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Summary

The coral-algal photosymbiosis fuels global coral-reef primary productivity, extending
from sea level to as deep as 150 m (i.e., mesophotic). Currently, it is largely unknown how
such mesophotic reefs thrive despite extremely limited light conditions. Here, we show that
corals exhibit a plastic response to mesophotic conditions that involves a spatially optimized
regulation of the bio-optical properties by coral host and symbiont. In contrast to shallow
corals, mesophotic corals absorbed up to three-fold more light, resulting in excellent
photosynthetic response under light conditions of only ~3% of the incident surface irradiance.
The enhanced light harvesting capacity of mesophotic corals is regulated by average refractive
index fluctuations in the coral skeleton that give rise to optical scattering and facilitate light
transport and absorption by densely pigmented host tissue. The results of this study provide
fundamental insight into the energy efficiency and light-harvesting mechanisms underlying the
productivity of mesophotic coral reef ecosystems, yet also raise concerns regarding their ability

to withstand prolonged environmental disturbances.

Keywords: Light-harvesting; Bio-optics; Photobiology; Ecophysiology; Mesophotic Coral

Ecosystems (MCESs); Red Sea
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Introduction

Scleractinian corals are the primary building blocks of coral reef ecosystems. Coral
calcification involves the secretion of aragonite skeleton that provides the basis of the three-
dimensional topography and complexity of coral reefs [1]. The underlying success of corals as
ecosystem engineers is mainly due to the complex interaction that takes place between the coral
hosts and their endosymbiont microalgae (family: Symbiodiniaceae). The coral-algal
symbiosis is driven by solar energy and acts as the biological engine fueling the reef [2]. Corals
have adapted to capture and maximize light under various environmental conditions, and it has
been suggested that they are among the most efficient photosynthetic organisms at utilizing
and converting light energy [3-6].

However, the symbiotic interaction is susceptible to anthropogenically mediated
changes in environmental conditions [7]. Specifically, the coral-algal symbiosis is affected by
periods of prolonged thermal stress, which can lead to a breakdown of the symbiosis and the
visible paling of corals, known as coral bleaching [8]. Coral bleaching events have increased
in frequency and duration over the last few decades, leading to an unprecedented decline of
coral reefs worldwide [9]. The combined effects of elevated ocean temperatures, ocean
acidification, and intensifying storms, have resulted in a decline in coral growth and
functioning, due to reduced fecundity [10] and recruitment stock [11], reproductive
synchronization breakdown [12], and coral disease outbreaks [13], thereby impairing the
persistence of corals through environmental disturbances [14-16].

Most efforts to promote the recolonization of degrading shallow coral reefs have been
focused on shallow-water corals [17]. More recently, it has been considered that mesophotic
coral ecosystems (MCEs; > 30 m) are potential sources of replenishment and sinks for avoiding
disturbances, since they could offer protection from the harmful environmental impacts

encountered by their shallow-reef counterparts [18—20]. However, it has been shown that deep-
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water reefs can experience impacts from extreme storms and heatwaves, although not at the
same frequency or intensity as in the shallow environments [21-23].

Coral morphological plasticity in response to environmental changes, is thought to
enable corals to inhabit a wider range of environments and increase their ability to withstand
disturbances [24-26]. Coral species that are distributed throughout a wide depth range (known
as “depth-generalists™) adjust certain life-history traits in response to differences in irradiance
[27]. It was found that light quantity affects coral morphology and growth rates [28,29],
community composition [30,31], recruitment patterns [32-34], reproduction [35], and
photobiology [27]. For instance, faster-growing species are found in well-lit shallow waters,
while in deeper waters, decreasing levels of photosynthetically active radiation (PAR, 400-700
nm) typically result in reduced linear extension and coral calcification rates [28].

Although irradiance is fundamental for coral photosynthesis, excess light can easily
result in photodamage to the photosynthetic apparatus [2]. Corals, therefore, employ a range of
mechanisms to adjust light-harvesting and photosynthesis in response to the ambient light
environment, most commonly by regulating their morphological structure [36,37], chlorophyll-
a concentrations and/or cell densities [38,39]. Light-harvesting efficiency in corals is strongly
controlled by the light scattering and absorption properties of coral host and symbionts. The
light-scattering properties of coral host tissue and the aragonite skeleton play a key role in
modulating the in-hospite light environment that controls photosynthesis [3,4]. While earlier
coral optics studies have focused on the apparent optical properties (i.e. light field parameters),
recent advances in experimental techniques enable the study of inherent optical properties (e.g.,
absorption and scattering coefficients) which depend on the material properties and structure
of corals and are independent of illumination conditions [40—42]. For some corals, it has been

