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1.  INTRODUCTION

It has been proposed that mesophotic coral reef
ecosystems (MCEs) are structured by gradients of
abiotic factors such as light and trophic resources
(Lesser et al. 2009, 2018), but other factors may also
have direct, and indirect, influences on the structure
and function of MCEs (Lesser et al. 2018). For in -
stance, the geological history and geomorphology of

modern coral reefs are critical factors that deter-
mine the growth, topography and function of MCEs
(Locker et al. 2010, Sherman et al. 2010). Changes in
geomorphology will also influence the slope of ben-
thic substrates, which is associated with reef-to-reef
variability in community composition (Locker et al.
2010, Sherman et al. 2010, Weinstein et al. 2021) and
hypothesized to be associated with changes in the
irradiances impinging on the reef (Lesser et al. 2018).
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approach to examine the effects of the inherent optical properties of the water column on the irra-
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roles of reef topography including horizontal, sloping and vertical substrates are quantified, as
well as the differences between mounding, plating and branching colony morphologies. Down-
welling irradiance and reef topography interact such that for a water mass of similar optical prop-
erties, the irradiance reaching the benthos varies significantly with topography (i.e. substrate
angle). Coral morphology, however, is also a factor; model results show that isolated hemispheri-
cal colonies consistently ‘see’ greater incident irradiances across depths, and throughout the day,
compared to plating and branching morphologies. These modeled geometric-based differences in
the incident irradiances on different coral morphologies are not, however, consistent with actual
depth-dependent distributions of these coral morphotypes, where plating morphologies dominate
as you go deeper. Other factors, such as the cost of calcification, arguably contribute to these dif-
ferences, but irradiance-driven patterns are a strong proximate cause for the observed differences
in mesophotic communities on sloping versus vertical reef substrates.
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As a result, fauna from MCE depths is largely com-
posed of deep-reef specialists including scleractinian
corals, demosponges, sclerosponges and soft corals
not usually found in shallow waters (Bridge et al.
2012, Slattery & Lesser 2012, 2021, Lesser et al. 2018,
Macartney et al. 2020).

1.1.  The underwater light environment

The light environment is the primary abiotic factor
driving the structure and function of shallow tropical
coral reefs (Chalker et al. 1988, Falkowski et al. 1990,
Gattuso et al. 2006) and has been hypothesized to
significantly influence the ecological structure of
most MCE communities as well (Lesser et al. 2009,
2018, 2019). In the optically clear waters of the trop-
ics, the attenuation of photosynthetically available
radiation (PAR: 400−700 nm) is modified by the angle
of incident light at the surface and the inherent opti-
cal properties (IOPs), namely absorption and scatter-
ing, of the water column. The absorption coefficient
and the volume scattering function, which are de -
pendent on the composition and concentration of dis-
solved and suspended particulates, are then used in
the radiative transfer equation to model underwater
irradiances based on depth, time of day and season
(Text S1, Fig. S1 in the Supplement at www. int-res.
com/ articles/ suppl/ m670 p049 _ supp.pdf). Additionally,
the spectral composition of the underwater light field
also changes as depth increases, with blue and red
wavelengths exhibiting the most significant de creases
with increasing depth (Lesser et al. 2009, Eyal et al.
2015). Diffuse attenuation coefficients for down-
welling plane irradiance PAR (KdPAR; in units of m−1)
have been used to describe the optical characteristics
of the water column generally (Kirk 1994, Mobley
1994) and specifically on coral reefs (e.g. Hochberg
et al. 2020). These can be used to derive other metrics
including the 10% light level, defined as the mid-
point of the euphotic zone, and the 1% light level, or
the bottom of the euphotic zone where photosyn-
thesis equals respiration, known as the compensa-
tion point (Lesser et al. 2009, 2018, Kahng et al.
2010). The KdPAR values from reefs in the Carib-
bean, Bermuda and the Pacific are variable (Lesser
et al. 2018, Hochberg et al. 2020), as are the optical
depths calculated for the 1% light level (58−102 m;
reviewed in Lesser et al. 2018) and are the result of
differences in the IOPs of the water column.

