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Abstract. Heterogeneity in site quality can play an important role in patterns of
abundance and population dynamics. Yet, estimating site quality in natural systems can be
problematic because site quality can (1) vary through ontogeny for a focal organism, leading
to shifts in site quality with age, (2) be confounded with (or masked by) variation in traits of
individuals populating the sites, and (3) be correlated with local density. For example, if high-
quality sites attract more individuals but vital rates are density dependent, then observed vital
rates will be relatively homogeneous in space despite strong heterogeneity in site quality.
Here, we operationally define site quality for a reef fish as the mean survival time of juveniles
transplanted to sites at a common density and size structure, with random assignment of
individuals to sites to remove potential confounding effects of local variation in individual
quality and density. Our assays using juvenile age classes of the six-bar wrasse (Thalassoma
hardwicke) showed that site quality varied in space (i.e., among patch reefs) but was constant
through time. Site quality increased with availability of the branching coral Pocillopora
(which is used as a refuge), but decreased with density of a predator, the arc-eye hawkfish,
Paracirrhites arcatus (which also uses Pocillopora). We experimentally added colonies of
Pocillopora to reefs and (1) increased site quality, (2) enhanced natural settlement rates of six-
bar wrasse, but (3) attracted more hawkfish predators, and (4) did not increase survival of
juvenile fish under ambient densities. Our results suggest that Pocillopora increases site
quality, but attracts greater densities of settlers and predators, resulting in increased density
dependence and predation, which mask the underlying effects of Pocillopora on site quality
(supporting the hypothesis of ‘‘cryptic density dependence’’). Variation in site quality and the
possible confounding effects of density and individual traits warrant more experimental
study.

Key words: cryptic density dependence; environmental variability; habitat quality; post-settlement
mortality; predator-mediated effect; predator–prey interaction; site quality; spatial refuge.

INTRODUCTION

Many species exhibit patchy distributions, with

habitat patches (e.g., patch reefs surrounded by sand

or meadows surrounded by forest) occupied by individ-

uals which interact over relatively small spatial scales in

comparison to the dispersal potential of their offspring

(Hanski 2002, Palumbi 2004). The quality of the habitat

patches can vary in time or space, as may the quality

and/or density of the organisms using these patches

(Pettorelli et al. 2001, Pfister and Stevens 2003, Shima

and Osenberg 2003, Helms and Hunter 2005, Donahue

2006). Here, we refer to the combined effects of local

abiotic processes (e.g., nutrient loading or soil traits) and

interspecific interactions (e.g., competition and preda-

tion), but not conspecific interactions, on a focal species

as ‘‘site quality.’’ This definition is similar to ‘‘habitat

quality’’ of Muller et al. (1997), but it more explicitly

emphasizes the local nature of the effect. Spatial and

temporal variation in site quality is a common feature of

many ecological systems (Carr 1994, Ostfeld et al. 1997,

Franklin et al. 2000) and can influence a variety of

demographic rates (e.g., growth [Steele and Forrester

2002, Srinivasan 2003], survival [Caley et al. 2001], and

migration [Jonsen et al. 2001, Cronin 2003]). The overall

performance (e.g., fitness, per capita survival, popula-

tion growth rate, individual size or condition) of

individuals at a particular site will depend on the local

site quality, the intrinsic quality of individuals (e.g., due

to traits such as size and condition of individuals that

populate a site), and local conspecific density. Impor-

tantly, site quality, individual quality, and local density

can covary with one another (e.g., Pettorelli et al. 2001)

such that the effects of site quality may be masked by

density-dependent effects (Shima and Osenberg 2003) or

heterogeneity in individual quality (Shima et al. 2006;

see also Donahue 2006, Stamps 2006). Thus, the pattern

of covariance among these factors will greatly affect our

assessment of site quality and its heterogeneity in space

and time.

Understanding the drivers and consequences of site

quality for a given system has important implications for
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metapopulation dynamics, conservation, resource man-

agement, and restoration (e.g., Franklin et al. 2000,
Battin 2004, Schumaker et al. 2004, Donahue 2006).

