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A B S T R A C T   

Plankton are excellent indicators of ecosystem status and fisheries because of their pivotal role in marine food 
webs and their core values in the integrated ecosystem assessment (IEA). Monitoring plankton is essential to 
understand their dynamics and underlying processes. Recent advances in imaging technologies have enabled in 
situ, high-frequency, real-time observations of plankton in coastal waters. While high-frequency plankton time 
series have provided unprecedented fundamental information about physical and biological processes, under
standing and identifying the underlying mechanisms that influence plankton dynamic remains a major challenge. 
We use high-frequency plankton data from PlanktonScope as an example to examine the impacts of physical and 
biological processes on plankton dynamics at different temporal scales. Frequency patterns were identified for 
both environmental factors and different plankton groups that matched in time. Using logistic regression models 
on the selected daily peaks for different plankton groups, we found that diurnal cycle, monsoon season, and 
major episodic events, such as typhoons, had major impacts on the dynamics of plankton, as proxied by our 
indicators. We further synthesized, across multiple spatiotemporal scales in the study area, the impacts of various 
processes on plankton with different mobility. Our study demonstrates that the suite of plankton indicators 
simultaneously generated from PlanktonScope provides a robust holistic view of pelagic ecosystem status over a 
broad range of spatiotemporal scales. In situ imaging systems like PlanktonScope are promising tools for near 
real-time plankton monitoring and a deep understanding of plankton dynamics.   

1. Introduction 

Estuarine and coastal ecosystems are highly productive and often 
serve as nursery habitat for important fisheries species (Nagelkerken 
et al., 2015; Sheaves et al., 2015), but they are among the most 
threatened natural systems globally (Barbier et al., 2011; Halpern et al., 
2008; Lotze et al., 2006). The degradation of estuarine and coastal 

ecosystems can be caused by many intertwined factors, such as excessive 
nutrients, pollutants, hypoxia, habitat alteration or loss, and overfishing 
(Borja et al., 2010). Their degradation often contributes to major 
ecological and environmental issues, such as harmful algal blooms, 
macroalgal bloom, jellyfish blooms, and resource depletion (Anderson, 
2009; Purcell et al., 1999). Indicators have long been used to detect 
changes in estuarine and coastal systems (Aubry and Elliott, 2006; Borja 
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and Dauer, 2008). 
In the past two decades, IEA has become an important framework to 

formulate policies for fisheries and ecosystem management and resto
ration (Druon et al., 2019; Heneghan et al., 2020; Levin et al., 2009). A 
crucial step in IEA is to develop (a suite of) indicators as proxies for key 
physical and biological processes and to infer the ecosystem status 
(Dumelle et al., 2021; Harvey et al., 2020; Piet et al., 2008; Shin et al., 
2010). Plankton indicators show rapid response to changes in marine 
ecosystems and are widely used in the assessment of ecosystem status 
(Beaugrand et al., 2008; Beaugrand and Kirby, 2010; Lomartire et al., 
2021; Ndah et al., 2022; Racault et al., 2014). Therefore, plankton in
dicators are the heart of IEA because of plankton’s pivotal roles in food 
webs and fisheries-plankton interactions (Diekmann et al., 2010; Ndah 
et al., 2022). 

Plankton are a diverse group of organisms defined by their inability 
to swim actively against a current rather than by biological factors. They 
not only vary in size - from a few micrometers to several meters - but also 
in functional traits (Beardall et al., 2009; Litchman et al., 2007; Teodósio 
and Barbosa, 2022). Phytoplankton are the primary producers and the 
basis of the marine food chain. Zooplankton are important prey species 
for juvenile fish, and such interactions have been postulated as the basis 
for the “Critical Period hypothesis” (Hjort, 1914) and “Match-Mismatch 
hypothesis” (Cushing, 1969) to explain fish recruitment variation. Some 
zooplankton species can affect the ecosystem structure disproportion
ately because they are critical food sources for many top predators, such 
as krill (Melbourne-Thomas, 2020; Trathan and Hill, 2016), mysids 
(Feyrer and Duffus, 2015), and some high-nutrient-content copepods 
like Calanus finmarchicus (Heath and Lough, 2007; Huserbråten et al., 
2018; Papworth et al., 2016). In recent years, jellyfish (Cnidaria) became 
conspicuous in many ecosystems with rapid outbursts or periodic 
blooms (Mills, 2001; Purcell et al., 2007; Uye, 2014) and their pro
liferations often have detrimental effects for fisheries (e.g., Purcell, 
1985; Richardson et al., 2009), although beneficial impacts for 
biogeochemical cycles and ecosystem functioning also exist (Lebrato 
et al., 2019; Tinta et al., 2021). 

