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Abstract: Procedures for impact assessment, including “beyond-BACI” (before–after control–impact) and proportional
differences (ratios between impact and control treatments) were used to test population replenishment of marine inver-
tebrates at a marine conservation area (MCA) and three fished (control) areas in the Solomon Islands of the southwest-
ern tropical Pacific. Within shallow reef terrace habitat, the MCA caused abundance and size of the topshell Trochus
niloticus to increase but did not affect holothurians (sea cucumbers) or the giant clam Tridacna maxima. Abundance of
the nonexploited topshell Tectus pyramis was unchanged at the MCA but increased at the controls, possibly because of
changes in abundance of T. niloticus. Within deep slope habitat, the MCA caused increased abundance of the sea cu-
cumber Holothuria fuscogilva and prevented possible declines in abundances of Thelanota anax and all holothurians
combined but had no effect on abundances of Holothuria atra or Holothuria fuscopunctata. Power analysis comparing
the MCA with controls indicated that further, relatively modest increases in abundance or size of some species would
have a good chance of being detected statistically. The beyond-BACI procedure holds promise for enabling rigorous
evaluation of marine reserves as management tools at different spatial scales; the use of proportional differences is sim-
pler but has limited management value.

Résumé : Des procédures d’évaluation des impacts, dont l’au-delà du BACI (« beyond-BACI »; avant–après témoin–
impact) et des différences proportionnelles (rapports entre les conditions d’impact et les conditions témoins) nous ont
servi à vérifier le renflouage des populations d’invertébrés marins dans une zone de conservation marine (MCA) et
trois régions soumises à la pêche (témoins) dans les îles Salomon, sud-ouest du Pacifique tropical. Dans les habitats de
récifs en terrasse de faible profondeur, la MCA cause un accroissement de l’abondance et de la taille du trocha, Tro-
chus niloticus, mais n’affecte pas les holothuries (concombres de mer) ou la moule géante, Tridacna maxima.
L’abondance du troca blanc, Tectus pyramis, non exploité reste inchangée dans les MCA, mais augmente dans les
zones témoins, peut-être à cause des changements d’abondance de T. niloticus. Dans les habitats de pente profonds, la
MCA a accru l’abondance du concombre de mer Holothuria fuscogilva, a empêché les déclins potentiels d’abondance
de Thelanota anax et de toutes les holothuries combinées, mais est restée sans effet sur les abondances d’Holothuria
atra ou d’Holothuria fuscopunctata. Une analyse de puissance qui compare la MCA aux zones témoins indique que
des accroissements futurs relativement modestes d’abondance ou de taille de certaines espèces auraient de bonnes
chances d’être détectées statistiquement. La méthode d’au-delà du BACI est prometteuse comme outil de gestion pour
l’évaluation rigoureuse des réserves marines à différentes échelles spatiales; l’utilisation des différences proportionnelles
est plus simple, mais elle possède une valeur limitée pour la gestion.

[Traduit par la Rédaction] Lincoln-Smith et al. 1266

Introduction

Marine reserves have been advocated as a tool for manag-
ing fisheries resources (Roberts and Polunin 1993; Tegner
1993; Bohnsack 1998), particularly in tropical regions where

conventional fisheries management theory and practice have
been generally unsuccessful in sustaining complex,
multispecies reef fisheries (Roberts and Polunin 1993). The
potential benefits claimed for reserves include increases in
abundance and size of individuals, increased diversity of
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species, and emigration of juveniles and adults or export of
propagules to areas outside the reserve (Roberts and Polunin
1991; Dugan and Davis 1993; Bohnsack 1998). Although
there are strong theoretical arguments in support of these
benefits, data from field experiments have often been equiv-
ocal (Russ 2002; Willis et al. 2003; Sale et al. 2005; but see
McClanahan and Arthur 2001). There is a pressing need to
test the effectiveness of marine reserves for managing fish-
eries because the economic, social, and cultural costs associ-
ated with establishing and managing reserves can be
considerable (Bergin 1993; Parrish 1999; Hilborn et al.
2004). Sound assessments will empower managers to decide
whether marine reserves are the best way to use the often
limited resources available to them for regulating fishing. A
caveat here is that even where marine reserves are deemed
to be an appropriate tool, they will be effective only if there
is minimal illegal harvesting within the reserve. This re-
quires the co-operation of local communities, especially in
situations where organized enforcement of reserves is scarce
or lacking.

An evaluation of a marine reserve requires separation of
the effects of the reserve from natural spatial and temporal
heterogeneity (Garcia-Charton and Perez-Ruzafa 1999). Spe-
cifically, increases in abundance or size of target species of
interest within the reserve from before to after establishment
of the reserve must exceed natural temporal fluctuations out-
side the reserve where harvest is occurring. Also, differences
between the reserve and control (fished) areas must exceed
natural variation among control areas. This requires sam-
pling within the reserve, and at multiple control areas, sev-
eral times before and after establishment of the reserve. This
approach is known as a “beyond-BACI” (before–after
control–impact) sampling design and was developed to as-
sess environmental impacts when the affected location was
unreplicated (Underwood 1993). With few exceptions (e.g.,
Edgar and Barrett 1997; Schroeter et al. 2001), sampling
protocols for impact assessment have rarely been applied to
assessments of marine reserves, although their use has been
advocated (Carr and Reed 1993; Lincoln-Smith et al. 1997;
Russ 2002).

The development of methods for measuring environmental
impacts has been active since the 1970s. Eberhardt (1976)
noted that essential inferences in modern experimental de-
sign rely on random assignment of experimental “treat-
ments” and “controls”, but many environmental impacts
occur at a specific single location, and therefore, the impact
treatment cannot be selected at random from an assortment
of possible locations. Most studies of environmental impact
are limited to one impacted area. Moreover, although one or
more control areas may be available, randomization gener-
ally applies only to subsampling (Eberhardt 1976; Stewart-
Oaten and Bence 2001). Beyond-BACI assumes that the lo-
cation of a putative impact is selected randomly in terms of
environmental indicators. That is not to say that social, eco-
nomic, or logistical reasons for selecting that location are
also random. In fact, they generally are not. This distinction
has lead, in part, to debate regarding the suitability of
beyond-BACI (Stewart-Oaten and Bence 2001; but see
Keough and Mapstone 1997). Despite this debate, beyond-
BACI has been applied in impact studies (e.g., Roberts et al.
1998). One alternative approach advocated has been to com-

pare the difference (“delta” values) between impact and con-
trol locations as time series before and after the onset of the
impact using a t test, which also facilitates simple calcula-
tion of statistical power (Schroeter et al. 1993; Osenberg et
al. 1994).

