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ABSTRACT: No-take marine reserves can be effective biodiversity conservation and fisheries management tools, but as yet there is little indication of whether rotational management, i.e. alternately
closing and opening an area to fishing, might also confer such benefits on coral reef fish stocks. Using
data taken from the state of Hawaii’s long-term reef monitoring program, we have assessed the
effects of more than 2 decades of rotational management on fish stocks at the Waikiki-Diamond Head
Fishery Management Area (FMA) on Oahu, Hawaii. Fish biomass tended to increase during the 1 to
2 yr closure periods, but the scale of these increases was insufficient to compensate for declines during open periods. The net effect was that, between 1978 and 2002, total biomass declined by around
two-thirds. Coincident with this decline was the virtual disappearance of large fishes (> 40 cm) of
fishery-target groups: acanthurids, scarids and mullids. Such fishes, although initially common, were
only rarely recorded in surveys after 1990. In 1988, a portion of the FMA was converted into the
permanently closed Waikiki Marine Life Conservation District (MLCD). Assessment of the relative
effectiveness of permanent and rotational closure is complicated by declines in habitat quality, particularly within the MLCD, caused by overgrowth of much of the reef by the alien algae Gracilaria
salicornia, which began in the early 1990s. However, the initial effect of full closure was a reversal of
the previous downward trend in fish biomass, and, even in the post habitat-decline period, biomass
of target species within the MLCD has been nearly twice as high as in the FMA. Additionally, there
have been no declines or even downward trends in maximum size of target families in the MLCD.
Overall, rotational management, as implemented at the Waikiki FMA, has not been an effective
means of conserving fish stocks or revitalizing public fishing grounds.
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From a biodiversity-conservation perspective, there
is little doubt that no-take marine reserves can be
extremely effective: well-protected reserves generally
have more and larger fishes, particularly of fisherytarget species, than comparable unprotected areas or
in comparison to pre-closure populations (Polunin &
Roberts 1993, Edgar & Barrett 1999, McClanahan &

Arthur 2001, Russ & Alcala 2003). However, a nearly
inevitable consequence of prohibiting fishing will be
some cost or loss of utility to excluded user groups
including recreational and commercial fishers (Badalamenti et al. 2000, Sladek Nowlis & Friedlander 2005).
Over time, spillover of adult fishes or enhanced export
of larvae from no-take reserves may lead to net benefits to fishers in connected areas (McClanahan &
Mangi 2000, Roberts et al. 2001, Russ et al. 2003, 2004,
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Sladek Nowlis & Friedlander 2005); however, uncertainty as to the likely scale of such benefits in any
given situation, together with the fact that protection
needs to be effective for an extended period for a
reserve to work as a fishery management tool (Russ &
Alcala 1999), means that no-take reserves are not an
unproblematic solution to balancing conservation with
extractive use.
One at least superficially attractive alternative might
be to manage an area by some form of rotational strategy, i.e. alternately opening and closing an area to
fishing, the rationale being that fish stocks would
recover sufficiently during periods of closure for them
to be better able to sustain fishing during open periods.
Such a strategy might therefore achieve some conservation goals while mitigating the drawbacks associated with permanent closure. Rotational closures
appear to have utility for sedentary invertebrate stocks
such as scallops and abalone (Sluczanowski 1984,
Myers et al. 2000, Hart 2003), but we are not aware of
any previous study on the effectiveness of rotational
management of coral reef fish stocks.
Being a populous coastal state with large numbers
of commercial, recreational and subsistence fishers,
Hawaii has a pressing need for practical and effective
marine resource management strategies. Over the past
100 yr the coastal fisheries in Hawaii have undergone
enormous changes, including substantial declines in
overall catch and size of highly prized and vulnerable
species (Shomura 1987, 2004), raising concerns about
the long-term sustainability of these stocks (Friedlander & DeMartini 2002, Friedlander & Ziemann
2003). Overfishing is often cited as the primary reason
for the declining resources, by both general ocean
users and commercial fishers themselves (DAR 1988,
Harman & Katekaru 1988, Maly & Pomroy-Maly 2003).
Local experience has shown that rotational closure is
much more acceptable to many fishers than permanent
closure. In Hawaii and other areas of the Pacific this
may partly be due to the perception that temporary
closures are a form of traditional resource management, e.g. ‘kapu’, ‘taboo’, ‘ra’ui’ (Johannes 1978, Caillaud et al. 2004). Additionally, rotational closures are
viewed as not ‘locking away’ resources forever (W. J.
Walsh pers. obs.). In the 1970s, resource managers of
Hawaii’s Division of Aquatic Resources (DAR) considered implementing a rotational-closure strategy for the
entire coast of the island of Oahu, with different portions of the coastline closed in different years, but after
negotiation with local stakeholders decided instead to
introduce rotational management in a much more
limited way, i.e. only in the Waikiki-Diamond Head
Shoreline Fishery Management Area (FMA), which
was established in 1978 (M. Yamamoto, Hawaii DAR,
pers. comm.). The stated objectives of the FMA were to

