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Abstract. In recent decades, the monitoring of coastal ar-
eas has become a priority due to the continued growth of
human population pressure. Areas such as these constitute
biodiversity hotspots in which the increase in phytoplank-
ton blooms has become a socioecological problem with se-
vere impacts at global and regional levels. One area affected
by these blooms is the Patagonian fjords, a complex and
intricate coastal system that is highly exposed to climate
forces and anthropogenic activities, particularly the aquacul-
ture industry (primarily salmon and mussel farming), which
is the main driver of the local economy. In this context,
ensuring prompt and accurate monitoring of phytoplankton
in the area is crucial. As such, the focus of the present
study is on the use of a new technology that combines hy-
perspectral sensors and unmanned aerial vehicles (UAVs)
to detect, identify and differentiate phytoplankton species
from optical data. Findings have identified differences not
only between diatoms and dinoflagellates through the shape
and magnitude of the spectral signal at 440, 470, 500, 520,
550, 570 and 580 nm, but also at the genus level (Rhi-
zosolenia sp., Pseudo-nitzschia sp., Skeletonema sp., Chaeto-
ceros sp. and Leptocylindrus sp.) and species level (Hetero-
capsa triquetra). Chlorophyll a concentration played a key
role in reflectance spectra, demonstrating high variability in
the green-red (∼ 500–750 nm) bands at low concentrations
(< 2 µg L−1), and even greater variability in the blue bands
(∼ 400–490 nm) under higher concentrations (> 4 µg L−1).
Although the present study represents a positive step for-
ward in the use of new tools and offers a novel monitoring
methodology with regards to phytoplankton found in com-
plex coastal systems, including the detection of a new iden-

tification route, increasingly high-quality imaging and data
from a broader range of ecosystems and environments re-
mains a necessity.

1 Introduction

Phytoplankton are an essential group of organisms that play
a critical role in aquatic ecosystems. They form the base
of food webs, are key species in carbon and nitrogen bio-
geochemical cycles and provide ecosystem services in the
ocean (Legendre, 1990; Le Quéré et al., 2005). However,
phytoplankton can also be harmful to the environment and
to human beings. Intense phytoplankton blooms of several
species can have multiple negative impacts on coastal sys-
tems. These negative effects occur due to changes in the wa-
ter quality (i.e., oxygen reduction, turbidity and unpleasant
odours), and certain such blooms (∼ 200 known taxa; Hal-
legraeff et al., 2021) can also produce toxins which enter
the food chain, with severe consequences for aquatic systems
and even human health (Berdalet et al., 2016; León-Muñoz et
al., 2018; Díaz et al., 2019; Gobler, 2020). Moreover, harm-
ful algal blooms (HABs) are becoming increasingly com-
mon around the world (Heisler et al., 2008; Anderson, 2012;
Glibert, 2020; Gobler, 2020). The rise in these phenomena is
mainly related to the increment in marine resource exploita-
tion driven by human population growth (Hallegraeff et al.,
2021). Thus, the problems caused by HABs, in conjunction
with the expected disruption of phytoplankton communities
due to climate change, strengthens calls for permanent mon-
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itoring to facilitate essential forecasting, management and
mitigation tasks.

The monitoring of phytoplankton in surface waters using
satellite imaging has been a common practice for decades
due to the broad spatial coverage and high temporal reso-
lution afforded by this type of technology (Hu et al., 2005;
Shen et al., 2012; Shi et al., 2019; Li et al., 2021). The op-
tical properties of phytoplankton, such as pigment concen-
tration (algae colour), size and morphology affect the re-
flectance signal, thus allowing for the identification of differ-
ent groups (Moisan et al., 2017; Shi et al., 2019). Differences
in the major absorbance and/or reflectance peaks across the
spectrum have been related to the colour of the algae as
well as chlorophyll type and concentration (Mao et al., 2010;
Moisan et al., 2017; Gernez et al., 2023). For example, in the
green band (∼ 495–580 nm), a peak at approximately 570–
580 nm has been associated with Bacillariophyta and Hap-
tophyta (brown algae). Furthermore, Chlorophyta (green al-
gae), known to contain chlorophyll b, have displayed peaks at
approximately 540 nm due to their green colour (Jeffrey and
Vesk, 1997; Gitelson et al., 1999; Mao et al., 2010). How-
ever, although satellite technology has aided large-scale phy-
toplankton monitoring and detection, in addition to differ-
entiation between the main phytoplankton groups and even
algal blooms (Hu et al., 2005; Shen et al., 2012; Gernez et
al., 2023), the use of this technology has certain limitations.
For example, despite recent advancements in terms of satel-
lites missions that use hyperspectral sensors (i.e., Plankton,
Aerosol, Cloud, Ocean Ecosystem – PACE), such equipment
is still unable to accurately detect phytoplankton community-
composition levels (Shen et al., 2012; Muller-Karger et al.,
2018). Limitations in spatial and temporal resolutions, satel-
lite orbit constraints, restricted surface-to-subsurface signal
detection and a restricted number of reflectance bands are the
main obstacles to the detection of dominant bloom-forming
species and the identification of algae (Shen et al., 2012;
Muller-Karger et al., 2018; Schaeffer and Myer, 2020).

