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ABSTRACT 

 

 

 

We compared the effects of fragment size and density on the growth rate of the 

coral Montipora capitata following micro fragmentation.  Squares of 1, 2, or 3 cm per 

side were cut from a single colony of M. capitata to create small (1 cm2), medium (4 

cm2), and large (9 cm2) fragments. Two to six fragments of each of these size classes 

were glued to a tile in a grid with 3 cm spacing between each fragment to create either 

high- or low-density treatments. Tiles were grown in a midwater coral nursery in 

Kāne‘ohe Bay for 8 months to observe the effect of size and density on growth and 

survival of fragments. Small fragments died at a significantly higher rate than large 

fragments, and medium fragments were intermediate in numeric value and significance. 

Further, many of the surviving small fragments lost tissue, resulting in negative median 

growth, which was offset to positive mean growth overall by a small number of quickly 

growing fragments. There was no significant effect of either size class or density on 

percent increase in coral cover (growth) throughout the experiment. There are logistical 

reasons to recommend medium fragments at low density to reduce coral mortality relative 

to the smallest fragments, and still benefit from the higher growth rate relative to the 

largest fragments. Therefore, we conclude that medium sized fragments at low density is 

the best compromise for coral restoration activities using Montipora capitata. 

 

Keywords: coral fragmentation, coral survivorship, coral growth 
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CHAPTER 1 

INTRODUCTION  

 

 

Coral reefs occupy only ~0.2% of the seafloor but are home to more than 25% of 

ocean biodiversity (Knowlton et al., 2010; Komyakova et al., 2013). Corals help shape 

coastal ecosystems, providing sources of food for marine predators and humans. Corals 

create complex three-dimensional structures that both create habitat for other marine 

organisms and change the way water moves and waves break (Graham & Nash, 2013; 

Elliff & Silva, 2017). Globally, the health of coral reefs is in decline due to the combined 

effects of humans on our coastal waters, including increased carbon emissions leading to 

ocean warming and acidification (Hughes et al., 2003; Munday et at., 2008; Pandolfi et 

al., 2011). 

Corals are animals that live in symbiosis with an endosymbiotic dinoflagellate 

that photosynthesizes and fixes carbon (Muscatine & Porter, 1977). These symbionts, 

also known as zooxanthellae (family Symbiodiniaceae), live within the coral's endoderm 

and provide corals with up to 90% of their daily energy requirements (Muscatine & 

Porter, 1977). Marine heatwaves are a major threat to coral reefs because they can cause 

breakdown of that symbiosis when zooxanthellae leave or are expelled by the coral host 

(Brown, 1997; Douglas, 2003; Jokiel, 2004). Due to the lack of symbiotic algae, the coral 

tissue becomes transparent enough to see the white skeleton beneath, which results in the 

bleached appearance. Additional impacts of climate change on corals include more 

frequent and powerful tropical storms that cause physical damage to the reef (Harmelin-

Vivien, 1994; Rinkevich, 1995; Madin et al., 2012; Pörtner et al., 2022). As both natural 

and anthropogenic phenomena increasingly impact the ability of coral reefs to grow and 
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recover, half of the world’s coral reefs have already been lost and many more are under 

increasing threat (Cesar et al., 2003; Eddy et al., 2021; Souter et al., 2021; Settler et al., 

2022).  

Hawai‘i is known as an optimal location for coral growth and survivorship due to 

clear and warm surface waters (Hoegh-Guldberg et al., 2017). However, sea surface 

temperature in Hawai‘i is increasing (Jokiel and Brown, 2004). Long periods of elevated 

ocean temperatures have triggered massive bleaching events in Hawai‘i (Jokiel and 

Brown, 2004; Jury and Toonen, 2019). Kaneohe Bay is a site of extensive research for 

coral response and adaptation to the changing environment (Bahr et al., 2015). Corals in 

Kāneʻohe Bay have encountered challenging environmental conditions, such as 

consecutive bleaching events in 2014 and 2015, (Wall et al., 2021) as well as 

anthropogenic disturbances through dredging, clearing out land for agriculture resulting 

in increased sedimentation, and sewage discharge from 1930 through 1975   (Bahr et al., 

2015). Studies have shown that corals in Hawai‘i can adapt to changing conditions (Coles 

et al., 2018; Jury and Toonen, 2019). Yet, coral reefs in Hawai‘i are still expected to face 

mass mortality as well as reduced calcification rates by the end of the century (Hoeke et 

al., 2011). Increased research is desired to better understand coral response to changing 

conditions as well as solutions to declining reef health (Wall et al., 2021).  

