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ABSTRACT: Interpretations of ecological relationships are often influenced by the scale of observation.
Scale independence is a useful null hypothesis against which to test scale-dependent alternative
hypotheses. This study examined the interaction between predatory fishes and the ophiuroids on which
they prey in back-reef habitats in the Caribbean. Predation potential was measured as the mortality of
tethered ophiuroids at shallow, rubble-dominated sites in Jamaica and St. Croix on 2 temporal scales:
seasonally over 3 yr and annually over a decade. Diel variations within sites and differences between
sites were similar between scales. Hurricanes had no effect on predation potential on either scale. Pre-
dation potential at a third back-reef site, in Belize, was consistently different from the sites in Jamaica
and St. Croix on the annual scale. The results suggest that some ecological relationships are stable at
multiple temporal scales. For cases in which scale independence can be demonstrated over a particu-
lar range of scales, it should be possible to make long-term predictions on the basis of short-term obser-

vations.
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INTRODUCTION

A substantial body of recent literature asserts that
scale 1s of paramount importance in interpreting bio-
logical systems (Allen & Starr 1982, Dayton & Tegner
1984, Gould 1985, White & Pickett 1985, O'Neill et al.
1986, Chesson & Huntley 1989, Wiens 1989, Menge &
Olson 1990, Levin 1992, Wu & Loucks 1995, Thrush et
al. 1997, and many others). Perhaps the most salutary
effect of our recognition of the 'problems of scale’ is the
coalescence of ecology and paleobiology into a single,
coherent life science (Gould 1981, Miller 1990}. At this
point, many neontologists routinely assume that obser-
vations at different scales will produce differing per-
ceptions of pattern and process. That is not always the
case, however, and a number of authors have offered
scale-independent interpretations of ecological and
evolutionary phenomena (Vermeij 1978, 1987, Levin-
ton 1988, Hoffman 1989, Aronson 1994, Aronson &
Plotnick in press). Nevertheless, many studies suggest-
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ing scale independence probably go unpublished,
because they are perceived as negative or non-signifi-
cant results {Connell 1983, Peters 1991, Csada et al.
1996). These concerns are compelling ecologists to
consider population and community dynamics on mul-
tiple scales of space and time, including those large
scales at which measurements are extremely difficult
(e.g. Dayton et al. 1992, Doherty & Fowler 1994,
Schneider 1994, Brown 1995, Menge 1995, Under-
wood & Chapman 1996, Levin et al. 1997). Regardless
of where one stands on the scale issue, scale indepen-
dence remains a useful null hypothesis against which
to test scale-dependent alternatives.

Similarity between the ecological and evolutionary
effects of skeleton-crushing predation is a prime exam-
ple of scale independence. Increased expression of
defensive traits in the architecture of gastropod shells
has been tied to increased predation by fish and crus-
taceans on local, regional, and global spatial scales, as
well as on ecological, evolutionary, and macroevolu-
tionary temporal scales (Kitching & Lockwood 1974,
Vermeij 1977, 1978, 1987, Hughes & Elner 1979,
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Wellington & Kuris 1983, Seeley 1986, Appleton &
Palmer 1988, West et al. 1991). In an analogous fash-
ion, predators limit the distribution of dense popula-
tions of epifaunal, suspension-feeding ophiuroids and
other echinoderms on multiple spatio-temporal scales
(Meyer & Macurda 1977, Holme 1984, Meyer 1985, Oji
1985, Aronson & Sues 1987, Aronson 1989a, b, 1992a,
Aronson et al. 1997).

Ophiuroids are numerically important constituents
of the cryptofaunas of coral reefs {Kissling & Taylor
1977, Sloan et al. 1979, Lewis & Bray 1983, Sides &
Woodley 1985, Hendler & Littman 1986, Moran &
Reaka-Kudla 1991, Aronson 1993). Their cryptic
lifestyle reflects high levels of predation by fishes on
invertebrates in general (Vermeij 1978, Meyer 1985)
and ophiuroids in particular (Sides & Woodley 1985,
Aronson 1987, 1992b, Sides 1987) in reef communities.
Although ophiuroids occur commonly in crevices and
under rubble on coral reefs, they are orders of magni-
tude less abundant on reefs than in refuge habitats
where predatory reef fishes are absent (Aronson &
Harms 1985).