Several characteristics of plankton make them excellent indicators 
(Mackas and Beaugrand, 2010; Mackas et al., 2001; Ndah et al., 2022; 
Racault et al., 2012). First, plankton are ubiquitous in the ocean, which 
makes them easy to reliably sample. They are rapidly reproducing or
ganisms with wide dispersal abilities (Cowen and Sponaugle, 2009; 
Marcot, 1976; McManus and Woodson, 2012) and their short generation 
times (day to months) allow population responses to intra-seasonal 

environmental changes. While integrating short-term, daily to weekly, 
events. Second, while ecosystem productivity seems to be under the 
control of the physical dynamics (Bi et al., 2011b; Gao et al., 2021; 
Heath and Lough, 2007; Helaouët and Beaugrand, 2007; Keister et al., 
2011; Roemmich and McGowan, 1995), many planktonic species are 
characteristic of specific water masses (Bi et al., 2011a; Burckle, 1998; 
Liu et al., 2015; McGowan and Walker, 1979; Reid et al., 1978). Third, 
many studies have demonstrated that changes in plankton are consid
ered among the earliest and most sensitive ecosystem responses to both 
anthropogenic pressure (Attayde and Bozelli, 1998; Bedford et al., 2018; 
Schindler, 1998; Serranito et al., 2016) and global environmental/ 
climate change (Beaugrand et al., 2015; Bi et al., 2014; Doney and 
Sailley, 2013; Winder and Sommer, 2012). Finally, zooplankton are 
rarely commercially exploited and support many predators; they are 
therefore fishery-independent and less affected by the unknown and 
confounding factors that complicate the interpretation of indicators. 

Developing plankton indicators that target coastal and estuarine 
systems remains a challenging task due to the inherent stochasticity of 
plankton dynamics and the sensitivity of indicators to climate-driven 
changes (Bedford et al., 2020). In such systems, plankton are influ
enced by processes at different temporal scales, including daily tidal 
cycles, diurnal cycles, spring-neap cycles, seasonal cycles, episodic 
events like flooding or changes in circulation patterns, as well as com
plex biological processes. 

To parse the impacts of the different processes and to reduce the 
uncertainties in plankton indicators, there is a definite and clear need for 
continuous intensive monitoring programs. Traditional sampling ap
proaches, such as nets, can be expensive and labor-intensive and it is 
time consuming to process plankton samples under the microscope; in 
addition, the time lag between sampling and data analysis/interpreta
tion makes it difficult to provide plankton indicators to policy makers in 
a timely manner (Benfield et al., 2007). 

In the past few decades, the development of imaging systems in 
combination with the rise of artificial intelligence has given scientists 
more options to measure zooplankton in a faster, convenient, and more 
comprehensive way. In addition to their non-invasive collection of data, 
imaging systems can autonomously acquire images in real-time for or
ganisms from single-celled phytoplankton, microzooplankton, to 
multiple-celled mesozooplankton, larval fish and jellyfish: Imaging Flow 
Cytobot (Olson and Sosik, 2007), Video Plankton Recorder (Davis et al., 
1992), Underwater Video Profiler (Picheral et al., 2010), In Situ Ich
thyoplankton Imaging System (Cowen and Guigand, 2008), GUARD1 

Fig. 1. Study area and sampling site. (A) Study area with the small map in the upper left corner showing the south China coast. (B) Illustration of man-made harbor 
for cooling water intake. 
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Fig. 2. Example images collected in the study site, showing mysid shrimps (upper left), jellyfish (upper right), colonies of Phaeocystis (lower left), and chaetognaths 
and Noctiluca (lower right). Note the dense particles in the images, which highlight the challenges of imaging plankton under the suboptimal conditions at the 
study site. 

Fig. 3. Times series of hourly environmental variables. The three dashed vertical lines indicate typhoon events in June – August 2021.  
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system (Corgnati et al., 2016), PlanktonScope (Song et al., 2020), 
Scripps Plankton Camera system (Campbell et al., 2020; Merz et al., 
2021; Orenstein et al., 2020) are among the commonly used in situ 
imaging systems. The advanced deep learning systems such as con
volutional neural networks (CNNs) have dramatically sped up our 
ability to identify and enumerate plankton images with high accuracy 
(Cheng et al., 2019; Irisson et al., 2022; Luo et al., 2018). Most plankton 
imaging systems include the digital storage of individual photographs 
and measurements, making data verification and exchange easier. 
Deploying plankton imaging systems in productive coastal and estuarine 
systems remains challenging (Bi et al., 2012a; Song et al., 2020), how
ever, because of the sub-optimal imaging conditions caused by high 
turbidity and dynamic environment, and the difficulty of processing 
noisy images (Bi et al., 2015; Song et al., 2022). 

The objectives of our study are to: (1) develop plankton indicators for 
the Guangdong coastal water using data collected by PlanktonScope, 
and in particular to provide early warning of swarms of mysids and 
jellyfish which have the potential to clog cooling water intakes, (2) 
identify the temporal characteristics of plankton indicators by taking 
advantage of the high-frequency sampling provided by the Plankton
Scope, and (3) quantify the impacts of different physical processes across 
a range of temporal scales on plankton density. 

2. Sampling and data analysis 

2.1. Sampling site and hydrography 

The Guangdong province is located in the southernmost part of 
China. Its coastal waters are heavily affected by dense urban populations 
and industrial wastewater. As a subtropical region, the large-scale cir
culation pattern is mostly driven by the East Asian Monsoon or Meiyu 
(Bakun, 1973; Ding and Chan, 2005; Tung et al., 2020). Three tropical 
cyclones landfalls in coastal areas of Guangdong occur on average each 
year (Knapp et al., 2018). The eastern part of Guangdong coast is 
affected by summer upwelling, the Pearl River plume, the westward 
coastal current, and northeastward current in the open ocean (Chen 
et al., 2017; Gan et al., 2014; Guan, 1978). It is an ideal location to 
examine the interactions between plankton and their biotic and abiotic 
environments and changes over time. In this region, common, large, 
blooming plankton include Lyngby sp., Phaeocystis sp., and Noctiluca sp. 
(Gui et al., 2020). The dominant zooplankton groups are copepods, 
jellyfish, chaetognaths, appendicularians, and meroplanktonic larvae 
(Gong et al., 2019). 

