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Executive Summary

Long-term, large-scale monitoring programs are critical for assessing the resilience of
coral reefs to global climate change. Resilience is defined as the ability of reefs to
maintain key functions by either resisting the environmental changes or recovering from
them (McLeod et al. 2019; Shaver et al. 2022). However, to enable coral reef managers
to support resilience through effective management interventions, monitoring programs
need to be able to capture the ecological processes that underpin resilience at
management-relevant scales and over a long period of time. The National Coral Reef
Monitoring Program (NCRMP) was explicitly designed to summarize coral reef site-level
data at the regional and island scales. While the results are geographically
comprehensive, this sampling design limits the utility of the NCRMP dataset to inform
local resource management decisions at sub-island scales. Accordingly, managers
typically rely on smaller-scale efforts that trade spatial comprehensiveness for finer
spatiotemporal resolution. To reconcile managers’ scale of interest and better leverage
NCRMP data, we present an effort to integrate NCRMP with local coral reef monitoring
data to assess the temporal variation in fish and benthic communities over the last
couple decades, during which heat stress events and acute disturbances (e.g.,
typhoons, crown-of-thorns outbreaks) have occurred. We identified common community
metrics from all monitoring programs, compared these metrics between populated and
remote islands, and analyzed their trends at the island- and downscaled sector-scales
(sub-island spatial units that are homogeneous in benthic cover).

Our integrated benthic data set (from NCRMP and our jurisdictional monitoring
programs) resulted in 2,298 observations from 1,800 unique locations across the
Marianas and spanned two decades. From these data, we observed a general decline
in hard coral cover which was accompanied by a substantial increase in turf algae
across the archipelago. These trends were present at smaller spatial scales (islands
and sectors). Specifically, coral cover significantly declined at three of the four
populated islands and in 50% of the sectors. Unlike benthic data, we were unable to
combine NCRMP fish data with our jurisdictional partners’ programs due to differences
in methodology, impeding the estimation of reliable biomass estimates. Thus, only using
NCRMP fish data (representing 9,090 observations from 1,338 unique sites), our results
revealed that populated islands supported, on average, half the biomass of remote
islands, especially for piscivores that include large mobile predators. Fish biomass
trends varied across the populated islands and either decreased by 2022 or, in contrast,
slightly increased over time. Such variability was also observed at the sector level and
across depths, emphasizing the complex response of fish communities at various
spatial scales. When combining both coral and fish trends to gauge resilience, our
results revealed evidence of reef resistance and recovery in fish biomass for some
sectors which represent potential good candidates for resilience-based spatial
management. Overall, this project combined different data streams, covered a wide
spatiotemporal scale, and employed a spatial downscaling approach to unveil patterns
of resilience at management-relevant scales which were otherwise masked or
undetected when investigating trends at island or regional scale.
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Introduction

As ocean conditions shift in response to global climate change, marine heatwaves are
increasing which directly threatens coral reefs’ functioning and compounds the effects of
local stressors (Hughes et al. 2018). Widespread loss of coral reefs following mass
bleaching events has emphasized the role of resilience-based management (RBM) to
support natural processes of resistance and recovery (Mcleod et al. 2019) and even
inform restoration efforts (Shaver et al. 2022). Resilient reefs are those that are less
likely to be transformed into a noncalcified, algal-dominated state by either (i) resisting
changes (i.e., less affected by changes, such as maintaining high coral cover and/or
being less impacted by bleaching) or (ii) recovering (i.e., returning to a pre-disturbance
state by rapid coral growth or high coral recruitment) (Shaver et al. 2022).

Large-scale, long-term monitoring programs play a key role in quantifying the resilience
of coral reefs to environmental stressors through time and across gradients of
environmental conditions and human impacts. These large-scale efforts can inform
RMB by identifying locations with differential levels of resistance to stressors and
document the processes of loss and recovery. Yet most local monitoring efforts are
either temporally-comprehensive but localized (e.g., one site surveyed for a decade) or
spatially-widespread but explicitly temporal in nature (e.g., dozens of sites surveyed
only once). While extremely valuable, such efforts only capture a snapshot of resilience
(e.g., McClanahan et al. 2012), which may not adequately capture the realized histories
of resistance and recovery from warming events or other disturbances (Oliver et al.
2020).

In contrast, geographically comprehensive long-term monitoring programs mainly
provide information at large regional or island scales. For example, the National Coral
Reef Monitoring Program (NCRMP)was explicitly designed to allow inference at large
spatial scales with a “wide-but-thin,” spatially randomized sampling design. While
NCRMP provides data across broad gradients of environmental conditions (Brainard et
al. 2015), the utility of the NCRMP data set for informing local-scale resource
management decisions is limited. Thus, there is a mismatch between jurisdictions’
monitoring (i.e., site-specific, temporally-restricted, or question-specific, such as
gauging the effects of bleaching) and NCRMP scales (across the U.S. Pacific).

One approach to reconcile these different survey programs is to define sectors at a sub-
island scale, which is the most relevant scale for RBM. Oliver and colleagues (2020)
document the statistical methods to spatially downscale the NCRMP Pacific Reef
Assessment and Monitoring Program data, which uses hierarchical methods to define
clusters of monitoring sites based on similar benthic metrics (e.g., coral cover, algae
cover). Such downscaling methods can be extended to incorporate data from several
monitoring programs into a single analysis, spanning decades of environmental
disturbances.

Guam and the Commonwealth of the Northern Mariana Islands (CNMI)—hereafter
referred to as “Marianas”—are candidate regions for RBM (Figure 1). The Marianas
experienced back-to-back environmental disturbances, particularly in the past decade.
Massive bleaching events occurred yearly from 2013 to 2017 and were exacerbated in
2015 by extreme low tides caused by an El Nifio event (Raymundo et al. 2019).
Likewise, crown- 1



of-thorns (COTS) outbreaks and super typhoons have also been causing significant
damages since the 2010s. Additionally, the Marianas are composed of remote
(unpopulated) and highly populated islands, whereby local stressors (such as land-
based pollution) can act additively or synergistically to global warming.

