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ABSTRACT
Identifying drivers of coral resilience and survival is critical for predicting how coral
reefs will respond to changing environmental conditions. Coral reef researchers have historically
struggled to temporally quantify fine-scale changes in live coral patches, such as growth and
partial mortality, due to the difficulty involved in high resolution underwater mapping of coral
habitats. Demographic events, including growth, shrinking, recruitment, mortality, fission, and
fusion are important changes that occur in live coral patches that are indicative of capacity for
resilience. The objectives of this study were to 1) examine high resolution time-series imagery
collected at two timepoints to quantify these changes in coral patches (shrinking, growth, fission,
fusion, mortality, recruitment) in Papahānaumokuākea Marine National Monument (PMNM),
and 2) statistically explore how coral patch characteristics (size and genus) and site
characteristics (coral cover and reef complexity) influence the occurrence of these demographic
events. This project tracked 2409 coral patches from multiple reef sites across two timepoints
spanning from 2016 to 2019. Reef characteristics associated with positive (growth, recruitment)
or negative events (mortality, shrinkage) were quantified to identify drivers of coral patch
resiliency. Logistic regression modeling revealed that reefs composed of larger coral patches and
reefs with greater structural complexity values were associated with lower predictive
probabilities of mortality events. Reef complexity, patch size, and genus were found to be
statistically significant indicators of reef resiliency (growth, recruitment, survival). These
findings can benefit reef management programs by providing bioindicators of reef resiliency that
can be incorporated into an array of monitoring efforts to enhance our capacity to conduct
vulnerability assessments of these important ecosystems.
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INTRODUCTION
Coral reefs are some of the most productive ecosystems on the planet, as they produce
dynamic habitats capable of supporting high levels of diversity and abundance of reef organisms
(Hughes et al. 2003). Coral reefs provide important socioeconomic ecosystem services through
fisheries, tourism, recreation, and coastal protection (Hughes et al. 2003; Hoegh-Guldberg et al.
2007). Global stressors, such as climate change and ocean acidification, have caused a
widespread decline in coral cover (Hoegh-Guldberg et al. 2007; Wilkinson et al. 2008). Coral
reefs are also subjected to increasing levels of local stressors such as pollution, overfishing,
sedimentation, coastal development, and recreational overuse (Wilkinson et al. 2008). As these
anthropogenic stressors increase in intensity, coral reef habitats are predicted to be reduced by up
to 90% by the middle of the century (Hoegh-Guldberg et al. 2018). Considering the detrimental
impacts of changing climate conditions and anthropogenic pressures on coral reef habitats,
studies must identify mechanisms of stress, mortality, and resiliency to develop adaptive
management strategies and prevent further degradation of reef ecosystems.
The Papahānaumokuākea Marine National Monument (PMNM) encompasses the
Northwestern Hawaiian Islands (NWHI) and is one of the largest protected areas in the world.
This U.S. National Monument is a World Heritage site that protects 1,510,000 km2 of ocean
water including multiple islands, atolls, and reefs that are home to an abundance of endemic
organisms. PMNM provides a unique natural setting to study the effects of global anthropogenic
stressors on coral reefs through time, as its reefs are pristine, largely unaffected by local human
impacts, and they exist across a large-spatial gradient with varying levels of environmental
stressors. It is important to monitor coral reefs in PMNM as shifts in these communities can be
strong indicators of the global effects of climate change on coral reefs. Additionally, collecting
data in the remote and unpopulated coral reefs in PMNM provides a reference dataset to compare
to coral reefs in the main Hawaiian Islands, which are significantly impacted by local stressors.
Studying the isolated and protected reefs in PMNM can provide managers with detailed
characterizations of reef community structure and ecosystem function when human-derived
impacts are removed. This knowledge allows for creating achievable benchmarks and
conservation goals to restore and preserve healthy coral reefs in the Main Hawaiian Islands.
Researching reefs in PMNM is also important for predicting how climate change will influence
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these valuable marine habitats and for developing effective management plans for these federally
protected reefs that are a sanctuary for Hawaiian marine flora and fauna.
Corals are sessile cnidarians that form colonies made up of connected polyps that live in
association with a multitude of microorganisms, including fungi, bacteria, and dinoflagellates
from the genus Symbiodinium (Hughes and Connel 1987; Muller-Parker et al. 2015). Hermatypic
corals in the order Scleractinia build reefs by depositing hard calcareous skeletons. These reef
building corals rely on their mutualistic relationship with the photosynthetic dinoflagellate,
Symbiodinium (Muscatine & Porter 1977). The transfer of nutrients and photosynthate from
Symbiodinium to the coral host provides most of the metabolic energy that reef building corals
require to grow and survive (Muscatine & Porter 1997). The complex biology of corals in
association with their relationships with microorganisms, such as Symbiodinium, has resulted in
corals having high biological plasticity and capacity for adaptation. One example of this is
phenotypic plasticity, or the ability of individual colonies of the same species to exhibit many
different morphological growth forms (e.g., tabulate, branching, mounding). More research is
needed to determine if the ability of corals and their symbionts to respond to shifting
environmental conditions at molecular and phenotypic levels can be sustained in the face of
climate change and growing anthropogenic stressors.
Coral colonies create continuous sections of connected tissue that can be referred to as
coral patches and defined as separate and identifiable areas of live coral tissue. A coral colony
has the capacity to split into multiple patches as it ages or responds to the environment, and there
is an ongoing debate as to whether coral colonies that split should be considered separate coral
colonies or one colony. By treating each piece of connected live tissue area as a coral patch, the
question of whether patches are of the same colony becomes irrelevant, as the focus shifts to how
each individual live coral patch is changing through time. Tracking fluxes in the health and
survival of individual coral patches that comprise a coral reef will allow for better understanding
how coral reefs will respond to future environmental stressors.
The aggregation of individual coral patches comprises a community of living coral. The
species and sizes of these patches, as well overall live coral cover and architectural complexity of
the reef defines the characteristics of the reef. The characteristics of both a coral patch and its
surrounding habitat characteristics are important determinants of a coral’s response to stressors.
2