Phytoplankton monitoring is a complex undertaking in
coastal regions with high environmental heterogeneity.
Therefore, more frequent temporal and spatial resolution
readings are necessary in order to detect rapid changes. In
subantarctic coastal areas, such as the Patagonian fjords,
satellite information availability is limited for part of the
year due to cloud cover and the complex coastal morphology
(i.e., fjords and channels). There is a two-layer water circu-
lation pattern throughout this coastal area (Valle-Levinson,
2010; Castillo et al., 2016), which consists of a surface layer
fed by continental freshwater (estuarine water) and a subsur-
face layer of salty, nutrient-rich subantarctic water that stems
from the western Pacific Ocean (Dávila et al., 2002; Pérez-
Santos et al., 2014; Linford et al., 2024). Consequently, this
type of circulation contributes to substantial environmental
variability which, in turn, has a significant influence on phy-
toplankton distribution and abundance, including HAB oc-

currence (Alves-de-Souza et al., 2008; Jacob et al., 2014;
León-Muñoz et al., 2018; Cuevas et al., 2019).

The accurate observation of phytoplankton in coastal ar-
eas in which its population characteristics can change rapidly
over short timescales (from hours to days) and at small spa-
tial scales (< 100 m) represents a significant challenge. This
observation is particularly important in the Patagonian fjords,
which hosts one of the largest aquaculture industries in the
world (primarily salmon and mussel farming). These indus-
trial activities have experienced recurrent HABs in recent
years, leading to significant socioeconomic and ecosystemic
damage in the local area (León-Muñoz et al., 2018; Díaz et
al., 2019; Soto et al., 2019; Ugarte et al., 2022). Therefore,
the development and implementation of an effective phyto-
plankton monitoring system that incorporates accurate, high-
resolution is essential. This will not be an easy undertaking.
The complexity and, as yet unknown, aspects of phytoplank-
ton bloom dynamics, in addition to factors such as the broad
diversity of species involved, the complex topography and
the climate heterogeneity (extensive cloud cover and rain-
fall) in the area of study directly impact the ability to conduct
monitoring activities (Garreaud et al., 2013).

The spatial and temporal resolution required to ensure the
accurate detection of phytoplankton in the Patagonian fjords
is now possible due to advances in technology. In particu-
lar, unmanned aerial vehicles (UAVs) equipped with high-
precision instruments have recently become more widely
used in marine monitoring (Kislik et al., 2018; Kimura et
al., 2019; McEliece et al., 2020; Hong et al., 2021). Specif-
ically, the use of hyperspectral cameras that capture in situ
reflectance signals at low altitudes (< 100 m) through the
visible to near-infrared regions of the spectrum (∼ 400–
1000 nm) is significant, since these cameras are capable of
out-performing more traditional multispectral cameras and
satellites (Moses et al., 2012; Olivetti et al., 2023). The iden-
tification of phytoplankton species using hyperspectral imag-
ing represents a new method with which to conduct the in-
situ monitoring of temporal and spatial variations at the local
level in complex coastal ecosystems. This optical technology
has substantial potential in terms of improving the monitor-
ing of phytoplankton and detection of HABs in coastal en-
vironments. This is due to its continuous spectrum, which
includes more than 160 values that range from blue to red
bands (400–750 nm), under a low width spectral signal of
2 nm, in contrast to a width signal of 10 or even 23 nm used
in other sensors. This ensures a more accurate phytoplankton
characterization is achieved by means of reflectance (Shen et
al., 2012; Van der Merwe and Price, 2015; Wu et al., 2019;
Olivetti et al., 2023). Recent studies have illustrated the use-
fulness of this technology for the detection of phytoplankton
blooms through the accumulation of algae (Szekielda et al.,
2007). Furthermore, this optical technology allows for the
identification of differences in reflectance spectra between
recurrent and non-recurrent bloom areas with changes in the
green (∼ 545–575 nm) and red bands (∼ 650–700 nm) (Min
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et al., 2021). It also has the capability to utilize hyperspec-
tral reflectance data to estimate phytoplankton characteristics
through pigment concentration changes. Regarding the latter
point, this does not merely relate to the main phytoplankton
pigment chlorophyll, which is recorded by satellites, but also
their secondary pigments, such as phycocyanins (Shen et al.,
2012).

Accordingly, the present study examines the advantages
and disadvantages afforded by hyperspectral imaging using
a hyperspectral camera, coupled to a UAV, in the detection
of phytoplankton from reflectance (R(λ)) in complex coastal
waters in remote areas. The primary objective is to character-
ize the reflectance spectra of different phytoplankton assem-
blages, either harmful or non-harmful, dominated by a single
species. By analysing differences in the magnitude and shape
at the spectral signal, the objective is to distinguish distinct
phytoplankton groups.

2 Materials and methods

2.1 Study area

The area of study pertaining to the present research is located
in one of the three main fjord regions in the world, in north-
ern Patagonia (∼ 41.45–42.75° S), southern Chile (Fig. 1).
It should be noted that this region is home to the majority
of Chilean aquaculture activities (salmon, blue mussels and
macroalgae) (> 90 %) (Soto et al., 2019).

Throughout this complex coastal system, freshwater in-
puts from rivers, rainfall, groundwater and melting glaciers
generate an estuarine circulation pattern (Dávila et al., 2002;
Valle-Levinson, 2010; Castillo et al., 2016), which has a
considerable influence over the biogeochemical processes
and physical oceanography in the area. The freshwater in-
puts generate stratification conditions which strongly impact
the bio-optical water properties and support the growth of
diatom-dominant phytoplankton communities (Iriarte et al.,
2007; Silva et al., 2011; González et al., 2019).

2.2 Field sampling

The present study implemented a field sampling strategy
from January to May 2023 (the summer-autumn period in
the southern hemisphere) in the coastal system that consti-
tutes the area of study in order to acquire in situ hyperspec-
tral images and oceanographic data pertaining to tempera-
ture, salinity and phytoplankton.

Specific sectors were selected for the in situ sampling from
across the study area (Fig. 1) based on a set of criteria, includ-
ing historical physical-chemical characteristics (temperature,
salinity and turbidity), local circulation patterns, HAB occur-
rence and proximity to aquaculture facilities (Table S1 in the
Supplement) (Silva et al., 2011; Soto et al., 2019, 2021).