Thus, the Ecosystem Sciences Division at the NOAA Pacific Islands Fisheries Science
Center proposed a project to integrate NCRMP and local coral reef monitoring to assess
the temporal variation in fish and benthic communities over the last decades during
which the Marianas have been subjected to successive acute disturbances. Combining
NCRMP’s wide-but-thin information with local monitoring data can illuminate patterns of
resilience of reef communities over a long period of time and over broader spatial
scales. This approach is particularly insightful when comparing trends in fish and
benthic cover between remote and populated, urbanized islands to determine the
generality of patterns corresponding with the presence of local human populations. We
will first explore whether data from NCRMP sampling and jurisdictional partners’
monitoring programs can be integrated into a single data set by identifying common
community metrics. Additionally, to further enhance management decision-making, we
will investigate trends in reef communities and patterns of resilience at relevant spatial
units by employing a downscaling approach to define sub-island scale reporting sectors,
which are ecologically informed (similar in benthic cover) instead of being a priori
defined by cardinal points, protection status, and/or general wind direction (i.e.,
windward vs. leeward).

Inhabited islands
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Figure 1. Location map of the populated (inhabited) islands in the Mariana Archipelago.



Methods

We describe the methods in five sections in parallel with the general project approach:
(1) data compilation, (2) defining reporting downscaled sectors, (3) producing
summaries, (4) metadata, and (5) statistical analyses.

Data Compilation

Beginning in 2018, PIFSC ESD worked with our jurisdictional partners in Guam and the
CNMI to compile a list of candidate benthic and fish community data sets. Data were
compiled from a variety of academic (e.g., the University of Guam Marine Lab),
territorial government (e.g., CNMI Bureau of Environmental and Coastal Quality [CNMI
BECQ], Department of Agriculture), and federal government (NOAA NCRMP) sources.
These different data sets were screened for applicability to project goals and potential to
be integrated into a single data set.

Benthic data

Considerations included reef location (i.e., forereef vs. lagoon), sampling methods (e.g.,
fixed-site vs. stratified-random, photo-quadrats vs. timed-swims or line point intercept),
and response metrics (e.g., benthic invertebrates cover vs. demographics) collected.
Two monitoring programs that collected information on individual coral colonies and
demographics rather than benthic percent cover were not retained based on the
rationale that data from those programs were created for targeted questions (e.g.,
counts of bleached coral colonies and diversity-based metrics for resilience) and time-
and island-specific (e.g., Guam, only in 2016-2017), and thus outside the scope of this
study.

Of the six candidate sources of data for benthic cover, four were included in the
combined data set:

¢ NOAA NCRMP Pacific reef-monitoring surveys: Stratified random sampling of
benthic transects in three depth bins spanning nearly two decades (2005, 2007,
2009, 2011, 2014, 2017, and 2022)

e University of Guam Long-term Monitoring Program: Stratified random (2013) and
quasi-permanent sites (2015-2021)

e CNMI BECQ Long-term Marine Monitoring Program: Fixed sites with multiple
transects-within-site spanning 20002018 (annual surveys), and

e CNMI BECQ / University of Queensland Saipan Surveys: Non-repeated survey
effort from a single site in 2016 and multiple sites in 2020

Estimates of benthic cover were primarily generated from benthic substrate
photographs (hereafter referred to as “photoquadrats”) and using the line-point intercept
methodology. Photoquadrats are commonly taken along a 30-m transect at every meter
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at each site. The benthic photoquadrat imagery is then analyzed using the web-based
annotation tool such as CoralNet (Beijbom et al. 2015); generally 10 random points are
selected per photo. The line-point-intercept methodology consists of consecutively
placing 25-m line transects (with a usually 5-m inter-transect distance) to determine the
benthic composition at pre-determined intervals along the transect line. All living benthic
elements (e.g., coral, algae, and other sessile invertebrates) are identified to the lowest
taxonomic level possible, often substituting functional group categories for turf algae
and crustose coralline algae.

The resulting list of data sets was then screened for common response metrics that
could be calculated from the raw data. Given the diversity of response metrics collected
across the different data sets, a tradeoff emerged between the taxonomic resolution of
the responses and the number of data sets represented. In accordance with one of the
aims of the study—to synthesize NOAA and partner data—we chose to focus on
relatively coarse metrics of benthic functional groups (i.e., benthic % cover) that allowed
us to retain the maximum number of data sets. Benthic diversity measures were not
explored in downstream analyses because they are sensitive to the survey effort and
area of subsamples within each site, and by the skill of the observer in distinguishing
among cryptic taxa, all of which drastically varied among datasets.

Where raw data included sub-samples within sites (e.g., multiple, non-independent
transects at a single study site), site-level means were calculated to ensure
comparability among data sets. Individual data sets were then compiled into a common
format with site-level percent cover of (i) hard coral (strictly scleractinian live corals), (ii)
macroalgae (excluding turf), (iii) turf, and (iv) crustose coralline algae (CCA). In addition
to these functional groupings, we also investigated trajectories and trends over time
between calcified cover (i.e., corals, CCA, and other calcifiers such as Halimeda algae)
and non-calcified cover (non-calcifying algae, sponges, and other non-calcified living
substrates, excluding pavement, rock, sand, and other non-living substrates).

Fish data

We attempted to integrate fish data from NCRMP and our jurisdictional partners in
Guam and the CNMI. Seven different data sets were shared with us from different
groups at the NOAA PIFSC, the University of Guam, and the Department of Agriculture.
However, the nature of fish monitoring surveys creates several challenges that preclude
the integration of data— namely the derivation of common abundance, biomass, or
diversity metrics—when survey efforts do not conform to a common spatial scale,
sampling design, and survey methodology.

