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Abstract  

 1. Large declines in reef fish populations in Hawai‘i have raised concerns about the 

sustainability of these resources, and the ecosystem as a whole. To help elucidate the reasons 

behind these declines, a comprehensive examination of reef fish assemblages was conducted 

across the entire 2,500 km Hawaiian Archipelago.  

2. Twenty-five datasets were compiled, representing > 25,000 individual surveys conducted 

throughout Hawai‘i since 2000. To account for overall differences in survey methods, conversion 

factors were created to standardize among methods. 

3. Comparisons of major targeted resource species (N = 35) between the densely populated main 

(MHI) and remote Northwestern Hawaiian Islands (NWHI) revealed that 40% of these species 

had biomass in the MHI below 25% of NWHI levels. In total, 54% of the species examined had 

biomass < 50% of NWHI biomass. 

4. The moku or district was a basic unit of resource management in pre-contact Hawai‘i and was 

used as a unit of spatial stratification for comparisons within the MHI. Biomass of resource 

species was negatively correlated with human population density within moku boundaries, with 

extremely low biomass in areas with highest human population densities. No such relationship 

was found for species not targeted by fishing.  

This article is protected by copyright. All rights reserved.



3 
 

5. A number of remote areas with small human populations in the MHI still support high 

standing stock of fished species, and these areas are likely important refugia for maintaining 

fisheries production and biodiversity functioning.  

6. These results highlight the large gradient of human impacts on fish assemblages across the 

Hawaiian Archipelago and the potential in using landscape and seascape units, such as those that 

are watershed and bio-physically-based, when managing in part based on a framework of 

traditional ecological knowledge. 

 

Key words/phrases: archipelago, conservation evaluation, ecological status, fish, fisheries 

sustainability, overfishing, reef fish production, reef fish trophic structure,  
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1. INTRODUCTION 

The Hawaiians of old had a sophisticated understanding of the natural processes regulating 

resource abundance and used this knowledge to develop effective strategies to manage those 

resources (‘I‘I, 1959; Kahā‘ulelio, 2006; Kamakau, 1976; Malo, 1951;). In pre-contact Hawaiian 

society (<1778), the basic unit of land division and socio-economic organization was the 

watershed or ahupua‘a, which was nested within districts (moku) that were roughly aligned to 

bio-physical attributes of island ecosystems (e.g. windward /leeward and wet/dry districts of 

islands, Kaneshiro et al., 2005; Malo, 1951). Customary fisheries management was specific to 

each moku and even ahupua‘a, with fishing activities and catch strictly disciplined by rules and 

regulations that were embedded in socio-political structures and religious systems (Kirch, 1989; 

Titcomb, 1972).  

 

The breakdown of this traditional fisheries management system after Western contact led to 

extensive exploitation of marine resources fuelled by a cash-based economy, which was centred 

on large and increasing urban demands (Cobb, 1901; Kuykendall, 1938; Schug, 2001). Reef fish 

populations and their associated fisheries have declined dramatically around Hawai‘i over the 

past hundred years due to a growing human population, destruction of habitat, introduction of 

new and unsustainable fishing techniques, and loss of traditional conservation practices 

(Friedlander & DeMartini, 2002; Friedlander, Stamoulis, Kittinger, Drazen, & Tissot, 2014; 

McClenachan & Kittinger, 2013; Smith, 1993). Although many people acknowledge declines in 
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certain reef fishes in Hawai‘i over time, there is little agreement on the causes (Kittinger et al., 

2011; Williams et al., 2008). To make matters worse, there is poor compliance with fishing laws 

and regulations coupled with insufficient enforcement due to lack of resources and political will 

(Capitini, Tissot, Carrol, Walsh, & Peck, 2004; Stevenson & Tissot, 2013; Tissot, Walsh, & 

Hixon, 2009).  

 

In contrast to the main Hawaiian Islands (MHI), the nearshore fish populations of the remote 

Northwestern Hawaiian Islands (NWHI) have been largely unfished for decades, in what is now 

the Papahānaumokuākea Marine National Monument (PMNM), which is currently the single 

largest conservation area in the U.S., and one of the largest in the world (Kittinger, Dowling, 

Purves, Milne, & Olsson, 2010, Toonen et al., 2013) Previous comparisons between the MHI and 

NWHI have revealed dramatic differences in the abundance, size, and biomass of the shallow 

reef fish assemblages, with both severe depletion of top predators and heavy exploitation of 

lower trophic levels in the MHI compared to the largely unfished NWHI (Friedlander & 

DeMartini, 2002; Williams et al., 2010, 2015). A previous study comparing fish assemblages 

within the MHI showed a strong negative effect of human population density on fisheries 

resource species (Williams et al., 2008); however, these data were limited in spatial extent, 

habitat diversity, and did not incorporate other available datasets. In addition, data collection 

efforts of fish assemblages around the entire archipelago have greatly expanded in spatial and 

temporal scope since 2006 when that study was conducted. 
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Hawai‘i’s coral reef fisheries provide livelihoods, sustenance, recreation, and help perpetuate 

customary cultural practices (Friedlander, Shackeroff, & Kittinger, 2013; McClenachan & 

Kittinger, 2013; Smith, 1993). The dramatic declines seen in these resources are therefore 

negatively impacting the goods and services that are essential to the people of Hawai‘i. One of 

the major obstacles to wise management of coral reef fisheries resources is the lack of good 

information on population abundance at spatial scales commensurate with the uses of these 

resources (Cinner et al., 2012; Hilborn, Orensanz, & Parma, 2005).  

