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I. Abstract 
As coral reefs decline worldwide, interest in active coral reef restoration has increased. 

The micro-fragmentation method is becoming widely used for massive and encrusting species 
such as those that dominate Hawaiian reefs. Micro-fragmentation takes advantage of the 
tendency of small (~1cm) coral fragments to rapidly spread tissue and fuse to cover a surface, 
resulting in increases in coral cover at rates that can be orders of magnitude higher than typical 
growth rates. Micro-fragmentation shows promise and flexibility for reef restoration; however, 
it is a relatively new method and there are many unanswered questions for optimal application 
at a particular restoration site. This project sought to explore relationships and tradeoffs 
between size, nursery residence time, and genotype for a variety of outplanting field sites. We 
developed coral micro-fragment growth assays to provide data on growth and survivorship for 
the predominant reef building corals in Hawai‘i. We deployed 126 assay modules consisting 
of 882 small, 378 medium, and 126 large fragments yielding 1,386 coral fragments in total 
across 3 distinct coral reef habitats (Kāneʻohe Bay reef flat, Honolulu Harbor, and a South 
shore exposed reef). The assays were held in the nurseries and deployed over time in batches 
(direct transplantation (0 months), 4 months, and 8 months) to examine effects of nursery 
residence time. Health checks tracking mortality, partial mortality, and tissue discoloration 
were ranked, and coral tissue cover (cm2) was measured from scaled digital 2D photographs 
and also estimated from 3D Structure from Motion (SfM) scaled photogrammetric models. The 
project coincided with a bleaching event in the summer, providing data on growth and 
survivorship before, during, and after the event. Survivorship was highly dependent on site, 
size, and genotype (i.e. donor colony). Colony genotype had a major impact on coral growth 
and survivorship, indicating that selection of genotypes is critical for restoration success. 
Several genotypes more than doubled in total coral cover and total colony surface area while 
one genotype was highly susceptible to bleaching and suffered total mortality. Growth data 
from 2D and 3D measurement methods showed highly similar results, although 3D 
measurements were less time consuming, while accounting for complex colony morphology. 
In-situ nursery residence time showed high temporal variability likely due to micro-spatial 
variation, temperature stress and micro-predator outbreaks. The ex-situ nursery in contrast had 
almost no mortality and the highest growth rates, but variable mortality when outplanted 
depending on size and genotype. Mortality was highest on the exposed reef and both harbor 
and reef sites had the highest mortality for smaller fragments, indicating that a ‘size refuge’ is 
highly site specific. Mortality also varied by colony genotype at both harbor and reef sites, with 
several colonies showing an interaction between genotype and environment. Final growth data 
at the AFRC sites could not yet be collected due to the COVID-19 shutdown; however, this 
project demonstrated that the assays successfully provided data on optimal colony size, 
genotype, and nursery residence time for a variety of reef locations. 



     
            

           
                

               
             
            

            
               

              
             

               
         
             
             

               
               

                
              

               
             

              
             

              
                  

                
               

              
              

               
            

               
            

               
              

                
            

              
                

              
                
               

              
             

   
                

                
               

            
            

II. Introduction and Background 
Coral reef ecosystems are declining worldwide and novel management tools are needed 

to address emerging conservation challenges (Rinkevich 2005; Bruno and Selig 2007; Hoegh-
Guldberg et al. 2007; Mumby et al. 2007). Corals form the structure and foundation of coral 
reefs, fulfilling an ecological role analogous to trees in terrestrial ecosystems. One of the most 
widely used conservation and management tools for terrestrial forests, is to incorporate a 
nursery phase where vulnerable seeds, saplings, or propagules are sheltered and provided 
conditions to greatly increase the probability of survivorship; the strategy has dramatically 
transformed forest ecosystems (Khurana and Singh 2001; Fox et al. 2004). Over the last two 
decades, coral nurseries have transitioned from small scale pilot projects, to large full scale 
operations dedicated to coral reef restoration (Epstein et al. 2003; Rinkevich 2008) (Rinkevich 
2008), for the marine hobby industry (Delbeek 2001), and for the conservation of rare or 
endangered coral (Herlan and Lirman 2009; Griffin 2012). 

The benefits of reef restoration activities vary from site to site, because natural 
recruitment and recovery rates are highly variable, both temporally and spatially (Connell et 
al. 1997; Kojis and Quinn 2001). Reefs surrounded by high coral cover might naturally recover 
from disturbance within a decade (Grigg and Maragos 1974; Connell et al. 1997), while some 
reef systems and entire ecological regions may take an order of magnitude longer if they ever 
recover at all (Smith 1992; Hughes and Tanner 2000; Salinas-de-León et al. 2012). Recruitment 
failure and high rates of post-settlement mortality can result in a downward spiral of ecosystem 
collapse and transition to alternative stable states (Hughes 1994; Hughes and Tanner 2000). 
Transitions in the other direction; from algal to coral dominated ecosystems are rare and 
challenging to document, but increased fish and coral recruitment have been documented to 
occur with some large scale reef restoration efforts in the Caribbean (Schopmeyer and Lirman 
2015; Huntington et al. 2017; Opel et al. 2017) and the Pacific (Yap 2009; Cabaitan et al. 2015). 
In order for reef rehabilitation efforts to be effective at larger scales, knowledge of the optimal 
colony size and nursery residence time for each species while maintaining a high chance of 
survivorship in the field, is necessary to optimize efficiency (dela Cruz et al. 2015). 

