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The global decline of coral reefs has driven considerable interest in active coral
restoration. Despite their importance and dominance on mature reefs, relatively few coral
restoration projects use slower growth forms like massive and encrusting coral species.
Micro-fragmentation can increase coral cover by orders of magnitude faster than natural
growth, which now allows cultivation of slow growing massive forms and shows promise
and flexibility for active reef restoration. However, the major causes of variation in growth
and survival of outplanted colonies remain poorly understood. Here, we report simple
outplanting assays to aid in active reef restoration of slower growing species and increase
the likelihood of restoration success. We used two different micro-fragmentation assays.
Pyramid assays were used to examine variation associated with fragment size (ranging
from ≈ 1-9cm2), nursery residence time, and 2D vs 3D measurements of growth. Block
assays were used to examine spatial variation among individual performance at
outplanting sites in the field. We found 2D and 3D measurements correlated well, so we
measured survivorship and growth using top-down planar images for two of the main
Hawaiian reef building corals, the plating Montipora capitata and the massive Porites
compressa. Pyramid assays housed and outplanted from the in-situ nursery showed no
effect of residence time or size on overall survivorship or growth for either species. Results
from the ex-situ nursery however varied by species, with P. compressa again showing no
effect of time or size on survivorship or growth in the nursery. In contrast, nursery culture
resulted in improved survivorship of small M. capitata fragments, but net growth showed a
weak positive effect of nursery time for medium fragments. Small fragments still suffered
higher mortality than either medium or large fragments. Due to their lower mortality,
medium fragments (≈ 3cm2) appear to be the best compromise between growth and
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survivorship for outplanting. Likewise, given weak positive gains relative to the
investment, our results suggest that it could be more cost-effective to simply outplant
medium fragments as soon as possible, without intermediate culture in a nursery.
Furthermore, the block assay revealed significant differences in survivorship and growth
among sites for individuals of both species, emphasizing the importance of considering
spatial variation in coral survival and growth following outplanting. These results highlight
the value of short-term micro-fragmentation assays to provide key information on the sizes
and location specific performance to optimize the efficiency of reef restoration activities
and we advocate using them in advance to maximize the chances of success for active
coral restoration projects.
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38 Abstract

39 The global decline of coral reefs has driven considerable interest in active coral restoration. 

40 Despite their importance and dominance on mature reefs, relatively few coral restoration projects 

41 use slower growth forms like massive and encrusting coral species. Micro-fragmentation can 

42 increase coral cover by orders of magnitude faster than natural growth, which now allows 

43 cultivation of slow growing massive forms and shows promise and flexibility for active reef 

44 restoration. However, the major causes of variation in growth and survival of outplanted colonies 

45 remain poorly understood. Here, we report simple outplanting assays to aid in active reef 

46 restoration of slower growing species and increase the likelihood of restoration success. We used 

47 two different micro-fragmentation assays. Pyramid assays were used to examine variation 

48 associated with fragment size (ranging from ≈ 1-9cm2), nursery residence time (for both in-situ 

49 and ex-situ nurseries), and 2D vs 3D measurements of growth. Block assays were used to 

50 examine spatial variation among individual performance at outplanting sites in the field. We 

51 found 2D and 3D measurements correlated well, so measured survivorship and growth using top-

52 down planar images for two of the main Hawaiian reef building corals, the plating Montipora 

53 capitata and the massive Porites compressa. Pyramid assays housed and outplanted from the in-

54 situ nursery showed no effect of residence time or size on overall survivorship or growth for 

55 either species. Results from the ex-situ nursery however varied by species, with P. compressa 

56 again showing no effect of nursery residence time or size on survivorship or growth. In contrast, 

57 nursery culture resulted in improved survivorship of small M. capitata fragments, but net growth 

58 showed a weak positive effect of nursery time for medium fragments. Small fragments still 

59 suffered higher mortality than either medium or large fragments. Due to their lower mortality, 

60 medium fragments (≈ 3cm2) appear to be the best compromise between growth and survivorship 

61 for outplanting. Likewise, given weak positive gains relative to the investment, our results 

62 suggest that it could be more cost-effective to simply outplant medium fragments as soon as 

63 possible, without intermediate culture in a nursery. Furthermore, the block assay revealed 

64 significant differences in survivorship and growth among sites for individuals of both species, 

65 emphasizing the importance of considering spatial variation in coral survival and growth 

66 following outplanting. These results highlight the value of using short-term micro-fragmentation 

67 assays prior to outplanting to assess size, and location specific performance, optimizing the 

68 efficiency of active reef restoration activities and maximizing the probability of success for 

69 active coral restoration projects.

70

71 Introduction

72 As coral reef ecosystems continue to decline worldwide, many have called for active intervention 

73 and innovative management tools to address conservation challenges and reverse the decline of 

74 coral reef habitats (Rinkevich, 2005; van Oppen et al., 2015, 2017; Anthony et al., 2017; Kleypas 

75 et al., 2021). Corals form the structure and foundation of coral reefs, fulfilling an ecosystem 

76 engineering role analogous to trees in terrestrial ecosystems. The ethics and scalability of active 

77 interventions to reverse coral reef decline remain a subject of debate (Williams et al., 2018; 
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78 Filbee-Dexter and Smajdor, 2019; Doropoulos et al., 2019; Anthony et. al., 2020; Caruso et al., 

79 2021), but are common management strategies among terrestrial ecosystems. For example, one 

80 of the most widely used conservation and management tools for forests, is to incorporate a 

81 nursery phase where vulnerable seeds, saplings, or propagules are sheltered and provided 

82 conditions to greatly increase the probability of survivorship, a strategy that has dramatically 

83 transformed forest ecosystems (Khurana and Singh, 2001; Fox et al., 2004). Over the last two 

84 decades, coral nurseries have transitioned from small scale pilot projects, to large scale 

85 operations dedicated to production for the marine hobby industry (Delbeek, 2001; Tlusty, 2002), 

86 the conservation of rare or endangered coral species (Herlan and Lirman, 2009; Griffin et al., 

87 2012), or active coral reef restoration (Epstein et al., 2003; Rinkevich, 2008; Nedimyer, Gaines 

88 and Roach, 2011; Boström-Einarsson et al., 2020). 

89 The potential benefits of reef restoration activities vary from site to site, because natural 

90 recruitment and recovery rates are highly variable, both temporally and spatially (Connell et al., 

91 1997; Kojis and Quinn, 2001). Some reefs surrounded by high coral cover might naturally 

92 recover from disturbance within a period of decades (Connell et al., 1997; Adjeroud et al., 2009; 

93 Jury and Toonen, 2019), whereas other reef systems may take an order of magnitude longer if 

94 they ever recover at all (Smith 1992; Hughes and Tanner 2000; Salinas-de-León et al. 2013). 

