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ABSTRACT

Coral reefs are one of the most diverse and productive ecosystems on earth. While coral
abundance is decreasing on a global scale, some monitoring sites show increasing coral cover on
a regional scale. Spatially and temporally variable patterns in coral abundance are dependent on
local topography as well as the type, scale, and frequency of disturbance.
The objectives of this dissertation were to 1) identify colony scale rates and causes of
mortality, 2) investigate the relative importance of top-down and bottom-up effects on the
distribution of coral cover at Kahekili Beach Park (KBP), a site at risk for a phase shift from
coral to macroalgal dominated community, and 3) to describe spatial variability in demographic
rates of Montipora capitata at sites with varying trajectories of coral cover. Observations of
individual colonies at six sites around Maui showed a baseline level of chronic partial mortality
associated with inter-specific competition and predation that affected a small proportion of
colony surface area. Baseline mortality was punctuated by losses of larger proportions of colony
surface area, through partial mortality associated acute disturbances, such as thermal bleaching
and mechanical damage to colonies. To investigate the relationship between coral cover and topdown (herbivore abundance) vs. bottom-up (submarine ground water discharge) drivers, a
spatially explicit Geographically Weighted Regression (GWR) was compared to a non-spatial
Ordinary Least Squares (OLS) model. Both models showed that the all main effects and 2-way
interactions between top-down and bottom-up drivers were related to the distribution of coral
cover. The GWR improved the fit of the model and allowed for visualization of spatial patterns
in relationships between the different variables, which will aide researchers and managers in
developing and testing hypotheses to improve our understanding of these systems. An Integral
Projection Model approach, used to model the complex demographics of M. capitata, showed
site specific sensitivity to rates of sexual vs. clonal recruitment and regrowth of damaged
colonies. Findings concerning the population biology of M. capitata around Maui can be used to
understand processes driving variability in reef structure and facilitate development of effective
management practices.
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CHAPTER 1. INTRODUCTION
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Scleractinian corals are foundation species that provide the structural framework for one
of the most diverse and productive ecosystems on earth (Connell et al. 1997). Coral reefs also
provide important ecological services to humans including: food and livelihood through
extractive (e.g. fishing) and non-extractive (e.g. ecotourism) activities, provide coastal
protection, cultural resources, recreation and aesthetics (Moberg and Folke 1999; Cesar and van
Beukering 2004).
While the structures that provide these important services have developed over millions
of years (Hughes et al. 2003), studies conducted over the past few decades suggest that coral
reefs have declined substantially on a global scale over the course of centuries (Jackson et al.
2001; Hughes et al. 2003; Pandolfi et al. 2003; Pandolfi et al. 2005). Hypothesized causes of this
decline occur at global, regional, and local scales (Jackson 1991; Nystrom and Folke 2001). At
the global scale increased temperature, ocean acidification, and rising sea levels associated with
climate change can lead to coral bleaching, decreased growth rates, increased levels of disease
and mortality. At the regional scale storms can cause structural damage to reefs and ENSO
events can lead to bleaching associated with thermal anomalies. At the local scale overharvesting of reef resources, land-based pollution, introduction of invasive species, and increased
levels of disease can all reduce the resilience of reefs making them susceptible to declines in
coral abundance (Richmond 1993; Nystrom and Folke 2001; Friedlander et al. 2005; Pandolfi et
al. 2003).
Individual studies and meta-analyses suggest that coral abundance and diversity are
declining on a global scale (Somerfield et al. 2008). However, patterns in coral abundance and
community composition vary at multiple spatial and temporal scales (Edmunds 2002). While
coral abundance is decreasing at a global scale, some long-term monitoring sites show increasing
coral cover at the regional or local scales (Edmunds 2002; Rodgers et al. 2015). Spatially
variable patterns in coral abundance are dependent on local topography (Connell et al. 1997) as
well as the type and scale of disturbance (Connell et al. 1997, Porter and Meier 1992, Hughes
and Connell 1999). For instance, increased sea surface temperatures, acidity, and sea level rise
associated with climate change act on a global scale so one might expect for changes in coral
abundance associated with these disturbances to vary at a global scale. However, sedimentation
events occur at the local or regional scale would be expected to result in patterns of coral
mortality at the local or regional scale. Identifying the spatial scales at which patterns of coral
2

abundance vary can help to infer possible causes of decline and conditions promoting recovery.
This information can aid in the design of management actions appropriate for the conservation of
coral populations.
Temporal patterns in coral abundance are related to the intensity and duration of
disturbance (Connell 1997). Disturbances may result in whole or partial mortality of coral
colonies, populations or communities. Disturbances in which only a portion of the population is
affected will recover more quickly than cases where a disturbance resulted in a complete loss of
corals (Connell 1997). Disturbances can also be described as chronic or acute. Chronic
disturbances occur more frequently and are of longer duration than acute disturbances. For
instance a disease outbreak that lasts for a month would be considered acute while continuous
introduction of nutrients or sediment over the course of years would be considered chronic
(Connell 1997).
Long-term trends in coral coverage have been documented on a decadal scale via
monitoring programs in Florida and the Caribbean (Porter and Meier 1992; Wheaton et al. 1999;
Woodley and Linton 1999; Edmunds and Elahi 2007; Sommerfield et al. 2008), the AtlanticGulf (Ginsburg et al. 2001), the Great Barrier Reef, Australia (Connell et al. 1997; Sweatman
1997), and Hawai‘i (Brown et al. 2004; Jokiel et al. 2004; Coles and Brown 2007; Rodgers et al.
2015). Long-term monitoring data are often collected on an annual basis, which is appropriate
for measurement of the relatively slow growth rates (~1-10 cm per year) of scleractinian corals
(Buddemeier and Kinzie 1976), but annual surveys lack the temporal resolution to adequately
describe rates of coral mortality which can occur at much faster rates than growth (Bythell et al.
1993; Miller et al. 2009). Over the course of a year, multiple causes of mortality could have
come and gone without being observed. Observations of individual colonies at a finer temporal
scale allow quantification of causes, and rates of mortality to determine whether mortality is due
to acute, episodic events or gradual decline due to chronic, detrimental environmental conditions
(Harriott 1985; Hughes 1990; Bythell et al. 1993; Ginsburg et al. 2001; Nugues and Roberts
2003; Cooper et al. 2009). Bythell et al. (1993), for example, identified potential causes of
decline and physiological responses at the cellular level in situ by conducting visual assessments
at monthly intervals.
Corals may be monitored at the level of the individual, population, community,
ecosystem, or landscape (Porter and Meier 1992). Most long-term monitoring programs include
3

measurements of coral cover taken in situ by visual or photographic methodology along
permanent transects at the site (meters) and regional (kilometers) scale. Many long-term
monitoring programs also include permanent quadrats in which temporal observations of colony
scale dynamics may be observed, generally through analysis of digital imagery (Hughes 1984;
Connell et al. 1997; Edmunds and Elahi 2007). Percent benthic cover is one of the most
common metrics of coral abundance. One reason that cover has become the standard is because
the clonal, modular nature of corals leads to complex demography which makes it difficult and
time consuming to determine abundance at the level of the individual colony (Bak and Meesters
1998). Another reason that coral cover is appealing is that it is more easily interpreted by nonscientist stakeholders, policy makers etc. Aspects of the complex demography of scleractinian
corals include: both sexual and asexual reproduction, indeterminate growth, partial mortality, and
ramet production through partial mortality and breakage. The ability of corals to reproduce both
sexually and asexually through cloned Planula and ramet production through partial mortality
makes the identification of genetically distinct individuals (genets) challenging. An autonomous
piece of live coral may not be genetically distinct from the colonies around it. This makes the
interpretation of data in an evolutionary context challenging. The fact that many corals
reproduce through broadcast spawning makes means that gametes can travel for long distances
before recruiting to the substrate. This means that the offspring or recruits in a population are
not necessarily linked to the community of adult colonies in the population. The indeterminate
growth of corals along with their capacity for partial mortality means that size and age of corals
can be decoupled. Just because a coral colony is larger than other colonies does not necessarily
mean that it is older than other colonies (Hughes 1984).
While the dynamic processes associated with the complex demography of corals are
difficult to measure and model, they are necessary to understand the causes of long-term changes
in coral coverage. Evaluating reefs based solely on coral coverage obscures these dynamic
processes that are the drivers of long-term changes in coral cover (Hughes 1980; Hughes 1984;
Hughes and Tanner 2000; Meesters et al. 2001). Vital rates (i.e. growth, recruitment, mortality)
and size structure of coral populations are important factors in our understanding of how coral
populations evolve over time and how a reef may respond to disturbances such as disease (Couch
2014), sedimentation related mortality (Jokiel et al. 2014), resilience of corals to climate change
(Madin et al. 2012; Edmunds et al. 2014), and coral-algal competition (Box and Mumby 2007).
4

Communities with similar coral cover can have different size frequency distributions
which can be indicative of historical and ongoing processes structuring a reef community
(Meesters et al. 2001). Losses in coral coverage can be driven by variation in vital rates. These
rates respond differently to the processes structuring communities. For instance, recruitment
may be more sensitive to a sedimentation event than growth of a larger colony and mortality
rates may be more sensitive to an acute storm event than growth or recruitment. An increased
understanding of the demographic processes driving changes in coral abundance and reef
resilience is vital to the development of effective management practices.
In Hawai‘i , trends in coral cover have been documented through ongoing long-term
monitoring, administered by the Department of Land and Natural Resources Division of Aquatic
Resources (DLNR DAR) in collaboration with the Hawai‘i Coral Reef Assessment and
Monitoring Program (CRAMP). DAR/CRAMP collects annual data on percent benthic cover
and community dynamics of scleractinian corals at 30 sites in the Main Hawaiian Islands (Brown
et al. 2004; Jokiel et al. 2004, Rodgers et al. 2015). Hawaiian coral abundance is stable at the
regional level, but variable at the site level (Jokiel et al. 2004; Coles and Brown 2007; Rodgers et
al. 2015). Of the Main Hawaiian Islands, Maui DAR/CRAMP monitoring sites had the highest
proportion of stations (0.44) with a net decrease in coral coverage from 1999-2012 (Rodgers et
al. 2015).
Hypothesized causes for declining trends in coral abundance in leeward Maui include
invasive algal blooms (Smith et al. 2005; Smith et al. 2002), increased levels of coral disease
(Aeby 2006; Aeby et al. 2010; Stender et al. 2010; Ross et al. 2012), bleaching (Darla White
personal communication), land based pollution (Dailer et al. 2010), and sedimentation (Dollar
and Grigg 2004). However, in many cases the cause of decline in coral coverage has yet to be
addressed quantitatively both spatially and temporally. Management actions could vary greatly
depending on the type of disturbance. For instance, if a reef is experiencing chronic mortality
due to an anthropogenic stressor such as algal blooms exacerbated by nutrient input or
overfishing, the management agency may work to decrease nutrient input (Smith et al. 1981) or
reduce fishing pressure (Hughes et al. 2007) . However, if a population is recruitment-limited,
the management agency may attempt to identify and protect the population providing larvae to
the reef in decline.

5

To understand the complex dynamics that structure the distribution of reef building corals
one must consider the range of spatial and temporal scales involved. In this dissertation, I will
investigate the response of coral cover and colony scale demographic rates across multiple
spatial and temporal scales on the leeward coast of Maui, Hawai‘i .
The objectives of this dissertation were to:
1. Identify colony scale rates and causes of mortality at six sites with varying
trajectories of coral abundance and over an expanded spatial extent within a single
site.
2. Investigate the relative importance of top-down and bottom-up effects on the
distribution of coral cover at a site with a history of ephemeral blooms of invasive
and nuisance algae.
3. Describe spatial variability in demographic rates of Montipora capitata at sites
with varying trajectories of coral abundance.
The opportunity to achieve these objectives arose through the collaboration between DAR
and CRAMP. Trends in coral cover have declined at 44% of DAR/CRAMP stations around
Maui. To investigate causes of these declines I used the following approach that corresponds
to the three objectives listed above:
1. Monitor individual colonies every 2 months for a period of one year at six sites with
varying trajectories of change in coral cover over the duration of long-term
monitoring.
2. Map a single site, Kahekili Beach Park, at a spatial scale of 27,525 m2 using 25 m2
mapping units and combine this with several data sets collected through place-based
management to investigate the role in top-down or bottom-up drivers in the spatial
distribution of coral abundance using a Geographically Weighted Regression (GWR).
3. Finally, I used photoqudrats taken annually through the DAR/CRAMP monitoring to
model the site specific demography of M. capitata using an Integral Projection Model
(IPM). Output from the IPM was used investigate the relative importance of different
vital rates (i.e. recruitment, growth and mortality) in structuring the observed
abundance and size structure of corals at several DAR/CRAMP sites with varying
trajectories of change in coral cover observed over the 15 year duration of the
program.
6
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CHAPTER 2. AN INVESTIGATION OF PATTERNS, RATES, AND
PROXIMAL CAUSES OF COLONY-SCALE CORAL MORTALITY
ON THE LEEWARD COAST OF MAUI, HAWAI‘I
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Abstract
Broad-scale changes in coral cover were documented by the Hawaii Coral Reef
Assessment and Monitoring Program at six sites along the leeward cost of the island of Maui
from 1999-2009. Two studies were undertaken to describe rates and possible causes of mortality
and investigate their relationship to changes in coral cover over time at two spatial scales. In the
broad spatial scale study, colonies of Montipora patula and Porites lobata were observed at each
of the 6 sites from 2009-2010. The observation of site specific causes of mortality at several of
the six sites prompted a fine scale study directed at one of the sites (Kahekili) to identify causal
agents, and describe rates and patterns of mortality with greater replication and spatial extent
within a single site. Eighteen additional transects were established within the Kahekili site.
Colonies of P. lobata were observed along each transect from September 2011 to January 2012.
M. patula colonies were not included in the site specific study at Kahekili to increase sample size
of Porites colonies which was identified as a genera of concern by DAR. Both studies suggested
a baseline level of chronic partial mortality associated with inter-specific competition and
predation that affected a relatively small proportion of colony surface area. This baseline
mortality was punctuated by losses of larger proportions of colony surface area, primarily
through partial mortality associated acute disturbances such as thermal bleaching and mechanical
damage to colonies. The causes of partial coral mortality in order of importance were:
overgrowth by algae (32.8% of mortality incidents), burrowing of the coral surface by alphaeid
shrimps (29.6%), vermetid snail competition(6.4%), and tissue loss due to high temperature
bleaching (4.8%). Two types of algal competition were observed in the 2009-2010 broad scale
study. The first was macro-algal competition with resulting overtopping and abrasion of the
coral. The second type was competition with a turf alga, Corallophila huysmansii, which was
capable of overgrowing live coral tissue. In the fine scale study, overgrowth by C. huysmansii
was the most common cause of mortality (46.4% of mortality incidents). The proportion of
colonies affected with C. huysmansii was positively correlated with higher probabilities of P.
lobata mortality.
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Introduction
Percent benthic cover is one of the most common metrics of coral abundance. Coral
cover is a useful indicator of community composition because it is quickly and easily collected
and is standard across many programs. One reason that cover has become the standard is
because the clonal, modular nature of corals leads to complex demography which makes it
difficult and time consuming to determine abundance at the level of the individual colony (Bak
and Meesters 1998). Another reason that coral cover is appealing is that it is more easily
interpreted by non-scientist stakeholders, policy makers etc. Aspects of the complex
demography of scleractinian corals include: both sexual and asexual reproduction, indeterminate
growth, partial mortality, and ramet production through partial mortality and breakage. The
ability of corals to reproduce both sexually and asexually through cloned Planula and ramet
production through partial mortality makes the identification of genetically distinct individuals
(genets) challenging. An autonomous piece of live coral may not be genetically distinct from the
colonies around it. This makes the interpretation of data in an evolutionary context challenging.
The fact that many corals reproduce through broadcast spawning makes means that gametes can
travel for long distances before recruiting to the substrate. This means that the offspring or
recruits in a population are not necessarily linked to the community of adult colonies in the
population. The indeterminate growth of corals along with their capacity for partial mortality
means that size and age of corals can be decoupled. Just because a coral colony is larger than
other colonies does not necessarily mean that it is older than other colonies (Hughes 1984).
While the dynamic processes associated with the complex demography of corals are
difficult to measure and model, they are necessary to understand the causes of long-term changes
in coral coverage. Evaluating reefs based solely on coral coverage obscures these dynamic
processes that are the drivers of long-term changes in coral cover (Hughes 1980; Hughes 1984;
Hughes and Tanner 2000; Meesters et al. 2001). Vital rates (i.e. growth, recruitment, mortality)
and size structure of coral populations are important factors in our understanding of how coral
populations evolve over time and how a reef may respond to disturbances such as disease (Couch
2014), sedimentation related mortality (Jokiel et al. 2014), resilience of corals to climate change
(Madin et al. 2012; Edmunds et al. 2014), and coral-algal competition (Box and Mumby 2007).
Coral cover data are often collected on an annual basis. Annual sampling frequency is
appropriate for measurement of the relatively slow growth rates (~1-10 cm per year) of
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scleractinian corals (Buddemeier and Kinzie 1976), but annual surveys lack the temporal
resolution to adequately describe rates of coral mortality which can happen at much faster rates
than growth (Miller et al. 2009). Over the course of a year, multiple causes of mortality could
have come and gone without being observed. Observations of individual colonies at a finer
temporal scale allows quantification of causes, and rates of mortality to determine whether
mortality is due to acute, episodic events or gradually decline due to chronic, detrimental
environmental conditions (Harriott 1985; Hughes 1990; Bythell et al. 1993; Ginsburg et al. 2001;
Nugues and Roberts 2003; Cooper et al. 2009).
Trajectories of decline and recovery in scleractinian coral abundance and community
composition (Somerfield et al. 2008) vary at multiple spatial (Connell et al. 1997; Adjeroud et al.
2005). Patterns depend on community composition (Edmunds 2002), local topography (Connell
et al. 1997), type and spatial scale of disturbance (Connell et al. 1997, Porter and Meier 1992,
Hughes and Connell 1999). Identifying the scale at which rates and causes of coral decline vary
can help to identify possible causes and aid in the design of management actions appropriate for
the conservation of coral populations. Corals may be monitored at the level of the individual,
population, community, ecosystem, or landscape (Porter and Meier 1992). Most long-term
monitoring programs include measurements of coral cover taken in situ by visual or
photographic methodology along permanent transects (~100 m) with multiple sites at the
regional (>1 km) scale. Greater spatial resolution within a site is needed to describe processes
and infer causation of coral mortality.
In Hawai‘i , trends in coral cover have been documented through ongoing long-term
monitoring, administered by the Department of Land and Natural Resources Division of Aquatic
Resources (DLNR DAR) in collaboration with the Hawai‘i Coral Reef Assessment and
Monitoring Program (CRAMP) at the University of Hawai‘i. DAR/CRAMP collects annual data
on percent benthic cover and community dynamics of scleractinian corals at 30 sites in the Main
Hawaiian Islands (Brown et al. 2004; Jokiel et al. 2004, Rodgers et al. 2015). Of the Main
Hawaiian Islands, Maui DAR/CRAMP monitoring sites had the highest proportion of sites (0.44)
with net decrease in coral coverage from 1999-2012 (Rodgers et al. 2015).
Hypothesized causes for declining trends in coral abundance in leeward Maui include
invasive algal blooms (Smith et al. 2005; Smith et al. 2002), increased levels of coral disease
(Aeby 2006; Aeby et al. 2010; Stender et al. 2010; Ross et al. 2012), bleaching (Darla White
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Personal Communication), land based pollution (Dailer et al. 2010), and sedimentation (Dollar
and Grigg 2004). However, in many cases in the cause of decline in coral coverage has yet to be
addressed quantitatively both spatially and temporally. Management actions could vary greatly
depending on the type of disturbance. For instance, if a reef is experiencing chronic mortality
due to an anthropogenic stressor such as algal blooms exacerbated by nutrient input or
overfishing, the management agency may choose to decrease nutrient input (Smith et al. 1981) or
fishing pressure (Hughes et al. 2007) . However, if a reef experienced decline due to
sedimentation, the management agency may attempt to mitigate the sources of sedimentation.
DAR/CRAMP surveys were designed to detect temporal changes in benthic cover. The
spatial extent of DAR/CRAMP permanent transects is limited to two 100 x 2 m stations per site.
The distribution and trajectory of coral cover varied at different spatial scales within individual
DAR/CRAMP sites (Ross et al. 2012). Variability in the causes of coral mortality might explain
the site specificity of trajectories of coral abundance over time. More frequent observations of
individual colonies than those provided by DAR/CRAMP long-term monitoring may help us to
infer causes of coral mortality at sites around Maui.
The objectives of this study were to 1) describe rates and causes of mortality at the
colony scale, 2) to establish whether rates and causes of mortality are associated with trajectories
of changes in coral cover, and 3) to describe within and between site variability of rates and
causes of mortality.

