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Universidad Nacional Auténoma de Mexico, Canctn, Mexico

Red coralline algae are a cosmopolitan group with the ability to precipitate CaCOgz within
the walls of their vegetative cells. The resultant carbonate structure is key for explaining
their ecological success, as it provides protection against herbivores and resistance to
water motion. However, its potential contribution to enhance thallus light absorption
efficiency through multiple light scattering on algal skeleton, similar to the effect
documented for scleractinian corals, has not been yet investigated. Here, we initiate
this analysis, characterizing thallus optical properties of three coralline species, which
differed in pigment content and thallus mass area (TMA, gDW m~2). The three species,
the rhodolith Neogoniolithon sp., the crustose coralline alga (CCA), Lithothamnion sp.,
and the articulated alga Amphiroa tribulus, represent the more distinctive coralline
growth-forms and are able to colonize contrasting light environments in Caribbean
coral reefs. The thicker thalli of the rhodoliths were the most efficient light collectors,
as evidenced by their higher pigment absorption efficiency (@*crg; m? mgChla—') and
photosynthetic rates per unit area. This could explain rhodolith success in oligotrophic,
highly illuminated reef environments. In contrast, the thinner thalli of the CCA, a low-light
specialist, showed the highest metabolic rates normalized to mass and the highest light
absorption efficiencies per unit mass (a*\; m? gdw~"). Therefore, the ecological success
of the CCA in cryptic habitats within the reef cannot be explained only by its low-light
physiology, but also by its capacity to reduce the structural costs of their thalli, and thus
of its new growth. Lastly, the ecological success of Amphiroa tribulus, which displayed
intermediate values for the efficiency of light absorption, metabolic rates and TMA, was
explained by its ability to construct the largest light collectors (algal canopies) thanks to
the presence of flexible, non-calcified segments (genicula). This ability enables enhanced
photosynthetic and carbonate production at the organism/canopy level. The resulting
fragile canopy survives best within the protection provided by colonies of the lettuce
coral Agaricia agaricites. In conclusion, our study demonstrates the utility of optical traits
as powerful tools to investigate differences in the competitive abilities, abundances and
niche distribution among algal species and/or growth-forms.

Keywords: optical traits, photosynthesis, niche differentiation, rhodoliths, CCA, articulated alga, coral reefs,
Amphiroa tribulus
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INTRODUCTION

Coralline algae are a diverse group of red macroalgae with
the ability to calcify within the walls of their vegetative cells
(Johansen, 1981). This broad taxonomic group is present in
virtually every coastal ecosystem, from highly illuminated,
intertidal regions to extremely light-limited habitats like rock
crevices or depths of 250 m (Johansen, 1981; Littler et al., 1985;
Payri et al., 2001; Burdett et al., 2014). The ecological significance
of coralline algae varies from playing a fundamental role as
ecosystem engineers of highly diverse communities (Foster,
2001; Steller et al., 2003) to being the preferred substrate for
settlement of invertebrate larvae (Heyward and Negri, 1999;
Williams et al., 2008). In certain ecosystems, corallines are the
main contributors to carbon budgets (Chisholm, 2003; Martin
et al., 2006; Bensoussan and Gattuso, 2007). On coral reefs,
corallines are fundamental for cementing the primary reef
framework and maintain habitat diversity (Littler, 1972; Littler
and Doty, 1975; Adey, 1998; Perry and Hepburn, 2008; Perry
et al., 2008). Carbonate skeletons are considered responsible
for the distribution and abundance of many species (Steneck,
1986; Vadas and Steneck, 1988; Steneck et al., 1991; Steneck
and Dethier, 1994; Steller and Foster, 1995; Foster, 2001), and
ultimately for the ecological success of coralline algae in marine
habitats, as they play fundamental roles providing protection
against herbivores and resistance to water motion.

The ability of coralline algae to colonize contrasting marine
environments (Algarra and Niell, 1987; Hader et al, 1997;
Payri et al., 2001; Schubert and Garcia-Mendoza, 2008; Enriquez
et al, 2009; Vasquez-Elizondo and Enriquez, 2016) relies
on multiple physiological and structural adaptations. Among
them, the optical properties of thalli may play a central role,
as they are fundamental regulators of algal photosynthetic
responses by controlling the entrance of solar energy. Changes
in the efficiency of light absorption could help to elucidate
the differential ability of organisms to acclimate or adapt to
differing light regimes and the consequences of these responses
on coralline photosynthetic performance. Unfortunately, little
is known about the optical properties of coralline algae. The
technical difficulties of performing optical measurements on
highly dispersive structures, have strongly limited this area
of research (Vasquez-Elizondo et al, 2017). Several studies
have characterized the optical properties of multicellular
photosynthetic tissues in aquatic organisms, such as marine
macroalgae (Ramus, 1978; Frost-Christensen and Sand-Jensen,
1992; Enriquez et al, 1994, 2009; Mercado et al., 1996;
Schubert et al., 2011); seagrasses and freshwater angiosperms
(e.g., Enriquez et al., 1992; Frost-Christensen and Sand-Jensen,
1992; Olesen et al,, 2002; Enriquez and Sand-Jensen, 2003;
Enriquez, 2005; Cayabyab and Enriquez, 2007; Durako, 2007),
and scleractinian corals (Shibata, 1969; Enriquez et al., 2005;
Rodriguez-Roman et al., 2006; Wangpraseurt et al., 2017). All
these studies have documented large within and among species
variation in optical properties of multicellular photosynthetic
structures. Some of them documented common trends among
species related to basic structural traits, such as pigment content,
tissue thickness and specific mass area (Ramus et al., 1976a,b;

Ramus, 1978, 1990; Enriquez et al., 1992, 1994, 2005; Olesen
et al., 2002; Enriquez and Sand-Jensen, 2003; Enriquez, 2005).
Small structural modifications in key photosynthetic structures
may lead to significant changes in optical properties of tissues,
with subsequent implications for photosynthetic performance.
Many aquatic organisms reduce the optical absorption cross-
sections of their multicellular photosynthetic structures (i.e.,
thalli/leaves) at increasing light levels and become thinner
when light limits their growth (Liining and Dring, 1985;
Markager and Sand-Jensen, 1992; Enriquez and Sand-Jensen,
2003). These photoacclimatory responses are similar to the
widely documented response of unicells (e.g., Raven and Geider,
2003), but they contrast with descriptions for terrestrial leaves,
which generally exhibit little variation in light absorption and
no clear pattern of change in pigment content with irradiance
(i.e., Bjorkman, 1981). Scattering of light within terrestrial leaves
produces significant enhancements in their internal light field,
even above external incident irradiance levels (Vogelmann and
Bjorn, 1984; Vogelmann et al., 1996). This phenomenon, which
strongly depends on the anatomical characteristics of the leaf and
the presence/absence of light-reflecting structures (Vogelmann
et al, 1988, 1996), is known as multiple light scattering.
Multiple scattering of light has important consequences for leaf
photosynthetic performance (Vogelmann et al., 1989, 1996) and
strongly reduces the role of pigment content as a fundamental
control of tissue light absorption. Multiple scattering of light on
carbonate skeletons of corals has been demonstrated to enhance
the ability of symbiotic algae to collect light in hospite, despite
the fact that pigment contents of symbiotic corals are lower than
leaves of land plants (Enriquez et al., 2005). Furthermore, the
ecological and evolutionary success of symbiotic Scleractinia in
oligotrophic, tropical environments has been attributed to the
extraordinary light absorption properties of the host-symbiont-
skeleton unit (Enriquez et al., 2005, 2017).

