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Comparable information on the status of natural resources across large geographic and human impact scales provides invaluable
context to ecosystem-based management and insights into processes driving differences among areas. Data on fish assemblages
at 39 US flag coral reef-areas distributed across the Pacific are presented. Total reef fish biomass varied by more than an order of
magnitude: lowest at densely-populated islands and highest on reefs distant from human populations. Remote reefs (<50 people
within 100 km) averaged ~4 times the biomass of “all fishes” and 15 times the biomass of piscivores compared to reefs near
populated areas. Greatest within-archipelagic differences were found in Hawaiian and Mariana Archipelagos, where differences
were consistent with, but likely not exclusively driven by, higher fishing pressure around populated areas. Results highlight the
importance of the extremely remote reefs now contained within the system of Pacific Marine National Monuments as ecological
reference areas.

1. Introduction

Recent studies of isolated coral reefs, as well as of historical
records, have contributed to a growing awareness of how
substantially altered reef fish communities now are around
human population centers [1-6]. The greatest difference
between populated areas and what are assumed to be largely
intact reef systems, at extremely remote locations, tends

to be in the abundance and size of large predatory fishes
such as sharks and jacks. Those groups often comprise a
large portion of total fish biomass estimated from visual
surveys at remote coral reefs [1, 2, 7], but are infrequently
encountered and/or constitute a small portion of biomass
on reefs close to even fairly small human populations [8].
Human impacts can also be substantial at lower trophic
levels, particularly among species targeted by coral reef



fisheries [8], and the depletion of predators can also lead
to what appear to be cascading effects on prey species
[7, 9, 10]. There is substantial evidence that relatively low
levels of fishing can have profound impacts on coral reef
fish assemblages, and that fishing is very likely a major
contributor to the differences in reef fish communities
between remote and populated coral reefs [8, 11-15], but
anthropogenic impacts can also manifest themselves through
habitat or environmental degradation which in turn reduces
the capacity of affected reefs to support abundant marine life
(16, 17].

While there is a developing consensus that reef fish
populations around human population centers tend to be
substantially different to those found on isolated reefs,
there remains some uncertainties about the generality and
normal extent of such differences. To date, studies involving
extremely isolated reefs have either been at or below the
scale of a single archipelago [1, 2, 7], or relied on data
acquired from multiple studies using a range of sampling
methods, survey habitats, and personnel [4]. This study
utilizes data on coral reef fish assemblages gathered by a
single large-scale program, NOAA’s Pacific Reef Assessment
and Monitoring Program (Pacific RAMP), that surveys coral
reefs at the majority of US flag islands and atolls in the Pacific
with shallow water coral reef habitat. The Pacific RAMP
therefore spans a spatial range of thousands of kilometers
as well as large gradients of potential human impact, from
the heavily populated, urbanized, and developed islands of
Oahu, Guam, and Saipan, to some of the most isolated reefs
in the Pacific such as the uninhabited Howland and Baker
Islands which are >500 km from the nearest populated area.
A particular focus of this study was to quantify the extent
of differences in reef fish assemblages between populated
and remote reefs at Pacific-wide and within-archipelago
scales for a range of trophic, taxonomic, and size-based
groupings, and therefore to determine the generality of
patterns corresponding with the presence of local human
populations. In addition, this study provides information on
the status of reef fish assemblages in four US Pacific Marine
National Monuments (MNM) surveyed by the Pacific RAMP.

2. Methods

2.1. Survey Locations and Survey Program. The Pacific
RAMP, conducted by the NOAA Pacific Islands Fisheries
Science Center’s Coral Reef Ecosystem Division (NOAA-
CRED) and local partners, surveys coral reefs in the Hawai-
ian and Mariana Archipelagos, American Samoa, and the
Pacific Remote Island Areas (PRIA, i.e., Johnston and Wake
Atolls and the US Line and Phoenix Islands), and therefore
encompasses the majority of all US Pacific islands and
territories with shallow coral reef habitats (Figure 1). The 39
island and atolls (henceforth “reef-areas”) included in this
study (Table 1) comprise all reef areas surveyed by the Pacific
RAMP between 2008 and April 2010; that is, after the Pacific
RAMP survey design was changed to one based around
stratified random sampling of <30 m hardbottom habitats,
with the additional requirement that survey sites were always
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separated by at least 100 m. To increase comparability among
reef areas, only data from fore reef sites were used. Data from
1,021 sites, constituting around 1,200 hours of underwater
observation, were included in this study.

Recognizing that reef fish assemblages at lightly or
unpopulated areas can be significantly affected by nearby
population centers over scales of at least several tens of
kilometers [12], reef areas were classified as either “popu-
lated” or “remote” based on a combination of local human
population density (measured in terms of human population
per unit area of reef, Table 1), proximity to larger population
centers, and management status. The intention was to limit
the classification of “remote” to reef areas where there was
a reasonable expectation that direct human impacts were
very low to negligible. All Pacific RAMP survey locations
that might feasibly be considered as remote by that definition
were over 100 kilometers from the nearest human settlement
comprising more than a handful of people. It seems likely
that the greatest near-term threat to reef fish assemblages at
those locations would come from occasional visitation by
fishing operations. Brewer and colleagues found evidence
that depletion of fish stocks was related to proximity to
provincial capitals (and presumably the larger markets for
fish at those mini population centers) over scales of >50 km
in the Solomon Islands [12]. Given that provincial capitals
in the Solomon Islands have much smaller populations than
several of the islands included in this study, it seemed plau-
sible that the impacts, in terms of increased fishing pressure,
of those larger population centers could be nontrivial over
larger distances. Therefore, the criteria for a reef area to be
classified as remote were set as (i) local population of <50
people; (ii) located >100 km from the nearest larger human
settlement. Two exceptions were Midway and Wake Atolls,
where human population was marginally above 50 but where
there were significant restrictions on fishing activities, as
described below.

