
Vol.:(0123456789)1 3

Coral Reefs (2022) 41:1693–1703 

https://doi.org/10.1007/s00338-022-02315-x

REPORT

Decadal changes in parrotfish assemblages around reefs of Guam, 

Micronesia

B. M. Taylor1  · A. E. K. Duenas1 · I. D. Lange2 

Received: 18 August 2022 / Accepted: 13 October 2022 / Published online: 21 October 2022 

© The Author(s) 2022

fishery exploitation playing a role, but overall patterns were 

not always aligned with the hypothesis of fishery-induced 

decline. For example, two-thirds of marine-protected area 

sites declined in biomass and mean body length was stable 

for several highly targeted species. Further, most biomass 

decline stemmed from small species with higher resilience 

to fishery exploitation, whereby three of the most vulner-

able fishery target species either maintained or increased 

total biomass. The ultimate drivers of parrotfish assem-

blage trajectories in Guam are likely a complex mixture of 

exploitation, habitat change from multiple stressors, and 

responses to management measures. However, the potential 

future decline in fishery production and ecological function 

is substantial and merits continuous monitoring and proac-

tive management.

Keywords Parrotfishes · Assemblage · Coral reef · 

Functions · Climate change

Introduction

In the Pacific Islands, coral reefs have provided coastal fish-

ery resources to human populations for thousands of years 

(Kirch and Hunt 1997). However, human populations have 

Abstract Modern coral reefs face substantial threats that 

endanger their capacity to function and provide resources 

for human populations. Chronic human pressure through 

exploitation and land-based pollution has led to reef degra-

dation and lower productivity. More recently, this pressure 

is compounded with successive episodes of coral bleaching 

across the tropical oceans. However, response trajectories of 

reef resources to exploitation, habitat degradation, and local 

management may not be straightforward, as these ecosys-

tems are incredibly complex. We employed a comprehensive 

and standardized survey of parrotfish assemblages within 

reef systems in Guam to examine trajectories of biomass and 

function across a decade of change. Parrotfishes represent 

one of the most commercially and ecologically important 

coastal resources throughout Micronesia. We found that par-

rotfish biomass declined by nearly 30% over the course of 

ten years, with concomitant decreases in grazing and bio-

erosion rates at a similar magnitude. There was evidence of 
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increased dramatically in this region over the past century, 

and this growth has been accompanied by modernization 

of fishing practices, collectively straining the sustainability 

of marine resources. In more recent history, environmental 

degradation from land development and the effects of cli-

mate change have placed the sustainability of coastal coral 

reef resources in jeopardy in many regions (Maragos 1993; 

Munday et al. 2008; Hughes et al. 2017).

The coral reef ecosystems surrounding the US Pacific 

Island Territory of Guam have a long history of docu-

mented disturbance, largely driven by increasing pressure 

from coastal development and human population increase 

(Maragos 1993). Military construction before, during, and 

after World War II (1939–1945) represented an unprec-

edented period of coastal change through dredging, fill-

ing, and other land modifications. Continued development 

since that period has led to high rates of sedimentation 

in Guam’s southern reefs where highly erodible soils are 

discharged via river systems and coastal run off (Rich-

mond 1993), leading to substantially reduced coral cover 

in many areas. The use of motorboats and modern fishing 

techniques emerged in the 1960s, and night-time spear-

fishing with SCUBA became the primary source of com-

mercially harvested reef fish in the 1980s (Myers 1993), 

disproportionally affecting large-bodied reef fish. How-

ever, the recent decade has been particularly dynamic in 

new ways, as Guam’s coral reefs have experienced suc-

cessive heatwaves leading to mass bleaching and subse-

quent mortality of heat-intolerant corals (Reynolds et al. 

2014; Raymundo et al. 2019), as well as an increased par-

ticipation in commercial fish harvesting (Western Pacific 

Regional Fishery Management Council 2016). Conversely, 

after decades of debate, recent legislation (March 2020) 

banned the use of SCUBA spearfishing in Guam. Further, 

the marine-protected area (MPA) network, established in 

2001 and covering approximately 35  km2 of reef habitat, 

has existed for a 20-year duration, suggesting the MPAs 

should now show considerable returns in fish production 

(Claudet et al. 2008). These contrasting environmental and 

management drivers spell an uncertain future for Guam’s 

coral reef health and productivity.