The most commonly used depth-based definitions
of MCEs are 30−60 m for upper MCEs and 60−150 m
for lower MCEs (Lesser et al. 2018). While the defini-

tion of MCEs based on depth has support (Loya et al.
2016), the strongest correlation in the depth-depen-
dent patterns of mesophotic benthic communities is
with the optical properties of the water column, and
consequently the resulting variability in irradiances
occurring on these benthic environments. (Lesser
et al. 2018). In explaining this variability, Lesser et
al. (2018) reported a significant difference between
high- and low-relief terrestrial environments for coral
reefs, with an average (±SD) 1% optical depth of 95 ±
8 m for low-relief associated reefs and 75 ± 14 m for
high-relief or coastal-associated reef systems. As a re-
sult, recent studies have suggested defining the depth
transitions of MCEs based on the percent of surface
PAR occurring where specific community changes
have been quantified (Tamir et al. 2019), while others
suggest that depth offers no physiological or ecologi-
cal insights into the variation between the distribution
of MCE species or communities (Laverick et al. 2019,
2020) even though most are in general agreement
with the current depth-based definitions of MCEs.

However, characterizations based on optics are
complicated by the interaction of downwelling plane
irradiance (Ed) with the benthos and whether the
substrate is horizontal, sloping or vertical in nature
(Brakel 1979, Lesser et al. 2018). Brakel (1979)
showed that for a specific body of water with known
IOPs and sun angle, the plane irradiance PAR (μmol
quanta m−2 s−1) for varyingly sloped substrates re -
vealed that vertical surfaces received ~25% of the
PAR measured for horizontal surfaces. Because of the
dependence of incident PAR on substrate slope, reef
topography can be expected to influence the devel-
opment of different communities at the same depths
in different MCE habitats (Lesser et al. 2018). To fur-
ther explore the relationship between plane irradi-
ance and substrate slope of the benthos, we under-
took an optical analysis to extend the observations
described in Lesser et al. (2018) to include varying
reef topographies and coral colony morphologies. To
reiterate, horizontally infinite water bodies are a one-
dimensional (1D) radiative transfer problem with
depth being the only spatial variable. However, the
light field next to a vertical wall originates from the
water in front of the wall such that the models
needed for understanding and predicting the under-
water light field on the varying substrate angles of
MCEs, but especially vertical walls, are inherently
3-dimensional (3D). A 3D radiative transfer model,
developed for other studies (Mobley & Sundman
2003) was used and incorporated a simple 3D reef
wall geometry, the IOPs for clear tropical waters, the
incident sky radiance as a function of sun angle, sky
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conditions, sea surface wave state and the reflectance
properties corresponding to photoautotrophic ben-
thic organisms on the wall surface (Lesser et al. 2018).
That model was used to simulate irradiances onto an
idealized vertical reef oriented in a north−south
direction (Lesser et al. 2018). The results of that sim-
ulation showed that 1D models are insufficient to
describe the underwater light field in the presence of
varying sloped substrates. Moreover, 3D models
show the inherent effects of the substrate angle on
the attenuation of irradiance, and that the amount of
PAR available for photoautotrophic organisms can be
significantly decreased relative to open water meas-
urements of Ed by as much as 50% on a vertical wall
(Lesser et al. 2018).

1.2.  Functional morphology

As primary photoautotrophs in coral reef ecosys-
tems, the ability of scleractinian corals and their
endosymbiotic dinoflagellates (Symbiodiniaceae) to
photoacclimatize is inherently linked to their respec-
tive ecological success. There is extensive literature
on the photobiology of corals, including the absorp-
tion and utilization of light as well as the regulation
of the photosynthetic apparatus to photoacclimatize
under varying irradiances and environmental stres-
sors (Chalker et al. 1983, Dubinsky et al. 1984,
Wyman et al. 1987, Lesser et al. 2000, Iglesias-Prieto
et al. 2004, Enríquez et al. 2005, Stambler & Dubin-
sky 2005, Mass et al. 2010, Warner & Suggett 2016).
The photobiology of scleractinian corals is often
intertwined with the genetics and the specific spe-
cies of endosymbiotic dinoflagellates (Symbiodini-
aceae) harbored by different populations and species
of coral (Warner & Suggett 2016, LaJeunesse et al.
2018). A commonly observed outcome of photoac-
climatization to low irradiances at the level of the
colony for many species of corals is to change their
orientation and morphology in an effort to increase
the efficiency of their surface area for light capture
(Anthony et al. 2005, Todd 2008). Many zooxanthel-
late scleractinian corals found in MCEs exhibit a
fixed plate-like morphology or change shape with
depth to a flattened or plate-like morphology as a
result of phenotypic plasticity, while corals with fixed
mounding and branching morphologies oriented ver-
tically are more common in shallow reef environ-
ments (Mass et al. 2007, Hoogenboom et al. 2008,
Einbinder et al. 2009, Lesser et al. 2010, Nir et al.
2011, Kramer et al. 2020). Despite these changes,
there is a limit to how much changes in morphology

