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Abstract: Phaeocystis globosa (P. globosa), a distinctive harmful algal bloom (HAB)-forming
species, is capable of alternating between free-living cells and gelatinous colonies. Developing
optical techniques for the rapid detection of this HAB-causing species requires knowledge of its
inherent optical properties (IOPs), particularly in the form of intact colonies. However, these
properties remain poorly understood for the giant colonies of P. globosa, given that measurements
of them are challenging. Here, by modifying existing methods for IOPs measurements, we
successfully obtained the absorption and scattering coefficients of intact P. globosa colonies up to
25 mm in size. Six strains were isolated from different regions of the China Seas: one collected in
situ, and the others grown in culture. Our results show that the IOPs of intact colonies are similar
to those of free-living cells, regardless of colony size (1-25 mm). A prominent absorption peak
at 468—472 nm was consistently observed across all five colonial strains and the free-living cell
strain, corresponding to chlorophyll-c3 (Chl-c3) absorption. Notably, although intracolonial fluid
contains colored dissolved organic matter and the colony envelope consists of optically active
particulate matter, their contributions to light absorption and scattering by colonies in the spectral
range of 400-750 nm are negligible when the colony remains non-collapsed. Interestingly, broken
colonies exhibit reduced chlorophyll-specific absorption compared to intact ones, suggesting that
colony structure enhances light absorption. This result, combined with the fact that measurements
of broken colonies via the traditional quantitative filter technique are compromised by uneven
pad distribution, underscores the importance of measuring IOPs in intact P. globosa colonies
rather than in filtered samples containing broken colonies. These findings will undoubtedly aid in
the future development of bio-optical models for P. globosa colonies and enhance remote sensing
algorithms for detecting P. globosa blooms.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Phaeocystis, a genus of eurythermal and euryhaline phytoplankton, is found in waters ranging
from polar to tropical regions and plays a crucial role in marine primary production, carbon and
sulfur biogeochemical cycles, food web structures, and global climate change [1-3]. Phaeocystis
globosa (P. globosa) is one of the 10 known Phaeocystis species that exhibits a complex
polymorphic life cycle. Normally, it exists as free cells (3—9 pm in size), but forms gelatinous
colonies (10 um—-3 cm in size) during blooms [4,5]. The colonies are spherical in shape,
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comprising thousands to millions of P. globosa cells along with intracolonial liquid, all enclosed
by a mucous envelope [1,2]. The envelope is an exopolysaccharide matrix tegument [1], while
the intracolonial fluid contains dissolved organic matter; the concentration of dissolved organic
carbon in this fluid is up to 25 times higher than ambient levels, as reported in a study on
giant colonies in Vietnam’s coastal waters [3]. Harmful algal blooms (HABs) of P. globosa
frequently occur in European, Vietnamese, and Chinese coastal waters [4—8]. Blooms of P.
globosa cause the death of benthic organisms, fish, shrimp, and shellfish [9,10], and severely
damage aquatic ecosystems as well as tourism [1,11,12]. Furthermore, colonies may clog water
intake sieves, posing serious risks to nuclear power plant operation [12,13]. These issues have
raised widespread concerns and highlighted the need for efficient identification and monitoring
of P. globosa blooms [4,5].

In the China Seas, the first P. globosa bloom event was recorded in 1997 [14]. Since then, it
has transitioned from being a newly recorded algal bloom to becoming a typical algal bloom
species, with over 100 outbreaks documented in coastal waters by 2023 [15]. Various strains of P.
globosa, which differ in pigments, have been documented in the China Seas [16]. Notably, P.
globosa colonies in the China Seas are large, with diameters reaching up to 3 cm—comparable to
the giant colonies found in Vietnam coastal waters—whereas those in European waters measure
only a few millimeters across [4,5].