95 Recruitment failure and high rates of post-settlement mortality of corals can result in a 

96 downward spiral of ecosystem collapse and transition to a macroalgal dominated alternative state 

97 (Hughes and Tanner 2000; Dudgeon et al. 2010; Briggs et al. 2018). Once ecological systems 

98 transition to an alternative state, such as macroalgal dominance on coral reefs, it often requires 

99 much higher densities of herbivores to transition back than it did to maintain the previous state 

100 (Fung et al. 2011; Mumby et al. 2013; Schmitt et al. 2019). Thus, reverse transitions, from algal- 

101 to coral-dominated ecosystems are rarely observed, but increased fish and coral recruitment have 

102 been documented to occur with some large scale reef restoration efforts in both the Caribbean 

103 (Schopmeyer and Lirman 2015; Huntington et al. 2017; Opel et al. 2017) and the Pacific (Yap, 

104 2009; Cabaitan et al., 2015). 

105 Most reef restoration efforts seek to augment three-dimensional structure and live coral cover 

106 (Boström-Einarsson et al., 2020). To increase the productivity required to scale-up restoration, 

107 the success of such efforts is dependent on finding the optimal colony size and nursery residence 

108 time for outplants that maximizes effectiveness of the restoration (dela Cruz et al., 2015). 

109 Outplanting of larger coral fragments through rearing juveniles or small fragments in nurseries 

110 often translates to increased probability of survival for coral colonies (Raymundo and Maypa 

111 2004; Page et al. 2018; van Woesik et al. 2021). Thus, most coral nurseries seek to provide safe 

112 environments in which corals are maintained under ideal conditions prior to outplanting until 

113 their risk of mortality is reduced (by reaching a size refuge). However, it takes time to grow large 

114 fragments even under nursery conditions, and the larger the starting size, the fewer total 

115 fragments can be taken from a parent colony. Prolonged nursery culture not only increases labor 

116 and maintenance costs but also requires substantially more space to maintain equivalent output, 

117 which impacts scaling during restoration efforts. 
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118 Nursery costs depend not only on duration of culture, but also the type of nursery: in-situ (in the 

119 water) and ex-situ (in tanks on land) culture each have a suite of costs and benefits to consider. 

120 In-situ nurseries have minimal maintenance and equipment costs, but environmental conditions 

121 are more difficult to control (e.g., light, temperature, sedimentation, competition, predation, 

122 disease), whereas ex-situ nurseries maintain perfect conditions at a premium in terms of labor, 

123 setup and operational (utilities, water quality, supplies, and infrastructure maintenance) costs. 

124 One key to improving efficiency and reducing cost for both types of nurseries is to reduce the 

125 amount of time that fragments need to be maintained prior to outplanting. Thus, identifying the 

126 ideal size for outplanting success is of high value and essential to optimizing efforts to scale 

127 restoration. However, the ideal size for trading off survivorship and costs is likely to vary both 

128 temporally and spatially, as well as among species, in the same way that individual growth rates 

129 vary in the same corals through time (Edmunds and Putnam 2020). For example, previous 

130 studies have found relationships between size and mortality vary with nursery conditions 

131 (Forsman et al., 2006), habitat (Bruno, 1998), bleaching events (Depczynski et al., 2013), and 

132 competitive interactions (Ferrari et al., 2012). Restoration efforts of slower growing species must 

133 optimize tradeoffs between a strategy to outplant larger coral colonies with higher survival but 

134 greater investment per individual against one of outplanting many smaller colonies with minimal 

135 investment in each. For example, artificial substrates seeded with new coral recruits showed a 5-

136 18-fold reduction in out-planting costs by dramatically reducing diver labor, which is the 

137 costliest aspect of reef restoration work (Chamberland et al., 2017). Survivorship is often low 

138 among recruits and highly stochastic in coral reef ecosystems (Edmunds et al., 2004; Irizarry-

139 Soto and Weil, 2009; Miller, 2014), so it is not surprising that only 9.6% of newly settled corals 

140 survived their first year, but this essentially offsets the initial cost savings. Because corals show 

141 variable sensitivity, both within and among species, to environmental parameters such as 

142 sedimentation, pollution, temperature, irradiance, salinity, and pH (Bahr et al. 2015; Fabricius 

143 2005; Kleypas et al. 2021; Lough and Barnes 2000; Williams et. al. 2010) it is also important to 

144 determine whether there is variation in survival when attempting to scale-up restoration efforts. 

145 Therefore, prior information about genotype- and species-specific responses at a particular 

146 restoration site could maximize survival while minimizing cost and ensuring the most cost-

147 effective approach to mass producing and outplanting corals for reef restoration.Coral micro-

148 fragmentation (Forsman et al., 2015; Page et al., 2018) can precisely control colony size and 

149 genotype (donor colony) for outplanting, with the potential to develop highly flexible and cost-

150 effective assays on site-specific data mortality and growth for replicated genotypes across a 

151 range of sizes. Micro-fragmentation is primarily an ex-situ nursery based method which results in 

152 rapid two-dimensional spreading of tissue at rates that can be orders of magnitude higher than 

153 growth rates under typical field conditions (Forsman et al., 2015; Page et al., 2018). The 

154 technique typically uses small (~1cm2) fragments all from the same donor colony (and therefore 

155 same genotype) spaced approximately 2-3 cm apart over an artificial substrate, taking advantage 

156 of the tendency of these small fragments to rapidly spread thin layers of tissue and fuse upon 

157 contact, doubling or quadrupling in size within a few months. When such fragments are attached 
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158 to dead coral heads they can quickly ‘re-skin’ an entire colony, which can result in bringing large 

159 endangered corals back to life (Page et al., 2018). Knowledge of genotype- and size-specific 

160 mortality rates for corals at a given site would allow restoration efforts to target mass production 

161 of resilient genotypes of an optimal size, to maximize cost-effectiveness and scale while 

162 improving the outcome of restoration.

163  Here, we evaluate the impacts of fragment size and nursery residence time at both an in-situ (the 

164 Hawaiʻi Institute of Marine Biology (HIMB) mid-water coral farm) and an ex-situ (the Hawaiʻi 
165 Division of Aquatic Resources’ Hawai‘i Coral Restoration Nursery’s (HCRN) land-based 

166 facility) coral nursery. We use that information to test spatial variation in outplanting 

167 performance across an environmental gradient then combine these approaches to propose a rapid 

168 assay approach to improve strategies to increase time- and cost-effectiveness of reef restoration 

169 efforts in the field. 

