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Variable density dependence within multispecies fisheries results in species restructuring as
exploitation intensifies that is poorly understood. We examined unique species-based records across
25 years of exploitation to evaluate patterns, consequences, and predictions of species replacements
within three coral-reef fisheries. Body-size was an expected determinant of species replacements,

as larger fishes were consistently replaced by smaller, faster-growing counterparts. However, many
species with similar sizes and growth rates responded differently. Naso unicornis, a primary component
of coral-reef fisheries across the Pacific, was one of the most resilient species to exploitation despite
having a similar maximum size and growth as many large parrotfishes that slowly disappeared

from landings. Assessments conducted for all primary target species revealed clear distinctions in
compensatory responses: 31% had diminishing size structures, 18% had diminishing proportional
contribution, but only 5% showed both. Standard approaches to fisheries management assume
constant rates of size-and-age restructuring and rely upon metrics such as fishing-versus-natural
mortality. Instead, a deeper appreciation for varying recruitment rates may help to (re)define fisheries
management units and reduce complexity in multispecies fisheries. We last consider our results
alongside traditional knowledge and management in the Pacific that clearly appreciated species
responses, but have been lost over the years.

Commercial coral-reef fisheries comprise hundreds of species, but a small subset contribute disproportionally to
landings even on diverse Pacific reefs!~. This common feature of reef fisheries provides an opportunity to sim-
plify management within a complex system. Yet, developing formal stock assessments for even 20 species is well
beyond the scope and financial means of most island nations that rely upon reef fisheries for their livelihoods.
In response, a growing reliance is placed on indicators of fisheries status. Most fisheries-dependent indicators
are based upon (extensive) snapshots at one point in time, comparing metrics such as size-at-capture versus
optimal catch size and reproductive size, or use some combination of size-and-age-based criteria that estimate
fishing mortality or reproductive potential*-. The general premise is that target species decrease in size and age
with fishing pressure, and quantifying where any population resides along a natural-versus-fishing-mortality
gradient can provide an ideal metric of status. However, recruitment and growth differ widely across target spe-
cies”S. While density-dependent responses are fundamental principles of population ecology, the variation in
their magnitude may select for species that can become dominant through time as fishing pressure increases,
and conversely, select against those that diminish or even disappear from landings®. This situation causes shifting
baselines, or reference points, that are not new to fisheries or coral reefs'®!}; nor are the difficulties of predicting
the outcomes of complex trophic interactions when species replacements occur'?. But without historical data the
fisheries-management framework often fails to address these issues, instead focusing on species with higher yields
that have become dominant components of landings. This is a concern for coral reefs because ecological func-
tions, economic values, and social benefits suffer as larger species with slow growth rates disappear and biomass
turnover rates increase within the system.
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Figure 1. Map of the Western Pacific Ocean and Guam. Inset map shows the geographical quadrants used by
the creel data collection program during the study period. Map was created by author PH using the ArcGIS
v.10.2.2 software (http://www.esri.com/arcgis/about-arcgis).

Time-series data for coral-reef fisheries are rare and often disparate. Long-term investigations have dealt
mainly with total landings and catch-per-unit-effort (CPUE), comparing and reconstructing trends across dec-
ades®*-15. These studies have portrayed declines in landings across many Pacific Islands despite technological
advances and expansion to new fishing grounds. Technological advances represent fixed-income assets that serve
as a ratchet to commercial fisheries because growing fishing footprints are required to meet financial obliga-
tions'®!”. Expansions can also mask localized depletions because supply keeps up with demand while footprints
expand, painting a picture of sustainable stocks when examining commercial records of total landings. Shifts in
target species eventually occur because fisheries are limited by habitat availability. However, our appreciation
for species replacements in coral-reef fisheries remains limited by logistical difficulties and costs associated with
accumulating species-specific data through time. The few temporal analyses at the family-or-trophic level have
reported declines in accordance with trophic position (i.e., fishing down the food web), and identified dispro-
portional targeting of some desirable herbivores families such as rabbitfishes and parrotfishes'®!*. Meanwhile
species-specific responses are depicted in fewer novel datasets derived from sources such as restaurant menus,
photographs of historical fishing competitions, and rare governmental statistics reports'»**21, This is troubling
because less appreciation exists for the gradual replacement of species as baselines slowly shift through time?, and
consistent supply to commercial markets masks localized depletions.

Temporal, fisheries-independent studies are more numerous and describe how fish assemblages track envi-
ronmental cycles and respond to exploitation and management?-2°. However, sample sizes for target species near
human populations are usually low in visual assessments compared to catch landings, leading to management
benchmarks that compare observed biomass to expected, or ‘unfished;, biomass*’~?. These beneficial benchmarks
can readily be monitored through time to assess the status of fisheries, but they do not necessarily link with
species-specific management criteria for policy development. Coupling these benchmarks with a deeper appre-
ciation for how species respond to fishing pressure may help ecosystem-based management evolve, and tailor
policies to biological traits to maximize their effectiveness.

Here, we use a unique fisheries-dependent dataset from Guam, Micronesia, to examine responses to exploita-
tion over a 25-year period. While the data are specific to Guam, the patterns of exploitation are generalized
across three major fishery sectors to reveal common responses and hypothesize a common evolution of coral-reef
fisheries subjected to commercial demand. Investigations at the family level were first conducted to determine
what trophic groups may be most sensitive to fisheries expansions, what groups show a compensatory response,
and to draw relationships with previous findings. We then focus within each major family to examine species
replacements through time. Species replacements were examined with respect to size structures and proportional
contributions to landings, representing two distinct features of both fisheries-dependent data and commercial
sales. We last build a framework to evaluate target species that comprised 70% of the landings and discuss species
responses with respect to modern and traditional forms of management.