 

Localized differences in the abundances of coral reef fishes can result from varying 

environmental factors (e.g. habitat quality, reef zone, productivity, sea surface temperature), as 

well as the magnitude of human extraction (Darling et al., 2017; Pinca et al., 2012; Williams et 

al., 2015 ). This information is critical to developing sustainable fisheries management strategies, 

which includes improving management of existing Marine Protected Areas (MPAs), designing 

future MPA networks, and aiding in the development of comprehensive marine spatial planning.  

 

All available reef fish visual census data from Hawai‘i were compiled into a single dataset in 

order to assess the patterns of reef fish biomass across the entire Hawaiian Archipelago in 

relation to both bio-physical and human factors.  The unpopulated NWHI and the MHI were 

compared in terms of resource fish biomass and densities were examined for a number of key 
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resource species between regions. Human influence on resource fish biomass was further 

investigated, while accounting for bio-physical variation to highlight locations with the least and 

greatest impacts.  

 
2. METHODS 

Twenty-five datasets were compiled, representing more than 25,000 individual fish surveys at 

6,468 unique survey locations from throughout the entire Hawaiian Archipelago since 2000. This 

study incorporated data from 18 islands spanning nearly 10° of latitude and over 2,500 km 

(Figure 1). Data sets were identified from around the archipelago that collectively represented a 

variety of habitats, depths, and human influences. These data were rigorously checked for errors 

and integrated into a common database with a standardized structure.  

 

2.1. Fish sampling methods 

A number of underwater visual census (UVC) methods were used to assess fish populations 

across the Hawaiian Archipelago. Methods consisted of belt transects of various dimensions (e.g. 

25 x 5 m, 25 x 4 m, and 25 x 2 m) and stationary point counts (15 m diameter).  Details of each 

method are described in Table S1.  

 

2.2 Biomass Estimates 

The biomass of individual fishes was estimated using the allometric length–weight conversion: 

W=aTLb, where parameters a and b are species-specific constants, TL is total length (cm), and W 
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is weight (g). Length–weight fitting parameters were obtained from a comprehensive assessment 

of Hawai‘i length-weight fitting parameters (Froese & Pauly, 2009). The cross-product of 

individual weights and numerical densities was used to estimate biomass by species.  

 

Fishes were categorized into four trophic groups (top predators, invertivores, planktivores, and 

herbivores) after DeMartini, Friedlander, Sandin and Sala  (2008) and Sandin et al. (2008). Top 

predators, primarily reef sharks and jacks, were enumerated on all surveys, when present. Total 

biomass was examined both with and without these top predators to enable comparisons with 

other studies (McNeil et al., 2015; Williams et al., 2010, 2015). Analyses of top predators, 

whether including or excluding reef sharks and jacks, excluded apex predators (e.g. tiger shark 

[Galeocerdo cuvier] and the great hammerhead shark [Sphyrna mokkaran], due to the large 

uncertainties in quantifying the abundances of these highly mobile, large-bodied species (Roff et 

al., 2016; Ward-Paige, Flemming, & Lotze, 2010). Each trophic group was divided into resource 

and non-resource species, where resource species were defined either as those species having ≥ 

450 kg of average annual commercial or recreational harvest for the past 10 years (2000-2010) or 

as recognized species that are important to the local subsistence or cultural sectors 

(http://dlnr.hawaii.gov/dar/fishing/hmrfs/, Table S2). A subset of resource species was also 

examined without reef sharks and jacks, as estimates of these latter taxa can be highly variable 

due to several factors (Ward-Paige et al., 2010). Several species were removed from biomass 

calculations if aspects of their life history led to inaccurate counts with visual surveys, such as 
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cryptic benthic species (e.g. blennies and gobies), nocturnal species, and pelagic schooling 

species.  

 

2.3 Methods calibration 

Underwater visual survey methods of fishes all have their own inherent biases (Edgar, Barrett, & 

Morton, 2004; Colvocoresses & Acosta, 2007; McClanahan et al., 2007), and differences in the 

performance of these different methods means that survey data gathered by multiple methods 

should be standardized before being combined for analysis (Maunder & Punt, 2004). To account 

for overall differences in survey methods, conversion factors were calculated to standardize each 

method to the NOAA Biogeography Program belt transect (see Table S3). This was done using 

general linear models and Monte Carlo simulations to calculate methods calibration factors 

(Nadon, 2014). Calibrations were calculated by species, where possible, using the following 

decision rules: 1) ≥ 10 paired observations were available within an island; 2) if the proportion of 

zeros was high (> 15%), a delta model was run where occurrences were modelled separately 

from non-occurrences; 3) the fit was checked for normally distributed residuals, and if this check 

failed the model was rerun and checked with log-transformed data. If a species did not pass this 

series of rules then a calibration factor was not calculated, and a calibration factor for each 

combination of family and trophic level was calculated and applied instead. If a calibration factor 

could not be calculated at the combined family-trophic level, then a global calibration was used 
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that considered all species pooled for each method.  For all subsequent analyses, density 

estimates were based on calibrated densities of raw data (Table S3). 

 

One important consideration when accounting for differences across datasets is how schooling 

species are counted. To account for exaggerated counts of schooling species, exploratory 

analyses were conducted to identify extreme observations in the database and subsequently 

adjust those observations to dampen their effect on the calculations of biomass.  Extreme 

observations were defined by calculating the upper 0.1% of all individual observations (e.g. one 

species, size, and count on an individual transect) resulting in 26 observations out of > 0.5 

million, and comprising 11 species.  The distribution of individual counts in the entire database 

for those 11 species was then used to identify individual observations that fell above the 99.9% 

quantile of counts for each species individually. The counts for these individual observations 

were then capped to the value of the 99.9% quantile for biomass calculations. 