shown that the high scattering of the living tissue traps light, while the low absorption and
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91  scattering of the skeleton redistribute the light that penetrates the living tissue, enabling the
92 light to reach otherwise shaded living tissue [41].
93 The broad array of morphological forms found in corals indicates potentially important
94  consequences in regard to regulation of the optical properties of the individual coral species
95 [5,29,36]. In MCEs, corals can be found thriving at the PAR limits (0.1-1% of surface
96 irradiance; see Tamir et al. 2019), which suggests that they have developed strategies to cope
97  with and adjust to such extreme light habitats. Compared to shallow-water corals, those
98 inhabiting mesophotic reefs exhibit unique characteristics that optimize photosynthetic
99 efficiency [43-45]. Corals maximize their surface area at the morphological level to primarily
100 laminar, plate-like morphologies allowing for a maximized light capture [43,46]. Furthermore,
101 it has been suggested that fluorescent proteins can also promote the adaptation to low-light
102 environments, by converting blue light into orange-red light, which can penetrate deeper within
103  the coral tissues [43,47]. However, due to the previous inaccessibility of MCEs, our
104 understanding of the bio-optical properties and ecophysiology of mesophotic corals are
105  preliminary.
106 Here, we studied the ecophysiology and bio-optical properties of four widely depth-
107  distributed coral species from shallow (5-10 m) and mesophotic (40-45 m) depths in the Gulf
108  of Eilat/Agaba, Red Sea. We aimed to elucidate the bio-optical mechanisms that enable corals
109  to adapt to low-light environments, and hypothesized that corals in mesophotic environments
110  would display bio-optical properties optimized to absorb low-light. Specifically, we employed
111 a combination of techniques to study the photophysiology, in-vivo light field parameters, and
112 the inherent optical properties of corals. The results of this study present an explanation of the
113 processes that drive the photobiology and ecophysiology of mesophotic corals and shed light
114  on how mesophotic corals may respond to environmental stress.

115
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116  Results

117  Biometric assays

118 Algal pigmentation and density varied among species and within depths, with
119  mesophotic specimens exhibiting an increase in pigmentation, as visible in the darker colored
120 tissues (Fig. 1). Algal symbiont density (cells cm?) was on average three-fold higher in the
121 mesophotic corals than in their shallow counterparts (MEPA, p < 0.001; Fig. 2a), with the
122 highest cell count measured in the mesophotic P. lobata at 6.57x10° + 1.11x10° cells per cm?.
123 Likewise, chlorophyll-a content (ug cm2) was enhanced in mesophotic vs. shallow specimen
124 (0.41-2.75vs 0.014-0.94 pug cm2, respectively; MEPA, p <0.01; Fig. 2b). Overall, chlorophyll-
125  acontent per cell (pg cellt) was higher in mesophotic corals (MEPA, p < 0.05; Fig. 2c), except
126 for S. pistillata which exhibited similar concentrations between depths (Hg = -0.03 [Close -
127 0.99; 0.99]).

128

129  Photosynthetic parameters

130 The maximum quantum yield of PSII (Fv/Fm) was significantly higher for mesophotic
131 species (MEPA, p < 0.05) compared to their shallow-water counterparts (Fv/Fm = 0.50-0.72
132 and 0.19-0.65, respectively; p < 0.05), with shallow P. lobata exhibiting 50% lower Fv/Fm
133 values compared to all other shallow-water specimens (Fig. 2d). Areal net photosynthesis
134 (umol O2 cm? ht) differed between branching species, as well as between depths within
135  species (MEPA, p < 0.05). On average, the light-use efficiency («) of areal net photosynthesis
136 was three-fold higher for mesophotic corals compared to shallow-water corals (MEPA, p <
137 0.05; Fig. 3a, e). S. pistillata corals displayed the largest differences in a between depths, with
138  values nine-fold higher in the mesophotic specimen than in their shallow-water counterparts
139 (6.43x102 + 3.33x10 vs 7.43x1073 + 1.66x10°3, respectively, Fig. 3a). Areal Pmax was

140  enhanced for mesophotic corals compared to shallow ones, as can be seen for example in the
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141 two-fold higher Pmax in mesophotic A. squarrosa corals (Hg = 1.63 [Clesyw 0.774; 3.18]).
142 Moreover, Pmax for mesophotic corals was achieved at almost one order of magnitude greater
143 than in their ambient light environment (i.e., ~300 vs ~45 pumol photons m2 s, Fig. 1i). All
144  mesophotic specimens displayed significantly lower Ek values than their shallower
145  counterparts (MEPA, p < 0.01). In contrast to areal photosynthesis, cell-specific maximal rates
146  in shallow S. pistillata exceeded those of their mesophotic counterparts by 30% (Table S1).
147  The normalization for cell density also led to similar Puax values between shallow and
148  mesophotic A. squarrosa (Hg = 0.66 [Cles% -0.66; 1.82]). The normalization of O2 production
149  per unit cellular chlorophyli-a (umol O2 pg chl-a* s%) resulted in over two-fold greater o values
150  for mesophotic corals (Table S1) and approximately 35% higher Pmax for shallow corals
151  (MEPA, p < 0.05; Fig. 3c,9).

152 P vs Eq was corrected for the in vivo photon scalar irradiance (Eo; PAR integrated over
153 400-700 nm) for all the photosynthetic parameters. This correction resulted in an over 50%
154  increase in Ek values (Eq; Table S1). For example, in shallow A. squarrosa corals, light
155  saturation levels of P vs Eo reached ~180% of the P vs Eq (368.43 £ 79.40 and 206.73 + 43.47
156 pmol photons m= s1, respectively), whereas, in mesophotic corals, Ex reached ~140% of the
157 incident downwelling irradiance (91.85 + 5.04 and 65.19 + 3.03 pumol photons m=2 s,
158  respectively; Fig. 3). There was no significant trend in dark respiration between all species and
159  depths (Table S2; Fig. 3a, e). For massive coral species, no clear differences were found in
160  photosynthetic parameters (Table S1).