Within the Hawaiian Islands there was a very clear
divide between the southern main Hawaiian Islands (MHI:
Hawaii Island to Kauai, Figure 1) and the Northwestern
Hawaiian Islands (NWHI: French Frigate Shoals to Kure,
Figure 1). While there are substantial differences in popu-
lation density and apparently also in human impacts on
reef fish assemblages among the main islands [8], all of
the MHI are relatively close to large population centers
(Table 1). For example, Niihau, the least populated of the
MHLI, is little more than 30km from Kauai which has a
population of >50,000. We therefore classified all of the MHI
as populated (Table 1). In contrast, French Frigate Shoals,
the most southerly of the NWHI covered by this study is
>600 km from the nearest MHI (Figure 1). Midway Atoll,
the only permanently inhabited reef area in the NWHI,
with a resident population of around 60 management staff,
researchers, and contractors, was a US Navy base until 1993
and has been a US Fish and Wildlife Service (FWS) National
Wildlife Refuge (NWR) since 1988. A study based on surveys
in 2000-2003 noted that, although sharks were abundant at
Midway, jack populations were depleted compared to other
reef areas in the NWHI, perhaps due to lingering effects of
the four decades that Midway was a military base together
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with possible impacts of a catch and release sport fishery for
jacks that operated between 1996 and 2000 [18]. Because of
substantial local restrictions on fishing, it was assumed that
overall human impacts to the reef fish assemblage would have
been relatively minor by the time of our surveys in 2008.
While other of the NWHI are intermittently inhabited by
a small number of scientists or managers, the very strong
likelihood is that, by virtue of their isolation, direct human
impacts on reef fish assemblages in the NWHI have been very
limited for a considerable period. In 2005 the State of Hawaii
established the NWHI Marine Refuge which closed all state
waters to fishing. Protection was further enhanced by the
establishment of the Papahanaumokuiakea Marine National
Monument (PMNM) in 2006. Therefore all of the NWHI,
including Midway, were classified as remote (Table 1).
Similarly, the Mariana Archipelago is comprised of a
group of mostly inhabited southern islands (Guam to
Saipan) and a series of unpopulated or virtually unpopulated
northern islands (Sarigan to Farallon de Pajaros [FDP]).
All of the southern islands were classified as populated,
including Aguijan, which has no resident human population
but is nine kilometers from Tinian, and less than 35km
from the densely populated island of Saipan (Table 1). All
of the northern islands from Sarigan to FDP were classified
as remote on the basis of no, or extremely small, resident
human populations (highest population being six people at
Alamagan, Table 1), and that the most southerly of those,
Sarigan, is ~150km from the nearest population center,
Saipan (Figure 1). While it is reasonable to assume that
the Mariana reef areas classified as remote were much less
directly impacted by human activities than those in the
southern part of the archipelago, there is evidence of some
intermittent commercial fishing operations in the northern
islands and of unquantified levels of poaching by foreign
vessels [19]. In addition, geological and physical differences
between the southern and northern islands, which include
a relatively recent history of volcanic activity at several
of the northern islands, have resulted in distinct habitat
differences between those two subregions [20], which have
the potential to confound differences due to human impacts.
In 2009, presidential proclamation 8335 established the
Mariana Trench Marine National Monument (MTMNM)
which contains the waters around the three northernmost of
the Mariana Islands (FDP, Maug, and Asuncion, Figure 1).
The Pacific Remote Island Areas (PRIAs) are made up
of US sovereign islands not within the jurisdiction of any
US state or territory [21]. The PRIA therefore constitute a
diverse and widely separated group of reef areas, including
islands and atolls in the Marshall, US Line, and Phoenix
Islands (Figure 1). All of the PRIA except Wake Atoll, which
is a US Air Force installation, have been managed as NWR
by the FWS since 1974 (Howland, Baker, Jarvis), 2001
(Kingman and Palmyra), or 2004 (Johnston Atoll). Five of
the PRIA (Johnston, Kingman, Howland, Baker, and Jarvis)
are unpopulated, and one, Palmyra, has a research station
operated by the Nature Conservancy, which supports a small
staff, scientists and visitors. As the coral reefs of Palmyra
are within the NWR, harvesting of reef fishes is prohibited.
In addition, the PRIA are distant from human population

centers: the least remote being Jarvis and Palmyra, which
are both around 350km from, respectively, Kiritimati and
Tabuaeran in the Line Islands chain. The US Air Force
installation at Wake Atoll is staffed by ~100 personnel at any
one time. Although the population level at Wake was slightly
higher than the criteria we used for “remote” areas, fishing
is restricted at Wake by a ban on commercial fishing, the use
of traps, most nets, and automated spear guns, and a pro-
hibition on the take of sharks, rays, bumphead parrotfishes
(Bolbometopon muricatum) and napoleon wrasse (Cheilinus
undulatus). In 2009, all of the PRIA were designated by the
Pacific Remote Islands MNM, and all are classified as remote
for this study.

Survey data from five reef areas in American Samoa are
used in this study (Figure 1). Tutuila is by far the largest and
most densely populated (Table 1). Approximately 100 km
east of Tutuila are the Manua Islands of Ta’u, and Ofu
and Olosega (Figure 1, Table 1). The other two locations are
Swains Island and Rose Atoll (Figure 1). While there are
indications that commercial fishing of reef fishes has declined
around Tutuila in the recent past, fishing continues to be
an important part of the local culture and is a common
recreational and subsistence activity [22]. Population density
and, likely, levels of fishing are considerably lower on Ta'u
and Ofu and Olosega, but fishing remains an important
source of food on those islands. A recent study estimated
that 1,400 kg of fish (excluding scad) and invertebrates were
harvested annually per km of shoreline at Ofu and Olosega
[23]. Therefore, Tutuila, Ta’'u, and Ofu and Olosega were
classified as “populated.” Rose Atoll is 130 km east of Ta'u and
has been a FWS NWR since 1973. In 2009, waters around
Rose were designated as the Rose Atoll Marine National
Monument (RAMNM). Swains Island, which is part of the
Tokelau chain, is located approximately 300 km north of the
populated Samoan Islands. It is a private island inhabited
by a small number of resident caretakers: 37 people in 2000
(Table 1), but population levels since then have dwindled to
fewer than ten. Given their zero or low population densities,
and remoteness from significant human population centers,
both Swains and Rose were classified as remote.