Methods
Site selection
In 1999, nine long-term monitoring stations were established on Maui by the Hawai‘i
Coral Reef Assessment and Monitoring Program (CRAMP; Jokiel et al. 2004). Sites were
selected based on existing data, accessibility, expert opinion, level of legal protection, and wave
exposure (Brown 2004; Jokiel et al. 2004). Benthic coral cover data are collected at each site
annually by CRAMP and the Hawai‘i Department of Land and Natural Resources Division of
Aquatic Resources (DLNR DAR; Jokiel et al. 2004; Walsh et al. 2009; Rodgers et al. 2014).
Each CRAMP site consists of one station at a depth of ~3m and one station at a depth of ~10m
(Jokiel et al. 2004).
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CRAMP Sites: In May 2009, six of the DAR/CRAMP long-term monitoring sites were
selected to investigate colony-scale patterns of mortality along the leeward coast of Maui (Figure
2.1). Sites were selected to represent a range of trajectories of change in coral cover from 1999
to 2008 based on Williams et al. (2008) and Walsh et al. (2009). At the Honolua Bay and
Ma‘alaea sites coral cover declined steadily from 1999 to 2009, at the Kahekili Beach Park site
coral cover declined from 1999 to 2001 but then slowly increased to 2009, at the Olowalu and
Molokini sites coral cover did not change significantly over the duration of monitoring, and at
the Kanahena Bay site coral cover steadily increased over the duration of monitoring. Three
meter stations were used at all sites with the exception of Molokini where the 10m station was
more easily and safely accessible.
Kahekili Beach Park Transects: In July 2011, eighteen additional transects at depths
from 3 to 7m were established at the Kahekili Beach Park (KBP) site to investigate spatial
variability in rates and causes of mortality (Figure 2.1). Coral cover at KBP ranges from 0-73%
(Ross et al. 2012; Chapter 3). Maui DAR has reported discrete patches with low live coral cover
and high dead coral cover consisting largely of Porites spp. skeleton and rubble (Ross et al.
2012). The number of transects was selected to include replicates along the length of the entire
area of interest while remaining logistically feasible given time constraints. Locations of
transects were selected haphazardly proportional to the area of the reef in good, intermediate or
poor condition as previously determined in a mapping effort by Maui DAR (Ross et al. 2012;
Chapter 2).

Site Characterization
Surveys of benthic cover, size frequency distributions (SFD), and coral “health” were
conducted to characterize coral communities at the six CRAMP sites (2009-2010) and the
eighteen transects at KBP (2011-2012).
CRAMP Sites: Coral cover data were collected in January 2010 using contiguous but
non-overlapping 1 m2 photo-quadrats taken every meter along a 25 m transect. One 25 m
transect was laid from the start of the 100 m permanently marked 3 m station at each of the six
CRAMP sites. Fifty randomly selected points were superimposed on each photograph (Bird
2001). The substrate under each point was identified into one of the following cover types;
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coral, turf, crustose coralline and macro algae to determine percent cover for each category.
Cover data were arcsine square root transformed to improve normality for analysis.
The SFDs of corals at the six CRAMP sites were determined by tracing the outline of all
colonies completely inside (e.g., Zvuloni et al. 2008) of each 1m2 photographic quadrat using
ImageJ ™ software (Rasband 2014). A coral colony was defined as the autonomous area of live
coral tissue within the outline. Species identification and maximum diameter (cm) were
recorded for each colony. Counts of colonies were divided by total area surveyed to obtain
density (number of colonies m-2). Community size structures at each of the six sites were
compared using measures of numerical density and statistics of log-transformed distributions of
maximum diameter including mean, maximum and minimum size, skewness, kurtosis, and
standard deviation.
Coral “health” surveys were conducted at each CRAMP site in order to identify
prevalence of disease and coral-algal competition. The species, maximum diameter (cm), and
disease or algal interaction were recorded for each colony within each 25 x 2m transect. Coral
“health” was assessed over a larger area than SFD to more adequately describe the types of
diseases and interactions present given the relatively low density of corals affected by disease
and intra-specific interaction. Conversely, SFD was assessed over a smaller area due to the
logistical constraints of the time intensive methodology (~1hour per transect). The percentage of
colonies affected by disease or algal interaction, was calculated by dividing the density of
affected colonies by the density of all colonies (calculated from SFD data) along the same
transects.
Kahekili Beach Park Transects: Coral cover data were collected at KBP in June 2011
using contiguous but non-overlapping 0.25 m2 photo-quadrats taken using a monopod along
eighteen 10 m transects. The area of the photoquadrats varied in the Kahekili 2010-2011 study
because in some areas, the water was too shallow to capture the entire 1 m2 quadrat used in the
CRAMP 2009-2010 study in a single frame. All transects were laid parallel to shore and
maintained a consistent depth throughout. Point-counts and data analyses were conducted as
described above but with twenty-five randomly selected points per image.
The SFDs of corals along the KBP transects were characterized using the species
identification and maximum diameter (cm) of each colony within the 10 x 1m belt transects
recorded in situ. Density and statistics of log-transformed SFDs were calculated as described
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above. Coral “health” surveys were conducted and disease prevalence was calculated as
described above in 10 x 2m belts along all KBP transects.
Coral Mortality
CRAMP sites: Porites lobata and Montipora patula were selected as the study species
based on their relatively high abundance at all sites (Jokiel et al. 2004). Ten colonies each of P.
lobata and M. patula (twenty coral colonies per transect) were selected haphazardly for
continued monitoring along the first 25 m of permanently marked transects at the six CRAMP
sites. The sample size (20 colonies per site) was selected based on the logistical constraints of
relocating and collecting data on colonies over the course of a single dive.
Colonies were photographed (Figure 2.2) and assessed in situ for new mortality every
two months from March 2009 to January 2010. Mortality was recorded as the visual estimate of
the percentage of live tissue surface area lost since the previous census. Probable causes of
mortality were assigned based on the size, shape/pattern, appearance and proximity of lesions to
potential causative environmental variables. For example if a new lesion was observed adjacent
to a large fleshy alga and the pattern of mortality was consistent with documented cases of algal
abrasion, the mortality was attributed to “algal competition”.
Kahekili Beach Park Transects: Ten colonies of P. lobata were selected haphazardly
(approximately one colony per meter) along each of the eighteen 10 m KBP transects. P. lobata
was selected because it is a species of concern based on observations of dead Porites spp.
skeleton made by Maui DAR (Ross et al. 2012) and observations of algal competition made at
the six CRAMP sites (including KBP) from 2009-2010 (Ross et al. 2010).
Colonies were assessed as described above every two months from September 2011 to
January 2012. A follow up survey was conducted in October of 2012 to determine whether rates
of mortality after a full year were comparable to those identified in at the CRAMP sites surveyed
from 2009 to 2010.
Data Analysis
CRAMP Sites: Data were collected at the colony and site level. Data collected at the
level of the marked colonies included: maximum diameter of colonies, species, and month of
assessment. Data collected at the site level included: benthic cover assessed at the time of the
surveys (coral, macro, turf and crustose coralline algae categories), proportional change in coral
cover along CRAMP transects from 1999 to 2008 (Walsh et al. 2009), statistics of log19

transformed SFDs (mean, minimum and maximum size, standard deviation, skewness, and
kurtosis), and coral “health” (prevalence of coral disease and algal-interactions). To assess the
effects of site level measurements of environmental variables, each variable was included
individually in logistic regressions including all variables collected at the colony level, and the
random effect of colony to account for repeated measurements. The main effects of each site
level variable were tested for significance (α = 0.05) using likelihood ratio tests (Table 2.2). All
models were fit using lme4 (Bates et al. 2014) in R (R Core Team 2013).
All environmental variables with significant main effects in the base model were included
in a full model which was reduced through backward elimination of non-significant (P< 0.05)
main effects using likelihood ratio tests (Zuur et al. 2009).
The relationship between the binomial probability of mortality (including whole colony
and partial colony mortality), and the month of observation appeared to be non-linear (). To
address this, the effect of observation period was modeled using a periodic regression modeling
time (i.e. observation period) as a symmetrical sine wave:
𝑙𝑜𝑔𝑖𝑡 (𝑦) = 𝑎0 + 𝑎1 cos(𝑐𝑡) + 𝑏1 sin (𝑐𝑡)

(1)

Where the constant, c = 2π/k converts the units of time t representing the frequency of
measurements in a single cycle to angular measurement in radians (Cryer 1986). Here, the units
of time were numbered 1 through 6 to represent two month observations periods over the course
of a single year beginning in January.
Causes of mortality were assessed at the lesion level. An individual colony may have
had multiple lesions that appeared in different months, and were associated with different
probable causes. The majority of lesions (120/125 at CRAMP sites) were not progressive and
were therefore treated as independent for the purposes of the analyses presented here.
Likelihood ratio tests (G-tests) were used to compare the number of lesions associated with each
probable cause between coral species and CRAMP sites. Due to the lack of replication, the
effects of site and species were tested separately.
Kahekili Beach Park Transects: Data collected at the colony level at KBP included
maximum diameter and month of assessment. The colony level effect of species was not
included in the model because only one species was investigated. Transect level data on
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environmental variables, analogous to site level data described above for the CRAMP sites,
included benthic cover assessed at the time of the surveys, statistics of log-transformed SFDs,
and coral “health”. The site/transect level effect of proportional change in coral cover over time
was not included because those data were not available for all transects. The best logistic
regression model was selected for the KBP transect data using the same methods described
above (Table S2.2). No formal tests were conducted using the probable causes of mortality
along the KBP transects because observations of different causes of mortality were observed
opportunistically and were unbalanced. Qualitative comparisons were made between the
proportion of lesions associated with different causes of mortality in P. lobata colonies along the
single Kahekili CRAMP transect included in the analysis above, and the eighteen KBP transects
representing a larger spatial extent within a single site.

Results
Site Characterization
Coral cover along the observed portions of the six CRAMP sites ranged from 9.7 %
(Ma‘alaea ) to 83.0% (Molokini). Colony densities at the CRAMP sites varied from 8.0 colonies
m-2 (Ma‘alaea ) to 39.8 colonies m-2 (Kahekili). Untransformed CRAMP and KBP SFDs were
all positively skewed. Log transformation improved the symmetry of all 6 distributions. After
log transformation, all CRAMP sites had positive skews with the exception of Honolua and
Molokini which were negatively skewed (Table 2.1).
Disease prevalence ranged from 0.8% to 17.5% at the CRAMP sites. The most
commonly observed disease at all sites including CRAMP was Porites trematodiasis. Excluding
Porites trematodiasis, prevalence of diseases ranged from 0% to 1.7% at the CRAMP sites.
Observed diseases included growth anomalies (GA), Montipora White Syndrome (MWS),
swollen tissue, and bleaching. GAs and Porites trematodiasis were noted on marked colonies,
but were not associated with tissue mortality (Table S2.3).
The prevalence of algal interactions (primarily turf algae) ranged from 0.4% to 2.0% of
colonies at CRAMP sites and 0 to 1.4% of colonies along KBP transects. The prevalence of
algal interactions was higher than that of disease (excluding Porites trematodiasis) at three of the
six CRAMP sites (Kahekili, Kanahena and Ma‘alaea ) and the majority (16/18) of KBP transects.
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Turf and macroalgal interactions were observed on marked colonies and were commonly
associated with mortality (Figure 2.2a,b).
Mean values of the characterization parameters among the 18 KBP transects surveyed
from 2011-2012 were reasonably close to the values from the single CRAMP transect surveyed
from 2009-2010. However, the standard deviations within each of those parameters were
proportionally quite high (Table 2.1).

Coral Mortality
61.9% (73/118) of CRAMP colonies over 10 months of observation, and 56.7%
(105/179) of KBP colonies over 12 months of observation lost some portion of live tissue surface
area. Of the CRAMP sites, Ma‘alaea had the highest percentage of colonies with signs of tissue
loss (85.0%) and Molokini had the lowest (50.0%). Of the affected CRAMP site colonies,
52.0% (38/73) were M. patula and 47.9% (35/73) were P. lobata. The maximum diameter of
marked colonies ranged from 4 to 100 cm.
The full model for CRAMP sites included the main effects of all colony scale variables
(species, maximum diameter and the periodic effect of time) as well as the site level variables:
coral cover, macro algal cover, and disease prevalence. The full model for KBP transects
included all colony scale variables (maximum diameter, and the periodic effect of time) as well
as the transect level variables: disease prevalence, algal interaction prevalence, and skewness of
log-transformed SFD. The backward elimination of the logistic regressions showed no
significant effect of species or maximum diameter on the probability of mortality at CRAMP
sites or KBP transects. There was a significant effect of time at both CRAMP sites and KBP
transects (Table 2.2).
Of the site-level variables, the addition of coral cover significantly improved the fit of the
model for the CRAMP sites (Figure S 2.1) and the addition of skewness (Figure S 2.2) and the
prevalence of algal competition (Appendix Figure 3) significantly improved the fit of the model
for the KBP transects (Table 2.2).
The estimates of the probability of mortality peaked in September based on data from the
six CRAMP sites and peaked in August, based on the data from the 18 KBP transects (Figure
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2.3). Overall, the probability of mortality appeared to be lower at KBP in 2011-2012 than at the
six CRAMP sites from 2009-2010 (Figure 2.3).
Probable causes associated with mortality at the CRAMP sites included competition with
turf and macroalgae, burrowing by Alpheid shrimp, mortality around the tubes of Vermetid
snails, bleaching, and predation by corallivorous snails and fishes. The type of probable cause
associated with mortality did not vary significantly with species (G = 11.42, p-value = 0.191).
There was a significant difference between probable causes and site (G=69.4084, pvalue=0.0005). Algal interactions were more common at Ma‘alaea and Olowalu compared to
the other sites, shrimp burrowing was more common at Kanahena, and mortality associated with
vermetid tubes was more common at Kahekili (Figure 2.4).
Within Kahekili, we compared the variables associated with mortality between the
CRAMP transect and the 18 additional transects over a greater spatial extent. For this visual
comparison, we only used observations of P. lobata because this was the species common
between the single CRAMP transect and the additional KBP transects. While there was no
significant difference in the probable causes of mortality between species at the six CRAMP
sites, we did not combine the species from the single CRAMP transect in the analysis because
there appeared to be an important, although not statistically significant trend, toward higher
numbers of lesions caused by algal competition in P. lobata. Algal competition was the most
common variable associated with partial mortality in P. lobata along both the single CRAMP
station at Kahekili and the 18 additional transects (Figure 2.5). More types of variables
associated with partial mortality were observed within the increased spatial extent at Kahekili
(Figure 2.5).
Of the colonies with signs of tissue loss, 64.3% of CRAMP colonies and 45.7% of KBP
colonies had multiple incidences of tissue loss. In most cases, the mortality was not obviously
progressive within a single lesion. However, multiple lesions were associated with the same
probable cause in 64.3% (18/28) of CRAMP colonies and 64.6% (38/41) of KBP colonies with
signs of tissue loss. There were multiple variables associated with tissue loss in 37.0% (27/73)
of CRAMP colonies and 31.4% (33/105) of KBP colonies.
Percentage of live tissue surface area lost ranged from 0-100% over 10 months at the six
CRAMP sites and from 0-80% over 12 months at KBP. Of the colonies with signs of tissue loss,
the majority (67.6% at CRAMP and 45.7% at KBP) lost ≤ 5% live tissue surface area over the
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duration of the study (Figure 2.6). Four colonies lost > 50% of live surface area (2 at CRAMP
sites and 2 along KBP transects). One colony of M. patula at the Ma‘alaea CRAMP site lost
100% of live tissue surface area after being periodically covered by turf algae and macro algae
for at least 4 months leading up to complete loss of live tissue (Figure 2.2c, d). A colony of P.
lobata at the Molokini CRAMP site lost 80% of live tissue following a bleaching event in July
2009 (Figure 2.2e, f). A colony of P. lobata at a KBP site lost 80% of tissue after mechanical
damage by an unknown cause broke off a large portion of the colony. Potential causes of the
mortality were unidentified in the last colony with56% loss of tissue.

