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Abstract

This study assessed morphological variation of the depth-generalist coral Montastraea
cavernosa across shallow and mesophotic coral ecosystems in the Gulf of Mexico (GOM) using
thirteen corallite metrics. While corallite structure differed significantly across sites, we observed
that mean corallite diameters were smaller and spacing was greater in mesophotic corals as
compared to shallow corals. Additional corallite variation, including greater mean corallite
height of mesophotic samples, are hypothesized to be photoadaptive responses to low light
environments. Multivariate analyses also revealed two distinct morphotypes identified by
significant variation in corallite spacing with >90% accuracy. A ‘shallow’ morphotype was
characterized by larger, more closely-spaced coralites, while a ‘ depth-generalist’ type exhibited
smaller, further-spaced corallites. Variable presence of morphotypes within some sites suggests
genotypic influence on corallite morphology as there was a dight, but significant, impact of
morphotype on genetic structure within shallow zones in the Flower Garden Banks. Patterns of
increased algal symbiont (Symbiodiniaceae) density and chlorophyll concentration were retained
in the depth-generalist morphotype even in shallow zones, identifying multiple photoadaptive
strategies between morphotypes. The results of this study suggest that morphological variation
among M. cavernosa represents a combination of genotypic variation and phenotypic plasticity

rather than responses to environmental stimuli alone.

| ntr oduction

Using morphology as the sole method of species delineation can be confounded in
scleractinian corals due to the considerable morphological variation observed within some

species [ 1-6]. Occurrences of homologous morphological characteristics among coral species
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that are genetically distant from one another suggest further limitations for taxonomy based
solely on morphology [7]. In one notable case in the Tropical Western Atlantic (TWA), high
levels of skeletal variation in the Orbicella (previously Montastraea) annularis species complex,
in conjunction with observed niche partitioning, resulted in the split of the complex into three
sister species [8-10]. With additional genotyping efforts, M. cavernosa was determined to be the
only species within the genus Montastraea, while the remaining three species formerly of the M.
annularis species complex were reassigned to the genus Orbicella [5].

Further investigation of corallite variation and feeding behavior within M. cavernosa
identified two morphotypes in Panama[11-14], leading to one theory of cryptic speciation
within the species. A diurnal morphotype had smaller but continuously open polyps, while a
nocturnal morphotype was characterized by larger polyps that were expanded only at night.
There were also significant differencesin algal symbiont density and colony respiration between
the two morphotypes, where larger polyps alowed greater photosynthetic yields but
subsequently higher respiration rates [11]. Currently, there islittle molecular or reproductive
evidence to support the claim of cryptic speciation among the morphotypes [15,16], but surveys
along adepth gradient in Puerto Rico uncovered different vertical distributions for the
morphotypes. The majority of shallower (6 m) colonies were of the smaller diurnal morphotype,
while 60% of the deeper (20 m) colonies were the larger nocturnal morphotype, and the author
proposed that morphological variation was due to different environmental conditions across
depths and tradeoffs between photosynthesis and feeding rates [17]. It isimportant to note,
however, that a study analyzing M. cavernosa morphology across the TWA observed two
comparable morphotypes with no clear pattern across depths in Belize, implying that depth is not

the sole factor affecting corallite phenotype [15]. Many other coral species have demonstrated


https://doi.org/10.1101/402636
http://creativecommons.org/licenses/by/4.0/

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

bioRxiv preprint doi: https://doi.org/10.1101/402636; this version posted March 8, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY 4.0 International license.

remarkable levels of morphological variation across environmental gradients aswell [18], but the
underlying factors and mechanisms are relatively unknown.

Variation in skeletal structure among individualsis thought to be the interactive result of
environmental stimuli and genotype. There is debate whether genotype contributes more heavily
to coral morphology [19], or whether a combination of both genotype and environmental
conditions act as s multaneous drivers [9,20,21]. Tests of environmental versus genotypic
influence on phenotype through reciprocal transplant experiments have demonstrated that the
environment has significant influence on coral morphology, but that genotype may limit the
degree of morphological plasticity [22]. Previous studies have al so identified a significant
interaction between genotype and environmental conditions following transplantation, meaning
genetic factors contributed to variation in skeletal morphology differently over arange of
environmental conditions[23,24]. Differences in intracolony variation across populations
provides further evidence for a genotypic influence on coral morphology [25], given the varying
degrees of genotypic diversity observed across reefs at multiple spatial scales[26,27]. With the
increasing number of genetic markers available for coral species, renewed investigations of
variation across natural populations and with manipulative experiments are warranted to better
understand the ability of coral individuals and populations to adapt to environmental variation
across environmental gradients and multiple habitats.

Currently, thereis limited understanding of intraspecific morphological variation across
shallow and mesophotic coral ecosystems (~30-150 m) [6,28,29], primarily due to alack of
morphological data collected beyond 20 m. Recent studies of M. cavernosa in Bermuda observed
smaller corallites and overall colony sizes in mesophotic compared to shallow zones[30,31]. The

authors suggested that micromorphological plasticity in this species was the result of
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91 photoadaptation and not necessarily selection as there was limited evidence of genetic

92 differentiation between depth zones [32]. While there is a general understanding of

93  environmental characteristics that may influence coral physiology and morphology in

94  mesophotic zones (reviewed in [28,42,43]), environmental dataincluding downwelling

95 irradiance and zooplankton abundance are lacking for most mesophotic habitats including those

96 inthe Gulf of Mexico. Similar ecological processes that influence the genetic connectivity of

97  coral populations across shallow and mesophotic coral ecosystems are only beginning to be

98 explored. Connectivity of coral populations across depths is contingent on reproductive