 

2.4 Spatial stratification (moku) 

For the purpose of providing potentially informative, within-island spatial comparisons for the 

MHI, the traditional Hawaiian district or moku was chosen as a unit of spatial stratification. 

Although the Hawai‘i statewide GIS program (http://planning.hawaii.gov/gis/) provides a GIS 

shapefile of ahupua‘a and moku boundaries, there is no definitive source for this information. 

The difficulty arises from several factors: 1) early Hawaiians left no maps, 2) several volcanic 
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eruptions have modified or destroyed ahupua’a and/or moku boundaries, 3) boundaries were well 

established at the shoreline but were more ambiguous offshore, 4) the conquest and unification 

of the islands destroyed sovereign boundaries, and 5) current boundaries set by various 

indigenous and historical authorities sometimes conflict (Gonschor & Beamer, 2014). For these 

reasons, the most reliable source for this information was found to be the Island Breath 

organization (http://www.islandbreath.org/), who conducted a detailed survey effort using 

historical documents, early Hawaiian maps, USGS survey maps, and individual accounts. Using 

these moku maps, each site location was attributed to the nearest moku land division (Figure 1). 

 

Spatial dependence was tested within and among moku by constructing an experimental 

variogram of resource fish biomass with 25 m distance bins to correspond with the length of the 

fish transects. A theoretical variogram was fitted using weighted-least squares and spherical 

covariance to obtain an estimate for the sill and corresponding lag distance, which is the 

maximum distance between points exhibiting spatial dependence (Fortin & Dale, 2005). This 

value was compared to the minimum distance between any two points between adjacent moku to 

determine if spatial dependence occurred across moku. 

 

Human population was used as a proxy for human impact and was calculated at the moku scale 

for analytical purposes.  Average human population for each moku was calculated using 2010 

census data (www.census.hawaii.gov). Because census blocks did not correspond with moku 
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boundaries, a one ha resolution grid was developed where each cell contained the average 

population density (number of people ha-1) for that census block. The cells corresponding to each 

moku were summed to calculate the total population for each moku. Total human population 

within each moku was divided by the shoreline length of that moku to provide an index of 

human population pressure (Williams et al., 2008). Thus, moku with large populations and small 

shorelines were weighted more heavily. Wave exposure for each moku was described by the 

aspect, which was defined individually for each moku based on the dominant cardinal direction 

(north, south, east, and west) of the coastline (Table S4). 

 

2.5 Comparing species-level biomass in the MHI and the NWHI 

The abundance of major targeted resource species, as defined above, was compared between the 

NWHI and MHI. Since some species naturally have tropical or subtropical affinities, the 

correlation between latitude and biomass density (g m-2) of these species was examined only in 

the NWHI using Spearman Rank Correlation. This analysis was restricted to the NWHI to 

remove any effect of fishing within the MHI. Species that showed a significant correlation with 

latitude or had inadequate sample size to test this correlation (≤ 20 sites in the NWHI) were 

excluded from the NWHI vs. MHI comparison. For the adequately sampled species that did not 

show a latitudinal bias, density in the MHI was estimated and then measured as percentage of 

unfished biomass by dividing the mean biomass density observed within the MHI by the density 

within the NWHI.  No major resource species were restricted to the MHI. 
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2.6 Statistical analyses 

Patterns of fish biomass across moku, islands, and region (NWHI and MHI) were analysed using 

generalized linear mixed models (GLMM, Zurr, Ieno, Walker, Saveliev, & Smith, 2009), using 

the R package glmmADMB (Skaug & Fournier, 2006) in the R statistical program version 3.0.2. 

Due to the skewed nature of the biomass estimates, models were fitted using a gamma error 

structure with an inverse link function suitable for continuous-positive data (Crawley, 2012). 

Models of moku and region accounted for spatial dependence, and differences in sampling 

strategies were accounted for by including datasets nested within islands as random effects, since 

data from the same islands are assumed to be more similar than data among islands. Similarly, 

the island model included a random effect of dataset. Surveys from inside fully-no-take reserves 

were removed prior to all analyses to avoid confounding effects of spatial protection on patterns 

of fish biomass. Model fits were assessed by visual inspection of residuals, and goodness of fit 

(R2) was calculated following methods described by Nakagawa and Schielzeth (2013). 

Hypothesis tests for fixed effects were based on likelihood ratio tests using the Anova function in 

the car package in R. Comparisons of resource fish biomass by trophic group (top predators, 

herbivores, planktivores, and invertivores) between the MHI and NWHI were made using Mann-

Whitney rank sum tests with a Bonferroni correction (p = 0.05/4) for multiple comparisons 

(Sokal & Rohlf, 1981).  
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To examine the influence of bio-physical factors on resource fish biomass between regions, a 

GLMM was conducted with gamma error using sea surface temperature (SST), chlorophyll-a, 

and coral cover as covariates in the model.  Long-term means of SST and chlorophyll-a were 

obtained from published satellite-derived data at the island scale as this was the finest scale 

available for the NWHI (Gove et al., 2013). Long-term means, rather than metrics such as 

anomaly frequencies, were used since interest was in comparing overall conditions across islands 

and these metrics have previously been shown to reflect differences across islands in the 

Hawaiian Archipelago (Gove et al., 2013). Coral cover at the island scale was derived from 

estimates used in Williams et al. (2015). All variables were centred and scaled so that 

coefficients in the GLMM were comparable.  