Traditional methods for identifying and tracing P. globosa blooms rely on in situ moored
measurements and laboratory techniques, such as microscopy, flow cytometry, genetic analysis,
and high-performance liquid chromatography (HPLC) [12,17-19]. These techniques are highly
accurate for taxonomic identification but are restricted by their discrete and labor-intensive
sampling nature, making them unsuitable for continuous and/or synoptic observations over
large spatial and temporal scales. In contrast, satellite remote sensing provides broad, frequent
coverage that enables effective monitoring of bloom dynamics. Various remote-sensing methods
have been developed to detect P. globosa blooms. For tiny P. globosa colonies in Europe,
multispectral and hyperspectral techniques have been proposed based on laboratory experiments
and field observations in the eastern English Channel and the southern North Sea [10,11]. A
multivariate classifier was developed to detect Karenia mikimotoi and P. globosa blooms from
ocean color images [20]. Recently, Lavigne et al. [21] successfully applied two existing P.
globosa detection algorithms by deploying an autonomous hyperspectral radiometer system in
Belgian coastal waters. For giant P. globosa colonies in the China Seas, Li et al. [13] proposed a
criterion to discriminate P. globosa from diatoms based on the remote sensing reflectance (R,
sr™1) measured in situ, and attempted an empirical approach to quantify P. globosa biomass
based on hyperspectral R,; measurements via an unmanned aerial vehicle. Several additional
empirical studies using multispectral satellite ocean color measurements have recently been
conducted to support the monitoring of P. globosa blooms in the China Seas [22-24]. Although
considerable success in detecting and mapping P. globosa blooms have been achieved using
these remote-sensing approaches, none of these algorithms are grounded in the inherent optical
properties (IOPs) of intact P. globosa colonies or in subsequent reflectance modeling. In particular,
the IOPs of P. globosa in the form of intact giant colonies, including absorption and scattering
properties, remain entirely unknown, since traditional methods and commercial devices for IOPs
measurements are difficult to apply to giant gelatinous P. globosa colonies (see details in Section
2). Acquiring knowledge of the IOPs of intact colonies is extremely important, as this is crucial
for advancing the development of remote sensing algorithms designed to detect and quantify P.
globosa blooms. Note that optical sensors, whether mounted on satellites, UAVs, or ships, receive
signals in the form of R, which is determined by the in situ absorption and backscattering
coeflicients of intact colonies, rather than those of filtered broken colonies.

To acquire knowledge of the IOPs of intact colonies, especially natural giant colonies, in this
study, we collected six strains of P. globosa from the China Seas and characterized their IOPs by
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modifying existing methods. Since the colonies consist of abundant P. globosa cells, intracolonial
fluid containing dissolved organic matter, and an envelope, we propose two hypotheses. First, the
IOPs of intact colonies differ from those of free-living cells, given that some dissolved organic
matter is potentially colored and the envelope is a light-active particulate substance. Second, the
IOPs of intact colonies is the same as those of broken colonies, if they are measured using the
same method.

By characterizing the IOPs of P. globosa colonies in their natural state, the species-specific
bio-optical models and remote sensing algorithms can be refined to accurately map the spatial
extent and intensity of blooms caused by this unique harmful algal species. This, in turn, will
support deeper insights into the biogeochemical and ecological processes linked to such blooms.
Moreover, this work on measuring the IOPs of large P. globosa colonies while preserving their
structural integrity will certainly be of value for bio-optical research on other similar algal species.

2. Materials and methods

2.1. P globosa samples

The P. globosa samples used in this study included one strain from in sifu surveys and five
strains from cultures. The in situ strain (PG-in-situ) (Fig. 1(a)), was collected from Dapeng
Bay in Guangdong Province and placed under indoor cultural conditions for measurements
on the following day. Five cultured strains were obtained from the Center for Collections of
Marine Algae, Xiamen University, and the Institute of Oceanology, Chinese Academy of Sciences
(Table 1 and Fig. 1(b)-(e)). The cultural strains were cultured in cell and tissue culture flasks (Jet
BIOFIL, Ltd.), with 0.22 um filtered and sterilized seawater supplemented with L1 medium. The
cultures were maintained at 20 + 2 °C under 2400 =+ 200 Ix irradiance with a 14:10 h light-dark
photoperiod.

The six strains of P. globosa as shown in Fig. 1 and Table 1 exhibited similarities and differences
in their morphology, isolated sites, and sources. PG-in-situ is the only wild strain, with colonies
reaching sizes of over 20 mm. CCMA-124 consists solely of free-living cells and does not form
colonies. Among the colony samples, CCMA-115 was the tiniest, with a mean diameter of 1
mm, whereas CCMA-166 was the largest, exceeding 25 mm in diameter.

2.2. Measurements
2.2.1. Absorption

Absorption meters such as AC-S/AC9 (WET Labs Inc.), integrating cavity absorption meter
(ICAM, Turner Designs, Inc.), and point-source integrating-cavity absorption meter (OSCAR,
TriOS, Inc.) are widely used in siru. However, giant gelatinous colonies with mucilage cannot
completely pass through the pipelines (maximum diameter: 0.95 cm), leading to broken colonies
or pump clogging [25].