Coral reef fishes, in particular, represent a culturally and 

commercially important resource in Guam. Despite this, 

there is limited understanding of fishery production and pat-

terns of fish functional diversity across Guam’s reefs through 

space or time. Despite a long history of marine research in 

Guam, including several long-standing fishery-dependent 

surveys of coastal fish catches (e.g., Zeller et al. 2007; Sund-

berg et al. 2015), there have been no fishery-independent 

monitoring programs designed to inform managers on the 

temporal or spatial trends of commercially important spe-

cies. Such monitoring efforts over long timescales repre-

sent the most valuable method for documenting change in 

the marine environment and for understanding the potential 

drivers of change (Flower et al. 2017).

Parrotfishes (Labridae: Scarinae) are among the most 

important harvested reef fish families in Guam for literally 

thousands of years (Amesbury & Hunter-Anderson 2008), 

with the combined harvested weight of parrotfish species 

representing approximately 30% of the coastal fishery (Houk 

et al. 2012). Parrotfishes are also ubiquitous and diverse 

members of coral reef fauna across the tropical Indo-Pacific 

and are ecologically important because of their ability to 

scrape and bioerode the reef benthos via feeding on euendo-

lithic microalgae and microbes (Clements et al. 2017). Their 

feeding habits elicit unique population-level responses to 

habitat disturbances, whereby short cycles of disturbance to 

coral communities can generate positive responses in par-

rotfish numbers by creating short-term successional environ-

ments that bolster nutritional resources (Russ et al. 2015; 

Graham et al. 2020; Fidler et al. 2021).

Given the dynamic changes that have occurred in Guam 

across the recent decade, this study employs a comprehen-

sive fish and benthic survey of the outer reef slopes sur-

rounding Guam, following standardized protocols from an 

identical survey conducted a decade prior in 2011–2012 

(Taylor et al. 2015), to examine trajectories of parrotfish 

assemblages across recent history. Our objectives were to 

(1) determine the trajectories and spatial patterns of par-

rotfish biomass and assemblage structure in recent years, 

(2) determine the relative magnitude of anthropogenic or 

environmental factors structuring parrotfish assemblages, 

(3) examine trends in mean body size for common species, 

and (4) integrate these data streams to estimate change in 

parrotfish functional rates (i.e., grazing and bioerosion) 

through time. This study is intended to examine variation at 

the within-island scale and, in doing so, both inform regional 

fisheries managers and policy makers as well as to advance 

our understanding of the influence of various factors on par-

rotfish assemblages.

Methods

Study area and surveys

We conducted a survey of parrotfish assemblages on the 

outer reef slopes of the island of Guam, replicated across a 

ten-year interval. Sites were initially selected across a gradi-

ent of environmental and anthropogenic pressures, including 

within and outside of four marine-protected areas. A total of 

17 sites (Fig. 1) was surveyed using diver-operated stereo-

video technology. At each site, we surveyed fish assemblages 

stratified across two depths (6–10 m and 18–20 m). Surveys 

were originally completed in the summers of 2011–2012 

(Taylor et al. 2014, 2015), and the sites were resurveyed 
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in summer months of 2021. Each survey conducted rep-

resented a timed swim transect at depth (24-min surveys 

in 2011–2012, 30-min surveys in 2021) whereby the diver 

towed a surface GPS to calculate distance traveled during 

the survey, which was later converted to reef area based on 

a 5-m survey width (average area of 0.513 ha in 2011/2012, 

0.592 ha in 2021). Individual fish within 8 m in front and 

2.5 m either side of the camera trajectory were identified 

down to the species level, annotated by color phase (where 

applicable), and measured to the nearest millimeter (fork 

length) using the EventMeasure software (www. seagis. 

com. au). The number of parrotfishes at each depth within 

site was converted to biomass densities per hectare. Body 

mass (g) for individuals was calculated based on known 

length–weight relationships for species from Guam (Taylor 

and Choat 2014, Taylor unpublished data).