99  compatibility between shallow and mesophotic conspecifics and may be affected by potential
100 morphological lineages within a species[11,15,17,31,35]. It is therefore important to assess
101  whether morphological variation exists within coral populations and to determine whether that
102 variation isreflective of genetic structure and connectivity. Depth-generalist species present an
103  opportunity to observe phenotypic variation of a species within asmall vertical scale to minimize
104  any potentia interactive effects of reef environments. Similarities in coral morphology across
105  depth zones may not only indicate the possibility for morphotypes within species to adapt to
106 different environments, but also reveal the presence of genetic influences on morphological
107 plasticity.
108 Through examination of micromorphological variation in the depth-generalist species M.
109 cavernosa across a wide range of geographical locations, we determined whether there exists a
110  significant shift in corallite structure between shallow and mesophotic coral populations.
111  Furthermore, we aimed to address whether evidence of adaptation to low-light environmentsis
112  represented in algal symbiont and genotypic variation across populations, through comparison of

113  morphological characteristicsto symbiont and population genetics data from the same samples
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[36-38].

M aterials and methods

Study sites and sample collection

Natural populations of Montastraea cavernosa were sampled to assess morphological
variation among shallow and mesophotic sites in the northwest and southeast Gulf of Mexico
(NW GOM and SE GOM, respectively). In total, 212 M. cavernosa samples were collected
across six stesin the GOM during expeditions in 2014-2016 (S1 Fig). Colonies were
photographed in situ and sampled haphazardly at |east one meter apart to minimize the likelihood
of sampling clones. Prior to sampling, colonies were observed briefly for any conspicuous
patterns of polyp behavior. Coral fragments approximately 15-25 cm? in area were collected
from the margins of M. cavernosa colonies by SCUBA divers with hammer and chisel or by
remotely-operated vehicle (ROV) with five-function manipulator and suction sampler. Coral
samples were collected from Flower Garden Banks National Marine Sanctuary (FGBNMS)
under permits FGBNM S-2010-005 and FGBNM S-2014-014. Vertically-contiguous reef habitats
exist within the Flower Garden Banks (FGB), allowing direct comparison of morphology
between shallow and mesophotic depth zones within sites. For these collections, relatively
shallow samples were collected at 20 m on the coral caps of West and East FGB (WFGB and
EFGB, respectively), and mesophotic samples were collected at 45 m along the bank margins. In
total, 59 coral fragments were collected from West FGB (shallow, n=30; mesophotic, n=29) and
59 fragments from East FGB (shallow, n=37; mesophotic, n=22). Samples were collected at 50
m from the mesophotic-only habitats of Bright Bank (BRT, n=19) and McGrail Bank (MCG,

n=26). In the SE GOM, 25 fragments were collected from the mesophotic-only Pulley Ridge
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136 (PRG) at 65 m and 24 fragments were collected from the nearby shallow Dry Tortugas (DRT) at
137 29 m. Fragments were processed with a dental water pick (Waterpik Water Flosser) to remove
138  coral tissue and subsequently bleached in a 10% sodium hypochlorite solution to remove any

139 remaining connective tissue or surface skeletal color.
140 Morphological characters

141 Samples designated for morphometric analyses required five undamaged corallites and
142  intact neighboring corallites; additionally all corallites measured were at least one row of

143  corallites away from colony margins[25]. Thirteen morphometric characters were identified

144  from previous studies of morphological variation in M. cavernosa [2,17,25,39]. All metrics were
145 quantified for preliminary analysis on a subset of available samples (Dry Tortugas, 25-33 m,
146  n=5) to determineif any characters could be eliminated while still maximizing morphological
147  variation captured. Five of the characters lacked significant variation across samples, had strong
148  correlations with other metrics, or included inherent variability that may have compromised the
149  ability to recognize variation across samples (e.g. costal structures were frequently eroded in
150 between corallites and therefore produced inconsi stent length measurements across corallites; S1
151 and S2 Tables). Eight remaining morphometric characters were used in subsequent analyses

152 (Table1l, Fig1). Corallite and theca height were measured to the nearest 0.01 mm using dental
153 calipers (ProDent USA). Scaled photographs were taken by a Canon G12 camera with a6.1-30.5
154  mmlens (~10—20 mm focal length) with the target corallite centered to minimize edge distortion
155 and ensuring the corallite surface was perpendicular to the lens angle using a bubble level. The
156 remaining metrics were measured using the scaled photographs in ImageJ [40,41]. All metrics

157  were measured four times per corallite across five corallites, resulting in 20 replicate
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measurements per sample (Table 1), except in the case of corallite spacing where distance to all

neighboring corallites were measured (Fig 1C).

Table 1. Corallite morphological characters.

Replicates
Character Abbrev. Description Per

Colony
Corallite diameter CD* Horizontal distance between corallite cavity margins 20
Columellawidth CWw* Horizontal distance across columella margins 20
Length 1st cycle septa L1s* Total length of first cycle septa 20
Thickness 1t cyclesepta  T1S Total width of first cycle septa 20
Length 1st cycle costa L1C Total length of first cycle costa 20
Thickness 1¢t cyclecosta  T1C* Total width of first cycle costa 20
Length 4th cycle septa L4S Total length of fourth cycle septa 20
Thickness 4th cyclesepta  T4S Total width of fourth cycle septa 20
Length 4th cycle costa L4C Total length of fourth cycle costa 20
Thickness 4th cyclecosta T4C Total width of fourth cycle costa 20
Theca height TH* Vertical distance between columella floor and top of theca 20
Corallite height CH* Vertical distance between corallite base and top of theca 20
Corallite spacing Cs* Mean distance between corallite center and all adjacent corallites 9-40

M orphometric characters compiled from previous assessments of Montastraea cavernosa

skeletal variation [2,17,25,39].