 

Several additional analyses were conducted in order to test for the sensitivity of the model results 

to the year of sampling. GLMM models were rerun with an additional random effect of year and 

compared to models without using likelihood ratio tests. Additionally, the effect of year on 

resource fish biomass was tested alone using a generalized linear gamma mixed effect model 

with moku, island, and dataset as random effects to test whether the spatial results observed were 

sensitive to the effects of time.  

 

The relationship between resource fish and non-resource fish biomass and human population 

density km-1 of shoreline by moku was assessed using a GLMM with Gaussian error, where 
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resource fish biomass was ln (x+1) transformed to meet the assumptions of linear modelling. 

Human population density was fourth-root transformed to reduce the mean-variance relationship 

given the large variance. Similar to the above, island was included as a random effect in the 

model to account for spatial dependence of moku within islands. 

 

To describe the pattern of variation in fish assemblage structure and their relationship to bio-

physical and human gradients, linear ordination methods were used. Linear models are 

appropriate for these data because a preliminary detrended correspondence analysis showed short 

gradient lengths along the ordination axes (< 2 SD, ter Braak & Šmilauer, 2012). To explore the 

spatial distribution of fish assemblage structure among moku within the MHI and its relationship 

with bio-physical and human gradient variables, a direct gradient analysis (redundancy analysis: 

RDA) was performed using the ordination program CANOCO for Windows version 5.0 (ter 

Braak, 1994). The RDA introduces a series of explanatory (physical and human) variables, 

analogous to a model of multivariate multiple regression, which identifies the linear 

combinations of variables that determine the gradients. Data from all taxa were pooled into 

biomass for each of the four trophic groups to facilitate large-scale analysis. Data were 

standardized, centred, and log-transformed for analysis. The bio-physical and human data matrix 

included the following variables: island, aspect (north, south, east, west), SST, chlorophyll-a, 

coral cover, and scaled human population density by moku. Environmental variables, SST, and 

chlorophyll-a, were obtained from published data (Gove et al., 2013), and coral cover by moku 
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was calculated from a synthesis of benthic data (Bauer et al., 2016). For consistency with the fish 

survey data, these bio-physical and human variables were quantified for each survey location and 

averaged to obtain a value for each moku. To rank bio-physical and human variables in their 

importance for being associated with the structure of the fish assemblage, forward selection was 

used where the statistical significance of each variable was judged by a Monte-Carlo permutation 

test (ter Braak & Verdonschot, 1995). Additionally, patterns of resource fish biomass among 

moku within the MHI was also assessed using a GLMM as described above using the same 

covariates as the redundancy analysis with covariates summarized to the moku scale. Throughout 

the text, all values are means and one standard deviation unless otherwise noted.  

 

3. RESULTS 

3.1 Comparisons between the MHI and NWHI 

Total resource fish biomass in the NWHI (294.6 g m-2, 95% C.I. 290.5-303.2) was 5.9 times 

higher, on average, than in the MHI (50.0 g m-2, 95% C.I. 13.1-117.7, Gamma GLMM: χ2 1, 3907 

= 84.1, p < 0.01).  When sharks and jacks are removed from the analysis, resource fish biomass 

in the NWHI (154.9 g m-2, C.I. 152.6-159.7) was still 3.3 times higher, on average, than in the 

MHI (47.1 g m-2, C.I. 12.6-111.5, Gamma GLMM: χ2 1, 3907 = 25.6, p < 0.01). Total resource fish 

biomass in the NWHI ranged from a high of 389.9 (± 388.8) at Gardner Pinnacles to 142.8 (± 

183.7) at Mokumanamana (Necker). In the MHI, resource fish biomass was highest at the 

uninhabited island of Kaho‘olawe (104.1 ± 37.3), which was an order of magnitude greater than 

on O‘ahu (11.8 ± 22.2), where the lowest biomass was found. 
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In the GLMM of fish resource biomass and environmental and habitat variables, all variables in 

the model were significant, except for SST (Table 1). Region had the largest relative influence, 

followed by chlorophyll-a, and coral cover. Chlorophyll-a and coral cover had a positive 

relationship with resource fish biomass, while the interaction of region and chlorophyll-a had a 

negative correlation with resource fish biomass. After accounting for the environmental 

covariates by holding all values at their means, resource fish biomass in the NWHI was 3.2 times 

higher than in the MHI.  

 

More than 53% of the total resource fish biomass in the NWHI consisted of top predators, 

primarily sharks and jacks, while this trophic group only accounted for 10.8% of the total 

resource fish biomass in the MHI. Absolute biomass of top predators was nearly 32 times greater 

in the NWHI compared to the MHI (Mann-Whitney U = 30.2, p < 0.001). Herbivores, primarily 

parrotfishes and surgeonfishes, accounted for 39% of resource biomass in the NWHI and more 

than 61% in the MHI. Total biomass of herbivores was more than 4 times higher in the NWHI 

compared to the MHI (Mann-Whitney U = 23.7, p < 0.001).  Invertivores included a diverse 

suite of species and comprised 22% of the biomass in the MHI compared to 6% in the NWHI; 

absolute biomass of this trophic group was 72% higher in the NWHI (Mann-Whitney U = 14.6, p 

< 0.001). Finally, planktivore biomass was 61% higher in the NWHI compared to the MHI 
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(Mann-Whitney U = 7.2, p < 0.001), accounting for 1.6% of the total in the former and 6.3% in 

the latter. 