Specifically, partners’ data could not be integrated with archipelago-wide NCRMP
surveys when their survey methods greatly differed (e.g., stationary point count [SPC]
vs. line transects or timed-swims) and/or they targeted a different subset of fish species
and sizes (i.e., all species and sizes from blennies to sharks vs. fish species over 40
cm, mainly including large and/or elusive species). These differences impact estimates
in species richness, area covered, and depth surveyed, which ultimately affect
abundance and biomass estimates, making it unreliable to integrate data from distinct
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methodologies into a single dataset. For example, timed-swims such as roving surveys
usually result in a higher species richness compared to other survey methods with the
caveat that a higher number of surveys is required (e.g., Rassweiler et al. 2020). In
contrast, belt surveys often under-estimate piscivore biomass but overestimate
herbivore biomass (Williams et al. 2015). Finally, the focus of SPC survey design is
estimation of composite groups of species rather than individual species (Heenan et al.
2017). Other data transformations, such as presence/absence or abundance ratio, were
deemed out of scope for this report, which was to retain a focus on gauging
spatiotemporal trends in fish and coral communities following recurring disturbance
events. While our jurisdictional partners’ data sets remain valuable for a variety of other
targeted analyses, only SPC surveys from NOAA NCRMP sampling were retained for
the purposes of this study.

In brief, SPC surveys consist of a pair of scuba divers who identify, count, and size all
fishes to the nearest centimeter (total length) within cylindrical survey areas with a 7.5-
meter radius. In the first five minutes, divers enumerate all fish species within the
cylinder; after that, divers begin the tallying portion of the count in which they
systematically work through their species list and record the number and visually
estimate the size of each individual. The tallying portion is conducted as a series of
rapid visual sweeps of the plot, with one species-grouping counted per sweep. Surveys
are conducted between 1 and 30 meters depth, and in the Mariana Archipelago, almost
exclusively on forereef habitats. Additional details regarding the SPC method and
underlying NCRMP survey design can be found in Ayotte et al. (2015) and Heenan et
al. (2017).

Response variables for fish data are computed as follows. Species count and size
between the pair of SPC divers are pooled and averaged per survey. From this, we
calculated the fish biomass for each species using the allometric length-weight
conversion: W = a x L?, where parameters a and b are species-specific constants, L is
the fish length, and W is weight in grams. Biomass estimates are then summarized for
each particular spatial scale (island, sector, site levels; additional details provided in the
data summaries and statistical analysis section) and for each trophic group: herbivores,
invertivores, piscivores, and planktivores.

Defining Reporting Downscaled Sectors

We followed the method developed by Oliver et al. (2020) to statistically downscale the
data and define sub-island reporting sectors. The goals of downscaling are to (1)
identify spatial sectors that are smaller than the initial survey design scale while
retaining statistically robust sampling, (2) to define ecologically homogeneous sectors
(rather than using a priori boundaries), and (3) to synthesize data from disparate
sources and methodologies to extend spatiotemporal coverage.

Briefly, after compiling and integrating data spanning the last two decades (2000-2018),
the downscaling method generates hierarchical, spatial “clusters” for each island by first
converting survey points into individual polygons to identify groups of homogeneous,
contiguous polygons through a neighbor-joining network. These networks connect

5



clusters to one another using ecological distance across four benthic categories (i.e.,
hard coral cover, CCA, sand/sediment, and total algal cover). The neighbor network is
then pruned into a minimum spanning tree that retains only a single path joining all
neighboring polygons which represents the minimum ecological distance among
polygons, thereby grouping ecologically similar polygons together and leaving these
groups separated by longer, between-group branches. By “cutting” this minimum
spanning tree at its longest branch lengths, one can successively return cluster
groupings that are spatially contiguous and maximally ecologically homogeneous. The
optimal number of spatial clusters for each island is then determined by first setting a
minimum cluster size (in this case, 15 points) and then balancing the number and size
of the clusters against the statistical performance of the cluster set, as defined by AlCc
of models of benthic cover as a function of cluster ID and date (and the interaction
between these variables). The total number of clusters per island varied between one
for small and ecologically homogeneous islands and ten for larger and ecologically
diverse islands. Finally, where the boundaries of the resulting spatial clusters closely
approximated existing management units (e.g., marine reserves boundaries) or
geographic breaks, we adopted the existing boundary in order to maximize the utility of
the final reporting sectors to managers. Further details regarding the downscaling
method are provided in Oliver et al. (2020).

Producing Data Summaries

We generated summaries of fish and benthic metrics at three main levels: (i) regional-,
(ii) island-, and (iii) downscaled sector-scale (i.e., not the sectors that NCRMP
commonly uses and refer to cardinal points and wind direction). To do so, raw data
(survey-level data) were temporally averaged within a given year (regardless of
sampling date) and then further averaged at the different spatial scales (see details
below).

Region-scale

To illuminate broad-scale temporal trends, response metrics were first aggregated to
the archipelago-wide scale and mean values were plotted over the study period. While
this scale necessarily obscures much of the variation attributable to finer-scale location
and depth, it provides a large-scale baseline against which to measure the performance
of individual islands and sectors. For that particular scale, only descriptive trends were
provided. Our benthic cover time series across the Marianas was also smoothed with a
moving average of three years to account for NCRMP survey cycles.

Island-scale

Response metrics were then summarized at the island-scale to illuminate inter-island
variability and facilitate comparisons among populated and remote islands. Again, such
summaries compress observations with important distinctions but temporal trends that
are robust to the merging of disparate data provide useful island-scale patterns from
which to evaluate individual sectors.



Sector-scale

Finally, we analyzed trends for both coral and fish communities in each individual
sector, which were generated by the spatial downscaling method described above. Site-
level data were allocated to the appropriate reporting sector by merging the geospatial
data produced by the downscaling process (sector polygons) with the response data
using location coordinates for each survey (latitude and longitude).

Metadata

The list of all metadata variables for both benthic and fish data is as follows.

e source: the origin of the raw data (e.g., NOAA NCRMP)

e sland: the official geographic name of the island where the survey occurred

e method: only for benthic cover: "photoquad" = points from photo quadrats
annotated. "LPI" = field annotation using Line-Point Intercept method

e site: site identifier. For data sources that use only numeric, a string that identifies
source was added

e Jat/long: spatial data. Following the NCRMP convention, location data converted
to degree decimal

e year: year in which surveys were conducted

e (date: survey day. Following NCRMP convention, timing data in dd/mm/yyyy

e depth (meters): Following NCRMP convention, depth bins include shallow (0-6
m), mid (6—18 m), and deep (18-30 m).

e sector: spatial units resulting from the downscaling method (described above).