In coralline algae, however, the capacity of carbonate skeleton
to enhance light absorption and photosynthetic performance
remains unknown (see Payri et al., 2001; Burdett et al., 2014).
Recently, Vasquez-Elizondo and Enriquez (2016) documented
significant differences in the light absorption properties of three
coralline species, before and after exposing the experimental
organisms to heat-stress. These authors attributed the differences
in coralline sensibility to heat-stress to differing abilities to
withstand light-stress induced by elevated temperature. Similar
exacerbations of light-stress have been documented for symbiotic
scleractinian corals exposed to heat-stress (Warner et al., 1996;
Iglesias-Prieto and Trench, 1997). Interestingly, corals share
with coralline algae similar sensitivity to ocean warming and
acidification, two major global threats that affect marine habitats
(Hoegh-Guldberg et al, 2007; McCoy and Kamenos, 2015;
Vasquez-Elizondo and Enriquez, 2016).

In the present study we analyzed the optical properties of
the same three coralline species examined by Vasquez-Elizondo
and Enriquez (2016), as model organisms to investigate the
association between optical traits and structural descriptors, such
as pigment content and thallus mass area: the rhodolith forming
species Neogoniolithon sp.; the articulated algae Amphiroa
tribulus; and the low-light incrusting alga-CCA Lithothamnion
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sp. The optical traits characterize were: (i) absorptance (A),
defined as the fraction of incident light absorbed by thallus
photosynthetic pigments, which describes the capacity of light
absorption by algal thalli to sustain photosynthetic activity; and
(if) two descriptors for light absorption efficiency, pigment-
specific absorption coefficient (a*pigm, m? mg pigm~!) and
mass-specific absorption coefficient (a*y;, m? g DW™1). The
first, a*pigm, describes pigment efficiency of the light collector
(algal thalli), and the second, a*y, describes light absorption
efficiency of thallus structural mass. Both descriptors have been
previously determined for the leaves of an amphibious plant,
Mentha aquatica (Enriquez and Sand-Jensen, 2003) and for the
leaves of the seagrass Thalassia testudinum (Enriquez, 2005). The
analysis of a*\ follows previous suggestions by Falkowski et al.
(1985), Ramus (1990), and Enriquez et al. (1994).

MATERIALS AND METHODS

Sample Collection and Experimental

Manipulation of Organisms

Samples of three species (Figure 1) were collected from the
reef lagoon of Puerto Morelos (Mexican Caribbean, 20°51'N,
86°55'W) between 2011 and 2013. Specimens of the rhodolith
forming species Neogoniolithon sp. were collected at 3m
depth by snorkeling within the seagrass bed. Samples of the
articulated alga Amphiroa tribulus and the crustose coralline
(CCA) Lithothamnion sp. were collected by SCUBA diving
at a depth of 5-6m within the back-reef coral community.
The three species inhabit contrasting light environments, and
show contrasting photobiology and growth-forms (Vasquez-
Elizondo and Enriquez, 2016). Neogoniolithon sp. colonizes
mobile substrates (sand) inside open seagrass beds in the
highly illuminated, shallow reef lagoon, and exhibits a high-
light acclimatory response (Vasquez-Elizondo and Enriquez,

2016). The articulated and CCA algae colonize less illuminated
habitats within the reef community and show contrasting
photobiology. The CCA Lithothamnion sp. is a low light
specialist, which grows underneath or adjacent to colonies of
Orbicella faveolata and O. annularis, in cryptic environments
within the reef that do not receive direct solar radiation (Vasquez-
Elizondo and Enriquez, 2016). The articulated alga, Amphiroa
tribulus, grows within colonies of the lettuce-leaf coral Agaricia
agaricites (Figure S1 in Supporting Information, SI) and exhibits
contrasting pigmentation between both sides of its thalli. The
irradiance reaching each of the sites was estimated about 37%
of surface irradiance (Es) for the back-reef at 5-6 m depth, and
47% of Es for the open seagrass bed (calculated from in situ
measurements of water column attenuation coefficients, Ky =
0.198 m~!, similar to values reported by Enriquez and Pantoja-
Reyes, 2005). After collection, samples were transported in black
plastic bags to the outdoor tank facilities of the Universidad
Nacional Auténoma de México (UNAM) at the Unidad
Académica de Sistemas Arrecifales (UASA) in Puerto Morelos
(Quintana Roo, Mexico). This approach avoids degradation of
pigments and damage to thalli due to exposure to full solar
radiation. The outdoor facilities consist of 48 experimental tanks
of 30-L, connected to eight 1,000-L header tanks. Each header
tank was supplied with constant seawater from the reef lagoon,
which then supplied the experimental tanks. Water temperature
in the tanks was controlled using commercial aquarium heaters
(Process, Technology, USA). Light conditions were simulated
to match the particular habitat of each of the species using
neutral screens: attenuation of 53% Es for the rhodoliths; 75%
Es for the articulated alga; and about ~98% Es for the CCA,
as this species inhabits an extremely low-light environment
(cf., Vasquez-Elizondo and Enriquez, 2016). Most experimental
determinations were made 2-3 days after collection, and all were
completed within a week. Prior to experimental determinations,
branches of the rhodolith and articulated algae, and 2-3 cm?

50pm

(D-F) show a microscopic cross section of their respective thalli.

FIGURE 1 | Images of the three coralline algae (Rhodophyta) characterized in this study. (A) The crustose coralline alga (CCA), Lithothamnion sp. growing on some
dead coral skeleton of the genus Orbicella. (B) The articulated alga Amphiroa tribulus. (C) The rhodolith forming species belonging to the genus Neogoniolithon sp.
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segments of the CCA were cleaned gently to remove epiphytes
(mainly fleshy algae) and minimize potential interferences
during optical characterizations. Two optical determinations
were performed for each thallus of the articulated alga, as this
species presented a heterogeneous anatomy with two distinct
pigmentations on the opposite sides of their branches. The optical
properties of each side were characterized, referred as to the
highly-pigmented (HP) upper side, and lesser-pigmented (LP)
lower side. CCA segments were detached from the substratum
before optical characterization.