161

162  Bio-optical properties

163 Scalar irradiance (Eo) at the coral tissue surface differed among species and depths for
164  both tissue areas (i.e., coenosarc and polyp). Shallow corals exhibited 22% and 33% higher Eo

165 at 675 nm than mesophotic corals for coenosarc and polyp areas, respectively (MEPA, p <
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166  0.001; Fig. 4a-d). Scalar irradiance was consistently higher over the coenosarc tissue than over
167  the polyp tissue in both shallow and mesophotic S. pistillata corals (Fig. 4d), whereas Eo
168  differences between these areas in P. lobata varied only between depths, i.e., coenosarc was
169  higher in shallow corals and lower in their mesophotic counterparts (Fig. 4c). Attenuation of
170  PAR from tissue surface towards the skeleton was greater in mesophotic corals and was most
171 pronounced in P. peresi, with Eo reaching down to 24% of Eq (Fig. S1). Eo at the tissue-skeleton
172 interface was approximately two-fold higher for shallow corals compared to mesophotic corals
173 (MEPA, p <0.001), ranging from 49.00 + 0.88% to 158 * 4.15% (mean + SE; at 675 nm) of
174  the incident downwelling irradiance. Intra-tissue measurements were not performed in P.
175 lobata due to their extremely thin tissue.

176 Skeleton scalar irradiance over corallite (polyp skeleton) areas of shallow and
177  mesophotic corals were higher than over the coenosarc (MEPA, p < 0.001). For example,
178  shallow S. pistillata corals exhibited nearly 50% higher skeleton scalar irradiance over corallite
179  than over coenosarc, contrasting the pattern observed for intact corals (Fig. 4d). Compared to
180  mesophotic corals, both the shallow massive coral species exhibited significantly 15% lower
181  scalar irradiance over coenosarc (P. peresi: Hg = 1.95 [Clesy 1.56; 2.34]; P. lobata: Hg =1.81
182  [Clesw 1.6; 2.04]), while no significant differences were found in the branching corals between
183  depths.

184 The spectral diffuse reflectance (%) of corals varied among species, depths, and
185  between live (tissue) and skeleton surfaces (MEPA, p < 0.001; Fig 4e-f). Tissue reflectance
186  was systematically higher for shallow corals and ranged between 14.80 + 0.26% to 25.20 *
187  0.36% compared to 6.36 £ 0.10% to 14.70 = 0.40% for their mesophotic counterparts (in A =
188  675nm; Fig. 4e, ). Excluding A. squarrosa, coral skeletons from the mesophotic reflected up

189  to 57% more light than their shallow counterparts (Hg = -1.71 [Close -1.91; -1.52]; Fig. 4e).
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190 The extracted algal absorption coefficient (a aigae; cm™) for the four coral species
191  ranged between 0.09 to 1.18 cm™at 675 nm (Fig. 5a-d, S2; Table 1). A comparison of shallow
192  and mesophotic za_algae revealed that for most mesophotic specimens s _aigae Was at least two-
193  fold greater. The largest difference was found for A. squarrosa with an approximate eight-fold
194  enhancement in zsa_aigae fOr mesophotic versus shallow corals. Skeletal optical parameters were
195  extracted from the radial attenuation of the fluence rate at 720 nm (Fig. S3). Skeletal absorption
196  was approximately two-fold higher in shallow versus mesophotic branching corals and was
197  highest in the shallow P. lobata displaying 0.51 cm™ (Fig. S4). The skeletal reduced scattering
198  coefficient at 720 nm was relatively similar between shallow and mesophotic S. pistillata
199  (15.12 and 13.5 cm™, respectively). In contrast, shallow A. squarrosa, P. peresi, and P. lobata
200 demonstrated over two-fold higher us’ compared to the mesophotic corals. Monte Carlo
201 simulations used the extracted I0Ps to calculate tissue absorption and showed that mesophotic
202  A.squarrosa and P. lobata corals absorbed over 80% of the flux in the tissue compared to 25-
203  30% in the respective shallow corals. In contrast, this depth-dependent difference in flux
204  absorption was less pronounced for S. pistillata and absorption was only about 15% greater in
205  mesophotic corals (Table 1).

206

207 Discussion

208 Understanding the ability of corals to grow and thrive under extreme low light is a key
209  question in the study of mesophotic coral ecosystems [48]. In line with our hypothesis, the
210  findings indicate that mesophotic corals have bio-optical properties optimized to absorb low-
211 light. Our findings revealed up to three-fold enhanced light absorption by mesophotic corals
212 (Fig. 5, Table 1) and an outstanding photosynthetic response under a range of light conditions

213 (Fig. 3).
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214 We found that for all mesophotic corals, except for A. squarrosa, PAR reflectance from
215  coral skeletons was enhanced by up to 30% higher compared to shallow corals (Fig. 4). This
216 shows that greater skeletal reflectance enhances light-harvesting by its photosymbionts [3], as
217  exhibited by most mesophotic corals compared to their shallow counterparts (Fig. 4). We also
218  detected a strong upregulation of light-absorbing pigments in all mesophotic coral tissues, due
219  to both a higher algal cell density and enhanced chlorophyll-a per cell (Fig. 2), resulting in up
220 to one order of magnitude higher algal absorption coefficients for mesophotic versus shallow-
221 water corals (Fig. 5, Table 1). Such marked differences in algal absorption coefficient have not
222 Dbeen previously characterized and indicate the presence of highly adapted light-harvesting
223 complexes to low-light conditions. This is supported by earlier studies on mesophotic
224  photobiology, demonstrating both an increase in the effective antenna size (i.e., antenna
225  pigments) per photosynthetic unit (PSU) and an increase of PSUs per cell [44,49].