The 83 km2 Arnavon Islands Marine Conservation Area
(MCA) was established in the Solomon Islands in 1995.
Apart from Conservation Officers, no one lives on the
Arnavon Islands. The islands were accessed before closure
by boats from neighbouring villages. Three aspects of the
Arnavon Islands MCA enabled testing of some of the antici-
pated benefits of marine reserves. First, surveys could be
done at several spatial scales in the MCA and at several con-
trol locations before and after declaration of the MCA. Sec-
ond, several species of invertebrates were harvested heavily
throughout the Solomon Islands (Richards et al. 1994).
Third, the MCA was established with the support of local
communities.

The MCA was also suitable for applying the beyond-
BACI design. Habitats and initial observations of species
were similar to those in many other places within the general
area. Thus, although selection of the MCA was not random
for social reasons, it was reasonable to assume randomness
for the performance indicators selected (i.e., abundance and
size of commercially exploited invertebrates). Moreover, the
ubiquitous nature of the habitat within the vicinity of the
MCA provided ample opportunity to select control areas.
Finally, there was time available (albeit limited) to do base-
line surveys before the declaration of the reserve.

The major objective of this study was to test the hypothe-
sis that the number and size of commercially exploited in-
vertebrates would increase at the Arnavon Islands relative to
fished areas nearby after establishment of the MCA. The hy-
pothesis regarding increases in sizes was based on the as-
sumption that fishers had previously targeted, or collected
with greater efficiency, large individuals, although lower and
upper size limits of 7 and 11 cm applied to one species, Tro-
chus niloticus.

Materials and methods

Estimating changes in abundance
Invertebrates were sampled at four island groups

(Arnavon, Waghena, Ysabel, and Suavanao; Fig. 1). The
MCA was established at the Arnavon Islands in August 1995
and the remaining groups were controls. The number of con-
trol groups and sampling procedures were determined by pi-
lot studies (Lincoln-Smith et al. 1997). Two islands were
sampled in each group, and at each island, four sites were
sampled within each of two habitats: shallow reef terrace
habitat (depth range 0.5–3.5 m) and deeper sand and rubble
slope habitat (15–22 m). Sites encompassed 5–10 ha and the
same sites were sampled each time. Sites were selected in
consultation with the local community and included only if
the community had previously harvested target species there.
Two habitats were sampled because trochus and giant clams
were generally restricted to shallow reef terrace habitat, but
several species of holothurians were more abundant in either
of the two habitats. Invertebrates were counted by divers
within six 50 m transects randomized within each site during
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each survey. Transects were 2 m and 5 m wide in the terrace
and slope habitats, respectively.

The MCA was declared in August 1995. Time was made
available by local communities for us to do three surveys
before and three surveys after closure: January–February,
April–May, and July–August 1995 (before); and September
1998, January–February 1999, and April 1999 (after).

Analysis of abundance data using beyond-BACI
Variation in abundance was examined using five-factor

beyond-BACI analyses of variance (ANOVA) (Underwood
1992, 1993). The model statement for the design is

Xijklmn = µ + Bi + T(B)i(j) + Gk + I(G)l(k)

+ S(I(G))m(l(k)) + BGik + BI(G)il(k)

+ BS(I(G))im(l(k)) + T(B)Gi(j)k

+ T(B)I(G)i(j)l(k) + T(B)S(I(G))i(j)m(l(k))

+ εn(mijkl)

where Xijklmn is the value of any one datum made up of the
overall mean (µ), residual (unexplained) variance (εn(mijkl)),
and contributions of the five factors and their statistical
interactions: (i) before vs. after (B); (ii) times (T(B)), which
were nested within before vs. after and included the three

“before” and three “after” surveys; (iii) groups (G), which
included an asymmetrical comparison of the Arnavon group
with the three control groups; (iv) islands (I(G)), which were
nested within groups; and (v) sites (S(I(G))), which were
nested within islands and groups. Other terms in the model
were interactions. Before vs. after was a fixed factor. Times,
groups, islands, and sites were random factors. Groups were
treated as random because it was assumed that the habitats
in which the species were sampled were representative
subsamples of the region with no particular biases attribut-
able to particular groups. Thus, even though the selection of
the Arnavon Islands as a reserve was based largely on social
considerations, habitats in that group were no different a pri-
ori than the same habitats in the other groups. Data from the
two habitats were analysed separately because of the differ-
ent methods used to sample each habitat.

The spatial factors in the model were orthogonal with re-
spect to the temporal factors because the same groups, is-
lands, and sites were sampled at each time, but different
transects were sampled at each site at each time. The alter-
native of selecting new sites at random for each survey was
not available because not enough sites were present at the
MCA. In such cases, an alternative model would be to use
repeated measures analyses (e.g., Green 1993; Keough and
Mapstone 1997) with sites as the basic sampling unit, but
given the small size of transects compared with the area of
each site, the beyond-BACI approach was considered suit-
able.

Underwood (1992, 1993) described the mechanics of con-
ducting asymmetrical ANOVAs. The sequence of tests re-
quired to detect a change varies depending on the results of
initial tests. Two-tailed F tests were sometimes required,
subsequent to initial tests, because temporal variation oc-
curred at both the MCA and control areas after the establish-
ment of the MCA. An impact could be identified by using a
two-tailed test to compare the magnitude of variation within
the MCA and control areas before and after establishment of
the MCA (Underwood 1993). Similarly, if changes were
identified from before to after establishment at the MCA and
the controls, two-tailed tests were required to compare the
magnitude of changes between the MCA and control areas.
No tests were available for some factors, but tests were
sometimes created by eliminating interaction terms that were
nonsignificant at P ≥ 0.25 (Underwood 1997). Cochran’s C
tests were used to test the assumption of homogeneity of
variances, and data were transformed to ln(x + 1) where nec-
essary to satisfy the assumption of homoscedasticity. How-
ever, if transformation failed to stabilize variances, raw data
were analysed because ANOVA is robust to the assumption
of homogeneous variances, particularly when the sampling
design is balanced and has large numbers of replicates and
treatments (Underwood 1997), as was the case here. Some-
times α is reduced to 0.01 when analyzing heteroscedastic
data to control the probability of making a type I error be-
cause of heterogeneous variances. Reducing α, however, in-
creases the potential for type II errors (Mapstone 1995;
Underwood 1997). We retained α at 0.05, therefore, despite
the potential for elevated risk of committing a type I error
(i.e., concluding that the MCA had an effect when, in fact, it
did not) in preference to increasing the likelihood of errone-
ously concluding that the MCA had no effect, when it actu-
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Fig. 1. Location of (a) the Arnavon Islands Marine Conservation
Area in the Solomon Islands and (b) the three control locations,
Waghena, Ysabel and Suavanao.
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Sources of variation df MS F p F vs. Interpretation and implication for MCA