*Metrics quantified for the full dataset.

Fig 1. Corallite mor phology photo panel. (A) Five of the eight morphometric characters
chosen for this study superimposed over a Montastraea cavernosa corallite. (B) Vertical

morphometric characters superimposed over a transverse section of a coralite. (C) Typical
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171  cordlite appearance for ‘shallow’ morphotype, with corallite spacing character superimposed.
172 (D) Typica coralite appearance for ‘depth-generalist’ morphotype. Panels (C) and (D) were
173  photographed at equal scales. Character abbreviationsasin Table 1.

174

175

176  Statistical analyses

177 Means and standard deviations of each morphological character were calculated for coral
178 samples and duplicate statistical analyses were conducted using each dataset to assess both

179 intercolony and intracolony morphological variation. Coral sample datawere analyzed using
180 non-parametric tests due to violations of normality assumptions that could not be corrected via
181 transformation. First, each morphological character was analyzed for significant variation across
182 asingle-factor combination of site and depth zone using Kruskal-Wallis tests. Pairwise

183  comparisons were conducted using Dunn’ s tests and p values were false discovery rate (FDR)-
184  corrected in the R package FSA [42]. Due to the unbalanced sampling design, sample sets were
185 tested for multivariate homogeneity of dispersions using the PERMDISP function in Primer v7
186  [43,44]. Assumptions of multivariate homogeneity of dispersions were violated (p < 0.05) for all
187  datasets except for the standard deviation dataset, which can impact rejection rates for

188 nonparametric statistical tests. However, the highest variance was associated with the largest
189 samplesizesinall but the symbiont dataset, which likely increases the conservatism of the

190 multivariate test results [45]. Two-way permutational multivariate analyses of variance

191 (PERMANOVAYS) tested the interactive effects of site (West FGB, East FGB, Bright, McGrail,
192 Pulley Ridge, Dry Tortugas) and depth zone (mesophotic, shallow) on overall corallite

193  morphology, including pairwise comparisons within factors. Additional pairwise comparisons
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194  were conducted for West and East FGB samples as an assessment of morphological variation
195  between depth zones within sites. Test conditions for two-way PERMANOV As utilized

196 Euclidean distance, Type Il SS, permutation of residuals under a reduced model, and 9999

197 modd permutationsin Primer v7 [43,44]. Subsequently similarity percentage (SIMPER) tests
198  determined which morphometric characters contributed most strongly to differences observed
199 among site and depth factor groups. SIMPER parameters utilized Euclidean distance and an 80%
200  contribution cutoff.

201 Corallite morphological variation across al sites was visualized with principal

202  coordinates analysis (PCoA) and two potential morphotypes were identified using sample

203  groupings. Clustering patterns from the PCoA were tested for the presence of two morphotypes
204  using ak-means clustering test (KRCLUSTER) with k=2. Frequency distributions were

205 visualized for the six most variable characters across depth (corallite diameter, columella width,
206  corallite spacing, theca height, coralite height, and length of the first cycle septa) to attempt to
207  identify athreshold measurement that would allow a quantitative determination of morphotype
208 from asingle character. Morphotype assignments from the k-means clustering test were

209 compared to assignments from the corallite spacing (CS) metric to determine assignment

210  accuracy.

211 To assess which morphological characters differed between morphotypes while

212 controlling for variation in environmental conditions across depth, a subset dataset was created
213  using samples from the shallow caps (20 m) at West and East FGB. Additionally, corresponding
214  agal symbiont (Symbiodiniaceae) density, areal chlorophylls a and c2, cellular chlorophylls a
215 andc2, and chlorophyll a:c2 ratio data from a recent study of the same cora samples[37,38]

216  were added to the analyses. Symbiont and chlorophyll data were collected as described in

10
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217  Polinski and Voss[37]. This reduced dataset was tested for significant differences between

218  ‘depth-generaist’ (n=20) and ‘shallow’ (n=46) morphotypes using Mann-Whitney U tests with
219 the R package ggpubr [46]. Next, separate one-way PERMANOVA and SIMPER tests were
220  conducted to determine if overall corallite morphology and overall symbiont/chlorophyll

221  parameters were different between morphotypes sampled from the same depth zone.

222 M orphotype assignments for samples from West and East FGB were also matched to
223  genotypes generated from the same colonies to identify any relationship between corallite

224 morphology and genetic structure. Based on evidence of low genetic differentiation within the
225  Flower Garden Banks[36], samples were combined from West and East FGB sites to form two
226  populations based on morphotype assignments. Samples missing sufficient microsatellite marker
227  coverage were removed from the analyses. Multi-locus genotypes were scored and normality
228  assumptions were checked as described in Studivan and V oss [36] and assessment of population
229  structure (with depth-generalist: n=70, shallow: n=35) was conducted with an analysis of

230 molecular variance (AMOVA) using fixation index (Fsr) in GenAlEx 6.5 [47,48] and with

231  genetic structure analysisin Structure 2.3.4 and Structure Harvester [49-51].