This paper explores the ecology of predation on
ophiuroids living under coral rubble at 2 widely sepa-
rated back-reef sites in the Caribbean on 2 temporal
scales: seasonally over a 3 yr period and annually over
a decade. I test the following null hypotheses: (1) the
potential for predation on ophiuroids exhibits similar
patterns of within-site variation and between-site dif-
ference on both temporal scales, and (2) the potential
for predation on ophiuroids exhibits similar day-night
differences on both temporal scales. In other words,
the prediction is that predation potential exhibits per-
sistence and/or resistance stability (Pimm 1991) across
the 2 time scales.

STUDY AREAS

This study was conducted primarily in the back-reef
habitats of 2 windward-facing Caribbean reefs: Dis-
covery Bay, Jamaica, and Rod Bay, St. Croix, United
States Virgin Islands. A third site, Carrie Bow Cay,
Belize, was examined on the annual scale only and was
compared qualitatively to the 2 primary sites. Aronson
(1987, 1992b) summarized previous descriptions of
these sites, which are briefly abstracted here. Water
temperature was similar at the 3 sites during the course
of the study (Aronson 1992b, unpubl. data).

The Jamaican site was the West Back Reef of Discov-
ery Bay, near the Discovery Bay Marine Laboratory on
the north coast of the island (18° 30" N, 77°20' W). Hur-
ricane-generated coral rubble occurs in patches of
~200 m? at 1 to 2 m depth within a large bed of turtle-
grass Thalassia testudinum. Discovery Bay is heavily

fished, to the extent that even wrasses and other small
reef fishes are exploited for human consumption.

Rod Bay is a back-reef area on the southeastern
coast of St. Croix (17°44'N, 64°35' W). Volcaniclastic
debris of Cretaceous age and Holocene-to-Recent,
hurricane-generated coral rubble are scattered over a
sandy substratum at 1 m depth. There is some fishing
activity in Rod Bay, although considerably less than in
Discovery Bay (Aronson 1992b).

The site in Belize was the coral rubble zone behind
the reef crest at Carrie Bow Cay, on the Belizean Bar-
rier Reef (16°48'N, 88°05' W). This habitat is charac-
terized by hurricane-generated, imbricated plates of
rubble of the elkhorn coral Acropora palmata in <1 m
depth. Fishing activity is very limited at this site.

The study sites will henceforth be referred to as
Jamaica, St. Croix, and Belize. These general locality
names will be used instead of the specific site names as
a convenience to the reader Their use should not be
taken to imply that results from a site can be general-
ized to a larger area encompassing that site.

METHODS

Predation potential is defined as the propensity of
predators in a habitat to consume individuals of the
focal prey species (Aronson 1987, 1989a). It integrates
the abundance, species composition, and feeding pref-
erences of predators, as well as the availability of alter-
native prey species in that habitat. Predation potential
was measured on both temporal scales by means of
tethering experiments.

Individuals of one back reef ophiuroid species,
Ophiothrix orstedii (= O. oerstedi), 6 to 11 mm in disk
diameter, were collected by hand and brought into the
laboratory. They were tethered by passing a threaded
needle through the mouth and out the aboral disk. The
cotton-wrapped polyester carpet thread, which was
2 to 3 cm long, was tied to a lead fishing weight. Each
ophiuroid-weight assembly was clipped to a loop of
wire, which was in turn attached to a larger lead
weight that had been placed in the rubble habitat at
the site at least 24 h in advance. A small buoyona 1l m
line marked each larger weight. Between 13 and 16
tethered O. orstedil were deployed, 2 to 3 m apart, at
each field site during one 4 h daytime period (08:30 to
12:30 h Local Standard Time) and one 8 h nighttime
period (20:30 to 04:30 h LST) per site-visit.

The short length of the thread ensured that the teth-
ered ophiuroids were restrained from crawling into
refuges and that they were exposed continuously to
predators. After the deployment period, the fishing
weights were retrieved and the mortality of tethered
Ophiothrix orstedii was assessed as the proportion of
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individuals that had disappeared from the tethers. An
extensive series of laboratory controls and field obser-
vations indicated that the ophiuroids were unable to
escape the tethers, that they survived the treatment
with minimal damage, that piercing the disk did not
increase their attractiveness to predatory fishes, and
that the ophiuroids remained quiescent on the open
substratum during the experiments (Aronson & Harms
1985, Aronson 1988, 1992b).