226 Although the upregulation of photosynthetic pigments can naturally give rise to algal
227  self-shading [3], microscopic light sensor measurements inside the tissue of mesophotic corals
228 revealed that the light available at the tissue-skeleton interface is surprisingly high, leaving
229  approximately one-fourth of the incident light after photon absorption (Fig. S1). It is possible,
230 therefore, that the enhanced skeletal reflectance acts as an effective strategy counterbalancing
231  the effects of self-shading, by upregulating the diffuse light available from the skeleton to
232 compensate for higher cell densities.

233 We further found spatial differences in the microscale distribution of light between
234  intact corals and bare skeletons (Fig. 4). For S. pistillata corals, tissue scalar irradiance was up
235  to 20% lower for polyp than for coenosarc tissue, similar to previous measurements in other
236 coral species characterized by small polyps [4]. The reduced light intensity for polyp tissues
237  matches the spatial distribution of endosymbionts with higher cell densities in polyp tissues

238  than in coenosarc tissues (see Fig. 1a,e). Interestingly, the irradiance distribution for the bare
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239  skeleton surface showed opposite patterns, indicating enhanced skeletal scattering within the
240  polyp corallite than over the coenosarc. Therefore, enhanced light scattering within the corallite
241  effectively assists in light dissipation to the dense microalgae inside the tissue. The high content
242 of light-absorbing pigments within the polyp tissue (Fig. 4) suggests an increased biological
243  activity of the coral polyp, and thus would require more light to support photosynthesis. Light
244 availability within the corallite was strongly enhanced (Fig. 1S) which can be explained by
245  intense scattering from the corallite skeletal walls toward its center [50], with additional light
246  being transported to the polyp through the coenosteum [41]. Thus, the spatial distribution of
247  the coral skeleton scattering and symbiont densities further support our hypothesis of a coral
248  controlled finely tuned system of light scattering and light absorption.

249 Generally, both mesophotic A. squarrosa and S. pistillata corals utilized light more
250  efficiently than their shallow counterparts, as indicated by steeper initial slopes of the P-E
251 curves (Fig. 3a,d). For example, in A. squarrosa corals, the predicted net photosynthesis at a
252 typical mid-day irradiance of 40-50 umol photons m s in 45 m (Fig. 1i) was shown to be
253 six-fold higher in mesophotic versus shallow depths (Fig. 3a). Still, we found species-specific
254  differences in photosynthetic rates. Upon normalizing Pn to algal cell density, S. pistillata
255  revealed a typical light-shade response between depths (Fig. 3e), i.e., lower Pmax and Ex values
256  for mesophotic individuals [39,49]. In contrast, A. squarrosa did not follow this pattern and
257  mesophotic corals exhibited higher Pmax and Ek values when photosynthetic rates were
258  normalized to cell density (Fig. 3b). However, when P-E curves were calculated based on
259  chlorophyll-a content, A. squarrosa displayed a typical light-shade response, similar to S.
260  pistillata (Fig. 3c,f).

261 The extraction of the inherent optical properties of corals allowed for a novel
262  development of a probability distribution model that predicts the total flux absorbed within the

263  photosynthetic coral tissue of shallow and mesophotic corals (Fig. 5, Table 1). The combination
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264  of increased reflectivity, high algal absorption coefficient, and low wus’ (i.e., higher lateral
265 spread of light) facilitated a strikingly higher total absorbed flux by mesophotic corals as
266 compared with shallow ones. The mesophotic A. squarrosa and P. lobata showed
267  approximately three-fold higher flux absorption than the shallower counterparts, whereas for
268 S. pistillata there was only a ~20% difference between shallow and mesophotic specimen
269  (Table 1). These findings indicate that in contrast to A. squarrosa, S. pistillata corals show
270  light-regulated host modifications, as also supported by the pronounced differences in scalar
271  irradiance between corallite and coenosarc areas, as well as between depths (Fig. 4d).
272 Moreover, minor skeletal scattering differences between depths may be explained by micro-
273 architectural modifications that compensate for changes in the skeletal material properties at
274 mesophotic depths, as recently reported for this species [55]. This supports the notion that the
275  ability of S. pistillata to adapt to different light regimes is not limited by its photosymbionts
276 [53].

