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Abstract.  Densities of two allochronic, geographically overlapping populations of periodical ci-
cadas were censused in the eggnest stage in order to test the hypothesis that larger populations can
be supported when the root-feeding nymphs are of different ages. In a frequently burned chest-high
stand of scrub oak (Quercus ilicifolia) on Long Island, Magicicada septendecim emerged in 1974
(Brood XIV), then again in 1978 (Brood I) from under the same individual plants over an area of
about 1.2 x 3.5 km. Adjacent to this, in the same vegetation, periodical cicadas emerged in 1974 but
not in 1978. A nested scheme of sampling revealed significantly higher total eggnest densities when
Broods I and XIV occupied the same ground than when Brood XIV existed by itself. The major
component of variation in density was among quadrats within plots. That is, cicadas exhibited patch-
iness on a small scale (metres) which was not reflected in patchiness on a larger scale (tens of metres).

Microspatial distributions were thus patchy in both Brood I and Brood XIV, yet dense patches
of one brood were usually not correlated with dense patches of the other. Apparently the vegetation
appears about as uniform to the cicadas as it does to the human observer, the primary cause of the
patchy oviposition pattern being either mutual attraction among ovipositing females or lack of dis-
persal from the chorusing and mating centers. The degree of patchiness is inversely density-depen-
dent, in that the most patchy distributions were invariably those with lowest density. However,
several plots with low density were not very patchy. This pattern makes biological sense, remembering
that mutual attraction cannot operate unless the animals perceive one another, and at low densities
they may sometimes do so and sometimes not. Further analysis, plotting mean crowding against mean
density (following Iwao 1968) suggests that mutual attraction among females is weakened at high
densities. As modes of data analysis, both kinds of plots—mean crowding vs. mean density and
patchiness vs. mean density—bring out patterns that would not otherwise be apparent. In this con-
nection, we offer an empirical definition for the concept, ‘‘density-independent aggregation.™
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Populations of periodical cicadas (Homoptera: Ci-
cadidae: Magicicada spp.) exhibit the highest biomass
recorded for any terrestrial animal under natural con-
ditions (Dybas and Davis 1962). Their high densities
are inseparably linked to other unusual life history
characteristics: periodicity and the long life cycle.
Fifth-instar nymphs emerge within a period of a few
days once every 17 yr at a given locality (13 yr in the
southern and Mississippi Valley states). There are
three perfectly synchronized species of periodical ci-
cadas emerging together in most areas, although one

' Manuscript received 27 May 1980; revised 25 October
1980: accepted 23 January 1981.

* Present address: Department of Zoology, University of
Hawaii, Honolulu, Hawaii 96822 USA.

or two of these drop out at the extremes of the range
(Alexander and Moore 1962, Dybas and Lloyd 1974,
Simon 1979). Cicadas in different parts of the range
are out of phase, producing year classes (called
broods) such that there will be substantial populations
of periodical cicadas emerging somewhere in the east-
ern United States during 176 out of every 221 yr
(counting 12 17-yr broods and 4 13-yr broods: 12 x
13 +4 x 17 — 12 x 4 = 176), or about 4 yr out of
every 5. Despite the fact that different areas readily
get out of phase with each other, the species never do.
Predator satiation is an important part of periodical
cicada ecology and is theoretically the link that so
firmly binds the three species together (Lloyd and Dy-
bas 1966)—an hypothesis that is currently being tested
by field work (R. Karban, personal observation).
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It is rare to find more than one brood existing sym-
patrically in the same woods, but cases do occur
(Craig 1941, Bryce and Aspinwall 1975, Lloyd and
White 1976). The present report concerns a particu-
larly unusual case of sympatric coexistence occurring
at Ridge (Long Island), New York, USA. The study
area is located approximately 0.5 km northeast of the
intersection of the William Floyd Parkway and New
York Route 25. This section of eastern Long Island
appears to be a microcosm of cicada evolution in that
periodical cicadas emerge in five of every 17 yr (cor-
responding with Broods I, V, IX, X, and XIV) in a
relatively small area. Brood XIV occupies much of the
eastern United States, including most of Suffolk Coun-
ty west of Riverhead, and was very abundant in 1974.
The other four year-classes (I, V, IX, and X) are lo-
cated nowhere near the main ranges of their respective
broods and are probably related to them in name only.
For example, Brood I is primarily located in the Shen-
andoah Valley of Virginia some 480 km south of the
Long Island populations. Relationships of the Long
Island populations to their southerly namesakes can
be tested because Simon (19794 and b) has demon-
strated that periodical cicada broods in general are
distinct evolutionary units identifiable on the basis of
allozyme frequencies and wing morphology. Such a
test is presented for the Ridge population of Brood I
by C. M. Simon et al. (personal observation).