can affect rates of photosynthesis and calcification,
which have been shown to decline significantly with
increasing depth in corals (Mass et al. 2007, Lesser et
al. 2010).

Here, we expand the 3D model from Lesser et al.
(2018) to include 3 specific reef topologies: a flat back
reef, a sloping fringing reef and a vertical fore reef,
from shallow to mesophotic depths (see Fig. 1a). We
also examine the effects of sloping versus vertical
reef substrate into lower mesophotic depths starting
at 60 m (see Fig. 1b). We incorporate IOPs directly
measured from each reef habitat; these IOPs include
the effects of absorption by colored dissolved organic
material (CDOM) and suspended particulate material
as found on the different reef topologies. We also sim-
ulate different ‘sensor’ shapes representing mound-
ing, plating and branching morphologies of corals.
We show that reef topology and coral morphology
significantly affect the amount of light incident on
corals and discuss this as a proximate cause for the
observed changes in the community structure of coral
reefs from shallow to mesophotic depths.

2.  MATERIALS AND METHODS

The light incident onto the reef was modeled using
standard techniques of backward Monte Carlo simu-
lations relative to an idealized reef geometry (Fig. 1).
The cardinal orientation of the reef is not part of the
run input, but the solar azimuth relative to the reef
face is. Here, we model 3 different types of sensors
representative of common coral morphologies and
provide incident PAR irradiances denoted as PARcos,
PARhs and PARbr simulating the plating, mounding
and branching morphologies of scleractinian corals,
respectively, at specific depths (i.e. 10, 12, 20, 30, 40,
50, 58, 65, 75 and 100 m). Specifically, planar irradi-
ance (PARcos) is the light intercepted per unit area
for a plating coral where the plates are orientated
parallel to the reef surface. Hemispherical scalar irra-
diance (PARhs) is the light incident on an isolated
mounding coral per unit area of the reef surface it oc-
cupies. PARbr is the average light incident per unit
area of the coral surface for branching corals; this can
be understood as the average light incident on a polyp
in a branching coral. Finally, PARo is the spherical
quantum scalar irradiance, equivalent to a ‘4π’ sensor
just in front of the reef substrate. PARo is modeled for
reference purposes as it represents what is often
measured when studying the photobiology of corals.

In nature, and in a forward Monte Carlo simula-
tion, a light ray is emitted by a source and then traced
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until it reaches a detector (i.e. the coral) or is dropped
from further tracking. In the present scenario, the
source is the sky, and rays are emitted from different
sky directions. Each ray is given the initial weight of

the sky radiance in that direction. The
emitted ray is then traced through an
arbitrary number of randomly deter-
mined interactions with the sea sur-
face and the water column, during
which a portion of the initial energy of
the ray is absorbed, and the ray’s
direction changes in accordance with
the volume scattering properties of
the water column or the angle of inci-
dence onto the wind-blown sea sur-
face. Such calculations, however, are
computationally inefficient because
most rays never intersect a detector at
a given location. The undetected rays
are eventually dropped after most of
their energy has been absorbed and
therefore do not contribute to the esti-
mate of the irradiance reaching the
detector. This requires the use of
backward Monte Carlo (BMC) simula-
tion as described in detail in Text S1.

