth

The data of Table 13 were used to calculate various
gross efficlencles of growth for the spittlebug populations
of the 014 Field and Alfalfa Fleld (Table 14). With respect
to the nymph populations the efficlencles varled little
between habitats or between years., Approximately 19% of the
energy ingested or 54% of the energy asslmilated was utilized
as 1increace in blomass., Resplration accounted for 46% of
the assimlilation. The latter value is relatively low, and

1t would be even lower if the amount of the surface tension
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TABLE 14

VARIOUS GROSS EFFICIENCIES OF ENERGY TRANSFER COMPUTED
FROM THE POPULATION ENERGY BUDGETS OF PHILAENUS
SPUMARIUS ON THE OLD FIELD 1959-1960 AND THE

SMALL ALFALFA FIELD 1960. ALL
VALUES IN PER CENT.
Small Alfalfa 0ld Fleld 0ld Field
Fleld 1960 1959 1360

Nymphs
Growth/ingestion

(Gross) 18.6 18.5 18.4
Growth/asslimilatlon

(Gross) 53.9 53.8 53.2
Entire Populatlion
Growth/1ngestion

(Gross) 15.6 4,7 4.6
Growth/assimilation

(Gross) 33.3 8.0 7.9
Surviving

adults/growth 66.9 12.1 11.7
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depressant were added to the assimilation of the nymphs.
A sllght increase 1n nymph assimilation would also have been
effected by including the material lost as molted exo-
skeleton (Table 13). 1In the per cent of assimllated energy
respired, these splttlebug nymph populations were similar
to the planarians studied by Teal (1957). In both instances,
the low value for respired energy was caused by a large
production of material that did not contribute directly to
an increase in bilomass (mucus in the case of planarians,
'surface tension depressant' in the case of spittlebugs).

The gross efficiencies of growth for the entire
population were qulte different in the two habitats (Table
14). Gross efficlency of growth/assimilation on the Alfalfa
Field dropped from 18.6% (nymphs) to 15.6% (entlre popu-
latlon). On the 01d Field in 1960 the decrease was greater
from 18.4% (nympns) to 4.6% (entire pooulation). Similar
cnanges occurred in the gross efflciency of growth/ingestion.
On the 014 Field, however, there was little change between
1959 and 1960. The cause of the above differences between
habitats was the large adult population on the 014 Field
(relative to the 01d Field nymph population) as compared
wlth the adult population on the Small Alfalfa Field. In
other words, a net immigration of adults on the 01d Field
contrasts with a net emigration from the Alfalfa Fileld.

On the Small Alfalfa Fleld in 1960, 67% of the energy
of growth was recruited to the adult population, but on the
O0ld Field in both 1959 and 1960 only 12% of the total growth

'survived' as adults (Table 14). Thus, survival of individuals
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on the Small Alfalfa Fleld was 20 times that of the 0ld
Field (Table %), but survival of the energy produced by
growth was only 5.5 times greater on the Small Alfalfa

Field.

Efficlencles of Yield

That portion of prey production that is ingested by
a predator 1s commonly spoken of as yleld. The ratios of
this yield to various arbitrarily defined inputs are lndices
of the efflciency of the yield process. Slobodkin (1960)
discussed two useful ratios 1n this group. One of these,
the "ecologlcal efficlency" was discussed above. Applying
the nomenclatural method proposed earller, this efflclency
becomes the 'gross efficlency of yield/ingestion.' The
other ratio ls the "population efficiency," defined by
Slobodkin as, "yield to the predator divided by the difference
between the energy used in maintaining a population in the
absence of predation and that used in maintaining the same
population under predation." The denominator 1s therefore
equal to the total ingestlon of the prey minus the
meintenance. This efficlilency is not considered in thils
paper, except to note that 1t could be named the 'net effl-
clency of yield/ingestlon; a term that better lindicates 1its
relationship to the 'gross efficiency of yleld/ingestion.'

Knowledge of the loss to predatlon ls requisite to
calculating the gross yleld efficlencles of a population.
No data on the mortallty of adults on legume hayflelds nor

on the surrounding cropland were avallable. Nevertheless,
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it was possible to compute a 'theoretical maximum' for
predation and thus to obtaln a maximum value for the gross

efflciency of yleld/ingestion for Philaenus spumarius.