 

3.2 Comparing MHI Fish species using the NWHI as a Reference 

There were 55 resource species that had mean landings > 450 kg yr-1 during the past 10 years 

from either the commercial (CML) or recreational (MRIP) databases. After applying the 

aforedescribed filter for latitudinal bias and sample size, a total of 35 major targeted resource 

species were left for our comparison between the NWHI vs. MHI. (Figure 2, Table S2). Of these 

species, 23% had biomass densities in the MHI < 10 % of the NWHI, 40% had biomass < 25%, 

and 54% had less than 50% of the unfished biomass in the NWHI.  

 

3.3 Moku descriptions 

A total of 37 of the 41 moku in the MHI had fish data that could be used for the analysis. These 

moku ranged in size from 2,335 km2 at Ka‘u on Hawai‘i Island, to 53 km2 on the small island of 

Ni‘ihau (Table 2, Figure 1B). One third of the moku have southern aspects, with 27% exposed to 

the north, 20% with windward easterly aspects, and 22% with leeward western aspects. Human 

population density averaged ca. 32,625 people moku-1 or 834 people km-1 of shoreline, with an 

average of 3,529 (± 3,986) people km-1 of shoreline on O‘ahu to just slightly more than 2 people 

km-1 on Ni‘ihau, and no permanent residents on the island of Kaho‘olawe. 
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Spatial dependence within and among moku was tested by examination of the sill and 

corresponding lag distance of the variogram (Figure S1). The distance corresponding to the 

variogram sill was estimated at 120.5 m between site coordinates for resource fish biomass. This 

small distance between spatially dependent survey points indicated that the fish assemblages 

were similar at the moku scale. This finding supports the use of moku-scale subdivisions of 

habitat because the closest distance between two points in adjacent moku was 129 m.  

 

3.4 Resource fish biomass among moku 

Within the MHI, mean moku resource fish biomass ranged from 5.8 g m-2 to 144.4 g m-2, with 

the lowest biomass in moku around populated areas of O‘ahu and Maui, and the highest biomass 

in more remote locations, such as the northern coastline of Moloka‘i and uninhabited 

Kaho‘olawe (Figure 3). Resource fish biomass was negatively and significantly related to human 

population density among moku (χ2 1,33 = 10.29; p = <0.01; R2 = 0.64, Figure 4), while non-

resource fish biomass showed no correlation with human population density (χ2 1,33 = 0.29; 

p=0.59; R2 = 0.01). An additional random effect of year resulted in a greater AIC (Likelihood 

ratio test, p = 0.01), thus supporting the exclusion of a year effect. Additionally, no effect of year 

was found when modelled independently against resource fish biomass (Gamma GLMM, p = 

0.51), suggesting that little change in patterns of overall biomass occurred over the study period.  
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Using the NWHI as an unfished reference, only six (16.2%) of the moku in the MHI had 

resource fish biomass > 25% of unfished biomass and only two (5.4%) had resource fish biomass 

> 40% of that found within the NWHI. However, using the uninhabited island of Kaho‘olawe as 

an unfished reference revealed that 27 of the 37 moku (73%) would be above the 25% threshold, 

while 20 (54.0%) would be above 40%. If sharks and jacks were excluded from these 

calculations, 20 (54.0%) of the moku in the MHI had resource fish biomass > 25% of that found 

in the NWHI and eight (21.6%) had resource fish biomass > 40% of that found within the 

NWHI. The values for Kaho‘olawe stayed the same since there was only a 4.6% difference in 

total biomass vs. biomass without sharks and jacks at this island. 

 

3.5 Influence of physical and human factors 

In the GLMM of resource fish biomass and environmental and habitat variables among moku, all 

variables in the model were significant (Table 3). Resource fish biomass was negatively 

correlated with human population density, chlorophyll-a, and SST, and positively related to coral 

cover. No interactions among these variables were significant. 

 

Ordination of fish trophic biomass showed a strong gradient along RDA axis 1, with islands 

having low human populations well separated in ordination space from the more heavily 

populated islands (Figure 5). The first two axes of the RDA biplot explained 67% of the trophic 

group variance and 92% of the trophic groups and bio-physical-human relationship (Table 4). 
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The main factor influencing this ordination was the island of Kaho‘olawe, which explained 

15.3% of variation in the fish trophic structure and physical-human matrix. This was followed by 

human population density per moku, which explained an additional 14.4% of the variation. The 

heavily populated island of O‘ahu accounted for an additional 13.3% of the variation in trophic 

structure, followed by the island of Maui (8.3%), and SST (6.6%). 

 

Trophic biomass was highly variable among moku and islands (Figure 6). Herbivores accounted 

for 56.2% of total resource biomass, with the islands of Moloka‘i, Kaho‘olawe, Lāna ʻi, and 

Ni‘ihau all having herbivore biomass > 40 g m-2, while herbivore biomass averaged only 9.4 g  

m-2 on O‘ahu. Biomass of top predators was highest on Kaho‘olawe, where it accounted for 

23.0% of the total resource biomass, and lowest on O‘ahu, were top predator biomass was nearly 

35 times lower than at Kaho‘olawe. Planktivore biomass was low overall, only accounting for 

7.4% of total resource biomass, with the exception of Kaho‘olawe where this trophic group 

accounted for 18.8% of total resource biomass. 