277 It is important to note that the energetic demands required to sustain coral growth at
278  low-light can be further achieved through supplementation derived from heterotrophy (e.g.,
279  predation of zooplankton) [52]. However, since heterotrophic feeding is thought to be species-
280  specific, the strategy of increased reliance on heterotrophy versus autotrophy with depth does
281  not appear to be a primary trophic strategy for some depth-generalists, and particularly not in
282  deep-water specialists [45]. The photosynthetic and growth efficiencies of the strictly
283  mesophotic Leptoseris species, for example, were shown to be facilitated mainly by their
284  skeletal optical geometry [45].

285 The advantage of low-light optimized bio-optical properties in mesophotic corals may
286  prove to be their weakness in times of thermal stress. Although considered a relatively stable
287  environment, MCEs can experience extreme heat-waves that lead to coral bleaching [22].

288  During bleaching in shallow corals, it has been shown that endosymbiotic algae are exposed to
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289  enhanced irradiance from skeletal backscattering, which can further stimulate symbiont loss, a
290  hypothesis referred to as the “optical-feedback loop” [42,50]. Different factors have been
291  shown to be related to enhanced bleaching susceptibility, such as lower x4’ [42,54], enhanced
292  skeletal reflectivity [50], and high photosymbiont densities [56], all of which have been
293  demonstrated here by the mesophotic specimen (Fig. 3,5,6). Hence, the combination of these
294  factors suggests that mesophotic corals are more susceptible to bleaching than their shallower
295  counterparts. In an era of rapid climate change, it is therefore critical to assess the effects of
296  thermal stress on mesophotic corals.

297 Thermal stress, however, is only one of many contemporary threats that coral reefs must
298 face in a changing climate. Ocean acidification, in particular, was shown to impair the capacity
299  of corals to build their skeletons through calcification [57,58]. An effective dissipation of light
300 from the coral relies on a proper balance between the skeletal scattering and absorption,
301  however, increased porosity and skeletal deformation caused by ocean acidification [59] are
302 likely to disturb this balance. The light-harvesting process achieved by skeletal light scattering
303  may become compromised as a result, leading to far-reaching ecological consequences caused
304 Dby the coral’s inability to regulate light and impaired mechanical integrity. Given that corals
305 are the main bioengineers in coral reefs, a reduction in coral growth will diminish the
306  structurally complex habitat needed for numerous species [60]. Unfortunately, in times of
307 change, this negative effect may be more pronounced in MCEs, since mesophotic corals could
308 be more vulnerable and express limited and/or slower adaptability [22]. Notwithstanding the
309 importance of corals as bioengineers, research focusing on the effects of altered environmental
310  parameters on the bio-optical properties of corals has not received sufficient study to date, and
311  more research is needed to determine the impact of projected near-future acidification levels,

312 coupled with other significant environmental factors.
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313 In conclusion, we present bio-optical mechanisms employed to sustain coral growth in
314  extreme low-light environments, and expand the current knowledge on mesophotic
315  photobiology. Light-harvesting in mesophotic corals is facilitated by the combination of
316  pigment upregulation and enhanced skeletal reflectance. The light-harvesting strategies
317 employed by mesophotic corals enhanced the absorbed flux by up to three-fold compared to
318 their shallow counterparts, suggesting a spatially efficient photosymbiotic system. The results
319  of this study further suggest that such light harvesting strategies make mesophotic corals
320  specifically susceptible to environmental change and highlight the importance of integrating
321  Dbio-optics and ecology to predict the future response of coral reef ecosystems to climate
322 change.
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338 Figure Legends

339  Figure 1. Morphotypes of depth-generalist corals and PAR profile. Studies species from
340 shallow (5-10 m; a-d) and mesophotic (40-45 m; e-h) depths, at colony level and polyp-
341  coenosarc level (insets; scale bars = 0.5 and 1 mm in branching and massive corals,
342  respectively). Insets were taken using the same optical microscope settings. (i) Mid-day
343 photosynthetic active radiation (PAR; pumol photon m= s) as a function of depth (m) in
344  February, measured off the interuniversity institute for marine sciences in Eilat. Shallow (5-10
345  m; light-blue) and mesophotic (40-45 m; dark-blue) are shown as horizontal dotted lines, with
346  acorresponding range of PAR values (red).

347

348  Figure 2. Biometric assays. Microalgal symbiont density (a), chlorophyll-a density (b),
349  cellular chlorophyll-a (c), and F./Fn (d) for four depth-generalist coral species from shallow
350  water (5-10 m; light-blue) and mesophotic water depths (40-45 m; dark-blue). Box plots depict
351  the median (horizontal line), interquartile range (first and third quartiles), and whiskers as +1.5

352 interquartile range with dots representing outliers (n = 9-27 repetitions per species per depth).
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353

354  Figure 3. Oz production for A. squarrosa (a-c) and S. pistillata (e-g) from shallow (5-10 m;
355  light-blue) and mesophotic (40-45 m; dark-blue) depths. Oz production is shown as areal net
356  photosynthesis (umol O2 cm ht; a, e), with gray dashed line represents 0 net photosynthesis;
357  gross photosynthesis per algal cell (umol O2 cell’* h'%; b, f); and gross photosynthesis per
358  chlorophyll content (umol O2 pg chl-a* h?; ¢, g). Each photosynthetic measurement (P) was
359  performed as a function of the downwelling photon irradiance (Eq; solid lines and filled circles)
360 and of scalar photon irradiance (Eo; dashed lines and hollow circles) spanning eight irradiance
361 levels. Curves were fit using a double exponential decay model [61]. Data points represent
362 mean % standard error (n = 9 repetitions per species per depth). Note that the x,y scales for A.
363  squarrosa and S. pistillata have been adjusted for clarity.

