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that many protection effects were consistent with results 
found in shallow water ecosystems. While these findings 
are novel, additional data over greater temporal scales will 
be necessary to determine whether these trends will con-
tinue and if others will become important over time.

Introduction

Marine protected areas (MPAs; marine areas that exclude 
some or all forms of harvest) have been used worldwide 
as a conservation tool and long-term fishery management 
strategy to benefit fish stocks (Roberts and Polunin 1991; 
Babcock et al. 2010; Gaines et al. 2010). While there are 
numerous potential benefits to employing MPAs (e.g., pro-
tect biodiversity, habitat, genetic diversity), one of the pri-
mary benefits is linked to the exponential increase in fish 
fecundity with body size (Bohnsack 1994; Roberts and Pol-
unin 1991; Bohnsack 2011). For example, a large female 
red snapper (Lutjanus campechanus; 61 cm) can produce 
the same number of eggs as 212 smaller female snapper 
(42 cm; Bohnsack 1994). Ideally, protection of important 
marine habitats would, therefore, lead to increased fish 
size inside a protected area, followed by increased recruit-
ment to the whole population (Bohnsack 1994; Pelc et al. 
2010). Fish abundance would also ideally increase inside 
MPAs as fish populations rebuild to unfished levels and 
density-dependent processes cause adults to emigrate to 
fished areas (spillover; e.g., Harmelin-Vivien et al. 2008; 
Stobart et al. 2009; Bohnsack 2011). Previous research has 
demonstrated these benefits for various exploited species 
when MPAs are well designed and managed (Halpern and 
Warner 2003; White and Kendall 2007; White et al. 2008; 
Lester et al. 2009; Gaines et al. 2010). However, studies on 
MPAs primarily focus on shallow water reef systems and 
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questions remain regarding whether MPAs could be suc-
cessful in other environments, specifically deepwater habi-
tats and ecosystems.

Understanding whether MPAs could be a useful fishery 
management tool in deepwater environments is particu-
larly important because fishers have targeted fish stocks in 
increasingly deeper waters over the last several decades as 
many shallow water stocks have become depleted (Hae-
drich et al. 2001; Morato et al. 2006). For example, global 
trends since the 1950s suggest mean fishing depth has 
increased from approximately 40–150 m, with an increas-
ing mean rate of 13 m decade−1 in more recent years (Mor-
ato et al. 2006). Management measures might therefore be 
required to replace the natural refuge that depth previously 
provided. In addition, information on deepwater species 
ecology suggests that many targeted species are character-
ized by extended longevity, slow growth rates, late maturity 
and low rates of natural mortality (Drazen and Haedrich 
2012; Williams et al. 2013). As such, deepwater species 
often have exceptionally low production potential and are, 
therefore, highly vulnerable to overfishing (Cheung et al. 
2005; Morato et al. 2006). These traits suggest deepwater 
stocks can be rapidly depleted and very slow to recover. 
Consequently, there is a critical need to apply successful 
fishery management strategies to deepwater species in a 
timely manner (Haedrich et al. 2001; Williams et al. 2013). 
Indeed, fisheries managers have turned to protected area 
management in deep-sea areas in recent years, often to pro-
tect fragile corals and in a few instances to protect fish spe-
cies (e.g., the protection of a deepwater snapper–grouper 
complex in the south Atlantic, SAFMC 2013). With the 
exception of deeper shelf waters (to ~150 m; Harter et al. 
2009; Rudershausen et al. 2010), there are no other studies, 
to our knowledge, which directly evaluate protected area 
effects on deepwater fished species.

Deepwater fisheries have existed in the Hawaiian 
Islands for several decades (Grigg 2001; Williams et al. 
2013). For instance, deepwater snappers were histori-
cally fished by hand by native Hawaiians and have been 
reported as a commercial fishery since the late 1950s 
(Hospital and Beavers 2012; Williams et al. 2012). How-
ever, the advent of electric reels, advanced fish finders and 
GPS has increased catch to substantial levels in recent 
years (Dalzell and Preston 1992; Williams et al. 2012). 
Further, the spread of these technological advances in the 
Pacific region suggests that exploitation will grow steadily 
throughout the range of these species (Dalzell and Pres-
ton 1992; Williams et al. 2012). In accordance, there has 
been a recent request for stock assessments and an evalu-
ation of management strategies for the Pacific region’s 
deepwater snapper stocks (Williams et al. 2012; Williams  
et al. 2013). Our aim was to evaluate four deepwater 
MPAs in the Main Hawaiian Islands to determine whether 

this management strategy could be successfully applied to 
deepwater snappers.

A particularly important complex of exploited deepwa-
ter bottomfish species in Hawai’i is known as the “Deep 7” 
and comprises six snappers (Lutjanidae) in the subfamily 
Etelinae: deepwater red snapper Etelis carbunculus, deep-
water long-tail red snapper E. coruscans, crimson jobfish 
Pristipomoides filamentosus, lavender jobfish P. sieboldii, 
oblique-banded snapper P. zonatus, rusty jobfish (Aphareus 
rutilans), and one grouper (Serranidae): Hawaiian grouper 
Hyporthodus quernus. Of these, E. carbunculus, E. corus-
cans and P. filamentosus are the most economically and 
commercially important in the Main Hawaiian Islands 
(Haight et al. 1993; Kelley et al. 2006). Although limited, 
data on life history characteristics for these species indicate 
that they are generally long lived (20 to 40+ years for some 
species) and relatively late maturing (≥ 6 years for some 
species; Andrews et al. 2011, 2012; Kelley and Moriwake 
2012). These traits are intermediate to the rapid growth and 
maturity of many reef fishes and the extreme slow growth 
and maturity of deep slope or seamount associated fishes 
(Drazen and Haedrich 2012).

During the 1990s, catch rates and spawning potential 
ratios of the Deep 7 indicated that their populations had 
declined, with metrics for E. carbunculus and E. corus-
cans generating particular concern. Also, because Deep 7 
species are relatively site attached, often forming aggrega-
tions around high relief structures such as pinnacles, it was 
believed that a spatially based management strategy such as 
a network of MPAs would benefit these fish stocks (Ralston 
et al. 1986; Haight et al. 1993; Kelley et al. 2006; Parke 
2007; Merritt et al. 2011). Therefore, in 1998, the State of 
Hawai’i, Department of Land and Natural Resources imple-
mented a system of 19 MPAs labeled bottomfish restricted 
fishing areas (and hereafter referred to as BRFAs) through-
out the Main Hawaiian Islands. These BRFAs excluded 
bottomfish harvest, protecting the deepwater environment 
and species that reside there while leaving surface waters 
open to fishing for pelagic species. On June 1, 2007, the 
system was revised to reduce the overall number to 12, but 
increased the area protected to include more essential fish 
habitat (EFH; Rosenberg et al. 2000; Moffitt et al. 2006; 
Parke 2007; Kelley and Moriwake 2012; Moore et al. 2013; 
Fig. 1).