2.2. Survey Design and Methodology. Fish data come by
means of visual surveys conducted on SCUBA. Survey design
and sampling domain were identical at all locations, but
two visual surveys methods were used. In the Mariana
Archipelago, American Samoa, and PRIA, surveys were
conducted using stationary point counts (SPCs), but surveys
in the Hawaiian Archipelago were conducted using belt
transects. Details of those methods are given below. Pacific
RAMP now uses only SPC but transition to that method had
not yet occurred at the time of the Hawaii surveys. As part of
that methods transition, 332 paired surveys were conducted
(sites where both belt transect and SPC surveys were carried
out), and those were distributed across all survey regions.
Analysis of that data indicates that the two methods give very
similar estimates of total biomass and planktivores biomass
(mean difference between methods <5%) but that relative
to SPC, belt transects tend to underrepresent piscivore
biomass (23% lower in belts) and overrepresent herbivore
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TaBLE 1: Study Areas, Regions, and Status. MNM: Marine National Monument. NWR: US Fish and Wildlife Service National Wildlife Refuge.
Shaded areas are those classified as remote. N: no. of sites surveyed.

Reef-area N Lat Long Human Pop! Area of Reef? (km?) Pop/km? Reef P/R Notes
Hawaiian archipelago

Kure 13 —-178.33 28.42 0 90.2 0 R Papahanaumokuakea MNM
Midway 8 —177.38 2823 ~60 85.4 ~0.7 R established 06/2006
Pearl & Hermes 20 —175.85 27.86 0 374.5 0 R rom(09/2005 NWHI Marine

Refuge (state of Hawaii) banned
Lisianski 14 -173.95 26.01 0 215.6 0 R extraction of reef fishes except by
Laysan 11 -17173 2578 0 26.4 0 R permit (mostly for research) at all

islands other than Midway. Midway
Maro 12 -170.58 25.41 0 2175 0 R, NWR since 1988
French Frigate 12 —-166.21 23.79 0 469.4 0 R
Kauai 24 —159.57 22.09 58,303 178.8 326.1 p
Niihau-Lehua 20 —-160.15 21.90 160 6.7 23.9 p
Oahu 14 —158.00 21.49 876,151 374.8 2,337.6 P
Molokai 16 —157.09 21.14 7,404 161.6 45.8 P
Lanai 16 —156.92 20.82 3,193 46.3 69.0 P
Maui 34 -156.40 20.82 117,644 164.6 714.7 p
Hawaii 62 —155.42 19.53 148,677 193.7 767.6 P

Mariana archipelago
Farallon de Pajaros 7 144.89  20.55 0 0.8 0 R Mariana Trench MNM, containing
Maug 21 14522 20.02 0 21 0 R Asuncion, Maug, and Farallon de
. Pajaros, established 01/2009
Asuncion 13 14540 19.69 0 0.5 0 R
Agrihan 14 145.66  18.76 0 8.6 0 R Several were populated prior to
Pagan 21 145.76  18.11 0 11.1 0 R volcanic activity in recent past (e.g.,
Alamagan 6 14583 17.60 6 3.2 1.9 R Eliigﬁﬁéﬁ llfvilgl‘lﬁzrr?:gfenm
Guguan 6 14584 17.31 0 1.1 0 R recent years
Sarigan 7 145.78  16.71 0 1.9 0 R
Saipan 22 145.75 15.19 62,392 56.8 1,098.5 P
Tinian 14 145.63 14.99 3,540 14.7 240.7 P
Aguijan 6 14555 14.85 0 2.6 0 P
Rota 14 14521 14.16 3,283 12.1 271.3 p
Guam 25 144.79 13.46 154,805 91.3 1,695.6 P
Pacific remote island areas (PRIA)—all within PRIA MNM (established 01/2009)
Wake 29  166.62  19.30 ~100 22.9 ~4.4 R US Air Force base
Johnston 11 -169.52 16.74 0 150.1 0 R Marine waters in NWR since 2004
Kingman 26 —162.38 6.40 0 20.9 0 R NWR Jan 2001 to 12 nautical miles
Palmyra 66 —162.10 5.54 ~10-20 47.2 0.2-0.4 R (nm)
Howland 26 —176.62 0.80 0 3.0 0 R
Baker 25 -176.48 0.20 0 5.2 0 R NWR 1974 -to 3 nm
Jarvis 49 -160.00 -0.37 0 3.0 0 R
American Samoa

Swains 41 -171.08 -11.06 37 2.4 15.4 R Human pop ~10 in recent years
Ofu & Olosega 43 —-169.65 —14.17 505 3.6 140.3 P
Tau 36 —169.47 —14.24 380 3.8 100.0 P
Tutuila 171 —-170.70 —14.30 55,876 35.8 1,560.8 P
Rose 46 —168.16 —14.55 0 7.9 0 R RAMNMest. 01/09. NWR since

1973
Notes. (1) Population data from US Census 2000 (http://www.census.gov/main/www/cen2000.html) [21]; (2) area from shoreline to 10 fathom line [24].
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FIGURE 1: Locations of the reef-areas (i.e., islands and atolls) surveyed by NOAA CRED for Pacific RAMP between 2008 and April 2010.
Boundaries of US Pacific Marine National Monuments are indicated. Note that labels are only shown for reef-areas that were surveyed by
the Pacific RAMP in that period. The number of sites surveyed per reef-area is given in Table 1.

and secondary consumer biomass (by 19% and 34%, resp.,
CRED unpublished data).