Statistical Analysis for the Island- and Sector-Scales

We ran analyses at the island- and sector-levels only for populated islands because
managers indicated that they were a priority.

To investigate temporal trends in percent coral cover for each island, we first used
generalized linear mixed models (GLMMs) with random intercepts for sectors and depth
bins. The “method” design was dropped from our models because of little to no
crossover between years and survey design methods and/or between survey designs
and depth bins, resulting in variance-covariance matrices close to zero. GLMMs were
fitted with a gamma distribution error and a log-link function. We also scaled the time
variable by subtracting the mean and dividing it by the standard deviation to obtain
continuous, standardized values for times. After that, we ran our analysis at the sector
scale. For each individual sector, we used generalized linear models (GLMs) with coral
cover as the response variables, time (scaled years) as explanatory variables, and
depth bins as fixed variables. The goal is to determine whether coral cover increased or
decreased over time and whether this trend varied over time per depth bin. The fit of all
models was determined using the AIC, and we selected the optimal model when AIC
values did not differ by more than 2. We further validated the optimal model by plotting
the residuals against the fitted values. All models were computed with the package
Ime4.



To determine whether there was an increase or decrease in total fish biomass at the
island and sector levels, we used generalized additive models (GAMs) and mixed
models (GAMMs) instead of GLMMs/GLMs. While all of those models share similarities,
GAMMs/GAMs allow us to explore nonlinear relationships between years and biomass
response variables using smoothers with no a priori assumptions regarding the shape of
the relationship. In the present study, our raw fish biomass data display such a
nonlinear relationship with time (years), which further reinforced the use of
GAMMSs/GAMs. Similar to the GLMMs, we first investigated whether there was a
significant change over time in fish biomass at the island scale and added the depth bin
and sector as random effects. After that, at the sector level, we applied GAMs to
determine whether depth had an effect on the fish biomass over time. All GAMs were
fitted with an optimal number of knots [k] (varying between two and five), which was
determined by comparing the estimated degree of freedom (EDF) to k. The EDF is a
summary statistic specific to GAMs, which relates to the degree of non-linearity of a
curve with the following corollary: the closer to 1, the more linear relationship, whereas
values above 1 and over two suggest a highly non-linear relationship (Wood, 2006). We
used a Gaussian distributed error term after log-transforming fish biomass data to
normalize the residuals. Model assumptions were checked by plotting model residuals
against fitted values using the package gratia.

All statistics and modeling were conducted in R (version 4.3.0).
Results

Data Summary

Together, the four sources we used for benthic cover provided 2,298 observations from
1,800 unique locations across the archipelago, spanning 2000 through 2022. It is
important to note that more than 90% of surveys occurred after 2008, so inference
about trends is most robust in the most recent decade of the data set.

For the fish data set, only NOAA NCRMP surveys were used, and these represented
9,090 observations from 1,338 unique sites across 13 islands in the Mariana
Archipelago spanning over a decade (2011-2022).

Benthic Cover
Regional-scale

Across the Marianas, cover of scleractinian corals (hereafter, “coral cover”) declined
steadily through time (Figure 2, A&B), with mean values decreasing by half over two
decades (from 25% to 10% for populated islands and from 45% to 18% for remote
islands). This temporal decline in coral cover was accompanied by a decrease in CCA
and an increase in both algae functional groups, particularly turf algae. Furthermore,
when percent cover of coral, CCA, and other calcified substrates are combined
(collectively referred to as “calcifiers”), declining trends through time are further evident
(Figure 2, C&D). Taken together, these changes in benthic cover at the regional-scale




show little indication of resilience and a benthos increasingly composed of non-
calcifying organisms.

When investigating trajectories of calcified and non-calcified cover over time, the
benthic community for both populated and remote islands progressed from a relatively
high calcified cover (50-60%) to a high non-calcified cover (> 60%; Figure 2). It is worth
noting that this striking pattern in shifting benthic cover composition between calcified
and non-calcified organisms is partly due to the fact that that inverse relationships are
common with proportional data falling into exclusive groups.
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Figure 2. Functional groups of benthic cover through time for populated islands (A, C) and
remote islands (B, D).

Benthic cover at populated islands was equally composed of both calcified and non-
calcified cover types in early 2000s but after that, percent of non-calcified cover types
progressively increased while calcified cover decreased. However, there is evidence of
partial recovery with a slight rebound in calcified cover type in 2021 and 2022 (Figure
3A). In contrast, remote islands had a high calcified and low non-calcified benthos
(60%, and 19%, respectively) in the early 2000s, but only two islands (Aguijan and
Santa Rosa) were represented at that time. The calcified state of the benthos rapidly
dropped over time, reaching the lowest point in 2022 of ~20% based on data from six
remote islands (Figure 3B). Surprisingly, mean calcifier cover at remote islands is
approximately the same at the populated islands.
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Figure 3. Trajectories of benthic community (calcified and non-calcified living covers) for (A)
populated and (B) remote islands.

Island-scale

Collapsing the temporal data into a single mean per island reveals that coral cover for
each island ranged between 6% and 22%, with two remote islands having the lowest
and highest values (i.e., Farallon de Pajaros and Maug, respectively). Coral cover at the
populated islands varied between 10% and 20%, with Rota having the lowest values
and Saipan the highest (Figure 4). These values represent the average coral cover
value over the last two decades.

When investigating changes only for the populated islands, patterns roughly followed
those across the entire region (Figure 5). Over the past decades, there was an increase
in turf algae concurrent with declines in coral cover and CCA, whereas trends for
macroalgae were more ambiguous.