To identify drivers of parrotfish biomass and assemblage 

structure, we quantified environmental variables from video 

data. This included reef slope (0–90 degrees, mean of mul-

tiple measurements per survey using video frames at ran-

dom intervals), cover of live coral (mean of 10 estimates 

per survey on a 1–5 scale), and structural rugosity (mean of 

10 estimates per survey on a 1–5 scale). Classifications of 

coral cover and substrate rugosity followed Johnson et al. 

(2019). A site-level fishing pressure index (fpi) for parrotfish 

harvests was derived from creel survey data (a standardized 

shoreline and boat basin survey of fishing effort and catch 

composition) collected by the Guam Division of Aquatic and 

Wildlife Resources, following Taylor (2014). The index used 

the total fishing trips targeting parrotfishes by geographic 

sector and combined shore-based and boat-based surveys 

using a scaling factor to account for relative differences 

in catch between the two fisheries. Site-level values were 

divided by associated reef area and log-transformed. Wave 

exposure at each site was estimated using a time series of 

wind-speed records and angles of exposure, following Houk 

et al. (2015). Finally, we quantified adjacent reef type (e.g., 

coastal habitat that separates the land from the outer reef 

slope) categorically as either lagoon, reef flat, or fringing 

landmass.

Analyses

Biomass

We examined the influence of explanatory factors on the 

total biomass (summed across all species; kg  ha−1) of par-

rotfishes in Guam across sites, depths, and through time 

using model selection in a linear mixed effects model 

framework. Explanatory factors were scaled and centered 

and checked for distributions. Being heavily skewed to 

smaller values, coral cover was natural log-transformed. 

Because we expected the influence of fishing pressure to 

vary across depth in a primarily spear-based fishery, we 

included an interaction between fpi and depth. In the origi-

nal model, square-root-transformed parrotfish total biomass 

was predicted by fixed factors year, fpi, depth, exposure, 

slope, coral, rugosity, and adjacent reef type. Depth and 

year were nested within random factor site to account for 

non-independence.

As the change across time periods was an important fac-

tor, we followed this analysis with another model to exam-

ine temporal drivers of change in biomass. Past values were 

subtracted from present values for all continuous variables 

that differed over time (Δ parrotfish biomass, Δ coral, and 

Δ rugosity) and considered along with fpi (data resolution 

was not high enough to detect change in the distribution of 

fishing effort across the time period), exposure, slope, and 

adjacent habitat. For this model, depth was nested within 

random factor site.

Assemblage structure

We investigated variation in parrotfish assemblage structure 

(biomass densities; i.e., the percent contribution of each 

species to the whole) in Guam across sites and through 

time using redundancy analysis (RDA). This analysis was 
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Fig. 1  Map of repeat survey sites on outer reef slopes of Guam 

where surveys of parrotfishes were conducted. Colored regions repre-

sent marine-protected areas (named on map). Inset rose diagram rep-

resents the average annual wind speed and direction
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performed using the “vegan” package in R version 4.2.1 

(Dixon 2003). A reduced species assemblage using the prin-

ciple 12 species identified in Taylor et al. (2014) was square-

root-transformed and standardized by the total. Explanatory 

variables were treated as before for univariate models and 

were tested for multicollinearity using variance inflation fac-

tors (vif). No variables were excessively collinear (vif > 5), 

and thus, all were used in the model formulation.

We complemented this analysis with a coarser view of 

the hierarchical structuring of parrotfish assemblages using 

multivariate regression trees (MRT; De’ath 2002). MRT 

repeatedly splits the data into sites clustered by similarity 

across breakpoint thresholds in environmental factors, and 

the optimal number of splits is determined by cross-validat-

ing the relative errors. MRT was carried out using the same 

set of predictor variables as RDA above.

Body size

To examine decadal trends in parrotfish body size, we fit lin-

ear models to species-specific changes in body size over time 

(i.e., against factor year) using individual body size meas-

urements derived from stereo-video surveys. The number 

of observations varied widely among species and between 

years and statistical significance is influenced by sample 

size. Hence, for species with significant trends through 

time, we ran 10,000 simulations whereby the annual sample 

sizes were bootstrapped with the lowest sample size for that 

species. We then examined what proportion of simulations 

resulted in significant differences.