Thallus Structural Descriptions
Pigment content was measured spectrophotometrically on
the same samples used for light absorption determinations.
Fragments of coralline thalli were manually homogenized before
pigment extraction. Phycobilliprotein extraction (phycoerythrin
PE, phycocyanin PC, and allophycocyanin APC) was performed
adding a phosphate potassium buffer (0.1 M, pH 6.8) to the
homogenized sample. Pigment extractions were analyzed in a
conventional spectrophotometer (Elyptica, Ensenada, Mexico)
after centrifuging samples maintained in darkness at 4°C for 2 h.
The residual carbonate pellet was re-suspended in 80% acetone
for chlorophyll a extraction. Samples were maintained overnight
in darkness, at 4°C. Phycobilliprotein and chlorophyll a contents
were calculated according to the equations of, respectively,
Kursar et al. (1983) and Lichtenthaler and Wellburn (1983).
Thallus mass area (TMA, g cm~2) was calculated as the ratio
between thallus dry mass and its projected area. This parameter
is the inverse of the specific leaf area (SLA, cm?> gDW™!), a
common descriptor in plant ecology (e.g., Garnier et al., 1997;
Poorter and De Jong, 1999; Evans and Poorter, 2001), and
equivalent to leaf mass area (1/SLA=LMA; i.e., Witkowski and
Lamont, 1991; de la Riva et al., 2016). Dry weight was determined
by drying the samples for 48 h at 60°C. These measurements
allowed description of an association for each species between
thallus fresh (blotting dry) and dry weight (R? > 095, P <
0.05, n = 7). Subsequent dry weight estimations were derived
from direct fresh weight measurements. We also determined
thallus thickness (mm) from indirect estimations, using its linear
association with TMA previously described [thallus thickness
(mm) = 5.96*TMA + 0.033; R> = 0.90; P < 0.001; n = 32; SE
= 0.158]. Ash-free dry weight (organic content) was estimated
by decalcification of dried thalli of known weight with HCI (10%
v:v). Calcium carbonate content per total dry mass (% CaCOs3)
was further determined by subtracting the organic dry weight,
according to Steller et al. (2007). The surface area of rhodoliths
and the articulated alga was measured using digital images and
IMAGE J™ software. For CCA segments, the projected area
or cross-section area was obtained by covering the alga with
aluminum foil, weighing the aluminum piece and comparing
it to a reference of known area and weight (aluminum foil
technique, Marsh, 1970). Special care was taken to minimize
overlap. Pigment content values were normalized to surface area
and dry mass for estimations of two descriptors: thallus pigment
density (mg m~2), and thallus pigment content (mg g DW1).
Finally, for the description of the three-dimensional (3D-)
coralline morphology (algal canopy), we calculated the total-
one sided surface area referenced by its vertical projection (no

units or m?> m~2). This calculation is equivalent to the leaf

area index (LAL Watson, 1947), which is a common descriptor
for terrestrial plant canopies. Complete individuals of each
species were photographed from a vertical perspective using a
white bottom plate, and the projected area was obtained using
IMAGE J™ software. Subsequently, branches were manually
separated to estimate the total one-sided area of the thalli,
following the protocol described previously. Coralline LAT was
calculated as the ratio between total surface area of the organisms
against its projected ground area.

Optical Determinations
Reflectance spectra (R) were performed according to Vasquez-
Elizondo et al. (2017), using a miniature Ocean Optics USB2000
spectroradiometer (Ocean Optics, Inc., Dunedin, Fl, USA).
Reflected light was collected with a 2 mm fiber optic placed
over the thallus surface at an angle of 45° and a distance of 3—
5 mm. Algal segments were placed in a black container filled
with seawater, and we prevented the fiber optic from shading the
sample. The spectral variability collected between 400 and 750
nm, was registered by the spectroradiometer using the software
SpectraSuite® (Ocean Optics, Inc., Fl, USA). Reflectance was
expressed as the ratio between radiance measurements from the
surface of pigmented thalli relative to radiance reflected by a
white reference (Teflon). Homogeneous diffuse illumination was
provided from a semi-sphere coated with barium oxide (BaO),
which was illuminated from below using different commercial
light sources in order to fulfill the PAR range illumination
(400-700 nm). This semi-sphere was placed above the black
container at approximately 25 cm from the algal fragments.
Reflectance spectra of pigmented fragments were corrected
by normalizing them to the reflectance of nearly identical
but bleached fragments. All determinations showed reflectance
values above 0.94 (R725-750nm = 94% light reflected) in the range
between 725 and 750 nm, which implies that the magnitude of
residual light scattering was sufficiently low, around 6%.

Determinations of light transmission (Absorbance, D) were
performed using a spectrophotometer AMINCO DW2 (USA)
controlled by an OLIS data collection system, equipped with
an opal-glass in front of the detector (Shibata, 1959). Thallus
fragments were mounted in a 3 ml cuvette, filled with filtered
seawater. Algal thalli were held against the wall of the cuvette
using a holder specifically developed to avoid misplacement
during determinations (Enriquez, 2005). Measurements were
performed between 400 and 750 nm at intervals of 1 nm.
Attenuance (apparent absorbance) was corrected for residual
scattering by subtracting absorbance at 750 nm. All spectra
produced absorbance (D) values below 0.1 for the range 725-750
nm (D725-750). Naturally bleached samples of coralline algae were
used as blanks for subtraction of non-photosynthetic absorption
(Enriquez, 2005; Vésquez-Elizondo et al., 2017).

We calculated the optical descriptors as follows:

(1) thallus absorptance (A) was calculated as:

A(A) =1—10"PW _Rr(n) (1)

where 107°™)| D() and R(}) denote, respectively, transmittance
(T), absorbance (D), and reflectance (R) at a particular
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wavelength (A). Absorptance was estimated for the average PAR
range (Apar) and for the chlorophyll a (Chla) peak at 680 nm
(Achly). Pigmented branches of the rhodolith Neogoniolithon
sp. that are about 1.4 & 0.21 mm thick transmit on average
1.2% £ 0.21 (n = 6) of the incident light (Vasquez-Elizondo
et al., 2017). Therefore, we considered transmission through
rhodolith branches to be 0 for samples thicker than 1.4 mm,
and that absorptance could be derived directly from reflectance
data as proposed by Enriquez et al. (2005) and confirmed by
Vasquez-Elizondo et al. (2017). Absorptance for these samples
was calculated as:

A(A) =1—-R(X) (2)

(2) the efficiency of light collection was quantified using two
parameters, pigment specific absorption coefficient (a*pigm in m?
mg pigm~!) calculated as:

a-*pigm = (D/p)In10 (3)

and mass specific absorption coefficient (a*y, in m*> gDW~1)
calculated as:

a*M = (D/TMA)In10 (4)
where D is absorbance, p is pigment cross section in mg m~2,
and TMA is thallus mass area. a*pigm was calculated for the PAR
range (a*pigm) and for the Chla peak at 680 nm (a*cpy,), using,
respectively, total pigment and Chla density values. Similarly,
a*y was estimated for the PAR region (a*Mmpar) and for the Chla
peak at 680 nm (a*pes0)-

Absorbance for thalli of rhodoliths was estimated
from reflectance measurements using the transformation
D(A)=log[1/R(A)] proposed by Shibata (1969) and Enriquez
et al. (2005). Optical determinations on rhodoliths only
required one measurement (reflectance), whereas the other
two species needed two optical measurements (transmittance
and reflectance) to estimate absorptance. This explains why the
number of determinations for rhodoliths was higher than for the
other two species.