preserve, protect, conserve, propagate and manage
marine life for the revitalization of public fishing
grounds (Division of Fish & Game 1977).
Herein we use data taken from the long-term monitoring of fish populations in the Waikiki FMA to assess
how fish stocks have changed over the course of more
than 2 decades of rotational management both in terms
of the short-term responses to alternating opening and
closing the area, and also over the longer-term. Since
in 1988, 10 yr after the creation of the rotationally managed area, a portion of this area was converted into the
permanently closed Waikiki Marine Life Conservation
District (MLCD), we were able to compare fish populations under those 2 management regimes both before
and after the change in management status. Finally,
using data taken from a recent large-scale study of
Hawaiian coral reefs under different levels of management, we compared fish populations in the rotationally
managed FMA, the fully closed MLCD, and from
completely unprotected reefs on the southeast coast of
Oahu.

MATERIALS AND METHODS
Study location and management history. The original boundaries of the Waikiki-Diamond Head FMA
extended along approximately 2.5 km of shoreline at
the southeastern corner of the island of Oahu, Hawaii,
from the high-water mark to 500 yards (457 m) offshore, or to the seaward edge of the fringing reef
where this lies further offshore (Fig. 1). For the first
10 yr of its existence, i.e. between 1978 and 1987, the
FMA operated on a 4 yr cycle: 2 yr of closure followed
by 2 yr in which fishing was permitted, with only hookand-line fishing permitted in the first year, and all
forms of fishing except nighttime spearing and gillnetting in the second year. In 1988, a portion of the FMA
was converted into a permanently closed area, becoming the Waikiki MLCD (Fig. 1), and the rotational cycle
in the area remaining within the FMA was changed
to 1 yr open followed by 1 yr closed, with all fishing
methods other than gillnetting and nighttime spearing
permitted in open years.
The large majority of reef areas within the FMA and
MLCD consist of shallow (≤ 2 m) patch reefs and uncolonized pavement separated by sand patches. Reef condition is currently poor throughout most of this area:
coral cover is generally low, and much of the available
substrate has been overgrown by macroalgae. However, small areas of fringing reef on the seaward edge
of the Waikiki FMA still have moderately high complexity and coral cover (I. D. Williams pers. obs.).
Numerous anecdotal reports indicate that habitat quality has declined considerably on Waikiki reefs over the
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F = Waikiki-Diamond Head Shoreline Fisheries
Management Area

0

600 1200 Meters

N

Fig. 1. Current boundaries of the Waikiki-Diamond Head Fishery Management
Area (FMA). The FMA extends 500 yards (457 m) offshore, or to the seaward
edge of the fringing reef where this lies further than that distance offshore. Of
the 4 transects, 3 (Lighthouse, West Otani’s, and Natatorium) were within the
FMA for the entire period for which we have data. Reef covered by the
Kapahulu transect was within the FMA until 1988, when it became the Waikiki
Marine Life Conservation District (MLCD)
Table 1. Status of the Waikiki Fishery Management Area (FMA)/Marine Life
Conservation District (MLCD) permanent transects. The FMA was created in 1978;
data available from 1979. The FMA alternated between periods of closure (no
fishing allowed) and opening (fishing permitted). In 1988, the rotational cycle
changed to 2 yr (1 yr open followed by 1 yr closed) and the area surveyed
by Kapahulu transect became the permanently closed Waikiki MLCD. –: no survey
Year

FMA
status

———— No. of surveys conducted per transect ————
Lighthouse Natatorium West Otani’s Kapahulu/MLCD

1978
Closed
All sites within FMA
1979
Closed
120
120
120
1980
Open
130
130
130
1981
Open
100
100
100
1982
Closed
200
210
200
1983
Closed
210
210
210
1984
Open
220
220
220
1985
Open
150
140
150
1986
Closed
110
110
110
1987
Closed
9
9
9
1988
Open
7
7
7
1989
Closed
7
7
7
1990
Open
3
3
3
1991
Closed
–
–
–
1992
Open
–
–
–
1993
Closed
2
2
2
1994
Open
–
–
–
1995
Closed
2
2
2
1996
Open
3
3
3
1997
Closed
2
2
2
1998
Open
2
2
2
1999
Closed
3
3
3
2000
Open
2
2
2
2001
Closed
2
2
2
2002
Open
2
2
2
a
Kapahulu portion of the FMA became Waikiki MLCD
in 1988