Discussion
Partial mortality was much more common than whole colony mortality at our sites on the
leeward coast of Maui. Only one of 297 colonies showed complete loss of tissues. The majority
of cases of partial mortality affected ≤ 5% of colony surface area. The four cases of partial
mortality with > 50% of colony surface area affected resulted in the greatest loss of coral cover
observed. The M. patula colony to undergo whole colony mortality as a result of prolonged
macro-algal overgrowth was the smallest colony observed in the study (4 cm maximum
diameter). Even though the whole colony died, its death resulted in a relatively small loss in
coral cover. The larger colony of P. lobata (29 cm maximum diameter) that underwent partial
mortality losing 80% of its surface area after a bleaching event resulted in a greater surface area
of coral lost than the whole colony mortality of the M. patula colony.
Corals are modular organisms and their ability to accommodate partial mortality with
subsequent re-growth could allow genotypes to persist during periods of disturbance by
decreasing the probability of whole colony mortality (Hughes and Jackson 1985; Connell 1997).
However, the smaller colonies produced through partial mortality of colonies have a higher
probability of whole colony mortality (Hughes 1984). In the event of chronic or repeated
disturbances, the partial mortality of colonies could lead to “death by a thousand cuts” where
partial mortality delays, but does not prevent whole colony mortality. In this study, partial
mortality did not lead to whole colony mortality; however the duration of the study may not have
been sufficient to properly describe the frequency of more detrimental disturbances. For
example, bleaching events have been observed at Molokini in the summers of 2009, 2010 and
2015. If the colony that lost 80% of its surface area there in 2009 were to undergo another
bleaching event, it is possible that it whole colony mortality could occur.
24

Results showed that the probability of mortality varied seasonally peaking between
August and September. August and September generally have the highest average SST in
Hawai‘i which could increase the possibility of bleaching and thermal stress in corals (Jokiel
and Brown 2004). The benthic cover of Ulva fasciata (Dailer et al. 2010) turf algae, cyanobacteria (Darla White Personal Communication) growing on corals increased in summer months.
This could be due to a lack of scouring by wave action at sites with northern wave exposure (e.g.
Honolua and Kahekili) in the summer months when the dominant swells are from the south
(Dailer et al. 2010) or longer growing periods in the summer months.
The probability of mortality did not vary significantly with the historical trajectories of
coral cover based on CRAMP data. However, the probability of mortality was greater at sites
with lower coral cover at the time of the study. Declining trajectories and low coral cover are
often associated with “degraded” reefs, however it is possible to have a relatively ‘healthy’ reef
with low coral cover and a reef with relatively high cover with declining trajectories (Hughes et
al. 2010). Two of the CRAMP sites with the largest declines in coral cover (Ma‘alaea and
Honolua) also had the lowest coral cover. Trajectories of coral cover at Honolua Bay steadily
decreased from 55% to 8% between 1995 and 2008 (Williams et al. 2008). Ma‘alaea had a
substantial loss in cover between 1995 and 1999 but data were not collected annually so we do
not know at what rate or over what period the cover declined. A third CRAMP site, Kahekili,
had a decline in coral cover from 55% to 26% from 1995 to 2001(Williams et al. 2008), but
cover has been increasing ever since (Rodgers et al. 2014) and this site had the second highest
average coral cover of 43% along the surveyed portion of the long-term station at the time of the
2009-2010 study.
There was not a significant relationship between coral cover and rates of mortality within
the KBP site. Possibly because the range of coral cover was smaller within KBP than between
CRAMP sites. The probability of coral mortality (including partial and whole colony mortality)
at KBP did decrease as the skewness of the SFD of coral communities increased. The
probability of mortality was higher along transects with negatively skewed communities (i.e.
communities with more colonies in larger size classes). It has been shown, that SFDs in
relatively degraded areas tend to have more negatively skewed distributions, because the larger
colonies may reach a size where they have refuge from causes of mortality (Meesters et al.
2001). An improved understanding of the relative contributions of demographic rates including
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recruitment and growth in addition to mortality may help to explain the differences in the size
structure of corals at KBP.
The probability of mortality within KBP also varied with the prevalence of turf algal
overgrowth by Corallophila huysmansii, an alga known to be competitively superior to some
species of corals (Figure 2.7; Jompa and McCook 2003). The most common cause associated
with coral mortality at all six sites was algal interaction. Two types of algal competition were
observed over the course of the 2009-2010 study. The first was macro-algal competition where
abrasion and overtopping were associated with mortality. This type of interaction was most
commonly observed at Ma‘alaea , a site that underwent a phase shift from coral to macro algal
dominated community between 1993 and 2000 (Williams et al. 2008; Walsh et al. 2009). The
second type of algal related mortality was competition with C. huysmansii which overgrew live
coral tissue resulting in mortality. C. huysmansii was observed at all of the sites, and was the
species most commonly counted as algal interaction in the coral “health” surveys. While C.
huysmansii was observed at all six of the CRAMP sites, it was more common and appeared to be
more detrimental at some sites than others. Kahekili was one such site. Based on coral “health”
surveys, algal interactions with C. huysmansii were more prevalent at Kahekili Beach Park than
any of the other CRAMP sites (Table 2.1). Within the KBP site the proportion of colonies with
mortality (including partial and whole colony mortality) was higher at transects with higher
prevalence of algal interactions (Table 2.2; Figure S 2.3). The effect of coral-algal interactions
can also be seen in the histogram of surface area affected by mortality (Figure 2.6). The
histogram for KBP has slightly more colonies with 20-30% of the colony affected than the six
CRAMP sites. Several of the mortality events leading to those intermediate losses in cover, were
attributed to competition with C. huysmansii (Figure 2.2a, b).
Patches of dead coral skeleton and rubble (Ross et al. 2012), wastewater introduced by
injection wells at the Lahaina Wastewater Reclamation Facility (LWRF) (Smith et al. 2005; Hunt
and Rosa 2009; Dailer et al. 2010, 2012; Glenn et al. 2012; Swarenski et al. 2012; Glenn et al.
2013) and decreased herbivore abundance (Walsh et al. 2009) at KBP lead managers to believe
the site is susceptible to phase shifts from a coral to an algal dominated community. Ephemeral
blooms of Cladophora sericea, (Smith et al. 2005),Acanthophora spicifera (Walsh et al. 2009),
and Ulva fasciata (Dailer et al. 2010) have been documented at KBP since the 1980s.
Observations of turf algal overgrowth by Smith et al. (2007) and the observations made through
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the course of this study suggest that corals are being affected by chronic turf-coral interactions in
addition to the potential detrimental effects associated with acute, ephemeral blooms of macro
algae.
The most common causes of partial mortality after algal overgrowth were burrowing by
alphaeid shrimps, vermetid snails, and bleaching. There was not a significant difference in the
number of lesions attributed to different types of probable cause between species. However
Porites spp. did appear to be affected by C. huysmansii more often than Montipora spp. C.
huysmansii appears to out compete corals using an alleopathic mechanism (Jompa and McCook
2003) it is possible that Porites corals are more susceptible to the chemicals responsible for the
damage to coral tissue than Montipora corals. Some of the most detrimental variables associated
with mortality were also the least common. For instance, bleaching related mortality was most
detrimental at the Molokini CRAMP site, macroalgal overgrowth was only observed at the
Ma‘alaea CRAMP site, and mechanical damage by an unknown source was only observed at
KBP. Bythell et al. 1993 found that grazing and diseases were also relatively common although
mortality rates associated with Hurricane Hugo outweighed any of the causes in the non-storm
year.
Additional transects were established at Kahekili Beach Park, to determine whether
sampling over a greater spatial extent lead to different findings than the initial sampling along a
single transect at each CRAMP site. The estimates of coral cover, SFD and coral health were
similar between the estimate based on the single Kahekili transect at the 3m CRAMP station and
the mean values for the 18 additional KBP transects. Comparing the P. lobata colonies from the
single CRAMP transect to the P. lobata colonies observed along the additional 18 transects
showed that a greater proportion of colonies were affected by algal competition along the single
transect. This may be due to the fact that variables associated with mortality vary spatially. An
alternative explanation is that more rare interactions resulting in mortality were observed with
the increased sample size.
The increased sample size within the KBP site allowed us to fit a separate curve
representing a single site (KBP) over time. The output from that model showed very similar
temporal trends with a slightly lower probability of mortality at KBP than at all six CRAMP
sites. This could be the result of between site variation that we were unable to test formally with
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the CRAMP sites or it could be due to the fact that observations were made over different time
periods.
In summary, partial mortality was more common than whole colony mortality with
99.7% of the colonies observed exhibited signs of partial mortality. The results suggested that a
seasonally variable level of chronic mortality affecting ≤ 5% of colony surface area was
occurring and associated with inter-specific interactions. At various intervals this chronic
mortality was punctuated by site specific occurrences of acute disturbances (e.g. bleaching,
mechanical damage by wave action, anchor damage, interaction with larger vertebrates).
Chronic stressors such as macro-algal overgrowth at Ma‘alaea and turf algal overgrowth at
Kahekili Beach Park can vary spatially at the site level. The increased sample size along with
the increased sampling frequency within the KBP site allowed us to describe the relationship
between the prevalence of algal overgrowth, one of the most commonly observed causes of
mortality in both studies, and the increased probability of mortality of P. lobata corals. Coral
cover varied significantly with rates of mortality between the six sites, but statistics of
community size structure was more closely related to the rates of mortality within KBP.
Long term monitoring of smaller spatial extents on an annual basis has provided us with
an understanding of the trajectories of change at sites around Maui over the past decade. The
next step was to identify potential causes of these changes. Colony scale observations made
more frequently and over a greater spatial extent within a site allowed us to better understand
causes of coral decline. The enhanced understanding of the processes involved in coral decline
through this study will allow us to improve our management strategies toward maintaining
“healthy”, resilient coral communities.
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Tables
Table 2.1. Summary of site characterization parameters for each of the six CRAMP sites and the mean ± 1 SD vales for parameters at the
18 additional transects at KBP. Values for the median, maximum, minimum, kurtosis and skewness of the SFD are ln transformed
values.
Site

Coral
Cover (%)

Density
(Colonies
m-2)

Median
size (cm)

Maximum
size (cm)

Minimum
size(cm)

Kurtosis

Skewness

Coral Disease
Prevalence
(%)

Algal Competition
Prevalence
(%)

Honolua

12.2

16.9

6.6

71.2

0.2

1.6

-1.0

17.5

0.7

Kahekili

43.0

37.4

7.2

55.0

1.0

-0.4

0.0

0.8

2.0

Kanahena

15.4

9.4

6.9

73.1

1.6

-0.2

0.3

6.8

0.9

Ma‘alaea

9.8

10.9

6.0

46.9

1.1

-0.5

0.1

4.0

1.6

Molokini

83.0

13.8

13.3

61.0

2.2

-0.6

-0.2

1.7

0.4

Olowalu

20.2

33.2

4.6

52.4

1.0

0.3

0.5

0.5

0.4

KBP

43.4 ± 10.2

27.0 ± 5.1

10.2 ± 2.1

53.5 ± 15.8

1.5 ± 0.5

-2.3 ± 0.5

-0.3 ± 0.5

1.8 ± 1.1

1.4 ± 1.1
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Table 2.2. Summary of model selection to determine the best model describing the probability of mortality given environmental
parameters measured at the six CRAMP sites 2009-2010 and the eighteen KBP transects 2011-2012.
CRAMP

Model

Full

logit(mortality)~species +max diameter + sin(ct) + cos(ct) +coral cover + macroalgal cover + disease prevalence

Reduced

Likelihood
Ratio Test
0.08

p-value
0.78

logit(mortality)~species + max diameter + sin(ct) + cos(ct)+ coral cover + macroalgal cover

1.26

0.26

logit(mortality)~species + max diameter + sin(ct) + cos(ct) + coral cover

1.36

0.24

logit(mortality)~species + sin(ct) + cos(ct) + coral cover

2.23

0.14

logit(mortality)~max diameter + sin(ct) + cos(ct) + skewness + algal prevalence

0.2776

0.6

logit(mortality)~sin(ct)+ cos(ct)+ skewness+ algal prevalence

3.4542

0.06

logit(mortality)~sin(ct) + cos(ct) + coral cover

KBP
Full
Reduced

logit(mortality)~max diameter + sin(ct) + cos(ct) + skewness + disease prevalence + algal prevalence
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Figures

Figure 2.1. Using data from Williams et al. (2008) and Walsh et al. (2009) six CRAMP sites were
selected along the leeward coast of Maui to represent a range of trajectories of coral cover from
DAR/CRAMP long-term monitoring data spanning from 1999 to 2008. Eighteen transect locations
(yellow) were randomly selected at Kahekili Beach Park, Ka‘anapali Maui in addition to the 3 m
CRAMP long-term monitoring transect (green).

36

Figure 2.2 Examples of the marked colonies that were revisited and photographed every two
months from March 2009 to January 2010 at CRAMP transects and from September 2011 to
October 2012 at KBP. Porites lobata colony at KBP with ~25% loss of live tissue surface area
associated with algal interactions from September 2011 (a) through November 2011 (b), P. lobata
colony in March 2009 (c) and January 2010 with 80% tissue loss after a bleaching event in July
2009 (d), and a Montipora patula colony in October 2009 (e) and January 2010 with 100% tissue
loss after being covered by a mat of turf and macroalgae for ~4 months (f).
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Figure 2.3. Mean proportion of colonies to undergo mortality ± 95% CI averaged across
CRAMP sites (●) and across KBP transects (▲) for each two-month observation period. The
mean proportion of colonies to undergo mortality across all KBP transects during the October
2012 follow up survey is included for illustrative purposes (∆), but is not included in the model
fits presented here. Fitted values representing the main effects of time from logistic regressions
for CRAMP sites (black solid line) and for KBP transects (red dashed line).
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Figure 2.4. Percentage of partial mortality events associated with each type of probable cause at
the six CRAMP sites.
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Figure 2.5. Percentage of partial mortality events associated with each environmental variable
in Porites lobata at the single CRAMP site at Kahekili in 2009-2010 and at the 18 additional
transects surveyed at KBP in 2011-2012.
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Figure 2.6. Probability (y-axis) that a colony lost a given percentage of live tissue surface area
over the entire observational periods of 10 months at CRAMP sites (a) and 12 months along
KBP transects (b).
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Figure 2.7. Turf algae overgrowing live coral tissue at Kahekili.

Supplemental Material
Table S2.1. Site level environmental variables tested for significance (α=0.05) using likelihood
ratio tests. Each variable was included individually in a logistic regression using mortality as a
binomial response, the main effects of colony maximum diameter, species, and time modeled as a
sine wave. The random effect of colony was included to account for repeated measures. All
variables which significantly improve the overall model (*) were included in a full model.
Variable of Interest
Benthic Cover
coral cover
cca cover
turf cover
macro cover
Statistics of ln(SFD)
colony density
Mean
SD
Minimum
Maximum
Kurtosis
Skewness
Coral "Health" Surveys
Disease prevalence
Algal competition
prevalence

Likelihood
Ratio Test

Pvalue

0.74
2.82
0.1
3.51

0.39
0.09
0.75
0.07

0.01
1.81
0.25
0.49
2.06
2.85
8.14

0.91
0.18
0.61
0.49
0.17
0.09
0.004

*

5.41

0.02

*

6.01

0.01

*
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Table S2.2. Transect level environmental variables from KBP transects tested for significance (α=0.05) using
likelihood ratio tests. Each variable was included individually in a logistic regression using mortality as a binomial
response, the main effects of colony maximum diameter, and time modeled as a sine wave. The random effect of
colony was included to account for repeated measures. All variables which significantly improve the overall model (*)
were included in a full model.
Variable of Interest
Benthic Cover
coral cover
cca cover
turf cover
macro cover
Statistics of ln(SFD)
colony density
Mean
SD
Minimum
Maximum
Kurtosis
Skewness
Coral "Health" Surveys
Disease prevalence
Algal competition
prevalence
CRAMP Coral Cover
Proportional change 19992010

Likelihood
Ratio Test

Pvalue

4.73
1.58
1.75
3.97

0.03
0.21
0.19
0.05

2.3
1.5
0.22
0.23
0.04
0.006
0.01

0.13
0.22
0.64
0.63
0.84
0.94
0.91

2.05

0.04

1.49

0.22

0.23

0.63
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*

*

*

Table S2.3. Prevalence of disease and algal interaction by type at CRAMP sites. Mean and standard deviation of all KBP transects.
Note: the prevalence of disease and algal interaction by type may add up to reported overall prevalence because a single colony may have
more than one type of lesion.

Algal
Growth
Site
Interaction Bleaching Anomalies
0.71
0.00
1.18
Honolua
2.03
0.00
0.43
Kahekili
0.85
0.00
0.21
Kanahena
1.65
0.00
0.00
Ma‘alaea
0.44
0.15
1.02
Molokini
0.36
0.00
0.30
Olowalu
0.05 ±
0.21 ±
1.52 ± 1.17
0.14
0.22
KBP

Prevalence (%)
Montipora
White
Swollen
Syndrome
Tissue
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.29
0.29
0.12
0.00
0.00

0.07 ± 0.14
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Tissue Loss
0.00
0.00
0.00
0.00
0.00
0.06

Trematodiasis
16.35
0.32
6.62
4.03
0.00
0.00

0.03 ± 0.09

0.62 ± 0.74

Figure S 2.1. Mean proportion of colonies to undergo mortality ± 95% CI averaged across months
for each CRAMP site (●). Fitted values representing main effects of coral cover from logistic
regression including CRAMP sites (black solid line).