In this study, site characteristics consist of percent live coral cover and reef complexity, while
coral patch characteristics consist of the genus and size of a coral patch.
Conventional coral reef monitoring has focused primarily on quantifying overall coral
cover through time (Bruno and Selig 2007; Hughes 2018), however, examining changes
occurring to individual coral patches (e.g., growth, shrinking, mortality, fission, fusion) in timeseries studies is important to better understand how shifts in the health and survival of individual
patches alters the composition and ecological function of coral reefs (Hughes 1984; Riegl et al.
2015; Edmund and Riegl 2020). Exclusively quantifying changes in coral cover does not capture
how coral patches of different size and genus are changing and responding to environmental
stressors over time. Researchers have struggled to quantify and track these fine-scale temporal
changes due the difficulties associated with high resolution underwater mapping of coral
habitats. Challenges associated with tracking gradual and complex fluxes in individual coral
patches make it difficult to understand specific, patch-level changes that occur in response to
environmental stressors (Darlene 2012). Technological advancements, particularly in the fields
of photogrammetry and remote sensing, have allowed for increased feasibility of integrating 3D
reconstruction techniques into ecological investigations of coral reefs so scientists can map large
reef plots and extract data at the level of individual coral patches (House et al. 2018; Calders et
al. 2019).
This study applied photogrammetric techniques, particularly Structure-from-Motion
(SfM) photogrammetry, to create 3D reconstructions and orthomosaics representing multiple
study sites to measure changes occurring in individual coral patches over time. The observed
changes were statistically modelled using coral patch characteristics, such as genus and size, and
coral site characteristics, such as coral cover and habitat complexity. Structure-from-Motion
(SfM) photogrammetry is a high resolution, low cost, and non-invasive methodology for
generating spatially accurate 3D reconstructions of underwater habitats (Burns et al. 2015). The
SfM approach involves collecting overlapping images of the benthic substrate from a single lens
camera to produce a high-resolution 3D model and orthomosaics (Burns et al. 2015). The
overlapping images are aligned, and depths for each point calculated from camera positions to
build a point cloud representing the imaged habitat. These points are connected to generate a 3D
mesh model, from which a high resolution, spatially rectified orthomosaic and Digital Elevation
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Model (DEM) can be rendered from any desired projection angle. The DEM and orthomosaic
can be layered and annotated using geospatial software tools to derive accurate coral patch and
coral site characteristics. While previous studies have incorporated photogrammetry techniques
to assess changes in coral reef communities before and after disturbance events (Burns et al.
2016, Couch et al. 2017; Magel et al. 2019), more research is needed on temporal gradients at
sites unaffected by large disturbances to identify and understand gradual, fine-scale changes
occurring in individual coral patches. These changes can serve as biomarkers to assess if a coral
community is exhibiting a positive trajectory associated with recruitment, growth, and survival
or a negative trajectory associated with fission, shrinking, and mortality.
Changes occurring to coral patches examined in this study, termed demographic events,
include growth, shrinking, fission, fusion, mortality, and recruitment. Coral growth is defined as
the increase in surface area of a patch over time, while coral shrinking is the decrease in size of a
patch over time. Corals can shrink due to partial mortality, where only a portion of an individual
patch undergoes mortality, thus leading to a reduction in the overall surface area of live tissue.
Partial mortality of a coral colony can be caused by competition, disease, and disturbances
(Piñón-González and Banaszak 2018). A fission event occurs when a coral patch divides into
two or more patches. Recognized causes of fission include predation, damage, erosion,
sedimentation, or disease causing a fissure that separates sections of live tissue (Forsman et al.
2015). A fusion event occurs when two or more patches fuse into one and can be due to a coral’s
competition strategy to take up more space to gain greater access to resources from additional
coral polyps or may be a coral’s response to environmental stressors or predation (Forsman et al.
2015). Coral mortality occurs when a coral patch dies due to reasons such as disease, bleaching,
predation, sedimentation, and disturbance (Hoegh-Guldberg et al. 2007; Hoey et al. 2016). Coral
recruitment is the process in which a larva settles and attaches to the benthic substrate and
proceeds to survive and grow.
To quantify the occurrence of these demographic events for this study, 2409 individual
coral patches were annotated at two time points between 2016 and 2019 at multiple long-term
study sites. In addition to measuring changes in patch characteristics (patch genus and patch
size), total coral cover and reef habitat complexity were quantified from the 3D reconstructions
collected at fifteen distinct sites in French Frigate Shoals, Lisianski, and Pearl and Hermes in
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PMNM. These parameters were used as predictors to statistically model the likelihood of a
demographic event occurring and reveal site (coral cover and reef complexity) and patch (genus
and size) characteristics associated with coral patch resilience.
Genus and Size
Corals of different size, genera, and species have varying responses to environmental
stressors, which in turn results in changes to benthic community structure on reefs over time
(Todd 2008; Couch et al. 2014; Muller-Parker et al. 2015). Some species are capable of resisting
or recovering, and others are more susceptible to mortality (Okazaki et al. 2016), which has been
evident in studies on the impacts of thermal stress on coral reef communities (Glynn et al. 1996;
Bruno et al. 2007). For example, studies have indicated that fast growing branching
morphologies, such as Montipora or Acropora, have been found to be more vulnerable to heat,
while slow growing massive or encrusting morphologies such as Porites have shown to be more
resistant (Brown and Suharsono 1990; Loya et al. 2001). Hawaiian coral reefs have experienced
several large-scale bleaching events in recent history that revealed variable resistance to stress
among coral species, resulting in shifts in coral community composition (Kramer et al. 2016;
Bahr et al. 2017; Couch et al. 2017). Following the 2015 bleaching event in Hawaiʻi Island, for
example, coral species Pocillopora meandrina, Porites evermanni, and Porites lobata
experienced the most post-bleaching mortality while species Porites rus and Porites compressa
exhibited evidence of heat tolerance (Kramer et al. 2016). The variability in the capacity of coral
species and genera to withstand heat stress will likely continue to drive changes in coral
community composition as ocean temperatures rise.
Coral size can also be an indicator of how vulnerable or resilient a coral patch is to
stressors. Smaller corals have been shown to have faster growth rates and higher mortality rates
than larger, slow growing corals, which are more likely to experience shrinking events rather
than full mortality (Hughes 1984; Kodera et al. 2020). Understanding how demographic events
vary among corals of different sizes and genera will be useful for predicting changes in coral
reefs and identifying size ranges of coral patches that have higher vulnerability to stress.
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Coral Cover
Coral cover has been a standard conventional metric for characterizing coral reef
communities and their responses to environmental changes (Hughes et al. 2018; Riegl et al.
2018). Percent live coral cover has been positively associated with fish diversity and abundance
(Bell and Galzin et. al 1984), and thus overall coral reef health (McField and Kramer 2007).
Declines in coral cover have been linked to large-scale mortality events (Bruno and Selig 2007;
Riegl and Purkis 2015; Kramer et al. 2016) and areas of high coral cover have increased
competition among coral species, which can in turn inhibit growth rates. Statistical modeling of
coral cover as a predictor for the occurrence of demographic events may reveal how the levels of
coral cover on reef substrate are associated with positive (growth, recruitment) or negative
(mortality, shrinking) demographic events.
Reef Habitat Complexity
Habitat complexity is an important reef characteristic that is directly linked to coral reef
health and critical ecological processes (Grigg 1994; Luckhurst and Luckhurst 1978; Darlene et
al. 2017). The 3D habitat complexity of coral reefs is derived from the spatial distribution and
topography of the benthic substrate (Carlot et al. 2020), consisting of formations, crevices, holes,
and niche space that are utilized by an array of reef organisms (Fukunaga et al. 2019). Coral
colonies create complex architectural structures through calcification and are the foundation of
reef habitat complexity, which has been shown to be one of the strongest predictors of reef fish
assemblage patterns, biomass, and abundance (Grigg 1994; Luckhurst and Luckhurst 1978;
Darling et al. 2017). Reef habitat complexity can also promote reef resilience to physical
disturbances such as storms and high wave action (Carlot et al. 2020). Demographic events such
as mortality, recruitment, fission, fusion, growth, and shrinkage can positively or negatively
influence coral community composition (e.g., coral cover and diversity), which in turn affects 3D
reef habitat complexity. For example, increased growth and recruitment among genera with
highly complex morphology (e.g., Pocillopora meandrina) may enhance the reef habitat
complexity. Additionally, a more complex reef with high grazing and low macroalgae cover is
likely to support coral recruitment, which can otherwise be inhibited by direct contact with
macroalgae (Mumby et al. 2007). There is an interconnectedness among coral demographic
events and reef habitat complexity, thus studies should incorporate complexity as an influencing
6