Photosynthetic Determinations

The physiological data used in this comparison were derived
from Vésquez-Elizondo and Enriquez (2016), who characterized
photosynthetic rates of samples exposed to control conditions
(summer conditions of 30°C and ambient pH) and three
experimental treatments: heat-stress (32°C); reduced pH (7.9)
and combined heat-stress and reduced pH (32°C and pH
= 7.9), at the UNAM mesocosms facilities. Experimental
organisms were collected in August 2013 from the same sites
described previously of the reef lagoon of Puerto Morelos,
and expressed, thus, the summer “phenotype” for the three
coralline populations. Photosynthetic rates were estimated
polarographically using oxygen Clark type electrodes, in
closed chambers (Hansatech, Nortfolk, UK) connected to
a circulating bath with temperature control (RTE-100/RTE
101LP; Neslab Instruments Inc., Portsmouth, NH, USA).
Samples were incubated for 45 min under saturating irradiances

(>Ek) according to the particular photobiology of each
species, which was previously characterized by Vasquez-
Elizondo and Enriquez (2016), through the description
of the photosynthetic response to irradiance (P vs. E)
curve. Post-illumination respiration (Rp) was determined
in darkness, right after P,y incubations. Ry, allowed estimation
of gross photosynthesis rates from knowledge of oxygen
consumption at Pp,c. Maximum gross photosynthesis, Py,
was normalized either per projected area (umol O, cm=2 h™1)
or dry weight (umol O, gDW~! h™!). Photosynthesis data
from Vésquez-Elizondo and Enriquez (2016) are available at
https://search.datacite.org/works/10.1594/PANGAEA.860802
(doi: 10.1594/PANGAEA.860802).

Photosynthetic Production Estimations
Total photosynthetic production per individual was calculated by
multiplying thallus photosynthetic rates per area by the estimated
Leaf Area Index of each morphology. For comparison among
coralline growth-forms, we assumed the simplest scenario using
estimates of net photosynthetic production for 1 h at saturation
irradiance (Pmax).

Comparison of Optical Properties among

Different Photosynthetic Structures

Using data from the literature for pigment specific absorption
normalized to chlorophyll a (a*chi,, m? mg Chla™!), we
compared these published values against the variability estimated
for the three coralline species in our study. The aquatic
photosynthetic structures considered in this comparison were
>30 species from Atlantic and Mediterranean coastal habitats,
mostly non-calcifying red algae, characterized by Enriquez et al.
(1994); the amphibious aquatic angiorperm Mentha aquatica
described by Enriquez and Sand-Jensen (2003); the seagrass
Thalassia testudinum characterized by Enriquez (2005); and the
scleractinian coral, Porites branerii documented by Enriquez et al.
(2005). Data from Enriquez et al. (1994) were re-calculated from
original Dggo and Chla values, which allowed estimation of a*cpy,
according to Enriquez and Sand-Jensen (2003) and Enriquez
(2005).

Data Analyses

One-way analysis of variance, ANOVA-test, was used to find
differences among species in their structural and optical
descriptors, after testing for normality and homoscedasticity
assumptions. Pearson correlation coefficients (r) were used to
determine association of variation between log-log transformed,
structural and optical descriptors. Least-squares (LS) regression
analyses of log-log transformed data were used to describe the
associations of variation according to the equation: [log Y =a +
b log X], which allows description of the allometric function [Y
=aXx’].

Analyses of covariance, ANCOVA tests, were also used to
test for significant differences in the intercept or the slope
of the linear LS-regression associations. For testing differences
among species in the covariation between the capacity of light
absorption (absorptance) and pigment density, we used an
exponential model [y = Ay (1-e7P*9)] where A denotes
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maximum absorptance and b is the initial exponential rise of this
association. All statistics were performed using the IBM-SPSS™
Statistics (Statistical Package for the Social Sciences).

RESULTS

The three coralline algae displayed significant differences in
thallus structure and optical properties (Figures 1, 2, Table S1 in
the supporting information, SI). The rhodolith, Neogoniolithon
sp., had the thickest thalli, largest TMA and highest carbonate
content, together with the lowest thallus pigmentation per unit
area and dry weight (Figure 2, Table S1 in SI). In contrast,
the CCA, Lithothamnion sp., had the thinnest thalli, lowest
TMA and highest pigment content normalized to dry weight
(Figures 2C,D). The highest pigment content per area (pigment
density), however, was found in the articulated alga, Amphiroa
tribulus (Figure 2A). Thallus thickness was positively correlated
with TMA and negatively with thallus pigmentation (Table S2 in
SI). Other relationships varied among species, with TMA being
positively correlated with Chla per unit area for all three coralline
species, and positively correlated with total pigmentation per area
only for the rhodolith and CCA. No correlation was observed
between TMA and thallus pigmentation per unit mass (Tables
S2-4, SI).

Transmission absorption spectra showed the typical features
of Rhodophyta, with an absorption band at 620-625 nm for
PC; peaks at 490, 545, and 576 nm for PE; and at 650 nm
for APC. The presence of Chla was evidenced at 430-434 nm
and at its red peak at 680 nm (Figures 3A-C). This Chla red
absorption peak masked PC and APC peaks, which were only
seen for low-pigmented samples. Reflectance spectra showed
opposite features: lower values in the absorption bands of the
photosynthetic pigments (Figures 3D-F) and higher in the non-
absorbing PAR regions. When transforming reflectance spectra
of the rhodolith branches into absorbance values following the
equation D(A)=log[1/R(%)], we observed in the newly calculated
spectra similar absorption bands and peaks to those obtained
directly through transmission measurements (Figure 3C).

The optical descriptors estimated from transmission and
reflectance measurements showed significant differences among
species (Figures 2G-L, Table S1, SI). A higher absorptance was
found for the rhodolith Neogoniolithon sp., whereas the lowest
was shown by the CCA Lithothamnion sp. (Figures 2G,H).
A. tribulus thalli exhibit a more complex optical behavior
with higher absorptance at the upper higher-pigmented side
relative to the lower side (Figures 2G,H). Larger differences were
observed for pigment- and mass-specific absorption coefficients
(Figures 2L L). Pigment specific coefficients, a*pigm and a*cpiqs
were three-fold higher for the rhodoliths relative to the values
shown by the articulated alga and the CCA (Figures 2], Table
S1, SI). In contrast, light absorption efficiency per mass, a*npar
and a*pes0, were three-fold higher for the CCA than for the
rhodoliths. Contrasting differences between both sides of A.
tribulus thalli were also observed for these coeflicients: the upper
side showed similar values to the rhodoliths, whereas the lower
side to the CCA (Figures 2K,L, Table S1 in SI).