120
130
100
200
210
220
150
110
9
a a
6
7
3
–
–
2
–
2
3
2
2
3
2
2
2
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last 2 decades, but the absence of
long-term benthic data means that the
cause and timing of this decline are
uncertain. A key factor in the apparent
decline, particularly within the MLCD,
has almost certainly been overgrowth
of much of the reef by the alien alga
Gracilaria salicornia. G. salicornia,
which is relatively unpalatable to Hawaiian herbivorous fishes, was introduced in a limited way onto Waikiki
reefs in 1971 for experimental aquaculture, but has since become the
dominant benthic organism in large
portions of the MLCD and, to a lesser
extent, in adjacent areas of the FMA
(Smith et al. 2004).
The small amount of quantitative
information on algal abundance which
we have been able to obtain comes
from a single transect located within
50 m of the current boundary between
the FMA and the MLCD which has
been sporadically surveyed by University of Hawaii students since 1975.
At this location, Gracilaria salicornia
populations exploded sometime between 1990 and 1995: having not been
recorded at all between 1975 and
1990, it had become the dominant alga
by 1995 and has remained so in all
subsequent surveys, with wet weight
varying between 0.4 and 1.8 kg m–2
(R. A. Kinzie unpubl. data).
Monitoring. Staff of Hawaii’s DAR
have monitored fish populations in
back-reef and reef-flat areas of the
FMA and MLCD using an unvarying
methodology throughout: 4 nearly
contiguous transects with fixed start
and end points, covering almost the
entire length of the managed area,
and varying in length between 450
and 600 m, have been surveyed annually, generally several times per year,
by pairs of snorkellers swimming in
parallel and counting all fishes within
non-overlapping 10 ft (3 m)-wide belts
(1.5 m on either side of each observer).
For all fishes observed, fish sizes were
estimated to the nearest inch (2.5 cm).
Counts from the 2 observers were then
pooled and recorded on a single data
sheet per transect per survey. Between
1979 and 1986 each transect was sur-
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veyed more than 10 times (Table 1), but frequency of
sampling subsequently declined: since 1990 transects
have generally been surveyed only twice a year, and
there are no data for 1978, 1991, 1992 or 1994. Over the
23 yr for which we present data, there was a steady
turnover of survey staff, so that in total more than 30
different observers worked on the program. While differences among observers can be a source of survey
error (Kulbicki & Sarramegna 1999), we see no reason
to believe that such regular changes in staff would
have introduced any consistent bias.
Data-handling and analysis. The boundary between
the FMA and the MLCD is near the end of the original
‘Kapahulu’ transect (Fig. 1). Therefore, only 3 of 4 transects (Natatorium, West Otani’s, and Lighthouse:
Table 1, Fig. 1) were within FMA boundaries
throughout the entire period for which we have
data. So that assessments of long-term trends
within the FMA are for the same areas throughout, all estimates of FMA biomass or abundance
are based on surveys of these 3 transects only. The
reef area surveyed on the other transect (Kapahulu) was originally within the FMA, but has been
permanently closed to fishing since the MLCD
was established in 1988, and therefore biomass
and abundance estimates for the area are henceforth designated ‘Kapahulu/MLCD’.
For the purposes of analysis, fish survey data
were pooled into a number of broad categories: (1)
all fish combined; (2) family; or (3) fishery-target
or non-target species. Fishery-target species used
in the analysis are listed in Table 2.
The majority of the results are based on estimated biomass of fishes, calculated using size-toweight conversion parameters from FISHBASE
(FISHBASE 2000; available at www.fishbase.org/
home.htm) or the Hawaii Co-operative Fisheries
Research Unit at the University of Hawaii.
Pelagic or semipelagic fishes, specifically scombrids, sharks, sardines, anchovies and the Hawaiian ladyfish Elops hawaiensis, were excluded from
analyses of monitoring data on the basis that (1)
they were presumed to be passing through rather
than being in any meaningful way resident in the
surveyed areas, and (2) they were only rarely
encountered, but tended to have very high biomass when present, such that they overwhelmed
the biomass of resident reef fishes in those counts
in which were present. Additionally, relatively low
sampling replication within the MLCD, particularly from 1990 onwards (Table 1) meant that
MLCD data were prone to large variability due
to occasional encounters with schools of rare
but high-biomass fishes. Therefore, 2 such species
(Acanthurus xanthopterus and Caranx ignobilis)

were excluded from estimates of target species biomass. These species together averaged less than 1% of
the total target species biomass in the FMA and MLCD
over the full sampling period, but both dominated
estimated MLCD fish biomass in single years: A. xanthopterus making up 55% of total MLCD biomass in
2002; and C. ignobilis being 43% of MLCD biomass
in 1996.
Analysis of trends in the maximum size of fishes in 3
families targeted by fishers (acanthurids, scarids, mullids) were calculated by first determining the size of
the largest individual in each of these families in each
survey, and then calculating annual means of those
values for the area of interest.
Table 2. Fishery-target species used in analysis
Family, Taxon