factor (along with coral cover and coral patch characteristics) when examining drivers of
demographic events among coral reef communities.
The goal of this study was to explore how the size and genus of a coral patch, as well as
the surrounding coral cover and reef habitat complexity were associated with the likelihood of an
individual coral patch experiencing a demographic event. This study also examined patterns
associated with coral recruitment rate among coral reef study sites. The analysis identified
factors that influence positive trends (e.g., growth, recruitment) and negative trends (e.g.,
mortality, shrinkage) that affect the health and function of coral communities. The methods
presented here can improve the predictive capacity for understanding coral community changes
into the future (Connel 1973; Hughes 1984) and can be easily implemented into existing longterm monitoring programs to identify coral patch and community characteristics associated with
demographic events that promote coral reef health and resilience. This has significant
implications for managers and stakeholders in determining trajectories of coral reef communities
that Hawai‘i depends on economically, structurally, and culturally. The specific hypotheses
addressed by this study are:
1) Reef habitat complexity will influence the likelihood of demographic events
occurring to the surveyed coral patches.
2) Starting coral patch size will influence the likelihood of demographic events
occurring to the surveyed coral patches.
3) Percent coral cover will influence the likelihood of demographic events occurring to
the surveyed coral patches.
4) Coral genus will influence the likelihood of demographic events occurring to the
surveyed coral patches.
METHODS
1. Study Sites
Papahānaumokuākea Marine National Monument (PMNM) is located in the
Northwestern Hawaiian Islands (NWHI) and is a World Heritage Site and one of the largest
protected areas in the world, protecting approximately 1.5 million square kilometers of the
Pacific Ocean. This remote conservation area consists of multiple islands, atolls, and reefs and is
7

home to an estimated abundance of 7,000 species (Figure 1). This monument is federally
protected and geographically isolated, which contributes to the high (~25%) observed levels of
endemism. The coral reef habitats in this area are considered generally pristine due to the lack of
anthropogenic impacts, which is in stark contrast to the reefs in the main Hawaiian Islands that
reside near expanding human populations and large coastal developments (Selkoe et al. 2009).
This study incorporates coral reef survey data from the NWHI collected by the University
of Hawaiʻi at Hilo Multiscale Environmental Graphical Analysis (MEGA) lab researchers in
collaboration with the PMNM NOAA research team. All research surveys are conducted as part
of NOAA expeditions that repeatedly return to the same long-term monitoring sites to monitor
coral health and community structure using visual observations and SfM photogrammetry
surveys. This study focuses on understanding changes in coral patch characteristics using long
term monitoring data from three islands: French Frigate Shoals (23.7489° N, 166.1461° W),
Lisianski (26.0662° N, 173.9665°W), and Pearl and Hermes (27.8333° N, 175.8333° W; Figure
1). Data from a total of fifteen long term monitoring sites were used for this study: six in French
Frigate Shoals, six in Lisianski, and three in Pearl and Hermes (Table 1 and 2). The sample size
for this study is limited to two time points due to insufficient data availability for a sequence of
multiple years, difficulty aligning orthomosaics from different years, and time requirements to
complete annotation. The survey data from the 15 sites were collected at the following times:
May-June 2016, September 2017, and July-August 2019. The data were not consistently
available for all three time periods at all fifteen sites – the 2016 and 2017 data were used at 11
sites, the 2016 and 2019 data were used at 2 sites, and the 2017 and 2019 data were used at 2
sites (Table 2). This two-timepoint analysis is a first step in revealing overall trends of growth,
shrinkage, mortality, or recruitment among coral reef communities in PMNM.
2. Image Collection and Rendering of 3D Models
Divers on the NOAA research expeditions collected images at long-term study sites
ranging in depth from 10-fsw to 50-fsw in both backreef and forereef habitats. Surveys were
conducted using SCUBA to collect overlapping photographs of the benthic substrate in a lawnmowing (boustrophedonic) pattern to acquire images that encompassed a 10x5m (50m2) plot at
each site. The surveys were conducted at the same long-term monitoring sites in May through
June 2016, July 2017 and July through August 2019. Due to the remote nature of these sites and
8

variable weather conditions, it was difficult for the expedition to return to the same number of
study sites at each island every year. This explains discrepancies in availability of consecutive
imagery at four sites (LIS_12_T2, PHR_33_T2, PHR_42_T2, PHR_R39_T1) in this study.
Three-dimensional models for each study site were created using Agisoft Metashape
Professional v.1.7 (Agisoft LLC., St. Petersburg, Russia) with methods outlined in Burns et al.
(2015) (Figure 2). For each 10x5 m plot, the overlapping images were aligned and depths for
each point were calculated from camera positions to build a sparse 3D point cloud. Known
reference coordinates from Ground Control Point (GCP) markers were used to derive x, y, and z
values to scale and orient the point cloud and generate spatially rectified dense 3D point cloud.
These points were rendered into a triangulated 3D mesh model which provides a spatially
accurate (<1-cm) 3D representation of the benthic substrate. A high resolution orthomosaic and a
Digital Elevation Model (DEM) set to 1-cm cell resolution were exported from the resulting 3D
models for annotation and measurement of coral patch characteristics and quantification of 3D
complexity (Figure 3).
3. Alignment of Orthomosaics
To analyze changes in individual coral patches, it was necessary to align plot
orthomosaics from different timepoints so the plot orthomosaics overlapped and the same coral
patches were annotated for each time point from the same projection angle (Figure 4). The
georeferencing tool on geographic information system software ArcMap v. 10.4 (Environmental
Systems Resource Institute, Redlands, CA, USA) was used to align known locations (permanent
pins) on the orthomosaics collected from the two time points of the study for each survey plot.
The scale bars in each model were used to validate there was no distortion created in the
alignment process.
4. Digitizing and Annotating Orthomosaics
The plot orthomosaics and DEMs were uploaded into ArcMap to analyze any changes
occurring to the coral patches (demographic events). Twenty 0.8 m diameter circular plots,
herein referred to as “circrats”, were randomly overlaid on each orthomosaic and used as
subsampling areas to identify and annotate live patches of coral (Figure 4). All live coral patches
within each circrat were traced by manually digitizing unique polygon shapefiles (Figure 4). The
9