The study site was established in a small man-made harbor since 
January 1, 2021, in front of an industrial cooling water intake off 
Yangjiang, the central Guangdong coast (21.72◦N and 111.96◦E, Fig. 1). 
The study area is influenced by east Asia monsoons and characterized by 
a wet summer in May – September and a dry winter in October – April. 
Prevailing winds are northerly monsoon during winter and southerly 

during summer (Xie et al., 2015; Zhou et al., 2008). The local currents 
include a westward alongshore current along the coast and a north
eastward current in the open sea (Guan, 1978). The most prevalent tidal 
pattern is semi-diurnal with two high and two low tides per tidal day and 
the average difference between high tide and low tide is 1.12–1.48 m 
(Zhou et al., 2008). 

3. Methods 

PlanktonScope (Liu, 2021; Song et al., 2020) and its predecessor 
ZOOplankton VISualization system (ZOOVIS, Bi et al., 2012a; Trevorrow 
et al., 2005) were designed as open area, shadowgraph imaging system 
to maximize imaging capability in turbid coastal and estuarine waters. 
PlanktonScope is equipped with a specially designed illumination sys
tem which uses relatively long wavelength red light at 640 nm to reduce 
attenuation and minimize the disturbance of organisms (Davis et al., 
1992). The illumination system operates in strobe mode, which pro
duces more light for a limited amount of time and achieves higher in
tensities than the nominal output values. The strobe mode is designed to 
overcome fast attenuation due to high particulate concentration in 
turbid coastal waters and provide adequate light to image fast-moving 
objects. At the same time, the strobe mode helps preserve the life span 
of the illumination system and reduces power consumption. Most 
importantly, the illumination system synchronizes the acquisition time 
of the camera and lighting, and reduces to exposure time to 2 μs, which 
eliminates the influence of ambient light and overcomes motion blur in 
coastal and estuarine environments caused by ocean currents often 
reaching 1 m s− 1 (Cresswell, 2000). 

The PlanktonScope system includes two pressure housings: an illu
mination pod which includes the illumination system and a battery 
pack, and a camera pod which includes camera, lens, computer board 
and storage. PlanktonScope is equipped with a high-density digital 
camera with a complementary metal oxide semiconductor (CMOS) 
image sensor with a field of view 57 mm × 43 mm. A special designed 
reflecting camera lens extends the depth of field to 105 mm. The sample 
volume for each image is ~256 ml. The relatively large field view and 
the 20 μm pixel resolution allows the system to image plankton as small 
as ~50–100 μm. The distance between the camera pod and illumination 
pods is 16 cm. 

The water depth at the sampling site in the channel for cooling water 
intake was ~8–9 m depending on tidal cycle and the current persistently 
moved landward with a relatively stable unidirectional landward ve
locity > 1 m s− 1 (Fig. 1). The persistent high speed water intake 
essentially acted as a coastal water trap. 

PlanktonScope was deployed from January 1 to December 31, 2021 
at ~3 m within the bottom and collected images at 0.05 Hz (3 images per 
minute). Maintenance and service were performed every two weeks in 
June – October and every three weeks in other months to clean and 
prevent biofouling. In total, ~1.3 million images were collected and 

Table 1 
Monthly means and standard deviations of environmental variables.   

Sea level(m) Turbidity (NTU) Temperature (◦C) Salinity (ppt) Dissolve oxygen (mg L− 1) pH Chlorophyll (mg L− 1) 

Month Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

1 − 0.13 0.66 12.81 10.65 16.48 1.13 29.48 0.35 8.29 0.36 8.01 0.04 1.21 0.48 
2 − 0.17 0.62 8.47 9.92 20.63 1.06 30.55 0.72 7.28 1.52 8.12 0.07 1.71 0.89 
3 − 0.16 0.64 15.78 85.86 22.32 1.04 31.23 0.50 5.51 2.27 7.94 0.10 1.32 0.67 
4 − 0.09 0.64 13.91 14.29 25.60 0.70 30.99 0.61 6.47 0.42 7.98 0.08 1.25 0.59 
5 − 0.28 0.72 5.76 5.46 29.90 1.59 31.14 0.89 5.89 0.63 7.93 0.08 1.50 1.02 
6 − 0.26 0.65 9.20 9.04 30.18 0.88 27.10 4.79 6.66 1.04 8.01 0.24 3.94 2.48 
7 − 0.17 0.63 32.84 53.75 30.42 1.36 26.32 4.37 7.02 1.36 7.99 0.61 2.92 2.79 
8 − 0.28 0.64 7.07 10.66 28.23 1.82 31.41 2.57 7.07 2.29 8.00 0.21 2.42 2.86 
9 − 0.14 0.63 3.97 5.75 31.17 0.58 30.13 0.84 6.28 0.76 8.17 0.07 1.65 1.60 
10 0.12 0.62 27.14 31.92 27.31 2.18 30.97 0.80 6.26 0.62 8.06 0.05 1.46 1.70 
11 − 0.04 0.64 9.50 7.79 24.87 1.30 30.94 0.46 7.08 0.84 8.15 0.08 1.42 1.93 
12 − 0.01 0.59 20.73 16.75 20.49 0.76 31.96 0.66 7.44 0.30 8.08 0.03 2.86 1.83  
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analyzed. Here, we focused on copepods, appendicularians, chaeto
gnaths, jellyfish, mysids, Noctiluca and Phaeocystis, which account for 
>90% counts. The fast landward flow speed and relatively low imaging 
frequency ensured no duplicate images of the same individual organism. 
Plankton count data were binned hourly for analysis. 