Family, Taxon

Acanthuridae
Acanthurus achilles
Acanthurus blochii
Acanthurus dussumieri
Acanthurus guttatus
Acanthurus leucopareius
Acanthurus nigroris
Acanthurus olivaceus
Acanthurus triostegus
Acanthurus xanthopterus
Ctenochaetus hawaiiensis
Ctenochaetus strigosus
Zebrasoma flavescens
Zebrasoma veliferum
Naso brevirostris
Naso hexacanthus
Naso lituratus
Naso unicornis

Holocentridae
Myripristis berndti
Myripristis kuntee
Sargocentron spiniferum
Sargocentron tiere
Labridae
Anampses cuvier
Bodianus bilunulatus
Coris flavovittata
Novaculichthys taeniourus
Oxycheilinus unifasciatus
Thalassoma ballieui
Thalassoma duperrey
Thalassoma purpureum
Xyrichtys spp.

Others
Albula spp.
Melichthys niger
Scaridae
Melichthys vidua
Calotomus carolinus
Chanos chanos
Calotomus zonarchus
Fistularia commersonii
Chlorurus perspicillatus
Monotaxis grandoculis
Chlorurus sordidus
Lutjanus fulvus
Scarus dubius
Lutjanus kasmira
Scarus psittacus
Aluterus scriptus
Scarus rubroviolaceus
Mugil cephalus
Abudefduf abdominalis
Mullidae
Mulloidichthys flavolineatus
Abudefduf sordidus
Mulloidichthys vanicolensis
Heteropriacanthus cruentatus
Parupeneus bifasciatus
Priacanthus meeki
Parupeneus cyclostomus
Priacanthus sp.
Parupeneus multifasciatus
Cephalopholis argus
Parupeneus porphyreus
Sphyraena barracuda
Carangidae
Carangoides ferdau
Caranx ignobilis
Caranx lugubris
Caranx melampygus
Decapterus macarellus
Scomberoides lysan
Selar crumenophthalmus
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Long-term trends in biomass, abundance, and maximum length were analyzed using Spearman’s rank
correlation test. Comparisons between fish populations
in FMA and Kapahulu/MLCD were made using paired
t-tests of estimated fish biomass, the pairs being FMA
and Kapahulu/MLCD data from the same year. Assessment of the significance of changes in biomass during
alternating periods of closure/opening to fishing were
based on paired t-tests of data calculated from fish surveys during the last 6 mo of any fished or protected
period. For example, the test of the effects of closure
was based on biomass data from the last 6 mo prior to
each closure period, i.e. July to December 1981, July to
December 1985, etc., paired in each case with data
from the last 6 mo of the subsequent closed period i.e.
July to December 1983, July to December 1987, etc.
(Table 3). We did not use earlier data in the open–
closed cycles because we wanted to maximize the
period of time in which fishing/closure could affect fish
populations while still selecting data covering a period
long enough to allow sufficient surveys and thus
reasonable estimates of fish biomass.
Data from other surveys at FMA, MLCD and Waikiki
‘open’ reefs. In addition to the long-term monitoring data
for Waikiki FMA and MLCD, we also use data from an
ongoing study conducted by the National Oceanic and
Atmospheric Administration (NOAA), DAR and partners
to evaluate the efficacy of marine park areas (MPAs) in

Hawaii. During the ongoing study, between January and
April 2002 fishes and habitat were surveyed along 99
transects (25 × 5 m each) in the Waikiki study area, i.e.
Black Point to the Ala Wai Canal (Fig. 1). The Waikiki
MLCD (31 ha) and the FMA (97 ha) comprise approximately 4 and 13% respectively of that area (728 ha, Fig.
1). A random sampling approach was utilized with samples stratified by management regime (MLCD, FMA,
open to all fishing) and major habitat type (>10% live
coral hard-bottom; <10% live coral hard-bottom, sand,
and macroalgae) using NOAA’s GIS (Geographic Information System)-based benthic habitat maps (A. M.
Friedlander et al. unpubl.). The minimum mapping unit
(MMU) for habitat polygons was 1 acre (4046.9 m2)
(Coyne et al. 2003). Habitat diversity at each survey location was calculated as the Shannon-Wiener diversity index H ’ in ArcView, using areal cover of classified habitat types from the NOAA’s benthic habitat maps and 100
and 200 m buffer areas around each sampling location.
A 1-way ANOVA was used to compare habitat diversities (H ’) among management regimes. A comparison
of fish biomass among management regimes was conducted using a nested ANOVA, with the 2 habitat types
common to all 3 management strata (macroalgae; and
<10% live coral, hard bottom) nested within management strata. Fish biomass (t ha–1) was ln(x + 1)-transformed prior to analysis. Unplanned multiple comparisons were tested using Tukey’s HSD test (α = 0.05).