232  Results

233 Corallitevariation

234 Specimens from mesophotic zones (sites West FGB, East FGB, Bright, McGrail, and
235  Pulley Ridge) had smaller mean corallite diameter (Kruskal-Wallis; p=3.5e®), increased mean
236 corallite spacing (p=2.0e°), and larger mean corallite height (p=2.0e™°) compared to specimens
237  from shallow zones (sites West FGB, East FGB, and Dry Tortugas, Table 2, Fig 2, S3 Table, S2

238  Fig). Thetwo-way PERMANOVA of al samples revealed both site (Pseudo-Fs, 204=14.99,

11
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239 p=0.0001) and depth zone (Pseudo-F; 204=70.12, p=0.0001) as significant factors affecting

240  corallite morphology across al metrics, while the interaction between site and depth zone was
241  not sgnificant (Pseudo-Fy, 204=2.55, p=0.066). Pairwise PERMANQOV A comparisons among
242 siteswithin depth zones identified significant morphological variation primarily between both
243  Pulley Ridge and Dry Tortugas compared to all other sites (Table $4). Pairwise comparisons
244 between depths at West and East FGB showed a significant effect of depth zone on overall

245  corallite morphology (West FGB: t=5.13, p=0.0001; East FGB: t=5.98, p=0.0001). Replicated
246  statigtical tests using standard deviation data corroborated the same trends (site: Pseudo-Fs,

247  204=5.05, p=0.0001; depth: Pseudo-F;, 204=18.94, p=0.0001; interaction: Pseudo-F; 204=0.29,
248  p=0.89; S5 Table), indicating that intracolony variation was likely accounted for in the sampling
249  and measurement design. SIMPER analyses revealed that corallite variation between shallow and
250 mesophotic zones across all sites was primarily attributed to corallite spacing (73.15%) and

251  cordlite diameter (11.61%).

252

253

254  Table?2. Corallite sample means.

Sampling

Site Depth Depth Sample | itudet  Longitudet  CD CW L1S L4S TIC TH CH cS
Zone m) Size (n)
West mesophotic 45 29 27.87510 -93.82035 576+ 232+ 164+ 05l+ 032+ 206+ 310+ 1006+
FGB 009 005 003 002 001 005 011 025
shallow 20 30 27.87495 -93.81637 679+ 288+ 122+ 039+ 024+ 260+ 275+ 7.59%
018 009 007 002 00l 007 013 036
East mesophotic 45 2 27.01102  -9359668  6.02+ 253+ 181+ 062+ 034 220+ 287+ 10492
FGB 012 006 005 003 00l 007 009 022
shallow 20 37 27.00987  -93.60021 622+ 277+ 118+ 043+ 028+ 268+ 224+ 7422
018 008 004 00l 001 011 006 028
Bright  mesophotic 50 19 27.88620 -93.30174 560+ 238+ 153+ 049+ 033+ 207+ 319+ 068z
Bank 017 008 006 002 00l 008 013 031

12


https://doi.org/10.1101/402636
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/402636; this version posted March 8, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

aCC-BY 4.0 International license.

McGrail  mesophotic 50 26 27.96299  -9259262 570+ 227+ 166+ 051+ 032+ 228+ 282+
Bank 012 004 005 002 001l 003 013
Pulley  mesophotic 65 25 2479382  -8367401 499+ 224+ 084+ 029+ 018+ 250+ 141+
Ridge 020 008 002 001 001 012 011
Dry shallow 30 24 2447279  -82.96807 641+ 304+ 094+ 035+ 023+ 305+ 175+
Tortugas 018 006 003 001 001l 011 007

255 Mean + standard error of the mean (SEM) in millimeters of eight corallite morphometrics across

256  six sites and two depth zones in the Gulf of Mexico.

257  *Geographic coordinates given as decimal degrees (WGS34).

258

259

260 Fig 2. Corallite sample means. Boxplots with sample overlays for corallite spacing (CS),

261  cordllite diameter (CD), corallite height (CH), and theca height (TH) across six sites and two

262  depth zonesin the Gulf of Mexico. Overall p values represent Kruskal-Wallis tests across sites

263  and depth zones for each metric and different letters denote significant differences (p<0.05)

264  between pairwise comparisons of sites and depth zones generated by Dunn’s tests.

265

266

267 Principal coordinates analysis clustered samples into two groups (Fig 3). One group

268 consisted of the mgjority of samples from Bright and McGrail Banks, while a second group

269  consisted primarily of Dry Tortugas samples. The split between groups did not lie between

270  shallow and mesophotic samples, however. Corals from West and East FGB were found in both

271  sample groupings, identifying adichotomy in overall corallite morphology (i.e. two

272  morphotypes). A subset of samples collected at 20 m from both FGB sites had overall corallite

273  structure more similar to mesophotic samples than to the remaining shallow samples. Pulley

13
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274  Ridge samples appeared to share some morphological characteristics of both morphotypes,

275 indicated by overlap between both sample clustersin the PCoA (Fig 3). Despite having smaller
276  mean corallite diameters typical of other mesophotic corals (Fig 2), the Pulley Ridge colonies
277  demonstrated corallite spacing consistent with the morphotype observed most commonly in
278  shallow zones of both FGB sites and Dry Tortugas. With the exception of Pulley Ridge, the
279  magority of mesophotic corals appeared to be a single morphotype (mesophotic West and East
280 FGB, Bright, and McGrail), while shallow corals were split between both morphotypes.

281

282

283  Fig 3. Principal coordinates analysis. Principal coordinates analysis (PCoA) ordination of

284  corallite morphology across six sitesin the Gulf of Mexico, explaining 88.5% of the total

285  variation (PCo 1: 69.2%, PCo 2: 19.3%). Degree of difference among samples represented by
286  Euclidean distance between sample points. Color and shape of each point corresponds to site and
287  depth zone.