Methods

Guam is the population center of Micronesia, located in the tropical North Pacific Ocean. Like many Pacific
island societies, Guam has a cultural history tied with fisheries resources. However, colonization of Guam during
the historical Spanish, German, and Japanese periods, and their current affiliation with the United States have
decreased traditional management of their reef systems. Currently, Guam has the highest human population
per-reef-area in Micronesia (1525 people km~ for shallow reef habitat to 20 m depth)*, with a limited lagoon
system and mainly fringing reefs surrounding the island (Fig. 1). The growing human population and tourism
industry together place a strain on limited coastal fisheries resources®. Recent fisheries-independent studies
have suggested Guam had the second lowest fish biomass among 23 island nations, and up to 3 times lower than
remote islands in the same island chain®. Recent fisheries-dependent studies on Guam’s coastal fisheries have:
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Figure 2. Reported landings from the creel data collection program broken down by method (a) and location
(b-d) for the top three fisheries examined. Locations refer to geographical island sectors (Fig. 1). Arrows
indicate the timeframes considered in the analysis of each fishery, described in the methods by a 3-year rolling
average of 50kgyr~! or more.

(i) characterized the local fishery sectors, (ii) described how consistent effort but declining landings have evolved
between 1985 and 2012, and (iii) described a general shift in assemblages from large parrotfishes to mixed acan-
thurids in Guam’s SCUBA fishery thorough time, and (iv) found reduced sizes of most common target species
compared to other Micronesia islands"*1>*3. These studies set the stage for the present analysis that examined spe-
cies sizes, proportional contributions to landings, and species replacements across three fisheries sectors exposed
to growing exploitation.

Data collection. The datasets analyzed during this study are available upon request to the Guam Division
of Aquatic and Wildlife Resources (DAWR). Guam DAWR established a fisheries-dependent monitoring pro-
gram in 1982 that targeted both commercial and recreational fishers. DAWR staff intercepted fishers as they
return from both boat-based and shore-based trips. Creel surveys followed a regular schedule, including shifts on
weekdays, weekends, and evenings when peak fishing periods were noted for each of the fishery sectors. During
each survey event, all fish were identified and measured to the nearest mm fork length, and a series of standard
questions were asked to determine fishing location(s) and method(s). Species-based data were then entered into
a standardized database that is available upon request to the Guam DAWR. While several sectors were covered
by this program, SCUBA spearfishing (to ~90 m), freedive spearfishing (to ~18 m), and shallow bottom fishing
(to ~90 m) were most common and selected for analyses based upon data availability (Fig. 2). The stream of data
from this program differs for each fishery, but reporting was highest and most consistent between the late-1980’
and mid-2000’s. Reporting for the SCUBA and freedive fishery greatly diminished in the mid-2000’s due to con-
troversy among fishers, managers, and stakeholders. Reporting for the bottom fishery diminished in 2010 as the
local program reduced their staft and coverage, and a complimentary federal program initiated. We used a mini-
mum rolling average of 50kgyr ! to determine the timeframe for analyzing each fishery (Fig. 2b-d), and applied
weighted regression models to take varying reported landings into account (see data analyses). This provided a
conservative approach to account for increasing variances associated with decreasing sample sizes.

The United States National Marine Fisheries Service Pacific Islands Program began collecting similar
species-based catch records and complimentary life-history data in 2010 across all US affiliated territories in
the Pacific, including Guam. While comparable daily landing data are available from this program to potentially
extend our time-series analyses, these data have been determined to represent confidential data that are not
accessible to the public. The request for the data and for confidential aspects of the data to be removed was not
approved (request by author PH).

Data processing. The DAWR dataset was first filtered to include records from the SCUBA, freedive, and
bottom fishing sectors (Fig. 1). We then applied a series of additional filters to extract the main components of
the database by removing: (i) families that contributed <1% to overall landings (2% of data), (ii) species that
contributed to <1% of family landings (2% of data), and (iii) fishing locations outside of Guam. We last removed
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any records that included obvious errors in fish measurements or fishing methods (<1% of data). This process
resulted in a final database including 131 species, 78,347 fishes, and 30,730 kg.

Species attributes were next integrated into the database. We used a hierarchical process to determine
length-to-weight coefficients for all species, using data derived from: 1) Guam (49%°+%;), 2) Commonwealth
of the Northern Mariana Islands (nearest geographic neighbor with similar island geology; 9%%*7;), 3) ongoing
fisheries-dependent research elsewhere in Micronesia (4%; unpublished data author JCB), and 4) other regions
in the Pacific (38%%;). We also classified fishes within main target families into body-size categories based upon
their maximum lengths using Jenks breaks (Supporting Information 1). This process grouped species into 2 or 3
size categories, depending upon the range of sizes in the family. Large-to-small fish ratios were then calculated by
dividing the biomass of fish from the larger categories divided by the smallest.

Data analyses. Time series analyses were conducted across the study period using moving averages of the
dependent variables®. We assumed years across the study period represented an exploitation gradient given the
steady decline in catch success despite consistent effort reported for Guam across our study period®, and few
changes to fisheries management policies that were centered on creating no-take marine protected areas in 1997
in response to declining fish stocks*’. Moving averages were calculated based upon three sequential timesteps,
before-during-after each study year. This window size was selected to minimize autocorrelation of residuals
and maximize the length of data records used for regressions. Because moving averages of dependent variables
were calculated, the resultant model parameters were only used for comparative purposes and not to evaluate
the absolute magnitude of trends. Examples include contrasting size changes versus proportional contribution
changes through time (i.e., did a species decline more in size or proportional contribution to landings over the
years?). Weighted regression models were used to assess trends. Weighted models attribute added values, or
weights, to each data point based upon confidence of the information*'. Here, confidence was defined by the total
weight of fish or numeric density, depending upon whether biomass or abundance data were used. Three models
were examined for each regression analysis representing realistic fishery scenarios. First, linear models inferred
sequential decreases or increases in biomass, density, or size over the study period. Second, exponential models
inferred strong non-linear increases or decreases, followed by weaker saturating responses, often reported for
sensitive fishery species that respond quickly to exploitation or compensation. Third, polynomial models inferred
humped relationships, whereby a maximum or minimum may be reached, followed by the opposite trend. These
may be relevant for expanding fisheries, with humps in catch/size being related to fisheries expansions or retrac-
tions. Best fit models were considered based upon AIC values that essentially balanced model fit against residual
normality (i.e., R? values and their associated P-values versus the results from a Shapiro-Wilks normality test
of residuals). Residuals were also examined for autocorrelation to ensure the variances were constant through
time*2. Analyses were conducted using R*.