Environmental data including water level, temperature, salinity, pH, 
optical dissolved oxygen (ODO) and chlorophyll a from fluorescence 
were measured every 30 s by a buoy at the same location. Environmental 
data were binned hourly. 

3.1. Image processing 

PlanktonScope is equipped with an end-to-end integrated image 
processing system begins with a scene classifier to capture large within- 
image variation, followed by the pretrained scene-specific regional 
convolutional neural network (Mask R-CNN) models to separate target 
objects into different taxonomic groups (Bi et al., 2022). This new end- 
to-end approach overcomes the issues of separating potential targets 
from noisy low contrast backgrounds and large variations in image 
contents (Fig. 2) and is capable of processing 10–25 images per minute 
depending upon image content. This framework can enumerate and 
store segmented images for a total of 19 plankton groups (Bi et al., 
2022). The system was deployed to process in situ images collected by 
PlanktonScope and to provide near real time plankton density, specif
ically mysid shrimp data because mysid swarms could clog cooling 
water intake. In this study, we reclassified the segmented targets using 
another automated procedure based on residual neural network with an 
accuracy ~92% (Cheng et al., 2019; Cheng et al., 2020; Jiao et al., 2022; 
Song et al., 2022). 

3.2. Data analysis 

By nature, time series of plankton measure plankton status over time. 
Each observation reflects the impacts of multiple interacting processes at 
a given time and our ability to distinguish the impacts from different 
processes is often determined by sampling frequency. However, by 
examining the periodic signals in environmental factors and selected 
plankton indicators, we can identify the prevailing temporal charac
teristics in plankton indicators and environmental factors, and match 
them in the frequency domain. 

We applied wavelet-transform-based technique on each hourly bin
ned environmental factor and biological variable to analyze the pres
ence of different frequencies in each variable (Torrence and Compo, 
1998). A Morlet wavelet was selected as a basis function, which repre
sents an optimal balance between time and frequency localization for 
features in wavelet spectra. Prior to analysis, we first filled the data gaps 
in time series, using (1) linear interpolation for data gaps of <24-h and 
(2) neighboring daily means for the few extensive gaps (3–5) that lasted 
a few days. By doing so, we did not contaminate the spectra results 
derived from valid observations. For visualization, a log transformation 
was applied to biological observations. Biological activities being highly 
seasonal, results from wavelet analysis provide useful information to 
identify bloom periods and can guide further investigation for the cor
responding environmental process. The hourly data of one-year mea
surements can statistically resolve the variability on time scales from 
hours to season. 

To examine the impact of diurnal cycle, we created a second variable 
to indicate whether observations occurred in daytime or nighttime. For 
the analysis of the seasonal monsoons, i.e., dry winters and wet sum
mers, May – October were considered as wet summer season and the 
other months as dry season (Kim et al., 2013). To quantify the impacts of 
physical processes on plankton abundance, we identified the daily peaks 
for each plankton group. Given the large number of zeros and to avoid 
potential white noise interference, we eliminated peaks with density less 
than the mean abundance. Based on the peaks we identified, a new bi
nary variable was created to indicate the occurrence of daily peak. For Ta
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Fig. 4. Power spectra of environmental factors: A, sea level; B, turbidity; C, temperature; D, salinity; E, dissolved oxygen (DO); F, pH; and G, chlorophyll a. Note that cross-hatched regions on either end indicate the 
“cone of influence,” where edge effects become important and therefore the derived frequencies are not reliable. 
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each plankton group, a logistic regression model was constructed to 
examine the occurrence of peaks in relation to diurnal cycles, tides, and 
seasonal monsoon patterns (Bi et al., 2008; Kleinbaum et al., 2002). 

Fig. 5. Time series of the nine dominant plankton groups observed by PlanktonScope in 2021. The three vertical dashed lines indicate three typhoon events between 
June and August 2021. 
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Fig. 6. Example of relationship between tidal and diurnal cycles and plankton abundance. Note that different taxa peaked at different times and the selected period of high abundance varied for different groups. Light 
blue lines indicate tidal cycles, black dashed lines indicate diurnal cycles with black for nighttime and white for daytime, and orange lines indicate plankton abundances. Red vertical lines indicate daily peaks. A 
Phaeocystis, B Lyngbya, C Noctiluca, D jellyfish, E appendicularians, F copepods, G echinoderm larvae, H chaetognaths, I shrimps. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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4. Results 