Figure S 2.2. Mean proportion of colonies to undergo mortality ± 95% CI averaged across months
for each KBP transect (●). Fitted values representing main effects of skewness of log transformed
SFD based on maximum diameter (cm) from logistic regression including KBP transects (black
solid line).
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Figure S 2.3. Mean proportion of colonies to undergo mortality ± 95% CI averaged across months
for each KBP transect (●). Fitted values representing main effects of the prevalence of algal
competition (%) from logistic regression including KBP transects (black solid line).
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CHAPTER 3. SUBMARINE GROUNDWATER DISCHARGE AND
HERBIVORE BIOMASS INFLUENCE SPATIAL HETEROGENEITY
OF CORAL COVER
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Abstract
A fundamental issue underlying the dynamics of coral-algal phase shifts involves the
relative importance of top-down (e.g., herbivory) vs. bottom-up (e.g., nutrient input) effects on
the competitive ability of macroalgae. The Kahekili Herbivore Fisheries Management Area
(KHFMA) on Maui, Hawai‘i was established in 2009 to address concerns that the reef was
susceptible to a phase shift from a coral to a macroalgal dominated community based on declines
in coral cover, ephemeral macroalgal blooms and turf algal overgrowth, and submarine
groundwater discharge (SGD) contaminated with wastewater from a nearby wastewater
reclamation facility. The KHFMA prohibits take of all herbivorous species to support top-down
control of algal growth that may be detrimental to coral populations. Prioritization of the
watersheds containing the KHFMA by the Hawai‘i Coral Reef Strategy and the US Coral Reef
Task Force prompted a number of agencies to collect diverse, spatially explicit data over a
relatively small spatial extent. Here, we synthesize multiple data sources to evaluate the relative
importance of SGD and herbivore abundance to the distribution of coral within the management
area. To address the observed spatial heterogeneity in the area, a spatially explicit
Geographically Weighted Regression (GWR) was compared to a non-spatial Ordinary Least
Squares (OLS) model. Both main effects and interactions between SGD and herbivore
abundance were related to the distribution of coral cover. The GWR improved the fit of the
model and allowed for visualization of patterns in relationships between the different variables.
Local models showed that the relationship between SGD and herbivore abundance varied
spatially and allows researchers and managers to develop hypotheses and improve our
understanding of these systems. Through synthesis of existing data, easily quantified variables
identified spatial extents to focus future collaborative efforts on causes of coral decline at KBP.

Introduction
Coral reefs are susceptible to global, regional, and local threats including climate change,
land-based pollution, overfishing, and disease (Hughes et al. 2003; Pandolfi et al. 2003).
Disturbances caused by such threats can lead to phase shifts from coral- to algal-dominated
communities that alter the function of reef ecosystems and result in the loss of goods and
services associated with coral-dominated reefs (Done 1992a; Knowlton 1992; McCook 1999;
McCook et al.2001; McClanahan et al. 2002; Szmant 2002; McManus and Polsenberg 2004).
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Coral mortality caused by storm damage (Hughes 1994), predation (Done 1992b), and disease
(Aronson and Precht 2001) can reduce coral cover, making substrate available for algal
colonization (Scheffer et al 2001; McManus and Polsenberg 2004). After algal colonization, the
shift from coral to macroalgal dominance is dependent on the competitive superiority of algae
over coral (Littler and Littler 1984; McCook 1999; McCook et al. 2001). Once established,
macroalgal-dominated communities are maintained through positive feedbacks which can further
reduce live coral cover by mechanisms such as shading and abrasion of live corals (McCook et
al. 2001; Jompa and McCook 2003), reduction of substrate available for coral recruitment
(McCook et al. 2001; Hughes et al. 2007; Ritson-Williams et al. 2009), and promotion of shifts
in the bacterial community that may be detrimental to corals (Smith et al. 2006).
A fundamental issue underlying the dynamics of coral-algal phase shifts involves the
relative importance of top-down (e.g., herbivory) vs. bottom-up (e.g., nutrient input) effects on
the competitive ability of macroalgae. High rates of herbivory maintain low standing stocks of
algae thereby preventing phase shifts, and allowing for improved resilience of coral dominated
communities to disturbance (Hughes et al. 2007). Increased nutrient levels, however, can
increase algal productivity and growth rates improving their competitive ability, especially if
algae are nutrient limited (Lapointe 1997). While it is widely held that herbivory makes a more
significant contribution to controlling macroalgal biomass than nutrient input (McCook 1999,
2001; Hughes et al.1999; Szmant 2002; McManus and Polsenberg 2004; Burkepile and Hay
2006), it has been shown that top down and bottom up factors can work synergistically to
improve algal competitive ability (Littler and Littler 1984; Lapointe 1999; Smith et al. 2001;
Burkepile and Hay 2006; Littler et al. 2006).
Terrestrial sources of nutrients can be introduced to coral reefs via surface flow from
point sources such as rivers, streams, and storm drains or from subsurface flow via submarine
groundwater discharge (Fabricius 2005). Submarine ground-water discharge (SGD) is defined as
water flowing out of the sea floor including recirculated waters from seawater, meteoric water, or
wastewater sources (Lapointe 1997; Corbett et al. 1999; Umezawa et al. 2002; Burnett et al.
2006; Payton et al. 2006; Street et al. 2008). For tropical high islands with intermittent streams,
SGD can be the primary source of terrestrial input to nearshore marine environments. Nutrients
associated with SGD may increase algal biomass on coral reefs (Lapointe 1997; Dailer 2010;
Smith et al. 2001; Smith et al. 2005; Dailer et al. 2012). SGD can be detected through the use of
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natural tracers that are enriched in SGD compared to coastal sea water. Radon (222Rn) is a
natural tracer that is commonly used to detect SGD (Garrison et al. 2003; Payton et al. 2006;
Street et al. 2008; Hunt and Rosa 2009; Peterson et al. 2009; Knee et al. 2010; Glenn et al. 2012;
Swarzenski et al. 2012). In Hawai‘i , most prior SGD work has focused on water chemistry,
rather than biological impacts (but see Most 2012 and Okano 2011). Most (2012) tested the
relative effects of herbivory and nutrients on algal biomass and community composition at sites
with high and low levels of SGD on the Island of Hawai‘i . Most (2012) showed herbivory to be
the dominant control on algal biomass and composition at these sites. It was hypothesized that
the relatively high abundance of herbivorous fish and urchins overwhelmed any effect of
nutrients associated with SGD at these sites. Unlike the sites that Most (2012) surveyed,
herbivory levels do not appear sufficient to control algal blooms at certain sites around Maui,
Hawai‘i (Walsh et al. 2009).
Concerns regarding the resilience of coral populations to periodic algal blooms at
Ka‘anapali , Maui led to the establishment of the Kahekili Herbivore Fisheries Management
Area (KHFMA) in 2009 by the Hawai‘i Department of Land and Natural Resources Division of
Aquatic Resources (DLNR DAR). Coral cover at the Kahekili Beach Park (KBP) long-term
monitoring stations, which are part of the statewide Hawai‘i Coral Reef Assessment and
Monitoring Program (CRAMP), declined from 43.5% to 29.4% between 1999 and 2001 (Jokiel
et al. 2004; Walsh et al. 2009; Rodgers et al. 2014). These stations are located within the
KHFMA. West Maui reefs, including those adjacent to KBP have experienced ephemeral blooms
of Cladophora sericea (Smith et al. 2005), Acanthophora spicifera (Walsh et al. 2009), and Ulva
fasciata (Dailer et al. 2010) since the 1980s. Hypothesized causes of declines in coral cover and
increases in algal abundance included the relatively low fish abundance observed at the same
sites with documented loss in coral cover (Walsh et al. 2009) and elevated nutrient levels
associated with the presence of wastewater introduced to SGD by injection wells at the Lahaina
Wastewater Reclamation Facility (LWRF) documented at the KBP site (Smith et al. 2005; Hunt
and Rosa 2009; Dailer et al. 2010, 2012; Glenn et al. 2012; Swarzenski et al. 2012; Glenn et al.
2013). Smith et al. (2007) documented a negative relationship between tracers associated with
wastewater contaminated SGD and coral cover, which suggests that SGD may be associated with
declines in coral cover at KBP. Coral-algal interactions resulting in the overgrowth and
subsequent mortality of coral tissue by a turf alga tentatively identified as Corallophila
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huysmansii (Jompa and McCook 2003) documented at the KBP site (Smith et al. 2007; Ross et
al. 2010, 2012) could be exacerbated by increased nutrients. The KHFMA is a spatial marine
zone located in North Ka‘anapali , Maui, Hawai‘i (Figure 3.1) in which take of herbivorous fish
and urchins is prohibited (http://dlnr.hawaii.gov/dar/fishing/fishing-regulations/regulatedareas/regulated-fishing-areas-in-maui-county/#kahekili-maui). The purpose was to increase topdown control of algal growth that may be detrimental to coral populations. Subsequent
prioritization of the watersheds containing the KHFMA by the Hawai‘i Coral Reef Strategy and
the US Coral Reef Task Force prompted the collection of diverse, spatially explicit data over a
relatively small spatial extent.
Areas of standing dead corals observed by Maui DAR in 2011-2012 at KBP suggested
that a spatially heterogeneous disturbance may have led to the observed declines in coral cover
(Figure 3.2; Ross et al. 2012). Previous work at KBP suggested that the distribution of benthic
associated SGD was also patchy in nature (Dailer et al. 2010; Glenn et al. 2013). Based on these
observations it was hypothesized that the rate of loss of coral cover was spatially heterogeneous
across the reef at the KBP site and possibly related to SGD distribution. Given the patchy nature
of coral cover at KBP, a spatial model such as a Geographically Weighted Regression (GWR)
may be a better predictor of coral cover than an Ordinary Least Squares (OLS) model which does
not take spatial variability into account. GWRs have been used to describe spatial variation in
relationships between environmental variables and distributions of disease (Van Houtan et al.
2010), macroalgal richness (Keith et al. 2014), fish (Windel et al. 2009; Kilgo 2012) and
invertebrates (Jones et al. 2008; Windel et al. 2012). GWRs have also been used to investigate
relationships between marine water quality model coefficients and proximity to river systems
(Wooldridge et al. 2006), and the impact of anthropogenic pressures on marine ecosystems
(Korpinen et al. 2012).
The place-based management strategies associated with the KHFMA designation lead to
the funding of a number of studies centered near the KBP site, resulting in overlapping spatially
explicit data sets related to coral distribution (Ross et al. 2010; Walsh et al. 2009), herbivore
abundance (Walsh et al. 2009), and water quality (Hunt and Rosa 2009; Dailer et al. 2010; Dailer
et al. 2012; Glenn et al. 2012; Swarzenski et al. 2012; Glenn et al. 2013). One of the primary
management concerns within the KHFMA is to identify the relative importance of herbivory and
the presence of wastewater contaminated SGD on the abundance of corals. The spatial
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heterogeneity of both the response (coral cover) and explanatory (SGD, herbivore abundance)
variables in this system suggests that a spatial approach is needed to evaluate the relative
contribution of top down and bottom up effects. Here, a GWR is compared to a non-spatial OLS
regression model to evaluate the role of SGD and herbivore abundance in the spatial distribution
of corals in Kahekili Beach Park, Maui, Hawai‘i .

Methods
Study Site
These analyses focus on the fringing reef adjacent to KBP in the KHFMA on Maui,
Hawai‘i (Figure 3.1). The KHFMA has a northern boundary that extends 1181 m offshore from
N 20˚ 57.24’ and a southern boundary that extends 306m offshore from N20˚ 55.58. The
primary reef at KBP within the KHFMA extends from ~2-10 m depth offshore and from N 20˚
56.41’ to N 20˚ 56.15’ with rubble and sand to the north, south, and west. Dominant currents
flow from north to south (Storlazzi and Field 2008). The LWRF is located ~300 m to the North
East of the KBP site (Dailer et al. 2012).
Benthic Cover and Depth
Benthic cover data were collected between March and April of 2011. Polypropylene
lines were pulled taut parallel and perpendicular to shore to form a grid of 1,101 contiguous 5 m
x 5 m mapping units. A diver visually estimated the percent planar benthic coverage of
Montipora capitata, Montipora patula, Pocillopora meandrina, Porites compressa, Porites
lobata, other coral, macroalgae, sand, and turf or crustose coralline algae covered substrate to the
nearest 0.5% within each mapping unit (Table 3.1). Depth was measured in situ for most
mapping units with a dive watch to the nearest m (± 0.5 m) over the 2-10 m depth range of the
site. Missing depth values in mapping units were filled using SHOALS LIDAR bathymetry data
(US Army JALBCTX 2002). GPS coordinates taken from the surface above the four corner
points of each mapping unit were used to construct a fishnet polygon, projected in UTM 4N
WGS 1984 in ArcMap (v. 10.1, ESRI). A Getis-Ord cluster analysis was conducted in ArcMap
(v. 10.1, ESRI) to visualize spatial heterogeneity in coral cover data and to identify clusters of
similar coral cover values that were significantly above or below the population average (Figure
3.1). The centroid of each mapping unit in the fishnet was populated with estimates of total coral
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cover (the sum of all observed species of coral) based on the visual benthic surveys and depth
(Figure 3.1; Figure 3.2a).
Submarine Groundwater Discharge
On June 21, 2011, surveys of SGD in coastal surface waters were conducted along the
Ka‘anapali coastline using a Rad7-Aqua (Durridge, Inc) instrument that measured radon (Glenn
et al. 2012.). Radon (222Rn dpm m-2) is an ideal tracer for SGD because it is not metabolized by
reef organisms, it has a half-life that is comparable to time-scales associated with many coastal
processes, and it is enriched by several orders of magnitude in ground water compared to coastal
sea water (Burnett et al. 2006). GPS coordinates and depth measurement of each sample were
taken using a Garmin GPSMAP 420s (Glenn et al. 2012). Radon inventories (dpm m-2)
overlapping the spatial extent of the benthic cover data (n=72) were interpolated using an inverse
distance weighted (IDW) method. In the IDW method, the relative influence of a measured
point on a predicted point is inversely proportional to the distance between the measured and
predicted points raised to some power (p) which was optimized (p=2.67) by minimizing the root
mean square prediction error (RMSPE). Comparisons of observed values of SGD with those
predicted by IDW interpolation were satisfactory, closely approximating a 1:1 relationship
(Figure S3.1). An interpolated value for SGD (222Rn dpm m-2) was extracted to the centroid of
each mapping unit in the fishnet (Figure 3.3b;Table 3.1). SGD spatial analysis was performed
using the Geostatistical Analyst extension in ArcMap 10.1 (ESRI).
Herbivore Density and Abundance
Surveys of fish and urchins were conducted by NOAA Fisheries divers along transects
placed haphazardly on hard bottom habitats within the KHFMA (Smith et al. 2007). GPS
coordinates were taken at the start point of each transect. Fish species, number and size (in 5 cm
bins) were recorded for fish > 15 cm total length (TL) within a 25 x 4 m belt, and for fish < 15
cm TL within a 25 x 2 m belt. Fish biomass (g m-2) was calculated using measured TL and
length-mass fitting parameters obtained from the published and web based sources (Kulbicki et
al. 2005; Froese and Pauly 2010). Urchin species and number were recorded within a 25 x 1 m
belt transect overlapping each fish belt transect. Surveys were conducted in March (n= 36) and
September (n=32), 2011.
While most transects ran parallel to shore, headings and coordinates of end points were
not available for all transects. To account for variability in placement as well as mobility of the
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species being surveyed, a 25 m radius buffer was placed around each start point coordinate
(Figure S3.3). Each buffer was assigned values for biomass of herbivorous fish species (g m-2)
and urchin density (m-2) taken from the corresponding transect. The centroid of each mapping
unit was assigned a mean value for herbivorous fish biomass (Figure 3.3c;Table 3.1) and urchin
density (Figure 3.3 d;Table 3.1).
Buffers within and between months (March and September 2011) often overlapped
resulting in variable sample sizes for each mapping unit (mean= 4.14, sd =1.29; Figure S3.4). In
centriods with more than one overlapping value for a single month, a within-month mean was
calculated and then the between-month mean for March and September was calculated. There
were 23 mapping units with no overlapping buffers. These cells were omitted from analyses.
Fishes of the family Scaridae and Acanthuridae were included as herbivorous fishes in these
analyses. Species of boring urchins (Echinometra mathaei and Echinostrephus aciculatus) were
omitted from the urchin data, because they serve a different functional role than the remaining
urchin species, which are more mobile. Whereas herbivorous, non-boring urchins are expected
to reduce the standing stock of macroalgae decreasing the competitive ability of macroalgae
relative to corals, bioerroding urchins may diminish the structural integrity and competitive
ability of corals allowing macroalgae to dominate (McClanahan et al. 2002).
Statistical Analysis
Ordinary least squares (OLS) regression allows us to look at global relationships between
response and explanatory variables:
𝑦 = 𝛽0 + � 𝛽𝑘 𝑥𝑘
𝑘

Where y is the predicted response, β0 is the intercept, and βk is the coefficient for variable k.
Geographically Weighted Regressions (GWR) fit local model coefficients to each point of
interest based on surrounding data points within an optimized bandwidth (Brunsdon et al. 1998):
𝑦𝑖 = 𝛽0𝑖 + � 𝛽𝑘𝑖 𝑥𝑘𝑖
𝑘𝑖

Where yi is the predicted response for each point of interest i, , β0i is the intercept for each point
of interest, and βki is the coefficient for variable k at each point of interest i. Geographic trends in
the local model coefficients obtained by GWR can be used to identify and explain biological
patterns. Statistical analyses were conducted in ArcMap (v. 10, ESRI). All variables were
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standardized by subtracting the mean and dividing by the standard deviation to account for the
differences in magnitude between variables. Corrected Akaike Information Criteria (AICc) and
model probabilities were used to rank models based on 16 competing hypotheses (Table S3.1;
Johnson and Omland 2004; Anderson 2008). Candidate models included combinations of the
main effects of depth, herbivorous fish abundance, herbivorous urchin density, and SGD (222Rn
dpm m-2) and all 2-way interactions between fish abundance, urchin density and SGD. The
GWR function in ArcGIS does not calculate interaction terms internally so all interactions were
included as the product of the crossed factors added as columns to the data frame. Herbivorous
fish and urchins can have different effects on coral-algal dominance (Done 1992; McClanahan et
al. 2002). Low urchin abundance was particularly important in the coral-algal phase shift in
Discovery Bay, Jamaica (Hughes et al. 1994). To test the relative importance of these two
groups, models were included in the comparison with the main effects of herbivorous fish and
urchins alone, together, and in an interaction with each other. Residuals from the OLS models
were tested for spatial autocorrelation using a global Moran’s I test. If residuals were found to
be spatially auto-correlated, a GWR was fit using all factors included in the OLS model.