The most commonly utilized approach for particle absorption measurements is the quantitative
filter technique (QFT) [26,27]. QFT requires pads to filter water samples. The filtration process
disrupts the shape and internal structure of the colonies, making it impossible to determine
the absorption properties of intact colonies. On the other hand, the filtration process leads to
an uneven distribution of cells and broken envelopes on the filters (Fig. 2(a)). This issue is
particularly severe in field-collected colony samples, as they possess a tougher and more elastic
outer envelope compared to colonies cultured indoors [28-29]. The issue of uneven distribution
can be mitigated by thoroughly and physically disrupting the colony samples prior to filtration,
making it possible to separately quantify the absorption of P. globosa cells, the colonial envelope,
and intracolonial fluid, and then to combine these to derive the total absorption of broken colonies.

We therefore employed the internal sphere mode (IS-mode) of QFT for particle absorption
measurements, following the method described by Rottgers and Gehnke [30]. The dual-beam
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Fig. 1. (a) Photograph of P. globosa colonies (PG-in-situ) collected in Dapeng Bay; (b)-(e)
micrographs of CCMA-124, CCMA-166, PG-2015, and PG-2021, respectively.

Table 1. Information on six P. globosa strains isolated from the China Seas

Source of
Name of strains Morphology Isolated site Maximum algae
diameter of
colonies
CCMA-124 free-living cells Beibu Gulf, China — Xiamen
University
(Culture)
CCMA-115 free-living cells and tiny Beibu Gulf, China mean 1 mm Xiamen
gelatinous colonies University
(Culture)
CCMA-166 free-living cells and Beibu Gulf, China > 25 mm Xiamen
gelatinous colonies University
(Culture)
PG-2015 free-living cells and Qinzhou Bay, China > 15mm Institute of
gelatinous colonies Oceanology,
Chinese
Academy of
Sciences
(Culture)
PG-2021 free-living cells and Dapeng Bay, China > 5mm Xiamen
gelatinous colonies University
(Culture)
PG-in-situ free-living cells and Dapeng Bay, China > 20 mm in situ

gelatinous colonies
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Fig. 2. (a) An example of unevenly distributed particles (including P. globosa cells and
broken envelopes) on the filter pad; (b) phytoplankton absorption coefficient (ap;) as
measured by QFT, with the blue curve representing CCMA-124 (free-living cell sample) and
the red curve representing PG-in-situ (field-collected colony sample, 25 mm in diameter).

PerkinElmer (PE) Lambda 950 spectrophotometer, equipped with a 150 mm diameter integrating
sphere, was used. Note that the CCMA-124 sample (free-living cell) was filtered according
to the IOCCG Protocol [31], while other colony samples were physically broken up before
filtration to facilitate filtration and improve uniformity on filter pads for subsequent measurements.
Afterwards, the Whatman GF/F filter pads containing the samples were placed at the center of an
integrating sphere using a holder designed for the PE950. The absorbance of the sample relative
to a blank filter pad was measured to obtain the optical density of particulate matter (OD,). The
filter pad was then returned to the filtration system, where methanol was added, and the sample
was immersed for 1 h to remove the phytoplankton pigments. After rinsing the filter pad with
approximately 50 mL of pure water, the optical density was measured again to determine the
non-algal absorption (OD,). The particulate absorption coeflicient (a,, m~!) was calculated
using the equation provided in Rottgers and Gehnke [30]:

2303 % S
(1) = TX x 0.323 x ODL0867 )

Here, S refers to the actual area occupied by particles on the filter pad (m?) and Vy is the
volume of the filtered water sample (m?). Similarly, the absorption coefficient of non-algal
particles (ag) was also calculated, and the absorption coefficient of phytoplankton pigments (a,)
was the difference between a, and ay, i.e. apn(1) = a,(2) — aq(A).

Meanwhile, colony samples were physically broken up and then filtered using the 0.2 ym PC
Millipore filters. The absorption of the colored dissolved organic matter (CDOM, a,) in the
filtrate was measured according to the Ocean Optics Protocols Version 2.0 [32]. By combining
these two components- a,(ap; + dq), and ag -the total absorption of broken colonies excluding
the contribution from pure water (hereafter referred to as a._y,) was thus obtained.

