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This study aims to develop a methodology to predict the absorption cross-section of colonial microalgae such as
those of the Volvocaceae family including Eudorina, Pleodorina, and Volvox consisting of an ordered assembly of
large and optically soft absorbing cells embedded within a non-absorbing spherical extracellular matrix (ECM).
The absorption cross-section of spherical colonies, such as Eudorina, containing 16, 32, and 64 equidistant
photosynthetic cells distributed on the surface of a sphere within a concentric spherical ECM was predicted by
the superposition T-matrix method for ECM size parameters as large as 500 and by the Monte Carlo ray-tracing
(MCRT) method for ECM size parameters as large as 900. The predicted absorption cross-sections given by the
two methods were in excellent agreement despite the fact that the conditions for geometric optics were not
rigorously satisfied. The absorption cross-section of the microalgae colonies considered was found to increase
with increasing cell radius, absorption index or cell pigment concentration, and/or number of cells. Shading
among cells decreased the mass absorption cross-section and was increasingly important for colonies with
strongly absorbing cells, large cell radius, and/or large number of cells. These results demonstrate that ac-
counting for shading effects is necessary to accurately predict the absorption cross-section of microalgae colonies.
Furthermore, the study demonstrated that the MCRT method is an accurate and efficient method for modeling
light absorption by an ensemble of many large, ordered, and optically soft particles. Finally, the impact of colony
formation as well as pigment and biomass concentrations on the local (LRPA) and mean (MRPA) rates of photon
absorption within a microalgae culture was also assessed. At low biomass concentrations, the LRPA and MRPA
decreased in the presence of colonies. This effect was more pronounced at higher pigment concentrations.

1. Introduction Microalgae colonies such as Eudorina, Pleodorina, and Volvox have

been studied extensively due to their negative impact on aquatic eco-

Photosynthetic microorganisms or microalgae are found in diverse
forms including unicellular and multicellular organisms as well as col-
onies. For example, colonial green microalgae Eudorina, Pleodorina, and
Volvox in the Volvocaceae family, consist of an ensemble of independent
and nearly equidistant unicellular photosynthetic cells embedded in an
extracellular matrix (ECM) made of glycoprotein [1]. The cells are
considered close relatives of the unicellular green microalgae Chlamy-
domonas [2]. In these colonial microalgae, cell division no longer results
in unicellular individuals but instead leads to so-called autocolonies
[1,3,4]. Fig. 1 shows micrographs of (a) free floating Chlamydomonas
reinhardtii, (b) Eudorina elegans, (c) Pleodorina californica, and (d) Volvox
aureus.
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systems [5-9] and on water treatment plants [10,11]. Indeed, their
ability to reproduce rapidly in nutrient-rich water often leads to the
formation of scum on the water surface [5]. This excessive growth may
(a) change the taste and odor of public water supplies [10,11], (b)
interfere with the filtration process of water treatment plants [10], and
(c) threaten the survival of other aquatic species by depleting their
nutrient and oxygen supplies [6,8]. These issues have drawn significant
interest among limnologists, environmental agencies, water authorities,
and human/animal health organizations to effectively monitor phyto-
plankton blooms in rivers, lakes, ponds, and coastal and open oceans
using satellite remote sensing [12,13]. In fact, remote sensing tech-
niques are widely used to detect, identify, and monitor harmful algal
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blooms by monitoring spatiotemporal changes in Chlorophyll a (Chl. a)
concentration maps obtained using multispectral imaging [12,13]. To
do so, Chl. a concentration maps are produced by fitting the measured
spectral reflectance with a theoretical model based on some solution of
the radiative transfer equation using the radiation characteristics of
microalgae and colonies and in particular their absorption cross-section
[14-16].

Moreover, colony-forming microalgae species have been used in a
wide range of biotechnological applications. For instance, microbial
proteins derived from Volvox carteri which respond to photostimulation
by yellow light have been studied for potential application in opto-
genetics [17]. Furthermore, flocculation in non-colony forming micro-
algae such as Chlamydomonas reinhardtii can be induced by heterologous
expression of a cell adhesion molecule also found in Volvox carteri [18].
Additionally, Eudorina elegans has been studied for its potential use in
phycoremediation. Indeed, the high levels of surface mucilage present
on the surface of the ECM of Eudorina elegans enable superior absorption
of heavy metals such as copper compared to single cell species such as
Chlorella vulgaris [19]. Eudorina elegans has also been used as part of a
biosensor featuring a consortium of microalgae strains immobilized on a
permeable membrane for real-time monitoring of water-soluble herbi-
cides [20].