use of circrats for subsampling and tracking coral patches through time was developed by Dr.
Tom Oliver, a research ecologist at NOAA’s Pacific Islands Fisheries Science Center. This study
followed these protocols to ensure standardization time-series analyses on coral patches from
orthomosaics on Hawaiian coral reefs. Coral patches exhibiting 75% or more total surface area
within the circrat were digitized and included in the time-series analyses. In addition, coral
patches with the center of their colony within the circrat were digitized to avoid bias against
large colonies. Each unique polygon shapefile representing a live coral patch was assigned a
genus code, site code, circrat number, unique patch number, unique patch ID, and patch area in
an attribute table. The patch ID was used to link each patch from one year to the next, to quantify
demographic events such as growth, shrinking, fission, and fusion (Table 3). Mortality and
recruitment were noted when patches exhibited complete loss of live tissue and when new
patches emerged within the circrat area.
5. Extracting 3D Habitat Metrics and Coral Cover
Coral cover and 3D habitat complexity data were extracted from the orthomosaics for each
plot at both timepoints using CoralNet and ArcMap geospatial software. To estimate live coral
cover, the orthomosaics from French Frigate Shoals, Lisianski, and Pearl and Hermes were
uploaded into CoralNet software. 1000 points were randomly placed on each orthomosaics and
the benthic cover underneath each point was annotated. Trained annotators labeled live corals
with a taxonomic (genus level) and morphological designation (e.g., plating, branching, etc.) .
The percentage of live coral was quantified by dividing the number of points annotated for each
genus by the total number of points. In addition to analyzing the entire orthomosaic from each
plot, images of each circrat were uploaded to CoralNet software and 100 points were randomly
assigned for quantification of benthic cover. Benthic substrate within each circrat was labeled as
“live coral”, “bare substrate”, “Crustose Coralline Algae”, or “Other”. The basic annotations of
each circrat were used for statistically examining if benthic cover influences demographic events
at the circrat level.
To quantify 3D habitat complexity, the 1-cm resolution (1-cm x 1- cm raster cell size) Digital
Elevation Models were analyzed using the ‘benthic terrain modeler’ and ‘add surface
information’ geospatial tools. The structural complexity of reef substrate can be described using
different measures (e.g., vector ruggedness measure, surface complexity, and slope) that have
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been shown to be highly correlated to each other (Fukunaga et al. 2019). A Spearman rank
correlation test was conducted in R Studio on the vector ruggedness and surface complexity
measures for each circrat among the 15 sites (R Core Team 2017). The test showed a strong
positive correlation (df= 1826, rs= 0.84, p<0.01), therefore surface complexity was chosen as the
single 3D habitat complexity metric for this study. Surface complexity is defined as the ratio of
the 3D to 2D surface area of the benthic surface (Fukunaga et al. 2019). Surface complexity
values were derived from each DEM using the ‘add surface information’ tool. The 3D structure
of the reef, as represented by surface complexity, is both an important indicator, and possible
driver, of the overall health of the reef.
6. Extracting Demographic Events
Demographic events include growth, shrinking, mortality, fission, fusion, and recruitment
(Table 3). To quantify demographic events, attribute tables with coral patch characteristics (e.g.,
genus, size) were exported from ArcMap to determine how each coral transitioned from
timepoint 1 to timepoint 2. Any coral patch in timepoint 1 that split into two or multiple patches
in timepoint 2 was recorded as a single fission event. Similarly, two or more coral patches in
timepoint 1 that fused together into one coral patch in timepoint 2 were recorded as a single
fusion event. A coral patch that exhibited an area change from timepoint 1 to timepoint 2 greater
than zero was considered coral growth and less than zero was considered coral shrinking. Coral
patches that were present in timepoint 1 but not present in timepoint 2 were labeled as mortality
events. Coral patches present in timepoint 2 but not present in timepoint 1 were labeled as
recruitment events. Recruitment and mortality rates were derived by dividing the total
recruitment or mortality count per circrat by the circrat area (0.50 m2).
7. Comparative Analyses of Coral Cover Between Timepoints 1 and 2
Non-parametric Kruskal Wallis analyses were conducted on the coral cover values collected
from the 15 plot orthomosaics for both time points using the ‘kruskal.test’ function in R. The
Kruskal Test was run to determine if there were statistically significant differences in median
percent coral cover of all 15 sites between timepoint 1 and timepoint 2. This test was also used to
understand if there were statistically significant differences in median percent coral cover
between islands. Following this Kruskal Wallis test, a nonparametric multiple pairwise
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comparison Dunn’s test was used to test comparisons of median percent coral cover between
Lisianski and French Frigate Shoals, Pearl and Hermes and French Frigate Shoals, and Pearl and
Hermes and Lisianski.
8. Analyses of Coral Demographic Events
Binomial logistic regression analyses were used to test the likelihood of a coral patch
undergoing a particular demographic event given the genus, starting size of a coral patch, overall
coral cover of the circrat, and surface complexity of each circrat surrounding that coral patch
(Table 4). Due to highly skewed coral patch size distributions, a natural logarithm transformation
was applied to the coral starting patch size variable. No other variables in this study were log
transformed. The binomial logistic regression analyses were performed on the entire data set
using the ‘glm’ function, from the ‘lme4’ package (v1.1-26; Bates et al. 2015). A backwards
stepwise regression approach was used to identify any combinations of genus, patch size, coral
cover and habitat complexity that were statistically significant predictors of the occurrence of a
demographic event. This process begins with a model containing all possible variables and then
the least significant variables are removed one at a time until the best-fit model is identified. The
best-fit models were selected based on the lowest the Akaike Information Criterion (AIC; Akaike
1974), which estimated relative model quality based on variance explained in the response
variable and the amount of model terms.
To model the likelihood of a mortality event occurring, mortality events were coded as 1
and all other demographic events that occurred were coded as 0 (1= mortality, 0= fission, fusion,
shrinking, and growth). This binary approach was then repeated to model the likelihood of
fission and fusion. When modeling for the occurrence of growth or shrinking, growth events
were coded as 1 and shrinking events were coded as 0 (1=growth, 0= shrinking). As coral
patches in the genus Porites represented 83% of the total number of all coral patches analyzed,
this genus was designated the reference category (or intercept term) for the binomial regression
models. The coefficients for all other genera (Acropora, Fungia scutaria, Leptastrea purpurea,
Montipora, Pocillopora) represented deviations from the estimated effect of the Porites genus
(Table 5; Figure 5). It is important to note that this was not a controlled experiment and all
binomial statistical analyses conducted were exploratory, using model selection to understand
which variables influence the likelihood of a demographic event occurring.
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9. Analysis of Coral Recruitment Rate
A multiple linear regression model was generated using the ‘lm’ function of ‘lme4’ package
(v1.1-26; Bates et al. 2015) to estimate the relationship between coral recruitment rate and
surface complexity of each circrat, coral cover in each circrat, and depth at each site (Table 6). A
backward stepwise linear regression was used to select statistically significant predictors of coral
recruitment rate and derive the best-fit model based on AIC values.
RESULTS
1. Annotation Data
Annotators identified and digitized 2409 coral patches within the circrats superimposed on
the orthomosaics from each site, including 1178 patches at French Frigate Shoals, 1000 patches
at Lisianski, and 231 patches at Pearl and Hermes (Table 1). The percent occurrence of each
demographic event was 8% (±1.7%) fission, 7% (±1.0%) fusion, 31% (±1.9%) growth, 15%
(±1.4%) mortality, 24% (±7.0%) recruitment, and 15% (±1.5%) mortality (Figure 6). Pearl and
Hermes study sites contained the greatest proportion of coral patches that underwent mortality
(43%) and recruitment (37%), while French Frigate Shoal study sites contained the greatest
proportion of coral patches that exhibited growth (34%) (Figure 7). Based on CoralNet
annotations, coral cover at the study sites was 32.4% (±14.8%) for French Frigate Shoals, 4.15%
(± 11.8%) for Lisianski, and 0.6% (± 0.7%) for Pearl and Hermes (Table 8; Figure 8).
2. Coral Cover Between Timepoints 1 and 2
The Kruskal Wallis statistical analyses revealed that median values of percent coral cover
were statistically different between islands (df=2, chi-squared= 8.512, p-value= 0.01; Table 8;
Figure 8).