Larger colonies are thought to have a higher chance of survival. This so-called ‘size 
refuge’ is likely to vary both temporally and spatially, for each species. Previous studies on 
demography and size dependent survivorship for reef building corals, have found relationships 
between size and mortality to be dependent on nursery conditions (Forsman et al. 2006), habitat 
(Bruno, 1998), bleaching events (Depczynski et al. 2013), and competitive interactions (Ferrari 
et al. 2012). On the other hand, survivorship is highly stochastic in highly heterogeneous coral 
reef ecosystems (Babcock et al. 1991), and under the right conditions recovery from small 
fragments or patches of live tissue can occur surprisingly quickly (Roff et al. 2014). There are 
significant tradeoffs between strategies to outplant larger coral colonies, vs. approaches to 
outplant many smaller colonies, for example a new coral seeding approach that uses small 
concrete tetrapods with settled coral recruits found a 5 to 18 fold reduction in out-planting costs 
(Chamberland et al. 2017). This seeding approach dramatically reduces diver time in the water, 
which is the costliest aspect of reef restoration work. Survivorship in this initial study was low 
(9.6% over 1 year), however; if survivorship could be increased the approach has potential for 
enabling larger scale reef restoration. Determining the ‘size refuge’ for each species at a 
particular restoration site would enable a more targeted approach to mass producing and 
outplanting coral. 

One of the main roles of a coral nursery is to improve survivorship of small fragments 
by housing them before outplanting. There are two main types of nursery either in-situ (in the 
water) or ex-situ (in tanks on land), each with tradeoffs and benefits. In-situ nurseries have 
minimal maintenance and equipment costs, but environmental conditions are more difficult to 
control (e.g. light, temperature, sedimentation, predation, disease). One key way to improve 



                 
            

             
                
              

               
              
         

            
               

              
             

               
                 

             
              

               
             

            
                
               

              
             

              
            

               
                  

            
          

               
                

               
            

                 
 
 

efficiency for both types of nurseries is to reduce the amount of time that smaller colonies and 
micro-fragment covered modules need to be maintained in the nursery. Since the micro-
fragmentation method can precisely control colony genotype and size growing over a given 
substrate, it has excellent potential as an assay to provide data on mortality and growth for 
replicated genotypes across a range of sizes at a particular restoration site. Knowledge of 
genotype and size specific mortality rates for a given site would allow for targeted mass 
production of resilient genotypes of an optimal size, improving the outcome of restoration and 
optimizing the efficiency and scale that can be restored. 

Micro-fragmentation is primarily an ex-situ nursery based method which results in rapid 
two-dimensional spreading of tissue at rates that can be orders of magnitude higher than growth 
rates under typical field conditions (Forsman et al. 2015). The technique uses small (~1cm2) 
fragments spaced approximately 2-3 cm apart over an artificial substrate, taking advantage of 
the tendency of these small fragments to spread thin layers of tissue, doubling or quadrupling 
in size in a few months. The use of the method was pioneered at the Ānuenue Fisheries 
Research Center (AFRC), the State of Hawai‘i Division of Aquatic Resources (DAR) Coral 
Restoration Nursery (CRN), where hundreds of 20cm to 1m diameter coral modules can be 
produced annually. The method is becoming widely used by NGOs including the Coral Vita in 
the Bahamas, and the Legacy Reef Foundation on Hawai‘i Island, and MOTE Marine 
Laboratory in the Florida Keys. MOTE Marine Labory uses micro-fragmentation to mass 
produce coral plugs that are attached to dead coral heads or ‘re-skinning’, which can result in 
bringing large endangered coral colonies back to life (Page et al. 2018). The Hawai‘i Institute 
of Marine Biology (HIMB) coral nursery consists of floating midwater platforms of coral that 
were rescued after naturally settling on decommissioned fish and dolphin pens. The primary 
function of the HIMB in-situ coral nursery is to conduct research on approaches including 
micro-fragmentation to increase the scale of restoration efforts. An advantage of the micro-
fragmentation method is that genetic replicates of a wide variety of sizes can be produced, 
which is ideal for an assay to determine the size refuge for a variety of species in various 
habitats. Combining the micro-fragmentation method with a coral seeding approach has the 
potential to dramatically increase survivorship, while dramatically reducing costs, however: 
the optimal colony size and nursery residence time for such an approach are unknown. The 
broad goal of this project was to collect data on fragment size, nursery residence time and 
genotypic differences for both in water (the HIMB in-situ nursery) and land based (the DAR 
ex-situ nursery) nurseries to improve strategies for more cost-effective and time-efficient reef 
restoration at larger scales under a variety of outplanting conditions in the field (Figure 1). 