To enable absorption measurements of P. globosa colonies while preserving their original
structural integrity, we chose the method for measuring the absorption of suspension samples
using an integrating sphere with a central cuvette system (CIS) [33-35]. By placing the sample
cuvette in the center of an integrating sphere to capture laterally scattered and backscattered light,
this system enhances absorption measurements [34]. The CIS method exhibits a measurement
accuracy comparable to commercial absorption meters, such as the point-source integrating-cavity
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absorption meter [33]. Utilizing longer pathlength cuvettes in the CIS method can enhance the
signal-to-noise ratio and potentially reduce most errors associated with QFT [33]. A centrally
mounted sample holder and a 4-cm-pathlength cylindrical cuvette (diameter: 2.5 cm) were
customized and placed at the center of the standard integrating sphere (diameter: 150 mm) of
the PE950 spectrophotometer. Colonies were gently introduced into the cuvette using a cell and
tissue culture flask (Jet BIOFIL, Ltd.) tilted at an angle greater than 90°, enabling the colonies
to slide in slowly and minimizing the risk of structural disruption. Visual inspections were
performed before and after each measurement. Any samples exhibiting visible damage were
discarded. To minimize potential errors resulting from multiple scattering, a series of samples
(N =3-10) with gradient concentrations were prepared for each strain [34,37]. The absorption
coefficients of the intact colonies (hereafter also denoted as a. ) were then determined from the
optical density (ODy) as follows [34],

ae_w(A) =2.303 x ODg(1)/L 2)
Here, L denotes the cuvette pathlength of 0.04 m.

2.2.2. Scattering and backscattering

The total scattering coeflicient b(1) can be calculated indirectly as the difference between the
beam attenuation coefficient c(1) and the absorption coefficient a(1), following the principle
of inherent optical properties [34,36—37]. The beam attenuation coefficients c(1) can typically
be measured by determining beam transmittance using a spectrophotometer [38—41]. Here, we
modified the approach described by Tao et al. [42] by customizing a cuvette holder and an
additional cuvette to cover the front port of the detector, and reducing the front port angle to
approximately 0.23°. The dilution method [34,37] was used to minimize multiple scattering
errors, which involves simultaneous measurement of the absorption coeflicients a(1) and beam
attenuation coefficients c(A1) across a series of samples (N = 3-9) with gradient concentrations
using a PE850 (for attenuation) and a PE950 (for absorption) spectrophotometer. The colony
samples were handled using the same procedure as that used in the CIS measurements described
in Section 2.2.1. Measurements of c¢(41) and a(1) were completed for the same sample within
+10 min. The calculation of ¢(1) is identical to that of a(A1) [34]:

() = 2.303 x ODg(1)/L 3)

Here, L (the cuvette pathlength) is 0.1 m.

To assess the reliability of this approach, we measured standard particles from Thermo
Scientific (mean diameter: 2.020 + 0.015 um; microsphere composition: polystyrene) and used
Mie theory to simulate their spectral scattering coefficients. It was found that the theoretical
scattering spectrum from the Mie simulation is in good agreement with the measured results
(Fig. 3(a)), with only a slight discrepancy in the 400-420 nm range.

Subsequently, we also followed the scheme of Tao et al. [34] for measuring backscattering
properties. Measurements were performed using a PE850 spectrophotometer equipped with an
integrating sphere. A cuvette platform and a 14-cm-length reflectance cover of the integrating
sphere (Fig. S1 in Supplement 1) were customized by Anhui Institute of Optics and Mechanics
(Chinese Academy of Sciences). A correction for front-end interference from the quartz cuvette
was applied by measuring both the sample and its 0.2 um filtrate, with the final sample signal
obtained by subtracting the filtrate measurement. Back-end interference is mitigated by placing a
piece of low-reflectivity black aluminum foil (Thorlabs, Inc.) on the back end of the quartz cuvette
during measurements. In addition, the cuvette was positioned at the exit port of the integrating
sphere, where a monochromatic beam passed through it. This setup allowed the detector to
capture the light backscattered by the suspension sample. A standard Spectralon plaque with a
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Fig. 3. Scattering (a) and backscattering coefficients (b) of standard particles, with the blue
curve representing measured data and the red curve representing simulated data based on
Mie theory.

nominal reflectance of 99.9% was used to measure the incident flux, with a 10-cm-pathlength
sample cuvette. The ratio of the backscattered to incident flux (R(1)) was then obtained and used
to calculate the backscattering coefficient (b, m~!) according to Eq. (4) as follows [34]:
R(A) = 1 —exp(—k X bp(2) X X) ()
Here, X denotes the length of the scattering volume [43], approximately taken as 0.1 m
based on the cuvette length [34], also, k was set to 1. As with the scattering measurements,
we used standard particles and Mie simulations to assess the reliability of the entire approach
for backscattering coefficient measurements. Note that a cubic polynomial fitting process was
involved in the Mie simulation [44]. The results, presented in Fig. 3(b), indicate excellent
agreement between the measured and simulated b,(1) spectra.