The SPC protocol closely follows that used by Ault and
colleagues [25], and involved a pair of divers conducting
simultaneous counts in adjacent visually estimated 15m-
diameter plots extending from the substrate to the limits
of vertical visibility. Prior to beginning each SPC pair, a 30
m line was laid across the substratum. Markings at 7.5 m,
15m, and 22.5m enabled survey divers to locate the mid
point (7.5m or 22.5m) and two edges (0m and 15m; or
15m and 30 m) of their survey plots. Each count consisted
of two components. The first of those was a 5-minute
species enumeration period in which the diver recorded
all species observed within their cylinder. Following that
was the tallying portion, in which the diver systematically
worked through their species list successively recording

the number and size (total length, TL, to nearest cm) of
all fishes on the species list. The tallying portions were
conducted as a series of rapid visual sweeps of the plot,
with one species grouping counted per sweep. To the extent
possible, divers remained at the center of their cylinders
throughout the count. However, small and cryptic species,
which will tend to be underrepresented in counts made
by an observer remaining in the center of a 7.5m radius
cylinder, were left to the end of the tally period, at which
time the observer swam through their plot area carefully
searching for those species. In cases where a species was
observed during the enumeration period but was not present
in the cylinder during the tallying period, divers recorded
their best estimates of size and number observed in the
first encounter during the enumeration period and marked
the data record as “noninstantaneous.” Surveys were not



conducted if horizontal visibility was <7.5 m; that is, when
observers could not distinguish the edge points of their
cylinder.

For belt transect surveys, a pair of divers swam in parallel
recording the species, number, and size (TL to nearest cm) of
all fishes encountered on replicate 25 m long belt transects
per site. Each transect was surveyed on two passes: an
outward swim in which observers counted fishes >20 cm on
adjacent nonoverlapping 4 m-wide belts (total transect width
for the survey pair of 8 m) and a return swim in which fishes
<20 cm were counted on 2 m wide belts (total transect width
for survey pair on return swim of 4 m). Transects extended
upwards to limits of vertical visibility.

2.3. Data Handling and Analysis. Replicate SPC and belt-
transect counts were always pooled at the site level prior
to analysis (i.e., to the mean of the replicate belt transects
or SPCs conducted at a site by a dive team in a single
dive). The core measure used for this study was estimated
mass of fishes per unit area (hereafter “biomass”). Mass of
individual fishes was calculated using length to weight (LW)
conversion parameters, and, where necessary, length-length
(LL) parameters (for example, to convert TL to fork length
[FL] for species with IW parameters based on FL). IW
and LL conversion parameters were taken from a range of
published and web-based sources [26, 27].

Species data were pooled into “all fishes,” and into a
number of trophic, taxonomic, and size groupings. The four
trophic groupings used were “primary consumers” (herbi-
vores and detritivores); “secondary consumers” (omnivores
and benthic invertivores); “planktivores;” and “piscivores,”
(see http://escholarship.org/uc/item/5394f7m3 for species
classifications), based on diet information taken largely from
FishBase [26].

It was not possible to perform meaningful species level
analyses because study locations are spread across a range of
biogeographic regions, and because, even within regions, few
species were encountered frequently enough to be analyzed
at that level. Therefore, the taxonomic groupings used were
based largely on family, while taking account of trophic
group and body size. For example, Serranidae includes both
“groupers” (medium to large-bodied ambush predators that
are often fishery targets) and also anthias (small-bodied and
generally schooling planktivores that are rarely fished in most
locations) [28]. Similarly, Carangidae include large-bodied
taxa such as Caranx ignobilis and Seriola dumerili as well
as smaller-bodied schooling planktivorous scad (Decapterus
spp., Atule mate, and Selar crumenophthalmus). Therefore,
the main jack group analyzed was “nonplanktivorous jacks”
(i.e., all species other than scad), which seems a more
appropriate functional grouping than “all jacks.” Addition-
ally, excluding such heavily clumped highly mobile and
rarely encountered taxa will tend to improve data quality,
as biomass of those are likely to be poorly estimated by
visual surveys of small-area plots, such as were used for this
study.

Taxonomic groupings considered to be commonly tar-
geted by fishers or vulnerable to fishery depletion were
(i) reef sharks (Carcharhinidae and Ginglymostomatidae);
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(ii) jacks (Carangidae) excluding planktivores; (iii) par-
rotfishes (Scaridae); (iv) groupers (Serranidae exclud-
ing Anthiinae); (v) snappers (Lutjanidae); (vi) emper-
ors (Lethrinidae); (vii) surgeonfishes (Acanthuridae); (viii)
goatfishes (Mullidae). Three species of introduced fish
(two snapper: Lutjanus kasmira, L. fulvus, one grouper:
Cephalopholis argus) were excluded from Hawaiian target
fish groups. Hawaii has few native grouper or snapper
species, which led to their deliberate introduction by the
state government in the 1950s in the hope of developing new
fisheries [29]. To date, they have not become preferred target
species and in fact are often considered to be pests by local
fishers [29]. In addition, the within archipelagic distributions
of those species are likely still influenced by the fact that
founder populations were released in the main islands. For
example, although Cephalopholis argus is abundant in several
places in the MHI, only four individuals have been recorded
during Pacific RAMP belt surveys in the NWHI since the
program began in 2000, and those were all at the most
southerly reef areas of the NWHI chain.

Fishes were also pooled into six taxonomic group-
ings which were considered to be lightly or negligibly
fished across the majority of reef areas in this study:
(i)angelfishes (Pomacanthidae); (ii) nonplanktivorous but-
terflyfishes (Chaetodontidae), that is, all species other than
Hemitaurichthys spp., Chaetodon kleinii, Chaetodon mil-
iaris, and Heniochus spp.; (iii) small wrasses (Labridae),
being all species with maximum length <20 cm; (iv) small
hawkfishes (Cirrhitidae), as above limited to species with
maximum length <20 cm; (vi) planktivorous damselfishes;
(vi) all other damselfishes. Hawkfish and wrasse species
with maximum length >20 cm TL were excluded from these
nontarget groupings because larger-bodied taxa such as
Bodianus spp., Cheilinus undulatus, and Cirrhitus pinnulatus
are targeted in some locations. A size-based threshold was
used because, given the spatial scale of this study, it was
not possible for us to make reliable judgments regarding
the fishery desirability of all species at each location.
Small hawkfishes and wrasses, as defined here, made up
86% and 65%, respectively, of counts of fishes in those
families.