One notable fishery expansion occurred during the study period when a new boat marina on the southwestern
side of Guam was constructed in 1995, providing novel access to the south and southwest geographic sectors. The
influence of this expansion on temporal trends was assessed through preliminary analyses of mean fish sizes with
respect to geographic sectors (Supporting Information 2). Increased sizes were noted for both the bottom and
freedive fishery following the fishery expansion. Given significant findings, arrows were placed on each figure to
indicate the 1995 expansion, and appreciate this unique event in the time series analyses.

For all three fisheries, we analyzed several dependent variables sequentially: 1) percent contribution of dom-
inant fish families (>10% of landings), 2) ratios of large-to-small bodied fishes within each dominant family,
3) mean size for all ‘other fishes’ not in dominant families, and 4) percent contribution of large, iconic species
grouped together. Large, iconic species included the Napoleon wrasse (Cheilinus undulates), bumphead parrotfish
(Bolbometopon muricatum), giant trevally (Caranx ignobilis), dogtooth tuna (Gymnosarda unicolor), and giant
grouper (Epinephelus lanceolatus). We then contrasted SCUBA versus freediving sectors because they occur in
similar habitats, target similar species, and may have linked trends. Target species were binned into functional
groups (i.e., large-bodied parrotfishes), and standard pairwise comparisons were made.

Last, to better appreciate species-based responses and potential replacements, time series analyses were per-
formed on mean size and proportional contribution for dominant species that made up 70% of landings from
their respective fishery. The results were then used to assign ‘potential management’ categories. Size-based pol-
icies were considered best options for species with stronger impacts to their size structure compared to their
proportional contributions. Gear/quota/area policies were considered best for species that slowly fade out of the
fishery with less impact to their size structure*. Species were assessed using the following criteria: 1) asymp-
totic or polynomial models with immediate declines were considered stronger than linear models, 2) if similar
regression models existed between size and contribution trends, differences in effect sizes with non-overlapping
standard errors were used, 3) if similar models existed but effect sizes were overlapping, then both potential man-
agement strategies were considered equal, and 4) species with no significant responses or increases through time
were not placed into any potential management category.

Results

Bottom fishery. The bottom fishery was the largest and most consistent contributor to overall landing
reported in the governmental creel program (Fig. 2a,d). Bottom fishing focused mainly on snappers (14 to 25%
contribution across the study years), groupers (8 to 18%), emperorfishes (30 to 40%), with smaller contribu-
tions from trevallys, goatfishes, squirrelfishes and soldierfishes (noted as ‘other fishes’ within analyses, Fig. 3).
Significant declines in the proportional contributions of both snappers and groupers were found across the
25-year period (30% and 45% net decline, respectively, Fig. 3a, Table 1). In contrast, emperorfish contributions
fluctuated nonuniformly, while ‘other fishes’ increased linearly by 75%. The bottom fishery responded positively
to the fishery expansion in 1995, as mean fish sizes in the newly accessible areas were larger compared with
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Figure 3. Temporal trends in the shallow bottom fishery. Trends in proportional contributions and large-to-
small fish ratios are shown for dominant families (a,b). Remaining target species not included in family-level
analyses were grouped into ‘other fishes’ or ‘iconic large fishes’ (¢,d). Data points represent mean values for
each year based upon a moving three-year smoother. Data points were scaled by sample sizes that were used
in weighted regression models (i.e., circle sizes). Confidence bands are only shown for significant relationships
(Table 1). Arrows indicate the expansion of the fishery when a new boat marina was constructed in 1995.

Bottom | snapper 9% contribution y=—11x+0.03x>+24.7 0.64™ 2a
Bottom | grouper % contribution y=-0.27x+17.8 0.51" 2a
Bottom | other fish 9% contribution y=0.9x+28.7 0.62" 2a
Bottom | grouper large:small ratio y=—0.17x+0.005x>+2.2 0.57" 2b
Bottom | emperorfish large:small ratio y=—0.91x+0.02x*+11.9 0.74™" 2b
Bottom | other fish mean size y=—1.2x+0.06x*+31.6 0.78™ 2¢c
Bottom | large iconic fish | % contribution y=0.8x+0.2 0.67" 2d
SCUBA | parrotfish % contribution y=—2.6x+0.09x>+49.7 0.5 3a
SCUBA | other fish % contribution y=2.1x—0.07x>+13.2 0.77"" 3a
SCUBA | parrotfish large:small ratio log(y) = —0.6log(x) +2.5 0.49™ 3b
SCUBA | surgeonfish large:small ratio y=—0.6x+0.05x*+3.7 0.87#%% | 3b
SCUBA | grouper large:small ratio log(y) = —2.8x+43.1 0.45™ 3b
SCUBA | others mean size log(y) =—0.05log(x) + 3.4 0.64™ 3c
SCUBA | large iconic fish | % contribution y=—4.9x+0.3x*+35.3 0.75™ 3d
Freedive | parrotfish % contribution log(y) =—0.2log(x) +3.7 0.79" 4a
Freedive | surgeonfish % contribution y=0.9x+23.9 0.64" 4a
Freedive | other fish % contribution y=2.6x—0.2x>+33.6 0.41° 4a
Freedive | surgeonfish large:small ratio y=0.11x+0.74 0.827%#% | 4b
Freedive | other fish mean size y=—0.5x+0.02x>+23.9 0.53" 4c

Table 1. Best-fit regression models that described time series trends for the three dominant fisheries
sectors depicted in Figures 3 to 5. Methods describe the model selection process. P-values < 0.05 (*), <0.01
(*%),<0.001 (*#%),

others for several years following the construction of a new boat marina (Supporting Information 2). Thus, the
expansion was associated with polynomial best-fit regressions for the size-based dependent variables examined
(Table 1). The ratio of large-to-small groupers declined strongly during the first ten years, but showed a slight
positive response to the fishery expansion in 1995 (90% net decline, polynomial regression, Fig. 3b, Table 1).
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Table 2. Trends in size and proportional contribution for target species that comprised the majority of bottom
fish landings, with sample sizes >50. Methods describe potential management criteria.