The present study examines the ecological relation-
ship between two overlapping populations of Brood
XIV and Brood I. Brood XIV has been recorded in
this area of Long Island since the mid-1800’s (Marlatt
1907, Davis 1924). Brood 1 was recorded from our
study area in 1910, 1927, and 1944 (W. T. Davis, un-
published observations). In 1978, we traveled to the
area pinpointed in Davis’ correspondence and found
that Brood I had emerged at this site over an area of
approximately 1.2 x 3.5 km. In this same pigmy for-
est, 4 yr earlier, Brood XIV had emerged and covered
a much larger area such that it was sympatric with and
completely surrounded the smaller Brood I emergence
area. This was apparent from field inspection in 1978
because 4-yr-old eggnest scars are easily distinguished
from those of the current year. Because this is the
northern edge of the range of periodical cicadas, only
one species, Magicicada septendecim, was present.

We use this overlap situation as a natural experi-
ment to test the hypothesis that a given area has a
higher carrying capacity for two sympatric but allo-
chronic populations than it has for a single population—
provided that the nymphs of the two populations are
not too similar in age. This hypothesis is related to the
theory of brood formation as discussed by Lloyd and
Dybas (1966), Lloyd and White (1976), and C. M.
Simon et al., (personal observation).

Also of interest are the patterns of distributions.
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Periodical cicada populations, like many others, are
notable for their patchy distributions. Although
among-population patchiness today is accentuated by
habitat destruction, patchiness in undisturbed habitats
remains a mystery. A given population can occur in
huge numbers in one section of a forest and be absent
from adjacent, seemingly identical areas. We test the
hypothesis that periodical cicadas are also patchy
within populations. We demonstrate that in addition
to large-scale patchiness (measured in kilometres)
these cicadas are patchy on a microscale (metres)
which is, surprisingly, not reflected in patchiness at a
higher level (i.e., tens of metres). We attempt to ex-
plain the microscale patchiness in terms of periodical
cicada behavior.

In most ecological situations, one has no way of
knowing whether patchiness stems from inhomogene-
ities in the habitat or from mutual attraction among
the animals, or both. The circumstances of our study
should allow separation of the two possibilities, in that
two different broods oviposit in the same uniform hab-
itat independently, 4 yr apart. Because Quercus ilici-

folia, the dominant woody plant, grows so slowly, the

habitat would scarcely change in appearance in 4 yr.
If inhomogeneities in the habitat were important, then
the cicadas should react to these similarly on both
occasions. For the most part, this was not the case.

METHODS

The situation in our study area was simplified by
having only one cicada species, by having virtually
only one plant species, and above all by the *‘canopy””
being accessible at chest height so that it could be
sampled randomly on foot (Fig. 1). Each female Mag-
icicada septendecim lays up to 500 eggs, inserted into
woody twigs 3—11 mm in diameter (White 1973). Egg-
nests, each | cm long and containing about 20 eggs,
are typically laid in a *‘run”’ of several in tandem along
a twig. This leaves a permanent scar, identifiable to
cicada species when fresh (White 1980) and still rec-
ognizable as eggnest damage after 4 yr of growth
(Lloyd and White 1976). Since twigs grow only at their
tips, the number of eggnests represented by a scar can
be determined from its length even after 4 yr, by which
time the individual eggnests are not always distin-
guishable.

Sixteen 25 x 25 m plots were chosen based on ci-
cada broods present (see Fig. 2). Eight plots supported
Brood XIV only (designated the XIV-only zone); the
remaining eight plots, having both broods, were cho-
sen to include four plots near the edge of the distri-
bution of Brood I (interface zone) and four plots far-
ther inside the emergence area of Brood I (overlap
zone). Each plot was sampled using a coordinate sys-
tem in which square metre quadrats were selected ran-
domly and located by pacing in from measured bound-
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FiG. 1.

The study area is an oak scrub on sandy soil. The almost pure stand of Quercus ilicifolia burns at erratic intervals

and is seldom more than 1.5 m tall. Interspersed are occasional pitch pines (Pinus rigida) and white oaks (Quercus alba),
3-4 m high. Blueberries (Vaccinium sp.) and huckleberries (Gaylussacia sp.) are also found, as well as sweet fern (Comptonia
peregrina), bracken fern (Pteridium aquilinum) and winged sumac (Rhus copallina).

aries. Most plots were sampled with 13—15 quadrats;
a few had 16-20. From each quadrat, all eggnest-bear-
ing twigs were clipped, placed in a separate paper bag,
counted and measured in the laboratory, and classified
as belonging to Brood I (fresh wounds) or to Brood
XIV (showing growth of scar tissue).

REsuULTS AND DiscussioN

J. White (personal communication) has abundant
evidence indicating that the mean number of M. sep-
tendecim eggnests occurring per ‘“‘run’’ in other host
species is far greater than we found in Quercus ilici-
Sfolia (Fig. 3). Undoubtedly, the explanation lies in the
slow growth rate of scrub oak and the short internodes
that result. Magicicada usually avoids ovipositing in
nodes; presumably the wood is much harder there.