Here, we examined whether relative abundance, 
mean length and species richness of the Deep 7 complex 
increased inside BRFAs compared to adjacent fished areas 
using data acquired from a baited camera system from 
2007, when the revised BRFAs were established, to 2011. 
Further, because some BRFAs remained unchanged after 
they were revised in 2007 while others were expanded or 
newly created, we were able to compare BRFAs with dif-
ferent time spans of protection to examine the potential 
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progress of protection effects beyond when monitoring 
began.

Materials and methods

Data collection

The sampling design and technique used here have been 
described previously by Moore et al. (2013). Briefly, our 
baited stereo-video camera system (BotCam) was spe-
cifically designed as a fishery-independent tool to monitor 
Hawaiian deepwater bottomfish and their habitat (Merritt 
et al. 2011). The system employed two ultralow-light video 
cameras that recorded under ambient light to a depth of 
310 m, used a light diode to synchronize the stereo-video 
pair and enabled accurate fish length measurements (Har-
vey and Shortis 1995; Shortis et al. 2008; Watson et al. 
2010). BotCam floated approximately 3 m above the sea-
floor to optimize the field of view for our targeted species. 
For instance, those Deep 7 species closely associated with 
the seafloor (e.g., P. zonatus) and those that resided higher 
in the water column (e.g., E. coruscans) were both visible 
in the field of view. Bait was kept in a plastic mesh bait 
canister in view of both cameras and consisted of approxi-
mately 800 g of chopped and frozen anchovy (Engraulis 
mordax) and squid (Loligo opalescens). Local commercial 
anglers also use this bait on hooks and in chum bags while 
fishing.

We used BotCam to conduct paired sampling inside and 
outside of four BRFAs in the Main Hawaiian Islands from 
approximately 90 to 310 m (Fig. 1). Of these four BRFAs, 
one had boundaries similar to the original 1998 BRFAs 
(Ni’ihau) and thus had been protected for approximately 
14 years, two encompassed smaller pre-existing closed areas 
(Penguin Bank and Makapu’u), and one was newly closed 
in 2007 (Pailolo Channel; Fig. 1). Data were collected from 
May 2007 to June 2011. Sample sites were selected using 
a stratified random sampling protocol with strata based on 
protection and habitat. An equal number of samples were 
targeted inside and outside but adjacent to each BRFA with 
the same habitat designations. Habitat designations were 
classified as high slope (≥20°) or low slope (<20°) and as 
consolidated hard substrate or unconsolidated soft substrate 
for every 200 m2 area based on multibeam bathymetry and 
backscatter data. These habitat classifications resulted in 
four possible designations: hard-high, hard-low, soft-high 
and soft-low (Moore et al. 2013; Misa et al. 2013). The 
200 m2 grid-cell size was chosen to reflect the area where 
fish would likely be drawn by bait and large enough to pro-
vide an adequate target for the deployment of BotCam. At 
each sample site, BotCam was deployed and left to record 
for 45 min before being retrieved, a time previously noted 
for optimizing peak feeding activity using bait (Harvey and 
Cappo 2001). In addition, BotCam units deployed concur-
rently were placed at a minimum of 400 m apart to reduce 
if not prevent bait plume overlap and sampling the same fish 
by both systems (Moore et al. 2013).

Fig. 1  In 1998, 19 deepwa-
ter marine protected areas 
called bottomfish restricted 
fishing areas (BRFAs) were 
implemented throughout the 
Main Hawaiian Islands and 
later revised on June 1, 2007, 
reducing the overall number 
to 12 (revised BRFAs depicted 
with gradient fill). Our study 
sites included four BRFAs, one 
had boundaries similar to the 
original 1998 BRFAs (original 
BRFAs depicted with diagonal 
hatching in insets) and thus had 
been protected for approxi-
mately 14 years (Ni’ihau), two 
encompassed smaller pre-exist-
ing closed areas (Penguin Bank 
and Makapu’u), and one was 
newly closed in 2007 (Pailolo 
Channel)
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Video analysis

All fish within a single video were identified to the low-
est taxonomic unit, commonly species. Relative abundance 
was recorded as the maximum number of each species 
observed in a single frame of video (MaxN; Parrish 1989; 
Priede et al. 1994; Cappo et al. 2003). Species not seen in 
the video were given a value of zero. Because of the high 
number of zeros in the MaxN datasets for each species 
and because not all species occupy the entire depth range 
sampled, we included only those data from a preferred 
depth range for each of our target species. These preferred 
depth ranges were previously determined by Misa et al. 
(2013) using a Euclidean distance matrix and pair-wise 
PERMANOVA of MaxN data in 30-m depth bins for four 
of the Deep 7 and are as follows: 210–310 m for E. car-
bunculus and E. coruscans, 90–210 m for P. filamentosus 
and 180–270 m for P. sieboldii. We calculated the preferred 
depth ranges for the remaining three species using the same 
method as Misa et al. (2013): 150–270 m for P. zonatus, 
120–240 m for H. quernus and 90–240 m for A. rutilans. 
More than 90 % of the mean relative abundance for each 
species was within the specified depth ranges and allowed 
for more robust statistical analyses by reducing the num-
ber of zeros in each species’ dataset. Fork lengths (mm) 
were also taken only one time in a single video to avoid 
measuring the same fish more than once. These measure-
ments were recorded when the highest number of measur-
able fish (the entire fish was visible in both cameras) was 
seen and computed using one of three stereo-photometric 
programs (Visual Measurement System version 7.5, Geom-
soft, Victoria, Australia; PhotoMeasure version 1.74, Sea-
GIS Pty Ltd; EventMeasure Stereo version 3.32, SeaGIS 
Pty Ltd). Approximately, five replicate measurements were 
also taken for each individual to increase precision and 
accuracy. In addition, we used species richness, a count of 
the number of Deep 7 species that were present in a single 
video, as a measure of biodiversity (e.g., if all Deep 7 spe-
cies were viewed in a single 45 min video the species rich-
ness value would be seven).