To compute such a maximum all mortality must be
assigned to predation and all the predation must occur at
the lnstant when the gross efficlency of growth/ingestion
is at a maximum. Because the meadow spittlebug has only
one generation per year and all the eggs are deposlted jJjust
before death in the fall, the effect on the rate of popu-
latlon increase of removing an individual spittlebug is
constant for any age. Since each adult alive on September
10 is assumed to produce 1l eggs, the maintenance of a
steady state population density requires that 9.1% of the
ezgs survive to the following fall. To maximize the gross
efficlency of yleld/ingestion this 90.9% mortallity has been
taken at that age when the growth per unit of energy ingested
was maximum. The gross efficlency of yleld/ingestion 1is
the yleld divided by the sum of the total ingestlon to the
time of yleld taking plus the ingestion of the remailning
9.1% of the population to the time of ovipositlon.

In Table 15 1is computed an energy balance sheet for
a single meadow spittlebug living on the Small Alfalfa Field
in 1960. The rate of ilngestion 1s the mean ingestion rate
of the populatlion over the samplinz interval divided by the

mean number of individuals present., The data are in

calories. The columns of cumulative growth, ingestlon and

the growth efflclency at various times throushout the growing
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TABLE 15

CALCULATED ENERGY BUDGET FOR A SINGLE MEADOW SPITTLEBUG ON
THE SMALL ALFALFA FIELD, 1960. SHOWS CUMULATIVE GROWTH,
GROSS EFFICIENCY OF GROWTH/INGESTION, CUMULATIVE
INGESTION AND GROSS EFFICIENCY OF YIELD/INGESTION.
GROWTH AND INGESTION IN CALORIES, EFFICIENCIES IN
PERCENTAGES. SEE TEXT FOR DESCRIPTION
OF COMPUTATIONS.

Date Cumulative Cumulative Growth Yield
growth ingestion Efficiency Efficlency

5/3 0.19(eggs) —-———— _—— 0.8
5/14 0.66 3,96 16.7 2.5
5/18 0.94 5.72 15.9 3.3
5/21 1.27 7.97 15.9 4,2
5/25 1.87 11.57 16.2 5.6
5/29 2.87 17.61 16.3 7.4
6/1 3.89 23.43 16.6 8.8
6/4 5.48 32.31 17.0 10.5
6/9 9.58 52.76 18.2 13.6
6/20 20.91 108.31 19.3 17.4
6/24 " 113.95 18.4%

6/28 " 119.31

7/6 " 130.03

7/15 x 142.Z2

i : 18579

8/10 " 181.30

8/25 " 202.30

9/13 " 230.04 9.1 9.1
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season were obtained by multliplying the growth and ingestion
rates of the individual by the days in each sampling interval
and summing. On June 20 the total growtih reached the caloric
content of an adult of 3.5 mg, approximately the mean welght
of newly emerged adults. This was also the time of appearance
of the first numbers of adults on the Small Alfalfa Fleld.
From this point on, the adult ingestion rate was used in
he table.

Because of the constant growth rate and a decrease
ver unit welight in respliration with 1increasing body weight,
the growth efficiency increases with age, from 16.7% at
eleven days after hatching to 19.3% at the time of adult
emergence. Growth then ceases and the efficlency decreases
to a low of 9.1% on September 13. Since the tlmes of
highest gzrowth efficlency and greatest total growth colncilde,
the most efficient harvest would take 90.9% of the insects
imrediately prior to adult emerzence. The coluan of yleld
efficlencies in Table 15 was computed by assuming all yleld
taken at the same age. A maximum valus of 17.4% 18 realized
only if predation 1s conflned to fully grown filfth instar
nymphs, and a minimum efficlercy of 0.8% is obtained for
predatior restrlcted to the egrss, The efilclency for
predation on the adults lles between 9.1% and 17.4%, the
actual value depending on the a.e when the yleld 1s taken,

Slobodkin (1960) gave a gross efficieuncy of yield/
ingestion of 12.5% for laboratory populatlons of Daphnla
and stated that the hlghest concelvable value under

experimental conditlone would not be expecied to exceed 14%.
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The data of Table 15 show that this statement is applicable
to fleld populations of the meadow spittlebug. The maximum
value of 17.4% would only occur 1if all mortality occurred
at the same age. Since this was not true of the populations
studied, the actual value of the gross efficiency of yleld/
ingestion was probably close to the 12.5% given by Slobodkin

(1960).