All these optical parameters showed species-specific
non-linear associations with coralline structural descriptors
(Figures 4, 5; Tables2, 3). Absorptance (Apar and Acp)
increased non-linearly as total pigmentation or Chla per area
increased to a maximum value, Apax (Figures 4A,B, Table 1).
The CCA Lithothamnion sp. showed the lowest Ap,y despite
its high pigment content, while rhodoliths achieved A,y at the
lowest thallus pigmentation (Figures 4A,B, Table 1).

To better understand these differences, we analyzed the
covariation between pigment absorption efficiency, a*pigm
or a*chle, and pigment density. This analysis showed two
strong, non-linear and negative associations, which highlighted
significant differences among species for this common trend
(Figures 4C,D; Tables 2, 3). The thick and low-pigmented thalli
of the rhodolith Neogoniolithon sp. exhibited higher pigment
absorption efficiency at low pigmentation than the thinner
thalli of the other two species (Figures 4C,D; Table SI in SI).
Furthermore, small changes in pigmentation resulted in larger
variations in a*pigm and a*cpy, for the rhodolith.

On the other hand, thallus pigmentation normalized to mass
showed negative associations with a*pigm and a* cp4, but positive
with mass specific absorption (a*ypar, a*meso; Figures 4E,F;
Tables S2-S4 in SI). These positive associations resulted in
part from a negative colinearity between TMA and thallus
pigmentation (Tables S2-S4 in SI). Specifically, we observed
for TMA: (i) a positive effect on coralline absorptance (Apar
and Acpl,) and on pigment specific absorption (a*pign and
a*chla) (Figures 5A-D; Table 2); and (ii) a negative effect on
the variation of mass specific absorption (a*ympar and a*mesos
Figures 5E,F; Tables2, 3). Interestingly, variation in TMA
was able to explain 45-50% variability analyzed in coralline
absorptance (Figures 5A,B; Table 2). However, such positive
effect of TMA on enhancing light absorption capacity of coralline
thalli was not observed for the intra-specific comparison. On the
contrary, negative associations were found between TMA and
a*pigm, which were significant for rhodoliths and CCA thalli but
not for the articulated alga (Tables 2, 3; Figures 5A-D).

In contrast to the large species-specific component observed
for the associations of variation of pigment specific absorption
(@*pigm and a*cpe), mass specific absorption (a*mpar, @*Meso)
showed a common trend for the three coralline species
investigated (Figures 4, 5). We observed a single non-linear
and negative association with TMA (Figures 5E,F, Tables 2, 3),
which supports the interpretation that the simplest CCA coralline
morphology can achieve the highest a*;; values thanks to its
thin and highly pigmented thalli, whereas the thick and low
pigmented thalli of the rhodolith constrain this morphotype to
low a*\; (Figures 5E,F). In addition, small changes in TMA result
in large variation in a*ypar and a*pego for both, CCA and
articulated alga, whereas the rhodolith exhibited the lowest a*)
and the lowest variation for this optical descriptor.

To better understand the different contributions of TMA
and thallus pigmentation to the variation of pigment and mass
specific absorption, a multiple regression analysis was conducted.
Two quantitative models enable description of this differential
contribution:
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for each growth-form, the central horizontal line represents the median, bars extend to the 95% confidence limits, and open circles represent observations extending
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Lithothamnion sp. (CCA). In (G-L) the purple and blue color corresponds, respectively, to the highly pigmented (HP) and lesser pigmented (LP) sides of the thalli of the
articulated alga. Sample size for the descriptors: rhodoliths n = 54-63, articulated n = 15-19, CCAn = 12.
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Model |

—3.13 £ 0.22 + 0.25 + 0.08* log TMA
—0.78 £ 0.10% log ChlaW(mg gDW 1)
(R? = 0.54,SE = 0.177,n = 106, P < 0.05)

Model Il

log a*cnie =

—0.95 £ 0.10 — 0.53 %+ 0.04*log TMA
+0.24 + 0.05*log ChlaW (mg gDW 1)
(R*> = 0.78,SE = 0.08,n = 88,P < 0.001)

*
log a™Mme80 =

The first model (Model I) indicates that increases in TMA
can offset (positive effect) the strong reduction in pigment
absorption efficiency, a* cpy,, that results from increases in thallus
pigmentation. In contrast, the second model (Model II) supports
the opposite trend on mass specific absorption (a*pes0), as
the decline in a*peg0 caused by increases in TMA, can be
compensated by increases in thallus pigmentation. Therefore,
this quantitative description supports the existence of a morpho-
functional trade-off in the regulation of the optical properties of
coralline algae.

Association of Variation between Optical

Traits and Thallus Photosynthesis
As optical traits are not direct descriptors of thallus
photosynthesis, we examined the association of variation

between optical and physiological descriptors. Significant linear
and positive associations between coralline a*pigm, and a*y and
thallus photosynthetic rates normalized to projected area (R*> =
0.90, P < 0.05; n = 5; Figure S2 in SI), and to dry mass (R?> =
0.92, P < 0.05; n = 5), were observed for the same organisms
measured by Vasquez-Elizondo and Enriquez (2016). To support
the generalization of these associations, however, more species
and coralline morphologies need to be added to this comparison.

Estimates of coralline photosynthetic production require
information about the variation in canopy size, in addition
to knowledge of differences in thallus photosynthetic rates,
as the size of algal canopy significantly contributes to total
photosynthetic production of the whole individual. Algal canopy
size was described in this study by means of the Leaf Area
Index (LAI). Average LAI values for the rhodolith, articulated
alga, and CCA were, respectively, 1.27 £ 0.1, 1.95 £ 0.17 and
1.15 £ 0.01 (Table S1 in SI). According to these values, the
three dimensional-(3D) ramification pattern of the rhodolith
and the articulated alga allow both morphologies to achieve
LAI values above 1, whereas the 2D-structure of the CCA
constrains this growth-form to values close to 1 (Figure 6A).
LAI variability for each species population within the reef lagoon
of Puerto Morelos, however, showed significant differences
(Figure 6B). The articulated alga was the species that constructed
the largest canopies (LAI ~2.5; Figure 6B; Figure S1 in SI),
while variability in LAI was minimal for the CCA associated
with small protuberances on its surface, which explain the
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(A-D) and the common trend found for the three species (E,F).

slightly higher values above 1 estimated for this simple 2D-
morphology. Estimations of photosynthetic production per
individual per hour exhibited large differences among the

three coralline growth-forms (Figure 6C). The articulated alga
Amphiroa tribulus and Neogoniolithon sp. showed the highest
production, while the CCA the lowest.
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DISCUSSION has represented for the development of optical studies. Our

characterization indicates that the optical properties of coralline
This first optical characterization of coralline algae revealed that,  thalli follow similar trends to those previously described for
on average, the three species examined reflected between 10 and  non-calcified photosynthetic tissues of aquatic macrophytes
30% of the incident light, which represent values up to three times ~ (e.g., Enriquez et al, 1992, 1994; Enriquez and Sand-Jensen,
higher than those previously described for non-calcifying tissues ~ 2003; Enriquez, 2005). Increases in thallus pigmentation result
(Lining and Dring, 1985; Bauerle et al., 2004; Enriquez, 2005;  in non-linear declines in pigment absorption efficiency, as
Durako, 2007), but below reflectance of pubescent (Ehleringer  predicted by the “pigment packaging effect” (Morel and Bricaud,
et al., 1976) or stressed (Carter and Knapp, 2001) terrestrial  1981; Kirk, 1994; Enriquez and Sand-Jensen, 2003). However, we
leaves. Such high back-scattering supports the technical also documented significant differences among coralline species
challenge that this important group of marine primary producers ~ for this common trend, with the thickest and less pigmented
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TABLE 1 | Parameters describing non-linear association between absorptance, estimated for the PAR average (Apar) and for the chlorophyll a ~Chla- red peak at 680
nm (Achig), @nd total pigment (mg pigment m—2) and chlorophyll a (mg Chla m—2) densities, respectively.