Yet, assessing site quality for many systems remains
problematic. For example, (1) environmental features

related to site quality may not be immediately apparent
to scientists (Wilson and Osenberg 2002, Stachowicz and
Byrnes 2006); (2) multiple factors that drive heteroge-

neity in site quality may not be independent of one
another (Phillips 2005); (3) different demographic rates

may respond differently to environmental factors and
may give different rankings of site quality; and (4)

measurement of site quality must be made independently
of variation in the density of conspecifics (e.g., if high

quality sites contain more individuals and density
dependence occurs, then these sites may not appear to

be better than lower quality sites [e.g., Shima and
Osenberg 2003]). Consequently, understanding the

causes and effects of variation in site quality may
require a more sophisticated approach than simply

quantifying observed variation in vital rates (Van Horne
1983, Battin 2004). The challenge then is to describe

performance in relation to all three variables (site
quality, individual quality, and local density), or at
least, remove the effects of two variables while

quantifying the effects of the third.
Here, we take a phenomenological approach to the

problem of assessing site quality. Using juvenile stages
of a coral reef fish as a model system, we control for

variation in individual quality and density and compare
survival across a wide range of environments to quantify

heterogeneity in site quality. We define a set of
environmental features that appear to be correlated

with site quality and then manipulate those features in a
controlled field experiment to assess their effects on

multiple demographic rates and other putative sources
of site quality. Our work explicitly examines patterns of

covariance between components of quality and how this
covariance structure can confound observational assess-

ments of site quality. In particular, our previous
observations led to a hypothesis (which we term ‘‘cryptic

density dependence’’) which predicted that high-quality
reefs (due either to variation in site or individual quality)
receive more settlers, but because survival is density

dependent, quality masks the deleterious effects of
density (Shima and Osenberg 2003). Our current study

was designed to test components of this hypothesis and
evaluate whether site quality alone (vs. individual

quality) could account for the observed patterns of
cryptic density dependence.

METHODS

Study system

All field work was conducted on small patch reefs
within the shallow lagoons surrounding the island of
Moorea, French Polynesia (178300 S, 1498500 W). Reefs

selected for this study were isolated from one another by
expanses of sand or coral pavement, ranged in size from

5.5 to 28.6 m2, and were heterogeneous in substrate

composition to maximize variation in site quality (e.g.,

reefs were composed of variable proportions of live coral

[predominately Porites lobata and/or P. rus, often

surmounted by smaller colonies of fine branching corals,

e.g., Pocillopora sp.] dead coral patches, and/or algae

[e.g., turfs associated with the territorial damselfish

Stegastes nigricans or macroalgae such as Turbinaria

sp.]).

We quantified habitat attributes by visually estimating

percent cover of substrate categories (e.g., coral/macro-

algae species, dead coral substrate, turf, and so forth; our

visual estimates are highly concordant with fixed-point

contact methods for quantifying cover; J. S. Shima and

C W. Osenberg, unpublished data; see also Dethier et al.

1993). The surface area of each site, and of all

fine-branching coral colonies (e.g., Pocillopora spp.,

Acropora spp.) within each site, were estimated from an

ellipsoid formula, using measurements of maximum

length, maximum perpendicular width, and height. We

recorded the depth of each site as the distance from the

water surface to the base of each patch reef. We estimated

an index of isolation for each site as the proportion of a

2-m ‘‘halo’’ around each reef that was occupied by

adjacent upright reef (as opposed to sand or pavement).