B 1 1.8368 Red.
T(B) 4 0.2144 Red.
G 3 6.7523 Red.
I(G) 4 1.2448 Red.
S(I(G)) 24 1.1638 Red.
B × G 3 4.5984

B × M vs. C 1 11.8067 19.1574 0.0119 B × I(G) Variation at the MCA group, relative to
controls, from before to after decla-
ration; MCA has caused a change in
numbers at the scale of groups

B × G(C) 2 0.9942 1.6132 0.3062 B × I(G) No variation among control groups
from before to after declaration

B × I(G) 4 0.6163 No test
B × I(M) 1 0.6806 No test
B × I(G(C)) 3 0.5949 No test

B × S(I(G)) 24 1.1117 2.9348 <0.0001 Residual
B × S(I(M)) 6 2.6528 7.0032 <0.0001 Residual Variation at MCA sites from before to

after declaration; MCA has caused a
change in numbers at the scale of
sites

B × S(I(G(C))) 18 0.5980 1.5787 0.0585 Residual No variation among control sites from
before to after declaration

T(B) × G 12 0.1866 0.3244 0.9728 T(B) × I(G) Eliminate term
T(B) × M vs. C 4

T(before) × M vs. C 2 0.3722
T(after) × M vs. C 2 0.0300 0.0426 0.9584 T(B) × I(G) No short-term temporal variation at

MCA after declaration; no short-term
effect detected at group scale

T(B) × G(C) 8
T(before) × G(C) 4 0.1620
T(after) × G(C) 4 0.1968 0.2795 0.8869 T(B) × I(G) No short-term temporal variation

among control groups after
declaration

T(B) × I(G) 16 0.7040 1.8585 0.0208 Residual
T(B) × I(M) 4

T(before) × I(M) 2 0.1945

T(after) × I(M) 2 3.5834 9.4599 <0.0001 Residual Short-term temporal variation among
MCA islands after declaration

T(after) × I(M) 2 18.4237 >0.10 T(before) ×
I(M), two-
tailed

Short-term temporal variation between
MCA islands, after declaration is
similar to short-term variation
between MCA islands before declara-
tion; no short-term effect detected at
island scale

T(B) × I(G(C)) 12
T(before) × I(G(C)) 6 0.4421
T(after) × I(G(C)) 6 0.1759 0.4644 0.8349 Residual No short-term temporal variation

among control islands after
declaration

T(B) × S(I(G)) 96 0.2775 0.7326 0.973 Residual Eliminate term
T(B) × S(I(M)) 24

T(before) × S(I(M)) 12 0.2639
T(after) × S(I(M)) 12 0.7222 1.9065 0.0301 Residual No short-term temporal variation

among MCA sites after declaration;
no short-term effect detected at site
scale

Table 1. Asymmetrical analysis of variance comparing abundance of Trochus niloticus between the Arnavon Islands and reference lo-
cations, before and after declaration of the marine conservation area at the Arnavon Islands (MCA).



ally did (i.e., a type II error) (Mapstone 1995). Post hoc
Student–Newman–Keuls (SNK) tests were used to differen-
tiate means where significant factors had >2 means.

Estimating changes in size using beyond-BACI
Target species observed within transects were measured

with a flexible tape. Individuals observed just outside
transects were also measured to increase sample sizes at
each site. Trochus were measured across the widest point of
the base of the shell. Holothurians were measured in situ,
without disturbance, along the top of the body, from mouth
to anus, using a tape measure. Clams were measured across
the top of the shell as it was not possible to measure shell
width because many individuals were embedded in coral.

Too few measurements were made for all taxa to enable a
sensible comparison across all temporal and spatial scales,
and hence data were pooled across spatial and (or) temporal
scales to increase replication. Balanced replication (Under-
wood 1997) was achieved by randomly discarding data
where necessary. Two analyses were used, depending on the
number of animals available after pooling. For analysis 1,
data were pooled at the group level in the MCA and across
all groups within the controls. Data were also pooled across
all three times sampled before and three times sampled after
declaration of the MCA. A two-factor ANOVA compared
(i) the MCA with controls and (ii) before and after declara-
tion of the MCA. Both factors were fixed and orthogonal.
Analysis 2 was an asymmetrical ANOVA used to compare
sizes of Tridacna maxima. Data were pooled across sites and
islands within each of the MCA and control groups. The fac-
tors analysed were before vs. after (fixed), times (nested in
before vs. after and random), and groups (random), includ-
ing an asymmetrical comparison of the MCA with the con-
trol groups.

Analysis of delta values for abundance and size
Delta values were calculated for each time before and af-

ter declaration of the MCA for data on abundance and size
(cf. Osenberg et al. 1994). Here, the deltas were calculated
as proportional differences using log-transformed data as

∆B = MCAB/CAB

and

∆A = MCAA/CAA

where ∆B and ∆A are the deltas for each time before and af-
ter declaration, respectively; MCAB and MCAA are the aver-
age total counts of an invertebrate per site within the MCA
at each time before and after declaration; and CAB and CAA
are the average total counts of an invertebrate per site within
all control areas at each time before and after declaration.
Delta values for size were based on average size across all
sites within the MCA or control areas. ∆B and ∆A were com-
pared using a one-tailed t test (H0: ∆B ≥ ∆A; Ha: ∆B < ∆A) for
all invertebrates except Tectus pyramis, where a two-tailed
test was used because we could not predict a direction of
change for this species. Post hoc analysis of power (1 – β)
was used to determine (i) the number of samples (i.e., times
each before and after declaration) required to achieve 1 – β ≥
0.80, (ii) the power of t tests required to detect a significant
reserve effect for a 25% and 50% change in the proportional
difference between the MCA and the control areas before
and after declaration of the MCA, using the observed mean
abundance in CAB, and (iii) the size of the proportional dif-
ference required to achieve 1 – β ≥ 0.80, with n = 3. The use
of 25% and 50% changes is consistent with published abun-
dances of several species of invertebrates elsewhere in the
tropical Pacific (e.g., Long and Skewes 1997; Preston and
Lokani 1990); these changes were also used for evaluating
sizes in the absence of available data from elsewhere.

