ferns with high chromosome numbers may
be diploid (11). The results also call into
question evidence supporting a selective val-
ue of polyploidy in maintaining genetic
variability in Pteridium and other homo-
sporous pteridophytes (5, 9).
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Effect of Lizards on Spider Populations: Manipulative
Reconstruction of a Natural Experiment

THOMAS W. SCHOENER AND DAVID A. SPILLER

Which species affect one another, how intensely, and the mechanisms of those effects
are crucial data for understanding how ecological communities work. Tropical islands
without lizards, the major top predators, have about ten times as dense web spider
populations as those with lizards; processes responsible for this effect were experimen-
tally simulated by removing lizards from randomly selected mainland plots. Spider
densities in removal plots averaged 2.5 times as high as controls. Spider survival, prey
abundance, and prey consumption were all negatively affected by lizards. Contrary to
most studies, predator removal caused an increase in the number of spider species.

NSECTIVOROUS VERTEBRATES ARE PO-

tentially both predators upon and com-

petitors of insectivorous arthropods.
Persistence of such arthropods in places
having vertebrates may therefore be quite
tenuous. In many tropical areas, lizards are
the dominant vertebrate insectivore; these
feed upon spiders and eat many of the same
prey types as spiders eat (1, 2). In 1983 we
reported (3) that orb spider densities are
about ten times high on islands without
lizards than on those with lizards. Also,
numbers of spider species are about twice as
high on islands without lizards. These
data, from about 100 islands, strongly sug-
gest that lizards reduce spider abundance
and species diversity; however, rather than
directly demonstrating the causal factor,
they are correlative. Furthermore, such data
in themselves shed limited light on the
mechanism of the effect. Is it predation,
competition, or both? We report now a
manipulation of lizard populations that was
designed to test directly the causal agent and
elucidate the mechanisms responsible for
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drastically smaller spider populations on liz-
ard-inhabited islands. Our experiment is
similar to a less extensive one performed by
Pacala and Roughgarden (4) in a different
tropical system; ours both confirms and
extends their results.

Our study site was Staniel Cay, Bahamas,
a very large island (hence a “mainland™) in
the midst of the smaller islands used in the
1983 study. Initially, we staked out nine
83.6-m’> plots whose mean vegetation
height ranged from 0.14 to 0.53 m and
whose vegetation consisted primarily of sea
grape (Coccoloba). Plots were divided into
three groups, with high, medium and low
vegetation, called blocks (5); each block had
three plots. This experimental design cor-
rects for the effect of plot heterogeneity, in
this case in vegetation height, which may
otherwise mask the effect of the manipula-
tion. Enclosures were built on two plots in
each block, leaving the third plot unen-
closed. Then one enclosure in each block
was randomly chosen for lizard removal.
Thus, there were three replicates of three

treatments: lizard-removal enclosures, con-
trol enclosures where lizards were not re-
moved, and unenclosed plots where lizards
were not removed. Comparisons between
lizard and control enclosures were used to
determine the effect of lizards. Comparisons
between control enclosures and unenclosed
plots were used to determine the effect of
enclosures. Enclosures were constructed be-
tween 29 April and 5 May 1985 and gener-
ally followed the design of Pacala et al. (6);
wood-framed fences with one-eighth inch
hardware cloth were sunk 0.31 m into the
ground and stood 0.93 m high, with 0.41-m
sheets of plastic mounted horizontally on
top to prevent passage by lizards. Most
lizards on the study site were Anolis sagrei,
with some Awolis carolinensis and Ameiva
Sfestiva. Because lizard and spider densities
were reduced during enclosure construc-
tion, the control enclosures and open plots
were restocked with lizards to about their
natural densities (0.06 to 0.10/m?) before
the first census (11 May), and all plots were
restocked immediately after the first census
with three female and two male Merepeira
datona (the commonest spider species).
Plots were censused at about 4-week inter-
vals for slightly more than a year; numbers
and species identities of web spiders and
lizards (7) were recorded, and four (22 cm
by 14 cm tanglefoot) sticky traps were
placed for 24 hours in each plot to estimate
abundance of other arthropods, the poten-
tial prey of both lizards and spiders.