Trhe Energy Input of Immigration

The necessity of defining carefully the parameters
utilized in calculating an efficiency ratlo was emphasized
in a previocus sectlon., It is equally important to define
the universe fror which these parameters are taken. Both
the statement of Slobodkin (1960) about the naxiiur velte
for groec efflelconry, and the above calculatlon of this
value for tho meadow spittlebus {Tablz 15) were based on
leboratory popuilatlons, and on ficld populations gualifiszd
vy an assumption. Thes net galn of energy by the populatlons
In any way other thun by lageallisn w:a not sonsidered and
the 1los3 0 energy toox place only by excretlon and/or
mortalivy. In other words, tne possible imbalance of imznl-
sratlon-enigratlion rates did ol enter into Lhe calculations.

But 1a natural ecosys*%2ms energy 1s galned and lost by popu-

o

latlons and trophic levels 2:x lamigration-emizration, =and
thesz pathways must be provided for in any model dlagramming
the energy transfer throush Llologlcal systems. Patten
(1959) referred to them as "iamport" and "leakage."

Import/leakaze ratiss significantly different from
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unlty are known for number of aquatic ecosystems at the level
of the primary producers. These situatlions generally involve
the movement of organic material by water currents, such as
the movement of detritus between different parts of a salt
marsh community (Odum and Smalley, 1959)., Teal (1957)
showed a sizgnlificant interactlon between aquatlic and ter-
restrial communities in that a large part of the energy
available to the primary consumers of a temperate cold spring
was found 1o have resulted from a net immigration of energy
into the producer level 1In the form of leavas from trees,.
A net lmport of enersy into & comrunity at any level can
significantly chanre the value of ecologlical efficlenclies in
comparison to similar communlities with an 1mport/leaka5e

~

ratlo close to unliy. The unusually uigh value of 75% for
“ne produszer Zross efficiency of yilceld/incestlon of ihe
sorl- s studled by Ieal was Jdirectly atitributable to the
unique nature of a large part of the energy 1Input to tlhe
producer level (Patten, 1357%). Conslidering the basls of
Teal's value, it is not at all surprising, published
statements to the contrary notwlthstanding.

The »present study provided an opvortunlty to
11lustrate thils polnt with respect Lo the zross efficlency
of yleld/inzestion of a primary consumer vopulation 1n a
terrestrial ecosystem. Ths calculatlons of Table 15 showed
that the maximum wvalue for thls efficicency 1rn the meadow
spittlebug could exceed 17.4%. Compare with *he actual

value as computed from ithe enerzy budget date from the 0l1d
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Fleld ecosystem (Tabls 13). Agalin we assume that all
mortallty goes to predation. This is a valid assumptlon,
since all the mortality could concelvably g to predation.
Whether 1t actually does or not i1s immaterial to the point
under discusslon. The gross efficiencies of yield/in-
gestlon for the spilttlebug populations on the 0ld Field in
1959 and 1960 are 52 and 59% respectively, conslderably
greater then the 'theoretical maximum' of 17.4%!

The apparent paradox 1s resolved by coasldering
tne immigration/emigration ratio. On the 0ld Field in 1959,
91% (470 gcal/mg) of the total population mortality was
compogsed of immigrant adults (Table 15). In 1960 the
comparable figure was 92% (1045 gcal/m?). TETach of these
adult immigrants represented from 108 to 230 gcal of total
ingested energy, depsndlng on when immigration occurred.

But none of tnls enersy was derived from the 014 Fleld
ecosystien and consequently 1t wes no? included in “he denomni-
nator of the efficlency ratio. The result was an apparcent
lncrease in the efficlency of yleld to predation. Those
results, regarded uncritically, se=2m to snow Philaenus
spumarius to be a remarkably efflcient prey species,

The concept of efficlency in energy transfer requires
that qualificatlons as to the applicabillity of the ratio be
expllicltly stated. Such quallifications will always be
necessary unless thz natural area 1s larze enouzh and/or
the mobllilty of organisms low enough to give an import/
leakage ratio of unity. Or at least the maznitude of the

lmbalance must be reduced to a low value as compared with
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energy flow through the system vlia the more usual route.
In view of thisg, the legume hayfields and the areas around
them are each only a part of the total environment of the
meadow splttlebug. Nelther one alone can provide a complete
plcture of population energy flow in this species.