2.2.3. Other measurements and data processing

Chlorophyll a concentrations (Chl-a, mg m™>) were determined fluorometrically [45]. The
pigments from filtered samples were extracted in 90% acetone at -20°C in the dark for 24 h.
Pigment profiles were determined using an UltiMate 3000 high-performance liquid chromatog-
raphy (HPLC) system following standard analytical procedures [46]. Briefly, samples (5-50
ml) were filtered onto Whatman GF/F filters (0.7 um), frozen in liquid nitrogen, and stored at
—80°C. Pigments were extracted with N, N-dimethylformamide at —20°C and analyzed using a Cg
column (100 X 4.6 mm, 3.5 um). Quantification of pigments was confirmed using the standards
manufactured by the Danish Hydraulic Institute, Water and Environment, Hgrsholm, Denmark.
In addition, the 2"¢ derivative was employed to analyze the spectra of the IOPs [47,48].

3. Results
3.1.  Absorption
3.1.1. Advantages of CIS measurement over QFT for P. globosa colonies

Figure 2(b) shows the a,, spectra of PG-in-situ (red curve) obtained in this study. It appears that
these a,;, spectra deviate from those of a typical phytoplankton absorption spectrum, particularly
in the short-wavelength region. Such deviations are likely due to errors associated with uneven
sample distribution on the filter pad, in particular for large-colony samples, as well as pathlength
amplification correction and other unknown factors, making the a,; spectra measured from
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QFT appear questionable. Nevertheless, for cultured colonies, particularly very small ones (<
3 mm), QFT appears to perform better, as illustrated in Fig. 11 of Li et al. [13] and Fig. 2 of
Astoreca et al. [10]. This is because their outer envelopes are less tough and elastic compared
to those of field-collected colonies. In contrast, CCMA-124, a free-living cell strain without a
colony envelope, exhibits a typical phytoplankton absorption spectrum (blue curve), as it does not
suffer from the issue of uneven sample distribution on the filter pad. In a word, using QFT, it is
possible to obtain the absorption properties of P. globosa colonies and to estimate the respective
contribution of the envelope, the internal cells and CDOM to the colony’s absorption, albeit with
higher uncertainties in the short bands; the results, however, does not represent the absorption of
intact colonies, but rather that of broken colonies. This, in fact, is exactly why we require CIS
measurements.

The ac_y of the free-living cell sample (CCMA-124) measured using CIS (black curve) is
shown in Fig. 4, and it is in good agreement with that from QFT measurements (black dotted
curve). This consistency confirms the reliability of our customized CIS system, given that the
CCMA-124 is not a colony sample and thus avoids the issues and errors associated with QFT
measurements. Similarities in the spectral shapes of a._ between CIS and QFT measurements
are also observed for cultured colonies (CCMA-115, 1 mm in diameter on average, blue curves);
deviations in shorter-wavelengths (particularly 400-440 nm), however, are evident, likely arising
from absorption by unevenly distributed particulate detritus associated with broken envelopes
(Fig. 2(a)). These results further indicate the reliability of our customized CIS system and its
applicability to the absorption measurements for P. globosa colonies. On the other hand, the
ac_w of PG-in-situ (>20 mm in diameter) measured using CIS (red curve) differs substantially
from that obtained via QFT (red dotted curve). This is most probably due to the issues associated
with QFT measurements as mentioned above, in particular the severely unevenly distributed filter
pad caused by the tough and elastic outer envelopes specific to field-collected colony samples
(Fig. 2(a)). Interestingly, the a._w of PG-in-situ measured using CIS (red curve) closely matches
that of the free-living cell sample CCMA-124 (black curve) in terms of spectral shapes.

Taken together, our customized CIS system appears capable of obtaining reliable absorption
properties of intact P. globosa colonies, while absorption measurements via QFT yield results
that are associated with higher uncertainties. Most importantly, CIS is currently the only method
that enables measurement of P. globosa colonies in their intact state, a critical capability for
accurate bio-optical modeling of its blooms.