   
              

              
              
     

 
       

 

              
        

              
  

                  
                

       
             

             
 

   
 

     
            

                 
             

             
                
                   

  
 

Figure 1. Map of the two experimental areas, with the darker blue indicating the 
nurseries and the lighter blue the outplanting sites where (a) HIMB nursery, (b) HIMB 
outplanting reef site, (c) AFRC nursery (d) AFRC outplanting reef site, and (e) AFRC 
outplanting harbor site (Honolulu harbor) 

III. Specific goals and objectives 

1. Design and deploy coral growth assays to allow comparisons across both in-situ and ex-
situ nurseries and a range of reef sites. 

2. Assess coral health, change in coral cover, and three-dimensional growth on the coral 
assays. 

3. Determine if there is a ‘size refuge’ or optimal colony size for a range of reef sites. 
4. Determine if there is an optimal in-situ and ex-situ nursery residence time to reduce costs 

and increase scale of restoration. 
5. Examine genotypic differences in growth and survival between and within the dominant 

reef building corals in Hawai‘i (M. capitata, P. lobata, and P. compressa). 

IV. Methods 

Assay design and deployment 
Designing assays suitable across both types of nursery and outplanting sites was 

integral to the project. Our final design incorporated a central label and three sloped sides in a 
‘pyramid’ shape (Figure 2) to reduce the horizontal surface and therefore mortality from 
sedimentation, while allowing space for corals to grow and fuse covering the substrate, 
blending into the reef substrate similar to the coral modules currently in use at AFRC. All 
pyramids were soaked in seawater for a month and allowed to dry in the sun for a further month 
before fragmentation. 



 
 

           
                  

             
              

 
 

              
              

               
                
               

              
    

             
               

                 
               

            
              

               
                 

            
             

              
                 

                 
               

                  
               

              
            

  
 

Figure 2. Rotational pyramid fragmentation protocol (above), where replicate assays rotated 
the location of each fragment size in order to expose all size fragments to all water flow and 
light conditions, assays were then outplanted facing the same direction, to provide an 
informative unique identifier for each pyramid assay. A label key is located below the 
diagram. 

Three parent/donor colonies were collected for M. capitata and P. lobata at each site 
(Figure 1) resulting in six parent colonies per nursery. AFRC’s standard quarantine period was 
also observed for the ex-situ nursery samples, whereby any parent colonies not already in the 
nursery had all other epifauna removed, they were then placed in a quarantine tank, and were 
required to remain clear of parasites for one month (Appendix S1). Parasites (Phestella sp.) on 
the P. lobata AFRC parent colonies resulted in delayed fragmentation and deployment by 2 
months at this site. 

Within each outplanting location, time and genotype there were three replicates and the 
location of each fragment size was alternated around the pyramid with a clearly visible label 
on the top (Figure 2). The pyramids were then outplanted with this label all facing the same 
direction, therefore each fragment size was exposed to all the potential variable light and water 
flow conditions. 126 assay modules were constructed and deployed across five environments, 
including the two nursery sites (HIMB ex-situ and AFRC in-situ nurseries), and the outplanting 
sites (HIMB reef flat, Sand Island exposed south shore reef, and Honolulu Harbor; Figure 1). 
The harbor site by AFRC was included as an additional site for comparison for the first phase 
of outplanting to provide data on variability due to contrasting habitats. 

Three M. capitata and three P. compressa colonies, approximately 30 cm across, were 
selected as the donor colonies for each nursery. The corals were micro-fragmented to yield 
seven small (≈ 1cm2 each, 7cm2 total), three medium (≈ 3cm2 each, 9cm2 total), and one large 
(≈ 9cm2 each and total) per pyramid (Figure 2) totaling 378 small, 162 medium and 54 large 
fragments for all the pyramids deployed at each reef outplanting site, with an additional 126 
small, 54 medium, and 18 large at the harbor site at AFRC. All fragments were cut on a 
Gryphon XL Aquasaw and 42” diamond tipped stainless steel blade and fixed to the pyramid 
assays with cyanoacrylate (gel superglue). The top and all sides of the pyramid were 
photographed with a ruler before placing in the nursery or outplanting site. 



 

                 
            

           
 

              
                

                 
               

               
                 

                  
               

             
           

              
              

                 
               

               
               

               
                 

                
                   

                
        
 
 

 
 
 

Figure 3. Photos of assays (a) in the HIMB coral nursery, and (b) HIMB outplanting reef, (c) 
prepared before fragmenting (d) in the AFRC coral restoration nursery, and AFRC 
outplanting sites (e) Sand Island beach park, and (f) Honolulu harbor. 

The reef outplanting experiment was run as close to parallel as logistically feasible at 
the two nursery sites (Figure 3a and d). The assays were split into three identical groups 
consisting of 18 assays, giving a total of 54 pyramids (Figure 3c) per nursery and an additional 
set of 18 for deployment in Honolulu Harbor. After fragmentation the first set from both 
nurseries were immediately outplanted at their respective reef sites (Figure 3b, e and f), while 
the remaining two sets were kept in nursery conditions (Figure 3a and d). After 4 months the 
second set of 18 pyramids were deployed, leaving only one set in the nursery. After a further 4 
months (8 months since the first set was deployed) the third set was outplanted. 