Results
The top ranked OLS model by AICc included all available main effects, and all 2-way
interactions between urchin density, herbivorous fish biomass, and SGD (Table S3.1). The top 7
models show moderate support (delta AICc ≤ 8.76), and the top 4 models had somewhat stronger
evidence (delta AICc ≤ 4.302). All of the top 4 models, and all but one of the top 7 included the
main effects of fish, urchins, and SGD. This suggests that both the top-down effects of
herbivory and the bottom-up effects of water quality influence the distribution of coral cover at
KBP. There were no clear patterns in the ranking of models with different combination of 2-way
interactions, and the delta AICc between the first and second ranked models (2.70) and the first
and third ranked models (4.081) both exceed the convention for delta AICc acceptable for ruling
out the lower ranked model. Therefore, we only compared the top ranked OLS to the
corresponding GWR.
A global Moran’s I test of the OLS standardized-residuals showed significant spatial
autocorrelation (z-score=22.80; p-value<0.001). A GWR accounting for spatial variability as
well as all factors included in the best OLS model improved the AICc and adjusted R2 of the
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model (Table 3.2;Figure S3.5). The GWR used a fixed bandwidth (37.0 m) for all variables,
optimized by minimization of global AICc. Spatial autocorrelation in standardized residuals was
reduced in the GWR, but not eliminated (Global Moran’s I; z-score = 12.50, p-value<0.001).
In some cases, the direction of the relationship between variables based on the OLS
matched that of the GWR (Table 3.4). For instance, the coefficient for depth was negative in the
OLS and the majority (96.3%) of the local GWR coefficients were also negative. In addition, to
depth the majority of local GWR coefficients were in agreement with the OLS model for SGD,
fish biomass, and the fish x urchin interaction. In other cases, the coefficient for a variable in the
OLS had one sign but the majority of local GWR coefficients had the opposite sign (Table 3.4).
For instance the OLS model predicted a negative relationship between urchin density and coral
cover, but in the GWR model the majority of coefficients (60.11%) describing this relationship
was positive. This inverse relationship between the OLS and GWR coefficients was true for
urchin density, fish x SGD, urchin x SGD (Table 3.2).
In either case, the strength of the GWR approach is its ability to help explain or formulate
new hypotheses about the spatial distribution of our response variable. For instance, the
coefficient for SGD from the OLS was positive and the majority of local GWR coefficients was
also positive (63.08%), but the negative coefficients (36.92%) had an interesting spatial pattern.
Two regions showed negative slopes. One band of mapping units with negative slopes located at
the North end of the grid and another band toward the south. These two regions with negative
slopes corresponded to the area of interest adjacent to the SGD seeps in the North (Figure 3.3b;
yellow box) and also were adjacent to the area of interest with low coral cover (Figure 3.3b; red
box).
The local GWR coefficients for fish biomass and urchin density were highest at the North
and South ends of the reef with lower values in the center. The interaction between these two
terms resulted in larger positive coefficients across the entire reef with the exception of a band of
negative values toward the northern end. This corresponds with a sand channel at the west edge
of the included spatial extent. The SGD x fish biomass and SGD x urchin density interaction
terms were both positive in the OLS suggesting that coral cover increases in areas with high
levels of SGD and herbivory. However, the majority of local GWR coefficients were negative
suggesting that coral cover decreases in areas with a combination of relatively high levels of
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SGD and a higher abundance of herbivores. Values for the coefficients for these interaction
terms were lower toward the center of the area of interest.

Discussion
The present investigation synthesized new information collected on coral cover and
existing data to investigate the relative contribution of SGD and herbivore abundance to patterns
in coral cover at KBP Maui, Hawai‘i . The innovative approach used a GWR (Brunsdon et al.
1998) to determine whether the effects of herbivory and SGD on coral cover varied spatially.
The global OLS regression showed that both herbivore abundance and SGD were related to coral
cover at KBP. The GWR results improved the fit of the model over a non-spatial OLS model,
and revealed spatial variation in relationships between coral cover, herbivore abundance, and
SGD (Fig 7). Output from GWR models allow us to pinpoint optimal locations for placement of
expensive and complex sampling instrumentation needed to describe the temporal variations in
SGD and associated biological variables.
The OLS model coefficients suggested an overall positive relationship between coral
cover and the presence of SGD. GWR local model coefficients, however, showed two areas with
negative relationships between coral cover and SGD (outlined in red and yellow boxes;Figure
3.1, Figure 3.3b). These two areas corresponded to a large cluster of lower than average coral
cover in the southern area of interest (red box Figure 3.3) and a portion of reef adjacent to a
cluster of SGD seeps known to contain wastewater at the northern end of the reef (yellow box
Figure 3.3). The southern area of interest did not have any visually identified seeps, but both the
northern and southern areas had relatively high concentrations of SGD (Glenn et al. 2012).
Many of the seeps identified in the northern part of the surveyed area emerged from holes
or fissures in the limestone bench potentially making the flow of freshwater more consistent and
easier to identify. SGD in the southern area of interest would pass through the reef matrix which
could make the seeps more diffuse or ephemeral and difficult to identify. In this case, corals in
the southern area of interest would be exposed to the diffused SGD more directly than areas in
the north where seeps flow more freely and the buoyant freshwater rises to the surface and away
from the reef without direct contact with the corals (Dailer et al. 2012).
The spatially variable effects of SGD could be related to spatial variation in the
concentration of wastewater across the reef. SGD occurs naturally in many reef environments
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and its effects are not always detrimental (Most 2012). SGD provides nutrients to increase
productivity in oligotrophic waters supporting estuarine species (Miller and Ullman 2004) or
populations of native algae in a marine environment. SGD is associated with detrimental effects
when nutrient levels are increased, microbial communities are altered, or chemical pollutants are
added to the system. Concurrent work demonstrated that many of the visually identified seeps
contain wastewater from the LWRF (Glenn et al. 2012). It is possible that the SGD in some
areas of the reef has a higher concentration of wastewater than other areas.
The main effects of both types of herbivores (i.e. fish and urchins) had low or negative
coefficients in the center of the spatial extent of the grid. The combination of fish and urchins
had a positive relationship with coral cover meaning that in combination the herbivores present
at KBP could be improving the coral cover. Interactions between SGD x fish biomass and SGD
x urchin density both showed negative relationships with coral cover toward the center of the
reef. Areas with negative coefficients suggest that higher SGD, and higher herbivore abundance
lead to lower coral cover. This could be because in areas with higher SGD, there is lower coral
cover opening substrate for algal growth which would provide better grazing habitat (i.e. habitat
with less coral and more algae to eat). The negative relationship between the SGD x herbivore
abundance interaction might be better explained by variables that were not or could not be
included in our model. Local R2 values from the GWR model ranged from 5.71 - 45.67%
(Figure S3.5) and residuals were still spatially auto-correlated despite improvement in the GWR
over the OLS model. The occurrence of low R2 values and spatial autocorrelation of some areas
of the study area suggest that there may be additional explanatory variables in those areas.
Phase shifts often result from multiple disturbances over longer time scales than the
duration of ecological studies (Smith 1981; Hughes 1994; Hughes and Connell 1999;
McClanahan et al. 2002). These disturbances can affect the top-down and/or bottom-up drivers
associated with phase shifts or they can result in coral mortality that opens the space for initial
colonization of substrate by algal competitors. The mapping of KBP showed two types of
patterns associated with historical coral mortality. The first is best described by low coral cover.
The large band of low coral cover described above (Figure 2) is an example of this type of
pattern. In patches with low coral cover, the substrate not occupied by coral, generally dead
coral or sand, had a diffuse distribution of smaller (0.5-1m diameter) patches more consistent
with colony scale mortality. The second type of patch is better described by benthic cover of
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dead coral rubble or skeleton (Ross et al. 2012). Patches described by cover of dead coral tend to
be larger (5-10m diameter) than the first type and have near 100% cover of dead coral skeleton
and rubble. The size of patches associated with dead coral is indicative of the loss of multiple
coral colonies. Patches described by dead coral are not progressive. They appear to have
resulted from a historical event such as a disease, bleaching, or storm event. While freshwater
has been observed in patches of dead coral, the available SGD data were not at a small enough
scale to determine whether SGD was elevated in or near the patches of dead coral.
The output from GWRs could be used to formulate hypotheses and guide the design of
future studies to investigate the relationship between SGD and dead coral patches. High levels
of SGD associated with the installation of the LWRF plants in 1976 and 1985 (Glenn et al. 2013)
could be involved in the formation of dead coral patches. It is possible that increased levels of
SGD increased the competitive ability of algae resulting in the coral mortality that opened space
for algal recruitment. It is also possible an additional historic disturbance such as the
construction activities associated with adjacent development in the 1990s (Swarzenski et al.
2013) made the reef matrix more permeable to SGD while simultaneously opening substrate for
algal recruitment. SGD could also be involved in a feedback loop that could maintain or expand
dead coral patches. Rates of bioerosion at KBP are quite high (Silbiger 2015) and SGD can
increase bioerosion rates. Cover of crustose coralline algae and coral are very low in dead coral
patches. The lack of actively calcifying organisms and potentially increased bioerosion
associated with higher levels of SGD could further weaken the reef matrix making it more
permeable to SGD.
For the purposes of this study, we focused on the role of SGD as a bottom-up driver of
ephemeral algal blooms that could, in turn, affect the distribution of coral cover. While emphasis
is often placed on nutrients associated with SGD, inference as to the effects of increased
nutrients associated with freshwater input is complicated by the fact that reefs are often exposed
to other anthropogenic or natural factors many of which (e.g. lowered salinity, increased
sedimentation, and chemical pollutants) may be delivered via the same freshwater source
(McClanahan 2002; Szmant 2002). In SGD the residence time, and amount and composition of
dissolved organic carbon can alter the redox chemistry, and nutrient concentrations of the water
(Slomp and vanCappelen 2004). In addition to elevated nutrient levels, the SGD sampled at
KBP was low in dissolved oxygen, pH, and salinity and had higher than ambient temperatures
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(Glenn et al. 2012). It is important that these variables be taken into account in future studies
especially given the high rates of bioerosion at KBP (Silbiger 2015). Lowered pH could act
synergistically with increased nutrients to further increase rates of bioerosion. Some of the dead
coral patches at KBP have had collapses of the reef matrix. In one instance the base of a large
colony of P. lobata on the edge of the patch became so eroded that the colony broke free
resulting in partial mortality of the colony. In other areas reef matrix made up of P. compressa
skeleton has collapsed resulting in pot-holes in the reef.
GWRs are recognized as an excellent tool to identify spatially variable relationships
between environmental variables (Brunsdon et al. 1998). Previously, GWRs have been used to
identify areas where the relationships between variables diverge from global relationships
described by non-spatial models (Windle et al. 2009, 2012; Kilgo 2012; Keith et al. 2014) , and
to identify the relative importance of different factors across a landscape (Wooldridge et al.
2006; Van Houtan et al. 2010; Korpinen et al. 2012) While the analyses presented here cannot
infer the causation, identification of the spatial patterns like those described above, and/or areas
where the local R2 is low or autocorrelation of residuals is high, allow researchers and managers
to develop hypotheses and improve our sampling strategies leading to further understanding of
these systems. One of the great challenges in relating biological variables such as coral or
herbivore abundance, and physical or chemical variables such as SGD, is the discrepancy in
scale. Water chemistry measures, which generally require costly instrumentation and laboratory
analyses, are often collected on a coarser spatial scale (kilometers) than biological variables
(meters). Here, through detailed mapping of coral cover and synthesis of existing data, we can
use rapidly quantified variables to identify areas of interest in which to focus future collaborative
efforts to investigate causes of coral decline at KBP. These analyses demonstrated that coral
cover at Kahekili Beach Park is related to both SGD and herbivore abundance. The investigation
further showed that relationships between coral cover, SGD and herbivore abundance vary
spatially and that output from a spatial model can be used not only to predict coral cover, but
also to direct further study.
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Tables
Table 3.1. Summary statistics for response (coral cover) and explanatory variables used in OLS
and GWR analyses. Sample sizes (n) reflect the number of different units surveyed for each
variable in the study.
Variable

Units

n

Mean

SE

Range

Coral Cover

percentage

1101

32.35

0.41

0 - 71

Depth

meters

1101

4.38

0.045

0.914 - 8.46

71

7086.17

653.25

0-28856.09

g m-2

36

16.79

2.78

0 – 74.34

g m-2

32

18.28

3.11

2.27 – 72.20

Number m-2

36

0.20

0.057

0-1.88

Number m-2

32

0.18

0.63

0- 1.84

SGD

222

Rn dpm m-2

Herbivorous
Fish Biomass
March 2011
Herbivorous
Fish Biomass
Sept 2011
Urchin Density
March 2011
Urchin Density
Sept 2011
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Table 3.2. Model coefficients for each variable, adjusted R2, and AICc values for OLS and GWR
models. There are coefficients and R2 values corresponding to each mapping unit (n=1101) in the
grid. The minimum, median, maximum are reported for all coefficients, and R2 values. The
percentages of coefficients that are positive and negative are reported for each variable. Overall
adjusted R2 and AICc values for GWR can be compared to those of the OLS model.
OLS
Variable

GWR
Minimum

Median

Maximum

% (-)

%(+)

Intercept

33.49

19.43

36.02

41.66

0

100

Depth

-1.83

-11.01

-3.83

2.22

93.60

6.4

SGD

1.70

-9.44

1.52

51.86

36.92

63.08

Fish biomass

-1.76

-10.88

-2.65

22.08

58.16

41.84

Urchin density

-0.77

-24.25

0.86

16.35

39.89

60.11

Fish x SGD

1.19

-27.55

-1.50

16.65

61.50

38.50

Urchin x SGD

1.54

-18.30

-1.37

90.51

70.96

29.04

Fish x Urchin

1.69

-11.55

6.87

35.03

14.38

85.62

adjusted R

7.82%

5.71%

19.73%

45.67%

Overall:

37.27%

AICc

8575.57

Overall:

8197.43

2
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Figures

Figure 3.1. Hawaiian Islands with the island of Maui (top right), the boundaries of the Kahekili
Fisheries Management Area (KHFMA), Kahekili Beach Park Site (KBP), the Lahaina Wastewater
Reclamation Facility (LWRF) (center). The location of visually identified seeps containing
wastewater effluent (Glenn et al. 2013) and a Getis-Ord Cluster analysis of coral cover data in 5 m
x 5 m mapping units at KBP (left; Ross et al. 2012). Negative z-scores (red) represent areas of low
coral cover; positive z-scores (blue) represent areas of high coral cover. Two areas of interest are
highlighted: An area of lower than average coral cover (red box) and an area adjacent to a cluster of
seeps at the north end of the site (yellow box).
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Figure 3.2. Values for (a) depth, (b) SGD, (c) herbivorous fish biomass, and (d) urchin density,
plotted for each of the mapping units at the Kahekili Beach Park Site.
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Figure 3.3. Local GWR model coefficients associated with main effects of (a) depth, (b)
herbivorous fish biomass, (c) urchin density, and (d) SGD. Two areas of interest are highlighted:
An area of lower than average coral cover (red box) and an area adjacent to a cluster of seeps at the
north end of the site (yellow box).
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Figure 3.4. Local model coefficients associated with interactions of (a) fish biomass x urchin density, (b) urchin density x SGD, and (f)
fish biomass x SGD.
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Supplemental Material
Table S3.1. Competing hypotheses included in the AICc model selection of the Ordinary Least Squares Model.
AICc

Rank

∆AICc

wj

wbest/wj

coral~depth+SGD+fish+urchins+SGD*fish+SGD*urchins+fish*urchins

8575.57

1

0

0.64439

1

coral~depth+SGD+fish+urchins+SGD*fish+SGD*urchins

8578.27

2

2.702

0.16688

3.86128

coral~depth+SGD+fish+urchins+fish*urchins

8579.65

3

4.081

0.08375

7.69446

coral~depth+SGD+fish+urchins+SGD*urchins

8579.87

4

4.302

0.07499

8.59345

coral~depth+SGD+fish+urchins+SGD*fish

8583.69

5

8.124

0.01109

58.0904

coral~depth+SGD+fish+urchins

8583.85

6

8.282

0.01025

62.8657

coral~depth+fish+urchins+fish*urchins

8584.33

7

8.758

0.00808

79.7582

coral~depth+fish+urchins

8589.62

8

14.051

0.00057

1124.96

coral~depth+SGD+urchins+SGD*urchins

8602.02

9

26.449

1.2E-06

553767

coral~depth+SGD+urchins

8604.9

10

29.334

2.8E-07 2343134

coral~depth+SGD+fish

8605.29

11

29.723

2.3E-07 2846213

coral~depth+SGD+fish+SGD*fish

8606.02

12

30.453

1.6E-07 4100010

coral~depth+urchins

8611.91

13

36.336

8.3E-09 7.8E+07

coral~depth+fish

8615.09

14

39.519

1.7E-09 3.8E+08

coral~depth+SGD

8810.94

15

235.365

coral~depth

8824.55

16

248.981 5.5E-55 1.2E+54

Model
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Figure S 3.1. Observed vs. IDW predicted values of SGD (222Rn dpm m-2).
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Figure S 3.2. (A) 25m buffers around fish and urchin transects, (B) IDW interpolation of radon
data.