170

171 Materials & Methods

172 1. Study species 

173 We selected Montipora capitata (Family Acroporidae) and Porites compressa (Family Poritidae) 

174 for these assays. These are two of the dominant reef building coral species on O‘ahu (Fletcher et 

175 al., 2008; Franklin et al. 2013), and represent two of the major life history categories of reef-

176 building corals (Darling et al., 2012). M. capitata is a highly polymorphic encrusting species that 

177 forms plates and branches as it matures. P. compressa is a massive coral that forms large mounds 

178 with cylindrical branches that often fuse. 

179

180 2. Micro-fragmentation

181

182 All experimental fragments for both assays were cut to size with a Gryphon XL Aquasaw and 

183 42” diamond tipped stainless steel blade, and fixed to the substrate using cyanoacrylate (Bulk 

184 Reef Supply extra thick gel superglue). To standardize treatment all the undersides of fragments 

185 were freshly cut flat to ensure greater adhesion, even if the coral was flat before cutting. We 

186 aimed to cut the fragments leaving little to no skeleton exposed for algal growth. If any coral 

187 skeleton was exposed, we covered it in superglue to deter predators, particularly in the case of P. 

188 compressa, which is often heavily predated on by an aeolid nudibranch (Phestilla sp.). After 

189 gluing, but before moving the substrate, each fragment was checked to ensure it was firmly fixed 

190 to the assay to avoid any accidental loss of corals.

191

192 3. Experimental locations

193 In-situ nursery

194 The field-based nursery was located on Moku o Lo‘e (Coconut Island) at the Hawai‘i Institute of 

195 Marine Biology (HIMB) in Kāneʻohe Bay (Figure 1A, B) and was constructed to conduct 

196 research on improving the time and cost efficiency of reef restoration. The coral nursery consists 

197 of floating walkways surrounding and supporting suspended midwater platforms for coral 
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198 cultivation. It was constructed in 2017 from recycled materials salvaged from decommissioned 

199 aquaculture and marine mammal pens. The primary source of the over 1000 corals housed in the 

200 nursery are recovered from the retired pens and other ‘corals of opportunity’ relocated to the 

201 nursery from marine debris or other salvage which would otherwise be discarded.

202

203 Ex-situ nursery

204 The Division of Aquatic Resources’ (DAR) Hawai‘i Coral Restoration Nursery’s (HCRN) ex-

205 situ nursery is located at the Ānuenue Fisheries Research Center (AFRC) on Sand Island (Figure 

206 1C, D). It was built for the purpose of improving methods of coral culture and outplanting, to 

207 restore and conserve Hawai‘i’s coral reefs, and consists of small to large indoor and outdoor 

208 tanks with varying levels of filtration and control of temperature, lighting, water chemistry, and 

209 biotic communities. A full-time staff of professional aquarists provide daily husbandry for the 

210 maintained corals. The facility primarily outplants a range of Hawaiian species ranging in size 

211 from 15cm to over 1m in length. The source material for this land-based nursery is 

212 predominantly coral that would otherwise have been destroyed from various state and federal 

213 projects such as harbor improvements or dredging.

214

215 Outplanting sites

216 Each nursery had an adjacent natural reef outplanting site. The site for the in-situ nursery 

217 outplanting (Figure 1B) was located in an enclosed bay with low water flow and composed of a 

218 sandy substrate situated next to existing mature M. capitata and P. compressa coral reef structure 

219 with roughly 70% coral cover (McGilly 2019). This site was selected so assays could be placed 

220 on the adjacent sand flat rather than affixed to the reef. The site for ex-situ nursery outplanting 

221 (Figure 1D) was located on the south shore of O‘ahu with hard bottom pavement and due to 

222 high water flow conditions assays were fixed to the reef with Z-SPAR A-788 splash zone epoxy 

223 (Pettit Paint, NJ) in open patches among live coral colonies. 

224

225 4. Pyramid assays

226 Pyramid assays were developed to study the effect of fragment size (small, medium or large) and 

227 nursery residence time (0, 4 and 8 months) on coral survivorship and net growth from both in-

228 situ and ex-situ nurseries (Figure 1). The important role of genotypic variation (Baums et al. 

229 2008; Grotolli et al. 2021) was incorporated in this experiment as a random effect with three 

230 separate colonies selected per species (M. capitata, and P. compressa) and per nursery (ex-situ 

231 and in-situ). 3D photogrammetry techniques were also examined at the in-situ nursery site due to 

232 the rapid development of fragments into arborescent forms that was not captured by 2D imaging 

233 of growth.

234

235 Assay design and deployment 

236 The pyramid assay design was a modified smaller version of the ones regularly used at the 

237 HCRN with three sides and a flat top, leaving space for a label (Figure 2). The pyramid shape 
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238 was selected because it reduces the horizontal surface upon which sediment is retained, while 

239 minimizing the 3D surface area over which corals must grow to fuse and rapidly cover the 

240 artificial substrate. Once completely covered, this design also blends well into the reef substrate 

241 which is why such coral modules were selected for outplanting by the HCRN. A polyvinyl 

242 chloride sheet (Celtec®) was cut into a form consisting of three sides and a top (Figure 2) and 

243 joined together by drilling holes on the edge and joining them together with zip ties. The forms 

244 were nestled upside-down into tubs of sand and  a fast-setting concrete (Portland Type II cement) 

245 was poured into them. Once the concrete set the zip ties joining the forms sides were cut and the 

246 concrete pyramids were removed. All pyramids were soaked in seawater for a month to cure, and 

247 then allowed to air dry in the sun for an additional month. The labels were made on a Dymo® 

248 label maker and affixed with All-Fix two-part epoxy putty prior to the experiment began and 

249 coral fragments were attached.

250 Three unique M. capitata and three P. compressa parent colonies, roughly 30cm in diameter, 

251 were collected at each site from within or adjacent to the nursery (Figure 1A, C) resulting in six 

252 parent colonies from a combination of natural reef and coral nursery origin at each location. The 

253 standard quarantine period was also observed for the ex-situ nursery samples, whereby any 

254 parent colonies not already in the nursery had all epifauna removed before being placed in a 

255 quarantine tank where they were required to remain clear of aquatic invasive species (AIS), 

256 parasites or visible disease for at least one month before experimentation (Appendix 1). Coral 

257 predatory nudibranchs (Phestilla sp.) emerging during quarantine on the P. compressa parent 

258 colonies at the ex-situ nursery resulted in additional cleaning and delayed fragmentation and 

259 deployment by 2 months at this site.