Coral health checks were performed to provide data on temporal changes in mortality 
and tissue discoloration in the following categories (dead and/or partial mortality, 
paling/bleached, and healthy), approximately every 1-3 months at HIMB and 2-4 months at the 
AFRC locations. At the HIMB reef location, oysters were observed settling on bare substrate 
on the assays within a few months and the number of oysters per module were recorded to 
examine the potential for competition with coral tissue for space (Appendix S2 and S3). The 
initial and final fragment size of all 1,386 corals were manually measured from scaled digital 
photos using the program ImageJ (Rasband 2012). Change in area of live tissue (𝚫cm2) was 
measured from digital photographs of all assays taken at the point of fragmentation (0 months), 
outplanting of the final assay set on the reef (8 months) and a final growth measurement was 
then collected at HIMB 4 months after the final deployment (Table 1), giving a total growth 
time of no less than a year. Due to the COVID-19 closure, the collection of the final set of 
photographs at AFRC has been delayed but we expect to obtain these images and analyze the 
results as soon as possible for publication. 



                 
                     
                 
              

 

 
 

 
       
                

             
             
           

 

Table 1. Timeline of coral assay deployment. Phase 1 (0 months) set 1 was outplanted on the 
reef and set 2 and 3 were placed into the nursery. Phase 2 and 3 provided 4 months (for set 2) 
and 8 months (for set 3) of growth respectively in the nursery prior to transplantation on the 
reef. Phase 4 was the final growth measurement representing 12 months of growth since 
fragmentation. 

Estimating surface area from 3D photogrammetric models: 
The coral fragments at both the HIMB nursery and field site grew with a higher degree 

of three dimensional structure than anticipated (Figure 4), therefore in addition to estimating 
growth from planer top down digital images, we investigated using photogrammetry to estimate 
surface area of living coral tissue at the HIMB locations. 



           
             

           
 

            
              

              
            

             
           

                
              
                
              

              
                

                 
                 

               
              

              
                

Figure 4. Examples of Porites compressa (left) and Montipora capitata (right) 
fragments spreading horizontally and fusing and/or growing vertically on assays at both AFRC 
(a and b), and the HIMB (c and d) coral nurseries. 

A three dimensional structure from motion (3D SfM) photogrammetric model of coral 
assays at the HIMB site was constructed using Agisoft Metashape Pro v 1.5.5, from 
approximately 500 photos taken with a Canon Rebel EOS in an underwater housing on 
12/19/2019 (Figure 5). Camera setting and assembly of the SfM model followed 
recommendations in Suka et al. (2020), briefly, manual camera settings were selected (auto 
ISO exposure, f-stop=F10, shutter speed=1/320, -⅓ exposure, broad point autofocus, repeat 
shutter, and large format photos). A batch script was followed in Agisoft Metashape Pro v 1.5.5 
with the following settings (alignment = high accuracy and generic precision, 40k key point 
limit, 4k tie point limit, adaptive camera model fitting, Optimization = fit f and cx,cy, Build 
dense cloud = medium quality, mild depth filtering, build mesh = arbitrary surface type, 
medium depth map quality, build texture = generic mapping mode, texture from all cameras, 
and hole filling enabled, build tiled model = source data dense cloud with medium depth map 
quality). The resulting SfM model was scaled with a series of six printed targets, fixed in pairs 
10cm apart. The accuracy of the three scale bars was 0.001 m (0.1 cm), with an overall 
estimated error of 0.000655 m (0.07 cm). The scaled 3D SfM model was exported into 
Cloudcompare v2.11 and areas with living coral tissue were segmented for inclusion with the 
segmentation tool. Corals on each side of the pyramid were grouped, labeled and colorized 
using an elevation model to highlight upward growth along the Z axis (Figure 5). Surface area 



               
             

             
           

 

 
             

                
    

 
               

            
             

            
             

                   
           

           
           

 
    

 
     

              
                 
                

              
                

was estimated for each size category (e.g. fused or unfused corals were grouped together for 
estimation of total surface area for each size category). Finally, we compared two-dimensional 
area from top down measurements with three-dimensional surface area estimates from the SfM 
model by linear regression in R (R Core Team 2013). 

Figure 5. Example of color-coded segmentation and computer labeling of living coral tissue 
on an HIMB coral assay module used for the estimation of surface area covering the complex 
geometry of coral colonies. 

To examine P. compressa and M. capitata net growth (cm2) obtained by either 2D top 
down photographs or 3D photogrammetry images and fragment size, nursery residence time 
and genotype we used generalized linear models (implemented in RStudio (2019)) along with 
pairwise comparisons using the “emmeans” package (Lenth, 2020). For size, time and 
genotypic comparisons, analysis of net growth was only conducted on fragments that survived 
to the end. Due to the skewness of the raw data prior to running the models the data was 
transformed with the Yeo Johnson transformation based on the “bestnormalize” package 
(Peterson, 2019) output, which contains a suite of transformation-estimating functions and 
suggests the most appropriate transformation method for a given dataset. 