For all such applications, efficient cultivation of colony-forming
microalgae is essential. Cultivation typically occurs in photo-
bioreactors (PBRs) where operational parameters such as temperature,
pH, and nutrient availability can be controlled. Maximum PBR pro-
ductivity occurs in the light-limited regime, wherein these parameters
are maintained at their optimum and culture growth depends only on
the quantity of photons absorbed by the cells [21]. The latter is repre-
sented by the local rate of photon absorption (LRPA) in pmol,, g~ 1s7! at
a given culture depth [21]. The LRPA depends on a variety of opera-
tional and design factors such as the PBR geometry, culture depth, cell
concentration, and incident photosynthetic photon flux as well as the
radiative properties of the microalgae species being cultivated, i.e., their
scattering and absorption cross-sections and scattering phase function
[22]. However, microalgae cells tend to be strongly forward scattering
due to their relatively large size compared to the wavelength of light in
the photosynthetically active radiation (PAR) region. Thus, previous
studies have demonstrated that the LRPA can be accurately estimated
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using only the absorption cross-section [22,23]. Thus, predicting the
absorption cross-section of microalgae cells and colonies is sufficient for
predicting, optimizing, and controlling the biomass growth in PBRs.

The absorption cross-section of microalgae in suspension has been
determined either experimentally [16,22,24-28] or numerically
[16,29-35]. Experimental methods can account for the actual shape and
size distribution of microalgae in suspension. For example, Kandilian
et al. [22] used an inverse method to retrieve the average spectral ab-
sorption cross-section of microalgae from measurements of the normal-
hemispherical transmittance and reflectance of a cuvette containing a
polydisperse suspension of quasi-spherical microalgae. However, a
microalgae suspension will contain colonies of varying maturity
featuring different numbers of cells per colony and colony and cell
radius, making it difficult to isolate the influence these parameters on
the colony absorption cross-section. Furthermore, such methods are
only valid for specific growth conditions and can be time-consuming and
expensive as they require sophisticated equipment [36].

Numerical studies predicting the radiation characteristics of particle
aggregates have used the superposition T-matrix method [37], the
Monte Carlo ray-tracing (MCRT) method [35,38,39], the generalized
multi-particle Mie method [40], the volume integral method [41], or the
hybrid finite element-boundary integral method [42]. Specifically, the
superposition T-matrix method has been used to predict the radiation
characteristics of multicellular cyanobacteria [32,33] and fractal
microalgae colonies [34]. However, this method can be prohibitively
resource-intensive when the number of particles and/or their size is
large. Thus, these studies only considered cells with relatively small size
parameters x of less than 20. Here x is defined as x = 2zr/A with r being
the radius of the particle (e.g., the microalgae cells) and 1 being the free
space wavelength of the incident radiation. However, a colony of
Eudorina elegans, for example, consists of 16, 32, or 64, equidistant
reproductive cells, 5-10 pm in radius, embedded in an ECM with radius
ranging from 45 to 75 pm depending on the maturity of the colony
[4,43-45]. Then, the size parameters corresponding to the cell and ECM
radii can range from approximately 40 to 90 and 400 to 1200, respec-
tively, over the PAR region from 400 to 750 nm.

Our previous study [35] compared the average absorption cross-
sections of suspensions of free-floating single cells or fractal colonies
of Botryococcus braunii cells measured experimentally and predicted by