Estimating variation in site quality

We explored variation in site quality and its effects on

demographic rates of the six-bar wrasse, Thalassoma

hardwicke. Like many reef fishes, six-bar wrasse produce

offspring that complete a period of larval development

in an offshore pelagic environment before settling back

to reefs. Consequently, young six-bar wrasse that settle

to patch reefs can vary in their individual quality (e.g.,

size, age, or energy stores) as a result of variation in their

larval and/or parental history (Shima et al. 2006; see also

McCormick and Molony 1995, McCormick 2006). The

number of larval six-bar wrasse that settle to a site is

variable in space and time (Shima 1999, 2001a). Thus,

there is likely considerable spatial variation in local

density, site quality, and individual quality. Therefore,

quantification of site quality must be accomplished after

removing possible effects of local density and individual

quality.

Assays of site quality.—To estimate variation in site

quality independent of individual quality and density,

we conducted a pair of assays that followed survivorship

of standardized additions of young six-bar wrasse across

sites that differed in their substrate composition. For

each assay, we collected recently settled fish (using clove

oil and hand nets; all fish were ,24 mm standard length

[SL]) from reefs outside of our study area and randomly

assigned individuals to groups of a fixed number and

similar size structure. Immediately prior to transplanta-

tion of cohorts back to focal reefs, reefs were cleared of

all six-bar wrasse ,30 mm SL to facilitate identification

of our untagged fish and eliminate effects of intraspecific

competition from similar sized conspecifics. All other
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fish were left undisturbed (i.e., other resident fish may

contribute to site quality). Using this approach, we

assume that random assignment of individuals to our

constructed groups, followed by random assignment of

groups to focal reefs, removes any prior covariance

between individual quality and site quality.

For the first assay, nine six-bar wrasse were added to

each of 16 reefs and daily surveys of six-bar wrasse

abundance and size structure over the next six days were

used to estimate mean survival times (based upon timing

of losses of individuals of known size). On the final day of

the first assay, reefs were cleared of surviving six-bar

wrasse and a second assay was then initiated on the same

day. For the second assay, 10 six-bar wrasse were

transplanted to the same 16 reefs. Unlike the first assay,

initial losses of six-bar wrasse were replaced with

similarly-sized individuals at ;12 h and ;24 h after

initial transplantation, to compensate for losses poten-

tially attributable to handling effects. By ;24 h following

initial transplantation, all reefs had 10 focal six-bar

wrasse. Surveys to estimate survival times of focal

individuals were initiated ;36 h after initial transplan-

tation for the second assay, and these continued at a

daily frequency for 10 d, and at a 2-d frequency for an

additional week. For both assays, abundance and

identity of potential competitors (e.g., other labrids and

scarids) and potential predators were also recorded (after

Shima and Osenberg 2003). Concurrent monitoring of

similar nonfocal reefs within each of our two spatial

blocks (i.e., where six-bar wrasse ,30 mm total length

[TL] were removed but no new fish added) suggested that

natural settlement was minimal or absent during the time

period of our assays (i.e., estimates of survival times of

focal assay fish were unlikely to have been confounded

by natural settlement). We implemented two different

approaches to stocking reefs (i.e., with and without

replacement) to generate complimentary information

(i.e., to test for an interaction between handling artifacts

and site quality) and to ensure that estimates of site

quality were robust to variation in methods.

Survival analysis.—We used survival analysis (PROC

LIFEREG, SAS v. 9.1) with a Weibull distribution to

explore patterns of variation in survival times of

transplanted six-bar wrasse among reefs and between

assays (our full model included an interaction term for

reef and assay). Additionally, the LIFEREG procedure

of SAS generated parameter estimates for each reef 3

assay combination, and we converted the parameter

estimates to ‘‘mean survival times’’ for each reef in each

assay by taking the product of the exponentiated

intercept parameter, I, and the factorial of the SAS

‘‘scale parameter,’’ s (i.e., mean survival time ¼ s!e(I )).

We interpreted ‘‘mean survival time’’ in these assays as

direct estimates of site quality for juvenile six-bar wrasse

because assays were conducted at a common density

using a random sample of individuals (hence avoiding

confounded effects of local density and individual

quality). We evaluated consistency of variation in site

quality (i.e., between the two assays), by examining the

main effect of reef in the statistical model and by

calculating the correlation between mean survival times

(log-transformed to improve normality) for each reef

during the two surveys (extracted from the parameter

estimates from the full model).