3.1.2. Absorption properties of P. globosa colonies measured by CIS

Next, the absorption properties of P. globosa colonies were characterized based on the results
measured by CIS. As described above, the absorption of large colony sample PG-in-sifu and the
free cell sample CCMA-124 closely match with each other in terms of spectral shape (Fig. 4).
Besides the strains of PG-in-siu and CCMA-124, the left four P. globosa strains with colonies
consistently show similar absorption feature measured using CIS, despite the colonies differing
by an order of magnitude in size (see exemplar curves in Fig. 5(a), and all measured curves in
Fig. S2a of Supplement 1). To enable direct comparison with the North Sea lab-cultured sample
[10], the absorption coefficients (400-750 nm) for the six China Seas strains were normalized to
arange of 0-2 by following Astoreca et al. [10]. It is obvious that all strains (six of the China
seas and one of the North Sea) showed enhanced absorption in the range of 455—475 nm. This
is attributed to Chl-c3 prominent in P. globosa, which is consistent with findings in previous
studies of P. globosa in the North Sea [10—11]. HPLC analysis of the six China Seas strains
confirmed the presence of Chl-c3 (Fig. 6). Nevertheless, this enhancement appeared at 465 nm
for the free-living cell sample (CCMA-124) and shifted to 468—472 nm for all other strains with
colonies, including the North Sea strain (PG-11), as indicated in the second derivative spectra
(Fig. 5(c) & d). In addition, all six strains identified six major absorption maxima at roughly the


https://doi.org/10.6084/m9.figshare.30653972

Research Article Vol. 33, No. 25/15 Dec 2025/ Optics Express 53337 |
Optics EXPRESS A N \

2.5 L 1 L 1 L 1 L 1 L 1 L 1 L
—— CCMA-124 (CIS)
1 - - - CCMA-124 (QFT)|
204 —— CCMA-115 (CIS) |
' - - - CCMA-115 (QFT)
X y — PG-in-situ (CIS) |
154 PG-in-situ (QFT)
=
2]
=
£ 1.0- .
[=)
Z -4 3
0.5 -
0.0 — : : : : — -

I I I
600 650 700 750

Wavelength (nm)

I I I
400 450 500 550

Fig. 4. The absorption coefficient of P. globosa colonies (ac_w) measured via CIS (solid
curve) compared to that measured via QFT (dotted curve), normalized to a range of 0-2;
black: CCMA-124 (free-living cells), blue: CCMA-115 (tiny cultured colony, 1 mm in
diameter), and red: PG-in-situ (large field collected colony, 25 mm in diameter).

same bands as those observed in the North Sea [10]. In summary, gelatinous colonies, regardless
of their size, exhibit a dominant pigment absorption feature (~440 nm and ~675 nm for Chl-a,
and ~455-475 nm for Chl-c3). It appears that the envelopes and the CDOM contained in the
intercolonial fluid make a negligible contribution to the light absorption of the colonies in the
spectral range of 400-750 nm.

Interestingly, although the envelopes and the internal CDOM appear to make only a very minor
contribution to the light absorption of the colonies, we found that the colonial structure itself does
contribute. Ten sample groups of the strain PG-in-situ were tested. Each sample was measured
twice using the CIS, first for its original form (intact colonies) and then for its physically broken
form. All ten intact colony samples consistently exhibit a substantially higher chlorophyll-specific
absorption coefficient (a*; ) than their corresponding broken samples, with results at MODIS
bands listed in Table 2. Figure 7 presents the results of their mean a*; \, plus one standard
deviation, clearly illustrating the reduced light absorption associated with the disruption of colony
structure. Also, it further highlights that it is very important to use approaches such as the CIS
proposed in this study to perform absorption measurements of colonies in their intact form.
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Fig. 5. (a) Exemplar absorption (ac_w) spectra of six P. globosa strains isolated from China
Seas, with the North Sea strain (PG-11) included for comparison; all were normalized to a
range of 0-2 to enable better inter-strain comparison; (b) Zooming in the range of 450 nm to
490 nm in the grey region of (a); (c) Second-derivative of normalized a¢_w; (d) Zooming in
the range of 450 nm to 490 nm in the grey region of (c).

Table 2. Statistics of chlorophyll-specific absorption coefficient (a*c_w) of PG-in-situ

(N =10) at MODIS bands
atistics Mean + SD Range
Wavelength Colonies  Intact colonies  Broken colonies  Intact colonies  Broken colonies
412nm 0.045+0.012 0.036 +0.009 0.027~0.060 0.021~0.048
443 nm 0.052+0.015 0.042+0.011 0.031~0.070 0.023~0.056
469 nm 0.051+0.015 0.041+0.011 0.030~0.068 0.022~0.056
488 nm 0.043+0.012 0.035 +0.009 0.026~0.056 0.019~0.047
531 nm 0.023 +0.006 0.018 +0.004 0.014~0.029 0.011~0.024
547 nm 0.017 +0.004 0.013+0.003 0.010~0.022 0.009~0.018
555nm 0.014 +0.003 0.011+0.002 0.008~0.018 0.008~0.015
645 nm 0.011 +0.003 0.008 +0.002 0.007~0.015 0.006~0.011
667 nm 0.024 +0.005 0.018 +0.004 0.015~0.031 0.013~0.025
678 nm 0.029 +0.007 0.022 +0.005 0.018~0.037 0.016~0.030
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Fig. 6. Exemplar HPLC chromatogram depicting the pigment profile of the P. globosa strain
PG-in-situ; Chl-c3 is highlighted in red; data for five additional strains exhibit analogous
profiles and are not depicted.
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Fig. 7. Chlorophyll-specific absorption coefficient (a*;_w) of PG-in-situ (field collected P.
globosa colony sample) measured via CIS, with the black curve representing mean a*;_y of
intact colonies and the red curve representing mean a*_y, of broken colonies (N = 10); the
dotted grey and red shadows correspond to one standard deviation of the two mean curves,