Results

Twenty-seven species of commercially exploited inverte-
brates were recorded: seven species of giant clams, two
species of pearl oysters, T. niloticus, and 17 species of holo-
thurians. The nonharvested topshell T. pyramis, which was
common in the shallow habitat, was also counted. Eight spe-
cies were abundant enough to warrant statistical analysis.
Total abundance of holothurians was also analysed for each
habitat. Results of beyond-BACI analyses for T. niloticus are
detailed to show the partitioning of variation and sequence
of tests used, with details for other abundance variables ana-
lysed in the same way presented as summaries.

Abundance of invertebrates in the shallow terrace habitat

Trochus niloticus and Tectus pyramis
Establishment of the MCA facilitated an increase in the

abundance of T. niloticus (Table 1; Fig. 2a). Abundance of
T. niloticus increased threefold at the Arnavon Islands from
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Sources of variation df MS F p F vs. Interpretation and implication for MCA

T(after) × S(I(M)) 12 2.7366 >0.05 T(before) ×
S(I(M)),
two-tailed

Short-term temporal variation among
MCA sites after declaration is not
different from short-term variation
among MCA sites before declaration

T(B) × S(I(G(C))) 72
T(before) × S(I(G(C))) 36 0.2438
T(after) × S(I(G(C))) 36 0.1674 0.4419 0.9983 Residual No short-term temporal variation

among control sites after declaration
Residual 960 0.3788
Total 1156

Note: B, before vs. after; T, times; G, group; I, island; S, site; M, MCA; C, control; df, degrees of freedom; MS, mean square; Red., redundant term
because of significant higher-order interaction; no test, no denominator mean square for creating F test; Cochran’s C = 0.1357, p < 0.01.

Table 1 (concluded).



before to after establishment, but numbers remained similar
at the control groups over the same period (Fig. 2a). No test
was available to compare islands (Table 1), but Fig. 2b sug-
gests there was an increase in abundance at both islands
within the MCA, whereas abundances remained similar or
decreased at all but one of the control islands. Increases in
abundance were inconsistent among sites within islands (Ta-
ble 1) but tended to increase at all sites in the MCA (signifi-
cantly so at two sites) while generally remaining similar or
tending to decrease at most control sites from before to after
declaration (Fig. 3).

The abundance of T. pyramis, which occurred in the same
habitat as T. niloticus, was unchanged within the MCA from
before to after its establishment (Table 2). Abundance varied
among the 24 control sites, however, where numbers in-
creased significantly at 11 sites, decreased at 2, and re-
mained unchanged at 11.

Tridacna maxima
The MCA had no overall effect on the abundance of

T. maxima (Table 2). Abundance, however, increased at
seven of the eight sites in the MCA and at 20 control sites
(Fig. 4). Because similar variation occurred at the MCA sites
and control sites, the increase in abundance cannot be attrib-
uted to the MCA, suggesting broad-scale increases in the re-
gion.

Holothurians
The MCA had no detectable effect on the total abundance

of holothurians or of Stichopus chloronotus in the shallow
habitat (Table 2). This was despite abundances increasing
twofold at the Arnavon Islands from before to after estab-
lishment of the MCA and numbers remaining similar at the
control groups (Fig. 5a). The sensitivity of the test to iden-
tify changes at the MCA relative to control groups (B ×
MCA vs. controls interaction) was probably too low (df =
1,2) to detect the trend suggested graphically. Temporal vari-
ation occurred in the abundance of holothurians among sites
at the Arnavons after establishment of the MCA, but this
variation did not differ statistically from temporal variation
before establishment and, hence, could not be attributed to
an effect of the MCA.

Abundance of invertebrates in the deep slope habitat

Total holothurians
Establishment of the MCA did not cause a significant in-

crease in the number of holothurians in the deeper slope
habitat, but it may have prevented declines in abundance that
were evident elsewhere in the region. Abundance varied at
the MCA relative to the control groups from before to after
declaration (Table 2b). SNK analyses indicated that abun-
dance remained similar at the Arnavon group from before to
after declaration but declined on average by one-third at the
control groups (Fig. 5b). There was no variation in total
abundance at the scale of sites at the Arnavon Islands from
before to after establishment, but at the controls, abundance
decreased at 11 sites, increased at 1, and was unchanged at
12 sites. This suggests that the MCA maintained populations
but was ineffective at enhancing them.

Holothuria fuscogilva
Establishment of the MCA had a limited effect on num-

bers of H. fuscogilva (Table 2; Fig. 5c). This species differed
in abundance between the MCA and control groups from be-
fore to after declaration, but SNK tests failed to identify
where the differences lay, probably because of the small
number of degrees of freedom associated with the tests. Al-
though not detected statistically, abundance almost doubled
at the Arnavon group and decreased at the control groups
following declaration (Fig. 5c). At the scale of sites, abun-
dance increased greatly at two sites at the Arnavons and de-
creased at four sites at the control groups but did not change
elsewhere (Fig. 6). Although there were few sites where dif-
ferences occurred and overall numbers were small, the direc-
tion of change suggested that the MCA increased abundance
at some sites and prevented declines at others compared with
control areas.
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Fig. 2. Trochus niloticus. Mean abundance (± standard error)
among (a) groups (n = 144) and (b) islands (n = 72) before
(shaded bars) and after (open bars) establishment of the Arnavon
Marine Conservation Area. An asterisk (*) indicates significant
difference (Student–Newman–Keuls test, P ≤ 0.05).