Fig. 1. Micrographs of members of the Volvocaceae family and its close relatives: (a) free floating Chlamydomonas reinhardtiit, (b) Eudorina elegans’, (c) Pleodorina
californica’, and (d) Volvox aureus. TReproduced with permission from Prof. Yuuji Tsukii (Hosei University, http://protist.i.hosei.ac.jp/). The micrograph of Volvox

aureus was imaged in our laboratory.
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the MCRT method. Colonies were modeled as fractal aggregates of
spherical cells of radius r. = 3.71 pm. Colonies embedded in a non-
absorbing spherical ECM with radius rgcy were also considered. The
MCRT method was shown to accurately model absorption by fractal
colonies with cell size parameter x = 10 and up to 25 constituent cells
and cell size parameter x =20 and up to 16 constituent cells by
comparing its predictions with those from the T-matrix method. Note
also that the scattering cross-section of fractal colonies of optically soft
cells could not be predicted using the MCRT method [35]. Indeed, large
optically soft particles, such as microalgae cells and colonies, fall under
the anomalous diffraction scattering regime wherein the scattering ef-
ficiency factor Qs,, remains dependent on diffraction and interference
effects [46,47]. However, these phenomena cannot be captured by the
MCRT method since it neglects wave effects. Overall, the experimental
measurements showed that the mass absorption cross-section (in
m?kg™1) of B. braunii was much smaller for a culture containing colonies
than for one containing only single cells. Part of this decrease was
attributed to the lower pigment concentration in the culture with col-
onies present. However, for a given pigment concentration, the MCRT
also predicted a decrease in the average mass absorption cross-section of
colonies with increasing number of cells N due to mutual shading
among cells. To assess the impact of cell arrangement colonies modeled
as an ensemble of spheres embedded at the periphery of a spherical ECM
were also considered. Interestingly, the impact of mutual shading on the
average mass absorption cross-section was similar for both cell ar-
rangements despite differences in the volume fraction f, = Ncrd/riq,
occupied by the cells ranging from 0.83 to 0.98 for fractal colonies and
from 0.14 to 0.41 for ordered spherical colonies. This suggests that
mutual shading may impact the average cell absorption cross-section
even at low volume fractions f, like those observed for Volvocaceae
including Eudorina for which f, ranges from 0.04 to 0.15 [4,43].

This study aims to predict, for the first time, the spectral absorption
cross-section of microalgae colonies of the genus Eudorina as a repre-
sentative case. As a member of the Volvocaceae family, Eudorina shares
similarities with a variety of other colonial microalgae in terms of cell
size, structure, and colony structure [2,48]. Furthermore, among the
Volvocaceae, the morphology of Eudorina colonies represents an average
case in terms of colony radius and number of constituent cells [48,49].
To predict their absorption cross-section, these colonies were repre-
sented as large, absorbing, optically soft (i.e., weakly refracting) equi-
distant monodisperse spherical cells embedded at the periphery of a
refracting but non-absorbing spherical extracellular matrix. The MCRT
method was first validated by comparing, whenever possible, its pre-
dictions of the absorption cross-section of an ensemble of optically soft
particles with those by the superposition T-matrix method. It was then
used to simulate absorption in the PAR region for realistic colony di-
mensions where the superposition T-matrix method could not be used
due to the excessively large cell and ECM size parameters. The effects of
the absorption index, radius, and number of photosynthetic cells in the
colonies were investigated to gain a better understanding of their
interaction with light and of the importance of shading effects.

2. Analysis
2.1. Problem statement

Eudorina colonies are comprised of 16, 32, and 64 photosynthetic
cells approximately equidistant and arranged at the periphery of a
spherical ECM. A detailed discussion of the morphologies and the
number of cells in these colonies can be found elsewhere [4,43-45] and
need not be repeated. Fig. 2 depicts a representative case of the idealized
morphology of a Eudorina colony for the purpose of simulating their
interaction with light. Here, the colony consisted of a large spherical
ECM of radius rgcy = 60 pm encompassing N = 64 monodisperse
equidistant spherical reproductive photosynthetic cells of radius r. = 8
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Fig. 2. Schematic of the simulated idealized colony of Eudorina comprised of
N, = 64 photosynthetic cells with complex index of refraction m. = n. + ik and
radius r, = 8 pm embedded within a non-absorbing extracellular matrix (ngcm)
of radius rgey = 60 pm surrounded by non-absorbing medium ().

pm. These dimensions were chosen based on experimental observations
reported in the literature [4,43-45], as previously discussed. In general,
the colonies simulated contained 16, 32, or 64 cells corresponding to cell
volume fractions f, equal to 0.04, 0.08, and 0.15, respectively. Cell
radius r, ranged from 5 to 13 pm. The ECM radius rgcy scaled with the
cell radius r, such that the volume fraction f, was constant for a given
number of cells N, and equal to that of the colony shown in Fig. 2, i.e.,
recm = (60/8)r.. The centers of the cells were located on the surface of
an inner concentric sphere of radius r; = rgcy — 1. Their positions were
generated using a program developed for uniform triangular tessellation
of sampling points on the surface of a sphere [50].