260 The parent corals were micro-fragmented to yield seven small (≈ 1x1cm or 1cm2 each, 7cm2 

261 total), three medium (≈ 1.75x1.75cm or 3cm2 each, 9cm2 total), and one large (≈ 3x3cm, 9cm2 

262 total) fragment(s) per pyramid (Figure 2). Each of the six unique colonies per site were 

263 fragmented into three identical replicates (A, B and C), which were then outplanted at 0, 4 and 8 

264 months resulting in 27 assays per species (54 total) per reef outplanting site (see Appendix 2 for 

265 detailed timeline of coral assay deployment). The assays outplanted at 0 months (T0) had no 

266 nursery time and were outplanted immediately following confirmation of solid attachment of the 

267 fragments (Figure 1B, D). The remaining two sets were kept in nursery conditions (Figure 1A, 

268 C) until outplanting the second set of 18 pyramids at the same reef sites in month 4 (T1), leaving 

269 the final replicate in the nursery. After a further 4 months (T2, 8 months since T0 was deployed) 

270 the third set was then also outplanted at the same locations. 

271 The top (the location of the label) and all sides of the pyramid were photographed with a ruler 

272 before placing them in the nursery or outplanting site. In order to avoid effects of position on the 

273 assay, the location of each fragment size was alternated around the pyramid with a clearly visible 

274 label on the top i.e., all ‘A’ replicates had the large fragment on the upper face, the medium on 

275 the left and the small on the right, relative to the label (Figure 2). The pyramids were then 

276 outplanted with labels all facing the same direction, ensuring that each fragment size was 

277 exposed to all the potential variable light and water flow conditions.
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278 In addition to recording survivorship (alive or dead), fragment size (cm2) of all 1,188 corals was 

279 manually measured from planar scaled digital photos (Figure 3) using the program ImageJ 

280 (Schneider et al., 2012) at the point of fragmentation, outplanting and at the end of the 

281 experiment. The final survivorship and growth measurements were collected at the in-situ 

282 nursery four months after the final deployment, but were delayed due to COVID-19 lockdowns 

283 until nine months after final deployment at the ex-situ nursery (Appendix 2).

284

285 3D photogrammetric measurements:

286 The coral fragments at the in-situ nursery (Figure 1A, B) grew with a much higher degree of 

287 three-dimensional structure than those of the ex-situ nursery (Figure 3A-D). Therefore, we 

288 added 3D photogrammetry to estimate surface area of living coral tissue at the in-situ nursery, in 

289 addition to estimating growth from planar scaled digital images that was performed at both 

290 locations.

291 A Three-Dimensional Structure from Motion (3D SfM) photogrammetric model of coral assays 

292 at the in-situ nursery was constructed using Agisoft Metashape Pro v 1.5.5 (Agisoft, 2019), from 

293 approximately 500 photos taken with a Canon Rebel EOS in an Ikelite underwater housing 

294 (Figure 3E). Camera setting and assembly of the SfM model followed recommendations in Suka 

295 et al. (2020). Briefly, manual camera settings were selected (auto ISO exposure, f-stop=F10, 

296 shutter speed=1/320, -⅓ exposure, broad point autofocus, repeat shutter, and large format 

297 photos). A batch script in Metashape Pro was run with the following settings (alignment = high 

298 accuracy and generic precision, 40k key point limit, 4k tie point limit, adaptive camera model 

299 fitting, Optimization = fit f and cx, cy, build dense cloud = medium quality, mild depth filtering, 

300 build mesh = arbitrary surface type, medium depth map quality, build texture = generic mapping 

301 mode, texture from all cameras, and hole filling enabled, build tiled model = source data dense 

302 cloud with medium depth map quality). The resulting SfM model was scaled with a series of six 

303 printed targets, fixed in pairs 10cm apart. The accuracy of the three scale bars was 0.1 cm, with 

304 an overall estimated error of 0.07 cm. The scaled 3D SfM model was exported into 

305 Cloudcompare v2.11 (GPL Software) and areas with living coral tissue were segmented for 

306 inclusion with the segmentation tool. Corals on each side of the pyramid were grouped, labeled 

307 and colorized using an elevation model to highlight upward growth along the Z axis (Figure 3E). 

308 Surface area was estimated for each size category (e.g., fused or unfused corals were grouped 

309 together for estimation of total surface area for each size category). Finally, we compared two-

310 dimensional area (from top-down measurements) with three-dimensional surface area estimates 

311 (Figure 3F) from the SfM model by linear regression in R (RStudio, Inc., 2019). 

312

313 Statistical analyses

314 Generalized Linear Mixed Models (glmm) were used to assess the likelihood of 

315 individual fragments surviving to the end of the experiment based on their total time in nursery 

316 and their size class (See Appendix 3-5 for raw data and analyses). To avoid bias from fragments 

317 that did not survive their time in nursery, only fragments surviving to their designated 
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318 outplanting time were included in these analyses. A glmm was fit for each species within each 

319 nursery using the glmer() function from the lme4 R package, with a binomial response defined in 

320 the model specification. Linear mixed models allowed the use of random effects to account for 

321 variation due to parent colony (genotype) and deployment pyramid within colony. Fixed effects 

322 included an interaction between experimental day outplanted (total time in nursery) and size 

323 group on the pyramid face being estimated. To ensure the reliability of glmm results we 

324 inspected model convergence as well as variance inflation using the vif() function from the R 

325 package car. Overall model performance was evaluated as adjusted marginal versus conditional 

326 R2 using the r.squaredGLMM() function from the MuMIn R package. An example glmm model 

327 specification would be: 

328

329 Survival ~ Day_Outplanted*Size + (1 | Genotype/Pyramid)

330

331 Percent net growth was calculated as the percent difference between total living coral tissue area 

332 at the beginning and end of the experiment and was assessed across all fragments on each face of 

333 a pyramid. Linear Mixed Models (lmm) were fit using the R package lme4 for both M. capitata 

334 and P. compressa datasets within each nursery, resulting in a total of four separate fitted models 

335 to estimate the effect of nursery time and size class on pyramid face net growth. Similar to 

336 models used previously to assess survivorship, these models included nested random effects for 

337 parent colony genotype and pyramid within genotype, in addition to a fixed effect interaction 

338 between experimental day outplanted and fragment size class. After model fitting a type 3 

339 ANOVA was performed using the Anova() function in the R package car to assess the 

340 significance of marginal effects in each model. An example lmm model specification would be: 

341

342 PercentNetGrowth ~ Day_Outplanted * Size + (1 | Genotype/Pyramid)

343

344 5. Block assay

345 In addition to fragment size and nursery time, variation among colonies in response to the 

346 conditions at the outplanting site is a key factor to understand to improve restoration success, 

347 because no colony is resilient to every stress they may encounter among different environments. 

348 The pyramid assays were only capable of examining variation among 3 genotypes; therefore, we 

349 designed a second assay to specifically examine spatial variation in greater detail while 

350 accounting for high intraspecific variation in survival and growth among M. capitata and P. 

351 compressa fragments.