Six locations were identified throughout the area in line
with the aforementioned criteria. These were: Ilque (I), Isla

Tenglo (T) and Canal Tenglo (CT), all within the Reloncaví
Sound coastal system; Chaparano (C), located in the Relon-
caví Fjord; and Pulelo (P) and Yaotal (Y), two sampling
points located on the coast of the Greater Island of Chiloé
(Table S1, Fig. 1b and c). Sampling transects of three or four
stations were performed across these monitoring locations,
depending on topography and UAV flight autonomy.

The field sampling was undertaken during daylight hours
(∼ 10:30–16:00 LT – local time) under safe and optimal
weather conditions. Although meteorological conditions var-
ied between clear and cloudy days, all sampling transects
were conducted under conditions in which there was no rain,
wind speeds were low (< 15 m s−1) and surface waters were
calm (waves< 1 m).

Water samples for oceanographic monitoring were col-
lected simultaneously with the optical data at each station.
The geo-location (latitude/longitude) was sent from equip-
ment onboard the research ship to the UAV technician, who
was located on the shore, to coordinate water sampling using
aerial observations. The autonomous flights were configured
using DJI Pilot 2 drone software at an altitude of 100 m above
the sea surface and a flight speed of ∼ 1–2 m s−1, in order
to obtain images of an area of 2500 m2 around the oceano-
graphic sampling points.

Since phytoplankton is commonly distributed within the
first ∼ 20–30 m of the water column, two sampling depths
were established: the first was at the surface (∼ 1.5 m), while
the second was based on water transparency rather than at
a defined depth. Temperature, salinity and in situ chloro-
phyll a (Chl a) levels were established using two conductiv-
ity, temperature and depth probes (CTDs), an RBRconcerto3

and an AML-Oceanographic Metrec XL. Transparency was
determined by a Secchi disk. Water samples were collected
using a Niskin bottle, at both the surface and at Secchi
depths, and stored in opaque plastic bottles for subsequent
analysis at the laboratory, in terms of both phytoplankton in
situ total biomass (Chl a) and phytoplankton abundance and
taxonomy. Discrete water samples collected for analyses of
phytoplankton abundance and taxonomy were fixed with Lu-
gol’s iodine solution (1 %).

2.3 Phytoplankton analysis

Phytoplankton species abundance was estimated according
to the microphytoplankton range (∼ 20–200 µm) in the lab-
oratory. The phytoplankton identification and cell counts
were performed following the Utermöhl method (Utermöhl,
1958), i.e., 10 mL of a fixed water sample were sedimented
from day to day prior to observations being taken using an
inverted light microscope (Olympus CKX-41). Taxonomic
identification was conducted to the lowest rank possible
(genus or species) (Mardones and Clément, 2016).
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Figure 1. (a) Study area in the northern Patagonian fjords of Chile (∼ 41.45–42.75° S) (yellow box), and sampling locations at (b) Reloncaví
Sound and (c) Greater Island of Chiloé.

2.4 UAV system, reflectance measurement and
hyperspectral imaging

The UAV deployed in the present study was a DJI Ma-
trice 300 RTK drone with the capacity to support a max-
imum weight of ∼ 9 kg and a flight autonomy of approxi-
mately 30 minutes (Fig. 2a). A hyperspectral camera, model
Resonon Pika L, was connected to the drone by a custom-
made 3D printed carbon fibre gimbal (Fig. 2b). In addition,
an Intel NUC mini-personal computer (mini-PC) was at-
tached to the drone using a custom-made 3D printed mount,
including batteries (Fig. 2b).

The Resonon Pika L camera captures 236 spectral bands
covering a spectrum range from ∼ 400 to 900 nm with a
spectral resolution of approximately ∼ 2.1 nm. A Flame S
spectrometer (Flame Ocean Insight) was used to record the
light conditions (solar radiation) during the flight, in the same
spectral bands as those captured by the hyperspectral cam-
era. A laptop connected via a cellular connection or a Wire-
less Local Area Network (WLAN) to the mini-PC was used
to operate the camera and record reflectance data. In remote
areas where connectivity was not available, communication
between computers was established by an Ubiquiti Loco M5
access point through a local wireless network.

Ocean Sci., 21, 2379–2395, 2025 https://doi.org/10.5194/os-21-2379-2025



P. Aparicio-Rizzo et al.: Phytoplankton detection study through hyperspectral signalling in the Patagonian fjords 2383

Figure 2. UAV system: (a) DJI Matrice 300 RTK drone, and (b) Resonon Pika L hyperspectral camera, 3D printed mount with batteries and
Intel NUC mini-PC.

2.5 Data processing and analyses

Prior to conducting the data analyses, a pre-selection was
performed, in which all samples with several co-occurring
phytoplankton genera (> 3) were removed from the final
dataset. Only stations where one or a maximum of two gen-
era dominated the community by > 80 % of abundance were
considered for the reflectance fingerprint analysis and differ-
entiation among the spectral signals.