V. Results and discussion 

Coral assay design and deployment 
The concrete pyramid assay design was well suited to both in-situ and ex-situ nurseries 

and a variety of reef sites (patch reef flat, protected harbor, and exposed reef). They were also 
easy to handle and small enough to take up minimal space in each nursery. The concrete 
pyramid design was also ideally suited to outplanting as they were negatively buoyant, and 
allowed for placement in sandy rocky areas at HIMB and the AFRC harbor site and attachment 



                
                

              
          

 
      

                 
                

            
             

             
                 

              
                 

               
                

              
             
               

               
             

                 
                

               
  

             
              
               

              
               

                  
                

                 
                

              
               

                
             

                   
 
 

to the reef with epoxy at the AFRC reef site. The sloped sides reduced issues with 
sedimentation while still allowing for a clearly visible label, which was also used to orient the 
pyramids during outplanting. The design provided substrate for fusion of coral tissue and did 
not appear artificial, rapidly blending into the reef substrate. 

Monitoring of coral health and mortality 
At the HIMB in-situ nursery, the mean (± S.D) size of the micro-fragments was 0.74 

(± 0.27), 2.86 (± 1.03), 8.19 (± 2.19), for the small, medium, and large size categories 
respectively. These micro-fragmented coral colonies had higher than 80% survivorship for the 
first months after fragmentation (Figure 6 a-c). With the onset of increasing summer 
temperatures leading up to the 2019 summer bleaching event, mortality began to increase, 
showing a clear size dependent trend in the in-situ nursery with 54, 71 and 72% overall 
survivorship of small, medium and large colonies respectively in August 2019. Assays on the 
reef flat also showed a size dependent trend with 45, 64, and 64% overall survivorship of small, 
medium and large colonies respectively. By the 8th month (8/16/2019), assays on the reef flat 
had higher mortality and partial mortality. After 12 months of monitoring at the close of the 
experiment, size dependent trends were no longer evident, although many of colonies in the 
medium and small categories had completely fused at this point, decoupling the relationship 
between the original health check categories and actual colony size (Figure 4). By the final 
monitoring period after 12 months, mean overall survivorship was 34%, with 37% and 31% of 
M. capitata and P compressa fragments surviving respectively (Appendix S4 and S5). Overall 
survivorship of small, medium and large colonies for each species were 35, 35, and 52 % for 
M. capitata and 22, 44, and 52 % for P compressa respectively, suggesting a size dependent 
trend for both species with the ‘large’ size category having the highest survivorship for each 
species. 

Mortality was highly dependent on the donor colony (i.e. genotype). The M. capitata 
colony M2 was particularly susceptible to bleaching, and began showing signs of paling and 
partial mortality at 2 (2/28/2019) and 5 (5/7/2019) months into the experiment (Figure 7). With 
the onset of increasing temperatures leading up to the bleaching event, partial mortality and 
mortality began to increase across all genotypes. By the 8th month (8/16/2019), only ~20% of 
colony M2 survived in the nursery and ~40% on the reef (Figure 7d). In contrast, colony M1, 
M3, and P3 showed higher resilience with ~80% survival in the nursery and ~60% survival on 
the reef flat (Figure 7d). By the end of the experiment at 12 months, M2 suffered 100% 
mortality, while M1 and M3 had 46 and 64% survivorship respectively, while P1, P2 and P3 
had 20, 32, and 40% survivorship respectively (Appendix S4 and S5), indicating that mortality 
is highly dependent on the donor colony. Careful selection of colony genotypes for a restoration 
project is therefore likely to increase the chances of success at a given location and further 
study to understand interactions between coral genotypes and their environment will shed light 
on resilience to bleaching events and appropriate selection of outplanting sites. 



 
 

              
                

          
 

Figure 6. Survivorship, paling, partial mortality and mortality of coral fragments at HIMB for 
each size category in each environment over time (a) 1/15/19, (b) 2/28/19, (c) 5/7/19, (d) 8/16/19, 
1, 2, 5 and 8 month/s after initial fragmentation respectively. 



 
               

                   
      

 
                 

                
              

                  
                    

             
                    

               
               
              

                
                 

               
                

             
           

             
 

Figure 7. Survivorship, paling, partial mortality and mortality of coral fragments at HIMB for each 
genotype in each environment over time (a) 1/15/19, (b) 2/28/19, (c) 5/7/19, (d) 8/16/19, 1, 2, 5 and 8 
month/s after initial fragmentation respectively. 