Holothuria atra
Establishment of the MCA had no measurable effect on

the abundance of H. atra (Table 2). There were relatively
large numbers of H. atra at the MCA, but patterns of abun-
dance among groups did not change from before to after
declaration. Short-term temporal variation was detected at
the MCA after declaration but similar variation also oc-
curred beforehand, indicating that it was not caused by the
MCA (Table 2). Similarly, short-term temporal variation oc-
curred among sites within the MCA after declaration. This
variation was inconsistent from before to after declaration,
but similar differences in temporal variation occurred at con-
trols, thus temporal variation appeared unrelated to the
MCA.

Thelanota anax and Holothuria fuscopunctata
Beyond-BACI indicated that the MCA did not affect

abundances of T. anax or H. fuscopunctata (Table 2).
Thelanota anax did not increase at any site in the MCA, but

SNK tests indicated that abundance decreased at 4 of the
control sites, remained unchanged at 19 sites, and increased
at 1 site. Abundance of H. fuscopunctata increased at one
site in the MCA after its establishment, but similar variation
was recorded among control sites.

Effect of the MCA on sizes of invertebrates
Using analysis 1, the mean size of T. niloticus varied in-

consistently through time (before vs. after × groups interac-
tion, F = 19.25, p < 0.0001, df = 1,128, n = 33). Size
increased within, and decreased outside, the MCA (Fig. 7a).
Moreover, before declaration, T. niloticus tended to be
smaller at the Arnavon Islands, but 3 years after declaration,
they were significantly larger inside than outside the MCA.
We did not observe recruitment of small juveniles during the
study, which would tend to reduce mean size. Holothuria
fuscogilva also showed a significant interaction between be-
fore vs. after and groups (F = 4.919, p = 0.028, df = 1,136,
n = 35), i.e., animals tended to be smaller on average after
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Fig. 3. Trochus niloticus. Mean abundance (± standard error) among sites (n = 18) before (shaded bars) and after (open bars) establish-
ment of the marine conservation area: (a) Arnavon Marine Conservation Area; (b) Waghena; (c) Ysabel; and (d) Suavanao. An asterisk
(*) indicates significant difference (Student–Newman–Keuls test, P ≤ 0.05).
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(a) Shallow terrace habitat.

Source of variation
Tectus pyramis
(L)

Tridacna
maxima (L)

Total
holothurians (L)

Stichopus
chloronotus (U)

Cochran’s C C = 0.0169, NS C = 0.0167, NS C = 0.0211, NS C = 0.2353**
B × G NS NS NS NS

B × M vs. C NS NS NS NS
B × G(C) NS NS NS NS

B × I(G) No test No test NS NS
B × I(M) No test No test NS NS
B × I(G(C)) No test No test NS NS

B × S(I(G)) ** ** NS NS
B × S(I(M)) NS *† NS NS
B × S(I(G(C))) ** * NS NS

T(B) × G NS NS NS NS
T(B) × M vs. C

T(before) × M vs. C
T(after) × M vs. C NS NS NS NS

T(B) × G(C)
T(before) × G(C)
T(after) × G(C) NS NS NS NS

T(B) × I(G) NS NS NS NS
T(B) × I(M)

T(before) × I(M)
T(after) × I(M) NS NS NS NS

T(B) × I(G(C))
T(before) × I(G(C))
T(after) × I(G(C)) NS NS NS NS

T(B) × S(I(G)) NS NS * NS
T(B) × S(I(M))

T(before) × S(I(M))
T(after) × S(I(M)) NS NS ***† NS

T(B) × S(I(G(C))
T(before) × S(I(G(C)))
T(after) × S(I(G(C))) ** NS NS NS

†Two-tailed tests:
B × S(I(M)) / B × S(I(G(C))) NS
T(after) × M / T(before) × M
T(after) × S(I(M)) / T(before) × S(I(M)) NS
T(after) × S(I(C)) / T(before) × S(I(C))

(b) Deep slope habitat.

Source of variation
Total
holothurians (L)

Holothuria
fuscogilva (U)

Holothuria
atra (U)

Thelanota
anax (U)

Holothuria
fuscopunctata (U)

Cochran’s C C = 0.0178, NS C = 0.2308** C = 0.1536* C = 0.0937** C = 0.0975**
B × G * NS NS NS NS

B × M vs. C ** * NS NS NS
B × G(C) NS NS NS NS NS

B × I(G) NS NS NS NS NS
B × I(M) NS NS NS NS NS
B × I(G(C)) NS NS NS * NS

B × S(I(G)) * *** NS *** **
B × S(I(M)) NS **† NS NS *†
B × S(I(G(C)) ** *** NS *** *

T(B) × G NS NS NS NS NS
T(B) × M vs. C

T(before) × M vs. C
T(after) × M vs. C NS NS **† NS NS

Table 2. Summary of asymmetrical analysis of variance examining temporal and spatial variation in the abundance of selected taxa and
derived variables: (a) shallow terrace habitat and (b) deep slope habitat.



declaration of the MCA at the Arnavons, but larger at the
controls (Fig. 7b). In the period after declaration, mean size
inside the MCA was significantly less than mean size out-
side. We did observe some smaller H. fuscogilva in the
MCA after declaration. These individuals were ~30 cm and
are unlikely to represent a recent settlement of small juve-
niles. Two other species examined using analysis 1 showed
no variation consistent with a reserve effect. Holothuria atra
(n = 69) and H. fuscopunctata (n = 40) both showed differ-
ences in size between the MCA and controls that did not dif-
fer through time. Holothuria atra were significantly smaller
in the MCA (mean = 44.35 cm ± 0.52 cm standard error)
than outside (46.34 cm ± 0.49 cm), whereas the reverse oc-
curred for H. fuscopunctata (MCA, 48.30 cm ± 0.62 cm;
controls, 46.53 cm ± 0.53 cm).

Using analysis 2, the mean size of T. maxima showed no
effect consistent with declaration of the MCA (Table 3a).
This was indicated by nonsignificant tests for the asymmetri-
cal components of the analysis. Rather, there was variation
among times before declaration that was consistent among
groups and significant variation among groups that was con-
sistent through time (Table 3b).