Counts of total eggnests in each quadrat for each
plot are summarized in Table 1. Brood I was sparsely
represented in the interface zone, but more abundantly
in the overlap zone. A glance at these data shows that
the microdistribution is extremely patchy: variance-to-
mean ratios are significantly greater than unity in
every case. Part of this patchiness stems from the clus-
tering of eggnests in runs, but even if we count runs
instead of eggnests, variance-to-mean ratios are still

significantly higher than random expectation (P <
.001) in 20 out of 24 cases. Since patchiness results in
a correlation between variance and mean, it is inap-
propriate to use analysis of variance to compare egg-
nest densities in the three zones unless the data are
first subjected to a variance-stabilizing transformation.
We have used the one suggested by Iwao and Kuno
(1968, see also Beall 1942), namely the inverse hyper-
bolic sine function f(x) = log.(Vwx + Virx + 1)
where w = 0.0198 = (B8 — D/(a + 1), a = 9.139 and
B = 1.201. Values for « and B were calculated by fit-
ting a least-squares line to a plot of mean crowding vs.
mean density, as explained in a later section.

Table 2 gives the results of the analysis of variance.
First we look only at the data for Brood XIV, ignoring
Brood I entirely. We use a two-level nested analysis
of variance, sampling randomly within plots (Sokal
and Rohlf 1969:256). The abundance of Brood XIV,
taken by itself, is not significantly different in the three
zones. Apparently no zone is intrinsically more favor-
able for cicadas than any other. When the data for
Brood I are added to the analysis, the zones do differ
significantly in cicada abundance (P < .01). In other
words, the sandy oak scrub habitat can support more
periodical cicadas if the cicadas occur in two different
broods 4 yr apart.
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I and XIV

X1V only

FiG. 2. Map of the study area, located approximately 0.5
km northeast of the junction of New York Route 25 and the
William Floyd Parkway. Route 25 forms the lower boundary
of the figure. The Brood-XIV-only zone (containing eight
25 x 25 m plots marked A) is demarcated from the other two
zones (interface zone—four plots marked B, and overlap
zone—four plots marked C) by a thin line. The heavy lines
are fire lanes (sandy one-lane roads). A constant nonrandom
feature of plot locations is that each appears to have a fire
lane as one of its edges. However, the actual boundary was
placed at least 1 m from the edge of the vegetation so that no
quadrat fell on an edge. This vegetation is owned by Brook-
haven Township and forms the southern boundary of the
town public rifle range.

Nymphal carrving capacity

The hypothesis that the variation in total number of
cicadas supported is due to differences in habitat qual-
ity among the zones is not supported by the data.
There was no significant difference in the Brood XIV
density among zones (Table 2), the plant species com-
position was remarkably uniform (Fig. 1), and there
was little variation in soil composition (Table 3). To
what, then, can we attribute the increased carrying
capacity of the overlap zone?

Data from other sources suggest that resource par-
titioning may explain how the overlap zone could sup-
port many more nymphs than the Brood-XIV-only
zone. White and Lloyd (1979) found that larger cicada
nymphs tend to occur at greater depths where Broods
X and XIV overlap in Kentucky. Second instars were
found entirely above 15 cm, whereas about three-quar-
ters of the third instars were below 15 cm. By feeding,
presumably, on different-sized roots, the instars may
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Fi1G. 3. Top: numbers of eggnests per “‘run’’ found in the

present study, all plots combined. Cross-hatched = Brood
X1V; solid shading = Brood 1. Most of these eggnests oc-
curred in scrub oak (Quercus ilicifolia). Bottom: data for
comparison kindly supplied by Dr. JoAnn White, taken from
eggnests produced by Magicicada septendecim in redbud
(Cercis canadensis) in Kentucky in 1974. Our point is to
show that the present collection is atypical for M. septen-
decim in that many eggnests occurred singly, with seldom
more than 2, 3, or 4 in tandem, whereas in most collections
it is routine to find up to 20 or more eggnests in tandem in
a “‘run.”” Dr. White found it expedient to cut through many
of the runs in her material in order to fit the twig segments
conveniently into a collecting bag. Therefore, her average of
4.3 eggnests in tandem is a gross underestimate of the num-
bers of eggnests actually occurring in a run, yet this is still
greater than the average of 2.4 eggnests per run that we found
in scrub oak.

avoid interference competition for at least the initial
years of their lives.