Cephalopholis sonnerati 324 2.3 0.65"" both/either

These trends were driven by reduced contributions from two large species, Variola louti and Cephalopholis sonne-
rati, and replacement by Epinephelus fasciatus and other small-bodied groupers (Table 2). Similarly, the ratio of
large-to-small emperorfishes decreased steadily until 1995 mainly driven by a decline in Lethrinus rubriopercu-
latus (50% decline). The ratio increased slightly following the expansion with higher proportional contributions
from L. xanthochilus. Meanwhile, the ratio of large-to-small snappers did not differ across the study period,
however species replacements were noted. Proportional contributions from Aprion virescens became rare while
Lutjanus bohar became more common after the expansion, despite the latter being a ciguatoxic species that causes
human sickness (i.e., potential bycatch, Fig. 3b, Table 2). Mean size within the collective group of ‘other fishes’ also
declined between 1985 to 1995, but showed a significant increase with growing contributions from reef-pelagics
such as barracuda (Sphyraena spp., Fig. 3¢, Table 2). Last, contributions from large iconic species increased line-
arly across the entire 25-year period as increases in a large reef-pelagic species, the dogtooth tuna, were evident
(Gymnosarda unicolor, Fig. 3d, Table 2).
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Figure 4. Temporal trends in the SCUBA fishery. Trends in proportional contributions and large-to-small fish
ratios are shown for dominant families (a,b). Remaining target species not included in family-level analyses
were grouped into ‘other fishes’ or ‘iconic large fishes (c,d). Data points represent mean values for each year
based upon a moving three-year smoother. Data points were scaled by sample sizes that were used in weighted
regression models (i.e., circle sizes). Confidence bands are only shown for significant relationships (Table 1).
Arrows indicate the expansion of the fishery when a new boat marina was constructed in 1995.

SCUBA and freedive fisheries. The SCUBA fishery was the second largest contributor to overall landing
with a peak in landings reported between the late 1980’s and mid 2000’s (Fig. 2a,b). SCUBA fishing focused
mainly on parrotfishes (35 to 50% contribution across study years), surgeonfishes (15 to 28%), and groupers (4
to 14%), with smaller contributions from numerous other families (i.e., ‘other fishes’). The expansion in 1995 had
no influence on mean fish sizes which declined uniformly across geographic sectors (Supporting Information 2).
Parrotfish had the most notable decline in proportional contribution (30% net decline), while surgeonfish and
groupers fluctuated non-significantly (Fig. 4a). In response, the collective group of ‘other fishes’ steadily increased
their contribution to landings. Although ‘other fishes’ steadily grew in contribution, they experienced an asymp-
totic decline in size that flattened out shortly before the fisheries expansion (Fig. 4c). The ratio of large-to-small
groupers and parrotfishes both declined strongly across the entire study period (over 20-fold decline for both,
log-scale used, Fig. 4b, Table 3). Large parrotfish declines were driven by reduced Hipposcarus longiceps, Scarus
altipinnis, Chlorurus microrhinos, and Scarus rubroviolaceus landings (Table 3). In response, small parrotfishes
that responded positively through time were Chlorurus spilurus, Scarus schlegeli, and a mixture of other species.
Groupers contributed less to the SCUBA fishery compared to the bottom fishery, but declining large-to-small
ratios were similarly driven by reduced contributions from Varoli louti and V. albimarginata to a lesser extent,
which were replaced by the smaller Epinephelus fasciatus (Table 3). Uniquely, the ratio of large-to-small sur-
geonfishes increased across the entire study period with growing contributions from the iconic Naso unicornis.
Last, iconic large fish contributions declined asymptotically by 60%, with a slight increase following the fisheries
expansion (Fig. 4d). Iconic large fishes in the SCUBA fishery were disproportionally represented by the Napoleon
wrasse, Cheilinus undulatus.

The freedive fishery was the third largest contributor to landing with peaks reported between the early 1990’
and mid 2000’s (Fig. 2a,c). Freedive fishing focused mainly on parrotfishes (25 to 40% contribution across study
years) and surgeonfishes (25 to 35%), with smaller contributions from numerous other families. There was a sig-
nificant decline in parrotfish contributions which were replaced by both surgeonfishes and ‘other fishes’ (Fig. 5a,
Table 1). Large-to-small parrotfish ratios did not change across the years, yet species shifts were detected. Declines
in contribution from Chlorurus microrhinos and Scarus rubroviolaceus were accompanied by non-significant
increases for Chlorurus frontalis and Hipposcarus longiceps (Table 4). In contrast, large-to-small surgeonfish ratios
increased slightly from 1 to 2 with growing contributions from Naso unicornis and Acanthurus xanthopterus.
Yet, ratios of large-to-small surgeonfishes and parrotfishes were both depressed below 2 during the entire study
period, highlighting strong differences between the freedive and SCUBA fishery that targeted similar species
(Fig. 5b compared with Fig. 4b, note the log scale in the latter). There was a steady decline in the size of ‘other
fishes’ in the freedive fishery that was less indicative of species replacements and better attributed to declining
sizes of numerous target species (Fig. 5¢). Last, large iconic species were rare and no trends were detected.
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Table 3. Trends in size and proportional contribution for target species that comprised the majority of SCUBA
landings, with sample sizes >50. Methods describe potential management criteria.

In sum, clear differences were evident in the composition of SCUBA versus freedive landings across the entire
study period. SCUBA landings were composed of larger species including several parrotfishes, groupers, and the
iconic Napoleon wrasse (Fig. 6). Freedive landings were represented by smaller species within these families, as
well as rabbitfishes, goatfishes, and rudderfishes.