288

289

290 Morphotype assignment

291 Fregquency distributions of mean corallite diameter (CD), width (CW), spacing (CS),

292  height (CH), theca height (TH), and first cycle septal length (L1S) revealed relatively unimodal
293  digributions for most metrics except for corallite spacing and first cycle septal length (S3 Fig).
294  Thebimodal distribution observed in mean corallite spacing across all samples was indicative of
295  two morphotypes split between 8.2—8.6 mm. All samples were sorted by corallite spacing and

296  assigned a morphotype designation where CS>8.4 mm was considered ‘ depth-generalist’ and
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297 (CS<8.4 mm was considered ‘shallow.” Morphotype assignments using the corallite spacing

298 method were found to have a correct assignment rate of 93.87% when compared to assignments
299  from the k-means clustering method (Fig 4; KRCLUSTER: R=0.746, 13 incorrect out of 212

300 assignments). Following the patterns observed in the PCoA (Fig 3), the majority of samples

301  collected from mesophotic depth zones at West and East FGB, Bright, and McGrail were

302 identified asthe depth-generalist morphotype, while most samples from Dry Tortugas and Pulley
303 Ridgewereidentified as the shallow morphotype. Samples collected from the shallow depth

304  zoneat West and East FGB included both morphotype assignments.

305 M orphotype assignments from the k-means clustering method were used to create subset
306 datasets of samples collected in the shallow depth zones (20 m) of West and East FGB and tested
307  whether the two morphotypes had significantly different corallite structure in the same

308 environment. The differences among morphotypes were not solely attributed to morphological
309 variation dueto depth. The depth-generalist morphotype found at 20 m demonstrated increased
310  mean corallite spacing (Mann-Whitney U: p=1.6e™) and reduced corallite diameters (p=0.0056),
311 meaning there were fewer and smaller corallites per unit area as compared to the shallow

312  morphotype. The depth-generalist morphotype also had taller corallites (corallite height: p=9.1e
313  °) and notably longer first septae (length of first cycle septa: p=5.6e%) (Table 3, Fig 5, $4 Fig).
314 A singlefactor PERMANOV A using morphotype assignment identified a significant difference
315  between depth-generalist and shallow morphotypes (Pseudo-F; 5=62.73, p=0.0001). For the
316 SIMPER analysis of morphotypes, corallite spacing (70.93%) and diameter (13.74%) were the
317 most influential contributorsto variation between morphotypes. Mann-Whitney U tests indicated
318  that mean symbiont density (Mann-Whitney U: p=0.0028), areal chlorophyllsa (p=1.7€®) and

319 c2 (p=7.2e®), and cellular chlorophylls a (p=5.4€">) and c2 (p=0.0051) were significantly higher
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320 inthe depth-generalist morphotype compared to the shallow morphotype (Table 3, S5 Fig),

321  despite being found in asimilar light regime at 20 m and with nearly-identical Symbiodiniaceae

322  community assemblages [37]. The single factor PERMANOVA identified a multivariate

323  difference between depth-generalist and shallow morphotypes across symbiont and chlorophyll

324  metrics (Pseudo-F1, 65=11.329, p=0.0016), and the SIMPER attributed 100% of the variation

325  between morphotypes to symbiont density.

326

327

328 Fig4. Comparison of mor photype assignment methods. Principal coordinates analyses

329 (PCoA) of corallite morphology across six sitesin the Gulf of Mexico, with color overlays

330 corresponding to morphotypes. M orphotype assignments were made using a k-means cluster test

331 (left; kRCLUSTER: R=0.746) and by the threshold in corallite spacing measurements at 8.40

332  mm (right). Assignments using the corallite spacing method had a correct assignment rate of

333  93.87% when compared to assignments from the k-means clustering method (13 incorrect out of

334 212 assignments, shown in gray).

335

336

337 Table 3. Morphotype sample means

Areal Chl Cellular Chl
Sample (ugem?+ SEM)  (pgcell*+ SEM) oy Zooxanthellae
Morphotype Size CD Ccw L1S L4S TiC TH CH CSs . Density (millions
(n) ac cellscm™+ SEM)
chla chl c, chla chl c,
depth-generalist 20 585+ 248+ 159+ 049+ 034+ 274+ 282+ 98l 1113+ 435+ 7.05%* 275+ 271+ 173%
0.13 0.06 0.05 0.02 0.01 0.18 0.11 0.20 0.62 0.44 0.62 0.31 0.10 0.12

shallow 46 675+ 297+ 101+ 038+ 023+ 260+ 230+ 642+ 642+ 245+ 486 185+ 264+ 136%

0.17 0.07 0.02 0.01 0.01 0.06 0.08 0.13 0.20 0.08 0.16 0.06 0.04 0.04
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338 Mean + standard error of the mean (SEM) of eight measured corallite morphometrics, algal

339  symbiont density, and chlorophyll concentrations across depth-generalist and shallow

340  morphotypes from within the shallow zone of West and East FGB.

341

342

343  Fig 5. Morphotype sample means. Boxplots with sample overlays for corallite spacing (CS),
344  corallite diameter (CD), corallite height (CH), and length of first cycle septa (L1S) across depth-
345 generdist (n=20) and shallow (n=46) morphotypes sampled within the shallow zone of West and
346 East FGB. Overall p values represent Mann-Whitney U tests between morphotype for each

347 metric.