Ophiothrix orstediiis one of the least palatable ophi-
uroids in the back reef, due at least in part to its long,
sharp, hyaline (glassy) calcite arm spines (Aronson
1988). Using this species rather than a species more
palatable to predators increased the probability of
detecting differences in predation potential by de-
creasing the likelihood of saturating (100 %) mortality
in the tethering experiments (Aronson 1992b). Even so,
mortality rates in some of the daytime experiments at
the 2 primary sites would have reached saturation had
the experiments run for 8 h instead of being limited to
4 h. Saturating mortality often occurred in the 4 h day-
time experiments in Belize.

Peterson & Black (1994) have objected to tethering
experiments because they may lead to 2 types of
errors. First, tethered prey not only cannot escape, but
they represent novel stimuli to predators. This was the
rationale for using tethering techniques to measure
predation potential rather than predation pressure
(Aronson 1987, 1989a, Aronson & Heck 1995). The sec-
ond difficulty with tethering experiments hinges on the
possibility that different types of predators in different
treatments respond differently to the tethered prey.
When this occurs, tethering experiments cannot even
be used for among-treatment comparisons of predation
potential, because the results are confounded by a lack
of control (i.e. there is an interaction between tethering
and treatment; Peterson & Black 1994). In the present
study, the same novel stimulus was presented in the
same habitat to the same suite of predatory fish spe-
cies, although the abundances of those species varied
among sites and site-visits (Aronson 1992b, unpubl.
data). The design of these tethering experiments pro-
vided a reasonable, relative measure of predation
potential for comparison across scales.

Tethering data were collected seasonally in Jamaica
and St. Croix from the winter of 1989 through the fall of
1991, although it was not possible to visit both sites in
each season of each year. For the annual-scale portion
of the study, tethering experiments were conducted
each year for 10 yr in Jamaica and in 7 different years
in St. Croix during the period 1987-1996. For each site
in each year of the period 1989-1991, the site-visit
used in the annual-scale analysis was the first site-visit
of the year to include other ecological observations,
collected for a related study. Using other site-visits

from 1989-1991 in the annual-scale analysis did not
affect the results.

Statistical hypotheses concerning the sources of vari-
ation in predation potential were tested by analysis of
variance (ANOVA). Randomized incomplete-block
designs were used, in which seasons or years were the
blocks and site and time of day were fixed factors (see
Sokal & Rohlf 1981). The tethering data were ex-
pressed as proportional mortalities, and the 8 h night-
time data were divided by 2 to make them comparable
to the 4 h daytime data in the ANOVAs. A dearth of
site-visits in the spring months prevented the spring
tethering data from being included in the seasonal-
scale analyses. However, the spring data were used in
graphical comparisons.

Frax and Lilliefors tests demonstrated that the tether-
ing results from Jamaica and St. Croix, pooled by site
and, in a separate analysis, by time of day, did not con-
form to the homogeneity of variances or normality
assumptions of ANOVA. The proportional mortality
data were, therefore, arcsine-transformed. Transfor-
mation removed heterogeneity of variances and depar-
tures from normality (p > 0.05 in all F,;; and Lilliefors
tests, respectively, after arcsine transformation).

Two randomized block ANOVAs were performed in
the seasonal-scale analysis. The first ANOVA considered
the 3 years (1989, 1990 and 1991} as blocks. The fixed
factors were site (2 site treatments: Jamaica and St.
Croix), season (3 season treatments: winter, summer, and
fall) and time of day (2 time-of-day treatments: daytime
and nighttime). This analysis detected no effect of season
(see 'Results’). Therefore, a second randomized block
ANOVA was run, in which the 9 seasonal divisions from
the 3 yr were the blocks and the fixed factors were site
and time of day. The second seasonal-scale ANOVA was
compared to an ANOVA on the annual-scale tethering
data. In the annual-scale analysis the blocks were the 10
years (1987-1996), and the fixed factors were again site
(2 treatments) and time of day (2 treatments).

All randomized block ANOVAs were performed
under the assumption of no block x factor interactions.
In other words, the ANOVASs tested null hypotheses of
no treatment effects in any block. The F-tests therefore
corresponded to '‘Model 2' of Newman et al. (1997).