Management responses. Fifty-four percent of target species were placed into management response cat-
egories (65%, 53%, and 45%, respectively for SCUBA, bottom, and freedive, Tables 2-4). Among species placed
in management categories, 59% had strongest responses to their size structure, 31% had strongest responses to
their proportional contribution, and 10% had equal responses. Species with significant responses to exploitation
in more than one fishery had similar management categories in all but one instance (n =6 species with signif-
icant responses in more than one fishery, only the grouper Variola louti differed between bottom and SCUBA
(Tables 2-4).
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Figure 5. Temporal trends in the freedive fishery. Trends in proportional contributions and large-to-small fish
ratios are shown for dominant families (a,b). Remaining target species not included in family-level analyses
were grouped into ‘other fishes’ (c). Data points represent mean values for each year based upon a moving three-
year smoother. Data points were scaled by sample sizes that were used in weighted regression models (i.e., circle
sizes). Confidence bands are only shown for significant relationships (Table 1). Arrows indicate the expansion
of the fishery when a new boat marina was constructed in 1995. Large iconic species were rare in the freedive
fishery and no trends were detected (graph not shown).

Discussion

Both common and unique species replacement trends were revealed within three coral-reef fisheries across two
decades. We found that fishing ‘down™ and ‘through™® food webs occurred simultaneously, as larger fishes from
differing trophic levels were primarily targeted. This suggested that fish size, rather than trophic position, was a
primary driver of exploitation. Small differences in species-based sales prices across major target families support
the simple desirability of catching larger fish to maximize economic benefits®. In turn, smaller species with faster
growth rates responded over the years and grew in proportional contribution. Groupers and emperorfish were
primary bottom-fish families with large-to-small species replacements, while removing the ciguatoxic Lutjanus
bohar resulted in similar large-to-small species replacements for snappers as well. Groupers and parrotfish were
primary SCUBA-fish families with large-to-small species replacements. Meanwhile, the contribution of parrot-
fish within the freedive fishery declined, but similar species replacements were not observed. This appeared to
reflect different initial baselines, as large-to-small parrotfish ratios were already depressed below 2 at the start of
the study, but were substantially higher for the SCUBA fishery in early years (i.e., log scale in Fig. 4b). However,
when considering the changes in catch biomass by trophic level, fishing ‘down’ the food web also became apparent
as herbivores and invertivores from a larger suite of families became more abundant. The net effect of selective
fishing for larger species in higher trophic levels has been an increase in biomass turnover rates, and a previously
reported decline in overall landings despite stable fishing effort (63% decline in landings estimated)>.
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Table 4. Trends in size and proportional contribution for target species that comprised the majority of freedive
landings, with sample sizes >50. Methods describe potential management criteria.

A second, common trend was the growing contribution from ‘other fishes’ (i.e., the suite of fish not in target
families) that was mainly due to their persistence while target families declined and indiscriminant and oppor-
tunistic fishing pressure evolved. Interestingly, many fish had consistent, or even growing proportional contribu-
tions while their sizes diminished. Sustained or increased percent contributions despite reduced sizes depicted
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Figure 6. SCUBA versus freedive fishery comparisons. Differences in percent contribution for target fish
categories. Data points represent mean values for each year based upon a moving three-year smoother. Data
points were scaled by sample sizes that were used in weighted regression models (Table 1). Arrows indicate the
expansion of both fisheries when a new boat marina was constructed in 1995, and when data from the SCUBA
fishery on the N-NE sector of the island stopped being collected in 2002.

a classic compensatory density dependence response®®, whereby removal of adults made space for greater abun-
dances of juveniles (i.e., the rabbitfishes Siganus spinus and S. punctatus, the goatfish, Parupeneus barberinus,
the small emperorfish Lethrinus harak, and several others, Tables 2-4). Yet, even species with strong density
dependence can eventually decline in contribution given enough fishing pressure. Therefore, a deeper apprecia-
tion for variation in species-based responses added to the longstanding debate surrounding density dependence
in fisheries’, and improved the way species could be grouped into management units based upon their expected
responses to fishing pressure.

Species-based responses. Generally, shifting size structures were reported for small species within their
respective families, supporting the fundamental relationship between body size and growth rates*, and that
faster growing species would be less susceptible to growing exploitation. However, several large herbivores also
had primary responses to their size structure, such as the Pacific longnose parrotfish (Hipposcarus longiceps),
the bluespine unicornfish (Naso unicornis), and rudderfishes (Kyphosus spp.), which were accompanied by both
increasing and decreasing proportional contributions. These findings were unexpected given that growth rates
of these species were similar to other large, late maturing parrotfishes that have been declining more in terms of
contribution than size from many Pacific fisheries"***. Considering that spawning potential is also well known
to decrease with body size>%, we hypothesized that size-based responses for these species were due to reduced
post-settlement mortality and/or large population sizes rather than increased recruit production. In support, (i)
both freedive and SCUBA fisheries had growing unicornfish contributions despite being the top landed species
and having mixed size responses, (ii) unicornfish have been found to have high genetic connectivity, juvenile
settlement, and post-settlement mortality**-2, and (iii) unicornfish represent primary target species across Pacific
fisheries"**. As life history knowledge for more target species evolves, it will clearly be interesting to simultane-
ously consider responses to fishing pressure to better inform fisheries projections and models. We hypothesize
that life histories dictate how a species can respond to exploitation, but variation in recruit survival may represent
an underappreciated, secondary driver of how a species will respond to exploitation. The present time series
data were rare, but obviously useful for determining species patterns. Further development and examination of
long-term landings data at higher taxonomic resolution than typically exists can test the generality of our find-
ings. Data from other localities can also test whether species response patterns differ geographically, and poten-
tially lead to generalized guidance for target species across the Pacific.

Management. The results cautioned that unchecked exploitation could quickly remove the suite of ‘sensitive’
species that declined most in proportional contribution, and allow species with strong compensatory density
dependence to replace them. The sensitivity of large and long-lived fishes to exploitation is well documented!*,
but we reported declining contributions from many mid-sized fishes that are currently well represented across
Pacific fisheries (e.g., many parrotfishes). Compromised populations of these species have ecological and eco-
nomic consequences, such as declining corals and calcifying substrates within reef ecosystems®, which can
also impact the goods and services offered to society and tourism industries®. Therefore, it is desirable to know
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what species could be grouped into management units to simplify guidance for complex multispecies fisheries,
and how the shared life histories and responses to exploitation within each group best link with management
options. We reconciled that management units should be defined by trophic level, body-size (i.e., life history), and
response categories, rather than taxonomy. For instance, several large parrotfishes with similar maximum body
sizes all declined in proportional contribution across the study period suggesting quota/gear/area policies may
work best (e.g., Chlorurus microrhinos, Scarus altipinnis, and S. rubroviolaceus), but should not be applied across
all large parrotfishes because some showed strong density dependence and may better be managed by size limits
(e.g., Hipposcarus longiceps). We tailor further management discussion with respect to Guam and the Pacific, to
blend our results with both modern and traditional forms of management.