This unique 3D radiative transfer
problem is then solved ray-by-ray in
the BMC simulations. Numerical ex -
perience shows that to achieve a sta-
tistical estimate of the radiometric
quantity of interest that has less than a
few percent error due to statistical
noise, enough rays must be initialized
that the small region of the sky con-
taining the sun receives at least 1000
rays. The number of rays required to
achieve this depends on the depth of
the detector, the water IOPs, and the
radiometric quantity being simulated.
For shallow depths, as few as 106 rays
must be initialized at each wave-
length; for the deepest depths, as
many as 1.5 × 108 rays were initialized
at each wavelength. The ray-by-ray
calculations randomly determined the
ray path lengths and directions, along
with assessments as to whether the
ray has intersected the reef or sea sur-
face. If the ray intersects the reef, the
ray is reflected according to the reef
reflectance at the point of intersection.
If the ray intersects the sea surface,

both transmitted and reflected rays can be generated
according to Snell’s law and Fresnel’s law applied to
a sloping wave facet. Additional details of these cal-
culations are provided in Mobley (2018).
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Fig. 1. (a) Coral reef geometry for modeling the underwater light field using
ray tracing. The (x̂,ŷ,ẑ) directions define a coordinate system that defines the
sea surface, reef top, reef slope and reef wall with XT1, ZT1 and XT2, ZT2 repre-
senting the top coordinates of the slope and vertical wall respectively. The reef
wall faces the +x̂, direction and θsun is the solar zenith angle. As θsun increases
from 0−90° the sun moves lower in the sky. ϕsun is the solar azimuthal angle
relative to the reef wall. Here, ϕsun = 0° corresponds to the sun directly in front
of the reef wall; for practical purposes when ϕsun < 90° the reef wall will be ‘in
the sun’ and for ϕsun > 90° the reef wall is ‘in the shade’. The oval at (xD, yD, zD)
represents a sensor placed at that location on the surface of the reef slope,
whose normal orientation is n̂D. (b) Same coordinate system for a coral reef with
a continuing 60° substrate slope into mesophotic depths versus transitioning to 

a vertical wall as depicted in (a)
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The simulation of the branching sensor requires a
full directional spectral radiance distribution defined
over the sphere of all directions. A method was also
developed to generate directional radiance distribu-
tions that had the required planar and scalar PAR
irradiances (PARcos and PARhs), based on modifying
radiance distributions from HydroLight (https://
www. numopt. com/ hydrolight.html) as described in
Text S1. These fully directional radiance distribu-
tions also included reflectance from the reef wall in
the appropriate hemisphere. The method of generat-
ing these distributions, and example plots, are given
in Text S1. Briefly, for each location and solar posi-
tion, the input was the infinite-depth 1D radiance
distribution from HydroLight at the same depth with
the same IOPs, modified by 2 scalar factors: ‘s’, which
uniformly scales the radiance values, and ‘w’, which
introduces a ‘wall effect’ as a function of the cosine to
the vector at right angles to the surface. By this
method, radiance distributions for every location and
solar theta and azimuth angle were generated.

Given a radiance distribution defined for all direc-
tions over the sphere, the 3D model described in
Hedley (2008) can be used to determine the light
incident on arbitrary shapes embedded in that radi-
ance distribution. Essentially, a surface consisting of
polygon facets can be placed like a ‘virtual sensor’
into the radiance distribution, and the light incident
on each facet can be calculated. The surface self-
shades but does not affect the input radiance distri-
bution; so in that sense, it is the same process as
 placing a virtual irradiance sensor in a model such as
HydroLight (i.e. the sensor itself is not physically
present in the model). In this study, a virtual sensor
with a branching morphology was placed into the
radiance distributions (Fig. S2). This structure com-
prised 23 520 triangular facets. It was constructed
using a parameterized algorithm for generic branch-
ing structures; parameters were adjusted until a
shape approximating a natural branching coral was
obtained. Using the 3D model, the plane PAR irradi-
ance incident on every triangle in the surface is eval-
uated; this is then summed for all triangles and mul-
tiplied by each triangle’s area. Finally, dividing by
the total triangle area gives the average plane PAR
irradiance incident on the coral surface per unit area.