Finally, as it is widely recognized that large-bodied
species and large individuals tend to be preferentially
targeted by reef fisheries [10, 30, 31], remote-populated
differences among different size classes were explored, with
fishes pooled into six size-based categories: TL < 10 cm; 11—
20 cm; 21-30 cm; 31-40 cm; 41-50 cm; >50 cm.

Pacific-wide comparisons of mean fish biomass between
the 15 reef-areas classified as “populated” and the 24
classified as “remote” were made using Wilcoxon tests [32].

2.4. Quantifying Differences between Remote and Populated
Portions of Each Archipelago. As described above, all the
PRIA were classified as “remote.” The three other island
groups, the Mariana and Hawaiian Archipelagos and Ameri-
can Samoa, contained both “remote” and “populated” subre-
gions. For these three islands groups, the primary goal of the
analysis was to quantify the extent of differences in biomass
between the ‘remote’ and “populated” subregions for the fish
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groupings described above. More details of the analytical
methods are given below, but, in brief, the mean difference
in biomass between remote and populated subgroups within
an archipelago was calculated, and a bootstrapping approach
was used to estimate 2.5% and 97.5% quantiles (i.e., a
range covering the middle 95% of the distribution = 95%
quantile range [95%QR]) of those differences. Differences
were normalized by dividing by mean biomass of populated
reef areas to generate biomass ratios (BRs). 95%QR of a
biomass ratio not overlapping 1 was interpreted as being
evidence of difference between archipelagic subregions, with
95%QR > 1 indicating higher biomass at remote reef areas,
and 95%QR < 1 as evidence of lower biomass at remote areas.

For parametric data, it is relatively easy to calculate
means and confidence intervals of differences between data
sets. However, as is not uncommon for coral reef fish visual
survey data, biomass densities of several fish groups of
interest were highly nonnormally distributed both within
reef areas and within archipelagos. Transforming the data to
make it conform to the requirements of parametric analyses
was not attempted because of the difficulty in meaningfully
interpreting backtransformed biomass ratios. Therefore, in
order to apply a consistent analytical approach across all
groupings, a bootstrapping method was used to calculate dis-
tributions of biomass ratios. Bootstrapping involves repeated
resampling with replacement from an existing data set, in
this case, from the biomass densities of all sites at a reef area,
to generate pseudo samples of the same size as the original
data set [33]. Multiple such bootstrap samples provide the
basis for calculating distribution statistics that are based on
the actual distribution of the survey data, rather than having
to rely on assumptions about the form of that distribution
(e.g., that data are normally distributed). To illustrate this,
for an archipelago with m reef areas there were m data sets—
one for each reef area, each set being a random sample
consisting of all site surveys at that reef area. For example,
in the Hawaiian Archipelago there were 15 reef areas: eight
classified as populated and seven as remote. Among those
reef areas, sample sizes ranged from 8 to 62 (Table 1). For
a reef-area i with n survey-sites, the original data set can be
represented as Xt = (x’i,xé,xé,. .. ,xil). Random resampling
of that data set with replacement gives a bootstrap sample
also of length n: X™ = (x{*,x4*,x5* , ..., x*), with mean
of xi*. Doing that for all reef areas within an archipelago
gives bootstrap sample means for the m reef-areas of x1*
to x"*. Averaging the bootstrap sample means separately
for remote and populated areas gives bootstrap means for
the remote and populated portions of the archipelago. By
repeating that process 10,000 times per archipelago and fish
group of interest, we were able to generate the 2.5% and
97.5% quantiles of the distributions of differences in biomass
between subregions. Analyses were performed using the R
statistical program version 2.9.2 (R Development Core Team,
http://www.r-project.org).

3. Results

3.1. Pacific Wide. Among the 39 reef areas, estimated mean
total fish biomass ranged from <20gm~2 at the heavily

populated islands of Guam, Saipan, and Tinian (mean =+
SE: 13.2 + 1.5gm™2, 18.2 + 1.7, 18.9 + 1.5gm™2, resp.)
to around 250 gm~2 and above at the unpopulated and
extremely isolated reef areas of Jarvis and Kingman in the
PRIA (246.8 + 36.9, 296.2 + 40.5gm™2) and Kure in the
NWHI (347.9 + 212.7 gm~2, Figure 2).

While there was considerable variability among reef areas
within the “remote” and “populated” classifications and
among archipelagos, there was a clear tendency at both
Pacific-wide and archipelagic scales for biomass to be higher
at remote reef areas (Figure 2). At the Pacific-wide scale, the
grand mean of estimated total biomass for the 15 populated
reefareas (33.2 + 3.4 g m~2) was less than a quarter of that for
the 24 remote reef areas (131.1 + 16.3 gm™2). Additionally,
the highest biomass at any populated reef area, 59.2 +
6.8 gm~2 at Niihau-Lehua, was less than half of the grand
mean of remote areas. In stark contrast to the populated reef
areas, 15 of 24 remote reef areas had mean total fish biomass
>100 g m~2 (Figure 2).

At Pacific-wide scale, remote areas tended to have higher
biomass in all trophic groups (Wilcoxon test P < .05 in all
cases), but the scale of difference was greatest for piscivores
(Figure 2). The estimated mean piscivore biomass at remote
reef areas ranged from 9.4 gm~2 at Maug to 231.6gm™2 at
Kure (grand mean = 59.7 gm~2), whereas at populated reef
areas it varied from 0.8 gm™2 at Oahu to 9.8 g m~2 at Aguijan
(grand mean = 4.2 gm™2). Piscivores made up between 9%
and 68% of the total estimated biomass at remote areas
(grand mean = 40%) and were the largest component of
total biomass at half of the remote reef areas (Figure 2). In
contrast, piscivores were a small portion of total biomass at
nearly all populated reef areas (grand mean = 13%; and 18%
or less everywhere other than Aguijan where they made up
38%) and comprised as little as 3% of total fish biomass
at Oahu, the most densely populated island in this study.
At all 15 of the populated areas primary consumers (88%
made up of surgeonfishes and parrotfishes) were the largest
component of biomass (38 to 54%, grand mean = 50%,
Figure 2).