To some extent, 17-yr cicada nymphs of a single
brood mimic the presumed advantage gained by two
allochronic overlapping broods because, within a pop-
ulation of a single brood, nymphs grow at different
rates. Marlatt (1907) did not report this. He believed
that the first instar lasted approximately 1 yr, the sec-
ond lasted 2 yr, the third 3 or 4 yr, the fourth 3 or 4
yr, and the 5th lasted the remaining 6-8 yr. More re-
cent digging studies (White and Lloyd 1975) demon-
strated that 17-yr cicada nymphs grow at widely dif-
ferent rates. In a population of 9-yr-old nymphs in
Oklahoma, they found 18% in the fifth instar, 79% in
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TasLE 1. The numbers of eggnests in each quadrat. There were 13 to 20 quadrats per plot: counts are listed from left to right
in order of abundance of Brood XIV. Fig. 2 is a map of the area. Detailed statistics are given in Table 4. Weighting each
plot equally, means =+ standard errors for Brood XIV are: Brood-XIV-only zone—21.2 + 4.4, interface zone—22.0 = 6.2,
overlap zone—27.2 + 8.7. These are statistically homogeneous (see Table 2).

No.
quad-

Plot rats

Eggnest counts in individual quadrats*

Brood-XIV-only zone

1 IN] 0 0 0 3 S 5 7 8 9
2 15 0 3 3 6 10 14 15 15 16
3 15 ) 11 11 13 15 22 25 25 30
4 14 2 4 7 7 8 10 11 20 21
S 17 0 0 0 4 S 7 8 10 11
6 19 0 0 2 2 7 7 15 16 17
7 IN] 7 8 9 10 11 14 14 16 24
8 20 0 1 1 11 12 14 15 15 17
Interface zone
9 N 30 33 9/0  12/0 14/2 18/5 207 2272 24/3
10 13 170 60 132 172 23/13 26/0 27/0 30/0 38/0
11 13 2/0 38 30 3/0 /9 11712 120 15/0 17/6
12 15 30 76 8/0  13/21 14/4 17/0 17/1 1712 20/12
Overlap zone
13 16 00 213 30 3/10 4/6  4/15 5/32 6/0 716
14 1S 0/11  6/28 713 910 11/4 177 22/13 23/3 24/10
15 14 8/0 915 12/12 13/7 19/2 2472 26/1 32/15 39/5
16 14 91 19/0 23/5 2711 317 365 36/15 37/9 37/9

10 15 16 19 20 58

23 24 46 49 54 76/2

31 31 35 43 47 47

23 49 51 57 89

18 20 24 25 33 40 43 54

18 21 25 25 26 31 32 36 58 86
25 25 26 31 31 49

20 21 24 24 27 301 31 36 38 55 55
26/4 310 320 33/8 51/0 56/0
39/1 512 54/13 624

17/9 18/15 19/0 32/8
2712 29/9 30/0 31/17 46/0 53/14

12/3 14/0  17/5 17/16 22/4 40/43  54/40
34/21  35/14 39/17  44/30 6520  68/62
41/5 44/12 47/2 77/19 98/13
41/11  42/8 44/4 44/11 50/6

* Where two numbers appear, Brood 1V count precedes and Brood I count follows the slant line.

the fourth, and 3% in the third. A 9-yr-old population
of nymphs from Iowa was composed of 77% fourth-
instar nymphs, 18% third instars, and 5% second in-
stars. Earlier, Lloyd and Dybas (1966) had also noted
this size variation among periodical cicada nymphs of
the same age. Presumably, interference competition
will be reduced if nymphs of different instars feed on
roots of different sizes and/or at different depths.

Lloyd and White (1976) hypothesized that crowding
underground might be a stimulus capable of producing
an acceleration in the life cycle. If a fraction of a
crowded cicada population were to shorten the life
cycle and emerge 4 yr early (in sufficient numbers to
satiate predators) then the progeny of these individuals
might have a better chance of surviving underground.
They would have escaped the crowding stimulus and
would presumably return to the 17-yr life cycle. Since
they would not be synchronized with the original pop-
ulation, they would not be competing with as many
nymphs of their own size. They would, if self-perpet-
uating, belong to a new brood. This phenomenon may
have occurred at Ridge. We have data supporting the
hypothesis that rather than being a relict of a formerly
large Brood I, the Ridge population of “*Brood I'" is
independently derived, probably from Brood XIV in
several steps (C. M. Simon et al., personal observa-
tion).

Patchiness

Perhaps the most significant result of the analysis of
variance (Table 2) is that in all zones the majority of

the variation is among the quadrats within each of the
16 plots. There is very little variation among plots
within each of the three zones (Table 2). In other
words, within this local distribution the cicadas exhibit
patchiness on a small scale (metres) which is not re-
flected in patchiness at a larger scale (tens of metres).

In view of the monotonous appearance of the habitat
(Fig. 1), the extreme patchiness of the cicadas is sur-
prising and demands an explanation. Are the ovipos-
iting cicadas aware of subtle differences in habitat
from place to place to which human eyes are not at-
tuned, or are they simply attracted to each other? Or

TABLE 2. Analysis of variance of transformed counts of egg-
nests in random quadrats among different plots.