Several steps were involved in processing the raw im-
age data captured by the hyperspectral camera using Spec-
tronon Pro software. The raw data were processed to ob-
tain reflectance (R(λ)) using the calibration file provided
by Resonon and the downwelling irradiance data provided
by a miniature spectrometer (Flame Ocean Insight). Sub-
sequently, pixel cleaning was undertaken using an adapted
Normalized Difference Water Index (NDWI), whereby pix-
els that did not correspond to water and those that were
saturated due to the solar angle of incidence were masked
(Xie et al., 2014). Due to the lack of reference points in
the monitoring areas, non-geometric correction was applied
to the raw image data. A consequence of this was that the
raw data were used only as reflectance data rather than im-
ages in the present study. These data were normalized using
the min-max method. The Savitzky–Golay method, or digital
smoothing polynomial filtering (DISPO), based on the least-
squares polynomial smoothing and differentiation fit (Ruffin
and King, 1999; Gallagher, 2020), was then applied to reduce
the noise signal and obtain a clean spectrum, without alter-
ing its properties. Finally, reflectance data were averaged in
order to obtain a reflectance value at each band to emphasize
the shape singularities of each spectrum. For analysing and
comparing the spectral signals of the different phytoplankton
species, the reflectance R(λ) values were used at a spectral
resolution of approximately ∼ 2.1 nm, while the wavelength
bands were limited to the visible and near-infrared light of
between 400 and 750 nm.

A hierarchical cluster analysis (HCA) was performed to
explore the changes in R(λ) under different genera domains.
A resemblance matrix based on the hyperspectral normal-
ized R(λ) was generated using the nearest neighbour single
linkage algorithm and the cosine index, as a distance mea-
sure for calculating similarities among spectral signals. Dif-
ferentiation among spectral signals for the stations in which
the same phytoplankton genus domain was identified us-
ing the non-parametric Kolmogorov–Smirnov test. To assess
the influence of pigment concentration at spectral signals, a
statistical analysis was applied to determine the differences
among low (< 2 µg L−1), moderate (> 4 µg L−1) and high
(> 8 µg L−1) Chl a concentrations.

The in situ temperature and salinity were converted to the
conservative temperature and absolute salinity by applying
the algorithms proposed in the Thermodynamic Equation of
Seawater 2010 (TEOS-10). The conservative temperature is
similar to the potential temperature, although it represents
the heat content of seawater with greater precision. Con-
versely, absolute salinity represents the spatial variation in
the composition of seawater by considering the different ther-
modynamic properties and the horizontal density gradient in
the open ocean (IOC et al., 2010). Oceanographic variables
across the present study area were characterized on a sea-
sonal scale, with a permutational analysis of variance (One-
way PERMANOVA) conducted to determine the differences
between the stations. Prior to the analysis, data were homog-
enized (log-transformed) and normalized in order to enhance
approximate multivariate normality.

Data were visualized and processed using Ocean Data
View (ODV) (Schlitzer, 2023), in which the Data-
Interpolating Variational Analysis (DIVA) for gridding and
interpolation were applied (Troupin et al., 2012), and also by
PRIMER 7 (Clarke and Gorley, 2015) and PAST 4.06 soft-
ware tools (Hammer et al., 2001).
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3 Results

3.1 Phytoplankton and spectral signals

Although the phytoplankton community identified in the
present investigation was typical of the summer-autumn di-
atoms assemblage described for the area of study, its compo-
sition changed between seasons, with an increase in diversity
and a decrease in dominance, in addition to a slight increase
in richness in the autumn, with the exception of Canal Tenglo
(Fig. 3, Table S2).

Although merely one bloom of the microalgae Hetero-
capsa triquetra was detected during the study period, com-
position analysis showed a clear monogenus domain (>
80 % abundance) of Rhizosolenia sp. at Ilque, and Pseudo-
nitzschia sp. at Pulelo and Isla Tenglo, in the summer (Fig. 3).
In the autumn, a combination of two genera was required
in order to reach 80 % abundance, at Chaparano, Yaotal and
Pulelo (Fig. 3).

Although the reflectance spectrums, under a diatom genus
domain, displayed similar patterns across the blue and green
bands (∼ 400–565 nm), differences in the shape of the curve
and the reflectance values were observed, including between
sample stations at the same location (Figs. 4 and 5). During
summer, samples at Ilque, which were dominated by Rhi-
zosolenia sp., displayed significant differences in the spectral
signal (p < 0.01) between stations in both the blue (∼ 400–
490 nm) and the green to near infra-red (∼ 500–750 nm)
bands (Fig. 4a, Table S3).

Similarly, under Pseudo-nitzschia sp. domain, significant
spectral differences (p < 0.01) were detected at Pulelo in the
total spectrum (Table S3). In the blue (∼ 400–490 nm) bands,
similar signals recorded at stations 1 and 3 differ from those
measured at stations 2 and 4 (Fig. 4b, Table S3). In the same
way, signals from stations 1 and 2 differed significantly in
the spectral signal from those at stations 3 and 4 (Fig. 4b,
Table S3), from the green to near infra-red (∼ 500–750 nm)
bands. At Isla Tenglo, only station 3 displayed a spectral
signal significantly different in the green to near infra-red
(∼ 500–750 nm) bands (Fig. 4b, Table S3).

The analysis displayed a more homogeneous reflectance
signal in relation to the March to April (autumn) samples
(Fig. 5). At Pulelo, similar spectral signals were detected,
with the exception of station 8 (Fig. 5a, pink line), in the
green to near infra-red (∼ 500–750 nm) bands (Fig. 5a, Ta-
ble S3). Furthermore, only station 2 at Chaparano (Fig. 5b,
orange line) displayed a statistically different total spectrum
(p < 0.05) and spectral signal in the blue (∼ 400–490 nm)
bands (p < 0.01) (Fig. 5b, Table S3).