Following this statistically significant Kruskal Wallis test, the Dunn’s test of

multiple comparison revealed that median percent coral cover in French Frigate Shoals was
significantly different from Pearl and Hermes (p-value= 0.02), median percent coral cover
between Lisianski and French Frigate Shoals was not significantly different (p-value= 0.13), and
median percent coral cover between Lisianski and Pearl and Hermes was not significantly
different (p-value= 0.84). There were no statistically significant differences in percent coral
cover between timepoint 1 and timepoint 2 (df=1, chi-squared=0.3, p-value=0.55; Table 8;
Figure 8).
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3. Coral Demographic Events
3.1 Mortality
The backwards stepwise binomial regression revealed that the log of coral patch size and
surface complexity produced the best-fitting model for predicting the probability of coral patch
mortality (Table 9). The log odds of a mortality event occurring was negatively associated with
the surface complexity of the reef (b=-0.60, z= -0.13; Table 10, Figure 9A). Coral patches
situated in reefs with the lowest complexity value of 1 have a 30% probability of mortality. The
probability of coral patch mortality drops to approximately 16% if the surface complexity value
doubles to two. The log of coral patch size (m2) was negatively associated with the log odds of a
mortality event occurring (b= 0.76, z= -14.55; Table 10; Figure 9B). Specifically, coral patches
that are less than log-10 m2, or 0.45 cm2, have a greater than 75% chance of mortality, meanwhile
patches that are greater than approximately log-7 m2, or 9 cm2, have a less than 25% chance of
mortality.
3.2 Growth or Shrinking
Genus, log transformed coral patch size, and surface complexity were the strongest
predictors of coral patch growth versus shrinking (Table 9). Logistic regressions exhibited
negative slopes for the effect of surface complexity (b=0.25, z=-2.17; Figure 9 C) and coral
patch size (m2) (b= -0.19, z=-4.50; Figure 9D) on the log odds of coral patch growth (Table 10).
Specifically, a reef with a surface complexity value of 1 or less has a greater than 75%
probability of coral growth, whereas a reef with a surface complexity value of 3 or more has a
less than 60% probability of growth. Additionally, a coral patch less than 0.64 cm2 has a less
than 75% probability of growth, meanwhile a patch greater than 820 cm2 has a less than 60%
probability of growth. Coral patches of the genus Porites were negatively associated with the log
odds of coral patch growth and positively associated with the log odds of coral patch shrinking
(b= -0.09, z=-0.25; Table 10).
3.3 Fission and Fusion
Surface complexity, the log of starting coral patch size, and genus were the strongest
predictors of fission events among all coral patches (Table 9). The log odds of a fission event
were positively associated with the log of starting coral patch size (b=0.63, z=12.41; Figure 11A)
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and negatively associated with surface complexity values (b=-0.56, z=-3.55; Table 10; Figure
11B). Coral patches of the genus Porites were positively associated with the log odds of a fission
event occurring (Table 10).
Percent coral cover, log of starting patch size, and genus were important variables in
predicting the likelihood of two or more coral patches fusing together (Table 10). The log odds
of a fusion event were positively associated with the log of starting patch size (b= 0.08, z= 1.72;
Figure 11C) and percent coral cover (b= 0.89, z= 1.95; Figure 11D).
3.4 Coral Recruitment
Surface complexity was the strongest predictor of coral recruitment rate based on AIC
values (Table 11). A linear regression model fitting surface complexity measures and recruitment
rate (number of coral recruits/0.8 m2 circrat) revealed a statistically significant relationship (R2 =
0.084, F(1, 129)= 12.79, p <0.01; Table 12; Figure 10). Although statistically significant, this
model explains a very low portion of variation in coral recruitment, indicating that there are other
contributing variables that influence recruitment.
DISCUSSION
This study used structure-from-motion photogrammetric techniques with geospatial
analyses to examine changes in coral patches and determine how coral site and patch
characteristics influence the occurrence of coral demographic events (growth, shrinking, fission,
fusion, mortality) on coral reefs in the PMNM. A total of 2,409 coral patches were analyzed
among fifteen sites at French Frigate Shoals, Lisianski, and Pearl and Hermes. The patches were
tracked across two time-points ranging from 2016 to 2019. The results revealed patch and site
characteristics associated with positive (e.g., growth, recruitment) and negative (e.g., mortality
and shrinking) events that have the potential to affect coral community composition, 3D habitat
structure, and overall ecosystem function. Coral patch size, reef complexity, and genus were
found to affect the likelihood of coral demographic events. Specifically, the starting coral patch
size was negatively associated with the likelihood of mortality and patch growth; reef complexity
was negatively associated with the likelihood of mortality and fission, and reef complexity was
positively associated with recruitment rate. Porites was shown to be the genus that experienced
the most demographic events out of all genera, and this genus was a significant categorical factor
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in statistical modeling of the likelihood of occurrence of demographic events. The other observed
genera were compared against Porites in each model to determine if they statistically influenced
the likelihood of the occurrence of the demographic events. Identifying reef (e.g., habitat
complexity, coral cover) and patch (e.g., size, genus) characteristics that influence demographic
outcomes provide useful insight into patch and reef characteristics that support positive (e.g.,
growth, recruitment) and negative (e.g., shrinking, mortality) demographic events.
Understanding drivers of coral patch demography can help scientists to characterize benthic
community composition and reef structure to determine if a coral reef is likely to be vulnerable
or resilient to environmental stressors.
1. Coral Patch Size and Coral Demographic Events
Coral patch size was found to be linked to the probability of mortality, growth, shrinking,
fission and fusion. Logistic regression analysis revealed that smaller coral patches were
associated with a greater likelihood of mortality, meanwhile larger coral patches were associated
with a higher likelihood of shrinking and a lower likelihood of growth. These results are
consistent with previous research that found smaller coral patches to grow quickly yet be more
susceptible to stressors, while larger patches have been shown to be more resistant to mortality
but more susceptible to shrinking (Hughes 1984; Bak and Meesters 1998; Millan et al. 2019).
Corals of larger size classes have also been shown to exhibit reduced growth (Pratchet et al.
2015; Millan et al. 2019), with larger coral colonies experiencing smaller areas grown per unit
perimeter than smaller coral colonies (Pratchett et al. 2015). Collectively, these findings indicate
as coral patches become larger their growth rates slow and they are more affected by fission, but
they also become more resilient to mortality.
The association between coral patch size and coral growth, shrinking, and mortality may be
attributed to the interconnected nature of hermatypic corals and competition for available benthic
space. Larger coral patches may shrink, and smaller coral patches may undergo mortality
because larger coral patches with more polyps have a greater capacity for energy redistribution
towards regrowth, recovery, and maintenance of tissue that has been damaged due to stressors
such as predation or disease (Bak and Meesters 1998). Conversely, smaller coral patches are
more susceptible to full mortality following stress events as there are less polyps and energy
available for healing and regrowth (Bak and Meesters 1998). Simply put, larger corals have
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greater surface area and thus are more likely to succumb to partial mortality and subsequent
shrinking instead of full mortality in the face of harmful stressors.
Competition for space may influence the low likelihood of growth and high likelihood of
shrinking for a larger sized coral patch. Space on benthic substrate is a limiting resource that
affects competition, predation, and stress among coral colonies (Jackson and Buss 1975). A site
with larger coral patches and higher coral cover likely has limited available benthic space to
facilitate continuous growth. Competition for resources and benthic space may lead to stress,
partial mortality, and subsequent shrinkage events (Jackson and Buss 1975). Competition and
resource limitation may be primary factors resulting in the tendency of larger corals to be less
likely to grow and more likely to succumb to shrinking.
Coral patch size was also found to be positively associated with the likelihood of fission
and fusion events. This can be attributed to larger patches having more surface area available for
fission or fusion to occur. Fission events are characteristic of Porites corals that exhibit
mounding morphologies in Hawai‘i, and this was the dominant genus observed in this study.
Burrowing petroglyph shrimp and competition with surrounding algae are common causes of
fission events among Porites. The tendency of large mounding Porites to undergo fission may
explain the positive relationship that was found between patch size and the likelihood of fission
events. In some circumstances, coral patches exposed to disturbances or stressors such as
sedimentation, disease, bleaching, or predation have been shown to respond by fragmentation or
fusion (Forsman et al. 2015). Millan et. al (2019) suggest that coral patches that undergo fission
in response to stressors have a higher probability of survival. Corals of larger class sizes may
have higher capacity for undergoing fission or fusion events in response to stressors such as
burrowing shrimp, disease, sedimentation, and algae competition. The larger patch size also
supports resilience as the patch has enough tissue to withstand any losses due to fission while
maintaining physiological function.
These results indicate that coral patch size is a critical indicator of patch resiliency that
should be incorporated into widespread monitoring and research efforts. Reefs composed of
smaller sized coral patches are likely more vulnerable to stressors, while coral reefs composed of