  As the loss of coral reefs continues and the situation becomes more dire, people 

have been galvanized to communicate the plight of coral reefs (Chasing Coral, 2017) and 

pursue human interventions that seek to conserve reefs across the planet (van Oppen et al. 

2015). Solutions such as reducing carbon emissions are unlikely to be resolved before 

coral reefs are decimated (De’ath et al., 2012; Zhao et al., 2022; but see Timmers et al., 
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2021; Jury et al., 2021). A proposed solution to reversing the loss of coral reefs is to seek 

methods of active restoration in which corals can be cultured and out planted to make up 

for extensive coral reef loss (Rinkevich, 1995; reviewed by Boström-Einarsson et al. 

2020). One of the most widely used methods to produce corals for restoration is asexual 

replication of colonies through coral micro-fragmentation (Forsman et al. 2015; Page et 

al. 2018; Tortolero-Langarica et al. 2020; Knapp et al. 2022). The rate at which corals 

grow is extremely variable (Soper et al., 2022) and the vast majority of restoration to date 

has focused on fastest-growing corals (Boström-Einarsson et al. 2020). However, reefs 

include a diversity of fast and slow-growing species, and micro-fragmentation is the only 

method by which to produce slow-growing massive corals on a reasonable time scale 

(Forsman et al. 2015; Page et al. 2018). 

In response to growing demands for coral restoration, the National Academies of 

Sciences, Engineering and Medicine recently released two reports (NASEM 2019a,b) that 

are being used as a roadmap by many across the globe for applied conservation of coral 

reefs. Efforts to actively create coral reef habitats have spawned considerable research 

about methods and effectiveness of coral restoration (Forsman et al. 2018; Boström-

Einarsson et al. 2020; Knapp et al. 2022). Here, we explore the effects of fragment size 

and density on the growth and survival of coral fragments in a nursery for restoration 

activities. These results will further our understanding of the optimal conditions for 

creating large coral colonies for out planting during restoration efforts.    
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CHAPTER 2 

METHODS 

 

 

2.1 Study System  

 

We studied the reef-building species Montipora capitata Dana, 1846, also known 

as rice coral (Veron et al., 2016). This species is common in the Indo-Pacific and  prefers 

shallow, turbulent waters: conditions often present in Hawai‘i (Grigg, 1998). Not only is 

M. capitata common in Hawai‘i, but this species plays a crucial role in building and 

maintaining Hawai‘i’s reefs (Franklin et al., 2013; Bahr et al., 2015). Fragments of M. 

capitata used in this experiment were from a single colony and sourced from the coral 

nursery at HIMB (Hawai‘i Institute of Marine Biology). Coral genotype is one of the 

major drivers of differences in coral growth and survival of outplants for restoration in 

Hawai‘i (Henley et al. 2022; Knapp et al. 2022).  Thus, using a coral with the identical 

genetic makeup (clonal ramets from the same colony) here controlled for individual 

genetic variation.  

  We conducted the experiment in the midwater coral nursery of the University of 

Hawai‘i at Mānoa’s Hawai‘i Institute of Marine Biology, on Moku o Lo‘e (commonly 

known as Coconut Island) located within Kāne‘ohe Bay on the island of O‘ahu (Figures 1 

and 2). 
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Figure 1: Google Maps imagery showing the location of Hawai‘i  Institute of Marine 

Biology’s coral nursery (project site). 

 

 

 
Figure 2: Experimental location, the Hawai‘i  Institute of Marine Biology coral nursery. 

PC: Jasmine Awaya.  
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2.2 Experimental Design 

To ensure that each fragment had a tissue area of 1 cm2, 4 cm2, or 9 cm2, guides 

were made by measuring squares of each respective size on a waterproof paper. Using a 

Gryphon Diamond Band Saw Model C-40 (Gryphon Corporation, CA) the single M. 

capitata colony was cut to the size classes, and additional cuts to shave off the skeleton 

were made to create a flat surface to allow for maximum adhesion between the 

Montipora capitata fragments and the ceramic tile. We then glued the fragments on a 

terracotta tile that measured 15.24 cm2 using Extra Thick Super Glue Gel (Bulk Reef 