Statistical analysis

To analyze factors that affected relative fish abundance 
and size structure for all seven species from each BRFA, 
we ran a series of seven candidate models for both MaxN 
and fish length for each species and BRFA and ranked 
them with Akaike’s information criterion (AICc; Burnham 
and Anderson 1998; Table 1). Factors included sampling 
year, protection (inside or outside the BRFA), habitat des-
ignations (hard-high, hard-low, soft-high and soft-low), 
and the interaction between protection and sampling year 
(year*protection). Model selection was based on available 

factors, the sample size of the dataset and to answer spe-
cific questions about the data. For instance, the interaction 
between protection and sampling year was tested to deter-
mine whether there were different trends in fish length or 
abundance over time inside versus outside each BRFA 
(i.e., the slopes of the regression lines inside and outside 
were significantly different). In all cases, sample depth was 
treated as a random effect to address potential bias in our 
model results because samples were not stratified by depth 
until year 4, and then, stratification was very broad (above 
and below 200 m depth). MaxN data were analyzed using 
generalized linear mixed models (GLMM) with a nega-
tive binomial distribution to account for the hyperdispersed 
nature of count data. This method has been successfully 
used in previous studies with similar datasets (Martinez 
et al. 2011; Smith et al. 2012). Because length data met 
assumptions of normality, we used standard least squares 
multiple regression models for these analyses. Model prob-
ability weights (Wi) were used to examine the strength of 
evidence for each model (Wi indicates the probability that 
a model is the best of the set of models tested; Burnham 
and Anderson 1998). Here, we display only the top ranked 
model, using AICc for each species, BRFA and analysis 
(MaxN and fish length; Tables 2, 3).

To examine factors that best explained the variation in 
species richness data, we used the same series of seven can-
didate models and ranked them with AICc (Table 1). All 
significant (P < 0.05) factor effects in our weighted models 
were further investigated using adjusted means and mean 
predicted values from model output because these meas-
ures take other model effects into account. The percent of 
mature fish inside and outside each BRFA was also com-
pared (sizes at maturity were E. carbunculus = 279 mm 
(DeMartini and Lau 1999), E. coruscans = 700 mm (Ever-
son et al. 1989), P. filamentosus = 450 mm (Ralston and 
Miyamoto 1983), P. sieboldii = 290 mm (DeMartini and 

Table 1  Seven candidate models tested to explain MaxN and fish 
length data for each species in each BRFA

Candidate models were also tested to explain species richness data 
in each BRFA. The best of the seven models tested for each analysis 
was determined using Akaike’s information criterion (AICc; Burnham 
and Anderson 1998)

* Represents an interaction between the two parameters

Candidate models

habitat

protection

year

year*protection

year*protection, habitat

year*protection, protection

year*protection, protection, habitat
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Lau 1999) and H. quernus = 580 mm (DeMartini et al. 
2011)). H. quernus are protogynous hermaphrodites, and 
while we used the 580 mm size at which females reach 
maturity for our analyses, we also summed the number of 
fish sampled that were large enough to be male (895 mm; 
DeMartini et al. 2011). All analyses were conducted using 
JMP 9.0.2 (2010 SAS Institute Inc.) and SPSS 21 (2012 
IMB Corp.).

Results

Our results showed that the same model was ranked as 
best among nearly all BRFAs and species for explain-
ing the variation in relative abundance (MaxN) and fish 
length data (Tables 2, 3). Factors in this model included 
year*protection, protection and habitat. The strength 
(Wi) of the best and significant (P < 0.05) models in 
explaining MaxN and fish length data ranged from 0.90 
to 1.00. Of the significant (P < 0.05) weighted models, 

not all factors included in the models had significant 
effects. For instance, although year*protection, protec-
tion and habitat were all in the top model for P. filamen-
tosus length data in Makapu’u BRFA, the protection 
factor (comparing mean length inside to outside with 
years pooled; adjusted mean length inside = 495 mm, 
outside = 479 mm) was not significant (P = 0.22) while 
year*protection and habitat factors were significant 
(P < 0.01). Also, among BRFAs and species, small sam-
ple sizes, especially among explanatory variable catego-
ries, resulted in a loss of power to run all seven models. 
At least six models could be run for 20 of the 28 tests 
for MaxN data (Table 2) and 13 of the 28 tests for length 
data (Table 3). This limitation reduced our ability to 
examine protection effects for all species in all BRFAs. 
Overall, however, changes in length and relative abun-
dance over time occurred for one or more of the most 
economically important and abundant target species  
(E. carbunculus, E. coruscans, P. filamentosus; Table 4) 
in nearly all tested BRFAs. Results for other species 

Table 2  Top ranked 
generalized linear mixed models 
for explaining MaxN data for 
each species in each BRFA 
using Akaike’s information 
criterion (AICc; Burnham and 
Anderson 1998)

Model probability weights 
(Wi) indicated the probability 
that a model is the best of 
the set of models tested. The 
full scientific name for each 
species is Etelis carbunculus, 
E. coruscans, Pristipomoides 
filamentosus, P. sieboldii, P. 
zonatus, Hyporthodus quernus 
and Aphareus rutilans
#  indicates a marginally 
significant model effect 
(0.05 < P < 0.10); ## indicates 
a significant model effect 
(P < 0.05)

BRFA Species Top model P N Wi Models tested

Ni’ihau E. carbunculus year*protection, protection, habitat 0.73 90 0.90 7

E. coruscans year*protection, protection, habitat 0.87 90 0.83 7

P. filamentosus year*protection, protection 0.35 102 1.00 7

P. sieboldii year*protection, protection, habitat 0.22 90 0.92 7

P. zonatus year*protection, protection, habitat 0.63 123 0.99 7

H. quernus protection 0.27 116 0.99 7

A. rutilans – – 128 – 0

Penguin Bank E. carbunculus protection 0.37 140 0.62 7

E. coruscans year*protection#, protection#, habitat## 0.01 140 0.99 7

P. filamentosus year*protection, protection, habitat 0.22 105 0.96 7

P. sieboldii habitat 0.51 145 0.81 7

P. zonatus year*protection, protection, habitat 0.76 175 1.00 3

H. quernus protection 0.27 153 1.00 7

A. rutilans year*protection, protection, habitat 0.99 168 0.89 6

Makapu’u E. carbunculus year*protection, protection, habitat 0.71 72 0.82 7

E. coruscans year*protection, protection, habitat 0.19 72 0.93 5

P. filamentosus year*protection##, habitat## 0.00 123 1.00 6

P. sieboldii protection 0.99 76 1.00 1

P. zonatus habitat 0.99 125 0.93 7

H. quernus habitat 0.45 131 0.93 7

A. rutilans year*protection 0.23 148 0.88 4

Pailolo Channel E. carbunculus year 0.76 142 0.47 7

E. coruscans year*protection, protection##, habitat## 0.07 142 1.00 7

P. filamentosus habitat 0.41 51 0.94 2

P. sieboldii year*protection, protection, habitat 0.61 122 1.00 6

P. zonatus – – 135 – 0

H. quernus year 0.34 111 1.00 7

A. rutilans – – 113 – 0



416 Mar Biol (2014) 161:411–425

1 3

were limited due to sample size. Indeed, significant 
results were only found when samples sizes were greater 
than approximately 100 for length data, and the percent 
of samples in which a particular species was present was 
greater than 40 % (Table 4).