The tethering data for Belize, collected annually over
the period 1986-1995, viclated both assumptions of
parametric statistics. All the tethered ophiuroids were
eaten during most of the daytime experiments, result-
ing in non-normal data that exhibited extremely low
variability (Lilliefors and F;,, tests, p < 0.05, even after
transformation). These data, therefore, could not be
compared by ANOVA to the annual-scale data from
Jamaica and St. Croix. A graphical analysis of the teth-
ering data from all 3 sites showed statistical compari-
son to be unnecessary (see ‘Results’).
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Fig. 1. Time series of predation potential at the 2 sites, measured as the mor-
tality of tethered Ophiothrix orstedii, on both scales. Seasonal- and annual-
scale data: (A) and (C) 4 h daytime experiments; (B) and (D) 8 h nighttime
experiments. Results of the nighttime experiments are divided by 2 in the

performed on the seasonal-scale data.
The years were blocks, and site and
time of day were fixed factors. Site and

ANOVASs but not in the figures

RESULTS
Predation potential on two scales

The primary predators of ophiuroids in Caribbean
back-reef habitats are wrasses (Labridae} during the
day, and grunts (Haemulidae) and porcupinefish
(Diodontidae) at night (Aronson 1992b). Predation
potential, as measured by the mortality of Ophiothrix
orstedil in the tethering experiments, showed similar
within-site variation and between-site differences on
both scales. On both the seasonal and annual scales,
predation potential was highly variable at both sites
in the daytime, although it tended to be higher in St.
Croix (Fig. 1A, C). Nighttime predation potential was
consistently higher in St. Croix on both scales
(Fig. 1B, Dj. Bivariate plots of daytime against night-
time mortality showed clear separation of the sites,
as well as generally greater daytime mortality than
nighttime mortality (Fig. 2).

A randomized incomplete-block ANOVA of the
seasonal-scale tethering data showed no significant

time of day showed significant effects,
with predation potential once again
greater in St. Croix than in Jamalca,
and greater during the day than at
night (Table 3, Fig. 2B}. The site x time interaction
was not significant, nor was there a significant block
effect.

Table 1. ANOVA table for randomized incomplete-block

analysis of seasonal-scale tethering data from Jamaica and St.

Croix (arcsine-transformed). The 3 years over which seasonal

data were collected are treated as the blocks. The effect of

year is tested under the assumption of no block x factor inter-
actions (see text)

Source Sumof df Mean F p
squares square
Year (Block) 0.0719 2 0.0359 0.6604 0.530
Site 1.2523 1 1.2523 23.0088 0.0002
Season 0.1253 2 0.0626 1.1508 0.341
Time of day 0.3391 1 03391 6.2297 0.024
Site x Season 0.0089 2 0.0045 0.0819 0.922
Site x Time 0.0406 1 0.0406 0.7451 0.401
Season Time 0.0432 2 00216 0.3968 0.679
SitexSeasonxTime 0.0733 2 0.0366 0.6731 0.524
Error 0.8709 16  0.0544 J
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Fig. 2. Bivariate plots of proportional daytime versus propor-
tional nighttime mortality of tethered Ophiothrix orstedii.
Solid lines represent equal daytime and nighttime mortality.
(A) Seasonal-scale data, collected during the period 1989-
1991. Spring data, omitted from statistical analysis, are
included in the figure as available. (B) Annual-scale data, col-
lected during the period 1986-1996. The 1996 St. Croix point
{labeled '96") clusters with the other St. Croix points, despite
hurricanes in 1995 and 1996

Hurricane effects

Aronson (1991, 1992b, 1993} found no short-term
effects of Hurricane Gilbert in Jamaica (September
1988) or Hurricane Hugo in St. Croix (September 1989)
on ophiuroid abundance or fish-ophiuroid trophic

Table 2. Randomized incomplete-block ANOVA of seasonal-

scale tethering data from Jamaica and St. Croix (arcsine-

transformed). Each of the 3 seasons sampled in each year is
treated as a block. The block effect is tested as in Table 1
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Fig. 3. Bivariate plot of annual-scale daytime versus nighttime

mortality of tethered Ophiothrix orstedii in Jamaica, St. Croix,

and Belize. Line of equal daytime and nighttime predation as
in Fig. 2

interactions over the period 1987-1991. There was no
evidence in the present study for a delayed, long-term
response of predation potential to these hurricanes.
Two additional hurricanes affected St. Croix between
the August 1994 and July 1996 site-visits: Hurricane
Marilyn in September 1995 and Hurricane Bertha in
July 1996. The latter hurricane struck 1 wk prior to the
1996 site-visit. The St. Croix site appeared physically
unaffected by these 2 storms, and there were no alter-
ations in predation potential (Fig. 2B) or fish abun-
dance.