364

365  Figure 4. Apparent optical properties at 400-700 nm. Coral scalar photon irradiance (Eo; %
366 incident irradiance) at the tissue and skeleton surfaces, measured over the coenosarc (solid
367 lines) and the polyp/corallite (dashed lines) areas (a-d). Normalized spectral reflectance of light
368  (Rd(4); %) over the coral tissue and skeleton surfaces (e-h). Tissue surfaces are colored in blue
369  shades (light-blue and dark-blue for shallow and mesophotic corals, respectively), and skeleton
370  surfaces are colored in warm shades (orange and dark-red for shallow and mesophotic corals,
371  respectively). Data are mean (thick lines) * standard error (thin lines); n = 15-45 repetitions per
372 species per depth.

373
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374  Figure 5. Inherent optical properties. Algal absorption coefficient sz _aigae (cm™) of isolated
375 microalgae at 675 nm as a function of microalgae density for shallow (light-blue) and
376 mesophotic (dark-blue) samples (a-d). Coral skeletal scattering () and absorption coefficient
377  (ua) between 500-750 nm (data points) plotted against measured Rq for shallow and mesophotic
378  (hollow and filled circles, respectively; colors denote species) (e).

379

380 Tables

381  Table 1. Inherent optical properties extracted from intact live corals (live at 675 nm) and bare
382  skeletons (at 720 nm) using diffusion theory: tissue and skeletal absorption coefficient (ua[cm”
383 1), and skeletal scattering coefficient (us’ [cm™]). The predicted absorbed flux (watt per cm2
384  per watt delivered) of the tissue affected by the optical parameters was derived from Monte

385 Carlo simulations.

; MHa Ma us’ Absorbed

Species Depth (tissue) (skeleton) (skeleton) flux

A. squarrosa Shallow 0.09 0.40 36.00 0.25

Mesophotic  0.81 0.22 12.84 0.82

P. lobata Shallow 0.17 0.51 35.66 0.30

Mesophotic ~ 0.87 0.08 15.57 0.87

S. pistillata ~ Shallow 0.66 0.47 15.12 0.75

Mesophotic ~ 1.18 0.27 13.50 0.89
386
387
388
389
390
391

392
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393 STAR METHODS

394 RESOURCE AVAILABILITY

395 Lead Contact
396  Requests for further information and data should be directed to and will be fulfilled by the lead

397 contact, Netanel Kramer (nati.kramer@gmail.com)

398

399  Materials Availability

400  This study did not generate new unique materials.

401

402  Data and Code Availability

403  All datasets generated and/or analyzed during the study are available from the lead contact
404  upon request.

405

406 EXPERIMENTAL MODEL AND SUBJECT DETAILS

407  Coral collection and maintenance

408 Mature intact colonies of four depth-generalist coral species were chosen for a
409  comparative study between shallow and mesophotic water specimens. We selected two
410  branching coral species (Stylophora pistillata and Acropora squarrosa), and two massive coral
411  species (Paramontastrea peresi and Porites lobata) based on their contrasting skeletal
412 morphologies and their occurrence across a large depth gradient [29,30]. Coral colonies (n =3
413 per species per depth) were collected using recreational and technical diving at shallow (5-10
414  m) and mesophotic (40-45 m) depths, respectively, from the Gulf of Eilat/Agaba, the Red Sea.
415  Conspecific colonies were collected at least five meters apart to avoid sampling clonemates.
416  Colonies were maintained in outdoor open-circuit seawater tables at the Interuniversity

417  Institute (1UI) in Eilat. Mesophotic colonies were kept in separate seawater tables under a blue
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418 light filter (Lagoon blue, Lee filters, UK) creating the spectral composition and intensity of
419 irradiance at 45 m depth, while shallow corals were exposed to ambient sunlight. Downwelling
420 irradiance was monitored to ensure that the light levels reflected the ambient conditions in

421  which corals had been collected.

422  METHOD DETAILS

423 Biometric measures

424 To determine microalgal cell density and chlorophyll-a content, coral tissue was
425  removed using an airbrush at high pressure with 0.2 um filtered seawater. Tissue-stripped
426  fragments were bleached in a 6% sodium hypochlorite solution for 24 hours, then rinsed in
427  freshwater for 10 minutes, and left to air dry. The bleached skeletons would be used later in
428  the optical analyses. The microalgae fraction was separated from the host tissue using a
429  motorized homogenizer and centrifugation (5000 rpm for 5 min). Following isolation, samples
430  were immediately stored in a -80°C freezer for later analyses. Microalgal cell counts were
431  determined using a hemocytometer on five replicate micrographs (scaled 0.1 mm3). Cell counts
432 were normalized to the coral surface area to quantify areal algal density (cells cm).
433 Chlorophyll-a was extracted from the remaining algae using 100% cold acetone for 15 hat 4°C
434  and quantified spectrophotometrically [62]. Chlorophyll-a was normalized to surface area (g
435  cm?) and algae cell (pg cell!). The volume and surface area of the coral subsamples were
436 determined with micro-computed tomography (UCT). The x-ray scans were conducted with a
437  Nikon XT H 225ST pCT (Nikon Metrology Inc., USA) at a resolution of 50-um voxels.
438  Quantitative analysis was performed using Dragonfly software (v. 2020.1, Object Research
439  Systems (ORS), Inc.).