Environmental correlates with site quality

Our assays estimated site quality among 16 reefs that

varied in habitat attributes (e.g., reef size, isolation,

depth, substrate composition, refuge availability) and

fish assemblages (e.g., potential competitors, predators).

We used exploratory analyses (using PROC GLM, SAS

v. 9.1) to identify potential environmental correlates

with our estimates of site quality. Our exploratory

models incorporated all combinations of (1) spatial

block effects, (2) habitat attributes (as single variables

and as PCA-derived composite variables), and (3) fish

assemblage attributes (time-averaged across period of

each assay and included as single variables, functional

group aggregates, and as PCA-derived composite

variables). These analyses suggested that the two most

important variables were (1) time-averaged densities of

the arc-eye hawkfish, Paracirrhites arcatus (a confirmed

predator of young six-bar wrasse, J. S. Shima and C. W.

Osenberg, unpublished data) and (2) area of the fine-

branching coral Pocillopora sp. (a probable refuge from

predation). Consequently, we focused on these two

parameters and used a general linear model to examine

the effects of hawkfish density, Pocillopora area, and

their interaction on site quality.

Experimental manipulation of site quality

Because our exploratory analyses suggested that

Pocillopora cover was an important determinant of site

quality, we designed a field experiment to test (and

estimate) the effects of Pocillopora on (1) natural

settlement of young six-bar wrasse, (2) survival of

naturally settling six-bar wrasse (i.e., the combined

effects of site quality, individual quality, and density

dependence), (3) mean survival time of fish transplanted

at a common density (to isolate the effect of site quality

from wrasse density and individual quality), and (4)

abundance of arc-eye hawkfish (a predator that also uses

Pocillopora and may influence its effects).

We used 64 isolated patch reefs (i.e., sites) distributed

evenly among four spatial blocks. Within each spatial

block, sites were randomly assigned to one of two

treatments (‘‘Pocillopora addition’’ or a ‘‘control’’).

Overall, 32 reefs (eight per block) received five trans-

planted Pocillopora heads, while 32 control reefs (eight

per block) received similar disturbance from divers

without the addition of Pocillopora. We collected

colonies of Pocillopora sp. (each colony measuring

;15 cm diameter) from the shallow fore-reef slope

(where Pocillopora is naturally abundant) and trans-

planted them to our ‘‘Pocillopora addition’’ reefs using

Z-Spar Splash Zone epoxy (Carboline, St. Louis,

JEFFREY S. SHIMA ET AL.88 Ecology, Vol. 89, No. 1



Missouri, USA) during December 2004. Pocillopora

colonies responded well to transplantation, with .90%

of transplanted colonies surviving in good condition

(i.e., with .75% of individual colony alive and

unbleached) for the duration of the experiment.

Patterns of natural settlement, predator attraction

and juvenile accumulation

Visual censuses of all sites, at ;4–5 d intervals from

January to June 2005, were done to quantify patterns of

six-bar wrasse settlement, densities of surviving six-bar

wrasse juveniles (i.e., recruits) and densities of arc-eye

hawkfish. New settlers were visually identified on the

basis of size and color pattern (see Shima 1999,

2001a, b). Densities of surviving juveniles for each site

were estimated as the time-averaged counts of individ-

uals measuring 15–30 mm SL, standardized by reef

surface area. Hawkfish densities were estimated as the

time-averaged counts standardized by reef area. Densi-

ties were averaged over the last four censuses for two of

our spatial blocks (where wrasses were cleared on the

last two censuses as part of our site quality assay) and

for the last six censuses for the remaining two blocks.

Effects of Pocillopora additions on natural settlement

and juvenile six-bar wrasse density were evaluated

separately using an ANCOVA that included effects of

treatment (Pocillopora addition vs. control), spatial

block (four regions), hawkfish density (the covariate),

and all possible interaction terms. Effects of Pocillopora

additions on hawkfish densities were similarly analyzed,

but without the covariate. The full models were

simplified by sequentially removing nonsignificant

terms. Dependent variables comprised of density esti-

mates (derived from count data) were square-root

transformed to improve normality.