%
df SS MS F vart
Brood X1V considered alone
Among zones 2 L1159 .0793 .75 (NS)E 0
Among plots 13 1.374 1057  2.76%* 10
Within plots 229  8.750  .0382 90
Broods 1 and XIV combined
Among zones 2 1.070 5352 6.92%* 13
Among plots 13 1.004 0773  1.95* 8
Within plots 229  9.083 .0397 79
* p < .05..
** p < .0l

+ % var = percent of the total variation which is accounted
for by variation at each of the levels.
+ Ns = not statistically significant.
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TasLE 3. Soil analyses in duplicate samples from the three zones: topsoil and subsoil. Data are percent organic matter (%
0), alkalinity (pH), and eight mineral nutrients, expressed as kilograms per hectare.*

% O pH P K Mg Ca Mn Al NO, NH,
Topsoil:
Brood-XIV-only zone 9.6 39 2 157 50 190 7 470 18 7
7.4 3.7 2 78 34 146 10 157 11 7
Interface zone 5.4 3.8 1 62 39 157 4 190 6 4
9.8 3.6 2 73 45 157 8 118 <6 7
Overlap zone 8.2 3.8 1 134 67 224 9 291 6 6
23.6 3.7 2 134 50 157 7 369 11 8
Subsoil (20 cm):
Brood-XIV-only zone 3.4 4.1 <1 56 17 39 1 644 6 4
1.8 4.2 <1 34 11 39 6 280 6 3
Interface zone 2.0 4.4 <1 28 11 39 4 364 <6 4
1.2 4.4 <1 22 11 34 1 325 < 3
Overlap zone 3.6 4.3 <1 50 39 45 1 560 6 3
3.1 4.3 <1 67 17 39 3 504 <6 4

* Analyzed by the Soil Test Laboratory, Department of Agronomy, Cornell University, originally expressed as pounds
per acre (ton of soil): converted to kilograms per hectare by multiplying by 1.12 and rounding.

are both processes involved, and if so, to what extent
is each responsible for the patchiness?

With the two allochronic cicada populations inter-
spersed, we have an opportunity to resolve this ques-
tion. There were no fires on the study site between
1974 and 1978, and the oak scrub grows slowly, so
when they emerged, the two broods were confronted
with practically identical habitats. If the cicadas are
patchy because they are responding to subtle differ-
ences in habitat, then there should be a strong corre-
lation between the eggnests deposited in a given quad-
rat on the two emergences. If there is no such
correlation, then we conclude that the females are
either attracted to chorusing males, or to each other;
the particular spots where they happen to aggregate
would then depend upon accidents of history rather
than habitat quality.

Fig. 4 shows the numbers of eggnests of Brood I vs.
those of Brood XIV in each quadrat, all eight plots
superimposed. Ranking the data, seven of the eight
plots showed no significant correlations, Kendall's
(1955) tau ranging from 7 = +.01 to +.34 (P = .50 to
.07). Even when all seven of these one-tailed proba-
bility values are combined using Fisher's (1954:99)
method. there is still no significant correlation: x> =
21.1, df = 14, P = .10. In Fig. 4, notice the many
points lying directly on the vertical axis, some of them
quite high. These represent quadrats where Brood
X1V females laid a considerable proportion of the egg-
nests received by all samples in the whole plot (the
three highest points are around 15v¢), yet these quad-
rats were completely ignored by Brood I females. The
fact that there is no negative correlation between the
numbers of Brood I vs. Brood XIV eggnests in a given
quadrat rules out the possibility that females avoid
areas of previous heavy oviposition (with many

scarred branches); the fact that there is no positive
correlation indicates that the cicadas can perceive no
consistent environmental differences among the quad-
rats.

In one of the plots, however (plot 14, shown as stars
in Fig. 4), there was a significant correlation: 7 =
+.61, P = .0015. In retrospect, it seems that the
agreement between Broods I and XIV eggnest loca-
tions in this plot may have been due to the occurrence
of several taller (3—4.5 m) white oak trees. These trees
stand out above the scrub oaks and may therefore dif-
ferentially attract cicadas. When we include this plot
(as we should, since we had no a priori reason to single
it out) then the total evidence for a positive correlation
is x* = 30.1, df = 16, P = .017, statistically signifi-
cant. Nevertheless, the overall correlation is weak
(Fig. 4), indicating that, by and large, the vegetation
appears as monotonous to the cicadas as it appears to
us (Fig. 1). Consequently, habitat heterogeneity can
be ruled out as a major cause of the patchiness seen
in these periodical cicada populations.