 

4. DISCUSSION 

The findings from this study highlight the negative impacts of human population pressure on reef 

fishes in Hawai‘i, which are particularly evident around the densely populated islands of O‘ahu 

and Maui. Large differences in resource fish biomass were observed between the MHI and 

NWHI, with the greatest differences observed for top predators, which are among the major 
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targeted resource species in the MHI. These findings are similar to those found in previous 

studies (Friedlander & DeMartini, 2002; Williams et al., 2010, 2015) at different spatial scales 

and reinforce the dramatic differences in biomass and trophic structure between these regions. 

Results of the GLMM showed region had the most influence on resource fish biomass, although 

chlorophyll-a and coral cover also contributed significantly. After accounting for the influence of 

chlorophyll-a and coral cover, resource fish biomass in the NWHI was still > 3 times higher than 

in the MHI. Although habitats differ between the NWHI and MHI, greater nutrient input and the 

presence of estuaries in the windward and vegetated MHI should result in a more, not less, 

productive ecosystem compared to the smaller low islands and atolls of the NWHI (Friedlander 

and DeMartini, 2002). The NWHI is a large-scale, intact, predator-dominated ecosystem that 

represents an important baseline for comparisons with the heavily fished MHI. In other parts of 

the Indo-Pacific, remote wilderness areas have been shown to support ecosystems that are 

distinctly different even from those in large and well-managed marine reserves (Cinner et al., 

2016; D’agata et al., 2016; Graham & McClanahan, 2013). 

 

Scientific management advice is lacking for most tropical marine fisheries because of the 

exacting data requirements and many assumptions of conventional stock assessment models. 

Comparisons of biomass abundance for 35 species within the MHI and unfished NWHI were 

conducted.  Examination of major targeted resource species revealed that of the 35 species 

examined, 40% had biomass in the MHI below 25% of the NWHI level, suggesting that biomass 
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of many MHI resource species are below levels that are generally considered sustainable 

(Hilborn, 2011; Worm et al., 2009). In total, ~ 54% of the species examined had biomass < 50% 

of NWHI biomass. A recent length-based assessment of reef fishes in the MHI found similar 

results, with nine of the 17 native species examined having spawning potential ratios close to or 

below the 30% recruitment overfishing threshold (Nadon, Ault, Williams, Smith, & DiNardo, 

2015).   

 

The concept of BMMSY is the biomass that allows for maximum sustainable yield (MSY) from the 

entire community (Hilborn, 2010). For coral reef fishes, there is insufficient empirical 

information to establish a single reference point, therefore a broad range of yield estimates are 

warranted, particularly given the high uncertainty in these populations and the growing 

consensus that the exploitation rates that achieve MSY should be reinterpreted as an upper limit 

rather than as management targets (Worm et al. 2009). A range of biomass-based multispecies 

MSYs (BMMSY ~ 0.25-0.50 of B0) were established for targeted fish biomass in the western 

Indian Ocean (McClanahan et al., 2011). Using the NWHI as our unfished reference revealed 

that 84% of the moku would be below the 25% threshold, and 48% would be below this 

threshold if sharks and jacks are excluded from the calculation. Using Kaho‘olawe as an 

unfished reference would result in 27% of the moku being below this threshold. Regardless of 

whether the NWHI or Kaho‘olawe is used as a reference area, none of the moku on O‘ahu (n = 

6), the most populated island, have resource fish biomass above the 25% threshold. Of the nine 
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moku on Maui, none are above the NWHI 25% threshold and five are above this threshold using 

Kaho‘olawe as a reference area.  

 

For 50 years, the island of Kaho‘olawe functioned as a de facto natural no-take reserve where 

public access was restricted while the island served as a military bombing range until 1990. 

Since 1993, the Kaho‘olawe Island Reserve Commission (KIRC) has managed the island 

allowing subsistence fishing and marine gathering only by participants in cultural activities 

organized by a stewardship organization for consumption and offerings restricted to visits to the 

island (Friedlander et al., 2013). This modest take allows this large island to function as a no-

take reserve. Kaho‘olawe had the highest resource biomass among all islands in the MHI and 

represents the largest no-take coral reef reserve in the MHI (42.25 km2). However, remoteness 

and limited enforcement has resulted in a moderate level of poaching (KIRC, unpublished data) 

and the biomass observed therefore does not represent truly unfished biomass. In addition, 

Kaho‘olawe is too small an area to fully protect many species of roving predators such as reef 

sharks and jacks (Lowe, Wetherbee, & Meyer, 2006; Wetherbee, Holland, Meyer, & Lowe, 

2004).  

 

Within the MHI, a number of moku were found to have high biomass relative to the unfished 

NWHI that were comparable to the uninhabited island of Kaho‘olawe. These remote areas may 

provide natural refugia that help sustain fish stocks, and therefore are likely important 
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conservation hotspots. No correlation between human population density and non-resource fish 

biomass was found, which strongly suggests that fishing, rather than other anthropogenic 

influences (e.g. pollution, habitat degradation) or intrinsic differences in local productivity or 

habitat quality is likely primarily responsible for the observed differences in fish biomass among 

moku. Top predators account for a small proportion of total fish biomass in the MHI, and this 

may account for the lack of a significant release effect on non-resource prey.  