Supply, Golden Valley, MN) to create the size and density treatments. The independent 

variables in this experiment were the size (small, medium, or large) and density (low or 

high) of the coral fragments. Each tile included a label that was mounted using the same 

super glue used to mount the M. capitata fragments. Within each size class, high- and 

low-density treatments were created by maximizing the number of fragments on each tile 

while maintaining a constant spacing of 3 cm between each fragment (Figure 3). There 

was a total of 60 terracotta tiles, each size class (small, medium, and large) had 20 tiles 

each, and within each size class 10 terracotta tiles were for either high- or low-density 

treatments.  
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Figure 3: Digital layout of the terracotta tile with the corresponding Montipora capitata 

fragments for the 6 different treatments studied in this experiment. Small fragments 

measured 1cm by 1cm (1 cm2), medium measured 2cm by 2cm (4 cm2), and large 

measured 3cm by 3cm (9 cm2) that were then attached in either low- or high-density.  

 

All 60 tiles were housed on a 1.52 m2 rack with a buoy attached to each corner, 

allowing it to float about 1.52 meters below the surface of the water. The rack was 

constructed out of 1” Schedule 40 PVC pipe with intersecting pipes across the middle for 

support. Geomesh was laid over top of the PVC pipe frame where the tiles were placed 
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on top. The intersecting PVC pipes in the middle created a quadrant design, 15 tiles were 

placed in every quadrant in 3 rows of 4 tiles and 1 row of 3 tiles.  Once the tiles were 

assembled, photographs were taken of each tile from a bird’s eye view with a Sony A7 III 

camera that was set on a mount allowing for a constant distance between the tile and 

camera lens, preventing changes in either the distance or angle of the photograph (Figure 

4). A color scale and ruler were included in each photograph to help determine the color 

scale and size scale of the Montipora capitata fragments. Photos were taken in shaded 

conditions inside the HIMB nursery shack to prevent harsh and variable lighting that may 

make digital analysis difficult. Photographs of the tiles were taken approximately once a 

month over the course of about 8 months and used for growth measurements.  

 

 
 

Figure 4: A birds eye view photo of tile, ruler, and color pallet. A photo of each tile was 

taken in the same layout using a Sony A7 III, which would later be used to gather growth 

data. PC: Christopher Suchocki 
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2.3 Data Collection  

 

Once initially photographed in November 2021, the tiles were placed onto the 

PVC rack for a 2-week acclimatization period, which allowed corals to recover from the 

stress of being cut and glued to the terracotta tiles. Observations of survivorship were 

made on a weekly basis during and after the acclimatization period. After the 2-week 

acclimatization, tiles were re-randomized on the PVC rack. Survival was determined by 

visual observations on a weekly basis. If any live tissue was present on the fragment, it 

was considered alive, whereas fragments with no visible live tissue were scored as dead. 

All fragments on a tile must have died before the treatment was no longer considered as 

alive. Once the experiment was concluded in June 2022, we then started data analysis. 

We first ran a 2-way ANOVA in R version 2022.02.3 to test statistical significance of 

size class and density on survival and total growth. Post-hoc pairwise comparisons 

allowed us to test for differences between treatments.  

Growth was measured digitally using ImageJ. Area measurements of each 

individual fragment were taken for each tile monthly. The difference between the final 

and initial live area on each tile was calculated and was used to derive growth (the total 

percent change of coral cover on the tile). If all fragments were dead on a tile, then it was 

removed from the analyses. We used a 1-way ANOVA to test the statistical significance 

of either size class or density on percent change in growth or survivability. A 2-way 

ANOVA tested the statistical significance of size class and density on percent change in 

growth or survivability. Post-hoc pairwise comparisons were also used to determine 

differences in treatments.  
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CHAPTER 3 

RESULTS 

 

 

Size class of fragments had a significant impact (ANOVA: df = 2, F = 4.8, P = 

0.01) on survival of coral fragments (Figure. 5A). The large (9cm2) fragments had the 

greatest mean survivorship (x̄= 68.4 ± 27.4%) compared to the small (1cm2) fragments 

with the lowest mean survivorship (x̄= 38.8 ± 29.1%), which is significant in a pairwise 

comparison (P = 0.01). Mean survival of medium fragments (x̄= 58.8 ± 33.0%) was 

lower than mean survival of larger fragments (x̄=68.4 ± 27.4%), but these differences 

were not significant in a pairwise comparison (P = 0.33). Both the mean and median 

survival of small fragments was substantially lower than that of medium fragments, 

although this difference is not significant (P = 0.09, Figure. 5A).  