Assays of site quality.—In early June 2005, we cleared

resident six-bar wrasse ,30 mm TL from all ‘‘Pocillo-

pora addition’’ and ‘‘control’’ sites within two of our

spatial blocks. We then transplanted standardized

groups (i.e., collections of individuals randomly assigned

to groups in a predetermined size structure) of six young

six-bar wrasse (14–19 mm SL) to sites and monitored

survivorship, as in the site quality assays described

above. Survival analysis was used to generate site-

specific ‘‘mean survival times.’’ Log-transformed mean

survival times were evaluated initially in a full general

linear model with main effects of treatment and spatial

block, a covariate (hawkfish density, time-averaged over

duration of the assay), and all possible interaction terms.

Nonsignificant interaction terms were removed sequen-

tially to construct a reduced model.

Covariance between settlement and site quality:

a test of cryptic density dependence

The ‘‘cryptic density dependence’’ hypothesis (CDD

[Wilson and Osenberg 2002, Shima and Osenberg 2003;

see also Fretwell and Lucas 1970]) predicts that fish

should colonize (settle to) sites in proportion to site

quality and that this covariance in settlement intensity

and site quality will obscure patterns of density-
dependent mortality when assessed across sites. To

evaluate this hypothesis, and evaluate if variation in site
quality (vs. individual quality) was responsible for

observed patterns of CDD, we examined correlations
between observed natural settlement (recorded in visual
censuses conducted at ;4–5 d intervals between January

and April 2005) vs. a reef-specific estimate of site quality
(i.e., log-transformed mean survival times) derived from

(1) the natural gradient based on two quality assays
using 16 reefs (two spatial blocks) and (2) the

experimental gradient (Pocillopora addition) based on
one quality assay using 32 reefs (four spatial blocks). We

combined the two reef-specific estimates of site quality
from the natural gradient using a principal components

analysis (i.e., we used the first principal component score
for each reef as the aggregate measure of site quality).

We then used ANCOVA to evaluate variation in
cumulative settlement as a function of (1) our estimate

of site quality, (2) spatiotemporal block effects (six
blocks, two from the natural gradient and four from the

experimental gradient), and (3) the interaction term.
CDD predicts a positive correlation between settlement
and site quality, and our ANCOVA model evaluated

this prediction for each set of sites in a single analysis.
We used ANCOVA to evaluate the correlation

between the log-transformed mean survival time of
naturally settling fish and site quality (estimated from

assays using a fixed density of fish). CDD predicts no
correlation between natural survival time and site

quality because ‘‘quality’’ estimated from naturally
settling fish is confounded by density-dependent mor-

tality: i.e., if higher quality sites receive proportionately
more settlers, then their overall survival will be the same

as observed on low-quality reefs (but with few setters).
Our ANCOVA model evaluated this prediction for each

set of sites in a single analysis. Nonsignificant interaction
terms were removed from analyses.

RESULTS

Consistent variation in site quality

Survival of transplanted young six-bar wrasse varied

significantly among sites and between the two assays
(survival analysis; site, Wald v2 ¼ 49.27, P , 0.0001;

assay, Wald v2¼32.33, P , 0.0001; interaction, Wald v2

¼ 15.23, P¼ 0.43). Survival times, overall, were elevated

in the second assay. The absence of a significant
interaction between ‘‘site’’ and ‘‘assay’’ and the presence

of a significant ‘‘site’’ effect indicates that the pattern of
variation in quality among reefs was consistent through

time. This temporal concordance in site quality can be
visualized as the positive correlation in site quality

between the two assays (Fig. 1).