Functional extrapolation

Grazing end erosion rates for each individual parrot-

fish > 10 cm were calculated using species-specific functions 

of the form:

FL is the fork length of the parrotfish as measured during 

stereo-video analysis. If the video analysis could not deter-

mine the exact length of a fish, average length for the same 

species, site, and (if available) depth was used. Coefficients 

a and b were calculated from species- and size-specific feed-

ing metrics (bite rates [bpm], percentage of bites leaving 

scars [%scars], and bite area [area] or volume [vol]) col-

lected in the central Indian Ocean (Lange et al. 2020), the 

Red Sea, Indonesia, and the Great Barrier Reef (Robinson 

et al. 2020) following procedures described in Lange et al. 

(2020). In short, allometric models were fitted for each spe-

cies and feeding metric (power functions for bpm, area, and 

vol, logarithmic functions for %scars). Then, 1000 possible 

(1)grazing|erosion
(
m2 or kg ind−1 yr−1

)
= a ∗ (FL)b

regression lines were computed within the error probability 

distribution of each fitted model, and their coefficients were 

extracted (package “mass”). Using random coefficients from 

each metric, the calculation of grazing and bioerosion rates 

for fish sizes 10 to 60 cm following formulas (ii) and (iii) 

was repeated 1000 times and a power function was fitted to 

data from each iteration.

To average period of daylight over the year, 12 h was 

used for calculations. Proportion of daytime feeding was 

adapted from Bellwood (1995): 83.3% for large parrotfish 

(Cetoscarus ocellatus, Chlorurus microrhinos, Scarus 

rubroviolaceus) and 87.7% for smaller species (Chlorurus 

sordidus and other Scarus spp.). For (iii), an average sub-

strate density of 1.52 ± 0.19 g  cm−3 was used.

The resulting distribution of model coefficients (n = 1000) 

was used to extract the mean and standard deviation for the 

final grazing/bioerosion regression coefficients used in for-

mula (i) (ESM Table S1). Total annual grazing and erosion 

functions  (m2 or kg  m−2 reef  yr−1) at each site, depth, and 

year were then calculated by summing rates of individual 

fish and dividing by the area surveyed.

Results

Trends in total parrotfish biomass

Across 17 sites and two depths, we surveyed 7978 individual 

parrotfishes within 8.73 hectares in 2011/2012 and 7307 

individual parrotfishes within 10.06 hectares in 2021. These 

values equate to 159 kg  ha−1 in 2011/2012 and 113 kg  ha−1 

in 2021. A total of 19 species were observed during the 

2011/2012 survey period compared to 17 during 2021. The 

most common species observed were Chlorurus spilurus, 

Scarus psittacus, and Scarus schlegeli, whereas the species 

(2)

Grazing rate
(

m
2ind.−1yr−1

)

= area
(

mm2
)

∕106 ∗ %scars ∗ bpm

(

−1

min

)

∗ 60 (min) ∗ hours of daylight

∗ proportion of daytime feeding

∗ 365 days

(3)

Bioerosion rate
(

kg ind.−1yr−1
)

= vol
(

cm3
)

∗ substrate density
(

g cm
−3
)

∕103 ∗ %scars ∗ bpm

(

−1

min

)

∗ 60 (min)

∗ hours of daylight ∗ proportion of daytime feeding

∗ 365 days
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with the highest biomass densities were C. spilurus, S. psit-

tacus, and Scarus altipinnis. The optimal model predicting 

variability in biomass included factors year, coral, depth, fpi, 

and an interaction between depth and fpi (Electronic Sup-

plementary Material Fig. S1). Year was the most influential 

factor, whereby mean parrotfish biomass decreased by 28.8% 

from 2011/2012 to 2021 (Fig. 2a). Beyond this temporal 

decline, we found that biomass was lower by 22.4% in deep 

(18–20 m; lower biomass) versus shallow (6–10 m; higher 

biomass) sites (Fig. 2a). Variation in ratios of biomass 

between depths varied across decadal time points did not 

follow a predictable pattern. The influences of coral and fpi 

were not statistically significant; however, there was a signif-

icant interaction between depth and fpi, whereby parrotfish 

biomass was negatively correlated with fishing pressure 

across shallow sites but not across deep sites (Fig. 2b). At 

the species level, all but four species decreased in biomass. 