352 Ten outplanting sites throughout Kāneʻohe Bay, ranging from 0.5 to 3.2m in depth, were selected 

353 (Figure 4A) to encompass the range of environmental and hydrodynamic variability seen across 

354 the bay (Bahr et al., 2015; Caruso et al. 2021). We used horizontal pre-formed concrete slabs 

355 (40x20x5cm wall cap block) as “block assays” for this purpose. Four replicate medium (≈ 3cm2) 

356 fragments were cut from each of nine unique and widely spaced parent colonies to ensure 

357 distinct genotypes (Appendix 6), and those fragments were used to create four replicate blocks 
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358 (A, B, C, and D) per site. We used a random number generator to ensure no two positions on the 

359 assay blocks were occupied by the same genotype. All nine P. compressa fragments were co-

360 located on the upper portion and all nine M. capitata fragments on the lower portion of each 

361 block to minimize potential for interspecific competition (Figure 2 and 5A-C). We also made 

362 sure that the bottom row of P. compressa fragments and top row of M. capitata fragments had at 

363 least one of each genotype (across all four replicates) to account for potential species interaction 

364 effects. Finally, two labels were attached to each assay (Figure 2), one on the bottom right 

365 corner and one on the top edge, to minimize potential for loss or coral overgrowth making the 

366 label illegible.

367 Colonies were fragmented and attached to blocks in February 2020 (Figure 5D), after 

368 which they were held in the HIMB in-situ nursery for four months. Block assays were deployed 

369 via snorkel for four months beginning in June (Figure 5E) and were retrieved in October 2020. 

370 Because there was minimal vertical growth, all assays were top-down planar photographed with 

371 a ruler at each time point. Twenty-eight (out of 720) fragments died in the nursery shortly after 

372 fragmentation, so they were replaced and the difference in fragmentation dates was factored into 

373 the statistical analyses. All replicates (A, B, C, D) were maintained on separate submerged racks 

374 within one nursery pen (Figure 5D) to ensure no one site had all assays in one area of the 

375 nursery. Each submerged rack measured approximately 1x10m and was constructed of PVC and 

376 plastic mesh with replicates arranged in alphabetic order. Survivorship and net growth (cm2) 

377 were documented for all samples after fragmentation, before deployment, and after retrieval. As 

378 with the pyramid assays, survivorship was recorded in the field as a binary response, either alive 

379 (1) or dead (0), and net growth (cm2) was measured from planer top down scaled digital photos 

380 in ImageJ (Figure 5F, G). 

381

382 Statistical analyses

383 We define survivorship as those fragments which survived after deployment to the reef site until 

384 they were retrieved, therefore corals that died in the nursery prior to deployment were excluded. 

385 In order to incorporate both the fixed effect of ‘site’ and the random effect of ‘genotype’ (parent 

386 colony) we analyzed the binary response of survivorship using glmm models with a binomial 

387 (logit link) error distribution from the lme4 package (Bates et al., 2015) in RStudio (See 

388 Appendices 7 and 8 for raw data and analyses). Similar to the pyramid assays variance inflation 

389 was inspected and overall model performance was assessed as adjusted marginal versus 

390 conditional R2.

391

392

393 Survival ~ Site + (1|Genotype)

394

395 Percent net growth included only those fragments which survived to the end and was calculated 

396 as 100*(cm2 growth at the end / cm2 growth at the beginning), which factors in the differing 

397 initial sizes of the coral fragments that had been grown for variable periods in the nursery prior 
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398 to field deployment. We used lmm models in the lme4 package to analyze percent net growth 

399 with site as a fixed and genotype as a random effect. 

400

401 PercentNetGrowth ~ Site + (1 | Genotype)

402

403 Net growth for P. compressa was square-root transformed as required to meet assumptions of 

404 normality and homoscedasticity, but M. capitata did not require transformation as determined by 

405 Q-Q plots, histograms, and residuals over fitted plots. Similar to the pyramid assays after model 

406 fitting a type 3 ANOVA was performed using the Anova() function.

407

408 Results

409

410 1. Pyramid assays: Fragment size and nursery residence time

411

412 Fragment survival likelihood

413 Overall, small fragments were significantly less likely to survive to the end of the experiment 

414 (42%) compared to medium or large fragments (67% and 70%, respectively) which were not 

415 significantly different from one another (Appendices 4-6). GLMM models of individual 

416 fragment survivorship indicated that survivorship of M. capitata fragments at the ex-situ nursery 

417 outplanting site was significantly improved through increased time in the nursery and this effect 

418 was greatest among the smallest fragments (Appendix 10). By comparison, there was no 

419 significant effect of nursery time on P. compressa survivorship for the ex-situ nursery 

420 outplanting site (Figure 6). A large proportion of survivorship variance was attributed to the 

421 nested effect of pyramid within genotype with approximately 80.8% (40.7% marginal) for M. 

422 capitata and 68.2% (13.9% marginal) of variation for P. compressa explained (Appendix 10). In 

423 contrast to the ex-situ outplanting site, there were no significant effects of nursery time, size 

424 class, or the interaction of these effects for fragment survivorship at the in-situ outplanting site 

425 for either coral species (Appendix 11). A positive, but marginally insignificant, effect was 

426 observed for the interaction between medium size and nursery time for fragments of Porites 

427 compressa at the in-situ nursery outplanting site. For the in-situ outplanting site, more of the 

428 variation in survivorship is attributed to fragment genotype than to pyramid within genotype for 

429 M. capitata, whereas survivorship of P. compressa varied more with pyramid within genotype. 

430 (Appendix 11). 

431

432 Percent Net Growth

433 Pyramid assays revealed that the in-situ and ex-situ outplanting experiments differed greatly in 

434 their observed effects on net growth (Figure 4). Because it was not possible to obtain permits for 

435 a fully reciprocal transplantation design and we have only the local outplanting site for each 

436 nursery, we cannot determine whether it is the site, the nursery design, or some interaction of 

437 both that contributed to this difference. However, neither the in-situ or ex-situ nursery duration 
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438 showed consistently dramatic improvement for net percent growth after outplanting, and only M. 

439 capitata showed a positive effect of both total time in the ex-situ nursery, and its interaction with 

440 size class on overall net growth (Figure 6 and Appendix 12A). Despite some trends in the data, 

441 no such effects were significant for P. compressa (Appendix 12B). For M. capitata at the ex-situ 

442 nursery, small fragments experienced the largest net-growth benefit from increased nursery time, 

443 but this effect was reduced for the larger size classes. In contrast, neither M. capitata nor P. 

444 compressa showed a significant benefit to net growth from prolonged duration in the in-situ 

445 nursery (Appendix 13). 