Out of the four populated islands, only Guam and Tinian experienced a significant
decline in coral cover over time (Figure 6; GLMMs, p < 0.05). There was no significant
decrease over time for Saipan and Rota (GLMMs, p = 0.07), although the overall pattern
of Saipan’s coral cover tends to decline when looking at the trends in mean values
across years. These differences in significance of time at the island scale could be
attributed to variation in coral cover at a smaller spatial scale such as at the sector scale
and/or depth bin. Such differences are explored in the next section.
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Figure 4. Percent coral cover (only scleractinian corals) for each island in the Mariana

Archipelago across all years combined.
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Figure 5. Benthic functional group percent cover trends for each of the populated islands
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Figure 6. Trends in coral cover (mean * standard error) over time for populated islands.
Sector-scale

Our downscaling effort resulted in 10 reporting sectors in Guam, 9 in Saipan, 5 in
Tinian, and 4 in Rota (Figures 7, 8, 9, 10).

Similar to trends across the Mariana Archipelago or at the island scale, most sectors
had cover coral close to or below 10% by 2021 to 2022 and many displayed significant
trends over time (Figures 7 & 9). In Guam and Tinian, nearly half of the sectors showed
a significant negative relationship between coral cover and time, which was consistent
across all three depth bins for Guam (GLMs, p < 0.05). Of notable importance, coral
cover appeared to be depth-stratified, with generally less cover in deep reefs in Guam
compared to mid and shallow depths (Eigure 9). Similar trends exist for the sectors in
Rota (figure not shown) but were not detected for Saipan and Tinian.

However, there remains a high degree of temporal variability across many sectors.
Some exhibited coral cover that greatly fluctuated every year, most likely illustrating
local variation in environmental factors (e.g., Sasanhaya Marine Reserve (MR) in
Tinian, Southeast in Saipan) and/or lower survey effort (e.g., Harbor in Guam, West in
Tinian). Coral cover in other sectors remained relatively similar over the years (e.g.,
North in Guam or West in Rota) and some seemed to have recovered, such as Piti and
Northwest in Guam.
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Figure 7. Reporting sectors for Guam with sector-scale trends in coral cover for (A) each sector
and (B) per depth bin per sector. Lines show the smoothed trends over time.
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Fish Community

Regional-scale

Collapsing the data across our survey period (2011-2022), fish biomass estimates
drastically varied between the populated and remote groups of islands; remote islands
harbored, on average, between two to three times more biomass (Figure 11A). This
trend persisted through time; mean fish biomass at the remote islands started close to
60 g m2in 2011 and has remained higher over the last decade. In contrast, the mean
value for the populated islands started at 30 g m= and dropped nearly as low as 20 g m
2in 2014 and remained around that level (Figure 12B).This stark difference between the
groups of islands is further evidenced when investigating variation in biomass estimates
for trophic groups. Remote islands have an average of 2-2.5 times more herbivores and
piscivores than populated islands (Figure 12 B&C).

Similar trends were observed for species richness (Figure 13B), although differences
were less pronounced. The number of species varied between 26.38 + 0.38 and 37.2 £
1.83 with less variation at populated areas.

Similar trends were observed for species richness (Figure 11C), although differences
between populated and remote islands were less pronounced. The number of species,
on average, varied between 25 and 37, with lower species richness for the populated
islands which did not harbor more than an average of 30 species during any survey
period.
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Figure 11. Mean fish biomass across all years combined (A) for the populated (yellow) and
remote (green) islands and (B) over time, and (C) mean species richness.
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Figure 12. Mean fish biomass of trophic groups over time for the populated (A) and remote (B)
islands in the Mariana Archipelago.

Island-scale

Across all years combined, the lowest fish biomass was observed at Tinian (mean +
s.e.; 17.14 £ 1.43 g m) and the highest at Farallon de Pajaros (104.34 + 16.79 g m™;
Figure 13). When investigating temporal trends, our modeling effort revealed similar
trends in fish biomass among the populated islands. Guam had a significant non-linear
trend in fish biomass over time (EDF = 2.38, p = 2 x 10°'), revealing a decrease in fish
biomass until 2014. This was followed by a slight rebound in 2017 and by a decline in
2022 while holding sector and depth factors as random effects (p = 2 x 10-'6; Figure 14).
Unlike Guam, we did not find any evidence of a significant non-linear trend over time for
the fish biomass in Saipan, Tinian, or Rota when depth and sector were assigned as
random effects (p > 0.05). Rota’s trend in fish biomass remained stable over time
except in 2017, while Tinian’s biomass seemed to decline and Saipan to increase
through time (Figure 14).

These trends at the island-scale level could also be influenced by trophic groups (no
statistical or modeling effort; Figure 15). Biomass estimates of trophic groups between
Guam and Saipan are almost mirrored images for herbivore biomass, with Guam’s
mean biomass decreasing over time and Saipan’s showing the opposite trend with the
highest herbivore biomass in 2022. Such a trend is also present when comparing
Tinian’s and Saipan’s fish biomass. Herbivorous fish contributed the most biomass in
Rota almost every year followed by invertivores and piscivores (Figure 15). Notably,
Guam had the highest mean piscivore biomass in 2017 among all populated islands
which was driven by one site in the Pati Point Marine Reserve (MR).
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Figure 13. Mean fish biomass (A) and species richness (B) across all years combined for each
island in the Mariana Archipelago, colored by human presence: populated (yellow) and remote
(green).
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Figure 14. Fish biomass for each populated (yellow) island in the Mariana Archipelago. Mean
and standard errors are shown as well as the smoothed curves. Asterisk indicates significant
trend over time (GAMM).
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Figure 15. Mean biomass of fish trophic groups over time for each populated island in the Mariana
Archipelago.