Since immigrant Philaenus spumarius represent a

slgnlflcant source of energy inport into the 0l1ld Fleld, they
may have considerable lmportance for those organisms on the
fleld which consume Phllaenus. If direct consumption of
spittlebugs by predatory or scavenger anlimals accounts for
all, or evsn a major portion of the mortallity, then the
energy lnput of immigration must be supporting populations
of these predators or scavengers at much higher levels than
would be the case 1f there were no immigrant splttlebugs.

If on the other hand, the dead spittlebugs are usually
decomposed flrst by bacteria and fun<i, the effect of the
energy 1lnput on the ecosystexr would be much less. This 1is
because the energy of lmmigration constitutes a large
fraction of the total production of insect blomass (consumer
production) on the 0ld Field, but compared with the pro-
duction of the vascular plants (primary production) 1t is
insignificant. Slince the latter energy source 1s utillzed
by the soll decomposers, they would derive 1llttle additional

benefit from the energy in dead splilttlebugs.

Effect of Spittlebugs on the Primary Productlon

The effect of the consumer on the prey population 1s

usually evaluated only 1in terms of actual energy consumed;
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the potential production that could be realized in the
absence of the consumer 1s 1gnored. This potential pro-
duction, because 1t 1s unrealized, 1s thought to have no
place in the analysis of the energy balance of a communlity.
This 1s undoubtedly true for non-photosynthetic prey popu-
lations, The consumption of a young growing organlism or
the growth slowing effect of parasitism, while 1t reduces
the production of the prey specles, at the same tlme frees
the food that would have been lngested for consumption by
some other organism. If the energy fixed by the producers
of a gilven ecosystexr is fully utilized by living orzganisms
(see Hairstorn, Smith and Slobodkin, 1960) the overall effect
on the community 1s only a change in the pathway of energy
flow and not a change 1n the total energy avallakble for the
production and malntenance of protoplasm.

But the prlmary energy source of photosyntnetle
organisms 1s solar radiation. The amount delivered to a unit
area of the earth's szurface i1s relatively independent of the
living organisms on that surface., Therefore any factor
affecting the production by zreen plants wlll change boih the
amount of this energy that is utilized in the production of
organic compounds, and the amount of energy supplled to all
other organisms 1in the ecosystem. Factors affecting the
potential production of producer organisms can therefore have
real siznlficance 1n the analysis of the energetlcs of a
community,

The effect of consumption on the potentlal production

of the vesetation is difflicult to evaluate., It does not always
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result in a decreased rate of energy fixation. The retar-
dation of plant maturity under moderate grazing may cause a
high growth rate to be maintained over a much longer period
than would be the case in the absence of the herbivore.
The meadow spittlebug does, however, decrease the production
of the vegetation on which it feeds (Weaver and Hibbs, 1952).
Moreover, 1t will be shown that this effect 1s all out of
proportion to the energy the insect actually removes from
the plant. Thils depression of production must be consldered
in an evaluation of the importance of this species in the
energetics of those communities where it is present as either
a native or an immigrant population.

The amino acids found in the xylem elements of plants
are probably produced in the roots (see Bollard, 1957c).
They are indirect products of photosynthesis being transported
through the plant to the sgsites of protein synthesils. The
feeding splttlebug thus removes a poriion of the nitrogen
essentlal for the growth of the plant. It 1s possible that
some translocation of nitrozen takes tne form of nitrates,
although Bollard (1957a, b, c¢) found few species in which
nitrates were important constituents of Xxylem sap. Nitrates,
even if present, would also be removed and excreted by the
feeding spittlebugs. If the plant tends to maintain a constant
percentage of protein 1n the organic material synthesized
under moderate nitrogen deprivatio.s, then the effect of
removing the nitrogen containing compounds will be inversely
proportional to the per cent of protein in the plant tissue.