Large-to-small species replacements were consistent across most Guam fisheries. The only exception was the
increase in bottom fish size following the fishery expansion, driven by a few reef-pelagic species such as barracuda
and dogtooth tuna. The expansion may have provided greater access to migratory reef-pelagic species, or alterna-
tive fishing techniques within the bottom fishing category have become more available through time (i.e., jigging
for larger reef-pelagic species). Generally however, the present findings agree with past studies describing the
decline in Guam’s nearshore fishery through time, and also suggested disproportional impacts from the SCUBA
fishery compared to others*". While limiting or restricting the use of SCUBA is one clear recommendation that
resonates with past studies, holistic approaches towards management have been given less attention. Policies of
the United States applied to Guam’s coral reefs during our study period, for example, have defined management
units taxonomically by families*®. Catch quotas rooted in the concept of maximum sustainable yields for families
such as groupers or parrotfishes would have committed the system to species-based replacements we depicted. To
improve upon this situation, we blended our results within a traditional management framework.

Traditional management started with resource ownership, or reef tenure that was common to Guam and
the Pacific™ %, and established a series of spatially-disconnected fisheries units. However, management within
each unit was similar, unless there were different habitats present. Limited entry policies defined fishing rights
based upon social status and fishing methods. More than 50 different traditional fishing techniques were doc-
umented on Guam and the Mariana Islands to target certain species at specific timeframes, life stages, and
sizes®!. Similar policies also existed across the Pacific to limit fishing for large iconic fish, protect large spawn-
ing events, create no fishing taboo areas for reefs to recover, release certain species and sizes from fish traps,
and shift fishing techniques with seasons®*>¢2. The hierarchy and diversity of traditional management could
only be derived through extensive species-specific knowledge which has been lost over the years. In replace-
ment, modern fisheries management is heavily influenced by the concept of compensatory density depend-
ence, estimations of natural-to-fishing mortality, and numerous derivatives of length-based metrics>%. While
length-based responses are obviously central to fisheries management, we add that a deeper appreciation for
variable fish responses may improve holistic management approaches that resonate with traditional knowledge
and are socially acceptable.

References
1. Houk, P. et al. Commercial coral-reef fisheries across Micronesia: A need for improving management. Coral reefs 31, 13-26 (2012).
2. Jennings, S. & Polunin, N. Comparative size and composition of yield from six Fijian reef fisheries. Journal of Fish Biology 46, 28-46
(1995).
3. Weijerman, M. ef al. Trends in biomass of coral reef fishes, derived from shore-based creel surveys in Guam. Fishery Bulletin 114,
237-257 (2016).
4. Ault, J. S., Smith, S. G, Luo, J., Monaco, M. E. & Appeldoorn, R. S. Length-based assessment of sustainability benchmarks for coral
reef fishes in Puerto Rico. Environmental Conservation 35, 221-231 (2008).
5. Nadon, M. O,, Ault, J. S., Williams, I. D., Smith, S. G. & DiNardo, G. T. Length-based assessment of coral reef fish populations in the
Main and Northwestern Hawaiian Islands. PLoS ONE 10, e0133960 (2015).
6. Prince, J., Victor, S., Kloulchad, V. & Hordyk, A. Length based SPR assessment of eleven Indo-Pacific coral reef fish populations in
Palau. Fisheries Research 171, 42-58 (2015).
7. Choat, J. H. & Robertson, D. R. Age-based studies. Coral reef fishes: dynamics and diversity in a complex ecosystem. Academic Press,
San Diego, California, USA, 57-80 (2002).
8. Taylor, B. M., Houk, P, Russ, G. R. & Choat, J. H. Life histories predict vulnerability to overexploitation in parrotfishes. Coral Reefs
33, 869-878 (2014).
9. Rose, K. A., Cowan, J. H., Winemiller, K. O., Myers, R. A. & Hilborn, R. Compensatory density dependence in fish populations:
importance, controversy, understanding and prognosis. Fish and Fisheries 2,293-327 (2001).
10. Knowlton, N. & Jackson, J. B. Shifting baselines, local impacts, and global change on coral reefs. PLoS Biol 6, €54 (2008).
11. McClenachan, L. Documenting loss of large trophy fish from the Florida Keys with historical photographs. Conservation Biology 23,
636-643 (2009).
12. Polovina, J. ]. Model of a coral reef ecosystem. Coral reefs 3, 1-11 (1984).
13. Cuetos-Bueno, J. & Houk, P. Re-estimation and synthesis of coral-reef fishery landings in the Commonwealth of the Northern Mariana
Islands since the 1950s suggests the decline of a common resource. Reviews in Fish Biology and Fisheries 25, 179-194 (2015).
14. Maypa, A. P, Russ, G. R, Alcala, A. C. & Calumpong, H. P. Long-term trends in yield and catch rates of the coral reef fishery at Apo
Island, central Philippines. Marine and Freshwater Research 53,207-213 (2002).
15. Zeller, D., Booth, S., Davis, G. & Pauly, D. Re-estimation of small-scale fishery catches for US flag-associated island areas in the
western Pacific: the last 50 years. Fishery Bulletin 105, 266-277 (2007).
16. Bhathal, B. & Pauly, D. ‘Fishing down marine food webs’ and spatial expansion of coastal fisheries in India, 1950-2000. Fisheries
Research 91, 26-34 (2008).
17. Swartz, W,, Sala, E., Tracey, S., Watson, R. & Pauly, D. The spatial expansion and ecological footprint of fisheries (1950 to present).
PloS one 5,€15143 (2010).
18. Kaunda-Arara, B, Rose, G. A, Muchiri, M. S. & Kaka, R. Long-term trends in coral reef fish yields and exploitation rates of commercial
species from coastal Kenya. Western Indian Ocean Journal of Marine Science 2,105-116 (2003).
19. Lindfield, S. J., McIlwain, J. L. & Harvey, E. S. Depth refuge and the impacts of SCUBA spearfishing on coral reef fishes. PloS one 9,
€92628 (2014).
20. Claro, R., de Mitcheson, Y. S., Lindeman, K. C. & Garcia-Cagide, A. R. Historical analysis of Cuban commercial fishing effort and
the effects of management interventions on important reef fishes from 1960-2005. Fisheries Research 99, 7-16 (2009).