Sector-scale

The mean biomass per sector and the survey year effort varied on each island.
Managaha marine protected area (MPA) and Harbor were only surveyed one year and
two years, respectively. Considering the low sampling size, we thus removed these
sectors from downstream analyses. Over the survey period (2011-2022) combined, 40—
50% of Guam’s and Saipan’s sectors and 80% of Tinian’s sectors had a mean fish
biomass below 20 g m, whereas Rota’ sectors remained above that threshold (Figures
16A, 17A, 18A, and 19A)
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Table 1. Sectors that showed significant trends in total fish biomass over time (p-value from

GAMs).
Island Sector Significant trend Depth bins and effect P-value
Guam North Decline until 2017 but Shallow 0.016
Pati increase in 2022 No depth effect 0.012
Northwest Decline Deep 0.010
West No depth effect 0.003
East Decline log-linearly Not applicable 0.002
Saipan East Relatively flat and steep | Deep 0.002
increase in 2022
North Increase log-linearly Mid 0.050
Tinian Northwest Decrease Deep 0.040
Tinian MR Increase log-linearly Deep 0.020
Mid 0.003
Rota Sansahaya | Decrease until 2017 but Mid 0.040
MR increase by 2022

In Guam, four sectors showed significant non-linear trends over time. North’s and Pati’s
biomass declined until 2017 but increased in 2022, whereas the Northwest and West
sectors continued to decline over time (Table 1). Although we only have three years of
data, the East sector’s fish biomass also declined over time log-linearly (EDF = 1, Table
1). Similar patterns were observed for Saipan with an increase in fish biomass in the
East and North sectors although trends differed (EDF = 2.12 and EDF = 1, respectively;
Table 1). In Tinian, only the Northwest sector had a decrease in biomass over time
(EDF =1.8), while Tinian MR had a log-linear positive increase (EDF 1; Table 1). Lastly,
in Rota, only one sector (Sansahaya MR) had a significant trend over time with a
rebound in 2022 (EDF = 2.4; Table 1).

21



13.6°N

[o2]
o

13.5°N

B
o

13.4°N

[Lo]
o

Biomass (g/m’)

13.3°N 0

13.2°N
144 6°E 144.7°E 144.8°E 144 9°E 145.0%

B
[ Achang ][ East |[ e ]
75+ *

50+

;

- =

\‘*/‘ P

2011 2014 2017 2020 2011 2014 2017 2020 2011 2014 2017 2020 2011 2014 2017 2020 2011 2014 2017 2020

o

Biomass (g/m®?)

Figure 16. Mean fish biomass and standard errors per sector in Guam. The lines represent
loess regressions. Asterisks indicate significant trend over time (GAMs).
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loess regressions. Asterisks indicate significant trend over time (GAMs).
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Figure 18. Mean fish biomass and standard errors per sector in Tinian. The lines represent
loess regressions. Asterisks indicate significant trend over time (GAMs).
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Figure 19. Mean fish biomass and standard errors per sector in Rota. The lines represent loess
regressions. Asterisks indicate significant trend over time (GAMs).

Discussion

Coral reefs in the Mariana Archipelago have experienced recurring environmental
disturbances, particularly within the past decade. Here, we integrated multiple data
sources where possible to characterize trends in benthic and fish communities spanning
a range of spatiotemporal resolutions (region-, island-, and sector-scale) and identified
patterns of reef resilience. To further gauge human impacts, we compared benthic
cover and fish biomass between populated and remote islands, where local human
impacts are virtually absent.

This work also extends beyond previous efforts that have relied on snapshot estimates
of resilience (based on the static environmental conditions at a single time point) and
builds on statistical advances to provide inference at manager-relevant, sub-island
(sector) scales. Investigating realized resilience (i.e., the ability for coral reefs to
maintain key functions by either resisting the environmental changes or recovering from
them) like this study can help better inform resilience-based management (RBM) efforts
to buffer against the effects of global climate change and local disturbances. As a
whole, coral reef ecosystems in the Marianas generate over $104.5 million annually in
economic value (Eastern Research Group 2019), constituting important sources of
revenues for CNMI and Guam’s economies and further highlighting the importance of
RBM to improve prospects of reef recovery.
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Declines in Coral Cover and Shifting Benthic Communities

Over the past 15 years, we observed a regional decline in hard coral cover in the
Marianas accompanied by a substantial increase in turf algae. This decline, which was
also present at the island scale and in many sectors, has been caused by the many
environmental disturbances that affected both CNMI and Guam, including bleaching
events, crown-of-thorns (COTS) eruptions, and typhoons. Before 1970, only two coral
bleaching events had occurred in the Marianas Archipelago (NOAA 2005). After that,
the frequency and severity of these events increased over time, especially in the last
decades. Bleaching events occurred every year between 2013 and 2017, with two
massive events in 2013 and 2014 (Reynolds et al. 2014; Heron et al. 2016). These
back-to-back events were particularly detrimental to Acropora reefs (mainly staghorn
corals) that previously dominated the reef flat and forereef (Burdick et al. 2019;
Raymundo et al. 2019). Prior to the onset of bleaching events starting in 2013, reefs in
the CNMI were impacted by (i) a concurrent COTS eruption and damages caused by
several typhoons in 2003 through 2005, (ii) an additional COTS outbreak in 2010 t0o2011
and more recently in 2022, (iii) three super typhoons in 2015, 2018, and 2023. This last
typhoon damaged nearshore reefs with surge and debris by destroying or overturning
coral colonies (Perez et al. 2021). Alarmingly, an increase in COTS density has been
observed throughout CNMI’s long-term forereef sites since 2018 (Perez et al. 2021) and
high localized densities were observed in 2022 in Pagan. In addition to bleaching,
typhoons, and COTS outbreaks, coral disease has also affected some reefs, such as in
Guam in 2016 (Raymundo 2017). These recurring environmental disturbances left little
to no respite for coral reefs to recover in the Marianas, which has lost between 30 and
60% of coral cover (or even more for certain genera such as Acropora and Pocillopora
spp.) over the last decade (Burdick et al. 2019; Perez et al. 2021).

Considering the rapid pace at which these environmental disturbances have occurred, it
is not surprising that our study revealed a dramatic reversal in the dominance of
calcified and non-calcified benthic substrates for both populated and remote islands in
the Marianas. This shift was previously documented by Huntington and colleagues
(2022) who found that calcifiers no longer dominate remote island reefs but these reefs
have calcifier cover (%) on par with populated islands. The replacement of live coral and
calcified coralline algae with non-calcified substrates further highlights the ability of turf
algae (typically composed of short flamentous and fleshy algae) to rapidly colonize
dead coral skeletons, potentially reducing substrate availability for corals to settle (e.g.,
McCook et al. 2001). Overall, this shift toward turf dominance suggests an overall
decrease in the resilience of Guam’s and CNMI’s reef to future disturbances.