Hipposcarus longiceps (a large-bodied, schooling species 

common in fishery harvests) and Scarus fuscocaudalis (a 

small-bodied, rare species generally found at greater depths) 

increased by approximately 60%, whereas Chlorurus fron-

talis (a large-bodied, schooling species common at shallow 

depths and in fishery harvests) and Chlorurus microrhinos (a 

large-bodied species common in fishery harvests) increased 

marginally by 10 and 2%, respectively.

Only the change in coral cover (Δ coral) correlated with 

the change in site-specific parrotfish biomass over time 

(χ2
1,16 = 4.73, P = 0.0296). We found that Δ parrotfish bio-

mass decreased with increasing Δ coral (Fig. 3). In total, 6 

sites decreased in coral cover by more than 0.3 relative points 

(on a scale of 1–5), and 13 sites increased by more than 0.3 

relative points. All six sites with decreased coral cover were 

shallow. Eleven of the thirteen sites with increased coral 

cover were dominated by the fast-growing species Porites 

rus. Examination of parrotfish biomass trends at the site 

level reveals interesting patterns. The two most inaccessible 

marine-protected area sites (based on ease of surveillance 

by conservation officers or inaccessibility of sites) predict-

ably had the highest rates of biomass increase. However, 

among the highest rates of biomass decline occurred at two 

other marine-protected area sites potentially associated with 

a greater frequency of poaching activity.

Trends in parrotfish assemblages

Despite a nearly 30% decline in biomass between 2011/2012 

and 2021, parrotfish assemblage structure remained largely 
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constant across the decade (Fig. 4). The combined decadal 

trajectories in deep sites were negligible (Fig. 4a), whereas 

shallow sites overall showed slight trajectory aligned with 

higher fishing pressure. However, year was a highly insig-

nificant factor in the RDA model (F1,59 = 0.56, P = 0.768). 

The overall RDA model explained 27.9% of the variation 

in parrotfish assemblage structure, with the first two axes 

highly significant. Factors exposure (F1,59 = 8.95, P < 0.001) 

and depth (F1,59 = 8.83, P < 0.001) were the most influen-

tial, while fpi (F1,59 = 2.83, P = 0.008), rugosity (F1,59 = 2.46, 

P = 0.027), and adjacent habitat (fringe [F1,59 = 5.26, 

P < 0.001] and lagoon [F1,59 = 3.13, P = 0.007]) were also 

significant drivers of parrotfish assemblage structure. The 

most influential parrotfish species delineating assemblages 

in Guam were Scarus rubroviolaceus (associated with sites 

of low fishing pressure and high exposure), Scarus forsteni, 

Scarus schlegeli (associated with deep depths and adjacent 

lagoons), and Chlorurus spilurus (associated with sites of 

high rugosity).

Results of the MRT analysis were highly reflective of 

the RDA, with factors exposure and depth hierarchically 

accounting for most of the structure in the data set (ESM 

Fig. S2). Sites were initially split based on high and low 

exposure values (accounting for 10.4% of the variation), and 

then high and low exposure subsets were split by depth cat-

egories (5.9 and 5.6% of variation on either side). Beyond 

this, fringe habitat and fpi were important factors. The total 

model explained 30.8% of the variability in parrotfish assem-

blages. At low exposure, shallow depths sites, the influ-

ence of fpi on the life-history trait variation of parrotfish 

assemblages is evident, whereby high fishing pressure leads 

to assemblages with a low proportion of larger-bodied, later-

maturing species.

Trends in parrotfish mean body size

We examined change in parrotfish size distributions across 

the decade for 13 species with adequate size observations 

(Fig. S3). Despite considerable declines in biomass for 

most species, most species’ size distributions remained 

unchanged. We identified significant increases in mean size 

for C. microrhinos and S. forsteni, and significant decreases 

in mean size for H. longiceps, S. altipinnis, and S. psittacus. 