Site with the longest duration of protection

The BRFA with the longest duration of protection, Ni’ihau 
BRFA, showed no significant effects for MaxN data for 
any of the models tested (Table 2). This may have been 
the result of the smaller fraction of deployments in which 
a particular species was observed (nonzero MaxN data 
<35 %) in this BRFA (Table 4). Conversely, our length 
analysis showed significant results for three species.  
P. filamentosus inside Ni’ihau BRFA were larger compared 

to outside, while the opposite was seen for E. coruscans 
and P. sieboldii (Fig. 2a). Over time mean predicted 
lengths decreased significantly inside for P. sieboldii and 
increased significantly outside (P < 0.05; Fig. 3a). Similar  
trends for E. coruscans and P.filamentosus were not sig-
nificant (Pyear*protection = 0.17; Pyear*protection = 0.14). 
Diversity (species richness) of our target species increased 
outside this BRFA (Pyear*protection = 0.01; Pout = 0.01), 
although it remained unchanged inside (Pin = 0.33; 
Table 4c). There were also higher percentages of mature 
fish inside Ni’ihau BRFA than outside for each species 
examined, with the exception of P. filamentosus where 
100 % of the fish seen inside and outside the BRFA were 
mature (Fig. 4a). In addition, for H. quernus, which 
undergo a sex change from female to male at approxi-
mately 895 mm (DeMartini et al. 2011), none of the fish 

Table 3  Top ranked standard least squares models for explaining fish length data for each species in each BRFA using Akaike’s information cri-
terion (AICc; Burnham and Anderson 1998)

Model probability weights (Wi) indicate the probability that a model is the best of the set of models tested. The full scientific name for each spe-
cies is Etelis carbunculus, E. coruscans, Pristipomoides filamentosus, P. sieboldii, P. zonatus, Hyporthodus quernus, and Aphareus rutilans
#  indicates a marginally significant model effect (0.05 < P < 0.10); ## indicates a significant model effect (P < 0.05)

BRFA Species Top model P R2 N Wi Models tested

Ni’ihau E. carbunculus year*protection, protection, habitat## 0.01 0.34 42 0.95 7

E. coruscans year*protection, protection##, habitat 0.04 0.13 92 1.00 4

P. filamentosus year*protection, protection##, habitat 0.01 0.31 61 1.00 7

P. sieboldii year*protection##, protection##, habitat## 0.00 0.18 244 1.00 7

P. zonatus – – – 9 – 0

H. quernus year*protection, protection, habitat 0.17 0.31 31 0.93 5

A. rutilans – – – 2 – 0

Penguin Bank E. carbunculus year*protection##, protection##, habitat 0.03 0.13 158 0.98 7

E. coruscans year*protection##, protection##, habitat 0.00 0.21 118 1.00 5

P. filamentosus year*protection##, protection##, habitat## 0.00 0.42 230 0.95 7

P. sieboldii year*protection##, protection##, habitat## 0.00 0.21 312 1.00 7

P. zonatus year*protection, protection, habitat 0.07 0.27 28 0.90 6

H. quernus year*protection, protection, habitat 0.69 0.33 17 0.96 7

A. rutilans year*protection, protection##, habitat 0.02 0.41 29 1.00 6

Makapu’u E. carbunculus year*protection, protection, habitat 0.31 0.42 37 0.96 7

E. coruscans year*protection, protection 0.86 0.70 10 0.46 6

P. filamentosus year*protection##, protection, habitat## 0.00 0.44 215 0.92 7

P.sieboldii habitat 0.12 0.88 5 1.00 1

P. zonatus year 0.98 0.40 3 1.00 1

H. quernus – – – 4 – 0

A. rutilans year 0.41 0.65 3 1.00 1

Pailolo Channel E. carbunculus year*protection, protection 0.09 0.06 289 0.48 4

E. coruscans year*protection#, protection## 0.00 0.22 166 0.97 4

P. filamentosus year*protection, protection##, habitat 0.00 0.49 76 0.95 7

P. sieboldii year*protection, protection## 0.00 0.12 95 0.90 3

P. zonatus – – – 1 – 0

H. quernus year*protection, protection 0.15 0.07 34 0.95 4

A. rutilans – – – 0 – 0
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measured were large enough to be male inside the BRFA, 
and only one of 15 was large enough to be male outside 
the BRFA.

Significant habitat associations occurred for only two 
species in Ni’ihau BRFA, E. carbunculus and P. siebol-
dii, and only with length (P ≤ 0.01) and species richness 
data (P < 0.01). Mean predicted lengths of E. carbunculus 
were largest in soft-low habitats (532 ± 43 mm SE) and 
smaller in hard-high and hard-low habitats (392 ± 15 mm, 
385 ± 17 mm). There were no length measurements 
taken in soft-high habitats for this species. The largest 
P. sieboldii were in soft-high habitats (379 ± 12 mm), 
followed by hard-high and hard-low (351 ± 3 mm, 
342 ± 6 mm), with the smallest fish found in soft-low 
habitats (289 ± 12 mm). Habitat associations with species 
richness in this BRFA indicated that hard-high and hard-
low habitat types had the highest mean number of target 
species in a single deployment (1.14 ± 0.06, 0.91 ± 0.04) 
followed by soft-low (0.52 ± 0.04) and then soft-high 
habitats (0.28 ± 0.01).