The refractive index of the non-absorbing surrounding medium n,
was assumed to be that of water, i.e., n,, = 1.333 [51]. The refractive
index of the non-absorbing ECM was taken as ngcy = 1.36 corresponding
to glycoprotein hydroxyproline [49,52], one of the main constituents
found in the ECM of Volvocaceae [53]. Unless otherwise noted, the
complex index of refraction of the photosynthetic cell was taken asm, =
n. + ik, = 1.355+ i0.004. These values were representative of various
microalgae species around the Chlorophyll a absorption peak in the PAR
region [16,27,34]. Note that in the PAR region, the absorption index k.
of photosynthetic microalgae cells, including C. reinhardtii, is typically
less than 0.007 [16,27,34]. The resulting relative refractive index of the
ECM was ngcy/nm = 1.0203 and that of the cells was m./ngcy =
0.9963 + i0.003, corresponding to optically soft scatterers. The size
parameter Xgcy = 2argcy /A of the simulated colonies ranged from 500
to 900.

2.2. Prediction of radiation characteristics of microalgae colonies

The absorption cross-section Ca (in pm?) of the ensemble of spheres
was predicted using either the superposition T-matrix code developed by
Mackowski and Mishchenko [54] or the Monte Carlo ray-tracing method
developed in Ref. [35]. The T-matrix method and algorithm have been
described in detail in Refs. [54-56] and need not be repeated. In brief,
the superposition T-matrix method estimates the scattered electromag-
netic (EM) field from an ensemble of spheres by superposing the scat-
tered EM fields from each of the constituting spheres or monomers
[55,56]. Initially, the vector spherical harmonic expansion of the scat-
tered and internal EM fields of each sphere is written about the sphere's
origin. The EM field incident on each sphere consists of the external
incident field reaching the sphere and the scattered fields from all other
spheres in the ensemble. Then, the system of equations for unknown
scattering coefficients is inverted to obtain the T-matrix [55,56]. Finally,
using an analytical rotation transformation rule to integrate the incident
EM field over every propagation direction, the unitless scattering Qscq
and extinction Q. efficiency factors are obtained from operations on
the T-matrix [55,56]. Then, the absorption efficiency factor Qg is given
bY Qabs = Qext — Qsca-

The Monte Carlo ray-tracing method (MCRT) models light transfer
through an ensemble of spheres and colonies by tracking a large number
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of discrete photon bundles or “rays”. This method is valid when the size
parameter x and phase shift parameter [m — 1|x of the scatterer are much
larger than unity and geometric optics prevails, i.e., x>1 and |m—
1lx>>1, where m is the relative complex index of refraction of the
absorber/scatterer. The method and algorithm have been described in
detail in Ref. [35] and need not be repeated. In brief, the path of each
incident ray was tracked through the colony. At each medium/ECM and
ECM/cell interface the probability of reflection or refraction was
determined by Fresnel's equations and the direction of the refracted rays
by Snell's law. The ray path length I, through the absorbing cells was
recorded and used to calculate the transmissivity 7 for a given ray path
according to 7 = exp( — ;) where the cell absorption coefficient «. (in
m 1 is given by k. = 4rnk./A. Then, a random number between 0 and 1
was generated and compared to the value of 7 to determine if the ray was
absorbed or transmitted. The number of rays Ny, absorbed by the colony
and the total number of rays Nj, incident on the colony were counted to
obtain the absorption efficiency factor Qg given by

Nabx
N;

Oups = (€Y)

Here, the number of rays Nj, sufficient to achieve numerical conver-
gence was 10° (see Fig. S1 in Supplementary Materials). In both
methods, the absorption cross-section Cgs of the colony can be calcu-
lated from the computed absorption efficiency factor Qs according to
[571]

Cabs = Qabs” ’%CM (2)

Finally, the mass absorption cross-section Ag, (in mzkg'l) can be
calculated using the colony absorption-cross section Cgs according to
[35,58]

Cabsi

VP (1 — X )N ®

Aubs,/l =

where V is the cell volume, pg, is the dry material density of biomass
taken as 1350 kg m™, and x, is the cell water fraction taken as 0.78.
These values were taken from the literature for C. reinhardtii due to its
close genetic relation to Eudorina [2,48,49].