Interestingly, plot 14 had the highest combined
eggnest density of the eight plots containing both
Broods I and XIV. This suggests that when crowded
the females may be stimulated to become more dis-
criminating of habitat quality, or perhaps conversely,
the taller white oak trees in plot 14 attracted cicadas
from elsewhere, causing the higher local density (it is
reasonable to assume that these individual trees would
be equally attractive to cicadas of both Broods I and
XIV). In either case, we would expect that the r-val-
ues from each plot, though not individually significant,
might be positively correlated with overall plot den-
sities. These are plotted in Fig. 5. The trend is sugges-
tive but fails to reach statistical significance (7 = +.21,
P = .27). The lack of a relationship may simply mean
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FiG. 4. The poor correlation between number of eggnests

laid in an individual quadrat by Brood Iin 1978 vs. those laid
in the same quadrat by Brood XIV 4 yr earlier. Data from
eight plots in which both Broods I and XIV occur are super-
imposed. Open circles: quadrats from plots near the edge of
the Brood I range (interface zone). Solid symbols: quadrats
from plots within the strong chorusing zone of Brood I (over-
lap zone). Stars: quadrats from plot 14 in the overlap zone,
the only plot to show a significant correlation. The inference
is that, except for plot 14, the patchiness is not caused by
habitat heterogeneity: otherwise cicadas of the two broods
should prefer the same quadrats.

that in vegetation as uniform as our study area, the
cicadas have very little habitat diversity with which to
discriminate.

Mean crowding vs. mean density

Lloyd (1967) defined ‘‘mean crowding’’ (x) as the
mean number per individual of other individuals in the
same quadrat, and suggested the ratio of mean crowd-
ing to mean density (x/t) as a measure of patchiness
Maximum-likelihood estimates (Bliss and Fisher
1952, Lloyd 1967) for these quantities in each of our
16 plots are given in Table 4. Anscombe’s (1950) third
moment test was applied to see whether any of the
plots differed significantly from the negative binomial.
In no case did the sample third moment differ from its
expected value by as much as 1.5 standard errors.
However, there is a consistent trend, in that the third
moments tend to be a little less than their expecta-
tions, so if the total evidence is accumulated (Fisher
1954:99) we have x*> = 24.4, df = 48, 2-tailed P < .01.
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FiG. 5. Possible relationship between population density
(eggnests per square metre) and the correlation (7) between
eggs laid in a given square metre by successive broods. Sym-
bols are the same as in Fig. 4. Although none of the -values
(correlation coefficients) are negative, only one (the star, plot
14) is statistically significant. There is not a convincingly con-
sistent relationship with density.

Iwao (1968) proposed plotting x vs. &, which we
have done in Fig. 6. If the habitat is uniform and the
individuals establish themselves independently, then
the distribution is random, x and ¢ are equivalent,
and one expects a straight line through the origin with
slope unity. Mutual repulsion would produce points
below that line, but above a parallel line having inter-
cept minus unity, i.e., x = ¥ — 1. (No points can fall
below the line x = ¥ — 1, because that would imply
negative variances.)

A slope greater than unity, as in our case where 8 =
1.2, shows a patchy distribution stemming either from
habitat heterogeneity or from mutual aggregation, or
both. In the absence of aggregation, the amount by
which the slope exceeds unity measures habitat het-
erogeneity, as it is perceived by the organisms, and
we expect the line to be perfectly straight (Iwao 1968).
Now, if the habitat is uniform but the individuals ag-
gregate, this will produce a slope greater than unity
near the origin, but in the absence of a precise spec-
ification of how the machinery of aggregation works,
it is not possible to say whether the Iwao line should
be straight or not. As a temporary expedient we think
it would be useful to define *‘density-independent ag-
gregation’’ as any pattern of aggregation that results
in a plot of x vs. & that is straight, and hence is op-
erationally indistinguishable from habitat hererogene-
ity. By contrast, density-dependent aggregation bends
the Iwao line downwards at its upper end: patchiness
becomes less as density increases, as found, for ex-
ample, by Morisita (1971).
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TaBLE 4. Maximum-likelihood estimates of mean density, mean crowding, patchiness, and the k-value in the negative

binomial distribution, with standard errors.

Mean Mean Patchi-

Plot Variance density SE  crowding SE ness SE k-value SE

Nonoverlap area, Brood XIV 1 208.4 11.67 3.67 27.97 11.04 2.40 0.57 0.72 0.29
only (plots 1-8) 2 501.1 23.60 6.15 46.66 14.85 1.98 0.36 1.02 0.38

3 179.8 26.07 3.64 32.68 5.34 1.25 0.11 3.94 1.65

4 672.2 25.64 6.48 47.54 14.38 1.85 0.31 1.17 0.42

5 274.3 17.77 5.10 41.61 14.89 2.34 0.50 0.75 0.28

6 452.6 22.32 5.50 47.10 14.33 2.11 0.38 0.90 0.31

7 134.9 20.00 2.82 24.94 4.10 1.2§ 0.11 4.05 1.73

8 241.3 22.35 4.32 38.05 9.17 1.70 0.25 1.42 0.50

Overlap area, Brood XIV only 9 239.7 23.60 4.22 33.93 7.30 1.44 0.17 2.29 0.90
(plots 9-16) 10 344.5 29.77 6.13 45.16 11.31 1.52 0.22 1.93 0.81
11 73.8 12.54 2.51 18.08 4.44 1.44 0.20 2.26 1.05