Sites with an intermediate duration of protection

The Penguin Bank and Makapu’u BRFAs were expanded 
from their original 1998 boundaries in 2007 to include pre-
viously unprotected areas. As a consequence of the blend 
of newly protected sections and those sections protected 
since 1998 inside these BRFAs, we defined the time span of 
protection intermediate compared to the others we tested. 
Protection of the area influenced relative fish abundance 
and fish length in both BRFAs. At Penguin Bank mean pre-
dicted MaxN for E. coruscans was higher inside the BRFA 
compared to outside, though this result was only marginally 
significant (0.05 < P < 0.10; Fig. 5a). Adjusted mean length 
was also higher in this BRFA for four species (E. carbun-
culus, E. coruscans, P. filamentosus, P. sieboldii) while the 
opposite was seen for A. rutilans (Fig. 2b). Higher per-
centages of mature fish were also noted inside compared 
to outside Penguin Bank BRFA for E. coruscans, P. sie-
boldii and H. quernus, while results were approximately 
even for E. carbunculus and opposite for P. filamentosus 

Table 4  A summary of significant (P < 0.05, bold) and marginally significant (0.05 < P < 0.10, italics) trends in (a) length (b) relative abun-
dance and (c) species richness data over time inside and outside protected areas (year*protection)

↑ signifies an increase over time, – signifies no change over time and ↓ signifies a decrease over time. The full scientific names for each species 
that make up the Deep 7 are Etelis carbunculus, E. coruscans, Pristipomoides filamentosus, P. sieboldii, P. zonatus, Hyporthodus quernus and 
Aphareus rutilans

* The percent of nonzero data in each database with the sample size in parentheses

a. Length Ni’ihau Penguin Bank Makapu’u Pailolo Channel

 Species N In Out N In Out N In Out N In Out

E. carbunculus 42 158 ↑ ↓ 37 289

E. coruscans 92 118 ↑ ↓ 10 166 ↑ ↓
P. filamentosus 61 230 ↑ – 215 ↑ – 76

P. sieboldii 244 ↓ ↑ 312 ↓ ↑ 5 95

P. zonatus 9 28 3 1

H. quernus 31 17 4 34

A. rutilans 2 29 3 0

b. MaxN Ni’ihau Penguin Bank Makapu’u Pailolo Channel

Species Presence* In Out Presence* In Out Presence* In Out Presence* In Out

E. carbunculus 0.20 (90) 0.48 (140) 0.19 (72) 0.77 (142)

E. coruscans 0.31 (90) 0.44 (140) ↑ – 0.13 (72) 0.48 (142)

P. filamentosus 0.24 (102) 0.53 (105) 0.47 (123) ↑ ↓ 0.43 (51)

P. sieboldii 0.32 (90) 0.34 (145) 0.04 (76) 0.23 (122)

P. zonatus 0.12 (123) 0.16 (175) 0.07 (125) 0.01 (135)

H. quernus 0.14 (116) 0.10 (153) 0.04 (131) 0.17 (111)

A. rutilans 0.01 (128) 0.14 (168) 0.01 (148) 0.00 (113)

c. Species richness Ni’ihau Penguin Bank Makapu’u Pailolo Channel

Presence* In Out Presence* In Out Presence* In Out Presence* In Out

Deep 7 0.45 (190) – ↑ 0.70 (244) 0.44 (192) 0.75 (190)



418 Mar Biol (2014) 161:411–425

1 3

(Fig. 4b). Maturity results were also varied in Makapu’u 
BRFA, where more mature E. coruscans were inside 
the BRFA and more mature E. carbunculus were outside 
the BRFA (Fig. 4c). Furthermore, none of the measured  
H. quernus inside Penguin Bank BRFA or outside 
Makapu’u BRFA (H. quernus were only measured outside 
Makapu’u BRFA) were large enough to be male. Outside 
Penguin Bank BRFA, two of nine measured H. quernus 
were large enough to be male.

In both the Penguin Bank and Makapu’u BRFAs pro-
tection also influenced relative fish abundance and fish 
length for a few species over time. As such, there was a 
significant increase in E. coruscans mean predicted MaxN 
inside Penguin Bank BRFA, while outside MaxN remained 
unchanged (Fig. 6a). Although the difference in slope of 
these regressions (year*protection) was only marginally 
significant (0.05 < P < 0.10) in the top ranked model, in 
the second best model for the same species and BRFA, 

the slopes of these regressions were significantly differ-
ent (Pyear*protection = 0.02, Pin = 0.03, Pout = 0.97) and 
showed the same trends over time. For P. filamentosus in 
Makapu’u BRFA, the slopes of the MaxN regressions over 
time inside and outside the BRFA were significantly differ-
ent with an increasing trend occurring inside and a decreas-
ing trend occurring outside the BRFA (Fig. 6b). However, 
the individual regressions were not significant. Mean pre-
dicted lengths increased inside and decreased or showed 
no change over time outside Penguin Bank BRFA for E. 
carbunculus, E. coruscans and P. filamentosus (Fig. 3b–d). 
P. sieboldii displayed an opposite trend in Penguin Bank 
BRFA (Fig. 3e). In Makapu’u BRFA, mean fish length 
increased inside and showed no significant change outside 
for P. filamentosus over time (Fig. 3f).

Habitat associations with MaxN data varied by spe-
cies and were only significant in Penguin Bank BRFA for  
E. coruscans (P = 0.01) and E. carbunculus (P < 0.01) and 
in Makapu’u BRFA for P. filamentosus (P < 0.01). E. car-
bunculus had the highest mean predicted MaxN in hard-
high and soft-high habitats (2.99 ± 0.15 SE, 2.81 ± 0.21)  
followed by hard-low (1.78 ± 0.15) and then soft-low 
(0.12 ± 0.01), which had the lowest predicted MaxN. E. 
coruscans had the highest predicted mean MaxN in hard-
high and hard-low habitats (3.89 ± 0.32, 4.13 ± 0.57) 
followed by soft-high (2.11 ± 0.29), then soft-low 
(0.64 ± 0.10). P. filamentosus had the highest predicted 
MaxN in hard-low and soft-low habitats (5.45 ± 0.52, 
6.98 ± 1.07) followed by hard-high (2.78 ± 0.23) and 
then soft-high (1.02 ± 0.07). Habitat associations with 
length data were only significant for P. filamentosus 
in Penguin Bank and Makapu’u BRFAs and P. siebol-
dii in Penguin Bank BRFA. In both Penguin Bank and 
Makapu’u BRFAs, the largest P. filamentosus were in soft-
high habitats (569 ± 11 mm, 582 ± 19 mm) followed by 
hard-high habitats (508 ± 11 mm, 523 ± 10 mm), while 
smaller P. filamentosus were in hard-low (470 ± 10 mm, 
415 ± 8 mm) and soft-low habitats (441 ± 35 mm, 
428 ± 26 mm). The largest P. sieboldii in Penguin 
Bank BRFA were in hard-high and hard-low habitats 
(330 ± 5 mm, 333 ± 8 mm) followed by soft-high habi-
tats (301 ± 6 mm).