Figure S 3.3. Herbivore transects sample size for each mapping unit.
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Figure S 3.4. (A)Local R2 values for GWR (B) Standardized residuals for GWR model.
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CHAPTER 4. DESCRIBING SPATIAL VARIABILITY IN DEMOGRAPHICS
OF MONTIPORA CAPITATA USING AN INTEGRAL PROJECTION
MODEL APPROACH
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Abstract
Spatial variability in coral abundance, diversity and size structure is determined by the
scale, spatial heterogeneity, and history of the processes structuring them. On the leeward coast
of Maui, declines in coral cover have been documented at 44% of long-term monitoring stations
from 1999-2012. The percentage of coral cover lost varied greatly by site ranging from a loss of
90.6% to an increase of 122.5% in coral cover. Losses in coral coverage can be driven by
variation in vital rates including decreased rates of recruitment, decreased rates of growth, and
increased rates of mortality. Site specific Integral Projection Models (IPMs) were utilized to
describe spatial variation in the population demography (i.e. the combination of recruitment,
growth and mortality) of one of the main reef building corals, Montipora capitata, around Maui,
Hawai‘i . Dynamic models can be used to understand how the combination of demographic rates
work together to structure populations of reef building corals. Historically, Leslie matrices have
been used to model coral populations. IPMs are similar to Leslie matrices, but utilize continuous
functions to estimate transitions probabilities. The use of continuous functions in IPMs reduces
the number of parameters estimated from the number required to fit matrix models allowing the
flexibility to include covariates. In this case we included the effect of site on coral demographics
of M. capitata. Results of this investigation show that M. capitata populations on Maui were
most sensitive to changes in the growth. Some sites were more sensitive to sexual recruitment
(Puamana) while others were more sensitive to clonal reproduction (Olowalu and Molokini) and
regrowth of damaged colonies. Findings concerning the population biology of M. capitata
around Maui can then be used to understand processes driving variability in reef structure and
facilitate development of effective management practices.

Introduction
Spatial variability in coral abundance, diversity (Edmunds and Bruno 1997) and size
structure (Meesters et al. 2001) is determined by the scale (Connell et al.1997), spatial
heterogeneity, and history (Hughes and Connell 1999) of the processes structuring them. Coral
decline is widespread globally (Pandolfi et al. 2003), but spatially variable (Porter and Meier
1992) as a result of human impacts at local (sedimentation, over-fishing) and global (climate
change) scales interacting with natural variation in physical (e.g., wave energy, hurricanes) and
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biological (e.g., competition, predation) processes. Effective conservation requires
understanding the processes and stressors driving variability in reef decline. Measuring
demographic processes and their impacts on size structure and abundance can give us insight into
reef decline.
Population size structure influences the resilience of coral populations to threats
including disease (Couch 2014), sedimentation (Jokiel et al. 2014), climate change (Madin et al.
2012; Edmunds et al. 2014), and competition with macroalgae (Box and Mumby 2007).
Population size structure is determined by the dynamics of vital rates (i.e. recruitment, growth,
and mortality) that respond differently to the processes structuring communities. Losses in coral
coverage can be driven by variation in vital rates including decreased rates of recruitment,
decreased rates of growth, and increased rates of mortality. For instance, recruitment may be
more sensitive to a sedimentation event than growth of a larger colony and mortality rates may
be more sensitive to an acute storm event than growth or recruitment. Spatial variability exists in
the environmental factors controlling vital rates occurs on reefs (Connell et al. 1997). Therefore,
understanding spatial variability in vital rates could enhance understanding of long-term changes
in coral abundance.
Knowledge of which vital rates drive changes in coral reef resilience at a given site is
needed in the development of effective management practices. For example, the vital rate
“recruitment” can be enhanced through the development of a marine protected area network
(West and Salm 2003). Reducing sediment turbidity to increase solar penetration is an example
of a management action designed to increase the vital rate “growth”. Reduction of the vital rate
“mortality” caused by algal overgrowth of corals can be managed by reducing nutrient input
(Smith et al. 1981) and fishing pressure to the reef (Hughes et al. 2007).
Corals are modular, clonal organisms with complex demographics. Scleractinian corals
exhibit both sexual and asexual reproduction, indeterminate growth, partial mortality, and ramet
production. Integral Projection Models (IPMs) are well suited to the complex demographics of
modular organisms such as lichens (Shriver et al. 2012), clonal plants (Hesse et al. 2008;
Hegland et al. 2010), gorgonians (Bruno et al. 2011), and corals (Burgess et al. 2010; Madin et
al. 2012; Edmunds et al. 2014). Size based Lefkovitch matrix models have been used previously
to describe the complex demography of corals (Caswell 2001; Hughes 1980; Hughes 1984;
Hughes and Jackson 1985; Babcock 1991; Tanner et al. 1996; Ruesink 1997; Fong and Glynn
80

1998; Fong and Glynn 2000; Lirman 2003; Lirman and Miller 2003; Brown 2004; Smith et al.
2005; Edmunds 2010). In matrix models, the colony size, a continuous variable, is broken into
categorical size classes to calculate the probability that a colony of size x at time t would
transition to a colony of size y at time t+1. The conversion of a continuous variable into a
categorical size class results in the loss of information about a specific size of coral especially
since the number and range of size classes are often based on data availability rather than
biological relevance. In a Lefkovitch matrix model a transition probability must be calculated
for each combination of size classes. IPMs use continuous functions rather than calculating
transition probabilities based on size classes. The use of continuous functions in IPMs reduces
the number of parameters estimated from the number required to fit matrix models allowing the
flexibility to model spatial parameters.
On the leeward coast of Maui, long-term monitoring documented decreasing trends in
coral coverage at 44% of monitoring stations from 1999 to 2012 (Rodgers et al. 2015). The
proportional change in coral cover varied from -0.91 to 1.23 depending on the site (Table S4.2).
The use of IPMs will allow the concurrent assessment of all three vital rates to determine which
one contributes most at sites with variable long-term trajectories of change in coral cover. The
goal of this chapter is to develop site specific models describing spatial variation in the
population demography (i.e. the combination of all vital rates) of one of the main reef building
corals, Montipora capitata, around Maui, Hawai‘i .
In this chapter an IPM approach was used to: 1) Quantify the relative contribution of
different vital rates to observed trends in M. capitata population dynamics, 2) Describe variation
in population dynamics between sites and identify which vital rates influence these trends.

Methods and Results
Location
In 1999, the Hawai‘i Coral Reef Assessment and Monitoring Program (CRAMP) and the
Hawai‘i Department of Land and Natural Resources - Division of Aquatic Resources (DLNRDAR) established long-term monitoring locations around Maui, Hawai‘i (Jokiel et al. 2004). At
each location, two sites (one shallow, one deep; Table S4.3) were established. Each site includes
a 100 x 2 m grid with 10 randomly spaced 10 m transects and five randomly placed 0.33 m2
quadrats marked with stainless steel pins. These permanent quadrats were photographed
81

annually from 1999 to 2005 to examine population demographics of the most common coral
species (Brown 2004). Ten sites across seven locations (Figure 4.1) had high-quality
photographs and sufficient observations to be included in this analysis; site descriptions are
included in Appendix 4A.
Demographic monitoring methods
Coral colony size and transition data were extracted from analysis of the annual digital images of
the permanently marked quadrats. In each photoquadrat, individual colonies (defined as
contiguous coral tissue) were traced using Adobe Photoshop CS5.1 (Adobe Systems, San Jose,
CA, USA) and individually tracked through annual photographs. Colonies were assigned an
identification number in the first year the colony was observed and subsequently re-traced to
measure size and identify transition type (Figure 4.2) from year t to t+1. A total of 4,650
colonies (10,656 transitions) of 10 species of scleractinian corals (Table S4.2) were observed.
Analyses were restricted to Montipora capitata, one of the most commonly observed corals in
the data set with 915 colonies and 2,130 observed transitions (Table S4.2) and focused on spatial
variability in M. capitata demography. Ten sites from six locations (Figure 4.1; Table S4.3) had
sufficient (> 50) observed transitions in this species for parameter estimation in the IPMs.
Colony Size
Montipora capitata is phenotypically plastic (Maragos 1972; Todd 2008; Forsman 2010)
exhibiting mounding, branching, plating, and encrusting colony morphologies. Colonies at the
study sites typically exhibited encrusting or plating growth forms. For the encrusting growth
form of M. captiata, it is assumed that surface area is representative of the energetic and
reproductive capacity of M. capitata. For this study, we measured M. capitata colony size as the
planar surface area of each contiguous colony in a photoquadrat. The observed size frequency
distribution of M. capitata was positively skewed (dominated by small sized colonies) as shown
in previous studies with other species (Vermeij and Bak 2002). Therefore, we modeled colony
size as log-transformed planar surface area.
Vital rate functions
Analysis approach
We used linear, non-linear, and generalized linear mixed models to estimate the
probability of each transition type for colonies of size x at time t to colonies of size y at time t+1.
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All full models included the main effect of size x and the random effect of site. Initially, we
included a random effect for year (Rees and Ellner 2009); however, the effect size was small
(<5%) in all fitted models and made convergence impossible in other models, so the random
effect of year was omitted from the model selection process and transitions were pooled across
years. Vital rate models for survival, growth, fission, fusion and sexual reproduction were
selected through backward elimination of non-significant (P< 0.05) main effects using likelihood
ratio tests (Zuur et al. 2009) within the lme4 (Bates et al. 2014) or nlme (Pinheiro et al. 2014)
packages in R (v.3.0.2; R core team 2013 ).

Survival (ps)
Scleractinian corals undergo two types of mortality. Partial mortality occurs when part
of the colony dies and decreases colony size (see Growth: Methods and Results). Whole colony
mortality occurs when all polyps die and the entire colony is lost (Hughes and Jackson 1985). In
this study, the transition “mortality” was reserved for whole colony mortality (Figure 4.2;
422/2130 transitions) because in whole colony mortality a colony is removed from a population
while in a partial mortality event a colony will continue to survive and grow. Throughout this
paper we will define “survival” as the probability that a colony will not undergo whole colony
mortality from year t to year t+1. We estimated the probability of survival ps as a function of
colony size x using a logistic regression including the random effect of site on the intercept of the
function in lme4 (Figure 4.3). Site-specific intercepts of the survival function were estimated
using Best Linear Unbiased Predictors (BLUPs).
Based on the mean kernel, colonies of mean size (8.68 cm2) would have 16.3% mortality per
year. The rate of mortality for the mean size across sites ranged from 9.31% to 21.22% per year
(Table S4.4).
Growth (gn, ge, gi, gu)
In colonial organisms such as corals, individual colonies grow with the addition of new
polyps and shrink with the death of existing polyps. Normal growth transitions include colonies
that increased or decreased in size but remained a single, intact colony (Figure 4.2; 802/2130
transitions). As in previous studies (e.g., Hughes and Jackson 1985), small colonies exhibited
higher growth rates than larger colonies. To account for higher growth rates in small colonies, a
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nonlinear growth model was fitted using nlme with a nonlinear function of size at time t as a
fixed effect and site as a random effect on the intercept of the exponential component of the nonlinear model g3 (Table 4.1: Normal Growth)
In this study, some larger colonies exhibited severe partial mortality and were outliers in
the normal growth model. Following Shriver et al. (2012), we considered these ‘extreme
shrinkage’ (ES) events to be a distinct process ge and modeled them separately from normal
growth and shrinkage (NGS) gn. Growth transitions in which the growth increment was in the
lowest 5% of the cumulative distribution were considered ES events. For ES events, the size of
the ES colony at time t+1 was a linear function of size x at time t; the most parsimonious model
did not include the random effect of site (Table 4.1; Figure 4.4a).
Colonies undergoing fission gi and fusion gu have distinct growth rates. Fission is
defined as an event in which a single colony observed at time t splits into two or more colonies at
time t+1 (Figure 4.2; 408/2130 transitions). Fission typically resulted from partial mortality and
produced one large ramet and one or more smaller ramets. In 81% of fission events, the larger
ramet was at least 2 times larger than the smaller ramet. The smaller fragments resulting from a
fission event were modeled as clonal offspring (See Clonal Reproduction). Fusion occurred
when two or more colonies that were distinct at time t formed a single contiguous colony at time
t+1 (Figure 4.2; 285/2130 transitions). Typically, a fusion event consisted of a larger colony
fusing with one or more smaller colonies, and it is likely that these colonies were part of the
same genet at an earlier time (Hughes and Jackson 1985; Jokiel et al. 2013). Fusion was
modeled as a special case of growth for the larger, parent colony; the smaller “absorbed”
colonies ‘died’. Both fission and fusion were modeled as the size of the parent colony at t +1 as
a linear function of size at t using the generalized least squares (gls) function in the nlme
package; the most parsimonious models did not include the random effect of site. In 1% of the
transitions (22/2130), fission and fusion both occurred in a single colony over a single time step.
The growth of these colonies was most similar to fusion and, therefore, these data were
considered part of the fusion group.
Using the mean transition kernel, a colony of mean size (8.68 cm2) undergoing NGS
growth would increase an average of 12.69% in size over the course of a year. The site-specific
change in size for a colony of the mean size (8.68 cm2) undergoing NGS ranged from an increase
of 23.69% to a decrease of 11.79% of its initial size over the course of a year. Two of 10 sites
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(Honolua North and Puamana 3m) had a mean negative growth for a colony of the mean size.
Smaller colonies had faster growth rates under NGS growth than larger colonies. In the mean
kernel a colony of a smaller size (1 cm2) would increase by a mean of 105.1% of its initial size.
The growth rate of colonies undergoing ES and fusion were considerably lower than that
of NGS. A colony of mean size (8.68 cm2) would decrease in size by 84.83% of its initial size
over the course of a year when undergoing ES and by 35.85% of its initial size when undergoing
fission. Fusion had a higher growth rate than NGS. A colony of mean size (8.68 cm2) would
increase by an average of 134.97% its initial size over the course of a year when undergoing
fusion.
Transition probabilities for growth, fission, fusion
Given survival, the probabilities of growth (including NGS and ES), fission, and fusion
were assumed to sum to one. The probability of fission pi was estimated using logistic
regression including size as a fixed effect and site as a random effect on the intercept p0,i in lme4
(Table 4.1;Figure 4.5). The probability of fusion was modeled in two steps: (i) given survival,
what is the probability of fusion pu ? (ii) given fusion, what is the probability of being the large,
‘parent’ colony pul? Each step was modeled using logistic regression as a function of size (fixed)
and site (random) in lme4. Fusing ‘parent’ colonies grew according to the fusion growth model
(Figure 4.4b); non-parent fusing colonies effectively die. The probability of normal growth and
shrinkage pn calculated as:
𝑝𝑛 = 1 − 𝑝𝑖 − 𝑝𝑢 + 𝑝𝑖 ∗ 𝑝𝑢

(1)

includes all colonies that do not undergo fission or fusion. A proportion of growing colonies
experience extreme shrinkage. Given normal growth, the probability of ES pes was estimated
using logistic regression in lme4 as a function of size (fixed) and site (random).
The probability of fission and fusion increased at larger sizes (Figure 4.5a, b) in contrast
to growth which decreased at larger sizes (Figure 4.5c). For colonies of mean size (8.68 cm2)
under the mean transition kernel, 6.8% would undergo Fission, 16.7% would undergo fusion,
5.0% would undergo ES and the remaining 71.51% would undergo NGS. All transition
probabilities varied with site. For the mean colony size (8.68 cm2) the probability of fission
ranged from 2.44% to 15.3% and the probability of fusion from 2.6% to 46.9%.
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Clonal Reproduction
Fission is a form of clonal reproduction: the production of physiologically independent
ramets from the same genet. The probability of fission, pi, as a function of colony size x and site
is described in the preceding section. Given a fission event, we modeled the number of offspring
per fission event, c, as a multinomial that can take values of 1, 2, 3, or ≥ 4 offspring in the nnet
package (Ripley and Venables 2014) in R (Table 4.1; Figure 4.6a). The size of clonal offspring
at time t+1 cs is normally distributed with both mean and variance increasing with the parental
size x at time t (Table 4.1; Figure 4.6c). Clonal offspring size was modeled using the gls
function in the nlme package with a fixed variance component proportional to the size x of the
parent at time t+1 (Table 4.1).