Table 3. Changes in biomass of fishery-target species during closed/
open periods based on data for last 6 mo of relevant closed/open period.
Net declines are underlined. No data for 1991, 1992 or 1994

RESULTS
Trends in fish biomass and abundance

Period

1980–81
1982–83
1984–85
1986-87
1988
1989
1990
1996
1997
1998
1999
2000
2001
2002

FMA
status

Open
Closed
Open
Closed
Open
Closed
Open
Open
Closed
Open
Closed
Open
Closed
Open

Mean
SD
Paired t-tests
df
t-ratio
p

——————— Biomass (g m–2) ———————
Last 6 mo
Change while
prior to
of this
open
closed
this period
period
53.6
37.0
49.4
24.2
40.9
23.2
32.5
15.0
25.1
15.4
14.5
20.0
05.6
16.0

37.0
49.4
24.2
40.9
23.2
32.5
26.5
25.1
25.4
14.5
20.0
05.6
16.0
10.2

–16.6
12.5
–25.2
16.7
–17.8
09.3
0–6.0
010.1
–9.7
0–0.9
05.5
–14.4
10.4

Within the FMA, fish biomass and abundance both declined substantially between
1979 and 2002 (Fig. 2: biomass R S [Spearman’s rank correlation coefficient] = –0.83;
abundance R S = –0.81, both p < 0.001). By the
end of this period, fish biomass was about
one-third of that recorded in the early years
of the FMA, having declined from around 60
g m–2 in the early 1980s to around 20 g m–2 in
2002 (Fig. 2A). The absolute scale of the
decline in abundance has been somewhat
smaller, from 0.3 to 0.4 m–2 in the early 1980s,
to around 0.2 m–2 in 2002, Fig. 2B).

0–5.8
0–9.6
011.2

07.4
09.2

Trends in family and ‘target’ and
‘non-target’ species

7
–2.43
00.02

5
1.99
< 0.050

There were clear differences between
families frequently targeted by fishers, i.e.
acanthurids, scarids, mullids, and carangids
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Biomass (g m–2)

(Fig. 3A–D), and families that are not as heavily fished,
i.e. labrids, balistids, chaetodontids and pomacentrids
(Fig. 3E–H). Sharp declines in the biomass of target
families were evident during the early years of the
FMA, but since the mid-1990s, the biomass of these

families appears to have leveled off. In contrast, the
biomass of the less heavily fished groups generally
increased in the early years after establishment of
the FMA, but has declined since the mid-1980s
(Fig. 3E–H). With the possible exception of pomacentrids, the net effect has been relatively little overall
change in the biomass of these non-target families over
the full period for which we have data.
Fish biomass pooled into ‘fishery-target’ and ‘nontarget’ groups corroborate these patterns (Fig. 4).
Among target species, the scale of decline between
1979 and 2002 was dramatic, biomass having declined from 40 to 50 g m–2 in the early years after
creation of the FMA to around 10 g m–2 in recent
years (Fig. 4A).

(A)

80
60
40
20

Rs = –0.83, p < 0.001

Abundance (no. m–2)

0
0.5

(B)

0.4

Short-term changes during closed and open periods

0.3

Within the FMA, the biomass of fishery-target species has tended to increase during periods of closure,
and decrease during open periods (Fig. 5, Table 3,
paired t-tests p < 0.05 in both cases). However, the
extent of the declines during the open periods has
been greater than that of increases in the closed
periods, and the net effect therefore has been a sawtooth pattern overlying an overall downward trend
(Fig. 5).

0.2
0.1

Rs = –0.81, p < 0.001
0.0

1980

1985

1990

1995

2000

Fig. 2. Annual mean (± SE) (A) biomass and (B) abundance of
all fishes in the FMA. Trend lines generated using LOESS
smoothing function. Here and elsewhere, FMA data are only
for the 3 transects that lay within the FMA for the whole
period for which we have data

(A)

50

Acanthurids

(B)

6

Scarids

40

(C)

Mullids

15
4

30

10

20

2

5

10
0

Biomass (g m–2 )
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0

0

(D)

Carangids

(E)

8

1.2

Labrids

6

0.6

4

0.4

2

0.2

0

0.0

0.8
0.4
0.0

(G)

0.6

Chaetodontids

(H)

2.5

Pomacentrids

1980
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Balistids
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Closed
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2.0
0.4

(F)

0.8

1.5
1.0

0.2

0.5
0.0

0.0
1980
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1980

1985

1990
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2000

Fig. 3. Annual mean (± SE) biomass of
families in the FMA. Trend lines generated using LOESS smoothing function
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Biomass (g m–2 )
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Closed
Open