Weaver and Hibbs (1952) investigated the effect of
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spittlebug infestations on the yleld and nutritive value of
alfalfa, red clover and timothy. Using controcl versus
treated plots they found that infestations lowered yields
by 13 - 45% and 952 - 2339 pounds per acre (air dry, 20%
molsture). The protein and carotenold concentration of
alfalfa from treated (splttlebugs killed) and untreated rlots
was not slignificantly different. There was a 8light 1ndi-
cation of less moisture 1n the vegetatlon on the untreated
plots. Alfalfa contained 13.8 - 18.2% protein, alr dry
welght,

It seems that the nitrogen deprivation caused by
spittlebug feeding does not produce a chanse in the protein
content per unit weight of vegetation. Instesd the total
productlon decreases propoertionately to the chansze in total
proteln content. Correctin: for the 204 mclsturs, ‘he
alfalfa analyzed by Weaver and HibLs would contaln arproxi-
mately 20% protein by welight (oven dry). The average nitrogen
content of mixed proteln 1s 16.5% (Brody, 1945), the sare as
the value for the amino acid complex in tomato Xylem sap,
Assuming the nitrogen content of the amino ecids in alfalfy
Xylem sap 1s equivalent t¢ that of tomato, one gram of aminc
aclds removed from alfalfa by feeding spittlebugs causes a
decrease of one gram in the proteln produced by the vege-
tation. At 20% protein per gram, this would be an overall
decrease in plant productlon of 5 &

The total 1ngestion of the nymph population on the

Small Alfalfa Field in 1960 was 81.4 xcal/m? or 21 g of
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amino acids., This would cause a depression of plant pro-
duction equal to 105 g/m°. At & caloric equivalent of
4200 cal/g alfalfa (Miller, 1958), the total decrease 1n
energy rixed by photosynthesis 1s 441 kcal/m®, 5.4 times
the energy ingested by the insect population. The losses
reported by Weaver and Hlbbs (1952), converted to the metric
system and corrected to oven dry welghts are 86-210 g/m2
or 360-882 kcal/me. The losses calculated for the Small
Alfalfa Fleld in 1960 are within tals range.

To equal the hlghest loss reported by Weaver and
Hibbs the populatlion denslity wculd have to be about twice
that of the Small Alfalfa Field in 1960. Althouzh this
population wes high (2107 ezgs/me ard a peak of 1280
nymphs/me) such levels are not uncommon in cultivated
legumes and much higher densities have beern reported. Teller
(1951) found 351 ezgs/ft.2 (3750/m°) and an alfalfe field
nymph population of 237 nymphs/ft.2 (2550/m°). Marsrall
(1951) cited an undocumented report of a phenomenal 27
million nymphs per acre (6680/m2)!

The loss of nitrogen due to spittlebug feeding seems
sufficient to account for the observed decreases 1ln ylelds
on legume fields infested with these 1nsects., If the calcu-
lations made above are reasonably accurate, the overall

effect of a populatlon of Phllaenus spumarius on the energy

balance of the community ls to decrease the total fixation
of solar radiation bty about 5 times the amount of energy

actually ingested by the population,
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Rate of Population Increase

The intrinsic rate of natural increase of an annual
insect species, in which there 1s but one generation per
year and the adults do not overwinter, is calculated as the
natural logarlthm of the mean number of eggs deposited per
ezz of the parent generation (Cole, 1354).

Of the 23 and 42 eggs/m® on the 01d Field in the
spring of 1959 and of 1960 respectively, 1.1% survived to
become adult (Table %), If no lomigration had occurred and
the adult mortality rates (Figure 4) remained the same, 2.0%
of these adults would have survived to ovliposit after
September 10, 1959, and 2.4% would have survived in 196C.

On the Small Alfalfa Field in 1960 nymph survival was much
better. Of 2107 eggs hatching per me, 21.4%7 of the nymphs
survived to become adults (Troble 2).

Table 16 was computed from these date, starting with
equal cohorts of 1000 esgs and assumxing a 5% egzg mortality
betweer oviposition and hatcking. Weaver and King (1954)
reported 10% of the eggs they examlned were parasitized.
Parasites did not emerge from all the eggs they thought
parasitized, however, and they felti that 10% was too high
an estimate.

Table 16 shows that 1n the absence of any pre-repro-
ductlve mortality the population could Iincrease elevenfold
per year, an lntrinsic rate of Iincrease per year of 2.40,.
For an insect thils 1s an extremely low blotic potentilal.