In contrast to survival, size class had no significant effect on growth of coral 

fragments (ANOVA: df = 2, F = 0.5, P = 0.59; Fig. 5B), and none of the pairwise 

comparisons were significant. Small fragments showed the lowest overall increase in 

coral cover (x̄= 0.41 ± 51.0%), followed by the medium fragments (x̄= 9.5 ± 44.6%), 

and the large fragments showed the greatest growth (x̄= 15.2 ± 31.3%) throughout this 

experiment. Interestingly, the mean growth of small fragments is positive, but the median 

growth is negative (-16.23%), unlike the medium and large fragments which showed 

overall positive growth (Figure 5B). The positive mean growth, yet negative median 

growth for the small fragments resulted from the majority of these fragments declining 

during the experiment, even though a few individuals showed high enough growth to 

increase the mean (0.41%) above the median (-16.23%).  
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Figure 5: Box and whisker plots of growth and survival of M. capitata of differing sizes. 

(A) Percent survivorship of fragments cut to each size class (S = 1 cm2, M = 4 cm2, L = 9 

cm2) throughout the experiment. (B) Growth (measured as percent change) of surviving 

coral fragments throughout the experiment. Small blue letters indicate statistically 

significant groups from post-hoc pairwise tests (P < 0.05).   

 
Figure 6: Box and whisker plots of growth and survival of M. capitata of differing 

density. (A) Percent survivorship of M. capitata fragments based on low- and high-

density treatments throughout the experiment. (B) Growth (measured as percent change) 

of surviving coral fragments between low- and high-density treatments throughout the 

experiment. Small blue letters indicate statistically significant groups from post-hoc 

pairwise tests (p < 0.05).  
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Density had no significant relationship on survival of coral fragments (ANOVA: 

df = 1, F = 0.49, P = 0.49). The percent survivorship of the low-density tiles (x̄= 54.5 

± 35.7) were not different than that of the high-density tiles (x̄= 58.1 ± 28.4), although 

the median survivorship of the high-density fragments is 67% compared to 50% in the 

low-density trials. Similarly, density had no significant effect on growth overall 

(ANOVA: df = 1, F = 2.8, P = 0.10), and a pairwise comparison confirms that growth 

rates were not significantly different between treatments (P = 0.08). Overall, growth in 

the low-density treatments was positive (x̄= 19.6 ± 45.8) whereas growth in the high-

density treatments (x̄= -1.1 ± 38.0) was negative, although the median values for each 

treatment are very close to zero (Figure. 6).  

The combination of size class and density did not have a significant effect on 

percent survivorship (2-way ANOVA: df = 2, F = 1.139, P = 0.33), although size class 

alone did (P = 0.01). Similarly, when looking at the effect of size class and density on 

growth, there was no significant relationship (2-way ANOVA: df = 2, F = 1.609, P = 

0.21), and no significant effect of the factors individually either (P = 0.59).  
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CHAPTER 4 

DISCUSSION  

 

 

The loss of more than half of coral reefs on the planet since the 1950s, and 

continued decline of coral reef ecosystems today, is of considerable global concern 

(Pandolfi et al. 2003; Eddy et al., 2021; Souter et al., 2021; Settler et al., 2022). Nearly a 

billion people rely on coral reef ecosystems as a significant source of food, and in 

addition to their intrinsic biological and cultural value, the annual economic benefits of 

marine ecosystem services have been reduced by an estimated $10.9 trillion USD per 

year due primarily to the loss of coral reefs (Costanza et al. 2014). The continued loss of 

coral reefs despite global conservation efforts has resulted in a surge of research and 

activities focused on active coral restoration and rehabilitation of degraded coral reefs 

that no longer provide the desired ecosystem services (Anthony et al. 2020; Boström-

Einarsson et al. 2020; Kleypas et al. 2021). Restoring a functional coral reef at a scale 

that provides such ecosystem services is a daunting task that faces many challenges but 

may be the only viable path remaining for some highly degraded former reef sites 

(Lirman & Schopmeyer 2016; Fox et al. 2019; Knowlton et al. 2021). Efforts to captively 

propagate corals for reef restoration and rehabilitation have evolved quickly from the 

early beginnings of live coral husbandry to coral production at scales required to outplant 

tens of thousands of colonies needed to produce a functional coral reef (Delbeek 2001; 