Environmental correlates with site quality

Our analyses suggest an important interaction be-
tween Pocillopora area and hawkfish density (interac-
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tion, F1,28 ¼ 12.01, P ¼ 0.0017; main effect Pocillopora,

F1,28¼11.83, P¼0.0018; main effect of hawkfish, F1,28¼
1.10, P ¼ 0.30). For sites where hawkfish were rare or

absent, increasing Pocillopora area greatly improved site

quality (Fig. 2), but in sites with hawkfish, there was no

demonstrable effect of Pocillipora, suggesting that the

predator precluded the use of this habitat.

Effects of Pocillopora additions on settlement, survival,

predator density, and site quality

Adding Pocillopora to reefs increased settlement of
six-bar wrasse (Fig. 3A; controlling for significant

variation among blocks, F3,59¼ 9.11, P , 0.0001; main
effect of treatment, F1,59¼ 4.75, P¼ 0.033). Pocillopora

additions also increased densities of hawkfish (Fig. 3B;
controlling for significant variation among blocks, F3,59

¼ 28.10, P , 0.0001; main effect of treatment, F1,59 ¼
10.69, P ¼ 0.018) and juvenile six-bar wrasse (Fig. 3C;

block effect F3,59¼ 5.13, P¼ 0.0032; main effect F1,59¼
5.13, P ¼ 0.027). The survival assay using a standard

density, size structure, and quality of six-bar wrasse
demonstrated that Pocillopora increased site quality

(Fig. 3D; F1,30 ¼ 12.66, P ¼ 0.0013).

Covariance between settlement and site quality:
a test of cryptic density dependence

Natural settlement was positively correlated with site

quality (ANCOVA, F1,42 ¼ 7.38, P ¼ 0.0095; when
controlling for blocks, F3,42 ¼ 6.25, P ¼ 0.0012;

nonsignificant interaction term removed). In contrast,
survival of naturally settling six-bar wrasse was not

significantly correlated with site quality (ANCOVA,
F1,27¼ 0.19, P¼ 0.66, when controlling for blocks, F3,27

FIG. 1. Covariation in survival times of juvenile six-bar
wrasse, Thalassoma hardwicke, randomly allocated and trans-
planted in standardized densities and size structures to a set of
16 sites at two different times (‘‘Trial 1’’ and ‘‘Trial 2’’).
Concordance between these two assays shows temporal
consistency in site quality (i.e., survival at a common density
of fish). The fitted line is the principal axis (y¼ 0.886þ 0.363x).
Note the log scales on the axes.

FIG. 2. Mean survival times of juvenile Thalassoma hardwicke in relation to (1) surface area of the branching coral Pocillopora
sp. (a refuge) and (2) local density of hawkfish, Paracirrhites arcatus (a predator). In the absence of hawkfish, T. hardwicke survival
increased with Pocillopora cover, but this effect was absent (or reduced) in the presence of hawkfish, suggesting that hawkfish
preclude access of T. hardwicke to this microhabitat. Actual data are given (solid circles) along with the fitted response surface
(generated from back-transformed GLM [general linear model] parameter estimates).
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¼ 1.21, P ¼ 0.32; nonsignificant interaction term

removed). Thus, natural settlement compensated for

variation in site quality, leading to no demonstrable

relationship between survival and site quality when

assessed using ambient (vs. fixed) settler density. These

patterns are consistent with the predictions of cryptic

density dependence (Wilson and Osenberg 2002, Shima

and Osenberg 2003).

DISCUSSION

Heterogeneity in site quality can affect a suite of

ecological processes, such as population dynamics, life

history evolution, and habitat selection (VanHorne 1983,

Pulliam 1988, Donahue 2006, Stamps 2006). Heteroge-

neity in site quality is particularly critical in applied

contexts, where source and sink habitats need to be

clearly distinguished, for example, in the siting of reserves

or selection of sites for habitat restoration (Lipcius et al.