348

349

350 Within the samples from West and East FGB, comparison of population structure using
351 morphotype as afactor revealed that corallite variation had aweak relationship to genetic

352  variation. The fixation index (Fsr), which represents the level of genetic differentiation between
353  populations, was low but demonstrated significant genetic structure between depth-generalist and
354  shallow morphotypes at both FGB sites combined (AMOVA: Fsr=0.007, p=0.008). A second
355 AMOVA using morphotype assignments according to the corallite spacing method also

356 demonstrated significant genetic structure (AMOVA: Fst=0.007, p=0.005). However, structure
357  analyses with both assignment methods indicated that there was one genetic cluster (K=1,

358 panmixia) found at both FGB sites (S6 Table, S6 Fig), which isreflective of the results of a

359 larger genotypic examination of coral populationsin the NW GOM [36].
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360 Discussion

361 Variation among shallow and mesophotic M. cavernosa

362 Previous studies have observed that mean corallite diameter decreases and mean corallite
363  gpacing increases with diminishing light in some scleractinian species[2,6,9,20,25,52,53]. This
364  study extends this observation to mesophotic zones with M. cavernosa (see dso [69]), as

365 mesophotic corallites were on average smaller and further apart than their shallow counterparts.
366 Mesophotic corallites were also typically taller (coralite height), but internally shallower (theca
367 height) than shallow corallites (Fig 2). Morphological variation across depth zones may be the
368  result of corals physiological responses to environmental conditions in mesophotic zones,

369 including maximizing tissue areafor light capture while minimizing self-shading and metabolic
370 costs[11,23,53,54], and/or maximizing tentacle area exposed for food capture [55]. While

371  colonies examined in this study were not quantitatively observed for polyp extension or feeding
372  behavior, earlier studies with M. cavernosa hypothesized that smaller corallites may also

373  correspond with increased polyp opening, although the tradeoffs between photosynthetic and
374  heterotrophic yields are not well understood [11,56]. Increased algal symbiont density and

375  chlorophyll concentration in these same colonies is consistent with mesophotic corals

376  demonstrating unique photoadaptive strategies in low light environments compared to shallow
377  conspecifics [37,38]. Mesophotic M. cavernosa from the Flower Garden Banks and Pulley Ridge
378  contained more symbionts and chlorophylls a and c2 than their shallow conspecifics from the
379  Fower Garden Banks and Dry Tortugas, respectively.

380 While increased pigmentation and symbiont densities are common photoadaptive

381 responsesto lower-light environments [52,57-59], they are suspected to also reduce light

382  penetration to deeper coral tissues due to greater optical thickness via self-shading [52].
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383  Furthermore, arecent study identified photoconvertible red fluorescent proteins that transform
384  poorly-absorbed blue-green light to orange-red wavel engths for increased light absorption, which
385  were found more commonly in mesophotic corals[60]. However, while these strategies may
386 maximize light absorption, they likely result in lower tissue penetration. Coralsin light-limited
387  environments, such as mesophotic coral ecosystems, may mitigate the negative effects of

388  photoadaptation with enhanced light scattering from skeletal structures[58,61]. Flat surfaces,
389  such asflattened mesophotic colony skeletons, can increase light scattering threefold within
390 tissues, with additional enhancement caused by concave surfacesin theinterior of corallites and
391 by complex structures such as septa [62—65]. This study identified an increase in mean septal
392 length (seealso[2]) and corallite height of mesophotic samples (Fig 2), which may provide
393 increased light scattering at depth. It islikely that a tradeoff exists between shallow and

394  mesophotic morphologies, given multiple responses at the symbiotic and skeletal levels,

395 athough their effect on coral physiology and intraspecies competition is not well known at this

396 time.
397 ldentification of ‘depth-generalist’ and ‘shallow’ morphotypes

398 The M. cavernosa morphotypes described here appear to differ somewhat from the
399 nocturnal and diurnal morphotypes identified in previous studies [11-14,17]. Previous

400 examination of M. cavernosa corallite structure has characterized morphotypes by variation in
401 corallite size and tentacle behavior (open versus closed polyps). The study presented here

402  identified corallite spacing as the primary determinant of morphotype, with corallite Sze as
403  significant, but less important, factor driving multivariate differences between the two

404  morphotypes. Mean corallite diameters of both morphotypes were comparable to previous

405  studies (Table 3), but we did not observe obvious differences in tentacle behavior between
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406  morphotypes. Rather, it was common to find colonies with a portion of the polyps open while the
407  othersremained closed. In one previous study, nocturnal and diurnal morphotypes were

408 distributed differently over depth, with the smaller-corallite diurnal morphotype more common
409  in habitats <10 m and the larger nocturnal morphotype found primarily at 1525 m[17]. A

410 similar study identified two comparable morphotypes across the TWA with distinct variation in
411  corallite diameter, but found no apparent depth distribution between 5-22 min Belize [15]. The
412  present study identified a smaller-corallite morphotype with a broader depth distribution (2065
413  m), while alarger-corallite morphotype was mostly restricted to shallower habitats (2030 m;
414  except at Pulley Ridge, see below). The discrepancies regarding morphotype identification

415 among these studies suggest that beyond feeding strategies or depth alone, additional genotypic
416 or external factors are likely impacting the observed M. cavernosa morphologies. Whereas Ruiz
417  Torres[17] suspected that differences between morphotypes may have constituted cryptic

418  speciation within M. cavernosa, we observed limited genetic differentiation between

419  morphotypes (see also [15]).

420 Based on the observed depth distribution of morphological variants across six sites

421  examined in the GOM, we identified distinct ‘ depth-generalist’ and ‘ shallow’ morphotypes

422  within M. cavernosa (Fig 4). Differencesin overall corallite morphologies were mainly

423  attributed to increased corallite spacing in the depth-generalist type (Fig 1C and 1D), but there
424  were also significant differencesin corallite diameter, corallite and theca height, and septal

425  length. The depth-generalist morphotype was characterized by smaller and more widely-spaced
426  corallitesthat weretaller over the surrounding skeleton (Fig 5). We observed that the variation in
427  corallite spacing alone was enough to predict the correct morphotype assignment with a

428  relatively high level of accuracy (93.87%) compared to a cluster analysis of morphological
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429 variation across all eight characters (Fig 4). Thisis of potential interest for rapid, non-destructive
430 identification of M. cavernosa morphotypesin situ, perhaps allowing targeted sampling of