The adaptatlion of the meadow spittlebug has certainly not

been in the direction of lncreased fecundity as a means of
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TABLE 16

Conditions Egzs {Nymphs | Adults Eggs Ratlo r/year
No pre-repro-

ductive

mortality 10C0 1000 1000 11,000 {11.000 2.4
0ld Fleld 1959 1000 950 11 2.4 1 0.0024 -6.0
0ld Field 1960 1000 950 11 2.9 0,0029 -5.8
Small Alfalfa

Field 1960 1000 950 203 .= --- -~ -
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specles survival.

The population on the 014 Field is apparently main-
tained by the larce seasonal immigratlion of adults. In the
absence of such 1mmlgration the survival of ezgs, nymphs and
adults 1s 1asufficient to replace the population (Table 16).
Thus, in a so-called 'natural' area the dominant specles of
insect would not even survive or at least would be present
in very low numbers, were 1t not for the actlon of outslde
influences,

On legume hayflelds the population 1s obvliously
malntained and the numbers increase 1n certaln areas from
year to year. PFor every 1000 eggzs hatching on the Small
Alfalfa Field in 1960, 203 adults were produced (Table 16).
Becaus2 this field was not managed in 1960 the subsequent
history of the adult pepulation 1s not comparable with
lezume hayflelds in zeneral. On the study area the popu-
lation declined steadlly, due to emigration or death,
orobably both. I have no datz on the mortality raite of
edults on eropland. However, for the zalntenance of the
population, approxlmately 91 of the 203 adults must survive
to oviposit 11 eggs each 1n the fall., Thls would be a
survival of 45% for the remainder of the summer. This
compares with the adult survival on the 014 Field of 2.0%
in 1959 and 2.4% in 1960. If the nymph mortality on the
Small Alfalfa Fileld was at all typlcal of legume hayflelds
in general, then the mortallty of most of the emlgrant adults
must be substantlally lower than that of those few (rela-

tively speaking) that enter the 0ld Fileld ecosysteum.
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Successful reproduction can occur only when eggs
are deposited on land that 1s not to be plowed the followlng
spring, i.e. legume hayfields and pastures. The crops on
most other flelds are elther mature or harvested by early
fall and such fields do not have large populatlions of adults.
Those legume flelds that have sufficlent new growth attract
large numbers of the adults. First year legume seedings
have especlally high nymph densltlies the followlng spring
because of the avallabillity of straw stubble as oviposition
sltes (Weaver and King, 1954). As new legume hayflelds are
established by farmers many old ones are plowed; the nymph
populations on the latter are destroyed. The population
density maintained over the years will be depeandent on the
interactlon of control factors with the total amount of
optimum habltat made avallable by current agricultural

practices,

Seasonal Behavlior and Regulation of Numbers

The data on the immigration/emigration ratlo and
mortality of the meadow splittlebug provided a description of
the seasonal behavlor of the population and suszested an
explanation for the population fluctuatlions on the Cld Fleld:

Prior to the mowlng of alfalfa flelds there are few
adults on the surrounding cropland. Mowing forces larse
nunbers to emigrate., The dispersal of thls wmigrant popu-
lation 1s probably more or less at random, with some
influence of factors in the physical environment, such as

wind direction. The degre= of actlivity, however, 1s
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Inversely proportional to the avallablility of succulent
follage in the habltat (Weaver and King, 1954). Thus, more
ingects enter a favorable habitat than leave. The popu-
latlons density in the favorable habltat increases until
the immigration/emigratlon ratlo reaches unity, i.e. a high
density of slcwly moving insects has an emlgration rate
equal to the lmmigration rate from an outside populatlion of
low density, fast moving Iinsects,

On the 014 Fleld the initial number of adults 18 very
low. A larze 1ncrease in the rate of immigration, when it
becomes greater than the combined rates of emlgration and
mortality, results in a population increase. The amount of
emligration and mortality also tends to increase pro-
portionately with the Increase in density. An equilibrium
then becomes established wherelrn emlgration and mortality
balance immlgration. Concurrent with the population increase
on the 0ld Fileld, the alfalfa flelds are producln: new
succulent growth. They besin to retain more and more of the
adulte passing through, thus reducing the numbers in the
transient population. This in turn reduces the rate at which
the insects enter the 0ld Fileld. When the dally lmmigration
declines below tne level of the combined dally mortality
plus emigration the populatlon begins to decrease until an
equllibrium 1s agaln established with the new lmzlgration
rate, This process 1s repeated after the second mowling c/
the alfalfa hayflelds. But overall mortallty now has reduced
the numbers 1in the transient populatlon, so the magnitude of

the second rise on the 0ld Fileld is not as large as the first,
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The peak density, however, ls about the same (Figure 1)
because the population on the fileld does not decrease
between peaks to as low a level as at the beglinning of the
summer.
The 01d Field is a reproductive dead end for