3.  RESULTS

Ambient irradiances at the sea surface obtained
from the sky model described in Text S1 for tropical
latitudes in the summer over the day length period

(Fig. 2) are similar to previous, direct, measurements
(Brown et al. 1994, Ong et al. 2018) on coral reefs and
are an appropriate starting point for the 3D modeling
of underwater irradiances. When underwater irradi-
ances are modeled as a 3D problem using the ray
tracing approach at a solar zenith angle of 30° (θsun),
the effect of the wall at different solar azimuthal
angles relative to the reef wall (ϕsun) is apparent at
shallow depths (Fig. 3) and is greatest for PARcos. Dif-
ferences for the sun ‘in front of’ (ϕsun = 0, or sunrise)
versus ‘behind’ (ϕsun = 180, or sunset) the reef disap-
pear with depth as scattering removes the inherent
information about the solar azimuthal and zenith
angles. At each depth, the sensor orientation is deter-
mined by the reef topography, with the spectral irra-
diance reflectance of the reef surface (Fig. S1d)
determining the fraction of incident irradiance
absorbed by the coral at each wavelength, and that
the coral absorbs 100% of the incident quanta reach-
ing it integrated across all PAR wavelengths. The
remainder is reflected under the assumption that the
reef surface is a Lambertian reflector. The model
shows that PARo > PARhs > PARcos > PARbr for all
depths and sensor orientations, as expected from
purely optical considerations (Fig. 3). For all sensors
and depths, the PAR values absorbed by each sensor
type can be seen to vary over the day in a qualita-
tively similar manner, with the magnitudes depend-
ing strongly on the depth, reef orientation and water
IOPs. (Fig. 3). These values are for the specific reef
topography that includes a vertical wall at depths
greater than 60 m (Fig. 1a). It is important to note that
for each depth the attenuation of irradiance is deter-
mined by one specific set of IOPs used from the sea
surface to that depth (i.e. a model run for the sensor
on the wall at 75 m uses the fore reef IOPs from the
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Fig. 2. Plot of downwelling photosynthetically active radia-
tion (PARd) in air for ϕsun = 0° relative to the reef wall from a
1D HydroLight output as θsun traverses the sky from sunrise 

to sunset
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Fig. 3. (Above and following page.) (a−j) Depth-dependent changes in instantaneous scalar irradiance (PARo) and available ir-
radiance for hemispherical (PARhs), cosine (PARcos) and branching (PARbr) sensors from the ray tracing simulations assuming
100% absorption of all available quanta. The sunrise side of the plot corresponds to ϕsun = 0° and sunset to ϕsun = 180°, as θsun

traverses the sky from sunrise to sunset for a shallow to mesophotic depth gradient that includes a vertical wall beginning 
at ~60 m. IOPs: inherent optical properties
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sea surface down to 75 m). The current BMC model
does not allow for depth-dependent changes in IOPs
within a single simulation run. Therefore, at 65, 75
and 100 m (Fig. 3h,i,j, respectively) the changes in
irradiance observed are a function of not only the
fore reef IOPs, with their lower attenuation of PAR,
but the changes in reef topography and sensor orien-
tation which clearly results in lower incident PAR
absorbances for the PARcos and PARbr sensors, espe-
cially compared to the PARhs sensor at 75 and 100 m
(Fig. 3i,j, respectively).

If we then look specifically at the effect of substrate
angle by extending our 60° fringing reef slope onto
the fore reef out to ~100 m, we observe an increase in
PAR at 65, 75 and ~100 m of 26, 40 and 62%, respec-
tively (Fig. 4a−c). There is also an increase in the
PAR absorbed for all sensor types on a sloping sub-
strate compared to values from the model runs where
a vertical wall occurs beyond ~60 m (Fig. 4d−f), with
the largest increases observed for the PARcos sensor
and the lowest increases for the PARbr sensor
(Fig. 4d−f).

4.  DISCUSSION

In the wider Caribbean basin, the Red Sea and
Indo-Pacific, the distribution of all scleractinian coral
morphotypes shows a general decline in percent
cover with depth (but see Kramer et al. 2020 for an
exception in the Red Sea), but a relatively greater
abundance of platelike corals at mesophotic depths
followed by mounding morphs and the near absence
of branching coral species (Goreau & Wells 1967,
Goreau & Goreau 1973, Kühlmann 1983, Fricke &
Meischner 1985, Liddell & Ohlhorst 1987, 1988, Lid-
dell et al. 1997, Kahng et al. 2010, Bridge et al. 2012,
Hoeksema et al. 2017, Kramer et al. 2020). Addition-

ally, early studies specifically identified community
breaks in coral communities between the upper and
lower mesophotic zones at ~50−60 m depth (Liddell &
Ohlhorst 1987, 1988, Liddell et al. 1997) which have
been further supported by a meta-analysis of coral
reef community structure from shallow to mesophotic
depths (Lesser et al. 2019).