431  morphotypes for comparative genotyping analyses across broad spatial scales. Since assignment
432  accuracy using the corallite spacing method was also consistently high among distant sitesin the
433 GOM (~1,000 km separation), the potential for widespread presence of these morphotypes

434  should be explored further throughout this species’ range.
435 Potential genotypic influence on mor photype

436 The comparison of morphotypes with genetic structure within the Flower Garden Banks
437  determined that morphotype, regardless of assignment method, had a small but significant effect
438  on population differentiation. Despite evidence that morphotypes were significantly

439 differentiated, structure analysis predicted population panmixia (see also [36]). It appears that the
440 dlight differentiation isthe result of genotypic differences between morphotypes, although there
441  was no evidence to suggest cryptic speciation or alack of gene flow between morphotypes.

442  However, it must be noted that analyses using nine microsatellite loci (this study) or nuclear

443  markers 3-tubulin and mitochondrial marker cox1 [15,66] may not be as sensitive to detecting
444 cryptic morphotypes or identifying selection as analyses using many markers including amplified
445  fragment length polymorphism (AFLP) loci [67] or single nucleotide polymorphism (SNP) loci
446  [68]. Results from previous population genetics studies suggest that there is a high degree of

447  polymorphism within M. cavernosa popul ations across the Tropical Western Atlantic through
448  ecological timescales[15,16], yet without strong evidence of genetic isolation among

449  morphotypes. Polymorphic differences may represent physiological tradeoffs among individuals
450 pertaining to differencesin feeding strategy, calcification, optical properties and light capture,

451  symbiont communities, and perhaps even stressresilience [9,11,58,65]. The depth-generalist
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452  morphotype demonstrated skeletal characteristics that may contribute to enhanced light capture
453  in mesophotic zones through increased light scatter within the skeleton, including taller corallites
454  and longer septa. The depth-generalist morphotype also had higher mean symbiont densities and
455  chlorophyll concentrations (S5 Fig) that likely support increased light capture [11]. Corallite
456 characteristics and increased symbiont densities were retained in the depth-generalist

457  morphotype even in shallow zones, suggesting aspects of the symbiosis other than light

458  availability control the abundance of algal cells and chlorophyll content.

459 During high light conditions leading to thermal stress, increased light amplification can
460  result in more severe bleaching responses [69]. As symbiont density is reduced through

461  bleaching, the effect of light scattering increases and creates a positive feedback |oop, exposing
462  additional symbiontsto high intensities of light [65]. As aresult, corals with higher light

463  scattering skeletal properties may confer lower bleaching resistance and be therefore less suited
464  to higher light environments. Bleaching events due to excess solar radiation may be more likely
465  in shallower reef habitats as compared to mesophotic habitats [28]. While the relatively high-
466 latitude Flower Garden Banks are not typically exposed to high temperature stressors seen

467  elsewherein the Tropical Western Atlantic, four bleaching events have been observed in the last
468 three decades [70]. We hypothesi ze that the depth-generalist morphotype may therefore be less
469  abundant in shallow zones of the Flower Garden Banks due in part to lower bleaching resistance.
470 The exclusion of the shallow morphotype from mesophotic sites was cons stent across
471  sitesinthe NW GOM (Fig 3), however, this pattern did not hold in the SE GOM, as most

472  mesophotic M. cavernosa at Pulley Ridge were identified as the shallow morphotype and the
473  depth-generalist morphotype was conspicuously absent from Dry Tortugas. To potentially

474  explain the digtribution of morphotypesin the SE GOM, we must also consider genetic variation
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475  beyond that attributed to morphological differences. Given the patterns of morphotype depth
476  digribution in the NW GOM, Pulley Ridge would be expected to be primarily comprised of the
477  depth-generalist morphotype and Dry Tortugas would be expected to include a mixed population
478  of both morphotypes. The relative lack of the depth-generalist morphotype observed at both sites
479  may have instead resulted from low larval dispersal and population connectivity in the SE GOM.
480  Population genetics analyses suggest relative isolation of Pulley Ridge M. cavernosa from other
481  sitesinthe GOM and Tropical Western Atlantic [32,36]. It is possible that Pulley Ridge and Dry
482  Tortugas wereinitially colonized by the shallow morphotype, or alternatively, both morphotypes
483  may have been recruited but environmental conditionsin the region may favor corals with

484  corallite spacing similar to the shallow morphotype. The former seems more likely given the
485 relativeisolation of the SE GOM and the small population size of M. cavernosa at Pulley Ridge
486  estimated from surveys and migration models[36,71,72]. Divergence from the shallow

487  morphotype at Pulley Ridge may have then been the result of photoadaptation towards smaller
488  corallitestypically found in mesophotic zones. Pulley Ridge corals exhibited significant

489 deviation in corallite structure (notably corallite diameter, columella width, and theca height)
490 from the shallow morphotype (Fig 2). Variations of corallite size and height were indicative of
491  differences seen across shallow and mesophotic zones elsewhere in the GOM and likely

492  represent skeletal adaptation among the mesophotic corals at Pulley Ridge to corallite

493  characteristics better suited to low-light environments.