Site with the shortest duration of protection

Pailolo Channel BRFA was newly created in 2007 and thus 
had the shortest duration of protection compared to the oth-
ers tested. In this BRFA, larger and more E. coruscans were 
found inside compared to outside the reserve (Figs. 2c, 5b). 
Larger P. sieboldii were also found inside this BRFA com-
pared to outside, though the opposite was seen for P. fila-
mentosus (Fig. 2c). Maturity results varied among species 
in Pailolo Channel BRFA, with more mature E. coruscans 

Fig. 2  Significant (P < 0.05) fish length model effects for the fac-
tor protection (differences in length inside and outside BRFAs; see 
Table 3). The genera for displayed species are Etelis, Pristipomoides 
and Aphareus
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and P. sieboldii inside the BRFA and more mature E. car-
bunculus, P. filamentosus and H. quernus outside (Fig. 4d). 
In addition, only one of eight measured H. quernus inside 
and only two of 26 outside this BRFA were large enough 
to be male. Over time, there was a slight trend of increas-
ing fish length for E. coruscans inside the BRFA; how-
ever, the difference in the slopes of these regressions inside 
and outside the BRFA was only marginally significant 
(0.05 < P < 0.10; Fig. 3g).

Species richness in Pailolo Channel BRFA was signifi-
cantly (P < 0.01) associated with habitat; hard-low habitats 
had higher species richness (1.59 ± 0.01 SE) than soft-low 
habitats (0.38 ± 0.01). Fish length and relative abundance 
were not significantly associated with habitat for any spe-
cies in this BRFA, though only two habitat types were pre-
sent (hard-low and soft-low).

Discussion

Our study used data collected inside and outside of four 
deepwater MPAs (BRFAs) in the Main Hawaiian Islands 
and provided evidence that this strategy can benefit deep-
water fish populations similar to shallow water MPAs. For 
instance, studies on the efficacy of shallow water MPAs 
have demonstrated increased length and abundance of 
targeted fish inside protected areas relative to areas that 
remained open to fishing (Russ and Alcala 1996; Fried-
lander et al. 2003). We show that mean fish length, and in 
some cases abundance, increased for one or more of the 
most economically important deepwater bottomfish species 
(E. coruscans, E. carbunculus and P. filamentosus) inside 
nearly all tested deepwater BRFAs (Table 4). However, 
the strength and number of significant protection effects 

Fig. 3  Significant (P < 0.05) 
and marginally significant 
(0.05 < P < 0.10) fish length 
model effects for the interaction 
between year and protection 
(differences in the trends seen 
over time inside and outside 
BRFAs; see Table 3). The 
genera for displayed species are 
Etelis and Pristipomoides
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varied among BRFAs and were likely a consequence of 
the time span of protection, potential poaching inside some 
BRFAs, small sample sizes for length and MaxN data and 
the inherent variability of MaxN data (i.e., hyperdispersed 

count data with excess zeros; Martinez et al. 2011; Smith 
et al. 2012). For instance, only 86 H. quernus were meas-
ured in all four BRFAs over 4 years of data collection and 
even more, only six of those were large enough to be male 
(>895 mm; DeMartini et al. 2011)). Despite these effects, 
our results suggest that a spatial management strategy such 
as a network of MPAs can benefit deepwater fish popula-
tions, many of which are in need of sustainable fisheries 
management (Haedrich et al. 2001; Morato et al. 2006; 
Baker et al. 2009; Williams et al. 2012, 2013).

Typical reserve effects (e.g., increased fish length and 
abundance inside the MPA; White and Kendall 2007; White 
et al. 2008; Lester et al. 2009; Gaines et al. 2010) were 
most often present in Penguin Bank and Makapu’u BRFAs. 
These BRFAs were intermediate in the duration of protec-
tion compared to the others tested because they included 
a blend of newly protected habitat (starting in 2007) and 
habitat that had been protected since 1998 (Moffitt et al. 
2006; Kelley and Moriwake 2012). For instance, the three 
most economically important species in the fishery (E. car-
bunculus, E. coruscans and P. filamentosus; Haight et al. 
1993; Kelley et al. 2006) were larger inside Penguin Bank 
BRFA compared to outside the reserve, with increases in 
length occurring over time inside and decreases or no 
change observed outside the BRFA. Further, increases in 
fish size seen over time were equivalent to approximately 
1–3 years of growth (Smith and Kostlan 1991; Williams 
and Lowe 1997; Andrews et al. 2012). E. coruscans rela-
tive abundance also increased inside and showed no change 
over time outside the BRFA. Similar results were evident in 
Makapu’u BRFA, but only for a single species, P. filamen-
tosus. The lack of significant length and abundance results 
for other species in Makapu’u BRFA was likely due to very 
low sample sizes (Table 4). This area has been anecdotally 
labeled as a fishing ground for P. filamentosus and E. cor-
uscans by local anglers and, as expected, P. filamentosus 
was the most abundant species in this area while unex-
pectedly E. coruscans were rarely sampled. Conversely, 
P. sieboldii, which are generally not targeted by commer-
cial fishers because of their small body size (Kelley et al. 
2006), showed the opposite trend in Penguin Bank BRFA, 
increases in fish length outside and decreases inside the 
BRFA over time. The decline in mean length seen inside 
this BRFA may be the result of larger target species out-
competing this smaller non-target species inside the BRFA 
(Sanchez Lizaso et al. 2000).

While decreased fish length in fished areas adjacent to 
Penguin Bank BRFA for E. carbunculus and E. coruscans 
may indicate displaced fishing effort, fish abundance did 
not change over time outside the reserve. In previous stud-
ies, evidence of displaced fishing effort included decreases 
in fish catch and abundance adjacent to the MPA (Green-
street et al. 2009; Halpern et al. 2004). Decreased mean 

Fig. 4  The percentage of mature fish inside and outside BRFAs for 
each species with enough data to make a comparison. Sizes at matu-
rity were Etelis carbunculus = 279 mm (DeMartini and Lau 1999), 
E. coruscans = 700 mm (Everson et al. 1989), Pristipomoides 
filamentosus = 450 mm (Ralston and Miyamoto 1983), P. siebol-
dii = 290 mm (DeMartini and Lau 1999) and Hyporthodus quer-
nus = 580 mm (DeMartini et al. 2011)
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fish length in fished areas could also be from the larger 
and more productive spawning stock inside the reserve 
increasing recruitment to fished areas along with contin-
ual fishing pressure selectively removing large individuals 
from the population (Bohnsack 1994; Halpern and Warner 
2003; Pelc et al. 2010). In keeping with this hypothesis, 
Vaz et al. (in review) modeled egg dispersal of Deep 7 spe-
cies inside the BRFAs among the Main Hawaiian Islands 
and showed the majority of eggs spawned in deepwater 
BRFAs would disperse to fished areas. In addition, Halp-
ern et al. (2004) evaluated the affects of displaced fishing 

effort and reported that exported production from reserves 
can supply and sustain fisheries at current or higher levels, 
compensating anglers for the closure of fishing grounds 
(Pelc et al. 2010). While this is clearly an objective of 
using MPAs for fisheries management, we currently do not 
have the data necessary to evaluate exported production 
from the BRFAs.