3.2. Hawaiian Archipelago. Within the Hawaiian Archipel-
ago, total fish biomass at remote reef areas was over four
times that at populated islands (BR: 4.5, 95%QR: 3.3—
6.3, Figure 3). Remote reef-areas had higher biomass in all
trophic groups (i.e., BR > 1 and 95%QR did not overlap
1), but the scale of differences was considerably larger for
piscivores (BR: 22.1, 10.3-44.2), than for other trophic
groups, which had biomass ratios between two and three
(primary consumer BR: 3.0, 2.5-3.6; secondary consumer
BR: 2.1, 1.7-2.8, planktivore BR: 2.6, 1.7-3.5).

Biomass of all target groups was higher at remote
Hawaiian reef areas than at populated areas (Figure 3). The
largest such differences were for sharks and large jacks, which
had biomass ratios > 50 (shark BR: 50.9, 16.3-101.0; jack BR:
131.5, 49.2-291.1), and for emperors (BR: 13.4, 4.1-29.6).
Remote area biomass of parrotfishes and native snappers
was, respectively, 3.6 (2.9-4.3) and 4.2 (2.7-5.7) times that
at populated reef areas. Among target groups, the smallest
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FIGURE 2: Mean biomass per reef-area by trophic grouping. Vertical bars indicate = 1 SE (for total biomass) with all fore reef sites per
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biomass ratios were for surgeonfishes (1.9, 1.5-2.3) and
goatfishes (1.6, 1.03-2.2). Native groupers were not recorded
at any Hawaiian Archipelago site during the survey period.

Nontarget groups also tended to have higher biomass
at remote reef-areas than at populated areas within the
Hawaiian Archipelago, but in no case was that difference
as large as it was for some of the target groups (Figure 3).
For three of the six nontarget groups there was either no
clear difference between remote and populated reef areas
(95%QRs for nonplanktivorous butterflyfishes and small
hawkfishes overlapped one) or the difference was marginal
(small wrasse BR: 1.4, 1.1-1.7). However, for three of six
nontarget taxa, biomass at remote reef areas was between
three and nearly five times that at populated reef areas:
angelfish (BR 4.1, 2.9-5.6); benthic damselfishes (BR: 3.3,
2.7-4.1); planktivorous damselfishes (BR:4.6, 3.1-6.6).

For all size classes, biomass was higher at remote reef
areas (Figure 3). The lowest biomass ratios, ranging from 1.7
to 3.3, were for the smallest size classes (i.e., fishes <31 cm,
Figure 3). For the largest size classes, 41-50 cm and >50 cm,
biomass ratios were, respectively, 7.5 (5.4-10.9) and 16.5
(8.0-31.5).

3.3. Mariana Archipelago. Aswith the Hawaiian Archipelago,
remote Mariana reef-areas had total fish biomass around four
times that of populated reefs (BR 3.8, 3.0—4.7, Figure 3). Mar-
iana remote areas also had higher biomass than populated
reef-areas for all trophic groups (Figure 3), with substantial
differences for piscivores (BR: 6.8, 4.8-9.2) and planktivores
(BR: 6.8, 4.4-9.5) but relatively small differences for primary
and secondary consumers, which had biomass ratios of
between two and three (primary consumer BR: 2.1, 1.7-2.4;
secondary consumer BR: 2.8, 1.7-4.5).

Within the Mariana Archipelago, seven of eight target
groupings had higher biomass at remote reef-areas than
at populated reef-areas (Figure 3). The one exception was
emperors, for which high variability among samples and
reef-areas contributed to a wide range of bootstrap differ-
ences between remote and populated areas. Hence, although
BR was 2.5, the 95%QR (0.9-3.7) overlapped one. Among
target groups with highest biomass ratios were snappers (BR:
18.0, 11.7-26.6) and jacks (BR: 14.5, 8.6-22.8). Biomass of
sharks and grouper was also considerably higher at remote
reef-areas, being more than four times that observed at
populated islands within the chain (shark BR: BR 4.1,
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analysis are given in Section 2.

1.1-7.8; grouper BR: 5.2, 4.3-6.2). While less substantial,
biomass ratios of 2.7 (2.0-3.6) for surgeonfishes and 2.6
(2.1-3.2) for parrotfishes represent nontrivial differences, as
even the low bound of the 95%QRs indicate greater than
twice the biomass at remote reef-areas. As in the Hawaiian
Archipelago, goatfishes had the lowest biomass ratio among
target groups (BR: 1.6, 1.01-2.1).

Only one of the six nontarget groups, angelfishes, had
substantially higher biomass at remote Mariana reef-areas
than at populated areas (BR: 4.3, 3.3-5.4). For the other
five nontarget groups there were either no clear differences
between remote and populated reef-areas (i.e., 95%QRs
overlap one, which was the case for small wrasses, and both
damselfish groupings, Figure 3), or biomass was marginally
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higher at remote areas (nonplanktivorous butterflyfishes BR:
1.5, 1.1-1.9; small hawkfishes BR: 1.5, 1.004-2.0).

As in the Hawaiian Archipelago, fish biomass was higher
at remote areas in all size classes and remote-populated
differences were much greater for the larger size classes
(Figure 3), which had biomass six or more times that at
populated areas (e.g., 41-50 cm BR: 6.2, 3.4-9.3; >50 cm BR:
7.4, 4.1-11.8), than for the smaller size classes (1-10 cm BR:
1.4,0.2-1.8; 11-20 cm BR: 1.8, 1.5-2.0).