Lizard removal dramatically increased
web spider density (Fig. 1). The first mar-
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Fig. 1. Number of web spider individuals during the course of the lizard-removal experiment. Error
bars are the standard deviations of the three plots within each treatment. “Yearly mean” is reported as in

Table 1.

ginally significant difference between re-
moval and control enclosures was recorded
9 July, about 2 months after the experiment
began (Table 1). Differences between re-
moval and control enclosures increased, ir-
regularly but persistently; after 7 December,
three out of four dates showed a statistically
significant effect.  Significant differences
tended to occur at the end of periods when
both removal and control enclosures in-
creased in spider numbers; five of the six
significant differences were of this sort (Fig.
1). Maximum difference between removal
and control enclosures was about sevenfold;
the removal mean averaged over a full year
(beginning 17 June) was about 2.5 times
the control mean. This compares with an
average factor of about ten for no-lizard
over lizard islands under natural, unmanipu-
lated conditions. Enclosures with lizards
(controls) and unenclosed plots (necessarily
having lizards) showed no significant differ-
ences at any of the 15 monitoring dates and
tracked one another closely (Fig. 1). A block
(vegetation height) effect was significant at
only one census, although F values ran
rather high, averaging 3.20 over all dates.
We also found significant differences in
survival rates, measured over an 8-day peri-
od, of adult female spiders (M. datona)
established in webs; survival was higher in
removal than either control or unenclosed
plots (2). Although evidence for predation
on established spiders thus exists, predation
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on unestablished spiders, which are mostly
juveniles, may be substantially more impor-
tant in this system. First, direction of the
effect of lizard removal was set after only 12
days, when many spiders were still unestab-
lished (Fig. 1). Second, significant differ-
ences in spider abundance between removal
and other types of plots occurred mainly
during overall increases in spider abundance
(see above); this suggests that reproductive
pulses of juveniles are rapidly consumed in

lizard plots but not in removal enclosures.
Third, separate experiments in which spiders
were introduced onto islands with and with-
out lizards showed immediate and marked
effects of lizards in reducing colonizing spi-
ders (8). In addition, dissection of lizard
individuals that leaked into the no-lizard
enclosures showed that they do consume
our principal spider species, M. datona.

Arthropods caught in sticky traps, which
we are using as an indication of the abun-
dance of the prey of both lizards and spiders
(2), showed significant differences in yearly
mean in both number and biomass between
removal and control enclosures. Enclosures
without lizards had 30 to 40% more num-
bers and biomass than those with lizards.
Significant differences were also found at
several dates during the study, especially
toward the end (2). In addition, prey con-
sumption rates by spiders were higher in
removal than control or unenclosed plots (2).
This suggests competition for food. However,
because unenclosed plots had more arthro-
pods than either type of enclosed plot (proba-
bly due to the fences), other mechanisms are
possible (2). A measure of reproductive rate
(mean egg sacs per adult female) was in-
creased by a third in the lizard-removal plots
over the control plots, although this is not
statistically significant (2).

Changes in number of species of web
spiders were similar to those in the number
of individuals but were less dramatic (Fig.
2). Removal and control enclosures signifi-
cantly differed at only one date and for the
yearly mean (Table 2). Enclosures with liz-
ards and unenclosed plots again were quite
similar, especially in yearly mean; no statisti-
cally significant differences were seen. The
maximum mean number of species for any

Table 1. Statistical analysis of number of web spider individuals in the lizard-removal enclosures (R),
the control enclosures with lizards (C), and the unenclosed plots with lizards (U).

Pairwise comparisonst

Date F valuet
R versus C R versus U U versus C
11 May 1985 1.37 (ns) ns ns ns
24 May 1985 4.92 (+) ns + ns
17 June 1985 0.06 (ns) ns ns ns
9 July 1985 4.90 (+) + ns ns
2 August 1985 2.01 (ns) ns ns ns
4 September 1985 2.45 (ns) ns ns ns
1 October 1985 9.51 (*) * ns ns
26 October 1985 2.15 (ns) ns ns ns
6 November 1985 9.69 (*) + * ns
7 December 1985 5.14 (+) ns + ns
15 January 1986 10.87 (¥) * * ns
5 March 1986 4.38 (+) ns ns ns
28 April 1986 12.28 (¥) * * ns
25 May 1986 24.28 (*¥) ** * ns
Yearly mean§ 16.67 (*) * * ns

tTreatment effect, two-way analysis of variance (ANOVA), df = 2, 4; data were lﬁlo(x + 1) transformed;

ns = P> 0.10; + P < 0.10; ¥P < 0.05; **P < 0.01.
two-tailed; P values are family significance levels.

+Analysis of treatment means, T
§Each variate in the yearly mean analysis was the mean number

ey method (4) which is

observed in a particular plot from 17 June 1985 to 25 May 1986.
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date is four, and only eight different species
were found at the site throughout the study,
so that variation in species number, unlike
that in number of individuals, is severely
constrained by availability. Maximum differ-
ence between removal and control enclo-
sures was about 1.75-fold, and the yearly
removal mean was about 1.3 times the con-
trol mean. This compares with a factor of
about 2 for numbers of species between
lizard and no-lizard islands under natural,
unmanipulated conditions. A significant
block effect was found on two dates; F ratios
at other times were often quite low.