 

Ordination of fish trophic biomass by moku showed large separations between islands with low 

human populations and the more heavily populated islands of O‘ahu and Maui. Top predators, 

which are the most heavily targeted trophic group by fishers, were most abundant around the 

unpopulated island of Kaho‘olawe and the sparsely populated island of Ni‘ihau. Moku with 

northerly and easterly aspects harboured higher resource fish biomass, likely owing to rougher 

sea conditions, which limits fishing effort during much of the year. In addition to human 

population density, SST and Chl a also had negative influences in resource fish biomass, while 

coral cover was positively related to this variable. These factors have been shown to be important 

drivers of resource fish biomass throughout the Pacific (Williams et al., 2015). At finer scales, 

structural complexity and reef zone have been shown to be important drivers of fish reef 

assemblage structure in Hawai’i and throughout the Indo-Pacific (Darling et al., 2017; 

Friedlander & Parrish, 1998; Graham & Nash, 2013), and these need to be considered when 

assessing and managing such resources at these scales. 
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Spatial variation in fish assemblages is evident throughout the archipelago and has been 

previously shown to correlate with human population pressure (Friedlander, Brown, Jokiel, 

Smith, & Rodgers, 2003; Williams et al., 2008). The status and structure of fish assemblages 

across a human impact gradient is extended by comparing metrics based on customary Hawaiian 

management boundaries (moku). Moku roughly correspond to bio-physical attributes of island 

ecosystems and represent a spatial scale that is relevant to humans, thus providing ideal units for 

examining patterns and managing marine resources.  This builds on evidence from a number of 

locations around the world that are integrating traditional ecological knowledge and customary 

management practices into contemporary marine management (Aswani & Hamilton, 2004; 

Cinner et al., 2009; Johannes, 2002; Jokiel, Rodgers, Walsh, Polhemus, & Wilhelm , 2011; 

Olsson, Folke, & Berkes , 2004).  

 

Our findings also reinforce a growing belief that smaller-than-regional scale factors importantly 

influence the demographics and abundances of coral reef fishes (D’agata et al., 2016; MacNeil & 

Connolly, 2015; Pinca et al., 2012; Williams et al., 2015 ). These local factors are both 

environmental and anthropogenic and include differences in habitat quality, benthic or 

planktonic productivity, the direct or indirect effects of fishing and other imposed stressors like 

pollution or sedimentation, or combinations thereof (DeMartini & Smith, 2015; Taylor, 

Lindfield, & Choat, 2015; Williams et al., 2015). These local influences can translate to spatial 
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differences in growth rates and maturation schedules of reef fishery resources (Donovan, 

Friedlander, DeMartini, Donahue, & Williams, 2013; Gust, 2004; Taylor et al., 2015). Western 

scientific management guidelines and customary management practices thus converge on the 

need for management at the local scale. 

 

Friedlander et al. (2003, 2013) have shown that in Hawai‘i, community-based resource 

management areas can harbour fish biomass that is equal to or greater than that in no-take 

reserves. Adaptive community-based resource management has the potential for improving 

fisheries management and ecosystem health in Hawai‘i through the development of proper 

fishing practices and traditional stewardship (Jupiter, Cohen, Weeks, Tawakwe, & Govan, 2014; 

Tissot, Walsh, & Hallacher,  2004;). Local-scale management represents a form of traditional 

management practices that is adapted to a contemporary governance structure. Management at a 

spatial scale compatible with the scale of these community managed areas would be consistent 

with bio-physical features that make them useful management units, and are easily understood 

and accepted by local communities. The current results may provide an impetus to better extend 

the renaissance of community-based fisheries management already seen elsewhere throughout 

the Indo-Pacific region (Cinner et al., 2009; Johannes, 2002; Jupiter et al., 2014). Many 

communities already use customary practices to adaptively restrict gears and spatial areas as 

ecological and social conditions require (Cinner,  Marnane, McClanahan, & Almany, 2006; 

Johannes, 2002;). Customary knowledge is currently used throughout the Indo-Pacific to inform 
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proper harvest seasons and strategies, and to identify no-take periods during critical times of 

development and reproduction (Johannes, 1980; Poepoe, Bartram, & Friedlander, 2007; 

Friedlander 2015). 

 

The results of this study strongly suggest that fishing intensity, as proxied by human population 

density, has greatly reduced reef fish biomass around the more populated areas of Hawai‘i, but 

the results also show the likely positive influence that remote and inaccessible areas within the 

MHI have on resource fish biomass. No-take reserves have been shown to conserve reef fish 

assemblages in Hawai‘i but most are too small and poorly enforced to be fully effective 

(Friedlander, Brown, & Monaco, 2007; Friedlander et al.,  2014). The findings from this study 

demonstrate that the island of Kaho‘olawe represents a scale at which no-take reserves might be 

more effective in Hawai‘i.  

 

In recognition of the importance of moku-scale management in the past, the State of Hawai’i has 

created a moku advisory committee to counsel the government on the integration of indigenous 

resource management practices into contemporary management practices (Hawaii State House 

Bill 2806). At the IUCN World Conservation Congress in September 2016, Governor Ige of 

Hawai’i announced an initiative to effectively manage 30% of Hawai‘i’s nearshore waters by 

2030, and a working group tasked with helping to measure progress towards this goal has 

highlighted moku as a useful scale for this evaluation as it matches the ecological, social, and 
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cultural aspects of Hawai‘i.  Based on the long history of knowledge and continued practice, 

future marine resource management in Hawai‘i might benefit from operating at less-than 

statewide (and smaller than island-specific) levels, and by increasing the involvement of local 

communities within these smaller management units.  
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Table 1. Results of generalized linear mixed-effects model of resource fish biomass and 

environmental and habitat variables between the MHI and NWHI. χ2 and p values are from 

likelihood ratio tests. Explanatory variables were centered and scaled prior to analysis. Region - 

NWHI and MHI, SST – long-term mean sea surface temperature (oC), Chl a – long-term mean 

chlorophyll a. Only significant interactions are shown.  