Sexual Reproduction
The transition “recruit” (Figure 4.2; 218/2130 transitions) was assigned when a colony
appeared at time t+1 in a quadrat location where there was no colony in time t. Consequently, we
assumed that these colonies were recruits from sexual reproduction. M. capitata is a
hermaphroditic, broadcast spawner (Padilla-Gamino et al. 2011), a common reproductive
strategy for corals (Richmond and Hunter 1990). M. capitata releases positively buoyant eggsperm bundles on a lunar cycle in the summer months (Kolinski 2004). Planula larvae are
competent 3 days post spawning and have a larval duration of >200 days (Kolinski 2004)
implying potential for long distance dispersal. A predictive model put forth by Storlazzi et al.
(2006) using doppler profiles suggests that while different locations within the Maui Nui island
complex have varying degrees of larval retention, there is potential for inter-island connectivity.
Despite this potential, population genetic structure suggests that the majority of M. capitata
populations in the Hawaiian Archipelago are self-recruiting at the island scale (Concepcion et al.
2014). Therefore, to incorporate sexual reproduction into the IPM, we modeled each site as a
closed population where recruits were generated locally (Bruno et al. 2011). To estimate the
number of recruits per parent colony of size x, we solved for a constant r relating the number of
recruits produced per the surface area of M. capitata:
𝑅 =𝑟∗𝑏
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(2)

where R is the density of recruits per quadrat estimated using an intercept-only Poisson
regression with site as a random effect on the intercept using lme4 (Bates et al. 2014), and b is
the average log transformed surface area of M. capitata per quadrat at time t (Bruno et al. 2011;
Table 4.1; Figure 4.6a). The number of recruits produced by a colony of size x varied by site
ranging from 0.03 to 0.80 (Figure 4.6b; Table S4.4).
The size y of sexually produced offspring was independent of parent size at x. Offspring
size was estimated using a normal distribution based on log transformed surface area (cm2) from
the observed recruits. The mean of the distribution varied by site ranging from 0.0018 to 1.93
(Figure 4.6d; Table S4.4).
Demographic Model: Integral Projection Model
To understand how these vital rates contribute to the demographics of the population, we
developed an Integral Projection Model (IPM; Ellner and Rees 2006) for M. capitata. The IPM
projects populations from year t to t+1 as a function of colony size, y:
𝑛(𝑦, 𝑡 + 1) = � 𝐾(𝑦, 𝑥)𝑛(𝑥, 𝑡)𝑑𝑥

(3)

where n(x,t) and n(y,t+1) are the size distribution of the population at time t and t+1,
respectively, and K(y, x) is the kernel, which describes the probability that a colony of size x in
year t transitions to size y in year t+1. The kernel is comprised of functions for survival-growth,
P(x,y); clonal reproduction, C(x,y); and recruitment of sexually produced offspring, F(x,y).
𝐾(𝑥, 𝑦) = 𝑃(𝑥, 𝑦) + 𝐶(𝑥, 𝑦) + 𝐹(𝑥, 𝑦)

(4)

The P matrix P(x,y) incorporates the probability of survival ps (Table 4.1; Figure 4.3) and
growth (Figure 4.4):
𝑃(𝑥, 𝑦) = 𝑝𝑠 [𝑝𝑖 𝑔𝑖 + 𝑝𝑢 𝑝𝑢𝑙 𝑔𝑢 + 𝑝𝑛 (1 − 𝑝𝑒𝑠 )𝑔𝑛 + 𝑝𝑛 𝑝𝑒𝑠 𝑔𝑒𝑠 ]

(5)

Where the bracketed term includes transition-specific growth models weighted by transition
probabilities for fission pi fusion pu, pul, normal growth, and extreme shrinkage (Table 4.1;
Figure 4.4).
The C matrix C(x,y) estimates the contribution of clonal reproduction through fission of
colonies to n(y,t+1), including the probability of fission pi (Table 4.1; Figure 4.5a), the
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probability c that a certain number of clonal offspring k be produced per fission event (Figure
4.6b), and the size distribution of clonal offspring cs (Table 4.1; Figure 4.6d):
𝐶(𝑥, 𝑦) = 𝑐𝑘 𝑐𝑠

(6)

The F matrix F(x,y) combines the contribution of sexual reproduction to the population f
(Table 4.1; Figure 4.6a) and the size of sexually produced offspring fs (Table 4.1; Figure 4.6b):
𝐹(𝑥, 𝑦) = 𝑓𝑓𝑠

(7)

Parameters from the vital rate functions (Table 4.1) were used to construct a kernel of mean
transitional probabilities from size x at time t to size y at time t+1. Separate kernels were
constructed from site-specific parameters (estimated by BLUPs, Pinheiro and Bates 2000) for
each of the 10 sites observed around Maui to investigate between site variability in demographic
processes (Figure S 4.1; Table S4.4). Plots of the transition probabilities of the mean and three
representative sites: Molokini 13m, Olowalu 7m and Puamana 3m are presented in Figure 4.7.
In Figure 4.7the transition probabilities associated with the NGS, ES, fission and fusion growth
functions are interpreted as the probability that a colony of size x at time t would grow or shrink
to a slightly larger or smaller size y by time t+1. Probabilities associated with growth functions
form a line with a curve at lower sizes x representing proportionally higher growth at a lower
size x. The transition probabilities associated with clonal reproduction through fission would be
interpreted as the probability that a ‘parent’ colony of size x at time t would result in clonal
offspring of size y at time t+1. Offspring produced through clonal reproduction can be of similar
or smaller size than the ‘parent’ colony. The probabilities associated with clonal reproduction
form a wedge shaped area of higher transition probabilities at larger sizes x at time t in Figure
4.7. The transition probabilities associated with sexual reproduction are interpreted as the
probability that a parent colony of size x will produce offspring of size y in time t+1. In the case
of sexually reproduced offspring the offspring will tend to be of small size y regardless of the
parent size x. Probabilities associated with sexual reproduction are associated with a band of
higher transition probabilities along the bottom (low size y) of the plots in Figure 4.7. The mean
matrix (Figure 4.7top), and matrices for Molokini (Figure 4.7bottom left) and Olowalu (Figure
4.7 bottom center) are dominated by probabilities associated with growth and clonal
reproduction through fission. The matrix for Puamana (Figure 4.7 bottom right) has a high
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transition probabilities associated with growth and clonal reproduction but also with sexual
reproduction in the band along the bottom of the plot.
Demographic Analysis
Multiplicative population growth rates and stable stage distributions were calculated for
mean and site-specific kernels. Elasticity analyses were conducted to describe the relative
importance of each vital rate in the different populations and to identify which transition
probabilities are most influential to the multiplicative growth rate of the population. Elasticity
analyses were conducted at the level of the kernel elements, the 35 parameters contributing to the
vital rate functions, and the 11 vital rate functions (Rees and Ellner 2009).
Multiplicative population growth rates and stable stage distribution
Multiplicative population growth rates for the 10 sites ranged from 1.03 to 1.29 (λ, the dominant
eigenvalues), with a mean λ of 1.12 (Table S4.4). The stable stage distributions (ω), the right
eigenvectors) were calculated for each kernel (Figure S 4.2). The stable stage distributions of
Molokini and Olowalu had higher proportions of larger colonies than the mean while the stable
stage distribution of Puamana had a lower proportion of larger colonies than the mean, Molokini
or Olowalu (Figure 4.8).
Elemental elasticities
Elasticities of λ to perturbations of matrix elements of the mean and site specific
transition kernels were calculated in IPMpack (Metcalf et al. 2015) in R (Figure S 4.4) using
(Caswell 2001):
𝐸=�

𝑎𝑖𝑗 𝜕𝜆
�
𝜆 𝜕𝑎𝑖𝑗

(8)

Elemental elasticities may be interpreted as the proportional contribution of a colony that
transitions from size x at time t to size y at time t+1 to the growth rate of the population (Ellner
and Rees 2006). The transitions with the highest elemental elasticties correspond to growth or
shrinkage of colonies from one year to the next. For the mean kernel in this study, transitions
from mid-sized colonies to slightly larger or smaller colonies contributed the most to the growth
rate of the population (Figure 4.9top).

The elemental elasticities were higher in the larger size
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classes for Molokini and Olowalu and in the lower size classes for Puamana (Figure 4.9). Vital
Rate Parameter Elasticities
Elasticities of λ for the 35 vital rate parameters were calculated. Parameter elasticities for
the mean kernel were highest for the intercept of the normal growth function g0,n , and the slopes
of the fission growth function g1,I, and fusion growth function g1,u all of which are associated
with the change in size of colonies with size x in time t to size y in time t+ (Figure 4.10; Figure S
4.3). Based on parameter elasticities, an increase in growth for individual colonies would
increase the overall population growth rate more than a proportionally similar increase in the
survival of colonies.
The intercept parameter of the normal growth function g0,n had the highest elasticity at all
10 sites (Figure S 4.4). The ranking varied between sites for the rest of the parameters. For
instance, Puamana was more sensitive to g2,n from the NGS growth function and r, while
Molokini and Olowalu were more sensitive to the size of clonal offspring and the g1,u . Of the
three reference sites, Puamana had a higher proportion of small colonies in its stable stage
distribution (Figure 4.8). Puamana also has the highest rate of recruitment, but the smallest mean
recruit size. An increase in growth at the smaller sizes would improve survival probability and
reproductive output. Molokini and Olowalu have higher proportions of larger colonies (Figure
4.8). An increase in growth rate at smaller sizes may not have much of an impact, because
colonies are already benefiting from the increased rates of survival and reproduction that come
with larger colony size. Larger colonies, like those found at Olowalu and Molokini, are more
likely to undergo fission through partial mortality. An increase in the size of clonal offspring
and an increased growth rate in fusion of colonies separated previously by fission improves a
colony’s probability of survival and reproductive output. Elasticities by size class show that
smaller colonies at Puamana are more sensitive to recruitment (Figure 4.12) and growth of
smaller size classes (Figure 4.13). In contrast, larger colonies at Olowalu and Molokini are more
sensitive to the growth of fusion colonies (Figure 4.14) and the mean size of clonal offspring
(Figure 4.15Figure 4.15).

Elasticity to Vital rate functions
Elasticities of λ to increases in the 11 vital rate functions used to estimate transition
probabilities were calculated. An increase in the survival vital rate function had the highest
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elasticity by far. (Figure 4.11; Figure S 4.3). This result implied that of all of the vital rates,
survival had the greatest contribution to the overall growth of the population. Vital rate
functions may be included in multiple parts of the full kernel. For instance, survival is included
in all of the growth kernels included in the full model (Rees and Ellner 2009). So while survival
has the highest function elasticity by far, it is still important to consider the variability in other
functions. After survival, the functions representing sexual and then clonal reproduction had the
highest function elasticities. Perturbations to the functions associated with the partial mortality
of colonies (i.e. the probability and growth functions for fission and extreme shrinkage) resulted
in reduced values of λ. Function elasticities can be compared between sites to better understand
the relative importance of different vital rates at different sites. For instance, Puamana was more
sensitive to an increase in the fecundity function while Olowalu and Molokini were more
sensitive to changes in the clonal function than Puamana. The growth of colonies that underwent
fission or fusion was less influential at Puamana than at Molokini or Olowalu.

Discussion
Results of this investigation demonstrated that the use of an Integral Projection Model (IPM)
approach provides valuable information on the spatial variability and relative importance of
different vital rates in driving patterns of coral abundance. While IPMs have not been widely
applied to scleractinian corals, they have been proposed as a method to identify demographically
successful species of coral in the face of global climate change (Edmunds et al. 2014), and used
to model the effects of storm damage (Burgess 2011) and the synergistic effects of changes in
calcification rate and storm intensity (Madin 2012) on species of reef building corals, and disease
ecology in gorgonians (Bruno et al. 2011). The use of a demographic approach such as IPMs
allows us to understand the population biology and processes structuring coral reefs in
comparison to other methods that simply examine abundance like coral cover. Such analyses are
useful for effective management of resources because they allow managers to prioritize the
relative importance of different stressors, life history stages, species, or sites to focus
management actions on to promote long term increases or stability in coral communities.
In modular organisms (e.g. plants, lichens, corals), the population demography for a
given species can be extremely complex to unravel and interpret (Hughes 1984; Hesse et al.
2008; Shriver and Doak 2012). For example, partial mortality can behave in several ways.
Fission can act as a means of recruitment. In this case, colonies can bud offspring increasing the
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number of colonies in a population. Fission can act as a demographic buffer because fission
through partial mortality allows parts of colonies to survive a disturbance, preserving both the
number of colonies and genetic composition in a population. If the disturbance resulting in the
initial partial mortality is acute (e.g. a single storm event), the ability of colonies to grow back
together through fusion allows colonies to reach a size refuge from mortality more quickly.
However, if the disturbance causing partial mortality is chronic in nature (e.g. repeated
sedimentation events), fission can act as “death by a thousand cuts” in which a slow, chronic loss
of tissue results in whole colony mortality eventually. In this scenario fission through partial
mortality might buffer the number of colonies for some time, but as the resulting colonies sustain
further disturbances, their decreased size makes them more susceptible to whole ramet mortality,
which in turn could lead to genet mortality and the loss of that individuals genetic contribution to
the population. In our model, the elasticities of λ to processes involving partial mortality (i.e.
fission and extreme shrinkage) resulted in decreases in the population growth rate of M. capitata.
This implies that the increased probability of fission and extreme shrinkage would result in fewer
colonies becoming established on the reef. However at some sites (e.g. Olowalu and Molokini),
increased clonal reproduction and fusion growth lead to increased λ. These processes could
offset the negative effect of fission resulting in a situation more like the refuge or recruitment
scenarios. It is possible that the same fates of colonies could have very different implications for
the overall trajectory of population growth at different sites.
An enhanced understanding of the underlying demographic processes that structure coral
populations allow us to make more targeted management decisions. For instance, based on our
discussion of fission, we know that increased rates of fission could result in a slower population
growth rates in the “death by a thousand cuts” scenario. This decline in λ could be exacerbated
by chronic (i.e. more frequent) disturbances. The population growth rate at Olowalu was
particularly sensitive to increases in the fusion growth rate. This could imply that there is
potential for Olowalu to recover from partial mortality events more quickly if the growth rate of
fusion is increased. One of the management concerns at Olowalu is the input of sedimentation
through development within the watershed. Disturbances associated with sedimentation can be
acute in nature, but are often chronic depending on the type and duration of the disturbance to the
terrestrial environment and the capacity for re-suspension of sediment in the marine environment
(Field et al. 2008). Managers may be able to reduce the impact of partial mortality associated
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with sedimentation at Olowalu by reducing the frequency of sedimentation events on this reef
allowing time for colonies that underwent partial mortality to grow back together resulting in
colonies less likely to undergo whole colony mortality in the next sedimentation event.
Puamana provides another example of how the sensitivity of coral populations could be used
to direct management of Maui’s coral reefs. The role of connectivity and rates of sexual
recruitment to the resilience of reefs are often considered in the prioritization of management
actions. Recruitment rates are often estimated using settlement plates or counts of recruits in
situ. Through the use of IPMs we can look at the role of recruitment more holistically and
identify sites where sexual recruitment is more influential to the long term growth of the
population relative to other vital rates. Puamana had the highest rate of recruitment of the 10
sites surveyed and one of the highest sensitivities to an increase in sexual recruitment. While we
modeled a closed population here, it has been hypothesized by Brown (2004) that Puamana may
be a sink population for gametes from Olowalu (Storlazzi et al. 2006). The stable stage
distribution at Puamana has more small colonies consistent with sexual recruitment, and a lower
proportion of large colonies which would contribute to the production of sexual recruits than
other sites. This could support the source sink hypothesis if many small colonies are arriving via
sexual recruitment from larger colonies at Olowalu. If this were the case, managers could help to
increase the population growth rate at Puamana by prioritizing the protection of Olowalu as a
source population.
IPMs are a promising approach to synthesize multiple demographic processes to better
understand the effects of different stressors on coral communities. IPMs are an improvement
over matrix models because the use of continuous functions as opposed to transition probabilities
calculated using categorical size classes allows the inclusion of covariates (e.g. site, disease state,
temperature, PCO2, sedimentation) that may help us to understand drivers of variable
demographics observed in coral communities. Improvements in technology allow managers to
use mosaics of still and video imagery (Lirman et al. 2007) to collect data quickly, over larger
areas, at more sites, incorporating the 3-dimensionality (Burns et al. 2015) of the coral reef
matrix. The development of software to automate the extraction of data from imagery (Beijbom
et al. 2012) and the development of packages specifically designed to build IPMs (Metcalf et al.
2013) will allow for easier implementation of such IPMs in the future. Based on the findings of
this and other contemporary studies (Bruno et al. 2011; Burgess 2011; Madin 2012; Edmunds
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2014) IPMs are an approach that will continue to enhance our understanding of the effects of
disturbance on coral communities thereby allowing us to develop effective management
strategies to promote resilience of coral reef communities.
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Tables
Table 4.1. Vital rate functions for mean kernel. Site specific values estimated from BLUPs are
listed in Table S4.4
Demographic
Process
Probabilities of
Transition type:
Survival
Fission
Fusion
Large Fusion
Extreme Shrinkage
Normal Growth
Size Dynamics:

Parameter
estimates

Model

𝑙𝑜𝑔𝑖𝑡(𝑝𝑠 ) = 𝑠0 + 𝑠1 𝑥
𝑙𝑜𝑔𝑖𝑡(𝑝𝑖 ) = 𝑖0 + 𝑖1 𝑥

𝑙𝑜𝑔𝑖𝑡(𝑝𝑢 ) = 𝑢0 + 𝑢1 𝑥
𝑙𝑜𝑔𝑖𝑡(𝑝𝑢𝑙 ) = 𝑙0 + 𝑙1 𝑥
𝑙𝑜𝑔𝑖𝑡(𝑝𝑒 ) = 𝑒0

𝑔𝑛 (𝑥) = 𝑔0,𝑛 + 𝑔1,𝑛 𝑥 + 𝑔2,𝑛 𝑒 −𝑔3,𝑛 𝑥

Fission Growth

𝑔𝑖 (𝑥) = 𝑔0,𝑖 + 𝑔1,𝑖 𝑥

Fusion Growth

𝑔𝑢 (𝑥) = 𝑔0,𝑢 + 𝑔1,𝑢 𝑥

Extreme Shrinkage

𝑔𝑒 (𝑥) = 𝑔0,𝑒 + 𝑔1,𝑒 𝑥

Clonal

e0 ~ -2.67

𝑝𝑛 = (1 − 𝑝𝑖 − 𝑝𝑢 + 𝑝𝑖 ∗ 𝑝𝑢 ) ∗ 𝑝𝑒

Normal Growth

Recruit Production:

s0 ~ 0.08
s1 ~ 0.72
i0 ~ -3.86
i1 ~ 0.67
u0 ~ -1.34
u1 ~ -0.13
l0 ~ -2.57
l1~ 0.93

g0,n ~ -0.65
g1,n ~ 1.11
g2,n ~ 1.37
g3,n ~ 0.48
gσ.n ~ 0.62
g0,i ~ -0.32
g1,i ~ 0.94
gσ,i ~ 0.74
g0,u ~ 1.25
g1,u ~ 0.82
gσ,u ~ 0.71
g0,e ~ -1.72
g1,e ~ 0.92
gσ,e ~ 0.40

c0,1 ~ 6.21
c01,1 ~ -0.92
c0,2 ~ 3.14
c1,2 ~ -0.53
c0,3 ~ 2.87
c1,3 ~ -0.51

𝑃(𝑐 = 𝑘) = 𝑒 𝑐0,𝑘+𝑐1,𝑘 /(1 + � 𝑒 𝑐0,𝑘+𝑐1,𝑘 )
𝑘

Sexual
Recruit Size:
Clonal
Sexual

𝑓 = 𝑟0 𝑥
𝑐𝑠 = 𝑐0,𝑠 + 𝑐1,𝑠 𝑥
𝜎 2 = 𝑐𝜎,𝑠 2 𝑥
𝑦 = 𝑓𝑠
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r0~ 0.18

c0,s ~ -0.59
c1,s ~0.42
cσ,s ~0.60
fs ~ N (1.14, 0.97)

Figures

Figure 4.1. DAR/CRAMP sites used for construction of IPMs. Sites in green boxes will be
highlighted as representative in the presentation and discussion of results.
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Figure 4.1. Transition types (mortality, growth/shrinkage, fission, fusion, and recruitment) used to
describe change in Montipora capitata colony size from year t to year t+1. The number of
transitions represented by each type (out of a total of 2130 transitions) is listed under each transition
type.
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Figure 4.2. Mean (blue) and site specific (grey) probabilities of survival of Montipora capitata
colonies from year t to t+1 as a function of colony size x at time t.
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Figure 4.3. A) mean (blue) and site specific (grey) estimates of growth for colonies with normal
growth and shrinkage (NGS) and for colonies with extreme shrinkage (ES; turquoise) from size x
(log of area [cm2]) at time t to size y at time t+1. B) mean growth of colonies with fission (green)
and fusion (purple) from size x (log of area [cm2]) at time t to size y at time t+1.