440

441  Chlorophyll-a fluorometry
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442 The maximum quantum yield of PSII (Fv/Fm) was measured with an imaging pulse-
443 amplitude modulated (PAM) chlorophyll-a fluorometer (Maxi-PAM, Walz Gmbh, Germany).
444  Coral samples were dark-acclimated for 20 minutes prior to each measurement (n = 3 per
445  sample). The measured light intensity was adjusted to yield Fo values in the region of interest
446  that equal about 0.1 [63].

447

448 Oz turnover

449 Photosynthesis-irradiance (P-E) curves were performed for individual samples (n = 3-
450 9). Each sample was incubated in a sealed 270 ml acrylic metabolic chamber. The chambers
451  were placed in a temperature-controlled bath (RTE 210, Thermo Neslab), with constant water
452  flow at 22°C (i.e., ambient seawater temperature), and a magnetic stirrer maintaining water
453  movement inside the chamber. A full-spectrum metal halide lamp (400 W, 5000 K, 50 Hz,
454  Golden-Light, Netanya, Israel) was used to incubate the corals at incident downwelling
455 irradiance (Ed) regimes spanning 0 to 800 pumol photons m=2 s™%. Eq was measured using a light
456  meter (LI-250A, Li-Cor, Inc. Lincoln, NE, USA) connected to a cosine-corrected quantum
457  sensor. Oz evolution was monitored within each chamber using Oz optodes connected to an O2
458  meter (ProODO Optical Dissolved Oxygen meter, YSI Inc.,, OH, USA). Areal net
459  photosynthesis (Pn) was calculated from the difference between final and initial O:2
460  measurements (AQO2) for each session after 20 minutes under each light intensity. The P-E data
461  were fit to a double exponential decay function to characterize the photosynthetic efficiency
462 (o), the maximal photosynthesis rate (Pmax), and the minimum saturation irradiance (Ex) [61].
463  Furthermore, photosynthetic rates were normalized to symbiont cell density and chlorophyll-a
464  content to examine the role of the coral host optics in affecting photosynthetic efficiency. Cell-
465  specific gross photosynthetic rates (umol Oz cell* s*t) were based on the assumption that light

466  respiration was up to 1.5-fold higher than dark respiration [50].
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467

468  Apparent optical properties (AOPS)

469 Spectral scalar irradiance Eo(A) and diffuse reflectance Ra(4) were measured for intact
470  corals and the bare skeletons of each individual. Measurements were performed in a black
471 acrylic flow chamber. Fiber-optic scalar irradiance microprobes with a tip diameter of 50-100
472 um (Zenzor, Denmark) were used to measure the surface and intra-tissue light
473 microenvironment as described previously [4]. The microsensors were connected to a
474  spectrometer (AvaSpec-UL2048XL, Avantes, USA) and data were recorded with commercial
475  software (Avasoft 8.0, Avantes, USA). Eo(1) was normalized to the incident downwelling
476  irradiance Ed(1), which was measured under an identical configuration as the experimental
477  coral measurements [4].

478 Spectral reflectance Rd(4) was measured with a flat-cut fiber-optic reflectance probe
479  (diameter = 0.2 cm, Ocean optics, USA) connected to a portable spectrometer (JAZ, Ocean
480  optics, USA). For each measurement, the probe was positioned at 5 mm from the coral/skeleton
481  surface and at a 45° angle relative to the surface [64]. Incident irradiance was provided by a
482  tungsten halogen lamp (Schott ACE 1, Germany) equipped with a collimating lens.
483  Measurements were taken on five randomly chosen areas per coral. Experimental
484  measurements were normalized against a measurement performed on a 99% diffuse reflectance
485  standard (Spectralon, Labsphere USA). Although skeletons were bleached, the reflectance
486  spectrum in the peridinin-chlorophyll-protein complex and chlorophyll-a wavebands (490-500
487 and 675 nm, respectively) were slightly affected by pigment residuals (presumably from
488  remaining endolithic algae). Nevertheless, this did not affect the interpretation of the results.
489

490 Inherent optical properties (I0OPs)
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491  The transfer of light in corals is described by the radiative transfer equation (RTE). However,
492  the RTE is difficult to solve analytically. In most scattering dominating systems, the RTE can
493  be simplified and expressed as a diffusion dominated process, where optical energy diffuses
494  according to the diffusion equation [65]. Farrell et al. (1992) developed a steady-state diffusion
495  equation for light transport in a semi-infinite planar geometry, where the diffuse reflectance R

496 leaving the boundary at a given distance p from the source is:

497

YL 1) exp (_”effrl)] (L i) ( l) eXp (~HeffT2)
498 R(p) = [Ht’ (.ueff + 7/'1) > + P + Sy X Herf + 7”2 o2 (1)
499

500  where sef is the effective attenuation coefficient:

501 Hepr = 3ua/ (ta + 1s") (1.1)
502

503 a’is the transport albedo:

’ Us!
504 = 1.2
@ (Hatus’) ( )

505 s is the total interaction coefficient:

506 M, = ta T U (1.3)
507

508 And r1 and r2 are radial distances of one mean free path inside the medium and above the
509 medium where total fluence equals 0, respectively [66]. The optical properties us’ and za
510 uniquely determine the shape of the diffuse reflectance curve. By measuring the lateral spread
511 (r) of reflected light (R) it is thus possible to predict unique values of s’ and the absorption
512  coefficient ua that generated the reflectance profile. The fitting procedure uses the
513  fminsearch.m routine in Matlab (Mathworks, USA) which calls a multidimensional

514  unconstrained non-linear minimization algorithm (Nelder—Mead) to minimize the sum of


https://doi.org/10.1101/2020.12.04.411496
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.04.411496; this version posted December 6, 2020. 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-NC-ND 4.0 International license.

515  squares error [41,67]. Optical extraction of u’ and pa were performed for intact corals at
516  wavelengths of strong chlorophyll-a absorption (at 663 nm) as well as in the near-infrared (at
517  750nm), which is free from pigment absorption.

518 We extracted scattering (us”) and absorption (ua) coefficients [68] from intact corals
519  and skeletons by measuring the lateral spread of reflected light (Rr). Measurements were
520 performed with a flat cut light-emitting source fiber (diameter = 0.2 cm, Ocean optics, USA)
521  connected to a tungsten halogen lamp (LS-1, Ocean Optics, USA) and a flat-cut light collecting
522  fiber (diameter = 50 um, Zenzor, Denmark) connected to a spectrometer (AvaSpec-
523  UL2048XL, Avantes, USA). Both fibers were mounted on micromanipulators (Pyroscience
524  GmBH, Germany and Martzhauser, Germany) and aligned parallel to each other at a minimum
525 lateral distance of 4 mm perpendicular to and in direct contact with the coral surface. A
526  stereomicroscope (SZ51, Olympus) was used to carefully position the fiber optic probes at the
527  surface. Rr was measured at lateral steps of 1 mm to a maximum of 10 mm [67]. This procedure
528  was repeated for five randomly chosen coenosarc areas for each coral sample. Measurements
529  were conducted on the coenosarc, which had a more even topography and less contractile tissue
530 compared with the polyp tissue, thus allowing repeated measurements and a more accurate
531 estimate of horizontal light transfer. The lateral attenuation of light was matched to the
532  predicted attenuation pRr based on diffusion theory [66] and starting values of us’, 1. The coral
533  surface architecture for P. peresi was very heterogeneous due to the deep corallite architecture,
534  preventing reliable quantification of R(r), and the analysis was thus omitted.

535 Additionally, we characterized the algal cell-specific absorption coefficient (1 algae)
536  of isolated symbionts independent of the host environment. To separate between the effect of
537  algal absorption and that of algal scattering, diffuse reflectance measurements were performed
538 in a strongly scattering dominated medium, such that any algal scattering can be regarded as

539  negligible. Milk is a cost-effective strongly scattering-medium with known optical properties.
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540  The lipid content of 100% whole milk is typically 4% lipids and the scattering of intralipid ™
541 in 10% lipids is 100 cm™ (at 600 nm). Therefore, the scattering of 100% whole milk is

542  estimated to be:

A
600nm

543 Hy' D mie = (40 em™)( )~ )

544  Reflectance measurements were performed with 100% whole milk and a 1:1 mixture of milk
545  and algal serial dilutions (from 50% to 3%). Algal cell density was determined as described
546  above in order to relate s aigae to cell density (mL1). To extract zza_aigae [cm] diffusion theory
547  and nonlinear least-squares fitting were used as described above to match predicted reflectance
548  to experimentally measured reflectance.

549

550  Monte Carlo modeling of absorbed flux

551 To characterize differences in light absorption by coral tissues we developed a Monte
552  Carlo simulation using the inherent optical properties determined via diffusion theory as input
553  parameters (Fig. 6, Table 1). For each simulation the tissue was 1mm thick and had an
554  absorption coefficient . that was determined by . algae at 675 nm. Tissue x4’ was set to 5 cm-
555 ! for all simulations. Details on the Monte Carlo approach can be found in Wangpraseurt et al.

556  [41] and Jacques et al [67].

557
558 QUANTIFICATION AND STATISTICAL ANALYSIS

559 All statistical analyses were performed using the R software (R Core Team 2020). To
560 estimate ecophysiological and bio-optical variations in the studied species, we modeled the
561  corresponding parameters (separate test for each parameter) as a function of species and depth,
562  using mixed-effects permutational analysis (MEPA; 2000 permutations), with coral identity as

563 a random effect. These analyses were run using the packages {nlme}[70] and
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{predictmeans}[71]. Pairwise comparisons were based on Hedge’s g (Hg) standardized effect

size (preferred over Cohen’s d for small samples) with 95% confidence interval (ClI)

constructed from 5000 bootstrap samples, and significance was determined as Cl not

overlapping with zero (shallow depth as reference). This analysis was computed using the R

package {dabestr}[72].
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