As discussed previously, the superposition T-matrix method can be
resource-intensive, particularly as the size of the colony and/or the
number of photosynthetic cells therein increases. Indeed, the amount of
RAM required to predict the absorption cross-section Cg,s of Eudorina
colonies via the T-matrix method increased exponentially with
increasing ECM rgcy and/or cell r, radius for a given wavelength 4 (see
Fig. S2 in Supplementary Materials). Therefore, the maximum ECM size
parameter simulated by this method was limited computationally to
Xxgcm < 500 which required up to 2.6 TB of RAM. On the other hand, the
MCRT method could simulate colonies with larger ECM size parameters
using a personal computer with an 8-core CPU and 8 GB of RAM.

3. Results and discussion
3.1. Numerical validation

Fig. 3 compares the absorption cross-section Cg, (in pm?) of an
ensemble of 64 equidistant spherical cells distributed on a concentric
sphere surface within a non-absorbing spherical ECM, analogous to the
colonies described previously, predicted by the superposition T-matrix
and by the Monte Carlo ray-tracing methods as a function of the cell r,
and ECM rgey radii such that rgcy = (60/8)r, as previously discussed.
The wavelength 1 of the incident radiation was equal to 676 nm. The size
parameters of the cell x. and of the ECM xgcy ranged from 0.13 to 67 and
from 1 to 500, respectively. Here, the cell phase shift parameter |m — 1|
x. ranged from 4.8 x 10~* to 0.25 and the ECM phase shift parameter |
m — 1|xgcy ranged from 0.02 to 10. Fig. 3 demonstrates that the
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Fig. 3. Validation of the Monte Carlo ray-tracing (MCRT) method in predicting
the absorption cross-section Cgs of an ensemble of 64 cells as a function of ECM
reem and cell r; radius with rgey = (60/8)r, against predictions by the super-
position T-matrix.

absorption cross-section Cg,s predicted by the superposition T-matrix
method and by the Monte Carlo ray-tracing method were in excellent
agreement. In fact, the relative difference between the two methods was
less than 2.2 % over the simulated range of cell r, and ECM rgcy radii.
This was the case despite the fact that the superposition T-matrix
method accounted for diffraction effects while the MCRT method did
not. This suggests that diffraction effects did not impact light absorption
by an ensemble of optically soft spheres, despite playing an important
role in their scattering cross-sections. Indeed, due to diffraction effects,
the scattering cross-section of the colonies simulated in Fig. 3 could not
be predicted by the MCRT, as illustrated in Fig. S3 of Supplementary
Materials. This observation was also made for colonies consisting of
fractal aggregates of cells in a spherical ECM, as previously discussed
[35].

Overall, these results validate the MCRT method for modeling light
absorption by an ensemble of optically soft spheres even though the
conditions for which geometric optics is valid were not rigorously
satisfied, namely x>1 and |m— 1|x>>1. This indicates that the MCRT
method can serve as an alternative to the superposition T-matrix method
for modeling light absorption by an ensemble of large optically soft
spheres. Here, the MCRT method was used to predict the absorption
cross-section of Eudorina colonies over the PAR region since their ECM
size parameter xgcy exceed 900 and was prohibitively large for the su-
perposition T-matrix method.