Analysis of delta values and calculation of power
The analysis of delta values was generally consistent with

the beyond-BACI analyses at the largest spatial scale of the
MCA vs. control areas (Table 4). An exception was the
abundance of T. anax, which indicated more individuals
within the MCA relative to the control areas from before to
after declaration. The ratios of observed proportional differ-
ences between MCA and control areas from before to after

declaration were generally quite small, suggesting a rela-
tively small effect after 3 years of closure in the MCA. Post
hoc power analysis for nonsignificant variables indicated
that a large number of sampling times would have been re-
quired to have a good chance of detecting the observed ra-
tios, and that estimates of power were variable among
species (e.g., ranging from 0.262 for a 50% change in
Stichopus chloronotus to 1 for a 25% change in T. maxima).
Notwithstanding this, the study would have had a reasonable
power to detect an even smaller effect for T. niloticus (abun-
dance and size) and, in the deep habitat, for abundances of
total holothurians, H. fuscogilva, and T. anax. Although
power analyses were used to examine an increase in abun-
dance and (or) size in most species, power was determined
for a potential decrease in abundance of T. pyramis in the
MCA relative to the controls based on the results of the
beyond-BACI analysis. Here there would have been a large
power to detect a 50% decrease in abundance of T. pyramis
within the MCA compared with the controls.

Discussion

Effect of MCA on abundance
Commercially harvested marine invertebrates showed a

range of responses to establishment of the MCA at the
Arnavon Islands, which were evident using beyond-BACI
and the comparison of delta values. Overall, the delta values
simplified the interpretation of patterns in favour of either no
effect or an increase in relative abundance in the MCA. The
most notable response was that abundances of some of the
most valuable and heavily exploited species (T. niloticus and
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Source of variation
Total
holothurians (L)

Holothuria
fuscogilva (U)

Holothuria
atra (U)

Thelanota
anax (U)

Holothuria
fuscopunctata (U)

T(B) × G(C)
T(before) × G(C)
T(after) × G(C) NS NS NS NS NS

T(B) × I(G) NS NS NS NS NS
T(B) × I(M)

T(before) × I(M)
T(after) × I(M) NS NS NS NS NS

T(B) × I(G(C))
T(before) × I(G(C))
T(after) × I(G(C)) NS NS NS NS NS

T(B) × S(I(G)) NS NS NS NS NS
T(B) × S(I(M))

T(before) × S(I(M))
T(after) × S(I(M)) NS *† ***† NS NS

T(B) × S(I(G(C))
T(before) × S(I(G(C)))
T(after) × S(I(G(C))) NS NS NS NS NS

†Two-tailed tests:
B × S(I(M)) / B × S(I(G(C))) NS NS
T(after) × M / T(before) × M NS
T(after) × S(I(M)) / T(before) × S(I(M)) **
T(after) × S(I(C)) / T(before) × S(I(C)) NS **

Note: Only terms relevant to determining whether the Arnavon Islands Marine Conservation Area (MCA) has been effective have been presented. See
Table 1 for full design. B, before vs. after; T, times; G, group; I, island; S, site; NS, nonsignificant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; U, un-
transformed data used; L, data ln(x + 1) transformed. † indicates that a subsequent two-tailed test was required.

Table 2 (concluded).



H. fuscogilva) increased in the MCA relative to fished (con-
trol) areas. The increase in abundance of T. niloticus was
most evident at two of the eight sites at the Arnavon Islands.
This small-scale variation may be due to (unknown) attrib-
utes of the habitat at different sites, variation in recruitment
to an observable size, or stochastic processes. Alternatively,
there were some reported instances of poaching within the
MCA, which may have occurred more frequently at some
sites than others, negating the potential benefits of protec-
tion. Thus, if social or logistical factors make it difficult to
establish large areas for protection of trochus, effective re-
plenishment of stocks may be possible within multiple
smaller areas.

The MCA had one of three effects for other species. First,
while numbers did not increase in the MCA, the reserve ap-
peared to prevent declines in abundance apparent elsewhere
in the region: total holothurians and T. anax in the deep hab-
itat were in this category. Analysis of delta values did not

identify this effect because the ratio estimator could have
changed because of either an increase in the MCA or a de-
crease elsewhere. We cannot exclude the possibility that the
MCA caused a redistribution of harvesting effort to areas
outside the MCA, including controls (Halpern et al. 2004).
Such an effect may accelerate declines, overemphasizing the
benefits of the reserve. We do not consider this to be the
case here, however, because the controls were distributed
over a large area and the habitats studied were common
throughout the general area, but the possibility does stress
the need to understand how fishing effort may change after
declaration of marine reserves.

Second, the MCA had no effect on abundance for five
variables: Stichopus chloronotus, abundance of holothurians
in the shallow habitat, T. maxima, H. atra, and H. fusco-
punctata.

Third, T. pyramis, the only nonharvested species studied,
appeared to increase at almost half the control sites, but at
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Fig. 4. Tridacna maxima. Mean abundances (± standard error) among sites before (shaded bars) and after (open bars) establishment of
the marine conservation area (n = 18): (a) Arnavon Marine Conservation Area; (b) Waghena; (c) Ysabel; and (d) Suavanao. An aster-
isk (*) indicates significant difference (Student–Newman–Keuls test, P ≤ 0.05).



none of the Arnavon sites, suggesting that the MCA may
have inhibited an increase in abundance there. One explana-
tion for this pattern may be that T. niloticus, which increased
in the MCA, limited abundance of T. pyramis through com-
petition while depletion of T. niloticus at the control areas
alleviated competition and allowed abundances of
T. pyramis to increase. Both species graze on algae, grow to
similar sizes, and occupy similar habitats on the reef terrace.
Competition between these species remains to be demon-
strated, but our results indicate that establishment of re-
serves to manage exploited species may have indirect effects
on nontarget species. Effects on nontarget species occurring
in marine reserves have not been examined widely but may

occur because of changes in relative abundance of harvested
and nonharvested species (e.g., Andrew and MacDiarmid
1991; McClanahan and Arthur 2001).

The lack of increases in abundance within the MCA for
several species may mean that marine reserves are inappro-
priate for managing those species or that longer periods of
time are needed for recovery, particularly for holothurians
(Uthicke et al. 2004). Meagre spawning success, patchy dis-
tributions of larvae, and the size and location of the MCA
may interact to reduce the probability of substantial settle-
ment of species with pelagic larval phases. The cryptic na-
ture of juvenile holothurians, which often have diel
burrowing cycles and occur in different habitats to the adults
(Reichenbach 1999; Mercier et al. 2000), would also reduce
the likelihood of detecting a relatively rapid increase in
abundance following protection from fishing if juvenile
holothurians remained cryptic for several years.