larger sized patches are likely more resilient. Identifying size frequencies and differences in coral
characteristics that are negatively or positively associated with coral resilience will aid
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management groups in assessing vulnerability of coral reefs, which can inform adaptive
management plans and location selection for restoration efforts.
2. Reef Complexity and Coral Demographic Events
The results of this study indicate that coral demographic events are influenced by the 3D
structural complexity of the benthic substrate. A structurally complex reef provides habitat for a
diversity and abundance of fish which promotes healthy reef ecosystems with higher recruitment
rates and lower mortality rates (NEEDS CITATION). In this study, reef complexity was found to
be negatively associated with the probability of mortality and fission events, and positively
correlated to recruitment rate. This further illustrates the importance of habitat complexity for
promoting ecosystem function and resilience. If complexity is associated with recruitment then it
may serve as a valuable proxy for monitoring the health and resilience of coral reef ecosystems.
The results of the binomial regression modeling indicates that reefs with greater
complexity are also likely to have lower mortality and fragmentation rates. Reef structural
complexity has been positively associated with overall reef health, and directly supports high
levels of fish diversity and abundance (Darlene et al. 2017). Healthy reefs with high fish
biodiversity support a greater abundance of herbivores, such as parrotfish or surgeonfish, that
graze on algae that compete with coral for resources and space. In addition to greater
biodiversity, highly complex reefs have been shown to increase resilience to disturbances
associated with high wave action and storms (Carlot et al. 2020). A complex reef that can
withstand disturbances and host high levels of biodiversity may have a greater capacity for
withstanding stressors associated with climate change. The negative association between reef
complexity and mortality and fission events can thus be attributed to the complex reefs
supporting biodiversity and overall reef resilience by supporting higher survivorship, lower
fragmentation rates, and lower mortality rates among coral patches. Coral reef composition,
specifically high coral cover and diversity, are essential in sustaining high reef complexity,
which in turn promotes coral survival and resiliency.
There was a positive relationship between surface complexity values and recruitment
rate, with more complex reefs supporting greater rates of coral recruitment. This may be
explained by complex reefs supporting a high abundance of grazers and preventing macroalgae
overgrowth, which sustains substrate space for potential recruitment and colonization. Coral
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recruitment has been shown to be inhibited by direct contact with macroalgae (Mumby et al.
2007). Thus, a more complex reef with high coral cover, minimal macroalgae, and high grazing
activity is more likely to support coral recruitment. Coral recruitment is critical for maintaining
coral reef health and function, and reef complexity was found to support coral recruitment. As
climate change and global warming becomes more severe, it is evident that conservation of
complex reefs that maintain higher recruitment rates and lower mortality and fragmentation rates
is key. Reef complexity can serve as an important biomarker for overall reef resiliency, allowing
managers to better assess the capacity of a reef to support recruitment and survivorship solely
based on reef complexity values.
High surface complexity values were found to be negatively associated with the probability
of coral patch growth (Figure 10B). This may be due to the variability in growth rates for
different genera that make up the topography of the reef. In this study, the dominant genus,
Porites was shown to be a significant driver of reef complexity and was linked to low
probabilities of growth. As Porites is associated with both high coral cover and high surface
complexity, it is possible that sites with a high abundance of this genus have less available space
for growth and more competition for resources. This would explain the low probabilities of coral
patch growth for areas of high surface complexity. Conversely, plating Acropora and encrusting
Montipora exhibited low reef complexity, yet the highest likelihood of growth, which could
explain the high probability of growth for low complexity reefs. These findings suggest that
reefs composed of genera associated with lower complexity values (e.g., plating Acropora) may
exhibit more overall growth than reefs composed of genera associated with high complexity
values (e.g., branching and mounding Porites). A lower likelihood of growth among coral
patches that comprise a reef is not necessarily indicative of an unhealthy reef and could simply
indicate a stable period in successional dominance of the benthic substrate. Understanding
variability in growth of different genera such as Acropora and Porites, and how this relates to
complexity values is important when assessing how and why reefs change through time in
response to environmental stressors.
3. Coral Genus and Demographic Events
The genus of a coral patch was associated with the likelihood of a patch undergoing
fission, growth, and shrinking (Table 7). As different genera have varying genetic compositions,
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and morphological and physical traits, corals can exhibit a wide array of responses to the
surrounding environment in terms of growth and shrinking rates (Meesters et al. 1996; Drury et
al. 2017;). Specifically, coral morphology and growth forms have been shown to largely
influence mortality rates and coral resilience to environmental stressors (Hughes and Jackson
1985; Madin and Connolly 2006; Madin et al. 2014) In the present study, the most dominant
genera are Porites (branching, mounding, or encrusting), Acropora (tabulate or plating), and
Montipora (encrusting). The species Porites lobata (mounding), Porites lichen (encrusting), and
Porites duerdeni (branching) are the three dominant species within the genus Porites. Porites
was found to be positively associated with coral fission events, while Acropora was shown to be
negatively associated with coral fission events. Smaller mounding, encrusting, and branching
Porites patches may be more susceptible to fragmentation events, unlike Acropora which have
large tabulate morphology. There was also a negative association between Porites and coral
patch growth and a positive association between Acropora and coral patch growth. This may be
due to the nature of tabulate corals to grow quickly and have early reproduction (Hughes and
Connel 1987), unlike massive corals that are slower growing and have been known to easily
undergo partial mortality and subsequent shrinking (Babcock 1991). Large, slow growing,
mounding, and encrusting Porites show greater resilience to mortality but more vulnerability to
fission, fragmentation and partial mortality events. Conversely, fast growing, tabulate Acropora
show less susceptibility to fission events, yet less resistance to mortality in the face of
disturbances and stressors (Madin and Connolly 2006; Madin et al. 2014; Pascoe et al. 2021).
Tabulate species have been shown to be susceptible to dislodgement, breakage, and full mortality
under disturbances and stress, versus massive species that are more subject to partial mortality
but less susceptible to full mortality events (Hughes and Jackson 1985; Madin and Connolly
2006). Previous studies discuss large scale mortality events that have predominantly affected
tabulate Acropora (Woodley et al. 1981; Pascoe et al. 2021). As the effects of climate change
becomes more severe, coral reefs in the Hawaiian Islands will be subject to more intense
environmental stressors and more frequent disturbance events. In Hawaiʻi, a more complex reefs
composed of large, massive, slow growing Porites will likely be more resilient than a less
complex reef composed of tabulate, fast growing Acropora. Understanding the dynamics of
different morphologies and genera in the Hawaiian Islands is essential to predict how Hawaiian
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coral reefs will shift in response to increasing environmental pressures and more frequent
disturbance events in the future.
CONCLUSION
This study highlights the value of tracking coral demographic events through time and
identifying drivers of demographic change in coral communities in PMNM. The remoteness of
reef sites in PMNM provides an ideal setting for studying changes in coral demography at
locations which are not directly affected by human disturbances. The methods used in this study
enable high-resolution measurements of temporal changes occurring in individual coral patches
and can be easily implemented into existing monitoring programs. Advancements in underwater
imaging and increased image processing speeds now simplify the integration of 3D
reconstruction techniques to examine coral reefs at a small (individual patch) and large
(community level) scale. The present study demonstrated the utility of these high-resolution
methods for monitoring and understanding trends in coral reef ecosystems.
The detailed analysis of demographic events presented in this study reveal the dynamics of
growth, recruitment, and survivability of individual coral patches that compose reef ecosystems.
The results give new insight on individual and site characteristics that can serve as biomarkers
for reef health. This approach identified drivers of positive (e.g., growth, recruitment) and
negative (morality, shrinking) reef trajectories on sites that did not exhibit significant change in
overall coral cover between the time points of this study. The size and genera of the coral
patches, and the overall complexity of the reef were significant indicators of reef resilience.
These features can be analyzed through time on other reef systems to quantify aspects of
resilience prior to detrimental disturbance events. Reefs with greater complexity that are
composed of larger coral patches are inherently more resilient and less susceptible to mortality
events. These findings are essential in informing stakeholders about how to manage and
prioritize protection of reefs in the Hawaiian Islands.
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TABLES
Table 1. List of islands and number of patches that were analyzed at each island.
Island
French Frigate Shoals
Lisianski
Pearl and Hermes