Consistent and significant positive effects from pro-
tection were seen less often in Pailolo Channel BRFA, as 
expected, given that this BRFA had the shortest period of 
protection in our study (from 2007). Although significant 
differences in mean fish length and relative abundance 
occurred inside compared to outside, results were mixed 
and many did not change significantly over time. Previous 
research has indicated that direct effects on target species 
as a result of protection first appear, on average, within 
5 years (Babcock et al. 2010). Although life history data 
for our target species are limited, studies suggest they are 
generally long lived (20 to 40+ years for some species; 
Andrews et al. 2011, 2012; Kelley and Moriwake 2012), 
with slower growth than many reef fishes, such as those 
studied in Babcock et al. (2010). Consequently, it would 
likely take more than 4 years for protection effects demon-
strated in other shallow water MPAs to develop for deep-
water species (Haedrich et al. 2001; Morato et al. 2006; 
Baker et al. 2009). Another possible reason for inconsist-
ent results among species in this BRFA compared to oth-
ers was that only two types of habitat were available, 
hard-low and soft-low. The limited available habitat in 
this reserve could affect species composition compared 
to other BRFAs, particularly because both E. carbunculus 
and small E. coruscans prefer hard-low habitat types (Misa 
et al. 2013). Additionally, previous research has indicated 
that this area may be a nursery ground for E. coruscans, 
in which case changes in fish lengths may not be expected 
(Misa et al. 2013). As such, the slight increase in mean pre-
dicted fish length seen in this BRFA for E. coruscans did 
not exceed the estimated size at maturity (700 mm, Everson 
et al. 1989) and may indicate that fish leave this area when 
they reach maturity. Because there are no minimum size  
regulations for non-commercial fishers for any of the Deep 7,  

Fig. 5  Significant (P < 0.05) 
and marginally significant 
(0.05 < P < 0.10) MaxN model 
effects for the factor protection 
(differences in MaxN inside and 
outside BRFAs; see Table 2). 
The genus for displayed species 
is Etelis

Fig. 6  Significant (P < 0.05) and marginally significant 
(0.05 < P < 0.10) MaxN model effects for the interaction between 
year and protection (differences in the trends seen over time inside 
and outside BRFAs; see Table 2). The genera for displayed species 
are Etelis and Pristipomoides
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protecting nursery habitat should still provide benefits to 
the population and fishery.

The boundaries of Ni’ihau BRFA have changed very lit-
tle since 1998, providing nearly 14 years of protection to 
this area. In accordance, our maturity results suggested that 
long-term protection in this BRFA had benefits not seen in 
other BRFAs. For instance, across all years each species in 
Ni’ihau BRFA had a higher percent of mature fish inside 
the reserve compared to outside (with the exception of  
P. filamentosus where all of the fish sampled inside and out 
were mature), a result not yet seen in the other analyzed 
BRFAs, which had shorter durations of protection. In addi-
tion, Niihau BRFA was the only area where four of the 
five species tested had >98 % maturity inside the BRFA. 
Further, this BRFA was the only one tested to show any 
changes in species richness over time, with increases occur-
ring in adjacent fished habitats and no changes occurring 
inside Ni’ihau BRFA; a result that may indicate a spillo-
ver effect. A study by Russ and Alcala (1996) indicated that 
an increase in species richness of large predators, includ-
ing Lutjanid and Serranid species, also increased with 
reserve age and suggested that the increase seen outside the 
reserve was due to spillover. However, they also hypoth-
esized that increased species richness outside the reserve 
could be caused by successful recruitment. Other studies 
have indicated that initial signs of spillover are generally 
evident after approximately 15 years of protection (Abesa-
mis and Russ 2005; Molloy et al. 2009). In addition, a pre-
vious examination of this BRFA to establish baseline data 
in the first year of monitoring (9 years after reserve crea-
tion) demonstrated that mean E.coruscans and P. filamen-
tosus lengths were significantly larger inside the reserve; 
this difference was equivalent to ~10 years of growth for 
P. filamentosus (Moore et al. 2013). These results suggest 
that an increase in fish length had occurred for these spe-
cies over the first 10 years of protection inside the reserve. 
Our results were consistent with this analysis, demonstrat-
ing that in the first year of monitoring there were larger  
E. coruscans and P. filamentosus inside the BRFA com-
pared to outside; however, for E. coruscans, the opposite 
trend was seen when all 4 years were averaged together. 
This difference was likely due to a decline in mean fish 
length that seemed to occur inside and an increase that 
seemed to occur outside the reserve for E. coruscans. How-
ever, these trends over time were not significant (P = 0.17). 
Indeed, no changes in fish size or abundance over time 
were noted in this BRFA for any tested species, with the 
exception of P. sieboldii, a predominantly schooling non-
target species that many commercial anglers avoid due to 
their small body size (Kelley et al. 2006).

The lack of significant changes in fish size and rela-
tive abundance over time inside Ni’ihau BRFA may be the 
result of small sample sizes, and high variance in the data 

that increases in fish length and abundance has reached 
an asymptote, or due to an increase in poaching inside the 
BRFA in recent years. While other studies have indicated 
that an asymptote in fish length and abundance is often seen 
around 15 years of protection (Abesamis and Russ 2005; 
Molloy et al. 2009), small sample sizes may be a likely 
explanation for our lack of significant results. There were 
fewer length data for all but P. sieboldii, in Ni’ihau BRFA 
in comparison with situations where significant trends 
were found (N ~ 100; Table 4). In addition, the percent of 
nonzero data in datasets from Ni’ihau BRFA were <35 %, 
also lower than those that had significant results (~40 %; 
Table 4). However, previous research has demonstrated 
that using a GLMM with a negative binomial distribution, 
as we did, is likely to have reduced this possibility for our 
relative abundance data (Martinez et al. 2011; Smith et al. 
2012). The lack of changes with time in Ni’ihau BRFA 
could also be due to a recent increase in anglers disregard-
ing the boundaries of the BRFA and bottomfishing inside 
the reserve. While anecdotal evidence and a survey of fish-
ers have suggested that poaching in BRFAs has occurred 
(Hospital and Beavers 2011), the local population near this 
BRFA is small and unlikely to have had a major impact 
on the bottomfish populations inside the BRFA. Ni’ihau 
is a small private island with a very small population of 
approximately 170 individuals living as ancestral Hawai-
ians did, without power boats or most modern technology 
(Hawaii State Data Center 2011). Instead, there is a rela-
tively small community of non-local fishers using this area 
from neighboring islands. This community has changed 
during the years we monitored Ni’ihau BRFA with at least 
one commercial fisher that respected the boundaries of the 
BRFA retiring during this period. This BRFA is the most 
remote and therefore most difficult to monitor, so commu-
nity enforcement is important. Further, previous research 
has demonstrated that even a small degree of fishing inside 
a MPA can result in little to no positive reserve effects 
(Denny and Babcock 2004; Shears et al. 2006). Despite 
this, positive effects of protection were demonstrated in 
Penguin Bank, Makapu’u and Pailolo Channel BRFAs, 
where poaching has been reported (Hospital and Beavers 
2011).