At the AFRC ex-situ nursery the mean (± S.D) size of the micro-fragments was 1.16 (± 
0.56), 4.95 (± 1.27), 12.64 (± 3.61) cm2, or the small, medium, and large size categories 
respectively. Survival in the controlled conditions of the ex-situ nursery was nearly 100%, with 
only 2 small fragments lost. In contrast, the Sand Island reef location had a clear trend of sized 
dependent survival with 25, 80, and 90% after 1 month and 40, 75, and 85 % after 7 months 
survival for small, medium, and large colonies respectively (Figure 8 a-b). The Honolulu 
Harbor also had a trend of size dependent survival with 60, 80, and 95% and 50, 65, and 95% 
survivorship for small, medium and large colonies after 1 and 7 months respectively (Figure 8 
a-b). The harbor had higher overall survivorship and tissue paling when compared to the Sand 
Island reef location (Figure 8b). Mortality was also highly dependent on the donor colony, 
although all colonies had almost 100% survivorship in the nursery (Figure 8 a-d). M. capitata 
colony M1 had only ~40% survivorship at the harbor site compared to ~75% at the Sand Island 
reef location, while colony M3 showed the opposite pattern with ~45% survival at the reef 
location compared to ~75% at the harbor location (Figure 8 c-d). This may indicate that there 
are genotype by environment interactions, with certain genotypes more suited to a particular 
environment than others, further illustrating how selecting the appropriate genotype can 
influence the outcome of a restoration project. 



 

 
 

               
                     

               
      

 

Figure 8. Survivorship, paling, and mortality of coral fragments at the Sand Island (AFRC) locations 
at 1 month (a and c) and 7 months (b and d) after outplanting the first set of assays where (a-b) 
survivorship by size category at each location and (b-c) survivorship by colony genotypes, M = 
Montipora capitata, P = Porites lobata. 



            
              

             
               

              
             

              
               

               
                 
              
             

               
              

            
 

 
              
      

 
            

              
              
              

            
              

             

Effects of fragment size, nursery residence time and genotype on coral growth 
Typically coral micro-fragments spread tissue in two dimensions, however; at the HIMB 

locations, the coral colonies rapidly grew into complex branching morphologies (see Figure 4 
for a contrast between AFRC and HIMB locations). To account for increased surface area due 
to three dimensionality, we estimated the surface area from 3D SfM models and compared 
these measurements to those obtained from planar area from scaled digital photographs. For 
both species, there was a strong relationship between surface area derived from these two 
methods (Figure 9), with a high proportion of the variance accounted for (r2=0.82). We also 
used this method to estimate volume, although less of the variation was accounted for (r2=0.72), 
which may be due to holes in the mesh model (Appendix S6). In addition to accounting for 
surface area due to 3D complexity, the SfM segmentation method was significantly faster and 
required less manual effort. Manual segmentation took approximately 5 minutes in the field 
and 3-5 hours of effort to build and segment the model. In contrast, planer measurements 
required approximately an hour of fieldwork (at least 4 digital photographs per module), and 
at least 20 hours of manually tracing coral tissue cover. 

Figure 9. The relationship between two dimensional (planar) area in cm2 to surface area 
derived from three dimensional 

Both approaches of measuring the coral colonies resulted in highly similar trends 
(Figure 10), and yielded similar results according to the generalized linear model (GLM) and 
pairwise analyses (Appendix S7 and S8). Although there was a trend toward larger colonies 
showing higher growth rates for M. capitata, there were no significant differences in tissue 
growth found among sizes categories for both species. There were however, significant 
differences in net growth associated with genotype (i.e. colony of origin; Figure 10a and 
Appendix S1). According to the GLM, significant differences were found between M. capitata 



                
                 

                 
               

               
                   

               
               

             
               

                 
               

             
               
               
        

          
               

               
                 

             
               

               
               
              

            
               

            
     

 

genotypes M1 and M3 (p = 0.0001), while genotype M2 had a 100% mortality rate, and 
therefore was not able to be included in the model (Appendix S7). P. compressa genotype P3 
was significantly different from P1 and P2 respectively (p = 0.0380, p = 0.0015) with the 2D 
photo measurements and between P3 and P2 (p = 0.0194) for the 3D analyses. 

The most resilient genotypes (i.e. the colonies that had the lowest rates of mortality, see 
M1, M3, P3 in Figure 7) also had the highest rates of net tissue growth. Colony M1 had the 
highest total increase in two dimensional coral cover, a 153% increase over a year (from 
120.5cm2 to 305cm2; Appendix S9). The total surface area of colony M1 estimated from the 
3D SfM model, which more realistically accounts for the complex branching morphology, was 
1,049cm2 (a 770% increase over a year). Colony M2 in contrast completely died, while colony 
M3 grew in 2D area by 56% (201cm2 to 313cm2), or 126% (455cm2) when 3D structure was 
taken into account (Appendix S9). Colony P1 and P2 decreased in two dimensional coral cover 
(-13.7cm2 and -27.2cm2 respectively), yet slightly increased in total area when 3D structure 
was taken into account (a 103% and 92% increase respectively). Colony P3 increased by only 
41% (from 193.1cm2 to 272.3cm2) in 2D area and 239% (654.3cm2) in surface area estimated 
from the SfM model (Appendix S9). 