Young et al. 2012; Leal et al. 2016; Barton et al. 2017). While considerable advances 

have been made in this regard, the field of research is relatively new, and many basic 

questions about maximizing production of coral with minimal impacts on healthy reefs in 

the wild (Forsman et al. 2018; Boström-Einarsson et al. 2020; Knapp et al. 2022). 
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Here, we explored the effects of fragment size and density on the growth and 

survival of fragments of the rice coral M. capitata, which is a common species being 

targeted for restoration activities in Hawai‘i. We found that size class of the fragments 

had a significant effect on total survivability. Large fragments (3cm x 3cm) had the 

greatest mean survival (68.4%), and the smallest fragments (1cm x 1cm) had the lowest 

mean survival (38.8%). We hypothesize that the initial stress placed on the fragment, 

with smaller fragments having greater proportional damage to the colony relative to the 

amount of live tissue from which to draw resources to heal and resume growth when 

compared to larger fragments (Anthony et al., 2002), made recovery more challenging. 

Additionally, smaller fragments are easier for predators to consume (Bruckner et al., 

2000), and we know fish grazing was occurring as evidenced by bite marks and entire 

fragments being lost from the tiles. Along with survivorship being lowest in the smallest 

size class, the majority of small fragments that survived still showed some tissue loss 

(negative growth) such that the median growth rate in the experiment is roughly -16%. 

However, the mean growth remained positive (0.4%), because those small fragments that 

survived and showed positive growth had the highest proportional increase of any in the 

experiment.  

Although the survival of medium fragments was closer to that of the large than 

the small fragments, the low sample size used in this experiment likely explains why this 

difference is not significant. It is likely that a larger experiment with greater sample size 

would make this trend more significant. Similarly, we saw no differences in the 

proportional growth of fragments by size class, suggesting that percent increase among 

each fragment remains relatively similar regardless of the size class treatments. This 
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result suggests that there is a trade-off between minimizing fragmentation stress by 

preserving larger portions of intact tissue and maximizing growth by getting the highest 

proportion of edge material that can actively grow. Thus, the medium fragments appear 

to be the best option in terms of both growth and survival in these experiments (Fig 5). 

In contrast, density had no significant impact on either growth or survival of 

fragments. None of the fragments in this experiment grew to the point where they fused 

and formed a single continuous colony, which is one of the proposed benefits of micro 

fragmentation (Forsman et al. 2015; Page et al. 2018). If the metric for this trial was the 

time needed to completely cover the tile with live coral, and if we ran the experiment 

long enough to reach that endpoint, we would expect higher density treatments to grow 

over the tile faster than low density trials. However, the trade off with density comes in 

terms of the amount of healthy coral tissue needed for a project, the cost of materials, and 

labor to attach those fragments. From this experiment it seems that there is no benefit to 

the increased labor and coral starting material required to create the high-density trials. If 

anything, the low-density trials seem to perform slightly better because there is a slight 

increase in both the mean growth and survival of low-density fragments, although they 

are not significantly different from one another (Figure 6). Again, a larger sample size 

might have overcome the high individual variability, even though all fragments 

originated from the same initial colony, potentially making this effect significant.  

Finally, we see no interaction between fragment size and density in this 

experiment. This result is promising because it means we can consider each factor 

independently for optimization of coral micro fragmentation techniques. Given the results 

of this experiment, we do not expect complex interactions between size class and density 
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that would complicate the design of coral restoration activities for M. capitata. 

Survivorship and growth results were agreeable with the results received in the Knapp et 

al., 2022 experiment. In the Knapp et al., 2022 experiment the lowest survivorship was 

observed with the small fragments. Similarly, in the Knapp et al., 2022 experiment 

growth rates for individual treatments were variable. 
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CHAPTER 5 

CONCLUSION 

 

 

 

This study provided important information about the role of micro fragmentation 

as a restoration process to propagate M. capitata in Hawai‘i. Taken together, these results 

indicate that the gains of growth seen from fragmenting corals to the smallest size class 

are offset by the partial and complete mortality of those small fragments.  Smallest 

fragments may have the greatest potential for growth but also show the highest mortality 

rates, whereas larger fragments show the highest survival, but require substantially more 

starting material for an equivalent number of fragments.  Overall, it seems that the 

medium sized fragments (2cm2) are the best compromise among the variables of starting 

material, growth potential, survivorship, and growth. Knowing this information, 

restoration efforts can maximize the probability of success without the need for more 

starting coral colonies, or the increased labor needed to cut and attach small fragments. 

We recommend medium fragments (on the order of 4 cm2) at low density as the best 

compromise for size and starting material used in coral restoration activities using M. 

capitata. 
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