4.1. Environmental conditions 

Sea level data showed strong periodic signals ranging from 
− 2.07–1.77 m with the maximum value occurring on October 10 and 
the minimum value occurring on May 28 (Fig. 3). Monthly mean sea 
level was higher in dry winter and lower in wet summer (Table 1). 
Turbidity was high with a mean of 14.73 ± 0.38 NTU (mean ± standard 
error) which underscored the challenges of imaging plankton at the 
study site (Fig. 3). Monthly mean turbidity showed large variations and 
no clear seasonal pattern (Table 1). Surface water temperature ranged 
from 14.47 to 33.25 ◦C with the minimum temperature on January 13 
and maximum on July 11 (Fig. 3). Monthly mean temperature showed 
strong seasonal pattern (Table 1), while salinity had high variability 
(Fig. 3 and Table 1) clearly dominated by the typhoons during summer 
monsoon. It ranged from 12.0 to 34.30, with a mean 30.15 ± 0.03, and 
lowest values during and after the typhoon events. Dissolved oxygen and 
pH did not show clear seasonality, but were affected by typhoon events 
(Fig. 3 and Table 2). Fluorescence-derived chlorophyll-a concentration 
showed large fluctuation over time (Fig. 3) and ranged from 0 to 20.32 
mg L− 1 with a mean of 1.98 ± 0.02 mg L− 1. Monthly mean chlorophyll 
appeared to be higher during summer monsoon in June – August and in 
December (Table 1). 

4.2. Power spectra of environmental variables 

On the frequency domain, sea level data contained evident tidal 
periodicity and the corresponding peaks at the semidiurnal and diurnal 
frequencies were persistent throughout the year (Fig. 4A). The water 
pumps for industrial cooling facilities induced intense mixing in the 
small harbor and basically homogenized the temperature and salinity in 
the intake channel (Fig. 4C–D). Short-term variability due to advection 
of tidal current or heat fluxes over day/night cycle was mostly masked. 
The impacts of tides were discernible for turbidity, dissolved oxygen, 
pH, and chlorophyll a (Fig. 4B, E–G). 

Weather events such as typhoons and storms occurred three times in 
2021 and each event lasted a few days. They were often accompanied by 
intense winds and significantly increased/decreased precipitations and 
heat fluxes. They consequently affected the local environment, such as 

sea level, temperature, salinity, and turbidity. For instance, the high 
spectra values at the time scales of day-weeks occurred in the sea level 
data in June – September. Their fingerprints on oxygen, turbidity and 
chlorophyll a were only detectable in June – September, which was 
consistent with the active periods of those environmental factors. 

Atmospheric processes, such as monsoon and Meiyu front, can 
remain over southern China for months and they often lead to changes in 
wind direction and intensity, persistent rainfalls and increased river 
discharge, which in turn tend to reduce salinity in the study region. The 
modified wind-driven currents also play an important role in the 
decrease of the nearshore salinity by transporting fresher river plumes 
along the southeast coast of China. Such processes are confirmed by the 
widespread peaks in the spectra of temperature, salinity, oxygen, pH and 
turbidity at the time scales of months (~30 days). 

4.3. Seasonal dynamics of plankton abundance 

With PlanktonScope, we identified nine dominant plankton groups 
over the full year of sampling. Three large phytoplankton groups 
sampled by PlanktonScope showed strong seasonal variations, with 
colonies of Phaeocystis blooming post wet monsoon season and Noctiluca 
and the line-shaped algae Lyngbya blooming pre wet monsoon season 
(Figs. 2, 5 and Table 2). The peak abundances of Phaeocystis, Lyngbya 
and Noctiluca, were much higher than their mean abundances, 4.73 ×
104, 8.02 × 105 ind. m− 3 and 2.15 × 104, respectively versus 477.34 ±
27.36, 998.73 ± 190.07, and 1747.79 ± 82.24 ind. m− 3, respectively. 
However, the peak bloom duration of Phaeocystis and Lyngbya appeared 
to be short-lived, ~ one – two weeks, while Noctiluca blooms tended to 
be relatively long, ~ two weeks – one month. 

Jellyfish, appendicularians, copepods, echinoderm larvae, chaeto
gnaths and shrimps also showed strong seasonal variation with rela
tively higher abundance during the summer monsoon than in winter 
(Fig. 5 and Table 2). The variability of these zooplankton groups was 
generally lower than that of the large phytoplankton groups, except for 
echinoderm larvae which had a coefficient of variation (CV) of 4.78. The 
CVs for other zooplankton groups ranged from 2.01 to 3.49 and that of 
the three large phytoplankton groups ranged from 4.41 to 17.81. The 
abundance of echinoderm larvae was the highest in April and June, 3.84 
× 104 ind. m− 3. On average, the abundance of echinoderm larvae 
accounted for 23% of total zooplankton counts, and chaetognaths, 

Table 3 
Results of logistic regression models. Bold font indicates statistical significance.    

Estimate Std Error z value P (>|z|)   Estimate Std Error z value P (>|z|) 

Phaeocystis 

(Intercept) − 4.68 0.33 − 14.22 <0.01 

Copepod 

(Intercept) − 5.57 0.31 − 17.71 <0.01 
Diurnal 0.21 0.38 0.55 0.58 Diurnal 1.49 0.28 5.31 <0.01 
Tide − 0.04 0.49 − 0.08 0.94 Tide − 0.11 0.42 − 0.25 0.8 
Monsoon − 2.15 0.43 − 5.05 <0.01 Monsoon − 0.03 0.23 0.14 0.88 
Diurnal*Tide − 0.01 0.62 − 0.01 0.99 Diurnal*Tide 0.84 0.46 1.85 0.06 