Variation in Fish Biomass

Fish biomass varied dramatically among the islands of the Mariana Archipelago, with
remote islands harboring between 2- and 10-fold more biomass than populated islands.
This stark difference is largely a result of low piscivorous biomass in the populated
islands. Our results further support Richards and colleagues’ results (2012) which found
that the biomass of large-bodied reef fish in the northern islands in the Mariana
Archipelago was nearly twice that found in the southern islands. Although commercial
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fishing has been permitted at some of the northern islands and poaching has been
documented, most of the fishing pressure and anthropogenic activities occur off Saipan,
Rota, and Tinian (Richards et al. 2012). For instance, reefs located in areas with low
wave exposure in Saipan are also close to reef-based tourism (Houk et al. 2014) which
could potentially contribute additional stresses to global changes, further compromising
reef resilience.

Guam is also a fishery ground and hotspot for tourism, with reefs valued at $127 million
on a yearly basis (van Beukering et. al, 2007; Conservation International 2008).
Previous fishery-dependent and -independent studies revealed an overall depletion in
large fish and reef fish from shallow waters (Richards et al. 2012; Weijerman et al.
2016; Williams et al., 2012, 2015). This is further illustrated in our study (except the
increase in piscivore biomass in 2017 which was driven by one surveyed site).
Alarmingly, a recent study indicated that the parrotfish biomass has decreased by
almost 30% in the outer reef slopes in Guam over the last decade, which will most likely
affect the resilience of coral reefs as their grazing activity —a key element in providing
space for corals to recruit —has been reduced by almost a third (Taylor et al. 2022).

Yet when investigating biomass trends over time at a sub-island scale, spatiotemporal
patterns were more complex for both CNMI and Guam. Although sectors differed in their
levels of fish biomass (i.e., Tinian and Rota’ sectors have, on average, twice less
biomass than those in Guam or Saipan), we did not find any significant decrease over
time for the majority of sectors, but rather relative stability over time. This mismatch
between trends in coral cover and fish biomass (e.g., Pati in Guam, East in Rota) could
be driven by habitat complexity remaining intact despite declines in live coral cover.
Indeed, as long as the three-dimensional structure provided by corals remains in place,
most fish species that do not have an obligate relationship with live corals will be
unaffected (e.g., Friedlander et al. 2014). Yet there exists some concordance between
coral cover and fish biomass trends for several sectors. Key examples are Piti and East
in Guam and East and North sectors in Saipan.

Our results further highlight the complex and indirect effects that declining corals have
on the fish community (Jones et al. 2004) which does not respond linearly to decreases
in coral cover. Additionally, protection status might help in maintaining or increasing fish
biomass, as potentially observed for the Sasanhaya marine reserve in Rota. A clear
signature of effective protection in reefs around Guam has been found recently (Taylor
et al. 2022) despite evidence of poaching in Tumon or Achang, for example.

Spatial Variation and Correspondence to Potential Reef Resilience

A major goal of this study was to incorporate previous statistical advancements (Oliver
et al. 2020) to examine trends at manager-relevant scales despite the mismatch
between this aim and the NCRMP monitoring design. We therefore used empirical data
to define downscaled spatial reporting sectors and summarized benthic and fish
responses at that scale. Accordingly, we observed the sub-island, sector-scale spatial
variation in the resilience of reefs among the populated islands of the archipelago.

Comparing our observed spatial differences to previous efforts in the region, we found
that spatial sectors for which we did not detect a significant decrease over time and
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whose trends seemed to have “recovered” (reaching higher coral cover levels in last
surveyed years) or “resisted” (no significant trends over time and coral cover remained
above 20% during the last surveyed years) contained sites characterized as high to
medium-high relative resilience potential by Maynard et al. (2015) (Table 1).
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Table 2. Sectors from the four populated islands of the Mariana Archipelago assigned to
different categories of resilience based on coral % cover relative to 2015 estimates of relative
resilience potential (Maynard et al. 2015). Recovery means that sectors had higher coral cover
values in last surveyed years compared to the early 2000s data. Resistance indicates that while
sectors had no significant trends in coral cover over time, their values remained above 20%
during the last surveyed years. The category “stable low” indicates that coral cover remained
around 10% through time and no significant trend was detected.

Populated Sector Recovery | Resistance “Stable Relative resilience potential
Island low” (Maynard et al. 2015)
Guam Northwest X X No data

North X No data
Piti Preserve X No data
West X No data
Saipan Bird MPA X High
East X Medium-high
Managaha MPA X Medium-high
Southeast X High to low
Tinian Northwest X Medium-high
West X Medium-low
Rota North X Medium-low
West X Medium-high to low

These included four sectors in Saipan (East sector, Bird Island MPA, Mahagana MPA,
and Southeast) and one in Tinian (Northwest). Yet for Bird Island, a localized outbreak
of COTS was observed in 2019 to 2020 which might explain the slight decrease in coral
cover post-2020. Interestingly, some sectors remained stable over time with coral cover
barely varying over time but with low values (Table 1). This stability might indicate some
ability to cope with fluctuating environmental conditions. Similarly, sectors showing the
greatest declines were largely characterized as having low-to-medium and low
resilience potential by Maynard et al. (2015) including sectors in southwest Tinian.

Yet not all of the areas predicted to be resilient by Maynard et al. (2015) maintained
coral cover. A clear example is the Southwest sector in Saipan which was characterized
by having medium-high resilience potential, yet we observed a significant decline in
coral cover. It should be noted that the high potential resilience score for this area is
attributable to high relative coral recruitment, one of the factors used to define resilience
in Maynard et al. (2015). Thus, this sector may prove to have greater relative recovery
potential, whereas the timing of our analysis is more suited to measure the resistance
component of resilience. Further, clusters of individual sites in Maynard et al. (2015)
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were not always directly comparable to our reporting sectors. For example, spatial
downscaling resulted in a single large sector spanning much of southeast Saipan which
showed moderate declines in coral cover. This sector covers sites in Maynard et al.
(2015, 2018) spanning medium-low to high resilience potential.