3.2. Effect of shading

Fig. 4a plots the absorption cross-section Cgs predicted by the MCRT
method as a function of the radii rgcy of the ECM and r, of the cells for
Eudorina colonies with 16, 32, and 64 constituent cells. The wavelength
4 of the incident radiation was equal to 678 nm corresponding to one of
the absorption peaks of Chlorophyll a. Fig. 4a indicates that the pre-
dicted absorption cross-section Cgps increased with increasing cell
number N, and radius r.. This was due to the associated increase in the
volume of absorbing substance (i.e., the cells) and in the projected area
ar2,, of the colony. Fig. 4b plots the colony mass absorption cross-
section Cgs normalized with respect to the product of the number of

cells N; and the absorption cross-section C¢; of a culture featuring single
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Fig. 4. (a) Absorption cross-section Cgs of Eudorina colonies and (b) normal-
ized mass absorption cross-section Cgps/N:CS. = Aaps/AS,, predicted by the
Monte Carlo ray-tracing method as functions of the ECM rgcy and cell r. radii

for Eudorina colonies with number of cells N, equal to 16, 32, and 64.

cells of radius r, coated with an ECM shell of radius rgcy equal to that of
the colonies. The single cells were considered to be within an ECM for
normalizing the colony absorption cross-section so as to account for
reflection and refraction at the medium/ECM interface. Note that a ratio
of Caps /N.CS5, . = Aaps /ASS, equal to unity would indicate that the colony
absorption cross-section is unaffected by colony formation. In this case,
the absorption cross-section Cgs can be approximated as the sum of the
absorption cross-sections of the constituent cells, i.e., Csps = N.CZ.
Then, mutual shading among cells in the colony would be negligible.
This was approximately the case for colonies with N, = 16 where cells
were the least densely packed. However, for colonies with a number of
cells N, > 32, the ratio Cos/N:.C5, = Agps /A%, was less than unity and
decreased with increasing number of cells N, for given cell r. or ECM
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recym radii. Indeed, compared to a single coated cell, individual cells in a
colony with N, = 64 absorbed, on average, up to 23 % less light due to
mutual shading among cells. Finally, the ratio Cays/Nc.Co, = Aaps /A%,
also decreased with increasing cell radius r.. This observation indicates
that the impact of mutual shading was stronger for larger cells (see

Fig. 4a) since absorption is a volumetric process.
3.3. Eudorina spectral absorption cross-section

Fig. 5a plots the spectral absorption cross-section Cg; , over the PAR
region for Eudorina colonies with 16, 32, or 64 constituent cells with
ECM radius rgcy = 60 pm and cell radius r. = 8 pm (Fig. 2). The spectral
absorption cross-section of a single coated cell C is also shown for
reference as N, = 1. Here, the spectral absorption index k. ; of the cells
was estimated according to [36,58]
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Fig. 5. (a) Spectral absorption cross-section Cgs; and (b) spectral mass ab-
sorption cross-section Ag,; of Eudorina colonies over the PAR region for rgcy =
60 pm and r, = 8 pm and number of cells N, equal to 1, 16, 32, and 64.
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where C; is the concentration of the i pigment in the cell (in g L™!) and
Ea;, is the specific absorption cross-section (in m?kg™!) of a given
pigment as reported in Ref. [59]. Here, wy;, is the total pigment con-
centration (in %) on a dry biomass basis and x; is the mass fraction of the
it pigment based on the total pigment mass. Pigment concentrations
reported for Chlamydomonas reinhardtii were used for Eudorina since
they are close genetic relatives [2] and corresponded to total pigment
concentration wp;; = 2.55 % and pigment mass fractions x; of 55 %, 27.4
%, and 17.6 % for Chl. a, b, and photoprotective carotenoids, respec-
tively. The cell and ECM refractive indices, n. and ngcy, were assumed to
be constant over the PAR region [35]. Fig. 5a shows a clear increase in
the spectral absorption cross-section Cg; of the colonies with
increasing number of cells N, and absorption peaks corresponding to
those of Chlorophyll a at 437 nm and 678 nm and Chlorophyll b at 475
nm.

Fig. 5b plots the corresponding spectral colony mass absorption
cross-section Agps; (in mzkg’l) over the PAR region. Here, Ags,; was
calculated using the colony spectral absorption-cross section Cgps,
shown in Fig. 5a. Fig. 5b indicates that the spectral mass absorption
cross-section decreased with increasing number of cells due to mutual
shading. This effect was more pronounced at the absorption peaks of
Chl. a and Chl. b where the absorption index k.; was the largest,
resulting in increased shading. Indeed, neglecting shading effects would
overestimate the colony absorption cross-section by as much as 37 % for
the colony containing 64 cells at wavelength 2 = 420 nm. On the other
hand, the spectral mass absorption cross-section A, ; defined per unit of
biomass was independent of the number of cells present for wavelengths
A between 500 and 650 nm and greater than 700 nm when the cells were
weakly absorbing (k.; <2.6x 107%) and shading effects were
negligible.