Iterations of bootstrapped simulations using equal sample 

size across years (with n set to the year with less observa-

tions) demonstrated that P < 0.05 for 100% of simulations 

for all species except C. microrhinos (72% of simulations). 

Species-specific patterns of change were largely corrobo-

rated with trends observed in the Guam Commercial Fish-

eries Biosampling database (Sundberg et al. 2015) across a 

similar period (2009–2017).

Trends in parrotfish functional metrics

Predicted annual rates of parrotfish grazing and bioerosion 

declined by 26 and 27%, respectively, between 2011/2012 

and 2021. Patterns of decline were similar across shallow 

and deep sites (Fig. 5). Because parrotfish assemblage struc-

ture and most species-specific body size distributions did not 

change considerably across the time period, reductions were 
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driven by overall decreases in parrotfish biomass rather than 

shifts in species composition or biomass contributions stem-

ming from size relationships. Hence, site-specific temporal 

trends in functional rates largely mirrored those of parrotfish 

biomass.

Discussion

This study demonstrates the factors influencing parrotfish 

assemblages at the island scale through space and time, as 

well as the relative strength of these factors and the level at 

which assemblages vary. However, perhaps the most impor-

tant result of this study is that modern parrotfish assem-

blages in Guam have reduced in biomass by nearly 30%, 

leading to considerable consequences for the magnitude 

of important functions that parrotfishes provide in Guam’s 

reefs. Interestingly, patterns of change in parrotfish biomass 

and mean size do not manifest a straightforward story of 

habitat decline or overfishing as the only causes. Rather, the 

patterns identified likely reflect the dynamic recent history 

of Guam’s reef systems regarding increased fishing pres-

sure (Western Pacific Regional Fishery Management Coun-

cil 2016) followed by new management strategies (e.g., the 

cessation of SCUBA spearfishing), repeated coral bleach-

ing (Raymundo et al. 2019), and the duration and variable 

poaching history of the MPA network.

Specifically, analyses of total biomass over time did not 

appear to follow a strong site-specific pattern associated with 

fishing pressure, as the fishing pressure index was a good 

indicator of total biomass only in shallow sites. However, 

this depth interaction masked some simple patterns across 

the protection status of sites. While 65% of the sites were 

unprotected, 70% of the sites that had a decline of > 10% 

were unprotected; conversely, while only 35% of the sites 

were protected, 63% of the sites with a > 10% increase in 

total biomass were within protected areas. Hence, clearly 

there is a signature of effective protection from fishing on 

the biomass trajectories of reefs surrounding Guam. Further, 

the two sites with the greatest increase in biomass over time 

represented the most well-protected MPAs (Pati Point and 

Piti), while the two more heavily poached MPAs showed 

considerable declines in parrotfish biomass (Tumon and 

Achang). Although the fishing pressure index was a sig-

nificant predictor of biomass decline only for shallow sites, 

there were nearly equal numbers (12 deep, 11 shallow) of 

sites, including four deep MPA sites, that reduced in bio-

mass by > 10%. Overall, only 3 of 17 sites (shallow and 

deep combined; 2 of these representing MPAs) increased in 

parrotfish biomass over the time period. This demonstrates 

that other environmental factors are facilitating the ongoing 

decline of parrotfish biomass in Guam. Despite the nega-

tive trend, it is important to place parrotfish biomass into 

biogeographic perspective, as estimates vary widely across 

the tropical Pacific region. Comparing with reef systems 

using identical survey protocols, recent estimates of par-

rotfish biomass ( x = 113 kg/ha ± 63 SD; range 13–310 kg/

ha at site level) are relatively average among most Micro-

nesian islands (Taylor et al. 2015; range 16–308 kg/ha at 

site level), but considerably lower than nearby Yap (Taylor 

et al. 2015; x = 254 kg/ha ± 132 SD; range 148–524 kg/ha 

at site level) and the northern Great Barrier Reef (Johnson 

et al. 2019; x = 220 kg/ha ± 226 SD; range 4–1175 kg/ha at 

site level). Compared with other studies using belt transects, 

recent Guam biomass estimates are considerably higher than 

those of US Pacific islands of Oahu, Hawaii (Howard et al. 