446

447 3D Structure from motion (SfM)

448 For both species, there was a strong positive relationship between surface area derived from both 

449 the 2D top-down area and 3D modeled approaches (Figure 3F). Both approaches of measuring 

450 the coral colonies resulted in highly similar trends and yielded comparable results according to 

451 the generalized linear model (GLM) and pairwise analyses (Appendix 12 and 13). We compare 

452 the two approaches and discuss relative time savings from using 3D methods at scale for future 

453 efforts (Appendix 17). Because the results and interpretation are unchanged between the 2D and 

454 3D models, and only the pyramid assays showed substantial vertical growth (Figure 3), we opted 

455 for consistency and present the 2D measurements for both types of assays here. 

456

457 Assay performance

458 The pyramid assay performed well in both low- and high-flow environments with 94% assay 

459 recovery at the in-situ nursery site (low flow) and 74% recovery at the ex-situ outplanting site 

460 (high flow). Pyramids were easy to handle and small enough to be mass produced and housed in 

461 either nursery. The design also makes outplanting extremely easy because of their weight which 

462 allowed for placement in sandy rocky areas at the low-flow in-situ outplanting site and 

463 attachment to the reef with epoxy at the high-flow ex-situ outplanting site. Although we did not 

464 quantify sediment accumulation directly, visual inspection confirmed that the sloped sides of the 

465 pyramids reduced issues with sedimentation while still allowing for a clearly visible label on top 

466 during outplanting (Figure 2). The design provided a weighty solid substrate for fusion of coral 

467 tissue (Figures 3A-D) without appearing artificial, rapidly blending into the reef substrate and 

468 making some difficult to detect by the end of the experiment (Appendix 1 C, D). However, the 

469 small size of each face limited how long the assay could be used to assess individual 

470 survivorship, because fragments began to fuse making it hard to distinguish individuals. The 

471 compact size also limited the number of colony fragments which could be affixed, which is why 

472 the block assay was used to assess spatial variation among individuals.

473

474

475 2. Block assays: Outplanting site and nursery rack location

476

477 Fragment survival likelihood
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478 Overall survivorship was 55% for M. capitata and 56% for P. compressa across all sites 

479 (Appendix 14). There was significant variation among the species across sites for both 

480 survivorship and growth. M. capitata had the lowest survivorship (28%) at site 6 and the highest 

481 survivorship (72%) at sites 2 and 10. P. compressa had only 42% survivorship at sites 5 and 8 to 

482 a maximum of 72% at site 7 (Figure 4). There was approximately twice as much variation in 

483 survivorship across individual colonies in M. capitata compared to P. compressa (36.4% vs 

484 12.4%, respectively). For both species a larger proportion of survivorship variance was explained 

485 by the fixed effect of ‘site’ while a smaller proportion of variance was attributed to the random 

486 effect of ‘genotype’ and there appears to be an interaction because colonies that did among the 

487 best and worst at one site would reverse that trend at another. The models of M. capitata and P. 

488 compressa explained approximately 32.65% (25.2% marginal), and 11.89% (8.59% marginal) of 

489 variation in fragment survivorship, respectively (Appendix 15).

490

491 Percent Net Growth

492 The growth of both species was significantly different among sites, but M. capitata had more 

493 than an order of magnitude higher variation in growth (641% vs 49.5%) among individuals 

494 compared to P. compressa (Appendix 16). Percent net growth increased for both species by over 

495 100% during the eight months, with a mean 104% increase for M. capitata and 129% for P. 

496 compressa (Appendix 14). Even with individual variation, there were consistent differences 

497 among sites. The lowest growth rate for M. capitata was at site 6 (27%), and the highest at site 2 

498 (155%), whereas for P. compressa the lowest growth was seen at site 2 (78%) and the highest at 

499 site 10 (272%). Looking across the environmental gradient of the bay, with the exception of site 

500 5, M. capitata tended to show the lowest growth rates (27-81%) at the central sites 3-8, and 

501 highest growth rates (123-155%) at the northern and southern ends of the bay (1-2 and 9-10). P. 

502 compressa, by comparison, had no obviously reduced growth regions across the bay, and only 

503 the northern sites (9-10) stand out (211-272%) with site 9 showing significantly higher net 

504 growth than other locations in the bay (Figure 5).

505

506 Assay performance

507 The block assays were easily deployed without epoxy due to the low wave energy environment 

508 in Kāneʻohe Bay, and all were successfully retrieved without loss in the field. Three top labels 

509 were lost, but in each case the backup labels remained attached. Although the flat horizontal 

510 surface appeared to retain more sediment than the sloped faces of the pyramid assay, 

511 sedimentation was minimal at most sites, and survivorship and growth were of the same 

512 magnitude between each design. However, the block design accommodated a larger number of 

513 unique colony fragments (n=18) than the pyramid assays (Figure 2), while still maintaining 

514 sufficient spacing for several months of growth without direct fragment-to-fragment interaction. 

515 This design allows for rapid testing of performance by individual genotypes in potential 

516 restoration locations and can help to identify and focus efforts on which species and individuals 

517 are most likely to thrive at a given location. 
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518

519 Discussion

520 Interest in active coral reef restoration and strategies to scale such efforts has increased 

521 dramatically as coral reefs continue to decline globally (Rinkevich et al. 2008; van Oppen et al. 

522 2015; Anthony et al. 2017; Hesley et al. 2017; Voolstra et al. 2021). However, most efforts to 

523 date remain short-term, small scale, and often lack clear and achievable objectives or rigorous 

524 monitoring and reporting about whether those objectives were reached (Boström-Einarsson et al. 

525 2020). Several have pointed out that ecological interactions are rarely considered but critical 

526 factors which can affect outplanting success (Hein et al. 2017; Boström-Einarsson et al. 2020; 

527 Ladd and Shantz 2020). Further, Hein et al. (2017) found that 88% of studies that have been 

528 published to date use growth and survival of coral fragments as the primary indicators of 

529 restoration success, and argue that a more realistic range of ecological indicators along with 

530 sociocultural, economic, and governance should all be considered when evaluating the success of 

531 reef restoration projects. One such factor is cost-effectiveness of the restoration activities and 

532 here we propose short-term assays that can help optimize restoration activities by providing 

533 information to maximize survivorship and growth while minimizing nursery and labor costs. 

534 Micro-fragmentation currently accounts for less than 5% of coral transplantation studies to date 

535 (Boström-Einarsson et al. 2020), focusing almost entirely on slower growing massive and 

536 encrusting species and predominantly using very small fragments (~ 1cm2). These small 

537 fragments are either grown separately on a plug (part of the reskinning method; Page 2015) or 

538 attached to a module (such as a concrete block) and housed in a nursery until they fuse together 

539 prior to outplanting (Forsman et al. 2015; Page et al. 2018). 