Lyngbya 

(Intercept) − 6.81 0.58 − 11.76 <0.01 

Echinoderm larvae 

(Intercept) − 6.45 0.47 − 13.73 <0.01 
Diurnal 0.07 0.38 0.2 0.84 Diurnal 0.78 0.29 2.71 <0.01 
Tide 1.04 0.4 2.61 <0.01 Tide 0.26 0.39 0.67 0.51 
Monsoon 1.41 0.55 2.57 0.01 Monsoon 1.22 0.44 2.77 <0.01 
Diurnal*Tide 0.42 0.54 0.79 0.43 Diurnal*Tide − 0.06 0.46 − 0.13 0.89 

Noctiluca 

(Intercept) 7.56 0.75 − 10.03 <0.01 

Chaetognatha 

(Intercept) − 5.01 0.25 − 19.89 <0.01 
Diurnal 0.62 0.31 1.98 0.05 Diurnal 0.95 0.2 4.64 <0.01 
Tide 0.33 0.41 0.8 0.42 Tide 0.37 0.29 1.28 0.2 
Monsoon 2.25 0.73 3.08 <0.01 Monsoon 0.26 0.22 1.2 0.23 
Diurnal*Tide 0.31 0.5 0.64 0.52 Diurnal*Tide 0.01 0.33 0.02 0.98 

Jellyfish 

(Intercept) − 5.28 0.27 − 19.45 <0.01 

Shrimp 

(Intercept) − 5.66 0.32 17.87 <0.01 
Diurnal 1.07 0.21 5.01 <0.01 Diurnal 0.82 0.2 4.03 <0.01 
Tide 0.44 0.3 1.47 0.14 Tide 0.52 0.27 1.9 0.06 
Monsoon 0.48 0.23 2.01 0.04 Monsoon 1.1 0.29 3.77 <0.01 
Diurnal*Tide − 0.06 0.34 − 0.17 0.87 Diurnal*Tide − 0.18 0.32 − 0.56 0.56 

Appendicularia 

(Intercept) − 5.84 0.37 − 15.92 <0.01       
Diurnal 0.59 0.23 2.59 <0.01       
Tide 0.78 0.29 2.71 <0.01       
Monsoon 1.12 0.35 3.26 <0.01       
Diurnal*Tide − 0.4 0.35 − 1.13 0.26        
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shrimps, copepods, jellyfish and appendicularians accounted for 22%, 
17%, 16%, 13%, and 8% of the total abundance, respectively. While the 
three typhoon events which occurred in June – September 2021 
appeared to have strong negative impacts on zooplankton abundance 
(Fig. 5), copepod and appendicularians peaked during or after the first 
(June) and the second (July) typhoon event, respectively. The exact 
impacts of typhoon events on zooplankton and the underlying mecha
nisms, e.g., through high mortality or changes in water masses, remain 
unclear. 

4.4. Power spectra of plankton data 

High-frequency data are ideal to examine the fine-scale temporal 
variation of plankton. For example, the high-frequency data during the 
selected blooming periods for different plankton groups showed that 
many plankton groups showed a clear diurnal cycle with daily peaks 
occurring in nighttime, while tidal impacts were less obvious, except 
that copepod daily peaks mostly occurred around high tide (Fig. 6). 
Results from logistic regression based on full-year data further showed 
that the daily peaks of six zooplankton groups showed clear diurnal 
cycles with peaks during nighttime. No clear diurnal patterns were 
detected for the daily peaks of phytoplankton groups (Table 3). Tidal 
impacts were only significant for Lyngbya and appendicularia. The im
pacts of monsoon season were significant for all the plankton groups. 

On the frequency domain, peaks in energy with semidiurnal and 
diurnal frequency were relatively weak in the power spectrum, sug
gesting that these variations contribute less to the total variability than 
the seasonal and episodic components (Figs. 7 and 8). Their short-term 
variability, due to advection of tidal currents or heat fluxes over day/ 
night cycles, were mostly masked by stronger signals at biweekly – 
bimonthly periods. These biweekly – monthly frequencies were consis
tent with plankton reproduction and growth cycles: weekly – biweekly 
periods for phytoplankton groups (Fig. 7) and biweekly – monthly for 
zooplankton groups (Fig. 8). 

Weather events such as typhoons and storms usually lasted a few 
days, and they showed strong negative impacts on zooplankton groups, 
as indicated by the high spectra values at the time scales of days-weeks 
in the sea level data. The impacts of seasonal patterns such as monsoon 
and Meiyu front were evident at quarterly – semi-annual scales (Figs. 7 
and 8). 

5. Discussion and conclusions 

Our study illustrates that near real-time high-frequency plankton 
data are useful to examine population dynamics, potential trophic in
teractions, process studies, environmental associations, and size struc
ture at different temporal scales. By sampling different species 
simultaneously, imaging systems provide a robust, holistic view of the 
dynamics of pelagic ecosystems, and therefore insights on potential 
trophic interactions among different groups. For example, the positive 
correlations we found between Lyngbya and other plankton groups 
indicate a synchronous presence that suggests that the common algae 
may be a food source for several zooplankton groups (Fig. 9). The pos
itive relationships between echinoderm larval density and several other 
plankton groups suggest potential predator-prey interactions. Negative 
relationships between the density of Phaeocystis and most other plankton 
groups suggest potential impacts of Phaeocystis blooms (Breton et al., 
2021). 