20

60

15

40

10

20

5

0

1980 1985 1990 1995 2000

0

(B)

1980 1985 1990 1995 2000

Fig. 4. Annual mean (± SE) biomass of (A) fishery-target and (B) non-target fishes in the FMA. Trend lines generated using
LOESS smoothing function

Biomass (g m–2 )

80

Biomass of fishery-target species

Trends in maximum fish size

Between 1979 and 1987, the biomass of fisherytarget species declined on both the FMA transects
and the Kapahulu transect (Fig. 6, Period i: both
areas rotationally managed). During this period, there
was no difference in target species biomass between
the FMA transects and the Kapahulu transect (Fig.
6C, Table 4). Within the first few years after the creation of the MLCD, target species biomass increased
dramatically within the MLCD, remaining relatively
flat in the FMA (Fig. 6, Period ii): between 1988 and
1990, the biomass of target species averaged nearly
40 g m–2 more in the MLCD than in the FMA
(Fig. 6C, Table 4). There are very few data for the
years between 1990 and 1995, but during that period,
which coincided with the presumed period of proliferation of invasive algae in the MLCD, the biomass of fishery-target species declined substantially
within the MLCD. However, even in the post habitatdecline period (Fig. 6C, Period iii), target species biomass was significantly higher in the MLCD than in
the FMA (Table 4).

Coincident with the downward trend in biomass
within the FMA were substantial reductions in the size
of the largest fishes observed during surveys. In the
early 1980s, 40 to 50 cm acanthurids and scarids were
commonly observed during fish-counts, but in recent
years the maximum size recorded per survey has averaged around 30 cm for acanthurids and less than 20 cm
for scarids (Fig. 7). Very large scarids (> 50 cm), which
were regularly encountered between 1979 and 1985
(115 of 376 surveys = 31%), have virtually disappeared
from the FMA: individuals of this size have been
recorded in only 3 of 78 surveys conducted since 1990.
Less dramatic, but still significant declines in maximum size have also occurred in mullids (Fig. 7). In contrast, there have been no declines or even downward
trends in the maximum size of any of these families in
the area now within the MLCD (Fig. 7).

Closed
Open
Partially open

60
40
20
0
1980
1985
1990
1995
2000
Fig. 5. Annual mean (+ SE) biomass of fishery-target species
in the FMA, July to December data only. Closed: years in
which the FMA was fully closed to fishing; Partially open:
years in which only hook-and-line fishing was permitted;
Open: years when FMA was open to all forms of fishing other
than gillnetting and nighttime spearing

Reef habitats and fish assemblages
Macroalgae habitats, as defined by the NOAA benthic habitat maps, accounted for 39.7% of the total
habitat within the MLCD but only 17.4% within the
FMA, and 14.7% overall. There was no coral reef habitat (>10% live coral cover as defined by the NOAA
benthic habitat maps, which have a minimum mapping
unit of 1 acre [4046.9 m2]) within the MLCD, but this
habitat type accounted for 16.4% of the total habitat
within the FMA, and 13.5% over the entire study area.
Samples taken in the FMA had the highest mean habitat diversity among the 3 management regimes, and
open-access areas the least (FMA: H ’ = 0.70 ± 0.48 SD,
MLCD: H ’ = 0.57 ± 0.28; open H ’ = 0.48 ± 0.32; F2,96 =
3.28, p = 0.04, FMA ≥ MLCD ≥ open).
Total fish biomass, from all habitats pooled, was 51%
higher inside the MLCD than within the FMA and 63%
higher than areas open to all fishing. Statistical differences in overall fish biomass were detected between
the MLCD and the 2 other management strata, but no
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(A) Waikiki-Diamond Head FMA
Period (i): pre habitat decline, Period (ii):
Period (iii): post habitat -decline
pre-decline,
pre MLCD
habitat
decline
MLCD
algal overgrowth
versus
FMA

80
60
40
20
0

Biomass (g m–2)

(B) ‘Kapahulu’ portion of

FMA ......... becoming Waikiki MLCD in 1988
Open
Closed

80
60
40
20
0
80

(C)

Difference in biomass between Kapahulu/MLCD and Waikiki-Diamond Head

60
40
20
0
-20
1980

1985

1990

1995

difference was detected between the FMA and open
areas (Table 5). These differences were also evident in
both habitat types common to all 3 management strata,
with the MLCD possessing the highest biomass, and
the open-access areas having the lowest biomass in
both the macroalgae and <10% live coral hard-bottom
habitats (Table 5).