540 Active restoration of a reef through ‘coral gardening’ or ‘farming’ is generally considered a two-

541 step process: first, raising coral fragments in a nursery to a size that minimizes mortality risk, 

542 before second, harvesting and outplanting them to the desired site (Rinkevich 2006). How long 

543 coral fragments need to be raised in the nursery will depend on a variety of factors such as 

544 species and growth rate, but fast-growing branching species like Acroporids are usually large 

545 enough to outplant within 1 year (Mbije et al. 2010; Horoszowski-Fridman et al. 2015). Slower 

546 growing massive and encrusting species take longer to reach equivalent sizes, so periods of up to 

547 two years in the nursery have been recommended (dela Cruz et al. 2015; Page et al. 2018). 

548 Because labor is generally the highest cost of restoration, doubling the nursery time can 

549 dramatically increase the cost of such efforts, and likely explains why it is rare to farm slower 

550 growing corals (Boström-Einarsson et al. 2020). Here we found that both branching and massive 

551 corals responded well to micro-fragmentation and outplanting and that net percent gains for both 

552 species we selected could be substantially increased over natural growth rates. We see the 

553 expected relationship between nursery residence time and increased survivorship among the 

554 smallest fragments (≈ 1cm2) of M. capitata which also have the highest net growth rate overall 

555 (Figure 6). This growth rate is offset somewhat by higher mortality (58%) than medium (33%) 

556 or large (30%) fragments (Appendix 9), and culture in the ex-situ nursery had only a weak 

557 positive effect on net growth of medium fragments (≈ 3cm2) of M. capitata but no benefit at the 
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558 in-situ nursery or for larger sizes (Appendix 12 & 13). Contrary to expectations, we found no 

559 evidence for size-specific benefits for either mortality or growth with nursery duration for P. 

560 compressa in either the in-situ or ex-situ nursery. Growing the fragments in a nursery requires 

561 space and labor that add to the total cost and reduce scalability of restoration efforts. 

562 Consequently, identifying the optimal fragment size that ensures high survivorship will be 

563 critical in reducing the need for coral source material, and reducing labor through minimal 

564 handling and nursery residence time is important to optimize cost-efficiency of restoration 

565 activities.

566 The primary benefit of using very small fragments is higher yield with a reduced environmental 

567 impact along with increased size-specific growth rates in comparison to larger fragments (Page 

568 et al. 2018; Forsman et al. 2006). However, predation can reduce survivorship of these smaller 

569 fragments. For example, Koval et al. (2020) found that for four species of massive corals in 

570 Florida (Orbicella faveolata, Montastraea cavernosa, Pseudodiploria clivosa, and P. strigosa), 

571 fragments < 5cm2 experienced severe tissue damage or complete removal of fragments in the 

572 first week of deployment due to corallivorous fish. In Hawaiʻi, Jayewardene et al. (2009) found 

573 coral fragments < 2cm2 were entirely removed by corallivorous fish, but nubbins of 4cm2 or 

574 greater were only partially consumed. Likewise, Forsman et al. (2006) found fragments 3cm2 or 

575 larger had the highest survival and growth rates for P. compressa with no evidence of size 

576 specific mortality beyond that. Here, we did not observe obvious signs of fish predation (in the 

577 form of bite marks), but this will obviously vary among locations depending on the density and 

578 species of corallivores. Unfortunately, it was not possible to directly compare the in-situ and ex-

579 situ nurseries, because reciprocal transplantation over these large distances carries risks of 

580 vectoring disease or invasive species and are not permitted in the State of Hawai‘i. The in-situ 

581 nursery site has similar conditions (low water flow, medium sedimentation, ~2m depth) to the in-

582 situ outplanting site itself. In comparison, the ex-situ nursery site had vastly dissimilar conditions 

583 to idealized indoor nursery tank conditions, with high water flow, medium sedimentation, and 

584 ~5m depth. The differences among sites may account for variation in significant size-specific 

585 growth and survivorship among only the smallest M. capitata at the ex-situ nursery outplanting 

586 site. The value of field assays such as those described herein is to learn such site-specific 

587 information in advance of major restoration activities to optimize the efforts. 

588 Pyramid assays provided a cost-effective way to test size-specific survivorship and growth under 

589 field conditions. Recovery rates were high in both low and high flow environments, and their 

590 small size took up minimal space in the nurseries and made them relatively easy to handle during 

591 outplanting. The sloped surfaces minimized accumulation of sediment from settling onto the 

592 coral fragments and the label was easily read and could be used to orientate the assays during 

593 outplanting. Their three-dimensional design provided a suitable substrate for isogenic fusion of 

594 fragments on all exposed surfaces, which does not appear artificial and rapidly blends into the 

595 reef substrate allowing modules to be left in the field if desired. This rapid overgrowth limits the 

596 duration of use however, because when colonies fuse and grow over the label it makes the 

597 modules hard to locate and area cover estimates become much more difficult. The small size also 
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598 restricts the number of genotypes which can be attached in any given assay. These shortcomings 

599 can be offset by the block assays which were purchased from a hardware store, which could 

600 make them a more accessible and cheaper option than the labor for custom made substrates in 

601 some restoration projects. Using paving blocks allowed us to test 18 genotypes, as opposed to a 

602 maximum of three on a pyramid, to assay site-specific differences in individual performance. 

603 Additionally, the weight of these blocks meant that they did not need to be attached to the reef 

604 even in moderately wave exposed reef areas, and so could be easily placed out and collected for 

605 a short-term site assessment. 

606 While there are general trends among sites, with higher overall growth rates in the far southern 

607 (1-2) and far northern (9-10) portions of the bay (Figure 5), we find considerable variation 

608 among individual performance at different locations throughout the bay (Appendix 16). Slowly 

609 acclimating corals to conditions they will experience in the field can minimize stress and reduce 

610 predation and mortality among outplanted corals (Horoszowski-Fridman et al. 2015; Page et al. 

611 2018). However, some traits tend to be less plastic, and corals may never acclimate to a degree 

612 that alters survivorship during transplantation (e.g., Barott et al. 2021). Acclimation through 

613 similarity to the nursery conditions could explain increased growth at sites 1 and 2 which are 

614 most similar in terms of being low energy lagoonal habitats with similar hydrodynamic regime, 

615 temperature, pH, sedimentation, and nutrient levels, but sites 9 and 10 are the most dissimilar to 

616 nursery conditions across the environmental gradient of the bay (Lowe et al. 2009a, b; Bahr et al. 