The corollary to limited settlement is that T. niloticus and
H. fuscogilva, which increased in the MCA, were present as
cryptic juveniles before declaration or settled during the clo-
sure and then grew to a size where they could be seen during
the “after” surveys. The smallest holothurians sampled were
100 mm long. Although growth varies among species of
holothurians, some species have estimated growth rates of
0.5–1.7 cm·month–1 (Shelley 1985; Conand 1986) or 35–
533 g·year–1 (Uthicke et al. 2004). This suggests that 3 years
was sufficient time for newly recruited holothurians to grow
to a size where they would be recorded by divers. Similarly,
T. niloticus can grow to ~8 cm within 3 years (Nash 1993).
The smallest T. niloticus we sampled were ~6 cm, again sug-
gesting that 3 years was sufficient for recruits that settled at
the time of establishment of the MCA to be sighted, though
those that settled subsequently may not have been counted.

The time needed for a species to recover from harvesting
will depend on factors such as generation time, severity and
extent of previous fishing, local oceanographic features, lo-
cation and size of the reserve, infringement of the reserve,
and availability of nursery and adult habitat. Our study sug-
gests that it may take many years to restore each of the tar-
get species to preharvest levels, assuming the reserve is an
effective mechanism for mediating fishing. In the absence of
data on the size of any local remnant unfished populations,
comparison of data from the MCA with areas elsewhere in
the western Pacific indicates that abundance of T. niloticus
and H. fuscogilva in the MCA were still at the lower end of
densities in the region. Three years after closure, densities of
H. fuscogilva were estimated at 16 individuals·ha–1, which
was comparable with density estimates for unfished reefs in
the eastern Torres Strait (7–30 individuals·ha–1; Long and
Skewes 1997) but well below maximum estimates of 82 in-
dividuals·ha–1 in Tonga (Preston and Lokani 1990). Uthicke
et al. (2004) also suggested that recovery by Holothuria
nobilis from harvesting could require decades. Although
abundance of T. niloticus increased to 57 individuals·ha–1 in
the MCA, this was also below estimates of densities from
other areas (62–2016 individuals·ha–1; Long et al. 1993;
Nash et al. 1995). Further monitoring is needed to determine
if longer closures can lead to densities similar to those found
elsewhere in the region. Importantly, the power analyses
suggest that the study would have had a good chance of de-

© 2006 NRC Canada

Lincoln-Smith et al. 1261

Fig. 5. Mean abundances (± standard error) of (a) total holothu-
rians in shallow habitat, (b) total holothurians in deep habitat,
and (c) Holothuria fuscogilva in the deep habitat among groups
before (shaded bars) and after (open bars) establishment of the
Arnavon Marine Conservation Area (n = 144).



tecting effect sizes comparable with the densities of inverte-
brates recorded by others.

Effect of MCA on body size of species
The full beyond-BACI design could not be utilized for

data on sizes because of limited numbers of individuals
available for measurement. Using the reduced designs and
the delta values, two of five species showed a change in size
consistent with establishment of the reserve. The increase in
size of T. niloticus meant that, on average, this species ex-
ceeded its upper legal size limit (11 cm) and hence had even
greater protection because of difficulties in selling large in-
dividuals. Conversely, individuals outside the MCA were
still within the legal size range but were significantly smaller
after 3 years than previously. Thus, overharvesting could ul-
timately lead to T. niloticus outside the MCA being too
small to harvest legally, and those within the MCA becom-
ing too large.

The mean size of H. fuscogilva increased at the controls
after establishment of the MCA, probably because of growth

of smaller animals and an apparent lack of recruitment into
smaller size classes. Some recruitment of smaller size
classes was observed at the Arnavons, suggesting a small
(but nonsignificant) decrease in the mean size of animals.
Thus, the size distributions of animals may later change in
various ways following protection from harvesting. This ef-
fect was not detected by analysis of delta values because our
original hypothesis was that there would be an increase in
size within the MCA. Our data suggest that responses in the
size of harvested invertebrates to establishment of the MCA
can be expected to be complex, especially where the fisher-
ies are regulated by minimum and maximum size limits.

Advantages and disadvantages of the experimental design
This study has shown that it is possible to design sam-

pling programmes to detect a reserve effect but that the in-
terpretation of results is more complex than assessment of
what happens within a reserve — changes must be consid-
ered in a regional context. Although the simpler approach to
analyzing delta values has appeal at the broader scale of
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Fig. 6. Holothuria fuscogilva. Mean abundance (± standard error) among sites (n = 18) before (shaded bars) and after (open bars) es-
tablishment of the marine conservation area: (a) the Arnavon Marine Conservation Area; (b) Waghena; (c) Ysabel; and (d) Suavanao.
An asterisk (*) indicates significant difference (Student–Newman–Keuls test, P ≤ 0.05).



comparing a marine reserve with controls, it has limited
value for interpretation and management, although it can
provide a good indication of statistical power and effect
sizes at the larger scale. Other critical factors affecting the
sampling design and interpretation of data include the reason
for the declaration of the reserve, duration of the sampling
programme, and number of reserves and sites within re-
serves available for sampling. Our study illustrates this in
three ways. First, the experimental design we used was
based on the proposition that the term “groups” is a random
factor (Eberhardt 1976; Stewart-Oaten and Bence 2001)
with respect to the performance indicators selected. This im-
plies that the beyond-BACI design is valid for marine re-
serves selected according to factors independent of the
indicators. In some cases, however, reserves are selected for
specific biological attributes, such as the presence of a
spawning ground, particularly high biodiversity, etc. There-
fore, there will be cases in which selection of a reserve

would not be random with respect to performance indicators
and an alternative approach is required (see also Willis et al.
2003).

Second, the temporal component of the design entailed
three sampling times (spanning <1 year), each before and af-
ter declaration of the MCA, with 3 years between. It is un-
likely that this relatively short time would be sufficient to
establish a time series of change in abundance or size, but
the study timing was constrained by external factors, includ-
ing enlisting local co-operation and acceptance of the clo-
sure at the Arnavon Islands and, ultimately, poaching within
the MCA resulting from civil strife within Solomon Islands
between 1999 and 2002. The former types of constraints are
likely to be a feature of the management of many marine re-
serves. This design, however, provides three replicated esti-
mates of abundance and animal size, which enhances our
confidence in the relationship between the Arnavon Islands
and the control groups before and after declaration of the
MCA. This can be critical where variable environmental
conditions (water clarity, sea conditions, etc.) can bias
counts among times and where population changes may oc-
cur over a short time scale (e.g., recruitment events). There-
fore, although it may be desirable to establish a longer time
series before declaration (cf. Stewart-Oaten and Bence
2001), there is merit in obtaining samples over shorter time
periods, if time is limited.