Hawai‘i experienced a bleaching event from August-November 2019, therefore this 
project provides information on growth for a range of sizes and genotypes, before, during and 
after a bleaching event. Although the total 2 dimensional live tissue area for all fragments 
declined by ~11% over the course of the year (from 1185cm2 in December 2018 to 1060cm2 in 
December 2019), when examining only those fragments which survived there was a 46% 
increase (from 725 to 1060cm2), and accounting for 3D structure with the SfM model, total 
surface area for all fragments increased by 218% (2,584cm2). In other words, even though the 
two dimensional area covered by coral tissue for all fragments decreased by ~11%, the surface 
area of tissue covering the complex branching morphology increased by 218%. In spite of 
mortality associated with the bleaching event, several genotypes had surprisingly large gains 
in both two dimensional coral cover, and surface area estimated from the SfM models, further 
illustrating that the selection of source genotypes is critically important for successful 
restoration outcomes. 



 
               

               
              

       
 

            
                

             
               

                  
                

               
               

                 
            

             
                 

             
                  

               
               

Figure 10. Mean (±SE) of net growth (cm2) of Porites compressa and Montipora capitata area 
from 2D photographs (a,c and e) and 3D photogrammetry measurements (b,d and f) at HIMB 
of fragments that survived 12 months. Mean net growth by fragment sizes (a-b), nursery 
residence time (c-d), and genotype (e-f). 

The GLM model indicated that there were significant differences in growth rates 
associated with nursery residence time (i.e. between batches of assays deployed after 0, 4, or 8 
months in the HIMB nursery; Figure 10c). Growth rates were similar between fragments 
placed directly on the reef with no in-situ nursery residence time (0 months), and fragments 
that spent 8 months in the nursery. It may not be surprising that growth rates are similar between 
an in-situ nursery and the nearby reef, however it is challenging to explain why fragments that 
spent 4 months in the nursery would have significantly less average net growth (2D area 
p=0.008, 3D surface area p=0.0134). Even though placement of the assays in the nursery was 
randomized, this batch effect could have been due to a number of factors, such as predation or 
parasite outbreaks (outbreaks of the corallivorous nudibranch Phestilla that feeds on Porites 
have been observed in the nursery), partial shading, plankton blooms, food availability, etc. 
Although net growth was lowest for the 4 month batch, the 8 month batch had the highest 
average net growth. Mortality, partial mortality, and tissue discoloration were less common in 
the HIMB nursery relative to the reef (Figure 6d, 7d). The modules that spent more time in the 
nursery had noticeably less biofouling (e.g. there were fewer oysters that settled next to the 
coral competing for space Appendix S2, S3) which may be due to juvenile herbivorous fish 



                
             

                 
                 
              
                

 
   

 
              

              
             

  
           

               
            

           
 

              
              

               
             

             
                   
          

             
             

             
              

            
             

 
 
 

  
 
  

           
              
      

              
      

            
            

 

   

that appear to be more abundant in the nursery compared to the reef. The temporal and 
microspatial factors that influence coral growth in an in-situ nursery environment are clearly 
in need of further study for optimization, since this method requires far less cost and effort than 
an ex-situ nursery. Although the collection of the final set of data from the AFRC field sites 
has been delayed, this project demonstrated that the coral assays were effective in providing 
key information for increasing the effectiveness and chances of success of a restoration project. 

VII. Overall conclusions 

1. We designed and deployed 126 assay modules consisting of 882 small, 378 medium, 
and 126 large fragments yielding 1,386 coral fragments in total across 3 distinct coral 
reef habitats (Kāneʻohe Bay reef flat, Honolulu Harbor, and an exposed South shore 
reef). 

2. The assays successfully provided data on coral survivorship, partial mortality, 
bleaching, coral cover, and colony surface area, across a range of reef habitats. Growth 
data from 2D and 3D measurement methods showed highly similar results, although 
3D measurements were less time consuming, while accounting for complex colony 
morphology. 

3. The assays revealed size dependent mortality that was highly dependent on reef site, 
coral species, and colony genotype. In other words, the ‘size refuge’ or optimal colony 
size can be determined for a particular coral genotype at a particular site. 

4. Nursery residence time showed high temporal variation for the in-situ nursery, which 
may be expected since many factors in-situ are challenging to control. Residence time 
data for the in-situ nursery has yet to be collected but we predict it will provide a head 
start and size refuge that is quantifiable using this methodology. 

5. The assays revealed major differences in survivorship and growth by coral genotype 
(colony of origin). Several genotypes were highly resilient to bleaching and had major 
gains in coral cover and colony surface area, whereas other genotypes were highly 
susceptible to bleaching and suffered high mortality and tissue loss. The use of these 
methodologies to select genotypes suited to a particular environment will likely greatly 
increase the likelihood of success for a reef restoration project. 

VII. Outcomes 

A. Presentations 

Knapp ISS, Forsman ZH, Toonen RJ (November, 2019) Planting coral:measuring the 
importance of size, genotype, site, and in-situ or ex-situ nursery residence time. Hawai‘i coral 
restoration and bleaching symposium (~100 participants). 