617 2015; Caruso et al. 2021). Sites in the central portion of the bay showed lowest survivorship of 

618 M. capitata, whereas P. compressa had similar rates of survivorship across all outplanting 

619 locations (Figure 4). Because site-specific effects dominate and no single coral is resilient to 

620 every pressure faced in every location when outplanting, these results highlight the importance of 

621 matching effort to that spatial variation during outplanting. Therefore, rather than trying to 

622 acclimate corals to novel site conditions, assays such as these provide an alternative approach to 

623 optimize efforts to minimize mortality during restoration activities. Short-term block assays 

624 inform which species and individual genotypes have higher survivorship and growth at particular 

625 outplanting sites. Pyramid assays on the most successful individuals then allow restoration 

626 practitioners to optimize the size and spacing of fragments to maximize survivorship and growth 

627 among outplanted corals. By employing a combination of these assays over a period of 2-4 

628 months each, restoration projects could dramatically reduce costs and improve success rates. 

629

630 Conclusions

631 It is impossible to generalize methods for all species of corals at all sites, therefore rapid assays 

632 such as these are an important step to establish interspecies variation in the performance of 

633 variously sized fragments, as well as the role of nursery residence time, and individual 

634 performance at a given restoration site. Our study was designed to streamline outplanting 

635 practices for two encrusting species in Hawai‘i, but more generally simple assays such as these 

636 can be used on almost any reef restoration site to identify which species of coral and which 

637 individuals are most likely to survive and grow at the outplanting site and on which to focus 
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638 restoration efforts. The rapid assays we outline here are a simple and highly flexible tool to 

639 gather critical preliminary information essential to scaling large restoration projects efficiently 

640 and to maximize both the likelihood of success and cost-efficiency. Care however needs to be 

641 taken with the assays and the corals attached that they not pose unacceptable environmental risks 

642 to the outplanting habitat through overuse and unwanted introduction of invasive species.

643 Overall, we see relatively little positive benefit of prolonged residence time in either the in-situ 

644 or ex-situ nursery. Only the smallest fragments (~1cm2) of M. capitata showed a significant 

645 benefit of nursery residence time on survivorship and growth in the field following outplanting, 

646 suggesting that construction and staffing of nurseries may not pay dividends on that investment 

647 for large-scale restoration projects. However, this is also the same treatment that showed the 

648 greatest overall percent net growth gain in the experiments, highlighting the need for clear 

649 objectives for restoration activities. Thus, for a project in which the objective is to outplant in the 

650 least expensive and most cost-effective manner with the greatest coral survival outcome, for 

651 these species at these sites we would recommend direct outplanting of medium-sized fragments 

652 (~3cm2) without any nursery care. In contrast, if the objective were to maximize growth for a 

653 high value species (such as rare or ESA-listed corals) in which starting material was limited or 

654 outplanting of large sexually reproducing colonies was the objective, then targeting ~1cm2 

655 fragments raised in the ex-situ nursery would best achieve this goal. Because the goals of each 

656 project are likely to differ as much as the species and local environmental conditions that will 

657 affect the achievement of those goals, we recommend assays such as these be undertaken to 

658 inform efforts to reduce costs and increase productivity prior to undertaking large-scale 

659 restoration activity.

660
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Figure 1
Map of in-situ and ex-situ nurseries and their respective outplanting sites for the
pyramid assays.

Map of O‘ahu, Hawai‘i indicating the two experimental locations, with the darker blue
indicating the nurseries and the lighter blue the outplanting sites where (A) in-situ nursery at
the Hawai‘i Institute of Marine Biology (HIMB), (B) in-situ outplanting reef site, (C) ex-situ

nursery tanks at Ānuenue Fisheries Research Center (AFRC) (D) ex-situ outplanting reef site.
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Figure 2
Pyramid and block assay design

Coral micro-fragmentation assays (where the coral fragments are represented by brown
circles and labels are in grey) (A) pyramid assay (24Lx24Wx6H cm), with top labels providing
an informative unique identifier for each pyramid assay. In order to avoid effects of position
on the assay each replicate (A, B or C) rotated the location of each fragment size and were
outplanted with the label facing the same direction in order to expose all size fragments to all
water flow and light conditions and (B) block assay design, using 40Lx20Wx5H cm concrete
slabs and nine Porites compressa fragments on top half and nine Montipora capitata

fragments on the bottom. No two positions were occupied by the same parent colony
(numbers in the circles) across the four replicates (A, B, C, and D). There were two labels for
redundancy (one on the bottom right corner on the top face and one on the top edge), in
case of loss or overgrowth the assay could still be identified.
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Figure 3
Examples of pyramid assay fragment growth from the in-situ and ex-situ nurseries, 3D
Structure from Motion (SfM) segmentation and labeling, and the relationship between
2D and 3D SfM measurements.

Examples of Porites compressa (left) and Montipora capitata (right) medium fragments
spreading horizontally and fusing and/or growing vertically on assays at both ex-situ (A, B),
and in-situ (C, D) coral nurseries. An example of segmentation and labeling of living coral
tissue on an in-situ nursery coral assay module for the estimation of surface area covering
the complex geometry of coral colonies (E) and the relationship between two-dimensional

(planar) area in cm2 to surface area derived from 3D Structure from Motion (SfM) models (F)
where light grey is P. compressa and dark grey is M. capitata.
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Figure 4
Map of block assay outplanting sites within Kāneʻohe Bay, Hawaiʻi along with
survivorship and growth plots.

Block assay (A) map of Kāneʻohe Bay, Oʻahu outplanting sites from the in-situ nursery (1-10),
(B) percent survivorship (colored) and mortality (grey) of fragments after outplanting for
Montipora capitata and Porites compressa across sites, and (C) violin plot of percent net
growth across sites for M. capitata and P. compressa.
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Figure 5
Example of a block assay: over time, in the in-situ nursery and while outplanted, along
with focus on the growth of one fragment from the beginning to the end of the
experiment.

Block assay design with the top row consisting of the same assay with nine Porites

compressa fragments on top and nine Montipora capitata fragments on the bottom, (A)
immediately after fragmentation, (B) the day of outplanting (day 112), and (C) the day of
retrieval (day 243). Coral assays in the nursery on racks after fragmentation (D), an
outplanted coral assay in Kāne‘ohe Bay (E), and the same M. capitata fragment in imageJ

used to calculate net growth (cm2) directly after fragmentation (F) and then retrieval (G).
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Figure 6
Plots visualizing pyramid assay percent net growth and percent survivorship of small,
medium and large sized fragments relative to outplanting time for Montipora capitata
and Porites compressa housed at the in-situ and ex-sit

Pyramid assay percent net growth (boxplots) and percent survivorship (lines) of Montipora

capitata and Porites compressa by fragment size (small (≈ 1cm2), medium (≈ 3cm2) and

large (≈ 9cm2)) at the end of the experiment based on the time (T) they were outplanted (T0,
1, and 2), which were either 0, 111, and 254 days for the ex-situ nursery (in blue), or 0, 116
and 250 days for the in-situ nursery (in green).
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