Fig. 6a plots the spectral mass absorption cross-section Ags,; of a
colony-containing culture with a number of cells per colony N, = 64
normalized by the spectral mass absorption cross-section for a single

coated cell A% , for total pigment concentrations wy;; equal to 2 %, 4 %,

and 6 %. As discussed previously, a ratio of Ag;, /Afj,s‘ , equal to unity
would indicate that Ag, was unaffected by the presence of colonies.
However, Fig. 6a shows that shading among cells in the colonies caused
the ratio Agp /A%, , to be less than unity over the PAR region, partic-
ularly near the absorption peaks of Chl. a and b.

Fig. 6b plots the ratio of Ay, /A% at wavelength 4 = 440 nm corre-
sponding to one of the absorption peaks of Chl. a as a function of the
total pigment concentration wy;, for colonies with 16, 32, or 64 cells.
Notably, for a colony with N, = 16, Fig. 6b indicates that the ratio Ags/
AS was nearly independent of pigment concentration. Then, increasing
pigment concentration did not increase mutual shading among colonies
with N, = 16. This can be attributed to their less densely-packed colony
structure and lower volume fraction f, = 0.04 which limited shading
among the cells even when the cell absorption index k. was large. For
colonies with N; equal to 32 or 64, the ratio Ag,/ASf, decreased with
increasing pigment concentration. In this case, the cells were more
densely packed and the impact of mutual shading increased with

increasing pigment concentration.

3.4. Light transfer in microalgae cultures

To assess the impact of colony formation on light transfer within
microalgae cultures, the local rate of photon absorption (LRPA) .2/ (z) (in
pmol,, g 1s71) was calculated according to

f/(z) = /PARAubs,/lGA(Z)dZ (5)
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Fig. 6. (a) Spectral normalized mass absorption cross-section Ags, /A, , for a
colony-containing culture with N, = 64 and pigment concentration wy;, equal to
2 %, 4 %, and 6 % and (b) normalized mass absorption cross-section Agps 440 nm/
A%, 440 wm @S @ function of pigment concentration for colonies containing N. =

16, 32, and 64.

the local spectral fluence rate G;(z) (in pmol,,m~2s7!) for a PBR with a
transparent back wall was estimated using a simplified method proposed
by Kandilian et al. [22]

G; (Z) = q, me’/\ulz\./ Ciz (6)

Here, C, is the culture biomass concentration (in g L™1) and q ;, repre-
sents the incident photon flux density consisting of white, collimated,

normally incident, light such that qm = 200 mol,,m~2s~1. The spectral
mass absorption cross-sections A ; for cultures featuring single cells or
colonies with 16, 32, or 64 cells shown in Fig. 5b were used. The culture
depth was 4 cm and representative of a laboratory-scale PBR [60].
Figs. 7a-c show the resulting LRPA for cultures with a pigment
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Fig. 7. Local rate of photon absorption (LRPA) .%/(z) as a function of culture depth for pigment concentration wy;, = 2.55 % and biomass concentration Cy of (a) 0.1,
(b)0.5,and (c)1.0g L' and (d) for Wyig =6%andC, =1.0g L~L. The MRPA as a function of biomass concentration Cy is also shown for Wpig equal to (c) 2.55 % and
(d) 6 %. Cultures containing isolated cells or colonies with N, equal to 16, 32, or 64 were considered.

concentration wp;; = 2.55 % featuring single cells or colonies with 16,
32, or 64 cells and for biomass concentrations Cy of (a) 0.1, (b) 0.5, and
(c) 1.0 g L™, respectively. Fig. 7d also shows .«/(z) but for a larger
pigment concentration of wy;; = 6 % and biomass concentration C, =
1.0 g L1, Fig. 7a indicates that at low biomass concentrations, the LRPA
./ (z) decreased with increasing number of cells N, present in the col-
onies. Indeed, localized shading within the colonies decreased the
amount of light absorbed by the culture compared to a culture featuring
isolated cells with the same biomass concentration.