DISCUSSION
The evidence from the Waikiki FMA, that increases
in fish biomass during the 1 or 2 yr closure periods
were insufficient to compensate for declines during the
equally short fishing periods (Table 3), is consistent
with a number of studies demonstrating that increases
in biomass built up over several years of protection can
be rapidly dissipated following the resumption of
fishing. For example, the Sumilon Island Reserve in
the Philippines has been closed to fishing since 1974,

2000

Fig. 6. Annual mean (± SE) biomass
of fishery-target species in the FMA
and Kapahulu/MLCD. First dashed
vertical line: year (1988) that the
Kapahulu portion of the FMA became
the Waikiki MLCD; second dashed
vertical line: onset of presumed habitat
decline. Horizontal lines in (C): averages over 3 periods. Trend lines in (A)
and (B) generated using LOESS
smoothing function

except for 2 periods when protection broke down,
beginning in 1984 and 1992. In both instances,
increases in fish biomass, which had built up over 9.5
and 5 yr respectively, were completely eliminated
18 mo to 2 yr after the breakdown of protection (Russ
& Alcala 1998). Similarly, following the reduction in
size of a 4 yr old marine reserve in Mombassa, Kenya,
initially high catch rates in the previously closed
area lasted for only a few months after reopening
(McClanahan & Mangi 2000).
The severe decline in the maximum observed size of
target fishes in the FMA clearly indicates that 1 to 2 yr
closure periods were too short for individuals of these
species to grow to anywhere near maximum size.
There are, more generally, a number of reasons for
believing that 1 or 2 yr periods of closure are too short
for substantial recovery of coral reef fish stocks. Russ &
Alcala (1996), in a long-term study of 2 Philippine
marine reserves, found that the largest increases in
biomass of target fishes occurred after 5 or more years

Table 4. Paired FMA versus Kapahulu/MLCD comparisons. Positive mean difference (diff.) indicates greater biomass in
Kapahulu/MLCD than in FMA
Period

Comparison

N

Mean ± SE
diff. (g m–2)

df:t-ratio

p (1-tailed)

(i) 1979–1987
(ii) 1988–1990
(iii) 1995–2002

Pre-MLCD: FMA vs. Kapahulu
Pre-habitat decline: FMA vs. Waikiki MLCD
Post-habitat decline: FMA vs. Waikiki MLCD