Philaenus spumarius; factors producing the mortality on the

01d Field have little relevance for the survival of the
meadow splttlebug as a specles, Milgrants from legume hay-
fields enter many othsr habitats in addition to the 0ld
Field, however, and Table 16 showed that almost half of them
must survive and reproduce. Thus in addition to the
mortality of nymphs and egzs, factors operatlng to cause
mortality of migrant adults in areas other than the Uld
Field could be ilmportant in regulating the numbers of neadow
spittlebugs. No statzments are justified st tne present
time about the precise methods by wilch thls regulation
oceurs. But the avallable date do Justify some speculations
on the relative importance of weather, predation, and
competition,

Weather is undcubtedly important in determining the

zeographic limits of Pnilaenus spumarius. Weaver and King

(1954) show that high temperatures and low humidlty are
particularly deleterious to the egss and young nymphs. It
i1s also reasonable to suppose that 'bad' years (high spring
temperatures and low precipltaticn) can greatly reduce the
population density. Within a certaln optluoum part of the
range, however, it 1s doubtful that bad years wou:ld occur

often enough to prevent populatlon expanslcn to the polnt
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where other limiting factors would operate with increesing
force.

Weaver and King (1954) found a small percentage of
the eggs parasitized and they cited a single instance of
parasitism of the adult. I know of no reports of paraslitlsm
ot the nymphs. Predation was also observed by Teller (1951)
and in 1959 I wetched a small salticid spider capture and
kill a spittlebusy adult on the 01d Field. The possibllity
of predation by sparrows on the 0ld Field was dlscussed
earlier in this paper. ©Spilders are gulte abundant on both
ine 01d Fleld and the 3mall Alfalfa Fleld and they mey account
for & large portion of the mortality of meadow splittlebugs.

Food limitatlon may be indirectly 1nvolved in causing
tie mortality on the 3mall Alfalife Field. When larze numbers
of nymphs wers contined oir ¢ single food vlant in the labo-
ratory tne; aqulckly caused wilti. .y and deatihl of Tnal vart
>f tre plant above the site of feedins. This was probably
an effect of removing too much water frox the Xxylewm elements.
e plants on the Small Alfalfa Field, despite the high
density of nymphs, were not wilted to any noticeable degree.
However, under experimental conditions the nymphs woula, 1if
permitted, leave the plant before 1t bezan tc wilt and
wander around the floor of the cage. Buch a bshavioral
resvonse, operating in the field, might expose them simul-
taneously to the action of environmental and blotic mortality
factors that are not orcdinarily operative when the nymph 1is
enclosed in a spilttle mass on the plant.

The meadow spittlebug, having adapted successfully
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to an entire system of agriculture (the legume hay-feed
grein rotation), exlsts under conditlons of extremely strong
selection pressures and locael lnstabllity of habltat, both
of human origin. Examples of selection pressures exerted on
the population are: (1) The cutting of hay 1in spring which
kills virtually all remalning nymphe and thus selects for
garly development of the adult. (2) The plowinz of cropland
and 0ld hayfields early in the spring, which destroys all
egss not deposited on young legume hayflelds or pasture
land. This would terd to reinforce the observed tendency
to oviposlt on strew stubble (Weaver and King, 1954) beceause
legume fleld@ with straw are inverlably first year seedings,

seldon disturted the followling srring.