respectively.

3.2.  Scattering and backscattering

The exemplar b and b;, characteristics of the six strains of P. globosa are shown in Fig. 8,
normalized by their mean value from 400 nm to 750 nm (see all measured b curves in Fig. S2b of
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Supplement 1). The spectral shapes of b and by, for the six strains of P. globosa are roughly inverse
to those of the absorption. This phenomenon can be explained by Ketteler—Helmholtz’s theory of
anomalous dispersion and is in agreement with experimental results reported in previous studies
[33,34,44]. Overall, the b and by, spectra of all P. globosa strains show approximately similar
patterns, while subtle differences also exhibit; for example, the spectrum of CCMA-124 exhibits
peaks and troughs of greater amplitude than those of the other strains (Fig. 8). These differences
possibly arise from variations in the refractive index among different strains of P. globosa [43,49].
It appears that although the colonies are composed of extracellular polysaccharides that may
affect scattering and backscattering, their b and b;, spectra are still generally consistent with the
characteristics of free-living cells.
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Fig. 8. Exemplar scattering (a) and backscattering coefficients (b) of six P. globosa strains,
normalized by their mean values in the 400 -750 nm range.

4. Discussion

The above results demonstrate that the IOPs of intact P. globosa colonies isolated from China
Seas, measured using optimized approaches, exhibit similarities to those of free cells, irrespective
of size. Both the colony envelope and internal CDOM make only minor contributions to the
light absorption and scattering of colonies in the spectral range of 400-750 nm. Additionally, the
colony structure facilitates enhanced light absorption.

Then why do the colony envelope and the internal CDOM look almost transparent in the IOPs
measurements? Based on QFT measurements for physically broken colonies (see the methods in
Section 2), it was estimated that the absorption of the envelope at 443 nm was ~19.4%=5.5% of
the a._\, on average (N =26), while the mean absorption of CDOM at 443 nm was ~5.5%=+2.6%
of a._w (N =26). Although these data contain uncertainties arising from unevenly distributed
filter pads and other factors noted in Section 2, and we have known that the absorption of broken
colonies is lower than that of intact colonies, they indicate that the absorption by pigments within
P. globosa cells dominates the overall absorption of colonies in the spectral range of 400-750 nm.
This explains why the absorption properties of intact colonies show no detectable signature of
detrital particles or CDOM, despite the fact that the envelope consists of particulate detritus and
the intracolonial fluid contains CDOM.

Furthermore, we followed Smith et al. [3] to directly sample the intracolonial fluid of PG-in-situ
with 2 mL syringes fitted with small-gauge needles. The sample was separated into two paralleled
sub-samples. One was for CDOM absorption measurements according to the Ocean Optics
Protocols Version 2.0 [32], and the other was measured using CIS to get the absorption coefficients
of cells and CDOM in combination. The obtained CDOM absorption at 443 nm is 0.24 m!,
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while the combined absorption coefficient at 443 nm is 2.71 m~'. Owing to the difficulty in
sampling, only one sample of intracolonial fluid was obtained. Nevertheless, this limited result
further confirms that within the intracolonial fluid, the absorption of CDOM at 443 nm accounts
for only ~9% of the total absorption at 443 nm from both cells and CDOM combined. The
absorption by cells is indeed overwhelming.

Smith et al. [3] observed that, in their study on giant P. globosa colonies in Vietnamese waters,
the concentration of DOC in intracolonial fluid was 25 times higher than in ambient waters.
However, the extent to which the measured DOC in that study was colored remains unclear.
Unfortunately, we did not measure ambient CDOM absorption, and thus cannot determine
whether CDOM within colonies is concentrated to the same extent as DOC in our field study
(Dapeng Bay, China).