9
3
8

00.9 ± 2.4
37.2 ± 12.7
07.1 ± 3.3

8:0.39
2:2.93
7:2.14

0.36
0.05
0.04
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of protection. They presumed that this was a consequence of delayed recruitment effects and that, in the
first few years of protection, the fish stocks were dominated by very young fishes which do not accumulate as
much biomass as fishes aged from 2 to 4 yr. While it
might be possible to increase closure benefits of a rotational strategy by extending the duration of the closed
period beyond the 1 or 2 yr implemented at Waikiki, it
is important to recognize that full recovery in terms
of ecological function, community structure, and total
biomass, particularly of large predatory fishes, is likely
to take 10 or more years following cessation of fishing
(McClanahan 2000, McClanahan & Arthur 2001, Russ
& Alcala 2004, McClanahan & Graham 2005). Large
fishes are not only prime fishery targets, but are also
particularly important in terms of community fecundity
(Sadovy 1996, Birkeland & Dayton 2005), ecological
role (Friedlander & DeMartini 2002, DeMartini et
al. 2005) and their value to marine tourism (Williams
& Polunin 2000). Therefore, several fundamental
conservation and management goals are unlikely to
be achievable under any feasible rotational closure
regime.
The paucity of long-term benthic data from surveyed areas makes it difficult to draw firm conclusions about the extent of, or consequences of, changes
in habitat quality on Waikiki reefs. Over the period
1990 to 1995, when, it seems, MLCD reefs were
becoming overgrown by Gracilaria salicornia, biomass of fishery-target species in the MLCD declined
by about half. It is not unrealistic to suppose that
Fig. 7. Trends in maximum recorded size of fishes in 3 families
much of that decline was driven by reduced habitat
in the FMA and Kapahulu/MLCD. Vertical line: year (1988) of
quality (perhaps in combination with reduced availMLCD establishment. Trend lines generated using LOESS
ability of more palatable algal species), as the direct
smoothing function. Continuous line: trend in FMA; dashed
line: trend in Kapahulu/MLCD area. ns = not significant
consequences of overgrowth of the reef by 5 to 10 cm
thick mats of G. salicornia (Smith et
al. 2004) would include smothering
Table 5. Comparison of fish biomass (t ha–1) among management regimes and
of corals and infilling of crevices and
habitat types, showing results of nested ANOVA with major habitat types comholes in the reef, and subsequent
mon to all management regimes nested within management regime (N = 74).
reduction in the kind of structural
Biomass ln(x + 1) transformed prior to analysis. Management regimes: MLCD
(M); FMA (F); Open (completely open to fishing [O]). Habitat strata: <10% live
complexity that appears to be necescoral hard-bottom (UHB); and macroalgae (MAC). Unplanned multiple comsary for reefs to sustain large and
parisons among management strata and habitat(management) tested using Tukey’s
diverse fish populations (Friedlander
HSD tests. Underlined values are not significantly different (α = 0.05)
& Parrish 1998, Friedlander et al.
2003). Until at least 1990, target speSource
df
MS
F
p
Multiple comparisons
cies biomass on the Kapahulu/MLCD
reef consistently increased during
Model
05
0.19
5.10 0.0002
Management
02
0.28
7.25 0.0014
MLCD > FMA = Open
closed periods, so it seems implausi0.41 > 0.20 = 0.15
ble that there would be such a draHabitat(management) 03
0.15
5.20 0.0138
matic drop in biomass between 1990
Error
68
0.04
and 1995 without some reduction in
either protection level or habitat qualHabitat(management)
UHB(M) UHB(F) MAC(M) UHB(O) MAC(F) MAC(O)
ity, and we have no reason to believe
0.61
0.31
0.22
0.16
0.11
0.03
that protection was any less effective
____________________________________
post-1990.
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The onset of Gracilaria salicornia overgrowth so
soon after the establishment of the MLCD complicates
any assessment of the relative effectiveness of rotational and permanent closure of Waikiki reefs. There
are, however, a number of reasons to believe that
despite its small size (the length of shoreline within
MLCD is < 700 m) and the probable impact of invasive
algae, the MLCD has been considerably more effective
than the FMA in conserving fish stocks: (1) since its
inception, the biomass of target fishes has been consistently higher in the MLCD than in the FMA, even
though there were no differences between these 2
areas when both lay within the original boundaries of
the FMA (Fig. 6, Table 4); (2) in contrast to the FMA,
there were no net declines or downward trends in
maximum size of target fishes in the MLCD (Fig. 7);
(3) in both habitat types common to the FMA and the
MCLD in the larger-scale 2002 study (‘macroalgae’
and ‘unconsolidated hard bottom’), mean fish biomass
in the MLCD was approximately twice that in the FMA
(Table 5). Whether fish stocks within the Waikiki FMA
derived any persisting benefits from the 1 to 2 closure
periods is difficult to judge. The only comparable data
we have from the FMA and from fully unprotected
areas on southeastern Oahu are for the large-scale
2002 survey, when FMA reefs had a non-significantly
higher biomass of fishes than completely unprotected
reefs (Table 5), but also a higher habitat diversity and
greater structural complexity. It seems likely, therefore, that any sustained benefits of rotational closure
were marginal at best. It is even possible that, by
attracting ‘derby fishing’ (i.e. pulses of intensive fishing immediately after areas are reopened: Meyer
2003), rotational closure might be counterproductive in
this regard.
Even if rotational closure were unlikely ever to be an
effective conservation strategy, it could still achieve
other management goals. For example, closing an area
to fishing for short to medium time periods could be a
means of increasing yield per recruit by allowing fish
to grow before they become vulnerable to capture
(McCallum 1988, Myers et al. 2000). However, the
findings of a 1998 to 2001 study of fishing activities in
the FMA, MLCD and comparable fully open areas in
southeastern Oahu (Meyer 2003) do not support the
idea that the Waikiki FMA has been effective in this
regard either. Although fishing effort and total yield
(t km–2) were higher in the FMA than in fully open
areas on the south coast of Oahu, catch per unit effort
(CPUE) was actually lower in the FMA. The majority of
yields, including almost all large individuals caught,
came from small areas of structurally complex habitat
on the seaward edge of fringing reefs, which were
much more developed in the FMA than in the otherwise comparable fully open reefs (Meyer 2003). There-

fore, the lower CPUE in the FMA occurred despite the
better habitat quality of this area. Additionally, net
yield from the FMA was very low in absolute terms,
averaging 0.58 t km–2 yr–1 between 1998 and 2001
(Meyer 2003). Such low yield partially reflects the poor
quality of much of the reef habitat at Waikiki, but is
nevertheless an order of magnitude lower than published yields for fringing reefs elsewhere in Hawaii
and the Pacific: Friedlander & Parrish (1997) estimated
a yield of 3.6 t km–2 yr–1 from reefs in Hanalei Bay,
Kauai, in 1992 to 1993, and other studies of yields from
small fringing reefs around the Pacific range from 4.5
to 44.0 t km–2 yr–1 (Dalzell 1996).
In summary, despite short-term boosts to fish stocks
and possibly also to fishers during or immediately after
1 to 2 yr periods of closure, the longer-term consequences of alternately opening and closing the Waikiki
FMA have been very substantial declines in the biomass
of fishery-target groups, together with the virtual disappearance of larger individuals of these groups. Rotational management, as implemented at Waikiki FMA,
has not been an effective means of conserving fish stocks
or revitalizing public fishing over the longer term.
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