494 Throughout the fossil record of the past 25 million years, M. cavernosa populationsin
495  other regions of the Tropical Western Atlantic have demonstrated remarkable and persistent

496  morphological variation that has not been attributed to any distinct genetic lineages [15,16]. The

497  ability of multiple morphotypes to be maintained in absence of selection, reproductive isolation,
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or cryptic speciation may be duein part to high genetic diversity across much of this species
range [73]. The results from this study reinforce the notion that morphological variation anong
M. cavernosa represents a combination of genotypic variation and phenotypic plasticity rather
than responses to environmental stimuli alone. Additional assessments of skeletal optical
properties and measures of photosynthetic performance could help determine whether
morphotypesin M. cavernosa confer physiological and/or resilience tradeoffs. Characterizing
such trade-offs may further elucidate the mechanisms that allow depth-generalist coral speciesto

be successful across avariety of reef habitats.
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Supporting information

S1 Fig. Map of the Gulf of Mexico with sampling sites. Map of the Gulf of Mexico, with inset
boxes of six sampling sites in the northwest and southeast Gulf of Mexico (NW GOM and SE
GOM, respectively). Inset overlays include available bathymetry data of sites, and locations of
specimen collection color-coded by depth zone (mesophotic 30-70 m, shallow 20-30 m).

Geographic coordinates asin Table 2.

S1 Table. Preliminary mor phological character correlation matrix. Correlation matrix of
original thirteen corallite metrics compared across five preliminary coral samples collected from

Dry Tortugas over a depth range of 25-33 m.
* Corallite spacing (CS) not examined. Insignificant correlations are shown asns.

S2 Table. Preliminary PERMANOVA results. Test results for permutational multivariate
analysis of variance (PERMANOVA, Overall) and univariate analyses (Kruskal-Wallis) across

five preliminary coral samples collected from Dry Tortugas over a depth range of 25-33 m.
*Corallite spacing (CS) not examined. Insignificant p values are shown as ns.

S3 Table. Kruskal Wallisresults. Test results for overall (Kruskal-Wallis) and pairwise

comparisons (Dunn’s) across sites and depth zones for each morphological character.

*Insignificant pairwise comparisons denoted as ns.
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744  S2 Fig. Corallite sample means. Boxplots with sample overlays for columella width (CW),
745  thickness of thefirgt cycle costa (T1C), length of thefirst cycle septa (L1S), and length of the
746  fourth cycle septa (L4S) across six sites and two depth zones in the Gulf of Mexico. Overal p
747  valuesrepresent Kruskal-Wallis tests across sites and depth zones for each metric and different
748 letters denote significant differences (p<0.05) between pairwise comparisons of sites and depth

749  zones generated by Dunn’ s tests.

750 A Table PERMANOVA results. Test results for permutational multivariate analysis of
751 variance (PERMANOVA, Overall) and pairwise comparisons across sites within depth zones

752  and across depth zones within sites.

753  *Insignificant pairwise comparisons denoted as ns.

754 S5 Table. Standard deviation PERMANOVA results. Test results for permutational
755 multivariate analysis of variance (PERMANOVA) of intra-colony standard deviation and

756  pairwise comparisons across sites within depth zones, and across depth zones within sites.

757  *Insignificant pairwise comparisons denoted as ns.

758 S3Fig. Sizedistributions of dominant characters. Frequency distributions for the six

759  morphological metrics representing the majority of corallite variation across depth, including:
760 corallite diameter (CD), columellawidth (CW), coralite spacing (CS), theca height (TH),

761  cordllite height (CH), and length of first cycle septa (L1S). The size threshold of CS (8.40 mm) is
762  represented in the orange vertical line, denoting two morphotypes distinguished primarily by

763  differencesin corallite spacing. L1S also had a split distribution but had a less obvious threshold

764 (1.15 mm).
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765 A Fig. Morphotype sample means. Boxplots with sample overlays for columella width (CW),
766  thickness of thefirst cycle costa (T1C), theca height (TH), and length of fourth cycle septa (L4S)
767  across depth-generalist (n=20) and shallow (n=46) morphotypes sampled within the shallow

768  zone of West and East FGB. Overall p values represent Mann-Whitney U tests between

769  morphotype for each metric.

770  S5Fig. Morphotype symbiont and chlorophyll means. Boxplots with sample overlays for
771 symbiont density, chlorophyll a:c2, areal chlorophyll a, areal chlorophyll c2, cellular chlorophyll
772  a, and celular chlorophyll c2 across depth-generalist (n=20) and shallow (n=46) morphotypes.

773  Overdl p values represent Mann-Whitney U tests between morphotype for each metric.

774  S6 Table. Evanno method for genetic structure. Table describing the process behind

775  population cluster (K) selection in structure analysis of depth-generalist and shallow populations
776  using the k-means clustering method. Ten replicate structure models were run across a range of
777 K valuesfrom 1-5 and modéd log likelihoods were compared. The Evanno method was used to
778  determine the most likely number of K by identifying the largest change in likelihood (JLn"(K)])

779  and by comparing model probabilitiesin conjunction with variance (Delta K).

780 *DeltaK not calculated for K=1 or K=5, so model likelihood was solely used to determine the

781 most likely number of genetic clusters. The most likely number of K shown in bold.

36


https://doi.org/10.1101/402636
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/402636; this version posted March 8, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY 4.0 International license.

782  S6 Fig. Evanno method for genetic structur e. Plots describing the process behind population
783 cluster (K) selection in structure analysis of depth-generalist and shallow populations using the
784  k-means clustering method. Ten replicate structure models were run across a range of K values
785  from 1-5 and model log likelihoods were compared. The Evanno method was used to determine
786 the most likely number of K by identifying the largest changein likelihood (L(K)) and by

787  comparing model probabilitiesin conjunction with variance (Delta K). Error bars represent

788  standard deviation of the mean.

789 Sl Dataset. Spreadsheet containing raw data. Individual sheets for preliminary samples, raw
790 corallite measurements, colony means, colony standard deviation, morphotype identification,

791  symbiont metrics, genotypes for k-means morphotypes, and genotypes for CS morphotypes.
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