Overall, while the Maynard et al.'s method (2015) and our temporal analysis inferring
resilience are not directly comparable, there exists some overlap for certain sectors with
sites previously designated as “high or moderate/high resilience”, which seemed to
have fared better, such as Managaha MPA (also singled out by Maynard et al. 2018)
and the East sector in Saipan. Surprisingly, some sectors with “low-moderate resilience”
did not show a significant decrease in 2022. Together, this provides some hope for our
reefs to maintain ecosystem structure in the face of ongoing disturbances.

The Influence of Depth

When investigating reef resilience, it is often hypothesized that reefs in deeper waters
may fare better than shallower counterparts. The corollary is that reefs in deeper waters
are posited to be less susceptible to heat stress. However, contrasting evidence has
been found, which is probably driven by variation in coral susceptibility to bleaching
(e.g., summarized in Glynn 1996). The present study only provides partial support for a
high resilience or resistance to bleaching.

In Guam, where depth bins influenced the trends in coral cover over time at the sector
level, shallow sites (> 6 m depth) usually showed the steepest declines compared to
moderate-depth (6—15 m) and deep sites (15—-30 m), which appeared more stable on
average. At first glance, this result suggests a depth-refuge protecting live coral from the
worst of heat-related stress, exacerbated by extreme low-tides in 2014-2015. However,
it should be noted that the slope of decline as a measure of resistance to stressors does
not consider the initial magnitude of percent cover, nor the community composition of
coral species at different depths. To the first point, the steeper declines in coral cover at
shallow sites compared to deeper sites are a result of shallow sites declining from
higher initial percent cover. In fact, sites at varying depths in Guam ended with roughly
the same level of live coral cover (at or below ~10%). Relatedly, the coral species
composition at shallow sites tends toward a greater proportion of bleaching susceptible
acroporids, with deeper sites dominated by more resistant Porites species. As repeated
stressors shift coral communities toward more resistant compositions of species
(Alvarez-Filip et al. 2009), the response of shallow, medium, and deep sites may
converge, albeit at a low level of total coral cover and structural complexity (weeding out
the vulnerable acroporids providing complex habitats). A recent study (Venegas et al.
2019) also did not find a depth refuge to heat stress in both Guam and CNMI.

Limitations and Future Research Directions

In the present study, our goal was to integrate and spatially downscale data from a
variety of sources in order to better capture trends in the benthic and fish community
responses. This methodology comes with limitations and tradeoffs. First, we relied
primarily on partner data for the years prior to 2011 (when NCRMP standardized
benthic data collection). This resulted in low spatial resolution, small sample sizes, and
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few observations in Guam for the earliest years of the study period. Secondly, we
combined two main methods for benthic cover (i.e., photo quadrats and line point
intercept or LPI), which were not evenly distributed throughout the years, especially for
the remote islands where LPI was only used until 2007. Thirdly, at a sector level, our
investigation did not compare sectors’ fish biomass that differed in protection status
(i.e., across a range from no protection to designation as a marine reserve or marine
protected area), which should be further explored by using a bootstrapping method to
estimate relative quantile ranges (see Williams et al. 2011).

As with any investigation of community responses to stressors, it is difficult to
adequately account for the prior history of disturbances and how such prior events
mediate the response to disturbances within the study period. As natural and
anthropogenic stressors have caused decline in total coral cover and a shift in
community composition over the previous 125 years (Cybulski 2016), the patterns of
differential resilience documented in this study were clearly shaped by a longer history
and should be viewed in that context. Likewise, we only used coarse benthic metrics,
which do not necessarily inform about specific processes that promote reef resilience.
Demographic information alongside higher taxonomic resolution and reef complexity
metrics could be additional avenues to explore.

Analogously, we used biomass as our main metric for fish communities and did not
investigate any differences in community composition or in other metrics, such as trait-
based diversity indices that can help gauge the ecosystem's vulnerability or resilience.
Indeed, traits can assist in maintaining essential ecological function such as herbivory,
nutrient uptake, and bioerosion (Brandl et al. 2019) by providing stability during
disturbances when multiple species have analogous traits. In such a scenario, this trait
redundancy means that losing one or few species will not jeopardize the ecosystem
process and will help maintain the overall ability for ecosystems to resist environmental
changes.

Take Home Messages

e Integrating NCRMP and Marianas partners’ data sets into a single data set was
possible for benthic data using coarse metrics (i.e., benthic cover) and functional
groups (e.g., CCA, calcifying organisms).

e Data integration was not feasible for fish data sets because of drastic changes in
methodologies, objectives, and scales among partners’ monitoring programs.

e NCRMP contributed 80% of the benthic data and 100% of the fish data.

e There was a substantial decline in coral cover and increase in turf algae across
the Marianas in concordance with environmental disturbances, including ocean
heat stress events, typhoons, and COTS outbreaks.

e Significant decrease in coral cover was observed for Guam and Tinian, but not
for Saipan (although the overall trend is declining).

e The downscaling effort resulted in populated islands being divided into several
sectors (defined as sub-regional clusters of similar benthic cover values), which
ranged from 10 to three, overlapped with marine reserve boundaries, and were
less than 1 mile or over 10 miles in length.
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e 50% of the sectors in Guam and Tinian had a cover coral near or below 10% by
2021 to 2022 and displayed significant decreasing trends over time.

e Yet other sectors resisted or showed resilience to warming and other
environmental disturbances (e.g., northwest in Guam, Mahagana MPA in
Saipan).

e Remote islands harbored between 2- and 10-fold more fish biomass than
populated islands and up to three times more herbivores and piscivores.

e Although fish biomass at the island-scale for populated islands varied years to
years, Guam’s trend significantly decreased by 2022, and Rota showed a (not-
significant) decrease as well. In contrast, Rota and Tinian displayed the opposite
trend with an increase close to 30 g m?; albeit not reaching values of remote
islands.

e 50% of the sectors in Guam and in Rota had either a significant increase over
time in fish biomass or seemed to experience a rebound in 2022; the picture is
less clear for Saipan (except Bird MPA and East) and Tinian.

e There is only partial concordance between higher levels of coral cover and
increased fish biomass, probably due the preservation of the three dimensionality
of reefs years after bleaching events.
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