1997, Crowder et al. 2000, Cabeza 2003). Though

heterogeneity in site quality is a relatively straightforward

concept, assessments of this variation can be surprisingly

challenging. Rapid assessments often use estimates of

abundance (or density) of a focal species as surrogates for

site quality (e.g., ‘‘indicator species’’) despite well-known

problems with this approach (reviewed in Van Horne

1983). Even more sophisticated assessments of site

quality that incorporate animal preference patterns or

more direct estimates of demographic rates can be

problematic (e.g., Battin 2004) because animal prefer-

ences are not always optimized and because different

demographic rates and age classes may vary in their

responses to site quality. This issue is especially challeng-

ing when sites vary in density of a focal organism and

density dependence affects organismal performance

beyond the baseline effects of habitat per se. In these

situations, density can mask (or exacerbate) underlying

gradients of site quality, depending on the correlation

between density and quality (Wilson andOsenberg 2002).

For T. hardwicke, the covariance between settlement

intensity and site quality approximates an ideal free

distribution (sensu Fretwell and Lucas 1970; see also

Osenberg et al. 2006). Post-settlement survival of six-bar

wrasse is density dependent (Shima 1999, 2001b, 2002),

the strength of density dependence (site quality) varies

among sites (Shima and Osenberg 2003), and settlement

is greater to sites with weaker density dependence. As a

result, density dependence is difficult to detect without

an experimental manipulation. We call this phenomenon

cryptic density dependence (Shima and Osenberg 2003),

and it gives rise to relatively equal survival across sites

that vary in settler density and site quality (Wilson and

Osenberg 2002). Similar phenomena have been de-

scribed more recently for other reef fishes (e.g.,

Holbrook and Schmitt 2003, Forrester and Steele

2004, Overholtzer-McLeod 2004, Schmitt and Holbrook

2007), salmonids (Achord et al. 2003), crabs (Donahue

2006), and aphids (Helms and Hunter 2005). Stamps

(2006) proposed a conceptual model to account for

covariance between individual quality and site quality

and describes some implications of these patterns that

underlie cryptic density dependence. We note that such

patterns have long influenced studies of birds (e.g.,

FIG. 3. Effects of experimental additions of Pocillopora on
(A) density of new settlers of T. hardiwicke, (B) hawkfish
densities, (C) density of juvenile T. hardwicke accumulated over
a settlement season, and (D) site quality, as estimated by the
mean survival time of juvenile T. hardwicke that were
transplanted to reefs at a common abundance and size
structure. Presentations in panels (A)–(C) give back-trans-
formed, least-square means with 95% CI, following adjustment
for block effects. Panel (D) gives survival time (mean with 95%
CI) estimated from survival analysis; block effects were not
significant in this analysis. In each panel, the P value of the
main effect of treatment is given.
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Fretwell and Lucas 1970), although these observations

have more typically been interpreted in the context of

fitness-maximizing strategies (perhaps because more

direct estimates of fitness are obtainable for nesting

birds). Given the growing number of reports of related

phenomena, we expect that cryptic density dependence is

likely a common feature of many ecological systems.

A consequence of cryptic density dependence is that

heterogeneity in site quality itself may be cryptic:

covariance between the strength of density dependence

and ambient densities will give the false appearance that

all sites are roughly equivalent in their ability to support

(in this case) fish populations, for example, if ambient

survival is used to assess site quality. As a result, the

only way to reveal the underlying differences among

sites in quality is to compare performance (e.g., survival)

of individuals at a common density: i.e., experimental

assays are required to decouple the opposing effects of

density and site quality.

In our system, two factors play primary roles in

determining site quality for the six-bar wrasse: (1) the

density of predatory hawkfish, which decreases site

quality and (2) the availability of a refuge (the fine-

branching coral, Pocillopora), which increases site

quality. What is particularly interesting about these

two features is that they are correlated: hawkfish use the

same habitat as its prey (T. hardwicke), and thus a

potential refuge for T. hardwicke also harbors a possible

predator (Fig. 4). This joint use of a common habitat

may be a general feature of many predator–prey systems

(Murdoch 1994, Hixon and Carr 1997, Gotelli and

Ellison 2006). Perhaps because of this joint use of a

refuge habitat by predator and prey, hawkfish and

Pocillopora have a complex interactive effect on site

quality (Fig. 2). In the absence of Pocillopora, hawkfish

have little, if any, effect on site quality (i.e., survival

time): site quality is uniformly poor in the absence of a

refuge. However, with relatively high cover of Pocillo-

pora, hawkfish play an important role: in their absence,

site quality is extremely high, but when present, hawk-

fish reduce quality to levels as poor as observed in the

absence of Pocillopora.