2009; ~ 4–38 kg/ha at habitat level), and Tutuila, American 

Samoa (Page 1998; ~ 63–90 kg/ha at habitat level).

When we focused on site-specific trends in biomass 

across the decade, only changes in coral cover were corre-

lated with changes in biomass. This relationship was nega-

tive (i.e., lower coral cover yielded higher parrotfish densi-

ties), which reflects patterns observed elsewhere (Gilmour 
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et al. 2013; Russ et al. 2015; Emslie and Pratchett 2018; 

Questel and Russ 2018; Graham et al. 2020) associated with 

short-term disturbance to coral communities. Parrotfishes 

target euendolithic microalgae that often proliferate during 

early successional change after the death of corals (Clements 

et al. 2017), and therefore, the enhanced nutritional yield 

after disturbance can benefit parrotfish growth rates (Taylor 

et al. 2020). Estimates of coral cover decreased slightly on 

average in shallow sites (also see Raymundo et al. 2019) 

but increased in deep sites. Disentangling these patterns 

suggests different drivers of parrotfish biomass in shallow 

versus deep sites. In shallow areas, despite decreases in 

coral cover associated with bleaching and other stressors, 

higher fishing pressure may have led to decreased parrot-

fish biomass (e.g., Fig. 2b). At deep sites, increases in coral 

cover (largely attributed to monotypic reef builders like 

Porites rus) were associated with declines in total parrot-

fish biomass, while the impact of fishing pressure was less 

pronounced. However, causal relationships are tenuous to 

determine here, and trajectories of parrotfish biomass associ-

ated with benthic communities are complex across time. The 

generally positive response of parrotfishes to benthic distur-

bance is a short-term and cyclical effect and will depend on 

the scale, frequency, and type of disturbance (Emslie and 

Pratchett 2018; Taylor et al. 2020). Sustained degradation 

of habitats will not bode well for parrotfish populations in 

the long term without effective fishery management policies 

(Houk et al. 2022).

A nearly 30% decline in parrotfish biomass on outer reef 

slopes of Guam translates to declines of 26 and 27% in par-

rotfish grazing and bioerosion rates on benthic substrates. 

Ultimately, the decadal trend in Guam likely reflects nega-

tive consequences for most core functional processes on 

local reefs (Brandl et al. 2019), and reversal of this trend 

should be a management priority. Fortunately, the manage-

ment measures likely most beneficial for reef fish communi-

ties went into place in 2020, when Guam’s legislature passed 

a bill banning the use of night-time SCUBA spearfishing. 

This practice was common in Guam for at least 35 years and 

represented the primary source of reef fish in the commer-

cial markets (Myers 1993; Houk et al. 2012; Lindfield et al. 

2014). In other regions, baseline monitoring of fish stocks at 

the onset of a SCUBA-based fishery quickly demonstrated 

negative impacts to coastal fishery resources, thereby mus-

tering the political will to ban this practice (Green 2003). 

However, this baseline monitoring for fishery resources has 

not existed in Guam and therefore has not been available to 

local resource managers. Given the recent ban on SCUBA 

spearfishing, we expect that implementing our survey design 

at a higher frequency (e.g., every 2–3 years) will enable us 

to monitor the recovery of parrotfish populations across the 

next one or two decades. Standardized monitoring programs 

are important to inform resource managers and politicians 

about the trends of biological resources and the impacts of 

activities or management measures that are implemented. 

Importantly, fish populations are natural resources that do 

not operate on political timescales: the life histories of coral 

reef fishes facilitate a mismatch between potentially rapid 

rates of extraction and much slower rates of recovery (Taylor 

et al. 2012).