Growth-form—species R2 Amax b Amax : b

ApaR Rhodoliths —Neogoniolithon sp. 0.33 0.78 + 0.006 0.014 + 0.001 55.7
Articulated —Amphiroa tribulus (HP) 0.85 0.84 + 0.02 0.019 + 0.0002 4421
(LP) 0.5 0.58 + 0.01 0.003 + 0.0006 193.3
CCA - Lithothamnion sp. < 0.05ns

Achia Rhodoliths —Neogoniolithon sp. 0.72 0.87 £ 0.004 0.11 £ 0.005 7.9
Articulated—Amphiroa tribulus (HP) 0.74 0.87 +£ 0.017 0.04 £+ 0.004 21.7
(LP) 0.43 0.77 £ 0.03 0.03 + 0.006 25.6
CCA—Lithothamnion sp. 0.34 0.70 £ 0.02 0.04 + 0.008 17.5

Amax is the maximum absorptance and b is the exponential increase of A with pigment density increases, for the model [y = Amax*(1-€~2)]. The ratio between the Amax and b [Amax: b]
allows estimation of the amount of pigment density required to reach Amax.. HP and LP denote the highly pigmented (upper) and the lesser-pigmented (lower) sides of the thalli of the

articulated algae Amphiroa tribulus.

TABLE 2 | Equations derived from Least Squares (LS) regression analysis of
log-log transformed data, describing the variation of the optical descriptors as a
function of changes in the structural traits of the three coralline algae
characterized in this study: the rhodolith Neogoniolithon sp., the articulated alga
Amphiroa tribulus, and the crustose coralline algae (CCA) Lithothamnion sp.

Equation (log-log) Statistics

log @*pigm = 0.49(£0.12) — (R? =0.87,n =94, SE. =0.13,

1.22(20.04)" log Pigm P <0.001)

log a*cpig = 0.17(0.08) — (R? =0.77,n =106, S.E. = 0.12,
1.11(20.05)* log Chla P < 0.001)

log a*MpaR = —2.97(+0.01) + (R? =0.41,n =96, S.E. = 0.13,
0.64(+0.05)* log PigmW P < 0.001)

log a*Mego = —2.15(+0.08) + (R? =0.45,n =102, S.E. = 0.13,
0.96(£0.06)" log ChlaW P <0.001)

log Apar = —0.85(20.06) + (R? = 0.55,n = 94, S.E. = 0.05,
0.30(£0.02)* log TMA P < 0.001)

log Achia = —0.59(40.04) + (R? =0.51,n =107, S.E. = 0.03,
0.22(+0.01)* log TMA P <0.001)

log @*pigm = —5.51(4:0.37) + (R? = 0.37,n =94, S.E. = 0.30,
1.37(20.12)" log TMA P <0.001)

log a*cpig = —3.26(+0.27) + (R? =0.29, n =107, S.E. = 0.21,
1.03(20.09)* log TMA P < 0.001)

log a*vpaR = —1.19(£0.11) — (R? =0.71,n = 96, S.E. = 0.09,
0.68(+0.03)* log TMA P <0.001)

log a*pego = —0.89(£0.11) — (R? =0.74,n =102, S.E. = 0.09,
0.74(+0.03)* log TMA P <0.001)

Abbreviations and units: total pigment (pigm) density (mg pigm m~2); chiorophyll a (Chia)
density (mg Chla m~2); Total pigment (PigmW) content (mg pigm gDW~") and chlorophyll
a (ChlaW) content (mg Chla gDW="); absorptance for the PAR average (Apar) and for
the Chla red peak at 680 nm (Achia); pigment specific absorption coefficient for the PAR
average (a*pigm; m? mg pigm~") and for the Chia red peak at 680 nm (@*cpa; m? mg
Chla=");mass specific absorption coefficient for the PAR average (a*ypar; m? g DW=)
and for the Chla red peak at 680 nm (a*yeg0; m? g DW=1); Thallus Mass Area (TMA; g
DWm=2).

thalli of the rhodolith Neogoniolithon sp. showing significantly
higher pigment absorption efficiency than the thalli of both the
articulated and CCA species. These differences were explained
through the positive effects of thallus pigmentation and mass
area (TMA) on the capacity (A) and pigment efficiency (a*pigm)
of light absorption, which overcome the negative correlation

between TMA or thallus thickness and thallus pigmentation
(Table S2 in SI), revealing similar trends documented previously
for marine macrophytes (Enriquez et al., 1994) and terrestrial
leaves (Vile et al, 2005). The optical theory developed for
unicells does not yield with this conclusion (Duysens, 1956;
Kirk, 1975, 1976, 1994; Morel and Bricaud, 1981), as this theory
predicts that a*pigm declines with increases in both cell size
and cellular pigment content. Furthermore, the first study that
applied this optical descriptor, a*pigm, to multicellular tissues, the
leaves of an amphibious plant Mentha aquatica, yielded results
similar to unicells, as both parameters, leaf pigment content
and leaf mass area, LMA, were negatively associated with a*pigm
(Enriquez and Sand-Jensen, 2003). The trend documented in our
comparison for three coralline species agrees with the findings
of Enriquez et al. (1994), who compared 90 spp. of macroalgae
and 12 of seagrasses. In that study, the authors concluded that
increases in tissue thickness are more effective for enhancing
absorbance (D) than increases in tissue pigmentation (Enriquez
et al., 1994), attributing the capacity for thick tissues to reduce
“pigment packaging,” to enhanced light scattering within thicker
photosynthetic structures. For coralline algae, increases in thallus
size result from increases in carbonate skeleton thickness. This
implies that coralline skeletons may play and important role
in the regulation of the optical properties of coralline thalli,
as they do in symbiotic corals (Enriquez et al., 2005). This
conclusion, however, is only valid when comparing different
coralline morphologies, as within each species we observed the
same trend documented for unicells and the leaves of Mentha
aquatica (Duysens, 1956; Kirk, 1975, 1976, 1994; Morel and
Bricaud, 1981; Enriquez and Sand-Jensen, 2003). According to
all these findings, increases in skeleton thickness or TMA of
coralline thalli may yield a morphotype with reduced pigment
packaging, but it does not completely offset this phenomenon,
as within any given morphology, increases in pigmentation
still induce non-linear declines in pigment absorption
efficiency.