12 197.3 22.13 3.61 29.96 5.82 1.35 0.14 2.83 1.15

13 221.7 13.13 3.39 26.13 8.24 1.99 0.36 1.01 0.37

14 426.5 26.93 6.05 46.31 12.81 1.72 0.28 1.39 0.54

15 684.2 34.93 6.47 50.72 11.15 1.45 0.17 2.21 0.84

16 124.9 34.00 3.26 37.36 3.98 1.10 0.05 10.11 5.22

Overlap area, Brood I only 9 7.4 2.27 0.87 6.27 3.42 2.77 1.07 0.57 0.34
(plots 9-16) 10 21.8 2.85 1.40 10.76 6.79 3.78 1.50 0.36 0.20
11 29.1 5.15 2.45 19.29 11.91 3.74 1.48 0.37 0.20

12 49.7 5.87 2.30 18.45 9.17 3.14 0.96 0.47 0.21

13 201.1 12.06 4.20 34.48 14.90 2.86 0.73 0.54 0.21

14 225.7 16.87 3.36 25.90 6.22 1.54 0.21 1.87 0.72

15 39.7 7.86 1.90 13.29 4.09 1.69 0.32 1.45 0.67

16 17.1 7.29 1.22 9.14 1.98 1.25 0.17 3.94 2.68

Overlap area, Broods XIV and 9 239.7 25.87 4.32 35.69 7.13 1.38 0.15 2.63 1.05
I combined (plots 9-16) 10 424. 32.62 6.83 50.19 12.77 1.54 0.22 1.86 0.77
11 135.6 17.69 3.64 26.41 6.62 1.49 0.21 2.03 0.88

12 289.6 28.00 4.56 38.13 7.39 1.36 0.14 2.76 1.09

13 712.2 25.19 6.13 48.09 14.29 1.91 0.33 1.10 0.39

14 1070.2 43.80 7.72 63.19 13.16 1.44 0.16 2.26 0.82

15 859.1 42.79 7.12 58.38 11.42 1.37 0.14 2.74 1.06

16 188.7 41.29 4.20 46.25 5.26 1.12 0.06 8.31 3.94

Note—Sample estimates for & in the negative binomial were calculated by the iterative maximum likelihood procedure
described by Bliss and Fisher (1953), who also give standard errors for k and for mean density, . Mean crowding is then
estimated as x = &(1 + A~') and patchiness as x/t = | + &~ '. Formulas for standard errors are given by Lloyd (1967).

A third, unrelated cause of patchy distributions is
that the females lay their eggs in clutches (or in our
case, their eggnests in runs). The beauty of the Iwao
line is that it provides an objective way to distinguish
this cause of patchiness from the other two: eggs laid
in clutches produce a nonzero intercept in the plot of
x vs. ©. The intercept should be approximately equal
to mean clutch size (Iwao 1968). In our case, there is
a marked discrepancy; we know from independent
evidence (Fig. 3) that the average number of eggnests
per run is 2.4, yet the empirical intercept in Fig. 6 is
much higher: @ = 9.1. A reasonable interpretation is
that the true Iwao line is a curve that bends downward
as it approaches the vertical axis. It has an intercept
at about 2.4, an initial slope much greater than 1.2,
and approximately unit slope at high density. In other
words, we have evidence for a density-dependent
weakening of aggregative behavior as crowding in-
creases, which makes ecological sense and would be
expected. Admittedly, the scatter of points in Fig. 6
(and their associated standard errors—see Table 4) is

too great to demonstrate curvature in the line statis-
tically, yet the discrepancy between theoretical and
observed intercepts strongly suggests it.

It can be argued that the inscribed stars in Fig. 6
(and later Fig. 7), which represent Broods I and XIV
combined, should be deleted, since they are not in-
dependent of the other points and concern events hap-
pening at different times, but even if they are deleted,
the patterns discussed still apply. They were, in fact,
deleted in calculating the least-squares line.

Even though there are ecological reasons to doubt
the linearity of Fig. 6, the points are still close enough
to linear so that the two fitted parameters « and 8 can
serve in a useful variance-stabilizing transformation
(Iwao and Kuno 1968), as described earlier.