Predation potential in Belize

Daytime predation potential, measured on the
annual scale, was higher in Belize than at the other 2
sites (Fig. 3). In fact, predation potential was saturating
in the 4 h daytime experiments; all the Ophiothnx
orstedii were consumed in 6 of the 10 experiments.
Nighttime predation potential overlapped with the
results from St. Croix but was always higher than in
Jamaica.

Table 3. Randomized incomplete-block ANOVA of annual-

scale tethering data from Jamaica and St. Croix (arcsine-

transformed). The sampling years are treated as blocks, and
the block effect is tested as in Table 1

Source

Season (Block)
Site

Time of day
Site x Time

Error

Sumof df Mean F P
squares square

04084 8 0.0510 1.1018 0.406
1.4023 1 14023 30.2694 <0.0001
0.4049 1 04049 8.7404 0.008
0.0409 1 0.0409 0.8833 0.360
0.8339 18 0.0463

Source Sumof df Mean F p
squares square

Year (Block) 1.0197 9 0.1133 2.1032 0.077

Site 0.3168 1 0.3168 5.8815 0.024

Time of day 0.3151 1 0.3151 5.8487 0.025

Site x Time 0.0010 1 0.0010 0.0188 0.892

Error 1.1313 1 0.0539




58 Mar Ecol Prog Ser 172: 53-60, 1998

DISCUSSION

The seasonal-scale analysis of predation potential in
Jamaica and St. Croix detected significant effects of
site and time of day. The same conclusions emerged
from the annual-scale analysis. Thus, tethering experi-
ments conducted on the seasonal scale over 3 yr pre-
dicted predation potential on the annual scale over a
decade. The null hypotheses of scale independence
outlined in the 'Introduction’ could not be falsified at
these scales.

Predation potential was higher in St. Croix than in
Jamaica and, on the annual scale, higher in Belize than
in St. Croix. Thus, as in the shorter-term study of Aron-
son (1992b), predation potential was higher where
fishing pressure was lower. This association of preda-
tion potential and fishing pressure persisted for a
decade.

Back-reef habitats are protected by their reef crests
from almost all the energy of incoming storm waves
(Roberts 1989). Nevertheless, hurricanes can cause
significant changes in cryptofaunal abundance (Moran
& Reaka-Kudla 1991). Hurricane Gilbert in Jamaica
and Hurricanes Hugo, Marilyn, and Bertha in St. Croix
had no noticeable effect on predation potential in the
back reef during the course of this study.

Almost nothing is known about the lifespans or gen-
eration times of Caribbean ophiuroid species (G. L.
Hendler pers. comm.). Likewise, the turnover times of
their predators—Ilabrids, haemulids, and diodontids—
have not been well studied (J. A. Bohnsack pers.
comm.). It i1s not possible, therefore, to evaluate the
'stability’ of predation potential by the criterion of Con-
nell & Sousa (1983), who required persistence through
at least 1 complete turnover of the species assemblage.
Sutherland (1990; see also Peterson 1984) objected to
the turnover requirement as unnecessarily strict for
judging whether a community or other ecological
entity 1s resistant to perturbation. Sutherland (1990)
argued that, since potential perturbations occur on
multiple scales, persistence through those perturba-
tions 1s of interest regardless of whether the commu-
nity can be observed over the course of a complete
turnover. The constancy of predation potential through
hurricanes at both field sites is an indication that this
trophic parameter is stable on these scales, at least by
the persistence or resistance criteria.

How widely these results can be applied, whether
back-reef communities differ fundamentally from fore-
reef communities in their response to disturbance, and
how larval supply influences trophic dynamics on coral
reefs are questions for future research. Much remains
to be learned about how scale influences our percep-
tion of stability (Pimm 1991). The same can be said for
the influence of scale on ecological and evolutionary

phenomena in general. It is always possible to find an
upper or lower scale at which the usual patterns do not
hold. The rare, high-amplitude events that provided
the rubble under which the ophiuroids live are evi-
dence for scale dependence on scales greater than
those studied here. Nevertheless, the current penchant
for scale-dependent explanations often obscures the
value of scale-independent null models (Levinton
1988, Hoffman 1989, Williams 1992, Smith 1994). At
the very least, these null models should be restored to
their rightful position in the enterprise of hypothesis-
testing. They require fewer assumptions about emer-
gent properties, and they should be adopted when
they offer greater explanatory and predictive power
over an ecologically relevant range of scales (cf. Wiens
1989).
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