5.1. Advantages of imaging systems for plankton monitoring 

Plankton imaging systems are increasingly used in ecosystem 
monitoring (Orenstein et al., 2020; Romagnan et al., 2016; Rutten et al., 
2005; Song et al., 2022). As we revealed in our study, they offer several 
advantages over traditional sampling and can provide useful informa
tion for ecosystem assessment and for developing new indicators or Fi
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Fig. 8. Power spectra of zooplankton abundance time series. A jellyfish, B appendicularians, C copepods, D echinoderm larvae, E chaetognaths, F shrimps. Note that cross-hatched regions on either end indicate the 
“cone of influence,” where edge effects become important and therefore the derived frequencies are not reliable. 
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refining existing ones: (1) they produce simultaneous measurements on 
a suite of plankton indicators which can characterize the status of the 
pelagic ecosystem effectively; (2) in combination with artificial intelli
gence, they provide real-time or near real-time information as opposed 
to waiting for months or years before data from net samples become 
available; (3) they enable high-frequency and high resolution sampling 
in both time and space, and thus improve the accuracy of the indicators 
and increase our ability to identify the underlying mechanisms for the 
observed dynamics; (4) they overcome the issue of filtration efficiency 
with different mesh size and towing speed (Hosia et al., 2017) and 
provide new means to sample highly aggregated species, such as krill 
and mysids, and rarer and more fragile species, such as gelatinous 
zooplankton, which are difficult to sample using traditional sampling 
gears (Corgnati et al., 2016); (5) imaging systems in combination with 
machine learning methods can measure body size along with other 

morphological traits such as transparency and luminescence (Orenstein 
et al., 2022), which enable development of indicators based on relative 
size composition and other morphological traits; (6) imaging systems 
can capture zooplankton in their natural orientations and typical be
haviors (Möller et al., 2012; Möller et al., 2020), which may allow new 
functional grouping and corresponding indicators; (7) imaging systems 
can capture early life stages of economically important species, such as 
shrimps and crabs, to design recruitment indices; and (8) the image 
system high-frequency sampling can correctly identify the blooms of 
fast-reproducing organisms such as phytoplankton. 

5.2. Understanding high-frequency time series of plankton data 

Despite the importance and increasing availability of high-frequency 
plankton data, there is a clear lack of tools -or specific guidelines- for 
analyzing such data. High-frequency plankton imaging systems are ideal 
to study processes at different scales. For example, most phytoplankton 
groups show strong and rapid temporal dynamics (shown clearly in our 
data) and relatively short life spans, and traditional monthly sampling 
may miss the blooms and misplace the phytoplankton frequency dis
tribution, leading to difficulties in accurately assessing the species 
phenology, its changes over time, and the influence of environmental 
conditions (Wu et al., 2016). On the other hand, high-frequency imaging 
systems can monitor rapid changes and provide the correct information 
for the phenology of the groups at the basis of the marine food chain. 

Several reviews summarized physical and biological processes cross 
different time and spatial scales (Daly and Smith, 1993; Dickey et al., 
2001) and there is little doubt that plankton dynamics manifest physical 
and biological processes at different scales. But the challenge is that 
different plankton manifest impacts differently. Several mechanisms 
have been proposed to explain how planktonic organisms maintain their 
populations in estuaries and coastal waters and most are related to the 
nonuniform characteristics of ocean currents, including temporal vary
ing speed and direction and different patterns in horizontal and vertical 
space (Jeannette, 2002; Pineda, 1991; Show, 1980). The continuum 
approach allows a comparison as a function of temporal and spatial 
scales, demonstrating overlap and interlace (Fig. 10). 

Tidal and ocean currents can cause significant dispersive and 
advective losses, or accumulation of planktonic organisms. However, 
populations typically have their highest density over regions with 

Fig. 9. Spearman correlation among different plankton groups. Abbreviations: 
Pha for Phaeocystis, Lyn for Lyngbya, Noc for Noctiluca, Jel for jellyfish, App for 
appendicularian, Cop for copepod, Ech for echinoderm larvae, Cha for chae
tognath, and Shr for shrimp. 

Fig. 10. Spatial and temporal scales of physical processes in the study area and differential impacts on planktonic organisms based on their motility (After Dickey 
et al., 2001). 

H. Bi et al.                                                                                                                                                                                                                                       



Journal of Sea Research 189 (2022) 102283

13

certain environmental conditions, e.g. salinity, implying a mechanism 
for retention, concentration or survival (Clancy and Cobb, 1997; Cross 
et al., 2015; Mackas et al., 1985). 

Unique coastline configuration and bathymetry can lead to asym
metric tidal currents in flood and ebb tidal phases. Organisms residing in 
a flood tidal current might experience much weaker flow during ebb 
tides. Consequently, a large fraction of the abundance is retained over a 
tidal cycle. In addition, bottom friction can reduce the ocean current 
near the bottom. Organisms can avoid washout via behaviors that keep 
them near seafloor where they are less likely to be entrained in unfa
vorable flows. This requires stronger capabilities to migrate, and or
ganisms basically escape the ocean motions by residing at the bottom. 
Thus, they can time the tidal phases and move to the bottom or other 
weaker current margins during unfavorable tidal current period and 
reenter the water column when currents switch to favorable directions 
(Cross et al., 2015; Forbes and Benfield, 1986). For estuaries with strong 
freshwater discharge, supposition of tide and riverine flow leads to 
different current velocities in space and time. The organisms can migrate 
within certain depth ranges to take advantage of maximizing landward 
or seaward transport during flood or ebb. This might be more common 
as weak swimming capabilities might be enough to reach favorable 
depth (Hobson and McQuoid, 2001; Jeannette, 2002). 