Aggregative behavior

To summarize: (1) we have reason to believe that
habitat heterogeneity is a minor cause of patchiness
in this case (i.e., the poor correlation between ovi-
position sites independently selected by the two
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F1G. 6. The Iwao line, mean crowding (x) plotted against

mean density (%, eggnests per square metre), where x is the
mean number per eggnest of other eggnests falling in the same
square metre. The data are shown both grouped and un-
grouped in the same figure, as follows. Area of no overlap:
open circles = Brood XIV only. Area of overlap: solid cir-
cles = Brood XIV only; open stars = Brood 1 only: stars
inscribed in circles = XIV and I combined. See text for ex-
planation.

broods); (2) patchiness is inversely density-dependent,
but the relationship stems from two quite different
causes: oviposition of eggnests in runs, and a weak-
ening of mutual attraction at high densities. If we now
directly plot patchiness against mean density, as in
Fig. 7, another pattern becomes evident: the inverse
density-dependence of patchiness disappears at low
densities! All the very patchy plots have low densities,
but not conversely: some of the low-density plots are
not much more patchy than random. In other words,
variability in patchiness is far greater at low density.
Assuming that the patchiness stems at least partly
from aggregative behavior, this pattern makes good
ecological sense; at low density, the ovipositing fe-
males will sometimes be aware of each other and
sometimes not, hence mutual attraction will some-
times operate and sometimes not.

Fig. 7 shows that none of the plots have both high
patchiness and high density. This is not simply a math-
ematical artifact of having the same variable on both
axes, since there would be nothing to prevent one from
constructing an artificial distribution with both density
and patchiness high enough to fall in the upper right-
hand part of Fig. 7. Obviously, there are limits to the
cicadas’ aggregative tendencies.
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Fi1G. 7. The inverse relationship between patchiness and

density (eggnests per square metre), a relationship that dis-
appears at low densities, probably because at low densities
individuals are sometimes not aware of each other’s pres-
ence, hence cannot be mutually attracted. A patchiness of
unity indicates an approximately random distribution; mutual
repulsion would be shown by a value slightly below unity.
All these distributions are significantly patchy. Symbols are
the same as in Fig. 6. Patchiness, x/%, is an estimate of the
ratio of mean crowding to mean density. This ratio was es-
timated by 1 + A ™!, where 4 is the parameter of the negative
binomial distribution, fitted by maximum likelihood (Lloyd
1967).

The ecological result of patchiness is that young
nymphs must be more crowded underground than they
would have been had the females oviposited in the
vegetation at random and laid their eggnests singly
rather than in runs. In Table 4, patchiness is the ratio
of mean crowding to mean density, with the standard
error of that ratio (Lloyd 1967). Mean crowding of
eggnests ranges from 1.1 + .05 to 3.8 + 1.5 times its
random expectation, when each brood is considered
separately. To translate that into the equivalent num-
ber of other nymphs falling into the same square
metre, as viewed by an average nymph, multiply mean
crowding by 15 hatching nymphs per eggnest (20 eggs
per eggnest X 75% fertility, White 1980). Thus, in dif-
ferent plots, the average Brood XIV nymph had be-
tween 271 + 67 and 761 = 167 others competing with
it to get established in the same square metre of
ground! It is not surprising, then, that the aggregative
tendencies of ovipositing females seem to be weak-
ened when their density is high; such weakening re-
duces the crowding suffered by their offspring.
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One still has to inquire why there should be any
tendency to aggregate at all, since it would appear to
be maladaptive. One should remember that periodical
cicadas usually find themselves in much more diverse
vegetation than our study area. In a roadside area of
diverse vegetation, White (1980) demonstrated strong
preferences for certain host species. She also showed
that fertility of the eggs differed according to host
species (although the correlation between host pref-
erences and fertility was somewhat obscured by in-
fertility owing to overcrowding in the most preferred
hosts). Herein may lie the selective advantage for ag-
gregative behavior; the sight of another female busily
ovipositing probably means that the other female has
found a favorable host, and it may be quicker and
easier to share that particular host plant than to find
another favorable host for oneself. Kiester (1979) re-
fers to such behavior as ‘‘conspecific cueing,”’ and
points out that it can account for a patchy distribution
even in a uniform habitat. Such aggregative behavior
can be maladaptive in a perfectly uniform habitat if
crowding causes competition, but then, most period-
ical cicada habitats are not uniform.

In diverse vegetation, mutual attraction and host
preference (habitat heterogeneity) are probably both
important factors in determining the patchy distribu-
tion. Lloyd and White (1976) showed significant local
differences in the way the same diverse vegetation was
used by Broods X and XIV where they overlap in
Kentucky—differences that showed no consistent pat-
tern between different study areas. This finding is un-
derstandable if historical accidents of mutual attrac-
tion, i.e., conspecific cueing, routinely play a part in
determining the patchy distribution of eggnests, hence
nymphs.

A second behavioral explanation for the observed
aggregation of eggnests may lie in the periodical ci-
cadas’ movement patterns prior to mating. Patchiness
could result from aggregative mating at chorusing cen-
ters followed by poor dispersal of fertile females. Both
sexes are attracted to the congregational chorus of the
males (Alexander and Moore 1958). If females do not
move far away from the chorusing centers to oviposit,
a patchy pattern of eggnests would result. R. Karban
(personal observation) has examined this possibility.
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