Many of these studies suggested that the attenua-
tion of solar irradiance, and the transition from pho-
toautotrophy to heterotrophy, is the most important
factor regulating the observed patterns of zonation
from shallow to mesophotic depths, especially for the
scleractinian corals of the community (see Lesser et
al. 2018). Our results show that sloping substrates
receive more incident light than vertical substrates. If
the productivity and growth of corals on sloping sub-
strates increases proportional to that increase in inci-
dent irradiances, it would be predicted that corals
would increase their benthic cover with increasing
depth compared to vertical substrates. If we look at
published studies on MCEs with shallow sloping
substrates (25−45°), we see the development of deep
buttresses down to 65 m depth and significant coral
populations in the mesophotic from 47−70 m averag-
ing ~13% benthic cover, with the greatest cover of
~28% at 70 m depth in Puerto Rico (Sherman et al.
2010). In contrast, coral cover in the Bahamas along a
vertical wall (>70°) in the mesophotic zone from
46−91 m averages ~7% and showed only 2% coral
cover at 76 m (Slattery & Lesser 2012). More recent
studies have included broader spatial and temporal
coverage of irradiance measurements used to define
community transitions along the shallow to meso -
photic depth gradient based on the attenuation of
light as opposed to depth per se (Tamir et al. 2019,
Laverick et al. 2020). While generally supportive of
current depth definitions for upper and lower
mesophotic depth boundaries, these studies, and
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Fig. 3. (continued)
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previous works (see Lesser et al. 2018 for review), do
not explicitly examine what individual corals on a
reef actually ‘see’ at any depth as it relates to light.
However, Laverick et al. (2019), studying the plating
coral Agaricia lamarki from shallow (<30 m) to upper
mesophotic (30−60 m) depths in the Caribbean, sug-
gested that coral samples from both shallow and
upper mesophotic depths were physiologically simi-
lar because of similar irradiance microhabitats, mak-
ing depth an inappropriate proxy to ecologically
characterize coral populations from discrete depths.
However, in a study on the mounding coral Montas-

traea cavernosa, Lesser et al. (2010) found that corals
from shallow and upper mesophotic depths were also
physiologically similar in many respects and that
multiple physiological characteristics, including pri-
mary productivity, did not differ significantly in a
depth-dependent manner until the lower mesophotic
zone (60−150 m).

In the present study, we used a radiative transfer
approach that includes BMC ray tracing combined
with measured inherent optical properties of the
water column. While BMC ray tracing has been used
previously to describe irradiances on shallow (~5 m)

56

Fig. 4. (a−c) Depth-dependent changes in instantaneous scalar irradiance (PARo) and available irradiance for hemispherical
(PARhs), cosine (PARcos) and branching (PARbr) sensors (corresponding to the different morphologies) from the ray tracing sim-
ulations assuming 100% absorption of all available quanta and a ϕsun = 0° or ϕsun = 180°, as θsun traverses the sky from sunrise
to sunset for a shallow to mesophotic depth gradient that includes a vertical wall beginning at ~60 m. (d−f) Comparison of
changes in PARo and available irradiance for PARhs, PARcos and PARbr sensors for 65, 75 and ~100 m model outputs for vertical 