3.4. American Samoa. Unlike the Mariana and Hawaiian
Archipelagos, differences between the remote and populated
reef-areas of American Samoa were less distinct. Neither of
the two remote American Samoan reef-areas (the highest
biomass of which was 48.8 + 5.8 gm~2 at Swains) had total
fish biomass comparable to values found at remote reef-
areas in other archipelagos (Figure 2). Overall, at American
Samoa, there was no difference in total fish biomass between
remote and populated reef-areas (BR: 1.2, 0.98-1.4). The
two remote reef-areas had lower biomass of primary and
secondary consumers than the three populated reef-areas
(primary BR: 0.7, 0.6-0.9; secondary consumer BR: 0.6, 0.4—
0.9), but higher biomass of planktivores (BR: 2.2, 1.7-2.8)
and piscivores (BR: 2.3, 1.8-2.9).

Although target fish biomass was not consistently greater
at remote reef-areas of American Samoa: there were clear
differences for 5 of the 8 target fish groups: biomass of
jacks, snappers, and groupers was higher at remote areas
(BRs: 3.5,1.3-6.8; 2.1, 1.5-2.7; and 1.8, 1.4-2.2); but remote
areas biomass of parrotfish and goatfish was around half
that at populated areas (BRs: 0.5, 0.3-0.7; and 0.5, 0.2—
0.9, resp., Figure 3). There were no clear differences for
emperors, surgeonfishes, or sharks (Figure 3). Similarly,
among nontarget taxa, biomass of two of six groups—
small wrasses and small hawkfishes—did not clearly dif-
fer between remote and populated reef-areas (Figure 3).
However, remote areas had lower biomass of angelfishes,
nonplanktivorous butterflyfishes, and benthic damselfishes
(BRs: 0.6, 0.4-0.8; 0.5, 0.3-0.6; and 0.5, 0.3-0.6, resp.), and
slightly higher biomass of planktivorous damselfishes (BR:
1.8, 1.5-2.2).

As at other island groups, biomass differences between
remote and populated areas were least for the smaller size
classes, but increased as size class increased, with both 41-50
cm and >50 cm size classes having biomass ratios of greater
than 2 (41-50 cm BR: 2.4, 1.3-3.8; >50 cm BR: 2.6, 1.3-4.1).

4. Discussion

The 39 islands and atolls included in this study span wide
ranges both geographically and in terms of potential human
impact, from the heavily populated, urbanized, and physi-
cally altered islands of Oahu and Guam to the isolated reef-
areas of Jarvis, Baker, and Howland, which are several hun-
dred kilometers from the nearest human settlement. Clearly
there are substantial physical, biological, and oceanographic
differences among surveyed areas which likely influence
standing biomass and structure of reef fish assemblages
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[34-38], and therefore limit the ability to draw definitive
conclusions about the importance of single factors such
as the presence of local human populations. Nevertheless,
whatever the causes, this study robustly quantifies the extent
of differences in reef fish assemblages between populated and
remote reef-areas, and demonstrates the generality of those
differences across large portions of the central and western
Pacific. Such differences are clearly ecologically significant
remote reef-areas having, on average, fish biomass around
four times that found at populated areas. The magnitude of
the differences between remote and populated islands was
consistent with earlier smaller-scale studies of isolated reefs
in the Pacific [1, 2, 4]. Also in common with those studies,
the most striking difference we observed between remote
and populated reefs was that large-bodied piscivores, such as
sharks and jacks, were a conspicuous presence and made up a
substantial portion of survey biomass at many of the remote
reef-areas, but were rarely encountered around populated
islands. For example, sharks were recorded during 101 of the
231 surveys in the PRIA, but on only two of 232 surveys at the
four most densely populated islands: Oahu, Guam, Saipan,
and Tutuila.

Because biogeographic differences among regions, such
as low diversity of native groupers, snappers, and emperors
on Hawaiian reefs, have the potential to confound Pacific-
wide comparisons, we focused on within-archipelagic com-
parisons for the three island groups containing both remote
and populated reef-areas: Hawaiian, Mariana, and American
Samoa. At two of those—Hawaiian and Mariana—there
were distinct and consistent differences between remote and
populated reef-areas, with nearly all (21 and 19, resp.) of
the 23 fish groupings having higher biomass at remote
reef-areas, and no grouping having higher biomass around
populated areas. The patterns of difference between remote
and populated reefs within those archipelagos were similar
to those at the Pacific-wide scale: total biomass at remote
reefs was ~4 times that at populated reef-areas, and remote
biomass was higher in all trophic groups but particularly
so for piscivores (biomass ratios of ~22 and ~7, resp.).
However, differences between remote and populated reef-
areas in American Samoa were more complex: biomass
of ten groups was higher at remote areas, but seven
groups had lower biomass at remote reef-areas. This may
reflect fundamental differences in oceanography, in types
of human impact, or in ecological resilience at American
Samoa. However, it seems more likely that it was due to
a combination of (1) limited numbers of surveyed islands
and atolls in American Samoa (only 5 in total: 2 nominally
remote, 3 populated, compared to the 13 reef-areas in both
Mariana and Hawaii chains, with 5-8 in each of remote
and populated); (2) less distinct difference between the areas
classified as remote and populated in American Samoa than
within other archipelagos. Mariana and Hawaiian remote
islands were nearly all uninhabited and distant from the
nearest human population center (in the case of the NWHI,
all were >600km from the nearest population center). In
contrast, of the two remote American Samoa areas, Rose
Atoll is ~130km from the populated Manu’a Islands, and
the other, Swains Island, has a small resident population.
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Also, both Rose and Swains have relatively small shallow
nearshore habitats (7.9 and 2.4 km?, resp., Table 1), so even
low absolute levels of human activity have the potential to
have tangible impacts there.