SCIENTIFICREPORTS | (2018) 8:5725 | DOI:10.1038/s41598-018-23971-6 12



www.nature.com/scientificreports/

21.

22.

23.

24.

25.

26.
27.

28.

29.

37.

38.

39.

40.

51.

52.

53.

54.

55.

56.

57.

58.
59.
60.

61.

62

Van Houtan, K. S., McClenachan, L. & Kittinger, J. N. Seafood menus reflect long-term ocean changes. Frontiers in Ecology and the
Environment 11, 289-290 (2013).

Sabetian, A. & Foale, S. Evolution of the artisanal fisher: Case studies from Solomon Islands and Papua New Guinea. Traditional
Marine Resource Management and Knowledge Information Bulletin 20, 3-10 (2006).

Halford, A., Cheal, A. J., Ryan, D. & Williams, D. M. Resilience to Large-Scale Disturbance in Coral and Fish Assemblages on the
Great Barrier Reef. Ecology 85, 1892-1905 (2004).

Houk, P. et al. The Micronesia Challenge: Assessing the Relative Contribution of Stressors on Coral Reefs to Facilitate Science-to-
Management Feedback. PloS one 10, 0130823 (2015).

McClanahan, T. & Graham, N. Recovery trajectories of coral reef fish assemblages within Kenyan marine protected areas. Marine
Ecology Progress Series 294, 241-248 (2005).

Paddack, M. J. et al. Recent region-wide declines in Caribbean reef fish abundance. Current Biology 19, 590-595 (2009).

Ault, J. S., Bohnsack, J. A., Smith, S. G. & Luo, J. Towards sustainable multispecies fisheries in the Florida, USA, coral reef ecosystem.
Bulletin of Marine Science 76, 595-622 (2005).

Karr, K. A. et al. Thresholds in Caribbean coral reefs: implications for ecosystem-based fishery management. Journal of Applied
Ecology 52, 402-412 (2015).

McClanahan, T., Graham, N., MacNeil, M. & Cinner, J. Biomass-based targets and the management of multispecies coral reef
fisheries. Conservation Biology 29, 409-417 (2015).

. Rohmann, S., Hayes, J., Newhall, R., Monaco, M. & Grigg, R. The area of potential shallow-water tropical and subtropical coral

ecosystems in the United States. Coral Reefs 24, 370-383 (2005).

. Hensley, R. A. & Sherwood, T. S. An overview of Guam’s inshore fisheries. Marine Fisheries Review 55, 129-138 (1993).

. MacNeil, M. A. et al. Recovery potential of the world’s coral reef fishes. Nature 520, 341-344 (2015).

. Myers, R. E Guam’s small-boat-based fisheries. Marine Fisheries Review 55, 117-128 (1993).

. Kamikawa, K. et al. Length-weight relationships for 85 fish species from Guam. Journal of Applied Ichthyology 31, 1171-1174 (2015).
. Taylor, B. & Choat, ]. Comparative demography of commercially important parrotfish species from Micronesia. Journal of fish

biology 84, 383-402 (2014).

. Matthews, T., Gourley, J., Flores, A., Ramon, M. & Trianni, M. Length-weight relationships for 83 reef and bottomfish species from

the Commonwealth of the Northern Mariana Islands (CNMI). Pacific Islands Fishery Science Center, National Marine Fisheries
Service, NOAA, Honolulu, HI., 12 (2017).

Ralston, S. Length-weight regressions and condition indices of lutjanids and other deep slope fishes from the Mariana Archipelago.
Micronesica 21, 189-197 (1988).

Kulbicki, M., Guillemot, N. & Amand, M. A general approach to length-weight relationships for New Caledonian lagoon fishes.
Cybium 29, 235-252 (2005).

Tuszynski, J. Package ‘caTools: moving window statistics, GIF, Base64, ROC, AUC, etc. https://cran.r-project.org/web/packages/
caTools/caTools.pdf (2015).

Gombos, M., Gutierrez, J. & Brown, V. In Report on the Status of Marine Protected Areas in Coral Reef Ecosystems of the United States.
Volume 1: Marine Protected Areas Managed by U.S. States, Territories, and Commonwealths: 2007. (eds D Wusinich-Mendez & C
Trappe) 69-75 (NOAA Coral Reef Conservation Program. Silver Spring, MD., 2007).

. Pasek, J. Package ‘weights’: weighting and weighted statistics. https://cran.r-project.org/web/packages/weights/weights.pdf (2016).
. Stoffer, C. Package ‘astsa’: applied statistical time series analysis. https://cran.r-project.org/web/packages/astsa/astsa.pdf (2016).
. R Development Core Team. A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna,

Austria. http://www.R-project.org/. (2015).

. Houk, P. et al. An applied framework to assess exploitation and guide management of coral-reef fisheries. Ecosphere 8 (2017).
. Pauly, D,, Christensen, V., Dalsgaard, J., Froese, R. & Torres, F. Fishing down marine food webs. Science 279, 860-863 (1998).
. Essington, T. E., Beaudreau, A. H. & Wiedenmann, J. Fishing through marine food webs. Proceedings of the National Academy of

Sciences of the United States of America 103, 3171-3175 (2006).

. Western Pacific Fisheries Information Network. https://www.pifsc.noaa.gov/wpacfin/ (2017).