Previously reported habitat associations for Hawaiian 
bottomfish have suggested they are generally found in hard 
bottom habitat types, particularly hard-high habitat (Parke 
2007). In accordance with these finding, species richness 
was highest in hard habitat types in two of our research 
areas (Ni’ihau and Pailolo Channel BRFAs). However, 
significant relative abundance and mean fish length results 
were inconsistent with previously reported habitat associa-
tions in a few instances, and varied among BRFAs and spe-
cies. For example, both juvenile and adult E. carbunculus 
have been reported to inhabit hard habitat types because 
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they are smaller than most bottomfish and use rocky sub-
strate as cover from predation (Kelley et al. 2006; Misa 
et al. 2013). While the smallest E. carbunculus were found 
in hard habitat types in Ni’ihau BRFA, the largest individu-
als were found in soft-low habitats. A previous study by 
Misa et al. (2013) into habitat associations for Hawaiian 
bottomfish showed no ontogenetic shifts in habitat prefer-
ence for E. carbunculus, however, very few juveniles were 
observed. Conversely, habitat associations for P. sieboldii 
were generally in agreement with previous research. Misa 
et al. (2013) suggested P. sieboldii have no significant 
habitat preferences, possibly as a result of their reliance on 
schooling rather than habitat for protection against preda-
tors. Our results were in agreement as P. sieboldii had dif-
ferent habitat preferences among Ni’ihau and Penguin 
Bank BRFAs. Lastly, most P. filamentosus in Makapu’u 
BRFA were found in low habitat types with the largest 
fish in soft-high habitats followed by hard-high habitats in 
both Penguin Bank and Makapu’u BRFAs. Soft-low habi-
tat preferences have been reported for juvenile P. filamen-
tosus (Moffitt and Parrish 1996, Parrish et al. 1997) and an 
ontogenetic shift from soft-low to hard-low (transition) and 
finally hard-high habitat was also recently reported to occur 
as fish size increases (Misa et al. 2013). Our results, there-
fore, suggested that many P. filamentosus from these areas 
(Penguin Bank and Makapu’u BRFAs) were juveniles. 
However, the largest P. filamentosus were associated with 
soft-high habitats, which was inconsistent with previously 
reported patterns. Overall, our results indicate that these 
species are responding to their habitat in a more complex 
manner than previously thought, that there are species-
specific differences in habitat preferences and that ontoge-
netic shifts in habitat preferences are occurring for many 
species as proposed (Misa et al. 2013). Habitat classifica-
tions used here were broad, based on the dominant habitat 
within a 200 m2 grid, to classify the area of bait attraction 
for target species (Moore et al. 2013). While this approach 
was the most appropriate with our current understanding 
of species–habitat associations and proved useful in estab-
lishing protection effects, a more detailed understanding of 
species–habitat associations is needed.

Conclusions

Differences among our BRFAs were likely influenced 
by the age of the BRFA. For instance, the oldest BRFA 
(Ni’ihau, protected approximately 14 years) showed more 
mature fish inside compared to outside the reserve for each 
species examined, and species richness in adjacent fished 
habitats increased while remaining unchanged inside the 
reserve, possibly due to spillover. Those with an interme-
diate duration of protection (Penguin Bank and Makapu’u) 

had positive protection effects (i.e., increases in mean fish 
lengths and relative abundance), and the youngest BRFA 
(Pailolo Channel, protected approximately 4 years) showed 
little change over the duration of protection. Similarly, 
Molloy et al. (2009), reported that protection effects were 
positive but less reliable in “new” reserves (<5 years), 
young reserves (5 and 10 years) showed positive effects, 
established reserves (10–15 years) showed no change in 
relative fish density, and old reserves (>15 years) showed 
the most benefits to protection (consistently higher fish 
densities inside the reserve and overall relative fish den-
sities reliably increased at ~5 % per annum). Our results 
follow this trend assuming Penguin Bank and Ni’ihau 
BRFAs were equivalent to approximately 5–10 years of 
protection. These authors and others also suggest that 
at least 15 years of protection are necessary to see reli-
able benefits of protection (Molloy et al. 2009; Russ and 
Alcala 2010). Accordingly, our data suggested that it may 
take a decade or more for target species to reach an equilib-
rium and spillover into adjacent fished areas. Importantly, 
though differences among BRFAs may be due to differ-
ences in the age of each BRFA, the degree of compliance 
among local anglers, initial fish population size inside the 
reserve, degree of fishing mortality reduction inside the 
reserve, local human population size, the extent of nearby 
fishing pressure, differences in fish biology, differences in 
habitat and smaller-scale habitat preferences may have also 
influenced our results (Mosqueira et al. 2000; Tetreault and 
Ambrose 2007; Gaines et al. 2010). Nonetheless, the pre-
dominant finding of larger more mature fishes inside the 
BRFAs and increases in abundance and size inside versus 
outside of these zones strongly suggests that the BRFAs 
can benefit Hawai’i’s deepwater fish populations. While 
the results of this study are unique and provide evidence of 
the potential success of MPAs for deepwater species, addi-
tional data over greater temporal scales will be necessary 
to determine whether these trends will continue and if oth-
ers will become important over time (Molloy et al. 2009). 
Deep water habitats and species are notoriously difficult 
to study and scientists’ knowledge of deep-sea fish stocks 
frequently lags far behind fisheries exploitation (Haedrich 
et al. 2001). Using the precautionary principle, Lauck et al. 
(1998) suggested that MPAs are the best solution to protect 
fishery resources and enhance long-term sustainability in 
the face of data deficient and uncertain traditional manage-
ment approaches. A network of moderately sized reserves 
that protect a diverse complex of species, as seen here and 
in other studies, may be the best strategy for deepwater 
species (Halpern and Warner 2003; Gaines et al. 2010).
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