By performing a band-based comparison, it was found that
all samples under diatoms genera domain displayed a similar
pattern in the blue (∼ 400–490 nm) bands, with the excep-
tion of Leptocylindrus sp. at Yaotal, with the highest R(λ)
(> 0.9 sr−1) registered at 470–480 nm (Fig. 5b). In the green
(∼ 500–565 nm) bands, where chlorophyll pigments reflect

light, generally high values of reflectance (> 0.9 sr−1) were
recorded, in addition to a higher variability in terms of both
shape and R(λ) values (Figs. 4 and 5). In fact, at Ilque,
where Rhizosolenia sp. dominated, the reflectance exhib-
ited an acute downward slope between the green and yel-
low (∼ 550–610 nm) bands (Fig. 4a), in which the absorption
peaks of accessory pigments, such as phycoerythrin and phy-
cocyanin, are usually detected. A similar slope was observed
at Pulelo and Isla Tenglo under Pseudo-nitzschia sp. do-
main (Fig. 4b). This slope was less pronounced at Chaparano
(Fig. 5b).

The spectral reflectance from all diatom genera displayed
a declining slope in the red to near-infra-red (∼ 650–740 nm)
bands, where another peak in chlorophyll reflectance is typ-
ical. In this area of the spectrum, two main peaks were ob-
served, between ∼ 680–720 nm and with an acute decline at
∼ 714 nm (Figs. 4 and 5). Strong variability was registered
among genera in this area of the spectrum, with the high-
est values detected at Chaparano for the Skeletonema sp. and
Chaetoceros sp. assemblage (Fig. 5b).

Furthermore, important differences were observed in the
spectra between diatoms and dinoflagellates. The spectral
signal of dinoflagellates was captured on merely one occa-
sion, under a bloom of the Heterocapsa triquetra species.
The spectrum shape of this species displayed a completely
different pattern compared to those of diatom genera. In
the Heterocapsa triquetra spectral signal, a clear increase in
the R(λ) from the blue to green bands (∼ 400–565 nm) was
observed (Fig. 6).
R(λ) values were up to two or three times lower than for

diatoms in the blue (∼ 400–490 nm) bands (Figs. 4–6), with
differences observed between station signals (Table S3). The
main peak of R(λ) was at 570 nm in the yellow-green area
(Fig. 6). Differences between dinoflagellates and diatoms
were also registered in the red to near infra-red (∼ 650–
740 nm) bands, with a distinctive signal of two R(λ) peaks at
670 and 680 nm (> 0.55 sr−1), in conjunction with a plateau
structure at 720 nm (Figs. 4–6). In summary, differences be-
tween groups were detected by means of the shape (Figs. 4–
6), the peaks observed at 440, 470, 500, 520, 550, 570 and
580 nm, and the variations in magnitude displayed in the
blue-green (∼ 400–565 nm) and the red to near infra-red
(∼ 650–740 nm) bands (Figs. 4–6).

3.2 Oceanographic conditions and reflectance

Oceanographic conditions were subject to seasonal changes
(F = 8.18, p < 0.01), whereby the highest conservative tem-
perature was registered in the summer of 2023, while conser-
vative temperatures generally ranged from 14–18 °C (Fig. 7a
and b). In the autumn, the water temperature reduced overall
variability, with maximum values not exceeding 13 °C in the
surface layer (Fig. 7c and d).

The absolute salinity minimum was observed in the sur-
face layer (20–22 g kg−1) of Chaparano during the autumn,
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Figure 3. Microphytoplankton community composition (histogram) and total biomass (black dotted line) during summer and autumn at
sampling locations. Each colour represents a genus of the community. Location codes: I= Ilque, P=Pulelo, T= Isla Tenglo, Y=Yaotal,
C=Chaparano, and CT=Canal Tenglo.

contributing to the decrease in water density (Fig. 7d).
In summer, absolute salinity varied from 26–33 g kg−1

(Fig. 7b). According to the salinity criteria (Sievers and
Silva, 2008), estuarine water (0–31 g kg−1) and modified
subantarctic water (31–33 g kg−1) were observed along both
seasonal stations. In the case of Chl a distribution, the high-
est values (15 µg L−1) were registered at the surface layer of
Canal Tenglo during the autumn, although no general pattern
was observed.

In terms of chlorophyll a, the reflectance spectra dis-
played variability when different Chl a concentrations
were compared (Fig. 8). For example, significant dif-
ferences (p < 0.01) in spectra signals were detected at
Ilque, with Rhizosolenia dominant, between January (low
Chl a= 0.8 µg L−1) and March (high Chl a= 1.6 µg L−1).

Also in January, measurements at Pulelo
(low Chl a= 2.92 µg L−1) and Isla Tenglo (high
Chl a= 5.93 µg L−1) exhibited significant differences
(p < 0.01), with Pseudo-nitzschia dominant. Regardless
of the dominant species, at low Chl a concentration lev-
els (< 2 µg L−1) reflectance spectral signals exhibited
more significant variability in the green-red (from 500
to 750 nm) bands, while under moderate (> 4 µg L−1) to
high (> 8 µg L−1) Chl a concentrations this variability was
greater in the blue (∼ 400–490 nm) band (Fig. 8).

Finally, the cluster analysis grouped together spectra that
corresponded to stations under the same dominant groups
and genera more closely (Fig. 9). Although similarity val-
ues were high, two main distinctions were identified: the
first relates to locations being grouped together due to the
dominance of diatoms, while the second relates to locations
grouped together due to the dominance of the dinoflagellate
Heterocapsa triquetra (Canal Tenglo) (Fig. 9).