. Fowler, C. W. Density dependence as related to life history strategy. Ecology 62, 602-610 (1981).

. Fenchel, T. Intrinsic rate of natural increase: the relationship with body size. Oecologia 14, 317-326 (1974).

. Doherty, P. et al. High mortality during settlement is a population bottleneck for a tropical surgeonfish. Ecology 85, 2422-2428

(2004).

Horne, J. B., van Herwerden, L., Abellana, S. & Mcllwain, J. L. Observations of migrant exchange and mixing in a coral reef fish
metapopulation link scales of marine population connectivity. Journal of Heredity 104, 532-546 (2013).

Taylor, B., Rhodes, K., Marshell, A. & McIlwain, J. Age-based demographic and reproductive assessment of orangespine Naso
lituratus and bluespine Naso unicornis unicornfishes. Journal of Fish Biology 85, 901-916 (2014).

Bellwood, D. & Choat, J. Dangerous demographics: the lack of juvenile humphead parrotfishes Bolbometopon muricatum on the
Great Barrier Reef. Coral Reefs 30, 549-554 (2011).

Lokrantz, J., Nystrom, M., Thyresson, M. & Johansson, C. The non-linear relationship between body size and function in
parrotfishes. Coral Reefs 27, 967-974 (2008).

van Beukering, P. et al. The economic value of Guam’s coral reefs. University of Guam Marine Laboratory Technical Report 116, 102
(2007).

Western Pacific Fisheries Management Council. Omnibus Amendment for the Western Pacific Region to establish a process for
specifying annual catch limits and accountability measures including an environmental assessment. http://www.wpcouncil.org/
wp-content/uploads/2013/03/ACL-Amendment-RIN-0648-AY93-2011-02-24.pdf (2011).

Amesbury, J. R. & Hunter-Anderson, R. L. Review of archaeological and historical data concerning reef fishing in the US flag islands
of Micronesia: Guam and the Northern Mariana Islands. Final Report. Western Pacific Regional Fishery Management Council.
Honolulu, Hawaii (2003).

Cunningham, L. . Ancient Chamorro Society. (The Bess Press, Inc., 1992).

Johannes, R. E. Traditional marine conservation methods in Oceania and their demise. Annual Review of Ecology and Systematics 9,
349-364 (1978).

Ruddle, K., Hviding, E. & Johannes, R. E. Marine resources management in the context of customary tenure. Marine Resource
Economics 7,249-273 (1992).

Kerr, A. M. Fishing methods of the Mariana Islands, Micronesia. University of Guam Marine Laboratory Technical Report. Mangilao,
Guam. 132,44 (2011).

. Lieber, M. D. More than a living: fishing and the social order on a Polynesian atoll. (Westview Press, Inc., 1994).
. Hordyk, A., Ono, K., Valencia, S., Loneragan, N. & Prince, J. A novel length-based empirical estimation method of spawning

potential ratio (SPR), and tests of its performance, for small-scale, data-poor fisheries. Ices Journal Of Marine Science 72, 217-231
(2014).

SCIENTIFICREPORTS| (2018) 8:5725 | DOI:10.1038/s41598-018-23971-6 13


https://cran.r-project.org/web/packages/caTools/caTools.pdf
https://cran.r-project.org/web/packages/caTools/caTools.pdf
https://cran.r-project.org/web/packages/weights/weights.pdf
https://cran.r-project.org/web/packages/astsa/astsa.pdf
http://www.R-project.org/
https://www.pifsc.noaa.gov/wpacfin/
http://www.wpcouncil.org/wp-content/uploads/2013/03/ACL-Amendment-RIN-0648-AY93-2011-02-24.pdf
http://www.wpcouncil.org/wp-content/uploads/2013/03/ACL-Amendment-RIN-0648-AY93-2011-02-24.pdf

www.nature.com/scientificreports/

Acknowledgements

This study was funded through a National Oceanic and Atmospheric Administration Coral Conservation Grant
administered to PH and JCB. The datasets used in this study were funded by long-term fisheries monitoring
grants between the United States Sports Fish Restoration Program and the Guam Division of Aquatic and
Wildlife Resources. We are grateful to the numerous stakeholders and fishers who have shared their information
over the years and continue to share their knowledge through conversation. Thanks also to numerous natural
resource managers on Guam and the Commonwealth of the Northern Mariana Islands who provided beneficial
conversations, reviews, and constructive criticism of our work.

Author Contributions
PH.,, J.C.B, B.T,, and ].G. designed study. PH. and J.C.B. performed analyses. B.T. and ].G. prepared the datasets.
PH. wrote the main manuscript text. PH., J.C.B., B.T,, and J.G. reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-23971-6.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:5725 | DOI:10.1038/s41598-018-23971-6 14


http://dx.doi.org/10.1038/s41598-018-23971-6
http://creativecommons.org/licenses/by/4.0/

	Variable density dependence and the restructuring of coral-reef fisheries across 25 years of exploitation

	Methods

	Data collection. 
	Data processing. 
	Data analyses. 

	Results

	Bottom fishery. 
	SCUBA and freedive fisheries. 
	Management responses. 

	Discussion

	Species-based responses. 
	Management. 

	Acknowledgements

	Figure 1 Map of the Western Pacific Ocean and Guam.
	Figure 2 Reported landings from the creel data collection program broken down by method (a) and location (b–d) for the top three fisheries examined.
	Figure 3 Temporal trends in the shallow bottom fishery.
	Figure 4 Temporal trends in the SCUBA fishery.
	Figure 5 Temporal trends in the freedive fishery.
	Figure 6 SCUBA versus freedive fishery comparisons.
	Table 1 Best-fit regression models that described time series trends for the three dominant fisheries sectors depicted in Figures 3 to 5.
	Table 2 Trends in size and proportional contribution for target species that comprised the majority of bottom fish landings, with sample sizes ≥50.
	Table 3 Trends in size and proportional contribution for target species that comprised the majority of SCUBA landings, with sample sizes ≥50.
	Table 4 Trends in size and proportional contribution for target species that comprised the majority of freedive landings, with sample sizes ≥50.