Figure 4.4. mean (blue) and site specific (grey) estimates of the probabilities of fission (a), fusion
(b) and growth (c) for colonies of size x (log of area [cm2]) at time t.
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Figure 4.5. Estimates of (a) the number of clonal offspring, (b) and the mean (blue) and site specific
(grey) number of sexual recruits produced per colony of size x and size y. Estimates of (c) the size
distribution of sexual recruits and (d) clonal offspring at time t+1.
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Figure 4.6. Estimates of vital rates were combined in site specific Integral Projection Models. Here
we show transition probabilities of Montipora capitata colonies from size at t to size at t+1
represented by the color scale to the right of the plots for the mean (top) three representative sites:
Molokini (bottom left) Olowalu 7m (bottom center), and Puamana 3m (bottom right).
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Figure 4.7. Stable stage distributions ω of Montipora capitata colonies for the mean kernel (top)
and the three representative sites: Molokini 13 m (bottom left), Olowalu 7 m ( bottom center) and
Puamana 3 m (bottom right) show the proportional distribution of colonies of size y at equilibrium
estimated by the right eigen vector of the kernel of transition probabilities.
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Figure 4.8. Elemental elasticities for mean kernel (top), Molokini 13 m (bottom left), Olowalu 7 m
(bottom center) and Puamana 3 m (bottom right).

108

Figure 4.9. Elasticity of λ of the mean kernel of transition probabilities to a 10% increase in the
parameters of the vital rate functions used to construct the IPM.
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Figure 4.10. Elasticity of λ of mean kernel to a 10% increase in vital rate functions

Figure 4.11. Elasticity to recruitment rate r by size x at time t
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Figure 4.12. Elasticity to the intercept of the exponential component of the NGS growth function by
size x at time t
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Figure 4.13. Elasticity to the slope of the fusion growth function by size x at time t

Figure 4.14. Elasticity to the slope of the mean size of clonal offspring by size x at time t.
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Supplemental Material
Table S4.1 Change in coral cover at Maui CRAMP stations from 1999-2012
Site
Honolua N
Honolua S
Kanahena
Bay
Kanahena
Bay
Kahekili
Kahekili
Kanahena
Point
Kanahena
Point
Ma‘alaea
Ma‘alaea
Molokini
Molokini
Olowalu
Olowalu
Papaula
Papaula
Puamana
Puamana

Depth
(m)
3
3

Change in coral
cover from 19992012 (%)
-29.7
-58.3

1

51.9

3
3
7

71.1
2.2
-3.8

3

26.9

10
3
6
8
13
3
7
4
10
3
13

-35.3
-44.5
-72.6
-3.2
-6.0
-24.3
-13.6
-11.3
-90.6
-1.5
122.5
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Table S4.2. Species, number of transitions, and number of colonies observed in analyzed
photoquadrats.
Species
Montipora capitata
M. flabellata
M. patula
Pavona duerdeni
P. varians
Pocillopora meandrina
Porites brighami
P. compressa
P. lobata
P. monticulosa

# of
Transitions
2138
826
1167
294
455
417
8
2623
2524
159

# of
Colonies
915
475
469
115
194
158
2
1174
1047
73

Table S4.3. CRAMP/DAR sites with adequate sample size for inclusion in Montipora capitata
IPM.

Site
Honolua North
Honolua South
Kahekili 3m
Kahekili 7m
Molokini 7m
Molokini 10m
Olowalu 3m
Olowalu 7m
Papaula 10m
Puamana 3m

Geographic Coordinates
21° 00.923‘ N, 156° 38.343‘ W
21° 00.831‘ N, 156° 38.380‘ W
20° 56.257’ N, 156° 41.595’ W
20° 56.274’ N, 156° 41.623’ W
20° 37.889‘ N, 156° 29.795‘ W
20° 37.940‘ N, 156° 29.783‘ W
20° 48.505‘ N, 156° 36.693‘ W
20° 48.363‘ N, 156° 36.733‘ W
20° 55.462’ N, 156° 25.571’ W
20° 51.369‘ N, 156° 40.033‘ W
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Table S4.4 Site specific vital rate functions for Montipora capitata at 10 sites around Maui,
Hawai‘i .
Demographic process

Model

Survival:
Honolua N: logit(𝑝𝑠 ) = 0.72 + 0.72𝑥
HonoluaS: logit(𝑝𝑠 ) = 0.02 + 0.72𝑥

Kahekili 3m: logit(𝑝𝑠 ) = −0.10 + 0.72𝑥
Kahekili 7m: logit(𝑝𝑠 ) = −0.21 + 0.72𝑥
Molokini 7m: logit(𝑝𝑠 ) = 0.54 + 0.72𝑥

Molokini 13m: logit(𝑝𝑠 ) = 0.16 + 0.72𝑥
Olowalu 3m: logit(𝑝𝑠 ) = −0.14 + 0.72𝑥
Olowalu 7m: logit(𝑝𝑠 ) = −0.12 + 0.72𝑥

Papaula 10m: logit(𝑝𝑠 ) = −0.25 + 0.72𝑥
Growth :
Normal

Puamana 3m: logit(𝑝𝑠 ) == 0.07 + 0.72𝑥
Honolua N: y = −0.65 + 1.11𝑥 + 0.93𝑒 −0.48𝑥
Honolua S: 𝑦 = −0.65 + 1.11𝑥 + 1.40𝑒 −0.48𝑥

Kahekili 3m: 𝑦 = −0.65 + 1.11𝑥 + 1.60𝑒 −0.48𝑥
Kahekili 7m: 𝑦 = −0.65 + 1.11𝑥 + 1.22𝑒 −0.48𝑥

Molokini 7m: 𝑦 = −0.65 + 1.11𝑥 + 1.73𝑒 −0.48𝑥

Molokini 13m:𝑦 = −0.65 + 1.11𝑥 + 1.73𝑒 −0.48𝑥
Olowalu 3m: 𝑦 = −0.65 + 1.11𝑥 + 1.47𝑒 −0.48𝑥
Olowalu 7m: 𝑦 = −0.65 + 1.11𝑥 + 1.60𝑒 −0.48𝑥

Papaula 10m: 𝑦 = −0.65 + 1.11𝑥 + 1.25𝑒 −0.48𝑥
Puamana 3m: 𝑦 = −0.65 + 1.11𝑥 + 0.75𝑒 −0.48𝑥
𝜎 2 = 0.62

𝑦 = −1.72 + 0.92𝑥

Extreme Shrinkage

𝜎 = 0.40

𝑦 = −0.32 + 0.94𝑥

Fission

𝜎 = 0.74

𝑦 = 1.25 + 0.82𝑥

Fusion

𝜎 2 = 0.71
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𝑙𝑜𝑔𝑖𝑡(𝑝𝑒 ) = −2.67

Probability of Extreme Shrinkage
Probability of Fission

Honolua N: logit(𝑝𝑖 ) = −3.39 + 0.67𝑥
Honolua S: logit(𝑝𝑖 ) = −3.07 + 0.67𝑥

Kahekili 3m: logit(𝑝𝑖 ) = −3.27 + 0.67𝑥
Kahekili 7m: logit(𝑝𝑖 ) = −3.63 + 0.67𝑥

Molokini 7m: logit(𝑝𝑖 ) = −4.07 + 0.67𝑥

Molokini 13m: logit(𝑝𝑖 ) = −4.79 + 0.67𝑥
Olowalu 3m: logit(𝑝𝑖 ) = −3.24 + 0.67𝑥
Olowalu 7m: logit(𝑝𝑖 ) = −4.47 + 0.67𝑥

Papaula 10m: logit(𝑝𝑖 ) = −4.76 + 0.67𝑥
Probability of Fusion

Puamana 3m: logit(𝑝𝑖 ) = −3.67 + 0.67𝑥

Honolua N: logit(𝑝𝑢 ) = −1.53 + −0.13𝑥
Honolua S: logit(𝑝𝑢 ) = −2.32 + −0.13𝑥

Kahekili 3m: logit(𝑝𝑢 ) = −1.56 + −0.13𝑥
Kahekili 7m: logit(𝑝𝑢 ) = 0.51 + −0.13𝑥

Molokini 7m: logit(𝑝𝑢 ) = −0.90 + −0.13𝑥

Molokini 13m: logit(𝑝𝑢 ) = −0.59 + −0.13𝑥
Olowalu 3m: logit(𝑝𝑢 ) = −0.60 + −0.13𝑥
Olowalu 7m: logit(𝑝𝑢 ) = 0.15 + −0.13𝑥

Papaula 10m: logit(𝑝𝑢 ) = −1.85 + −0.13𝑥
Probability of Large Fusion

Puamana 3m: logit(𝑝𝑢 ) = −3.33 + −0.13𝑥
Honolua N: logit(𝑝𝑢𝑙 ) = −1.33 + 0.93𝑥
Honolua S: logit(𝑝𝑢𝑙 ) = −2.19 + 0.93𝑥

Kahekili 3m: logit(𝑝𝑢𝑙 ) = −2.07 + 0.93𝑥
Kahekili 7m: logit(𝑝𝑢𝑙 ) = −2.68 + 0.93𝑥

Molokini 7m: logit(𝑝𝑢𝑙 ) = −3.03 + 0.93𝑥

Molokini 13m: logit(𝑝𝑢𝑙 ) = −3.67 + 0.93𝑥
Olowalu 3m: logit(𝑝𝑢𝑙 ) = −2.45 + 0.93𝑥
Olowalu 7m: logit(𝑝𝑢𝑙 ) = −3.59 + 0.93𝑥

Papaula 10m: logit(𝑝𝑢𝑙 ) = −2.55 + 0.93𝑥
Offspring per fission event:

Puamana 3m: logit(𝑝𝑢𝑙 ) = −2.02 + 0.93𝑥
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1 offspring
2 offspring
3 offspring
Distribution of clonal offspring size
Distribution of recruit size

𝑃(𝑐 = 1) = 𝑒 6.21+(−0.92) /(1 + � 𝑒 6.21+(−0.92) )
𝑘

𝑃(𝑐 = 2) = 𝑒 3.14+(−0.53) /(1 + � 𝑒 3.14+(−0.53) )
𝑘

𝑃(𝑐 = 3) = 𝑒 2.87+(−0.51) /(1 + � 𝑒 2.87+(−0.51) )
𝑘

𝑐𝑠 = 𝑁(−0.59 + 0.42𝑥, �0.13𝑥)

Honolua N: 𝑓𝑠 = 𝑁(0.43,0.97)
Honolua S: 𝑓𝑠 = 𝑁(0.74,0.97)

Kahekili 3m: 𝑓𝑠 = 𝑁(1.38,0.97)
Kahekili 7m: 𝑓𝑠 = 𝑁(0.87,0.97)

Molokini 7m: 𝑓𝑠 = 𝑁(1.93,0.97)

Molokini 13m: 𝑓𝑠 = 𝑁(1.76,0.97)
Olowalu 3m: 𝑓𝑠 = 𝑁(1.43,0.97)
Olowalu 7m: 𝑓𝑠 = 𝑁(1.11,0.97)

Papaula 10m: 𝑓𝑠 = 𝑁(1.70,0.97)
Recruitment Rate

Puamana 3m: 𝑓𝑠 = 𝑁(0.0018,0.97)
Honolua N:𝑟 = 0.44

Honolua S: 𝑟 = 0.15

Kahekili 3: m𝑟 = 0.25
Kahekili 7m: 𝑟 = 0.32

Molokini 7m: 𝑟 = 0.13

Molokini 13m: 𝑟 = 0.03
Olowalu 3m: 𝑟 = 0.18
Olowalu 7m: 𝑟 = 0.09

Papaula 10m: 𝑟 = 0.25
Puamana 3m: 𝑟 = 0.80
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Table S4.5. Multiplicative growth rates, dominant eigen values for IPM kernels constructed using
blups from models fit with site as a random effect.
Site
Mean
Honolua N
Honolua S
Kahekili 3m
Kahekili 7m
Molokini 7m
Molokini 13m
Olowalu 3m
Olowalu 7m
Papaula 10m
Puamana 3m

λ
1.12
1.22
1.08
1.29
1.13
1.21
1.04
1.17
1.03
1.24
1.08
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Figure S 4.1. Probability of transitions from size x at time t to size y at time t+1

119

Figure S 4.2. Stable stage distributions ω of sizes for mean and site specific kernels

120

Figure S 4.3. Elasticities of λ to 10% increase in vital rate functions
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Figure S 4.4 The most influential parameters for site specific IPMs were associated with the
intercept and slope of the linear and exponential components of the normal growth function ,the
slope of the fission growth function, the intercept and slope of the fusion growth function, the
probability that a colony undergo fusion as a parent colony, the mean and standard deviation of
sexually reproduced offspring size, the number of sexually reproduced offspring per parent colony
and the slope of the clonal offspring size function.
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Figure S 4.5. Elemental Elasticities were highest in the transition between larger size classes.
These elements are associated with growth and shrinkage of ‘adult’ colonies.
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Appendix 4A: Site descriptions
Data from seven of the nine locations were included in the analyses reported here (Figure 4.1).
The eighth location, Kanahena Point had an insufficient number of observations and at the ninth
location, Ma‘alaea , macroalgae prevented reliable measurements of colony size from the
photographs. We will highlight three sites, Molokini, Olowalu and Puamana, that we find to be
representative of the variability observed in demographic rates at sites around Maui.
Molokini Marine Life Conservation District and Island Seabird Sanctuary is a cinder
cone islet with a 30m deep crater surrounded by oligotrophic oceanic water up to 150m deep.
Molokini is heavily used by commercial snorkel and dive boats with over 1000 visitors per day
(Jokiel et al. 2001). CRAMP sites inside the crater have high coral cover (7m: 61.95%, 13m:
83.68%) with Size Frequency Distributions (SFDs) skewed toward larger colony sizes.
The Olowalu sites are located along a spur and groove reef with southern wave exposure.
Coral cover is moderate (3m: 17.34%, 7m: 47.86%) and increases seaward. The coast is a narrow
sand beach with a gradually sloping seaward reef platform. There is currently little development
adjacent to the site although a development project is pending (Jokiel et al. 2001). Sediments
deposited by an intermittent stream located North of the CRAMP sites and stored in well
developed sand channels throughout the spur and groove system result in re-suspension of
sediment during wave events. The SFDs at Olowalu CRAMP sites are normal or negatively
skewed, with some very large colonies indicative of a mature reef with relatively few major
disturbances.
The Puamana sites are located along a reef with a gradual seaward slope between 5-20
fsw ending in a sandy benthic habitat. Much of the coral cover in this area was removed by
severe storm waves generated by Hurricane Iniki in 1992. Coral cover gradually increased since
the storm event but remains low (3m: 14.70%, 10m: 5.64%). The watershed adjacent to the site
was historically used for sugar cane cultivation. Runoff from terrestrial sources occurs during
heavy rains leading to sedimentation events along the reef. Resuspension of sediment and sand
present on the reef leads to high turbidity during periods of light to moderate wave activity
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CHAPTER 5. CONCLUSIONS
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Objective 1: Identify colony scale rates and causes of mortality at six sites with varying
trajectories of coral abundance and over an expanded spatial extent within a single site.

•

Partial mortality was more common than whole colony mortality with 99.7% of the colonies
observed exhibited signs of partial mortality.

•

Seasonally variable baseline level of chronic mortality affected ≤ 5% of colony surface area,

•

Mortality was associated with inter-specific interactions punctuated by site specific
occurrence of acute episodic events (e.g. bleaching, mechanical damage by wave action,
anchor damage, interaction with larger vertebrates).

•

Algal interactions were the most common cause of mortality. Two types of algal interactions
were observed:
o Macro-algal overgrowth observed at Ma‘alaea
o Turf algal overgrowth by Corallophila huysmansii at Kahekili Beach Park (KBP)

•

Coral cover varied significantly with rates of mortality between the six sites, but statistics of
community size structure was more closely related to the rates of mortality within KBP.

Objective 2: Investigate the relative importance of top-down and bottom-up effects on the
distribution of coral cover at a site with a history of ephemeral blooms of invasive and
nuisance algae.
•

Both SGD and herbivory by fish and urchins structure the distribution of coral cover at KBP.

•

The relationships between SGD, herbivory and coral cover vary spatially making a spatially
explicit model such as a GWR a better predictor of the distribution of coral cover than a
model that does not incorporate spatial variability such as an OLS.

•

Output from GWR models allow us to pinpoint optimal locations for placement of expensive
and complex sampling instrumentation needed to describe the temporal variations in SGD
and associated biological variables.

Objective 3: Describe spatial variability in demographic rates of Montipora capitata at sites
with varying trajectories of coral abundance.
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•

Integral Projection Model approach provides valuable information on the spatial
variability and relative importance of different vital rates in driving patterns of coral
abundance. Such data are useful for effective management of resources. The use of a
demographic approach such as IPMs allows us to understand the population biology of
corals and coral reefs.

•

Dynamic models such as IPMs can also be used to answer questions about the population
biology of our species.
o Populations on Maui were most sensitive to changes in the growth functions
associated with NGS, fission and fusion.
o Some sites were more sensitive to sexual recruitment (Puamana) while others
were more sensitive to clonal recruitment (Olowalu and Molokini)

•

An enhanced understanding of the underlying demographic processes that structure coral
populations allow us to make more targeted management decisions. For instance:
o Olowalu has a history of stress from sedimentation and wave action. The
population growth rate at Olowalu was particularly sensitive to increases in the
fusion growth rate. Managers may be able to reduce the impact of partial
mortality associated with sedimentation at Olowalu by reducing the frequency of
sedimentation events on this reef allowing time for colonies that underwent partial
mortality to grow back together resulting in colonies less likely to undergo whole
colony mortality in the next sedimentation event.
o Puamana had the highest rate of recruitment of the 10 sites surveyed and one of
the highest sensitivities to an increase in sexual recruitment. While we modeled
a closed population here, it has been hypothesized that Puamana may be a sink
population for gametes from Olowalu. Managers could help to increase the
population growth rate at Puamana by prioritizing the management of Olowalu as
a source population.
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