Forsman ZH, Knapp ISS, Toonen RJ (December 2019) Overview of reef restoration efforts in 
Hawai‘i, Marine Biology (30 undergraduate students) 

Forsman ZH, Knapp ISS, Toonen RJ (Jan 2020) Coral secrets: data from micro-
fragmentation & DNA, Mote Marine Laboratory, Summerland Key & Sarasota FL (~70 
participants) 

B. Student training 



            
              

               
              

                
          

            
               

              
             

  

             
              

                
     

             
              

              
             

     

 

 
 
 
 
 
 

 
 
 
 
 

  

Erika Johnston (PhD Candidate UHM, graduated 05/2019): Erika was responsible for 
deploying coral assays by snorkel and SCUBA, and she developed methods to score health 
data as well as initial measurements of coral tissue area. Erika was responsible for animal 
husbandry of the assay modules under the direction of the AFRC Coral Restoration Nursery 
Staff. Erika has assisted with statistical analysis in R and with report writing. Erika will 
assist with co-authorship of publications resulting from this project. 

Austin Greene (PhD Candidate UHM): Austin assisted with field deployments and health 
checks of assay modules by snorkel and SCUBA. He continued the animal husbandry of the 
assay modules under the direction of the AFRC Coral Restoration Nursery Staff. He will 
assist with modeling, statistical analysis and co-authorship of publications resulting from this 
project. 

Claire Bardin (undergraduate UHM): Claire is a work study undergraduate hired to assist 
with this project. Claire assisted with field deployment and health checks of assay modules 
by snorkel. She measured most of the corals from scaled digital models and assisted with all 
aspects of the project. 

Volunteers: This project would not have been possible without additional assistance in the 
field and at the AFRC Coral Restoration Nursery. We would like to acknowledge the 
assistance of Dr. Eileen Nalley and the staff of the AFRC Coral Restoration Nursery, 
partlicularly Chelsea Wolke, Norton Chan, Dave Gulko, and nursery staff for assistance in 
the nursery and field. 
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X. Appendices 

Appendix S1. (a) One of the three Montipora capitata parent colonies from HIMB and (b) 
Porites lobata genotypes 1, 2, and 3 in the quarantine tank at AFRC. 



                
               

            
 

 
 

                
   

 
 

 
 
 
 
 
 
  

Appendix S2 Examples of HIMB pyramid assays with (a) 0 months in the nursery, (b) 4 
months in the nursery before outplanting, and (c) 8 months in the nursery before outplanting 
with high to low numbers of oysters from a to b respectively. 

Appendix S3 Oyster count on assays outplanted after 0, 4 and 8 months for Montipora capitata 
and Porites compressa. 



 
 

            
              

                   

 
  

Appendix S4. Percentage of Montipora capitata and Porites compressa fragments with any 
live tissue which survived from December 2018-19 relative to (a) fragment size, (b) genotype, 
where M = M. capitata and P = P. compressa, and (c) genotype and fragment size at HIMB. 



               
             

                
  

 
 

Appendix S5. Number of coral fragments with any live tissue over time, mortality rate from 
December 2018-2019, and percentage (%) of fragments which survived all 12 months at 
HIMB, by species, genotype (where M = Montipora capitata and P = Porites compressa), and 
fragment size. 



            
             

             
 

 
 
  

Appendix S6. Relationship comparing volume (cm3) estimated from 3D Structure from Motion 
photogrammetry and 2D surface area (cm2) estimated from top down scaled digital photographs 
taken in December 2019 of Montipora capitata and Porites compressa fragments at HIMB. 



 
            

             
              
           

            

   

  

Appendix S7 Generalized linear model (GLM) output examining Montipora capitata net growth 
(cm2) and fixed independent variables: genotype, fragment size and nursery residence over 12 
months based from (a) 2D photographs and (b) 3D photogrammetry images and (c) accompanying 
pairwise analyses indicating a significant difference between M. capitata intercepts�and�

genotypes�one�and�three�with�the�3D�photogrammetry�data,�where�*�=�

significant�(≤�0.05).�



                
           

               
       

              

               

           

   
 
 
 
  

Appendix S8 Generalized linear model (GLM) output (a and c) and pairwise analyses (b and d) 
examining Porites compressa net growth (cm2) and fixed independent variables: genotype, 
fragment size and nursery residence time over 12 months based from (a-b) 2D photographs and 
(c-d) 3D�photogrammetry�images�indicating�significant�differences�

between�genotypes�3�when�compared�to�1�and�2,�time�4�months�and�8�

months�with�2D�data�and�genotype�3�and�2,�time�4�months�and�8�months,�

and�intercept�with�3D�data,�where�*�=�significant�(≤�0.05).�



                 
                

              
          

 

 
 

Appendix S9 Summary table of total area cover (cm2) over 12 months of all coral fragments at 
the HIMB reef flat, those fragments which survived till the end, including the change over time 
made from 2D photograph measurements calculated from scaled images in ImageJ, along with the 
one set of 3D photogrammetry measurements taken in December 2019. 
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