Effect of Predators and Area on Invasion:
An Experiment with Island Spiders
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To assay the effect of area and predators on invasion success, spiders were introduced
onto islands that were large, with lizard predators; large, without lizard predators; or small,
without lizard predators. Short-term survival was greater on islands without than with
predators; area had no effect. Spiders initially increased substantially on both groups of
islands without lizards, but after 5 years they nearly died off on small islands while
persisting on most large islands; populations in the presence of predators never increased
above initial sizes. Results show how predators as well as area are important in deter-

mining invasion success.

Factors determining a species’ invasion suc-
cess have become increasingly important to
understand, given the increased mobility
provided to organisms by human activities
(1). Islands have often been used for such
studies, but experiments have rarely been
done (2, 3). In this experiment, we system-
atically investigated two factors thought to
affect substantially invasion success: island
area and the occurrence of predators.

A system of orb spiders in the central
Bahamas includes several common species
widely distributed among more than 100
islands (with <9000 m? of vegetated area)
spanning an =~20-km chain. Occurrence
and abundance of these spiders show a
strong and negative relation to the occur-
rence of lizards, a predator, but a somewhat
weaker (and positive) relation to island area
(4, 5). All smaller (<100 m?2) islands lack
lizards. We designed an invasion experi-
ment that varied island area and predator
occurrence, using a range of island areas
known to be large enough to have spiders at
least sometimes. We selected five islands
from each of the three available types (Ta-
ble 1): small islands without lizards, large
islands without lizards, and large islands
with lizards [all have the widespread lizard
Anolis sagrei (6)]. All islands initially lacked
the spider species to be introduced.

The manipulated species was Metepeira
datona, one of the three most common orb
spiders in the island chain. Adult female
body lengths average 2.5 to 4.5 mm, and
adult males average 2 to 3 mm. The species
is weakly colonial (7). Adult females and
often immature individuals construct a con-
spicuous retreat of debris suspended in the
barrier portion of the web; adult males are
often found in a separate retreat or in the
same retreat as the female.

The experiment consisted of two phases:
introduction of small propagules (three fe-
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males and two males) (Phase 1) and subse-
quent (8) introduction of large propagules
(nine females and six males) (Phase 2). In-
dividuals to be introduced were collected in
separate vials 1 to 2 days before from Staniel
Cay, an island =3 X 1 km in the same
chain. Only individuals known from pedi-
palps to be mature males, or judged from
their size to be mature or penultimate fe-
males, were used. Individuals were random-
ized before introduction, with the constraint
that a range of female sizes be included in
each propagule. During the small-propagule
phase, survival of introduced females was
noted after 4 days, and the number of all
individuals was counted after 4 months and
1 year. During the second, large-propagule
phase, female survival was noted after 4 days
(9), and the number of all individuals was
counted (10) after 4 months, 1 year, and
then annually up to 4 years (immediately
after which, one island was used for another
experiment in which spiders were removed
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and others introduced from Staniel). Al-
though this experiment thus formally lasted
a total of 5 years, we continued to census all
islands through 1994 (12 years since small-
propagule introduction) to determine the
long-term fate of successful invasions. Only
one natural colonization was observed dur-
ing the latter 7 years (represented by one
individual in 1994); this implies that natural
dispersal of the subject species to the study
islands was probably low during the experi-
ment (see also below and Table 1).

We tested two hypotheses: (i) that inva-
sion is more successful on large islands with-
out lizards than with lizards—the predator
effect—and (ii) that given an absence of
lizards, invasion is more successful on large
than on small islands—the area effect. In-
vasion success was measured in the short
term as survival of introduced spiders and in
the long term as population persistence and
size.

After 4 days, more spiders survived on
islands without than with lizards. Survival
percentages were similar in both phases of
introduction (Fig. 1). Of the females intro-
duced onto islands with lizards, 27 to 36%
survived, whereas 67 to 80% survived on
small islands without lizards, and 73 to 80%
survived on large islands without lizards.
The first hypothesis was statistically con-
firmed (P = 0.0006), but the second was
not (P = 0.400) (11, 12). The effect of
lizards on spiders has been shown elsewhere
(13) to involve both predation and compe-
tition for food. Qur observation here that
differences in survival between islands with
and without lizards were apparent at 4 days
implicates predation, as spiders are unlikely
to starve to death in so short a time (14).