(dashed lines) and sloping (solid lines). IOPs: inherent optical properties
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corals of different morphologies and pigmentation
(Ong et al. 2018), their output was broadband red,
green and blue (RGB) values, which were then con-
verted to luminance, a metric based on the spectral
response of the human eye, and to energetic units (W
m−2) using a conversion factor that is ~25% lower than
previous studies have recommended (e.g. Morel &
Smith 1974). The approach described here represents
a significant advancement via the application of back-
ward ray tracing to compute the incident irradiance
upon individual corals of different morphologies over
the day, and as a function of reef topography and
depth. An unambiguous hierarchy of coral morpholo-
gies clearly shows that the irradiance seen by corals
declines from mounding to plating to branching
corals, regardless of reef topography, while reef to -
pography has additional, and significant, effects on
those irradiances. Increased ability to capture light,
and its potential for an increase in productivity, are
also associated with morphological changes in corals
such as branch flattening (Einbinder et al. 2009), the
transition from mounding to plating (Lesser et al.
2010) and the general increase in coral species with
plating morphology (e.g. agariciid corals) at meso -
photic depths (Kahng et al. 2019, Padilla-Gamiño et
al. 2019). Changes in photophysiological performance
of plating morphologies is also consistent with optical
models that have examined the role of morphology in
the protection of shallow corals from photoinhibition,
and where colonies flatten to increase their efficiency
of light capture under low irradiances in order to
maintain positive rates of photosynthesis (Anthony et
al. 2005, Hoogenboom et al. 2008).

For coral reef environments, the underwater light
environment is the critical abiotic factor driving the
zonation patterns of scleractinian corals generally,
and MCEs in particular (Lesser et al. 2009, 2018). Our
previous simulations (Lesser et al. 2018), and those
presented here, underscore the fact that Ed measured
in the water column is not what corals on substrates
of varying angles (i.e. vertical versus sloping) are
exposed to, and that colony morphology and reef
topography have the potential to significantly affect
both coral productivity and growth. Importantly,
mounding corals a priori have better bio-optical char-
acteristics and experience greater incident irradi-
ances at all sun and substrate angles. However, this
primarily applies to isolated mounding corals where
the sides have a ‘free view’ of incident light; when
found aggregated together, mounding corals would
increasingly intercept the same light per unit area of
the reef as a plating coral. Additionally, the gradient
from a hemispherical to a plating coral represents a

potential decrease in total light capture per unit reef
area. That is, the coral surface area is increased in a
hemispherical colony with the same radius as a plat-
ing colony; a planar coral of radius r has a surface
area of πr2, whereas a hemispherical coral of radius r
has a surface area of 2πr2, but under a diffuse radi-
ance distribution each point on the surface of the
colony experiences the same irradiance. As a result,
the hemispherical coral always captures more light
than a plating coral per unit area of the reef. A
branching colony structure is a continuation of this
gradient; it has more surface area for the same area
of reef, and the efficiency of light capture would
increase proportionately were it not for self-shading
(Fig. S2). Branching morphologies therefore always
capture less light per unit area of the coral surface
compared to the other morphologies because of self-
shading and only become a successful light capture
strategy when there are saturating light conditions
throughout the day (i.e. shallow water) to maintain
photosynthesis despite self-shading. In contrast, a
hemispherical colony does not shade itself and there-
fore, when isolated and under diffuse light, main-
tains the highest polyp-level irradiances and poten-
tial productivity under a broad range of irradiances.
How much of this productivity potential translates
into growth? Mounding corals consistently grow
more slowly and have lower skeletal densities than
plating or branching corals (Hughes 1987, Swain et
al. 2018). For mounding corals, skeletal density does
increase with depth but is always lower than the val-
ues observed in plating corals at any depth (Hughes
1987). However, energetic costs for mounding corals
are higher overall because of the increase in calcified
biomass associated with their significantly lower sur-
face area to volume ratios compared to plating corals
(Madin et al. 2016). Because of these inherently higher
energetic costs for calcification in mounding corals,
and since productivity potential is light-dependent,
the advantage for mounding corals over plating corals
decreases as depth increases.

Our results do not a priori explain the phenotypic
plasticity observed for morphology from hemispheri-
cal to plating morphology with increasing depth (e.g.
Lesser et al. 2010), the transition of vertically ori-
ented plates to flattened plates in agaricids (Anthony
et al. 2005, Hoogenboom et al. 2008) or the ende -
mism of many coral species in the lower mesophotic
with plating morphology (e.g. Padilla-Gamiño et al.
2019). One possible explanation is to consider the
polyp-scale requirements to maintain net positive
photosynthesis. A given surface intercepts light most
efficiently when it is at right angles to the direction
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from which the light is incident. Therefore, the most
efficient location for coral tissue containing algal
symbionts is on a horizontal surface to maximally
intercept downwelling irradiance, which would
explain the dominance of plating corals on horizontal
substrates on many lower MCEs (e.g. Padilla-
Gamiño et al. 2019). In this study, plating corals were
assumed orientated parallel to the reef surface, and
while many plating corals can extend horizontally
from the reef wall in the upper mesophotic zone
(30−60 m), in the lower mesophotic zone (60−150 m)
they are often oriented parallel with the reef as sedi-
mentation and substrate stability as sources of distur-
bance increase in importance and prevent coral
growth in a horizontal plane (Sheppard 1982).