An increase in the number of prey species
upon removal of a predator is not typical
9). In 11 of 16 studies, predator removal
decreased prey species number; only five
studies showed results such as ours. Most
investigations, however, were performed in
aquatic systems; only three were terrestrial,
all of which have plants as “prey” and ar-
thropods as “predators,” and none of which
showed the effect we obtained. Thus ours
appears to be the first study having terrestri-
al arthropods as prey, and it goes against the
prevailing trend.

The explanation for the more typical re-
sult is that predation reduces the abundance
of dominant competitors, rendering com-
petitive extinction among prey species less
likely and thus allowing more to coexist
(10). One or more of several considerations
may explain our contrary result. First, the
interaction between lizards and spiders ap-
pears not to be purely predation; evidence
for food competition is present, and this
would lower species number. Second, pre-
dation may be so severe as to lower spider
populations precariously near threshold
sizes for rapid extinction (11); the state
“having lizards” may simply imply too much

Number of species
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Fig. 2. Number of web spider species during the course of the lizard-removal experiment. Error bars as
described in Fig. 1. “Yearly mean” is reported as in Table 1.

predation to increase species number by
reducing competition. Third, even in the
absence of predation, spider species in this
system may rarely reach densities at which
they compete. Supporting this possibility is
the fact that maximum spider densities in
our plots (1.5/m?) are similar to those in
studies failing to find interspecific competi-
tion (12) and are substantially less than
densities (10 to 15/m?) in the only experi-
mental field study of spiders (13) finding
such competition (14, 15). Moreover, the
two precipitous drops in spider abundance
during the second half of the experiment
(Fig. 1) occurred after a hurricane and se-
vere winter weather, respectively, suggest-
ing that physical factors are important and
may keep population densities too low for
competition between spider species in this
system.

This study illustrates the complementarity

Table 2. Statistical analysis of number of web spider species in the lizard-removal enclosures (R), the
control enclosures with lizards (C), and the unenclosed plots with lizards (U).

Pairwise comparisonss

Date F valuet
R versus C R versus U U versus C
11 May 1985 0.40 (ns) ns ns ns
24 May 1985 1.00 (ns) ns ns ns
17 June 1985 0.83 (ns) ns ns ns
9 July 1985 0 (ns) ns ns ns
2 August 1985 0 (ns) ns ns ns
4 September 1985 3.00 (ns) ns ns ns
1 October 1985 1.39 (ns) ns ns ns
26 October 1985 19.00 (*¥) * * ns
6 November 1985 0.40 (ns) ns ns ns
7 December 1985 1.19 (ns) ns ns ns
15 January 1986 1.40 (ns) ns ns ns
5 March 1986 2.36 (ns) ns ns ns
28 April 1986 1.20 (ns) ns ns ns
25 May 1986 1.00 (ns) ns ns ns
Yearly mean§ 11.05 (*) * * ns

tTreatment effect, two-way ANOVA, df = 2, 4; ns = P > 0.10; *P < 0.05; **P < 0.01.
means, Tukey method (4) which is two-tailed; P values are family significance levels:

+Analysis of treatment
§Each variate in the yearly

mean analysis was the mean number observed in a particular plot from 17 June 1985 to 25 May 1986.
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between “manipulative experiments,” that
is, those in which areas to receive different
treatments are randomly selected by the
experimenter, and “natural experiments,”
those in which the “selection” has already
been made by natural forces (15, 16). The
natural experiment, reported in 1983,
showed a strongly negative relation between
lizard presence and spider abundance, but
the process producing this pattern could not
be observed. The present manipulative ex-
periment showed that the relation between
lizard presence and spider abundance is
causal and that underlying mechanisms in-
clude predation and, probably to a lesser
extent, competition for food. While the
manipulative experiment was thus invalu-
able, the natural experiment both suggested
the manipulation and guaranteed its rele-
vance to natural conditions. Moreover, the
natural experiment showed about four times
the effect on abundance as did the manipula-
tive experiment. Probably this is because our
plots were located on a very large island and
therefore were surrounded by huge amounts
of similar habitat. Immigration into plots of
both spider colonists and their food re-
sources would thus be substantially greater
than on natural islands, obscuring some-
what a treatment effect. In general, when
manipulative experiments are relatively un-
isolated, natural experiments may show the
greater effect.