Within the diatoms, two groups can be described. The
first (G-1) pertains to the group identified at Yaotal dur-
ing the autumn, which was dominated by Leptocylin-
drus sp. (78.95 %), in which the dinoflagellate Gyrodinium
sp. (5.26 %) was the secondary genus. The second group (G-
2) grouped together the remaining locations that were dom-
inated by diatoms (Fig. 8). Within G-2, all samples were
grouped together by the dominant genus, with the exception
of Ilque (Fig. 9). Nevertheless, the dendrogram grouped to-
gether locations based not only on the dominant genus, but
also on the basis of similar oceanographic conditions (Fig. 9).
Thus, when observing Fig. 9 it is possible to see Yaotal (blue)
and Ilque (cyan) on the left side of the cluster, which were
associated with changes in salinity during the autumn sea-
son and characterized by low Chl a values. On the right side
of the cluster, the locations of Canal Tenglo (red) and Cha-
parano (violet) were characterized by the detection of high
Chl a values.
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Figure 4. Diatoms spectral signals: (a) Rhizosolenia sp. at Ilque (aqua green, orange and purple lines); (b) Pseudo-nitzschia sp. at Pulelo
(aqua green, orange, purple and pink line) and Isla Tenglo (jasmine green, yellow and brown line) (∼ 41.45–42.75° S).

4 Discussion

4.1 Phytoplankton assemblages and spectral
R(λ) variability

In the present work, a hyperspectralR(λ) data set with a total
of 20 R(λ) spectra was obtained. This data set characterizes
the fingerprints of the main phytoplankton groups as well
as the predominant genera in the northern Patagonian fjords
(Iriarte et al., 2007; Alves-de-Souza et al., 2008; Jacob et al.,
2014; Cuevas et al., 2019). These spectral fingerprints are
representative of the most dominant species-genera among
the phytoplankton community and appear consistent, includ-

ing under varying oceanographic conditions. The results of
the present paper are highly relevant, particularly in a con-
text in which a limited number of existing datasets or studies
incorporate in situ hyperspectral reflectance (R(λ)) as a new
means with which to investigate phytoplankton composition
(Casey et al., 2020).

In the present study, two main groups (diatoms and di-
noflagellates) and three sub-groups of phytoplankton assem-
blages were identified through the R(λ) spectrum, with a
variability observed not only between groups, but also among
genera. Although the R(λ) spectrum of different diatom gen-
era was similar in shape and magnitude across the blue to
green bands (∼ 400–520 nm), the spectral signal enabled the
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Figure 5. Diatoms spectral signals: (a) Chaetoceros sp. and Thalassiosira sp. at Pulelo (green, orange, purple and pink lines); (b) Skeletonema
sp. and Chaetoceros sp. at Chaparano (green, orange and purple lines) and Leptocylindrus sp. and Gyrodinium sp. at Yaotal (pink line)
(∼ 41.45–42.75° S).

“fingerprints” of different genera to be detected. These dif-
ferences are especially observed at the blue (∼ 400–490 nm)
and the red to near infra-red bands (∼ 650–740 nm), where
the absorption and fluorescence of accessory pigments are
highest (Kramer et al., 2022).

In the red to near infra-red bands (∼ 650–740 nm), ab-
sorbance peaks of 683 and 700 nm have been previously re-
lated to HABs (Shen et al., 2012), in concurrence with the
drops in reflectance values registered for both diatom and di-
noflagellate groups in the present study. Past spectral stud-
ies have shown differences in the signal of diatoms and di-

noflagellate species (Tao et al., 2013). For example, Zhao
et al. (2010) described three different spectral fingerprints
that grouped several species together. In the aforementioned
study, the dinoflagellate Heterosigma akashiwo was charac-
terized by a single reflectance peak of 680–750 nm. How-
ever, the results of the present study showed a more accurate
spectrum, due to the width of the spectral signal, with a dou-
ble peak structure between 670–690 nm, a plateau at around
720–730 nm and a previous higher peak in the green bands
at ∼ 570 nm. This main peak has been previously described
to characterize the spectral signal of the HAB dinoflagellate
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Figure 6. Spectral signal of the dinoflagellate Heterocapsa triquetra at Canal Tenglo (green-Sta.1, orange-Sta.2) (∼ 41.45–42.75° S).

species Lepidodinium chlorophorum (Gernez et al., 2023),
thus raising the possibility of it being considered a dinoflag-
ellate spectral signal characteristic. However, the hyperspec-
tral reflectance results of diatom species in the present study
demonstrate a similar peak at around 560–570 nm for Skele-
tonema sp., in line with studies that utilize satellite remote-
sensing reflectance (Tao et al., 2013).

The effects of pigment concentrations and the community
composition of phytoplankton on the reflectance spectrum
have been shown to be essential factors in the development of
optical fingerprints at the genus or species levels (Mao et al.,
2010; Kramer et al., 2022; Gernez et al., 2023). Although in-
creases in absorbance and decreases in reflectance generally
correlate directly with changes in algal density (cell concen-
tration) in monospecific laboratory experiments (Gitelson et
al., 1999), non-significant differences in spectral signals un-
der different cell concentrations were detected during field
monitoring. The lack of relationship between cell density
and reflectance is likely given in the range of densities ob-
served in the present study, which varied from 1 582 600 to
3400 cells per litre. In this context, the main factor that af-
fects reflectance signals with differences in curve shapes in
relation to the same species was related to pigment con-
centration (Chl a). In fact, significant differences in major
spectral bands (blue, green and red) were observed on the
basis of this pigment concentration. In the summer, under
low Chl a concentrations, peaks in reflectance in the green-
red (∼ 500–750 nm) bands, where chlorophyll pigment re-
flects light, showed significant variability in both shape and
magnitude of R(λ), both among genera and across the dif-
ferent locations. In terms of spectral signals registered in

the autumn, under higher Chl a concentrations and a more
diverse community, greater variability was detected in the
blue (∼ 400–490 nm) bands. However, as indicated by Mao
et al. (2010), such variations in the blue bands (i.e., 400–
450 nm) are driven by the species composition under low
Chl a concentrations, in contrast to the green (500–550 nm)
bands.