 

 Beta Std Error χ2 p-value 

Intercept (MHI)  4.067 0.777   

Region (NWHI)   1.435 0.782   3.982 0.046 

SST -0.968 0.880   1.198 0.274 

Chl a  0.770 0.164 17.709 <0.01 

Coral cover  0.760 0.131 32.864 <0.01 

Region x Chl a -0.774 0.249   9.693 0.002 
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Table 2. Geographic and demographic attributes by island, averaged by district 

(moku). N = number of moku by island. Values are means with standard deviations in 

parentheses. * Several moku within these islands were combined due to confidentiality 

concerns or excluded due to low sample size. 

 

Island N Area (km2) Shoreline 

(km) 

Human population People 

km-1 

Hawai‘i 6 1745.7 (591.1) 81.3 (24.1) 30,422.5 (19,905.4) 374.0 

Kaho‘olawe 2   58.0 (7.1) 26.5 (0.7) 0 0 

Kaua‘i 5 239.7 (172.0) 27.5 (10.6) 10,864.3 (13,432.3) 395.1 

Lana‘i 2 183.0 (9.9) 39.0 (1.4) 1,410.0 (1989.8) 36.2 

Maui 9* 145.5 (62.6) 17.8 (5.8) 10,947.0 (15,365.4) 616.1 

Moloka‘i 5 135.8 (34.9) 31.2 (13.7) 1,427.0 (1,553.4) 45.7 

Ni‘ihau 2* 61.7 (46.8) 24.7 (12.6) 56.0 (41.2) 2.3 

O‘ahu 6 258.3 (118.0) 47.5 (25.0) 156,244.8 (147,819.5) 3,289.4 

Grand means  388.4 (598.0) 35.6 (25.2)   31,107.5 (73,627.3) 874.3 
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Table 3. Results of generalized linear mixed-effects model of resource fish biomass and 

environmental and habitat variables among moku within the MHI. χ2 and p values are from 

likelihood ratio tests. Explanatory variables were centered and scaled prior to analysis. SST – 

long-term mean sea surface temperature (oC), Chl a – long-term mean chlorophyll a. No 

interactions were significant.  

 

 Beta Std Error χ2 p-value 

Intercept  4.952 0.252   

SST -1.655 0.230 51.872 <0.001 

Chl a -0.703 0.181 15.025 <0.001 

Coral cover 0.938 0.160 34.575 <0.001 

Human pop. density -0.901 0.289 9.750 <0.001 
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Table 4. A. Results of redundancy analysis (RDA) on log-transformed fish biomass data for 

trophic groups with physical-human variables (island, aspect [north, south, east, west], and 

scaled human population density by moku). TG = trophic groups. B. Conditional effects of 

Monte-Carlo permutation results on the redundancy analysis (RDA). Is. = island, Asp. = aspect, 

scaled human population = scaled human population density by moku. 

A. Axes Axis 1 Axis 2 Axis 3 Axis 4 

Eigenvalues   0.58   0.08   0.04    0.02 

TG & physical-human correlations   0.90   0.72   0.70    0.63 

Cumulative percentage variance     

  of trophic biomass &   58.52 66.76 70.30   72.40 

  physical-human relation 80.83 92.22 97.11 100.00 

B. Variable Pseudo-F P % variance 

explained 

Is.Kaho‘olawe   7.4 0.002      15.3 

Human Pop.   5.9 0.004      14.4 

Is.O‘ahu   7.5 0.004      13.3 

Is.Maui   5.4 0.010        8.3 

SST   4.8 0.010        6.6 
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FIGURE LEGENDS 

 

Fig 1. A. Map of Hawaiian Archipelago with islands labeled including sample sizes by island. B. 

Map of moku across the main Hawaiian Islands. 

 

Fig 2. Biomass density of 35 resource fish species in the MHI compared to the NWHI as an 

unfished reference area. Vertical dashed lines delineate the 14 (40%), 3 (9%), and 12 (34%) of 

the 35 species for which respective biomass values were ≤25%, 25-40%, and 40-95% of the 

NWHI, respectively. Biomass ratios for individual species are presented in Table S2. 

 

Fig 3. Resource fish biomass (g m-2) for each moku in the MHI compared to NWHI, ordered by 

resource fish biomass. Colors represent the lower (orange), and upper (green) quantiles of 

resource fish biomass in the MHI. Error bars are 95% confidence intervals based in gamma 

GLMM. Cross-hatched areas represent proportion of biomass comprising reef sharks and jacks. 

Inset is map of moku colored according to lower (orange), and upper (green) quantiles of 

resource fish biomass; data from moku coloured  in white moku were insufficient for estimating 

biomass. 

 

Fig 4. Relationship between scaled human population density and A) resource fish biomass (y = 

4.42 + -1.12x, X2
1,33 = 10.29; p = <0.01; R2 = 0.64) and B) non-resource biomass (y = 2.66 + -

0.08x, X2
1,33 = 0.29; p = 0.59; R2 = 0.01). Lines are predicted fits from a general linear mixed 

model with island as a random effect where grey bars are 95% confidence intervals. Biomass is 

ln(x+1) transformed and human population density is 4th root transformed.  
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Fig 5. Biplot of results of redundancy analysis on fish biomass of trophic groups with physical-

human variables (island, aspect [e.g., north, south, east, west], and scaled human population 

density by moku). 

 

Fig 6. Trophic biomass by moku. Pies sizes are proportional to total biomass for each moku. 
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