1 1

It 1s nol possible to speak ol the natural regu-
latlon of such a specliec populetion. If we assume thzt an
averaze nayfield Ls uscd for lour years and Lran plowed (a
zenerous estimate) we set scme ldéeca of the flux in habltat
ocecurring each year. All the ezgs on the plowed fleld are
of course destroyed. This in liself is an lmportant scurce
of mortality. Desplie this woritality, the mortality of
nymphs, and the low blotic poterntlal, the species "as main-
tained and ever increased ilitc numbers 1ln recent years. This
iz cvidenced by lhe lncreasing ccncern with the economic
damage to hay crops caused by high denslitles of nymphs.
Voet of the increase scems to be consecguent on &n increased
screage in le.ume hay. The svecles 1s thus constantly
invading new environments and may in fact seldor reach the

point where ultimate limiting factors become operative,



SUMMARY

The populetion energetice of the meadow spittle-

bug, Philaenus spumarius L., were studied in two different

habitats In scutheastern Michigan, (1) a successional 01d
Field and (2) a first-year Alfalfa Fleld. Primary objectlves
included measurement of the energy flow of thre spittlebug
populations on the two habltats, mreasuremernt of the
efficliencles of encrgy transfer within these populations,

and estlmation of the erergy input to the Cld Field con-
tributed by immigrant adult spittlebugs. The effect of
csplttlebug feeding on the total primary production was alsc
calculated ard the net rats of population lnereace was
discussed,

To attaln these objectlves, deterzinations were made
(a) of the retes of Ingestior, resrciratiorn, production,
egestion, mortallty, and reproduction, (b) of population
density, and (c) of the speclflc parts of the plants used
for food by spittlebug nymphs.

On the Uld Fileld, peak dersities of nymphs declined
from 8.4 - 12.O/m2 to less than 1.0/m® before the first
appearance of the adults. Seasonal changes 1n density of
adults were bimodal, with peaks in early July and mid-Auzust.
The majority of the adult population was exogenous in origin.
The peak densities were coincildent with the mowlng of

103
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nearby alfalfa fields and the forced emlgration of large
nurcbers of adult splttlebugs.

The Alfalfa Field contalned peak densities of 1280
nymphs/m2 and 466 adults/mg, and the mortality rate of
nymphs there was much lower than on the 0ld Field. Mowing
dispersed most of the adults into the surrounding habltats.
The density in these 'invaded' areas varied, possibly because
of an 1inverse relatlionshlip betweer. the activity of the 1lnsect
and the sultavlility of the habltat.

The spittlebugs were found to ingest the xylex sap
of plants; the bulk of the energy lntake wasaminoc acide.
Nymphs egested 65%, and adults egested 30%, of the energy
Ingested. Thls difference bpetween nymphs and adults repre-
sents the amount of 'surface *enslon depressant' (organic
material) added to the splttle that 1s procduced only by the
nymophs. The removal of amino acids from the host plant
caused a decrease in ths potential flxatlon of energy of
about 5.4 times the total energy ingested by the insects.

Production (growth plus the loes of molted exo-
skeletons) occurred only in the nymph stages.

The annual energy flow (intake of aetabolizable
erergy) of the spittlebuz populations was 38.5 kcal/me on
the Alfalfa Fileld in 1960, 0.6 kcal/m® on the 01d Field in
1959, and 1.2 kecal/m? on the 014 Fleld in 19€0. Peak energy
flow in both habltats was correlated with the hizh:st growth
rate of the vegetation and with the period of grsatest con-

centration of amlno aclids in the xylem sap.
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A standardized method of naming efficiencles was
proposed, On the assumption that immigration equaled
emigration, the wvalue of one of these efficlenclies, the gross
efriclency of yleld/ingestlion (cal ingested by predator/cal
ingested by prey), could not exceed 17.4% for a population
of meadow spittlebugs. But because of a net galn of energy
by immigration, the gross efficiency of yield/ingestion was
59.0% for the spittlebug population on the 0ld Field in
19€0.

Fach adult spittlebug that survived to September 10
was estimated to be replaced by 11 eggs. When zero mortallty
was agsumed the intrinsic rate of natural increase was 2.4
per year, Survival or the 0i1d Field was nct great enough
to provide for rerlacement in the abreerce of imrigration.

The 1lilfe of an individual legume hayfleld does not
often excsed 3 - 4 years. 3ecause of thls repid turnover in
habltat and because of the periodic dispersior. vl the popu-
lations by sumaer aowlng, the meadow spittlebug is constantly
invading 'virgin' areas. The specles zay, 1n fact, seldom
reach dersities where control factors other than havitat

destructlion become lmportant.
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