Number of Patches
1178
1000
231

Table 2. Summary data of sites and islands in which data was analyzed, number of coral patches
that underwent demographic transition events at these sites, and the two timepoints that were used
for analyses.
Site
FFS_21
FFS_30
FFS_32_T2
FFS_33_T1
FFS_33_T2
FFS_RaptureReef
LIS_10_T1
LIS_10_T2
LIS_12_T2
LIS_4067_T1
LIS_4067_T2
LIS_COURT
PHR_33_T2
PHR_42_T2
PHR_R39_T1

Island
French Frigate Shoals
French Frigate Shoals
French Frigate Shoals
French Frigate Shoals
French Frigate Shoals
French Frigate Shoals
Lisianski
Lisianski
Lisianski
Lisianski
Lisianski
Lisianski
Pearl and Hermes
Pearl and Hermes
Pearl and Hermes

Number of Patches
227
54
252
193
421
31
612
245
14
7
3
119
9
190
32

Year
2016-2017
2016-2017
2016-2017
2016-2017
2016-2017
2016-2017
2016-2017
2016-2017
2016-2019
2016-2017
2016-2017
2016-2017
2017-2019
2017-2019
2016-2019

Table 3. List and description of demographic transition events.
Transition Event
Growth
Shrink
Fission
Fusion
Mortality
Recruitment

Description
Positive change in coral patch area from timepoint 1 to timepoint 2
Negative change in coral patch area from timepoint 1 to timepoint 2
Coral patch in timepoint one splits off into two or more patches in timepoint 2
Two or more coral patches in timepoint 1 fuse into one patch in timepoint 2
Coral patch in timepoint one is no longer present in timepoint 2
A coral patch in timepoint 2 is not present in timepoint 1
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Table 4. Predictor variables used in binomial logistic regression modeling for likelihood of
occurrence of demographic event.
Predictor Variables

Units

Description

Surface Complexity

-

Ratio of the 3D surface of the reef to the 2D planar area
derived for each site circrat from the site DEM maps

Log Transformed Starting Patch Size

m2

Individual coral patch area at time-point 1

Coral Cover

%

Proportion coral cover for each circrat derived from
CoralNet software

Genus

-

Coral genera/species Acropora (ACSP), Porites (POSP),
POCS (Pocillopora), Fungia scutaria (FSCU), Leptastrea
pupurea (LPUR)

Table 5. List of coral genera and corresponding codes used in this study.
Coral Genus
ACSP
POSP
MOSP
POCS
FSCU
LPUR

Code
Acropora spp.
Porites spp.
Montipora spp.
Pocillopora spp.

Fungia scutaria
Leptastrea pupurea
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Table 6. Predictor variables used in multiple linear regression modeling for coral recruitment rate.

Predictor Variables

Units

Description

Surface Complexity

-

Ratio of the 3D surface of the reef to the 2D planar
area derived for each site circrat from the site DEM
maps

Coral Cover

%

Proportion coral cover for each circrat derived from
CoralNet software

Depth

ft

Depth at each site

Table 7. Percent coral cover derived from CoralNet annotations for each site orthomosaic.
Site
FFS_21_T1
FFS_30_T1
FFS_32_T2
FFS_33_T1
FFS_33_T2
FFS_Rapture_T1
LIS_12_T2
LIS_4067_A
LIS_4067_B_T1
LIS_COURT_B
LIS_L10_T1
LIS_L10_T2
PHR_33_T2
PHR_39_T1
PHR_42_T2

Percent Coral Cover
2016
2017
37.1
25.7
49.1
57.2
27.6
44
26.1
27.4
21.1
32.8
59.1
70.4
2.8
3.5
0
1.8
1.5
0.1
5.5
12.8
15.7
29.2
30.5
34.5
0
0
0.6
0.9
1.4
3.5
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Table 8. Results of Kruskal Wallis analysis of median percent coral cover between years and
between islands.