Table 1. Number of individuals in populations of M. datona. Vegetated area of each island is shown in

parentheses.
Phase 1 Phase 2*
Islands
4months 1year 4 months 1year 2years 3years 4 years
Lizard islands (large)
Ris Cay (3726 m?) 0 0 0 0 0 0 0
Cran Cay (3224 m?) 1 0 1 0 0 0 0
2nd Highest Cay (870 m?) 0 0 3 0 0 0 0
Cay 313 (167 m?) 0 0 4 0 0 0 0
Cay 315 (1189 m?) 0 2 0 2 0 1 0
Large no-lizard islands
Bul Cay (2016 m?) 5 35 159 333 296 215 469
Yan Cay (344 m?) 0 0 15 7 1 0 0
Longest Cay (301 m?) 4 27 167 324 44 97 344
Cay 314 (197 m?) 0 0 0 0 1 0 0
Dichotomous Cay (992 m?) 1 0 14 243 138 100 251
Small no-lizard islands
Cay 405 (44 m?) 13 3 155 13 4 24 2
Cay 334 (51 m?) 20 20 87 63 0 0 0
Cay 302 (11 m?) 4 0 19 0 0 0 0
Cay 316 (17 m?) 0 0 0 0 0 0 0
Cay 328 (27 m?) 0 0 11 25 8 0 0

*Time designations for Phase 2 are since introduction of the second propagule. Total times since initiation of the whole

experiment are obtained by adding 1 year to these times.
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Four months after the first introduction,
with small propagules, population sizes had
declined to zero on 4 of the 5 islands with
lizards and on 4 of the 10 islands without
lizards (Table 1). The most population ex-
pansion occurred on two of the small is-
lands without lizards. By 1 year, one island
with lizards (a different one than above)
had spiders (probably this was a natural
recolonization), and two large and two
small islands without lizards had spiders.
Population sizes of 20 or more existed on
two large islands without lizards and on one
small island. Four months after introduction
of the second, larger propagule, populations
existed on four of the five islands in each
no-lizard class; two of each of these four
were substantial (>50 individuals); in con-
trast, the three islands with lizards that had
spiders after 4 months all had small popu-
lations (one to four individuals). Subse-
quent years saw populations on all islands
with lizards decline to extinction. Temporal
patterns on the two kinds of islands without
lizards were different. Spiders on three large
islands increased erratically to high num-
bers (251 to 469) of individuals at the ex-
periment’s end, whereas all small and two
large islands failed to maintain substantial
populations.

For each phase, we first evaluated long-
term differences in population size (Fig. 2)
statistically, using final numbers (15). No
significant differences in final population
size were found for Phase 1, but in Phase 2,
large islands without lizards had larger final
spider populations than did either large is-
lands with lizards (P = 0.006, df = 1, 12) or
small islands without lizards (P = 0.008).
These values of P indicate significance at o
= 0.05 when a sequential Bonferroni test
(16) is used to adjust for multiple compar-
isons. Secondly, the entire census series can
be analyzed by repeated-measures proce-
dures, but because only two census times are
available for Phase 1, it is more important
to concentrate on Phase 2, which has five
available times. Although hypotheses about
both area and predation effects had statis-
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Fig. 1. Mean survivorship of introduced spiders
after 4 days. Bars represent =1 SEM.
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tical support, the latter was more pro-
nounced (means of the average number of
individuals over the time series are: islands
with lizards, 0.4; large islands without liz-
ards, 128.8; and small islands without liz-
ards, 16.4) and more statistically significant
(P = 0.005 for comparison of the first and
second island types, P = 0.034 for compar-
ison of the second and third island types, df
= 1, 12). Additionally, in univariate anal-
ysis, population sizes varied with time (P =
0.003, df = 4, 48), and the proportional
difference between island types varied with
time (island type-time interaction P =
0.023, df = 8, 48); a sequential Bonferroni
test (16) with the above four P values gives
significance for all at & = 0.05 (17). When
the latter result (island type-time interac-
tion) is further analyzed with separate con-
trasts, the proportional difference between
large and small islands without lizards var-
ied notably with time (P = 0.005), but the
proportional difference between large is-
lands with and without lizards did not (P =
0.523). The former contrast gives some sup-
port to the observation that population size
after 4 months tended to increase on large
islands without lizards but tended to de-
crease on small islands without lizards. A
similar analysis of the more restricted Phase
1 time series indicated no significant differ-
ence between island types nor significant
overall time effect (18).
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Our experiment showed that certain is-
lands without lizards can support the spider
M. datona for moderately long periods even
though it was absent naturally; after 7 years,
three large islands had very large popula-
tions (up to 469 individuals) and a remnant
population (2 individuals) still existed on
one small island. One large-island popula-
tion and the remnant were extinct at the
8-year census. Hence, at least some large
islands initially without M. datona were not
intrinsically unsuitable over the moderately
long term.