In conclusion, our results, combined with
the even stronger effects found by Pacala
and Roughgarden (4) in a completely differ-
ent system, compose a clear case for a major
reduction by lizards of spiders in tropical
systems.
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Genetic Analysis of Halothane Sensitivity in

Caenorhabditis elegans

MARGARET M. SEDENSKY AND PHILIP M. MENEELY

The nematode Caenorhabditis elegans appears to be a useful model for studying the
action of volatile anesthetics. A mutant strain that is hypersensitive to the widely used
anesthetic halothane was described earlier. The mutation is now shown to be an allele
of unc-79. Other alleles of unc-79 are also associated with hypersensitivity to halothane.
A strain with a mutation in a second gene, #nc-80, is also hypersensitive to halothane.
Nematodes bearing mutations in both #nc-79 and u#ne-80 are slightly more sensitive to
halothane than those bearing only one of these mutations. Mutations in a third gene,
unc-9, suppress both #nc-79 and unc-80. Nematodes bearing the suppressor mutations
alone have normal sensitivity to halothane. These results show that sensitivity to
halothane can be altered by mutations in several different genes.

O ONE KNOWS HOW THE VOLATILE
anesthetics routinely used in oper-
ating rooms produce unconscious-
ness. Study of the mechanism of anesthetic
action requires an appropriate yet tractable
model system. One method currently used is
to measure various biochemical and bio-
physical properties of anesthetics in vitro
(1), but the relation of these measurements
to each other and to consciousness is not
clear. We have chosen instead to use the
nematode Caenovbabditis elegans as a model
for studying anesthesia. The anatomy of C.
elegans can be described at the level of
individual cells; the cell lineages are com-
pletely known and are largely invariant
among individuals (2). There are 302 neu-
rons in the adult hermaphrodite, organized
in dorsal and ventral nerve cords, a nerve
ring, and several ganglia. A complete wiring
diagram of the synaptic connections has
been compiled by reconstructions from seri-
al electron micrographs (3). Furthermore,
C. clegans has been extensively analyzed
genetically, and a number of mutations are
known that derange the structure and the
function of the nervous system (4). Most
important for our work, the response of C.
elegans to volatile anesthetics is similar to
that of mammals (5).
As the dose of an anesthetic gas increases,
wild-type worms first become hyperactive,
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then become progressively more uncoordi-
nated until they stop moving altogether and
assume a straight posture. At this point, they
no longer withdraw when tapped on the
snout. All effects are reversed within min-
utes after removal from anesthetic. The po-
tency of various anesthetics in producing
this response in C. elegans parallels their
potency in mammals. In addition, a mutant
with an abnormal response to anesthetics
has been isolated; this mutant is resistant to
some anesthetics but is hypersensitive to the
most lipid-soluble anesthetics, including hal-
othane. The mutation associated with hy-
persensitivity to halothane previously was
called HS1 (5); we have renamed this muta-
tion ecl in accordance with standard nomen-
clature (6).

Worms were grown and handled by stan-
dard procedures, and the anesthetic re-
sponse was assayed as described in detail (5).
Briefly, worms are grown on petri plates
filled with an agar-based growth medium.
Plates of worms to be tested were placed in a
glass dish, and a flat glass cover was clamped
to the dish to create an airtight chamber. A
volume of halothane, estimated to give an
appropriate concentration based on the vol-
ume of the chamber, was injected into the
sealed chamber by means of a glass syringe
and a three-way stopcock. The worms were
observed through the lid of the chamber

with a dissecting microscope; they were
judged to be anesthetized when they
stopped moving and assumed a straight
posture, as described (5). After 2 hours, a
sample of the gas in the chamber was re-
moved and its exact concentration was de-
termined with a gas chromatograph.
Dose-response curves for the wild-type
strain N2 and the strain bearing the muta-
tion ecl are shown in Fig. 1. Our results are
similar to those of Morgan and Cascorbi (5)
for both N2 and the strain bearing the ecl
mutation. We show below that ecl is an
allele of the gene #nc-79, and it is labeled as
such in the figures. The effective dose at
which 50% of the worms are immobile (the
EDsp) is 1.1 = 0.05% (SEM) for ecl and
3.2 £ 0.06% for N2. Virtually all animals
with the ec] mutation are immobile in 2%
halothane, but no wild-type animals are.
The 2% dose could be used when scoring
both halothane-hypersensitive and normal
populations. Using halothane hypersensitiv-
ity as a marker phenotype, we mapped ecl to
a region on linkage group III (7) and tested
for allelism with several previously identified
genes in that region (8); ecl did not comple-
ment #unc-79 (e1068) for cither halothane
hypersensitivity or uncoordinated move-
ment. In order to be sure that the altered
anesthetic response was due to the defect in
unc-79, we tested two other unc-79 alleles,
€1068 and e1291, for hypersensitivity to
halothane. All three #nc-79 alleles are associ-
ated with hypersensitivity to halothane, and
animals with these genes do not differ
among themselves to a statistically signifi-
cant extent in their response to halothane.
This result indicates that halothane hyper-
sensitivity is a characteristic of ##c-79 mu-
tants and not some special property of ecl.
Wild-type worms move almost constantly
in the absence of anesthetic (5). Worms with
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