Recent studies have described a covariation between pig-
ments, both accessory and specific groups, and optical prop-
erties such as fluorescence, scattering or cellular grouping
(Kramer et al., 2022). In the present study, total Chl a
has been shown to play a key role in the spectra with the
R(λ) signal classification. The HCA groups together the
same phytoplankton assemblages and genera, including un-
der variable oceanographic conditions (primarily by salin-
ity and Chl a). Furthermore, it groups locations with sim-
ilar total biomass concentration (Chl a) and phytoplank-
ton community composition. Locations with open water cir-
culation, in which there were different dominant diatoms
genera, characterized by low total biomass concentrations
(min. < 1 µg L−1), higher salinity and the presence of di-
noflagellates (Gyrodinium sp. and other thecate dinoflagel-
lates) were grouped together more closely (Yaotal, Ilque and
Pulelo). Conversely, stations with high Chl a concentrations
(min.> 1 µg L−1), located mainly in enclosed areas like Cha-
parano and Canal Tenglo, formed part of another group. Ad-
ditionally, it should be noted that locations with the lowest
Chl a concentrations also displayed the lowest mean values
of abundance.

The variability in reflectance can be associated with mul-
tiple factors, including biological (community composition,
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Figure 7. Conservative temperature and absolute salinity scatter diagram, including density (σ ) isoline (grey vertical lines) collected during
the 2023 summer and autumn oceanographic campaigns. Images (a) and (c) show incorporation of Chl a; images (b) and (d) show water
depth where data was obtained. In (a) the grey dots in the Ilque area denote no Chl a data.

cellular morphology, cell density, pigment composition and
concentration or physiological status), physical-chemical
(suspended matter, stratification, the roughness of the sur-
face or the specular reflection), and meteorological (wind
speed, solar radiation, cloudiness and solar angle) (Gitelson
et al., 1999; Kim et al., 2016; Muñoz et al., 2023). For ex-
ample, stratification plays a key role in the vertical distri-
bution of phytoplankton and matter in estuarine and coastal
waters. River discharge and glacier melting constitute an im-
portant input of coloured dissolved organic matter (CDOM)
and total suspended matter (TSM), and they also alter the

bio-optical signals, especially in the blue bands (Simis et
al., 2017; Kramer et al., 2022; Adhikari et al., 2023). In-
deed, in the Patagonian fjords, and particularly in the Chiloé
Inner Sea, high synchrony between Chl a and turbid river
plumes has been detected using remote sensing reflectance
(Rrs645 product) at 645 nm (Muñoz et al., 2023).

In fact, variations in bio-optical water properties have not
only been related to a punctual parameter, but also to the
interactions of these parameters and their seasonality (Flo-
res et al., 2022; Adhikari et al., 2023; Muñoz et al., 2023),
with changes in the optical signal associated with both bio-
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Figure 8. Microphytoplankton spectral signals with different Chlorophyll a concentrations. Low chlorophyll a (< 2 µg L−1) (jasmine green
and orange lines); moderate chlorophyll a (> 4 to 7.9 µg L−1) (aqua green line); and high chlorophyll a (> 8 µg L−1) (pink and purple lines).

Figure 9. Dendrogram of microphytoplankton hyperspectral normalized R(λ) signals classified by the dominant genus. Colours identify
different genus and sampling locations: Leptocylindrus sp. in Yaotal (blue); Rhizosolenia sp. in Ilque (cyan); Chaetoceros sp. and Thalas-
siosira sp. in Pulelo (black); Pseudo-nitzschia sp. in Pulelo and Isla Tenglo (green); Skeletonema sp. in Chaparano (violet) and Heterocapsa
triquetra in Canal Tenglo (red).

logical (phytoplankton succession) and non-biological (strat-
ification) characteristics in the water column (Simis et al.,
2017). Moreover, the ability to accurately distinguish the ef-
fect of different factors on in situ reflectance signals is com-
plex, since it may be a nonlinear relationship. Therefore, fur-

ther research is necessary to understand both the biological
features, i.e., phytoplankton composition and pigment con-
centration, including accessory pigments, and non-biological
characteristic on the reflectance signal.
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4.2 New technologies: limitations, opportunities and
challenges

Optical technology for the remote detection of phytoplank-
ton, such as satellites, have been employed for decades (Hu
et al., 2005; Shen et al., 2012; Moisan et al., 2017; Gernez et
al., 2023). Although limitations related to satellite observa-
tions associated with spatial-temporal and spectral band res-
olution are well known (Muller-Karger et al., 2018; Schaef-
fer and Myer, 2020), more modern satellites that use multi-
or hyperspectral sensors, such as Plankton, Aerosol, Cloud,
Ocean Ecosystem (PACE) and Hyperspectral Imager for the
Coastal Ocean (HICO), have shown improvements in spatial
(∼ 1200–90 m) and/or spectral resolution (∼ 350–900 nm) in
recent years (Kramer et al., 2022; Gernez et al., 2023). Cru-
cially, these modern multi- or hyperspectral sensors favour
observation in the ultraviolet (UV), visible and near-infrared
bands. Nevertheless, certain limitations remain in terms of
the number of spectral bands and satellite orbit cycles or
those caused by cloud cover and sunglint in remote areas.

Accurate observations represent a challenge in coastal ar-
eas where the spatial-temporal variability of phytoplankton
changes rapidly. The recent development of new technolo-
gies, such as UAVs and hyperspectral cameras to detect and
monitor phytoplankton blooms, particularly harmful algae
species at a high spatial-temporal resolution, can fill in the
gaps of satellite data and also help to validate this data with
in situ measurements. The utility of this technology in terms
of in situ measurements has been demonstrated around the
world, especially in coastal areas in which current or future
economic activities, or future projects under prospecting are
present (Kim et al., 2016; Kimura et al., 2019; McEliece et
al., 2020; Min et al., 2021). Consequently, an essential fac-
tor in this regard is the optical system chosen for to capture
the spectral signal. Currently, there are multiple possibili-
ties, including radiometers and hyperspectral and multispec-
tral cameras, which offer several characteristics, such as dis-
tinct spectral resolutions, different model sizes and varying
imaging systems (Kislik et al., 2018; Olivetti et al., 2023).
Although hyperspectral cameras are a high-cost technology,
their high resolution is considered the best option for phyto-
plankton and HAB monitoring in complex and small coastal
areas with aquaculture activities, including fjords, bays and
estuaries (Olivetti et al., 2023).