The differences in incident irradiances upon the
different coral morphologies reported here, and their
interaction with reef topography, did not consider the
ultimate fate of each quanta and the effects of small-
scale optics in the tissues and skeleton of different
coral morphologies (Enríquez et al. 2005, 2017,
Kahng et al. 2012, Wangpraseurt et al. 2012), depth-
dependent changes, and endemism, in the commu-
nity composition of the photoautotrophic endosym-
biont (Symbiodiniaceae) of mesophotic corals (Lesser
et al. 2010, Bongaerts et al. 2015, Pochon et al. 2015,
Ziegler et al. 2015), the ability to photoacclimatize to
extremely low irradiances (Einbinder et al. 2016,
Padilla-Gamiño et al. 2019) or the availability and
 stoichiometry of dissolved inorganic nutrients (Fer-
rier-Pagès et al. 2000). Of these factors, the effect that
provides the most probable explanation for the dif -
ference in the functional performance of an ideal
 versus a real sensor (i.e. coral) is the light scattering
properties of the coral skeleton. It has been shown
that for corals, both the tissues and skeleton interact
with light to produce multiple scattering events
which increase the pathlength, and therefore absorp-
tion, of individual quanta by the reaction centers of
the symbiotic Symbiodiniaceae for photochemistry
(Kühl et al. 1995, Enríquez et al. 2005, 2017, Wang-
praseurt et al. 2012). Depending on the skeletal mi-
crostructure, there is a corresponding ‘amplifi cation’
factor which leads to increases in light absorption and
improved photosynthetic performance, especially in
low irradiance environments, that improves further
when combined with unique photosynthetic charac-
teristics of Symbiodiniaceae in me sophotic corals
(e.g. Einbinder et al. 2016). The coral skeletal mor-
phology is the significant contributor to the variability
of this amplification phenomenon where typically
mounding corals exhibit the lowest scattering and
plating corals the highest. In fact, using a metric of in-

tegrated scattering over the entire coral skeleton
called the ‘light enhancement factor’ (LEF), Enríquez
et al. (2017) showed that plating coral species had
significantly higher LEF values of as much as ~25%, a
clear advantage at mesophotic depths compared to
massive coral species. This advantage can be seen in
the Red Sea where mounding and plating corals have
an inverse relationship with depth, such that mound-
ing corals are dominant down to 40 m and plating
corals dominant thereafter with 100% cover at 100 m
(Kramer et al. 2020). This strongly suggests that the
skeletal architecture, and the amount of scattering it
produces, could overcome geometric constraints (e.g.
Enríquez et al. 2017).

As suggested by Laverick et al. (2017), coral species
assemblage may be a good indicator for deviations
from the commonly used depth-dependent definitions
between shallow, upper mesophotic and lower meso -
photic reef zones. These deviations are, however, the
result of the irradiance ‘seen’ by individual corals, the
influences of their respective morphology and the
type and topography of their habitat. Contraction of
these ecological zones or the presence of endemic
mesophotic corals in shallow habitats such as lagoons
with decreased water transparency (Colin & Lindfield
2019, Laverick et al. 2020) provide evidence for the
strong influence on the ecological zonation of sclerac-
tinian corals caused by the variability in irradiance.
The general relationship between irradiance and the
ecological distribution of coral species observed on
most, but not all, MCEs still supports the broad use of
the depth-dependent definition between upper and
lower mesophotic communities at ~60 m (Lesser et al.
2019) unless reef-specific differences in the under -
water light field, and patterns of ecological zonation,
are quantified. Additionally, by characterizing the
 underwater irradiance field at the level of the coral
colony associated with changes in reef topography
and morphology, we provide a framework for ecologi-
cal descriptions, and hypothesis testing, on the func-
tional attributes of not only corals but other photo-
autotrophs (e.g. macrophytes) on MCEs.
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