On the other hand, previous studies suggest that the colony structure may enhance the storage
of light energy [50,51], in addition to regulating buoyancy [52], storing nutrients [53], and
facilitating more efficient carbon sequestration [3]. In detail, when light is abundant, the colony
structure aids in storing energy and nutrients, which colonial cells can then utilize to support
growth during nighttime or periods of light limitation; consequently, P. globosa colonies may
possess a greater survival advantage in resource-limited environments and can develop into
blooms more rapidly [50,51]. Our observation indeed confirms the previous notion that the colony
structure enhances light storage, as evidenced by the decrease in light absorption upon colony
disruption. The primary mechanism for light trapping within colonies is likely the enhanced
multiple scattering resulting from their colonial architecture. The gelatinous sheath of intact
colonies and the complex cell-matrix interfaces can generate pronounced internal scattering.
Through multiple internal scattering, the effective optical pathlength of photons within the colony
is increased, thereby enhancing the probability of light absorption by pigments, analogous to
pathlength amplification in strongly scattering media [54]. When colonies are disrupted, this
optical “trapping” effect is weakened, leading to a measurable decrease in absorption.

Furthermore, it is implied that giant colonies of P. globosa probably can be approximated
as large particles with similar IOPs in reflectance models, based on our results that both the
colony envelope and internal CDOM make only minor contributions to the light absorption and
scattering of colonies. It may not be that simple, however, as the samples in the measurements
are just a few colonies contained in a few mL of static liquids, but in the field the situation would
be much more complicated. Therefore, the possibility of approximating giant colonies of P.
globosa as large particles is to be explored, depending on data collection in well-designed field
campaigns of P. globosa blooms, with concurrent field remote sensing reflectance and the IOPs
of colonies, as well as the IOPs and environmental properties of ambient waters collected. These
forthcoming field and modeling studies are crucial for advancing remote sensing algorithms for
P. globosa from empirical methods toward a mechanistic framework for bloom detection and
biomass estimation.

In addition, several issues remain unresolved and warrant further investigation. First, a
methodological challenge arises from the rapid sinking of colonies, compromising sample
homogeneity and potentially increasing uncertainties in the results. In order to reduce the
potential errors, the whole procedure must be completed in minutes, making the measurements
highly skill-demanding. On the other hand, the impacts of environmental factors such as different
levels of temperature, salinity, light, and nutrients, as well as different growth stages, on the IOPs
of colonies deserve further exploration. Also, only one strain collected in situ was investigated in
this study, necessitating the continuous collection of natural strains in their colonial form.

5. Conclusion

By modifying existing measurement methods, we obtained reliable IOPs of intact P. globosa
colonies for six strains isolated from China Seas, including in situ and cultured samples with
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varying colony size (1 mm-25 mm) and morphologies. Based on our study, it is highly
recommended to use CIS for absorption measurements of P. globosa in future studies, at least for
giant colonies. Furthermore, our experimental data refute the hypothesis proposed earlier, which
posited that the IOPs of intact colonies differ from those of free-living cells and that the colony
structure has no impact on the IOPs of P. globosa. It is now established that the IOPs of giant P.
globosa colonies, at least for those in the China Seas, exhibit spectral shapes similar to those
of free-living P. globosa cells in the range of 400-750 nm, with colony structure nonetheless
playing a meaningful role in light absorbance. In other words, despite the highly concentrated
cells within colonies (ranging from thousands to millions per colony), the intracolonial fluid
contains only small amounts of CDOM, and the mucous envelope does not act as a strong light
absorber and scatterer; also, the colony structure is of great significance for IOPs.

These results greatly improved our understanding of the optical properties of P. globosa,
particularly in the China Seas, where giant colonies form during blooms. The pigment-dominated
absorption characteristics of colonies, along with the influence of colony structure on light
capture, provide a critical baseline for developing bio-optical models specific to P. globosa
blooms. More importantly, our findings highlight the potential for remote detection of P. globosa
colonies using hyperspectral sensors, given that the key optical marker, i.e., Chl-c3 absorption,
remains conserved regardless of colony size. Greater efforts dedicated to field-based optical
investigations, encompassing both IOPs and apparent optical properties specific to colonies,
alongside optical and biogeochemical properties of ambient waters, are certainly warranted.
Only through enhanced in situ observations can bio-optical models specific to P. globosa blooms
featuring giant colonies be developed, thereby facilitating the refinement of remote sensing
algorithms for P. globosa blooms in optically complex coastal waters.

In summary, this study underscores the importance of preserving colony integrity in optical
measurements and provides a foundation for improving the accuracy of remote sensing techniques
for P. globosa blooms, including both detection and biomass estimation, with implications for
ecological management and climate-related biogeochemical studies.
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