The present study has identified a series of advantages
and challenges of using UAVs and hyperspectral technol-
ogy for the detection and identification of phytoplankton as-
semblages in complex coastal waters. One of these advan-
tages is the continuous spectral resolution afforded by the
hyperspectral camera, which is capable of measuring each
∼ 2 nm, from 400 to 1000 nm, i.e., it is a powerful tool with
which to differentiate between phytoplankton assemblages
through changes in spectral signals at high spectral resolu-
tion. The use of UAVs for in situ reflectance measurement
is another advantage. For example, conducting monitoring at

optimal altitudes (< 100 m) allows for a high spatial resolu-
tion (∼ 3.5 cm by pixel) to be achieved. UAVs can also be
deployed to capture reflectance under cloud cover or other
atmospheric conditions, such as suspended dust and other
particulate matter. These advantages contrast with the ma-
jor challenges in terms of capturing satellite reflectance in
coastal systems with complex topographies and high cloud
cover throughout the year. The challenge is especially signif-
icant if it is necessary to obtain images and water samples
simultaneously.

Despite the aforementioned advantages, the use of UAVs
as a means of phytoplankton monitoring in remote areas re-
mains a challenge. Although this technology can help to re-
duce sampling times and provide researchers with the pos-
sibility to conduct monitoring in remote coastal areas, the
dependency on a strong network signal in the vicinity con-
stitutes a major limitation, particularly in more isolated ar-
eas where network signal is weak or inconsistent. Further-
more, adverse weather conditions, such as wind or rain, as
previously identified by Kislik et al. (2018), can compromise
the use of a UAV. Other limitations that were identified dur-
ing the undertaking of the present study relate to technical
aspects, including flight time being limited by battery life
and the lack of reference points over large expanses of wa-
ter (Kislik et al., 2018; Wu et al., 2019). A further aspect
to consider is the camera size. Hyperspectral cameras are a
relatively new technology and, as such, are large and heavy.
Therefore, their functionality is somewhat limited since those
who wish to utilize this equipment are forced to invest in a
large, expensive drone in order to carry the camera. In addi-
tion, a further related challenge to overcome is the high vari-
ability of these cameras available on the market, with a broad
range of specifications in terms of spectral resolution, geom-
etry acquisition and imaging systems. As a result, a degree
of caution is required at the moment of acquisition because
the specifications of the camera that is purchased will deter-
mine the ability of the user to capture and compare data and
apply algorithms in future work. Further significant obsta-
cles that can hinder the identification of phytoplankton using
reflectance data include the analysis of the vertical distribu-
tion of phytoplankton in the water column (∼ 1–40 m), us-
ing both satellites and UAV-hyperspectral camera systems,
particularly in the design of future algorithms. This also in-
cludes the difficulties associated with conducting analyses
of the presence of other particles, mainly non-biological, in
the water column, as well as their impact on solar radiation
absorption/reflexion and in terms of other physical aspects,
such as water roughness.

The high resolution afforded by this new technology has
the potential to enhance the classical detection algorithms
that are based on reflectance and/or absorbance ratios and
which have traditionally been applied on the basis of satellite
data (Mao et al., 2010; Tao et al., 2013; Gernez et al., 2023).
However, despite recent works having increasingly included
hyperspectral data for the study of phytoplankton assem-
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blages, these datasets remain limited to specific areas and/or
are unavailable. Indeed, the lack of a robust hyperspectral
image library is another important factor to consider. There-
fore, future observations must combine UAV-hyperspectral
camera systems and next-generation satellite hyperspectral
data with the in-situ collection of biological (phytoplankton
concentration, pigments and taxonomy) and non-biological
data (CDOM and TSM) across multiple and diverse environ-
ments.

5 Conclusions

The aim of the present study was to take the first steps in
the identification of phytoplankton from in situ hyperspectral
signals using a UAV and hyperspectral technology in a com-
plex coastal system, which in this case was the Patagonian
fjords. The results obtained show the potential of hyperspec-
tral data for the detection and identification of phytoplankton
assemblages. Evidence was found of differences between the
spectral signals of diatoms (i.e., Rhizosolenia sp., Pseudo-
nitzschia sp. and Leptocylindrus sp.) that were detected in the
blue band (∼ 400–490 nm) with those of dinoflagellates (i.e.,
Heterocapsa triquetra) that were observed in the red to near-
red bands (∼ 650–740 nm), regardless of cellular concentra-
tion. In addition, pigment concentrations were validated as
determinants, with Chl a playing a significant role in the clas-
sification of the reflectance spectra signal. The present study
illustrates the great potential of hyperspectral technology and
the usefulness of UAV systems to support and improve both
satellite and in situ monitoring in complex coastal waters,
such as the Patagonian fjords. The reflectance data registered
in the present study, which is associated with a specific gen-
era label, in conjunction with information on oceanographic
conditions and phytoplankton pigments, can be employed
in a possible next step to aid in the development of an ac-
curate algorithm through machine learning. This would not
only help to identify and differentiate phytoplankton genera
blooms, but also non-biological particles (suspended materi-
als and sediment) and other water characteristics.
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