Finally, the use of asymmetrical ANOVA provided a com-
prehensive method for testing the effectiveness of the MCA.
Even so, the tests sometimes failed to verify strong apparent
trends, particularly when the sensitivity of a test within the
analytical model was likely to be low. Determining power
for terms of interest in complicated asymmetrical designs is
difficult, although this issue has been considered for impact
studies by modelling with simulated data (Underwood and
Chapman 2003). In our study, the calculation of power on
the simplified design using delta values gave important in-
sight into effect sizes at the MCA–control scale and may be
a useful initial step for management. More broadly, lack of
power can be addressed in several ways: (i) by increasing
spatial replication, (ii) by incorporating multiple marine re-
serves (e.g., Russ 2002), and (iii) by including additional pe-
riods of sampling. Firstly, in our study, replication could
have been increased within sites (i.e., the number of
transects) or by increasing the number of sites and (or) con-
trol groups. Secondly, if practical, it would be preferable to
sample two or more separate marine reserves within one de-
sign. This enhances the generality of results and enables the
use of different types of design, with replication of both con-
trol and reserve treatments. This type of approach may not
be possible in many areas for social and logistical reasons
but would be useful in large managed areas, such as the
Great Barrier Reef, Australia (Campbell et al. 2001).
Thirdly, the same design could be used to compare data
from the “before” period with three times the sampling
taken, say, 6 years “after” declaration. Presumably, if the
MCA is successfully enhancing the abundances and sizes of
invertebrates, then the effect size will increase (to a limit)
over time.

Wherever marine reserves are declared to help sustain
fisheries, the key issue for assessing the effectiveness of the
reserve for target species is to ensure that the data are ob-
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Fig. 7. Mean size (± standard error) of (a) Trochus niloticus (n =
33) and (b) Holothuria fuscogilva (n = 35) at the Arnavon group
and control groups (pooled) before (shaded bars) and after (open
bars) establishment of the Arnavon Marine Conservation Area.
Significant differences between means (Student–Newman–Keuls
tests): *, P ≤ 0.05; **, P ≤ 0.01.
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Variable
Probability
(t test)

Observed
ratioa

n for
1 – β ≥ 0.80

1 – β
(25% change)

1 – β
(50% change)

Ratio for
1 – β ≥ 0.80b

Shallow habitat
Trochus niloticus 0.009 2.67 — — — 2.10
T. niloticus size 0.018 1.25 — — — 1.20
Tectus pyramisc 0.254 0.85 10 0.643 0.989 0.65
Tridacna maxima 0.129 1.03 12 1 1 1.08
T. maxima size 0.562 0.98 —d 0.673 0.992 1.30
Total holothurians 0.165 1.34 16 0.170 0.390 2.00
Stichopus chloronotus 0.354 1.17 108 0.128 0.262 2.25

Deep habitat
Total holothurians 0.002 1.30 — — — 1.15
Holothuria fuscogilva 0.029 4.49 — — — 4.25
H. fuscogilva size 0.923 0.88 —d 0.947 1 1.19
Holothuria atra 0.288 1.14 49 0.236 0.572 1.70
H. atra size 0.762 0.97 —d 0.999 1 1.11
Thelanota anax 0.012 2.40 — — — 1.80
Holothuria fuscopunctata 0.209 1.31 10 0.265 0.641 1.63
H. fuscopunctata size 0.664 0.99 —d 1 1 1.08

aObserved ratio = ((MCA/CA) after declaration) / ((MCA/CA) before declaration), n = 3 times before and after declaration.
bRatio for 1 – β ≥ 0.80 = (MCA/CA before declaration) × iteration to achieve required power.
cPower calculation based on potential decrease in the MCA relative to the control areas.
dNot determined because observed ratio < 1.

Table 4. t tests and power analyses comparing the abundance or size (where indicated) of invertebrates in the Arnavon Islands Marine
Conservation Area (MCA) with those in the control areas (CA) before and after declaration of the MCA.

(a) Asymmetrical analysis of variance.

Sources of variation df MS F P F vs.

B 1 343.4235 0.8327 0.4131 T(B)
T(B) 4 412.3974 9.0108 <0.0001 T(B) × G
G 3 1039.2307 22.7069 <0.0001 T(B) × G
BG 3 11.0435 0.2413 0.8675 Residual

B × M vs. C 1 0.9941 0.0217 0.8829 Residual
B × C 2 16.0682 0.3511 0.7040 Residual

T(B) × G 12 73.6785 1.6099 0.0830 Residual
T(B) × M vs. C 4 94.4862

T(before) × M vs. C 2 187.5333
T(after) × M vs. C 2 1.4390 0.0314 0.9690 Residual

T(B) × among C 8 63.2746
T(before) × among C 4 112.6054
T(after) × among C 4 13.9439 0.3047 0.8749 Residual

Residual 1104 45.7672

Table 3. Analyses examining the effect of the establishment of the Arnavon Islands Marine Conservation Area on the size of Tridacna
maxima (n = 47): (a) asymmetrical analysis of variance and (b) Student–Newman–Keuls results for significant terms.

(b) Student–Newman–Keuls results for significant terms.

Sources of variation Treatment means

T(B): before T1 (22.89±0.54) > T2 (20.58±0.47) = T3 (19.31±0.54)
T(B): after T4 (18.63±0.50) = T5 (20.34±0.52) = T6 (20.51±0.48)
Groups Waghena = Suavanao = Ysabel <Arnavons

18.30±0.40 20.07±0.42 20.19±0.40 22.95±0.42

Note: B, before vs. after; T, times; G, groups; C, controls; Cochran’s C = 0.0568, P < 0.05. In (b), the numbers in parentheses represent the mean ±
standard error.



tained within a rigorous experimental framework. Recent re-
views (Russ 2002; Willis et al. 2003; Sale et al. 2005)
suggest that there has not been enough emphasis on this.
The use of impact assessment methods provides one such
approach by helping managers and communities to under-
stand the complexities of managing marine resources.
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