Incorporating data from previous studies into the coralline
interspecific a*cpj, analysis, we observed that the rhodolith
Neogoniolithon sp. had an average value similar to the
Rhodophyta a* cpj, mean recalculated from Enriquez et al. (1994)

Frontiers in Marine Science | www.frontiersin.org

11

September 2017 | Volume 4 | Article 297


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Vasquez-Elizondo and Enriquez

Light Absorption in Coralline Algae

TABLE 3 | Slopes and intercepts of the linear associations (log-log transformed data) between the structural and optical descriptors of the three coralline species
characterized in this study: the rhodolith Neogoniolithon sp., the articulated alga Amphiroa tribulus (both sides) and the crustose coralline (CCA) Lithothamnion sp.

y, X trait Growth-form Slope Intercept R2 n SE P
&"pigm Vvs. Pigm Rhodoliths —0.88 + 0.03 —0.22 £ 0.09 0.89 57 0.05 <0.001
Articulated HP —0.55 + 0.31 —1.56 £ 0.10 0.64 13 0.06 0.001
Articulated LP —0.86 + 0.10 —-0.59 £ 0.28 0.89 12 0.06 <0.001
CCA —0.97 £ 0.29 —0.34 + 0.31 0.87 12 0.08 <0.001
a*chia Vs. Chla Rhodoliths —0.78 £ 0.03 —0.14 £ 0.05 0.86 62 0.05 <0.001
Articulated HP —0.59 + 0.06 —0.62 + 0.11 0.81 18 0.05 <0.001
Articulated LP —0.63 + 0.09 —-0.77 £ 0.17 0.73 14 0.06 <0.001
CCA —0.78 + 0.08 —0.44 £ 0.15 0.89 12 0.04 <0.001
a*MpAR Vs. PigmwW Rhodoliths 0.50ns
Articulated HP 0.68 + 0.15 —-2.8+0.04 0.32 15 0.10 0.026
Articulated LP 0.51 £ 0.12 —3.07 £0.33 0.41 12 0.09 0.023
CCA 0.33ns
a*meso Vs. ChlaW Rhodoliths 0.65 £ 0.07 —2.65 £ 0.09 0.18 63 0.09 0.001
Articulated HP 1.17 £ 0.20 —1.68 £ 0.22 0.65 14 0.07 0.001
Articulated LP 1.14 £ 0.27 —2.12 £ 0.31 0.36 13 0.1 0.001
CCA 0.28ns
a*pigm vs. TMA Rhodoliths —1.683 £ 0.15 0.87 £ 0.51 0.41 57 0.12 <0.001
Articulated HP 0.93ns
Articulated LP 0.80ns
CCA —1.34 £ 0.32 0.70 £+ 0.86 0.41 12 0.18 0.023
a*chia vs. TMA Rhodoliths —1.43 £ 0.15 1.004 + 0.51 0.24 63 0.12 0.001
Articulated HP —-1.18 £ 0.14 1.06 + 0.43 0.70 18 0.07 0.001
Articulated LP —0.95 £ 0.21 0.046 + 0.63 0.41 13 0.09 0.013
CCA -0.81 £ 0.15 —0.97 £ 0.39 64 12 0.08 0.002
a*MpaR Vs. TMA Rhodoliths —0.97 £ 0.07 —0.44 £ 0.23 0.69 57 0.05 <0.001
Articulated HP —1.002 £ 0.16 —0.41 £0.48 0.65 15 0.07 0.001
Articulated LP —-1.1+£0.19 —0.31 £0.58 0.68 12 0.07 0.001
CCA —0.86 + 0.13 -0.75 £ 0.34 0.76 12 0.07 <0.001
a*veso vs. TMA Rhodoliths —0.99 + 0.08 -0.58 £ 0.27 0.54 63 0.07 <0.001
Articulated HP —-1.18 £ 0.2 —0.10 £ 0.59 0.64 14 0.07 0.001
Articulated LP —1.37 £ 0.26 -0.18 £0.78 0.59 13 0.09 0.002
CCA —0.81 + 0.09 —-0.59 +£0.24 0.87 12 0.05 <0.001

Abbreviations and units as described in Table 2.

data (Figure 7). Both average a*cypy, values for the rhodolith
(this study) and Rhodophyta (data from Enriquez et al., 1994)
were significantly above the averages estimated for Amphiroa
tribulus and the CCA (Figure 7). Interestingly, the scleractinian
coral P. branneri was, as predicted by Enriquez et al. (2005),
the photosynthetic structure with the highest a*cy),, whereas the
leaves of the two aquatic higher plants showed similar a*cypy,
averages to, respectively, A. tribulus (T. testudinum) and the
CCA (M. aquatica). To better understand these interspecific
differences, we analyzed the associations of variation between
a*chle and chlorophyll a density (Figure 7B). This inter-specific
comparison revealed that the diverse group of red algae (34
spp.) characterized by Enriquez et al. (1994) displayed the largest
variability within this association. Most of the species examined
in that study were non-calcifying thalli, although 5 spp. were
also corallines belonging to the genus Peysonnelia and Jania.
It is remarkable that the three species characterized here were

among the Rhodophyta with the highest a*cyy, (Figure 7B),
as supported by an ANCOVA test (intercept t-test p < 0.01;
Rhodophyta intercept = —0.69 % 0.10; corallines intercept =
0.17 & 0.08 in Table 2). No differences were found, however,
for the slopes of these associations (slope t-test p > 0.05).
Values for the coral Porites branneri from Enriquez et al. (2005)
showed a trend similar to that of rhodoliths (ANCOVA, t-test
P > 0.05). The low chlorophyll a density of the symbiotic coral
explains its high a* ¢y, average (Figure 7). Rhodoliths and CCA
showed significant differences for this trend (ANCOVA, intercept
t-test, p < 0.01, Table 3), supporting the notion that coralline
algae with thicker thalli and higher TMA can reduce “pigment
packaging” more efficiently, developing structures with higher
a*pigm for similar thallus pigmentation. Yet, this comparative
analysis supports the conclusion that the presence of highly
reflective structures (i.e., coralline carbonate skeletons) plays a
key role in thallus optics of multicellular photosynthetic tissues,
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FIGURE 6 | Variation of the Leaf Area Index (LAl) in the three growth-forms of coralline algae characterized in this study. (A) Box plot describing LAl variability for each
coralline growth-form; (B) variation of LAl as a function of coralline algal size in g DW; (C) estimated photosynthetic production for each coralline growth-form for 1 h
assuming a constant Pmax (nmol Oo cm—Q). Photosynthetic data were derived from Vasquez-Elizondo and Enriquez (2016). For (A): Boxes encompass the 25 and
75% quartiles of all data, the central horizontal line represents the median, bars extend to the 95% confidence limits, and open circles represent observations
extending beyond the 95% confidence limits. Solid lines in (B) correspond to a power function fit [y = a*xb]. Colors denote: pink for the rhodolith Neogoniolithon sp.;
purple for the articulated alga Amphiroa tribulus; and gray for the crustose coralline (CCA) Lithothamnion sp. Error bars in (C) correspond to SE (n = 6).
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FIGURE 7 | Inter-specific variation of pigment specific absorption for the Chla red peak (a*cp,) across different aquatic photosynthetic structures: (A) Box plot
showing a*cp, Vvariation for the different species characterized; and (B) log/log variation of a*cp5 @s a function of changes in chlorophyll a density (mg Chla m’z).
Data from: Corallines (this study); Rhodophyta (Enriquez et al., 1994); Mentha aquatica (Enriquez and Sand-Jensen, 2003); coral Porites branerii (Enriquez et al.,
2005); Thalassia testudinum (Enriquez, 2005). Trend lines in (B) correspond to power function fits [y:a*xb] for: (1) Rhodophyta and T. testudinum (bottom trend line)
and, (2) corallines (rhodoliths, articulated and CCA), Porites branerii and Mentha aquatica. LS regression analysis of the log-log transformed data: For fit (1), log
a'pigm = —0.69 (+ 0.10) - 0.63 (+0.08)" log Chla (R? =0.76,n = 26, SE = 0.21, P < 0.001; for fit (2), log a'pigm = —0.15 (+ 0.07) - 0.91 (+0.04)* log Chla R? =
0.68,n =123, SE = 0.15, P < 0.001).