These reef systems contain diverse suites of predators,

of which hawkfish are only one. Thus, we suggest that

this strong interaction between the effects of Pocillopora

and hawkfish arises because hawkfish may increase the

vulnerability of six-bar wrasse to other predators within

the system (typically these are larger species that do not

shelter within Pocillopora). A similar mechanism of risk-

enhancement has been described for other multiple-

predator systems (e.g., Sih et al. 1998, Vonesh and

Osenberg 2003). Hawkfish routinely perch atop colonies

of Pocillopora and behave as ambush predators.

Although they are capable of eating small fishes (we

have observed attacks on T. hardwicke), it is possible

that hawkfish themselves impose relatively little direct

mortality on T. hardwicke (a conjecture supported by

our casual observations). However, hawkfish may

exacerbate the effects of other predators, especially in

the presence of a microhabitat that could otherwise be

used as a refuge from these predators but is instead

occupied by hawkfish. Similar synergistic effects of

ambush and mobile predators have been observed in

other reef systems (e.g., Hixon and Carr 1997).

Experimental additions of Pocillopora not only

increased site quality as assessed by post-settlement

survival (at a fixed density), but they also increased

settlement of six-bar wrasse. Although the mechanism is

unclear, six-bar wrasse preferentially settled to sites of

higher quality. Related work (Lecchini et al. 2007)

suggests that young six-bar wrasse have the sensory

capabilities to discriminate among habitat features and

disproportionately choose Pocillopora over other sub-

strates shortly after settlement. They also may be

attracted to sites with more conspecifics. Of course, this

higher settlement is, in part, what masks variation in site

quality.

Because we randomly assigned fish to sites, our assays

allowed us to isolate effects of ‘‘site quality’’ from

heterogeneity in ‘‘individual quality’’ (i.e., where some

sites are simply occupied by ‘‘better’’ individuals), two

features that might be correlated in many systems (e.g.,

Pettorelli et al. 2001, Reitzel and Chockley 2005;

reviewed in Stamps 2006). Thus, we know that habitat

features extrinsic to the fish themselves (e.g., Pocillo-

pora) play an important role in spatial variation in site

quality. These results, however, do not preclude a role

FIG. 4. Transplanted colony of branching coral Pocillopora
sp. patrolled by the predatory hawkfish Paracirrhites arcatus.
Photo credit: J. Shima.
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for spatial variation in individual quality under ambient

conditions. Indeed, our previous work (Shima et al.

2006) suggests that sites with high cover of Pocillopora

(i.e., high quality sites) also harbor fish with greater

proportional energetic content and faster larval growth.

It is likely that both ‘‘site quality’’ and ‘‘individual

quality’’ contribute to recruitment success of six-bar

wrasses on patch reefs within this system. Furthermore,

these factors probably positively covary, leading to

stronger spatial patterns than might otherwise be

expected (Stamps 2006).

Overall, we suggest that ‘‘cryptic site quality’’ may be

a common phenomenon of many ecological systems and

that underlying variation in site quality can be revealed

only by assays that remove the confounding effects of

density and/or individual quality. These cryptic effects,

and the absence of a more mechanistic understanding of

site quality, can result in surprising and possibly adverse

consequences for natural resource management, conser-

vation, and ecological restoration. Using assays to assess

quality from the point of view of the focal organism is a

useful, and perhaps underused approach, particularly

when no simple relationships between environmental

features and site quality can be presumed.
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