While we do not discount the importance of other
anthropogenic impacts on habitat or environmental quality
[17, 39], there is abundant evidence that increased fishing
pressure is normally one of the main reasons for the
depletion of coral reef fish populations, particularly of
preferred target species, around populated areas, or in
comparison to marine reserves that have had effective long-
term protection [5, 8, 10-12, 40, 41]. Results from this
study are consistent with fishing being among the main
drivers of difference between remote and populated areas,
particularly within the Hawaiian and Mariana Archipelagos.
First, remote areas had higher biomass of virtually all target
groups in those archipelagos, but for nontarget groups the
remote-populated differences were mixed. Emperors in the
Mariana were the only target group which did not have
clearly higher biomass in remote areas. However, a biomass
ratio of 2.5 but wide quantile range indicates that the lack
of statistical significance for that group was more likely a
consequence of high variability than small effect size. Most
other target groups had remote areas biomass that was more
than double that at populated areas. In contrast, five of the six
nontarget groups in the Mariana were either not significantly
different or had biomass ratios of 1.5 or below; and three
of the six nontarget groups in Hawaii showed no or low
difference between populated and remote areas. Secondly,
among target groups, the remote-populated differences were
greatest for larger size classes and for taxa which tend to be
most vulnerable to fishery depletion, that is, jacks, sharks,
snappers, and grouper [30, 42]. Remote-populated differ-
ences were less pronounced for goatfish and surgeonfishes,
that is, taxa with life history characteristics, such as rapid
growth to asymptotic size and early maturity, which tend
to make them relatively resilient to fishing [43—45]. Lower
remote-populated biomass ratios for those groups could also
reflect lower fishing pressure on those groups, or in the
availability of suitable habitat. Although remote-populated
differences were less clear-cut among American Samoan reef-
areas, remote reefs had around double or more biomass
of groupers, snappers, jacks, and size classes larger than
40 cm. Those patterns are consistent with those areas being
less impacted by fishing than populated areas. However,
remote-populated biomass ratios significantly different from
one for multiple nontarget groups within each archipelago
emphasize that fishing pressure alone does not fully explain
the differences we found between remote and populated
archipelagic subregions. Localized human impacts other
than fishing have the potential to have large and widespread
impacts [16, 17]. In addition, over the scale of entire
archipelagos there are large differences in both physical and
oceanographic factors, and in habitat quality and availability,
which are sufficient to affect local reef fish assemblages
(20, 38].

One obvious difficulty for any comparison of extremely
remote and heavily populated coral reef-areas is that medium
to large land masses tend to be populated, but very small
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atolls and areas with limited emergent land tend not to be.
Hence, some degree of confounding between island type
and population status seems unavoidable. We believe it is
useful to present robust information on large-scale patterns,
but clearly there is a need for more detailed analysis of
fish assemblages and standing stock in relation to a range
of potential human, habitat, and environmental factors,
particularly if that can be done at lower taxonomic levels,
which are likely to be more closely tied to forcing factors than
are functional groupings [39].

As with any study using data from underwater visual
surveys, the presence of divers has the potential to alter fish
behavior in ways that can lead to undercounting of species
that tend to avoid divers [46], particularly if fishes have
learned to associate divers with fishing [47]. Overcounting of
species that are attracted to divers can also occur, as seems to
be the case for sharks and jacks in the NWHI [48]. In general,
underwater visual survey data gathered by divers are best
treated as relative rather than absolute measures of density,
particularly given the scope for differences in survey methods
including dimensions, observer training and experience
level, and survey design to impact densities derived from
underwater counts [49-53]. For this study, survey design
and sampling domain were common throughout (sites were
randomized within 0-30 m hardbottom), and there were no
systematic differences in observer training level or experience
between regions or subregions, as the same survey personnel
tended to survey remote and populated regions within
the same archipelago on a single cruise. Although we do
present some results as biomass densities (e.g., as gm™2), we
focused our analytical efforts on estimating relative biomass
density (i.e., biomass ratios) between remote and populated
reef-areas within archipelagos (i.e., where methods were
consistent throughout), and on comparisons at Pacific-wide
scale, where the divergence in methodology might have
contributed to perceived differences between regions but
was not plausibly an important factor in the clear disparity
between remote and populated reef-areas at that scale.

The binary remote/populated classification scheme used
in this study was rather crude. Human population density
per reef-area varied by two orders of magnitude among
“populated” reef-areas (least at Niihau-Lehua and highest
at Oahu), which in turn meant that there are likely to
be substantial differences in human impact on local reef
fish populations among those areas [8]. Similarly “remote”
reef-areas included extremely isolated reef-areas as Jarvis,
Kingman, Baker and the NWHI, but also areas much closer
to human population centers, such as Sarigan in the Mariana
and Rose Atoll in American Samoa. Both Sarigan and Rose
Atoll are within ~150km of the nearest inhabited island,
and are therefore much more accessible to and potentially
impacted by human activities. Better understanding of the
extent of human activities over medium to large distances—
that is, scales of several tens to hundreds of kilometers—
would allow for more sophisticated classifications than the
simple “remote” and “populated” scheme used here. How-
ever, it is likely to remain difficult to reliably quantify human
activities, including fishing, at isolated and uninhabited reef-
areas, and we do not currently have the ability to make
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meaningful assessments of those at the study locations.
While the simple classifications used likely underestimates
the difference between the most remote and the most
populated areas covered by Pacific RAMP, it was sufficient
to highlight substantial differences in reef fish assemblages
between those two broad categories. Notably, even with the
low bar to being considered “populated” and the likelihood
that some of the areas we classified as “remote” were fished
to some degree, the highest reef fish biomass of the 15
populated areas, at Niithau-Lehua, was less than half of the
average of all reef-areas classified as remote (and closer to
a third of the average of the most isolated reefs). Although
remoteness, as defined here, did not guarantee an area would
support high fish biomass (e.g., six of 24 remote areas had
lower mean biomass than Niihau-Lehua), the low upper
limit to populated area biomass strongly suggests that even
relatively low human population density and/or proximity
to larger population centers is incompatible with anything
resembling a pristine reef fish community structure. These
results are consistent with studies showing that even low
levels of exploitation can have substantial impacts on reef
fish assemblages [6, 10, 11], and reinforces the importance,
as biological and ecological reference areas, of the extremely
isolated coral reef-areas now contained within the system of
the US Marine National Monuments.
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