Factor Variable
Islands (FFS, LIS, PHR)

Percent Coral Cover
df Chi-Square
p-value
2 8.512
0.01

Years (2016-2017)

1

Islands
FFS-LIS
FFS-PHR
LIS-PHR

0.30

0.58

Percent Coral Cover
Z
Adjusted P-Value
1.94
0.16
2.76
0.02
1.07
0.85

Table 9. Best-fit binomial models and corresponding delta AIC value. Delta AIC values greater
than 2 were not included in this table.
Transition Event
Growth/Shrink
Mortality
Fission
Fusion

Predictor Variables
Log patch size + Genus+ Surface Complexity
Log patch size + Genus + Surface Complexity + Coral Cover
Log Starting Patch Size + Surface Complexity
Log Starting Patch Size + Surface Complexity + Coral Cover
Log Starting Patch Size + Genus + Surface Complexity
Log Starting Patch Size + Genus + Surface Complexity + Coral
Cover
Log Starting Patch Size + Genus + Coral Cover
Log Starting Patch Size + Genus + Coral Cover + Surface
Complexity

Delta AIC
0.00
1.54
0.00
1.33
0.00
0.30
0.00
0.96
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Table 10. Results from the best-fit models for predicting coral demographic events using binomial logistic regression models. Slope values
are listed for each predictor variable and demographic event.

Transition
Event

Predictor Variable
Log Starting
Patch Size
-0.19
(± 0.04) *

Surface
Complexity
-0.25
(± 0.11) *

Shrink

0.19
(± 0.04)*

0.25
(± 0.11) *

-

0.08
(±0.80)*

Mortality

-0.76
(±- 0.05) *

-0.60
(±0.13) *

-

-

Fission

0.63
(± 0.05) *

-0.56
(± 0.16)

-

Fusion

0.08
(±-0.05)

-

0.89
(+/- 0.46) *

Growth

Coral Cover
-

Porites
Intercept
-0.08
(±0.80)

Acropora

Fungia
scutaria

Leptastrea
purpurea

Montipora

Pocillopora

-1.19
(±0.19)

1.27
(±0.32)

1.79
(±1.06)

0.76
(±0.22)*

0.48
(±1.24)

1.19
(±0.19)

-1.27
(±0.32)

-1.79
(±1.06)

-0.76
(±0.22)*

-0.48
(±1.24)

-1.98
(±0.20)*

-3.13
(± 0.48)*

-12.99
( ± 455.04)*

-12.52
(± 836.30)

-0.74
(± 0.30)*

0.31
(± 1.26)

-1.95
(±0.38)*

-0.81
(± 0.42)

-13.35
(± 460.13)

-13.33
(± 838.50)

-0.82
(± 0.35)*

-13.40
( ± 723.96)
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Table 11. Best-fit multiple linear regression models with corresponding delta AIC values. Delta AIC
values greater than 2 were not included in this table.
Demographic Event

Recruitment

Predictor Variables

Delta AIC

Surface Complexity

0.00

Surface Complexity + Substrate Cover

1.46

Surface Complexity + Substrate Cover + Depth

1.23

Surface Complexity + Substrate Cover + Depth + Coral Cover

1.73

Table 12. Results from the best-fit models for predicting coral recruitment rate from reef
complexity values using a linear regression model.

Transition Event

Adjusted R2

Coefficient

P-value

Recruitment

R2=0.095

7.17 (± 1.96)

<0.01
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FIGURES

Figure 1. Map of the Papahānaumokuākea Marine National Monument. The national monument
consists of 10 islands, atolls, reefs, and banks. This project analyzed data from French Frigate
Shoals, Pearl and Hermes, and Lisianski Island.
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Figure 2. A) SfM methodology involves taking overlapping images of the substrate from a 2D
camera to produce a high-resolution 3D model of the habitat. B) Example of an orthomosaic,
created by stitching together photos.
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Figure 3. From the 3D models for each study site, a geometrically rendered orthomosaic and DEM
is rendered using Agisoft PhotoScan software with methods outlined in Burns et al. 2015. A)
Example of an orthomosaic from French Frigate Shoals. B) Example of a DEM of same site (French
Frigate shoals). The elevation of the DEM is color coded with white representing more elevated
areas, and black representing deeper areas. The orthomosaics were used in this study to extract
coral demographic information and benthic composition at each site. DEMs were used to extract
VRM and surface complexity values at each site.

30

Figure 4. A) Alignment of French Frigate Shoals Rapture Reef orthomosaics, with the 2016
timepoint 1 orthomosaic overlying the 2017 timepoint 2 orthomosaic. Black polygon represents the
area in which 2016 and 2017 FFS Rapture Reef orthomosaics overlap. Yellow circles represent 0.8
m diameter circrats that were randomly distributed among the black polygon area for
subsampling. B) Top right image shows 20 circrats randomly distributed within an orthomosaic.
Bottom right image shows an example of a circrat with all coral patch delineated in red. Coral
patch area, genus, circrat number, and patch ID for coral patches in timepoint 1 and timepoint 2
were saved and used for analysis.

.
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Figure 5. Proportion of patches that are of the genus Acropora, Fungia scutaria, Leptastrea,
Montipora, Pocillopora, Porites in FFS, LIS, and PHR. Porites (POSP) is the dominant genus in the
three islands, thus it was used as the reference category for binomial logistic regression modeling.
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Figure 6. Proportion of total coral patches (2,409) that underwent demographic events fission,
fusion, growth, mortality, recruitment, and shrinking.
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Figure 7. Proportion of coral patches that underwent fission, fusion, growth, mortality,
recruitment, and shrinking at French Frigate Shoals, Lisianski, and Pearl and Hermes.
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Figure 8. Total percent coral cover for each site for years 2016 and 2017.

Figure 9. Total percent coral cover for each island for years 2016 and 2017.
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D

Figure 10. The log odds that a coral patch undergoes mortality was A) negatively associated with
the surrounding reef complexity (b=-0.60, z=0.13) and B) negatively associated with the log of the
starting patch size (m2) (b=0.76, z=-14.55). The log odds that a coral patch grows was C) negatively
associated with surrounding reef complexity (b=0.25, z=-2.17) and D) negatively associated with log
of starting patch size (m2) (b=-0.19, z=-4.50).
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)

Figure 11. Recruitment rate (number of coral recruits per circrat area of 0.503 m2) and reef
complexity values. Red, green, and blue points represent coral patches in French Frigate Shoals,
Lisianski, and Pearl and Hermes islands, respectively. Recruitment rate was statistically associated
with surface complexity (R2= 0.083, p<0.01). A regression line (black) is fit to the data.
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D

Figure 12. The log odds that a coral patch undergoes fission was A) positively associated with the
log of starting patch size (m2) b=0.63, z=-12.41) and B) negatively associated with the surrounding
reef complexity (b=-0.56, z=--3.55). The log odds that a coral patch undergoes a fusion event was C)
positively associated with surrounding reef complexity (b=0.08, z=1.72) and D) positively associated
with log of starting patch size (m2) (b=-0.89, z=-1.95).
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