While parrotfish assemblages in Guam were relatively 

stable across the survey time periods, many factors were 

found to hierarchically influence assemblage structure across 

space. While depth, fishing pressure, and adjacent habitat 

type were all important, wave exposure was the most impor-

tant factor delineating populations at the within-island site 

scale. Wave exposure is an important environmental factor 

that not only physically structures coral reef environments, 

but also influences the behavioral aspects of herbivore com-

munities (Bejarano et al. 2017), the detrital and microbial 

composition of benthic substrates (Crossman et al. 2001, 

Tribollet et al. 2008), and their trajectories of recovery after 

disturbance (Lange et al. 2021). High-wave exposure limits 

the diversity of corals and the structural complexity of shal-

low water environments (Dollar 1982), and this influences 

fish populations at the island scale. Northeast facing coasts 

of Guam experience high wave energy for much of the year 

and, as a result, contain a reduced diversity of parrotfishes 

dominated by important fishery targets Scarus rubroviola-

ceus and Chlorurus frontalis. Wave exposure shapes fish 

communities in the Main Hawaiian Islands (Friedlander 

et al. 2003), it is the most considerable factor structuring 

parrotfish assemblages across the entire northern Great 

Barrier Reef (Gust et al. 2001; Gust 2002; Johnson et al. 

2019), and yet its relative influence is low across islands 

of Micronesia where island geomorphology differs substan-

tially (Taylor et al. 2015). Hence, the magnitude of influence 

of wave exposure is dependent on the scale of observation.

Species-specific patterns of mean size and biomass densi-

ties across the past decade did not reflect an expected bio-

mass decline caused by overexploitation. Parrotfish assem-

blages have a clear gradient of life-history characteristics 

across species that can reflect and predict their vulnerability 

to overexploitation (Jennings et al. 1999; Taylor et al. 2014). 

Two characteristics of exploited fisheries are decreases in 

mean harvested size, especially among larger-bodied spe-

cies, and ‘species replacements’ whereby the relative bio-

mass of vulnerable larger-bodied species decreases and 

smaller-bodied, more resilient species become proportion-

ally more common. Both of these trends have been observed 

historically in Guam (Lindfield et al. 2014; Taylor et al. 

2014). However, only one species showed a pattern clearly 

reflective of overharvesting (Scarus altipinnis: 4th highest 

vulnerability score, significant decrease in body size, and 

35% decrease in biomass density). Chlorurus microrhi-

nos—the second most vulnerable species in Guam based 
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on life-history traits—increased in mean body size and 

remained stable in biomass, despite historical declines in 

both variables prior to the survey period. Hipposcarus lon-

giceps—the third most vulnerable species (Taylor and Cruz 

2017; Moore 2022)—had a significant decrease in body size 

but a 60% increase in biomass across time, suggesting that 

heavy recruitment of juveniles is driving population recov-

ery. Conversely, the five species considered least vulnerable 

(S. forsteni, S. schlegeli, Chl. spilurus, Calotomus carolinus, 

and S. psittacus) decreased in biomass density by an average 

of 32% across the decade. Changes in H. longiceps demog-

raphy were based on only 33 surveyed individuals, so the 

variability surrounding these estimates is likely high, but the 

patterns were stark. Notably, H. longiceps fishery catches in 

Guam have shown patterns that support density-dependent 

patterns of increased recruitment (Houk et al. 2018). How-

ever, the drivers of these unexpected patterns across spe-

cies are clearly complex and likely reflect the interactions of 

multiple environmental and anthropogenic influences across 

the past decade.

In conclusion, parrotfishes are important fishery resources 

in Guam and throughout the tropical regions of the world, 

they are functionally important to coral reefs, and they are 

inherently vulnerable as conspicuous coastal species that 

are intricately linked to the dynamics of benthic commu-

nities. The previous decade was one of substantial change 

for coral reef ecosystems not only in Guam, but across the 

Indo-Pacific. The next decade promises more environmen-

tal change alongside additional human population growth 

(Hughes et al. 2017). Natural disturbances are becoming 

more severe and more frequent, fostering an uncertain future 

for the trajectories of coral reefs and associated fish popula-

tions in Guam. Armed with a modern understanding of com-

plex ecological interactions within coral reef ecosystems, 

monitoring to facilitate adaptive management measures has 

never been more important, especially in areas like Guam 

where large human populations depend on reef resources.
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