through enhancing the efficiency with which photosynthetic ~ negative association between this optical descriptor and coralline
pigments collect solar energy. Accordingly, we may explain why =~ TMA, in accordance with previous analyses (Enriquez et al.,
the leaves of the seagrass Thalassia testudinum showed a similar ~ 1994; Enriquez and Sand-Jensen, 2003). Significant differences
positive effect of LMA on a*cyy, (Enriquez, 2005) in contrast  for the effect of TMA on a*\ variation were also found among
to the opposite trend reported for the thinner leaves of Mentha  the three coralline species. Both, CCA and the articulated alga
aquatica (Enriquez and Sand-Jensen, 2003), as the seagrass leaves ~ showed the highest a*); values and the largest reductions in a*y
produce oxalate crystals within the pigmented epidermal cells  as TMA increases. Rhodoliths, in contrast, had the lowest a*y
(Dobbs et al., 2004), and also present the ability to precipitate  and a reduced sensitivity to change a*y with TMA variation.
aragonites crystals within their cell walls (Enriquez and Schubert, ~ Therefore, our comparison also supports the utility of a*y
2014). to quantify functional differences among species, although we

With respect to the variation of light absorption efficiency per ~ agree with Falkowski et al. (1985) and Ramus (1990), that this
mass (a*m), we observed in the present comparison a strongand ~ parameter is a mathematical construction as only photosynthetic
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pigments have a real absorption cross-section. Mass or carbon
specific absorption has been proposed as a functional descriptor
for the efficiency of the photosynthetic light collector to return
the energy collected to structural mass or carbon (Ramus, 1990;
Enriquez et al., 1994; Enriquez and Sand-Jensen, 2003). Our
study supports this interpretation but also the existence of a
potential trade-off between both optical traits (a* and a*yp).
According to this trade-off, species with thick structures, low
pigmentation and high TMA can reduce pigment content and
thus the amount of nitrogen required to build the light collector
(high a*pigm) at the expense of increasing its structural costs
(carbon) and diminishing the return of the solar energy collected
into new structural carbon (lower a*j). In contrast, thin and
cheap photosynthetic structures can minimize the structural
costs of their thalli and maximize carbon return (higher a*y), at
the expense of increasing “pigment packaging” (lower a*cy),) and
the construction costs of the photosynthetic apparatus in terms of
pigment and nitrogen investments. The first strategy, represented
by the rhodolith Neogoniolithon sp., would be an optimal solution
for colonizing oligotrophic and highly illuminated environments,
while the second option, represented by the CCA Lithothamnion
sp., would maintain positive carbon balances under extremely
low light conditions within the reef framework. The ecological
and/or evolutionary success of the articulated alga Amphiroa
tribulus, which combines both strategies in a specialized bifacial
thallus, may not depend on its complex thallus optics, but on
its ability to construct large 3D-canopies. We estimated for A.
tribulus intermediate values in thallus light absorption efficiency,
metabolic rates and TMA, but photosynthetic production per
individual was as high as that of the rhodolith, thanks to
its ability to form one the largest light collectors at the
organism/canopy level. For the quantification of the size of the
light collector of the whole organism, we used a parameter, LAI,
common in terrestrial plant ecology, but not so common in
marine ecology, although it has been successfully applied for
the characterization of seagrass habitats (Olesen et al., 2002;
Enriquez and Pantoja-Reyes, 2005; Collier et al., 2007). Seagrass
LAI can explain changes in the magnitude of leaf self-shading
within seagrass beds (Enriquez and Pantoja-Reyes, 2005) and
leaf photoprotection (Schubert et al., 2015). In addition, LAI has
been successfully applied to understand the response to depth
of Jania adherens in association with a sponge (Enriquez et al.,
2009). Our comparison provides new support for the functional
relevance of LAI to characterize benthic communities in marine
habitats.

In summary, by enhancing a*cp, the rhodolith
Neogoniolithon sp. not only produces a more efficient light
collector under nutrient limitation, but a more productive
thallus with high photosynthetic rates per area. In contrast,
the structurally cheap and simple crustose 2D-morphology
of Lithothamnion sp. allows maximizing thallus efficiency for
energy collection per structural mass. Thereby, this growth-
form allows maintaining positive carbon balances under
the extremely limited light conditions that occur within the
coral reef framework, insuring species survival. The third
growth-form represented by the articulated alga Amphiroa

tribulus, is able to compensate for its intermediate optical and
photosynthetic thallus capabilities, by constructing large light
collectors (canopies). In our simulation, this species achieved
values of photosynthetic production per organism similar to
the rhodoliths despite its lower thallus photosynthetic rates.
Yet, the capacity to construct complex 3D-canopies explains
the higher productivity of the rhodolith Neogoniolithon sp.
and Amphiroa tribulus, while algal production of the simplest
crustose 2D-morphology of Lithothamnion sp. depends entirely
on thallus photosynthesis. Neogoniolithon sp. colonizes open
areas within the reef seagrass bed, whereas A. tribulus and
Lithothamnion sp. require a fixed substrate within the coral reef
community. The low light specialist Lithothamnion sp. grows
on cryptic habitats within the coral reef framework, while the
weak canopy of A. tribulus finds the appropriate niche within
the protection provided by colonies of the lettuce coral Agaricia
agaricites (Figure S1 in SI). Our analysis, therefore, supports
the utility of optical traits in marine ecology, as powerful tools
to investigate differences in competitive abilities, morpho-
functional constraints, abundances and niche distribution
among algal species and growth-forms.
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