For larger biomass concentrations, Fig. 7b and 7c indicate that col-
ony formation decreased the LRPA only at shallower culture depths. For
example, at biomass concentration C, = 0.5 g L™, Fig. 7b illustrates a
decrease in the LRPA for cultures containing colonies, but only up to a
culture depth of approximately 1.2 cm. Beyond this depth, the LRPA was
slightly larger for colony-containing cultures. This was due to their
smaller mass absorption cross-section Ags; (Fig. 5b) which reduced the
amount of light absorbed near the culture surface and resulted in deeper
light penetration into the culture. Similarly, the LRPA was slightly larger
for colony-containing cultures at depths z > 1.2 cm thanks to the in-
crease in the local fluence rate G,(z) and despite the smaller mass
absorption-cross section A, ;. Nonetheless, at biomass concentration Cy

= 0.5 g L7}, the net effect was a decrease in the MRPA by up to 4 % for a
culture comprised of colonies of 64 cells compared to one comprised of
single cells.

Fig. 7c and 7d compare the LRPA as a function of culture depth z and
the mean rate of photon absorption (MRPA) as a function of biomass
concentration Cy for pigment concentration wy; equal to 2.55 % and 6
%, respectively. Fig. 7c and 7d indicate that larger pigment concentra-
tions increased the LRPA at shallow culture depths and increased the
MRPA at lower biomass concentrations for all colony configurations.
The insets in Fig. 7c and 7d also demonstrate that the MRPA decreased in
the presence of colonies, particularly at low biomass concentrations.
Indeed, at biomass concentration Cy = 0.1 g L~1, the MRPA of cultures
comprised of colonies of 64 cells was 13.1 % and 15.6 % smaller than
that of a culture of comprised of single cells for pigment concentrations
Wpig of 2.55 % and 6 %, respectively. Such a decrease in light absorbed
would have a negative impact on the photosynthetic growth rate. By
contrast, for biomass concentrations larger than 0.5 g L™}, the impact of
colony formation was negligible.

Overall, this study indicates that the morphology of microalgae
colonies plays an important role in their interaction with light. Mutual
shading among cells was shown to decrease their mass average spectral
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absorption cross-section Ag; ;. The same effect will occur in any colony-
forming species such as those of the Volvocaceae family which are found
in algal blooms [6-9]. Thus, for a given pigment concentration, an algae
bloom of colony-forming species may absorb less light than one con-
taining single cells. This could impact the interpretation of reflectance
data used in remote sensing of chlorophyll content in algae blooms
[14,15]. Furthermore, the quantity of photons absorbed by the cells is
directly related to the algae growth rate [21]. Here, we showed that
colony formation can decrease the mean rate of photon absorption
MRPA. Thus, mitigating colony formation and/or accounting for the
impacts of shading will be important for optimizing the design and
operation of photobioreactors used for cultivating colony-forming
microalgae.

4. Conclusion

The absorption cross-sections of colonial microalgae Eudorina con-
sisting of 16, 32, and 64 equidistant absorbing photosynthetic cells
distributed on a concentric sphere surface within a non-absorbing
spherical extracellular matrix (ECM) were computed using the Monte
Carlo ray-tracing method. The latter was validated against the super-
position T-matrix method for modeling absorption by an ensemble of
optically soft particles. At wavelengths where the cells were weakly
absorbing, the absorption cross-section of colonies was equivalent to the
cumulative absorption cross-sections of individual cells coated by an
ECM with the same radius as the colonies. However, in the spectral
range where cells absorb, the impact of shading effects on the colony
absorption cross-section increased with increasing cell radius, number of
cells, and cell absorption index. Furthermore, colony formation was
found to decrease the local and mean rate of photon absorption in a
microalgae culture, particularly at low biomass concentration. The
implication of these findings for remote sensing of phytoplankton
blooms and design and operation of PBRs were discussed. From a radi-
ation transfer standpoint, the MCRT method proved to be an efficient
and accurate tool for predicting the spectral absorption cross-section of
colonies, capable of accurately capturing the impact of shading among
cells.
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