The experiment can be contrasted to a
similar one with lizards at the same general
locality, in which the majority of introduc-
tions were successful, including those with
the same propagule size and sex ratio (3).
Corresponding to this is the observation
that natural extinction rates in the same
system are much higher for spiders than for
lizards (5, 19), so that spider populations
naturally occurring on an island at any giv-
en time are on average less likely to persist
into the future.

In our study, incidence of predators is
more important overall in determining in-
vasion success than is island area. Conser-
vation-directed studies appear to have de-
voted more effort to area (20) than preda-
tion (21); however, our results suggest a
more balanced research strategy for investi-
gation of invasions.

Fig. 2. Population size through time
after experimental invasion. Sym-
bols give means (n = five islands in
each case); bars represent =1
SEM.
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Intriguingly, the time course of extinc-
tion varied in our study, depending on
whether the agent was predator- or area-
related. Spider populations on islands with
predators never increased above initial (in-
troduction) sizes. In contrast, among pred-
ator-free islands, spiders on small islands
frequently showed rapid population growth
initially, even sometimes outstripping
growth on large islands (22). Nonetheless,
all those populations eventually became ex-
tinct, in contrast to some on large islands
which have now persisted for 12 years since
the initial introduction. Given possible
variation in both natural and human-in-
duced immigration rates, such differences
allow insight into the temporal dynamics of
species preservation.
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Demonstration of Positionally Disordered Water
Within a Protein Hydrophobic Cavity by NMR

James A. Ernst, Robert T. Clubb, Huan-Xiang Zhou,
Angela M. Gronenborn,* G. Marius Clore*

The presence and location of water of hydration (that is, bound water) in the solution
structure of human interleukin-1g (hIL-1B) was investigated with water-selective two-
dimensional heteronuclear magnetic resonance spectroscopy. It is shown here that in
addition to water at the surface of the protein and ordered internal water molecules
involved in bridging hydrogen bonds, positionally disordered water is present within a
large, naturally occurring hydrophobic cavity located at the center of the molecule. These
water molecules of hydration have residency times in the range of 1 to 2 nanoseconds
to 100 to 200 microseconds and can be readily detected by nuclear magnetic resonance
(NMR). Thus, large hydrophobic cavities in proteins may not be truly empty, as analysis
of crystal structures appears to show, but may contain mobile water molecules that are
crystallographically invisible but detectable by NMR.

Waater of hydration (that is, bound water)
has long been known to play an important
structural and functional role in proteins
(I). In particular, buried water molecules
may stabilize protein structure by acting as
bridges between protein hydrogen bond do-
nors and acceptors, whereas surface water
molecules located at the active site partic-
ipate in catalysis and ligand recognition.
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Experimentally, bound water can be detect-
ed either in the crystal state by x-ray and
neutron diffraction or in solution by NMR
spectroscopy. Only positionally ordered wa-
ter molecules can be detected in crystal
structures, as the observed electron density
represents a linear superposition of all the
atomic positions during the course of the
experiment (which typically lasts many
hours). Thus, the detection of a water mol-
ecule at a given location in the crystal
structure, although independent of its resi-
dency time, requires that the potential of
mean force at this point has a well-defined
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