Episodic events, such as typhoon, have differential impacts on 
different plankton groups (Grossmann et al., 2015). We observed an 
increase in chlorophyll a and a general negative impact on most 
plankton groups, but copepods. Many studies show increases in chlo
rophyll a concentrations and primary productivity after typhoon events 
(e.g., Chen et al., 2009; Lin, 2012; Wang, 2020). Impacts on zooplankton 
vary with potential benefit for carnivorous gelatinous zooplankton 
through resource pulse or transport accumulation (Kaneda et al., 2007; 
López-López et al., 2013). The positive response of copepods to typhoon 
events are likely related to changes in water masses, large freshwater 
impacts, and vertical migrations (Beyrend-Dur et al., 2013; Yang et al., 
2019). The impacts appeared to vary with the strength of typhoon. 
Further studies are necessary to achieve a mechanistic understanding. 

5.3. Combining indicators for a better evaluation of ecosystem health 

Automated data streams from imaging systems opens the gate to 
further development of the existing indicators based on functional traits 
and much higher resolution. For example, the lifeform pair “gelatinous 
zooplankton and fish larvae” has been retained as an indicator of energy 
flow and possible trophic pathway, and to reflect changes in these 
dominant groups of zooplankton (Breitburg and Burrell, 2014; Purcell 
et al., 2001). The lifeform pair “Holoplankton and meroplankton” has 
been designed to provide information about the strength of benthic- 
pelagic coupling. The lifeform pair “phytoplankton and zooplankton 
abundance” provides an indication of changes in the transfer of energy 
from primary to secondary producers. A “large (>2mm) vs small co
pepods (<1.9mm)” is a size-based indicator of food web structure and 
energy flow efficiency through the food web (e.g., Bi et al., 2012b; Eisner 
et al., 2020; Hooff and Peterson, 2006). 

The high-frequency time series of plankton indicators reflect the 
complexity of biotic and abiotic environments, and the intricacy of 
ecosystem functioning. The near real-time simultaneous measurements 
of plankton indicators can be integrated into an ecosystem-based man
agement framework to evaluate ecosystem health (Rombouts et al., 
2013; Tett et al., 2013). Many candidate indicators require monitoring 
across a continuum of spatial and temporal scales that is relevant for 
better understanding ecological processes (Kershner et al., 2011), and 
imaging systems can provide it. Community level indicators consisting 
of lower-trophic level, higher-productivity functional groups tend to be 
good indicators for ecosystem (Fulton, 2010; Samhouri et al., 2009; 
Trenkel and Rochet, 2003), and such information could be collected by 
an imaging system as Planktonscope. 

Inconsistent sampling, data gaps and large variations in existing 

plankton data make it a tricky task to determine how indicators respond 
to environment forcing (Goberville et al., 2011; Southward et al., 1995), 
although it is essential to differentiate between natural and anthropo
genic stress (Rombouts et al., 2013). High-frequency plankton indicators 
derived from imaging systems, in combination with a deep learning 
approach, provide consistent data and can capture the non-linear in
teractions between biology and the environment. Furthermore, the 
continuous high-frequency data flow can effectively capture the impacts 
of episodic ecological events or other dramatic changes in environ
mental conditions. The near real time measurements offer useful infor
mation for managers to act promptly before or when dramatic changes 
in ecosystems occur. 

In situ plankton imaging systems like PlanktonScope significantly 
increase our ability to sample and monitor organisms in the pelagic 
realm. Recent advances in deep learning systems facilitate the deploy
ment of in situ imaging systems and we expect a surge in the availability 
of high-frequency plankton data. The increase in frequency and reso
lution will lead to a better understanding of the interactions between 
organisms and their biotic and abiotic environments, while reducing the 
uncertainties due to insufficient sampling in traditional plankton sur
veys. The simultaneous measurements of a suite of plankton indicators 
can offer a near real-time holistic view of the pelagic ecosystem status. 
The availability of continuous near real-time data can support a much- 
needed foundation to improve the accuracies and predicting abilities 
of the existing IEA frameworks and the transition from hindsight to near 
real-time IEA. 
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ecosystem assessments of seven Baltic Sea areas covering the last three decades. In: 
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Predation risk triggers copepod small-scale behavior in the Baltic Sea. J. Plankton 
Res. 42, 702–713. 

Nagelkerken, I., Sheaves, M., Baker, R., Connolly, R.M., 2015. The seascape nursery: a 
novel spatial approach to identify and manage nurseries for coastal marine fauna. 
Fish Fish. 16, 362–371. 

Ndah, A.B., Meunier, C.L., Kirstein, I.V., Gobel, J., Ronn, L., Boersma, M., 2022. 
A systematic study of zooplankton-based indices of marine ecological change and 
water quality: application to the European marine strategy framework directive 
(MSFD). Ecol. Indic. 135, 15. 

Olson, R.J., Sosik, H.M., 2007. A submersible imaging-in-flow instrument to analyze 
nano-and microplankton: imaging FlowCytobot. Limnol. Oceanogr. Methods 5, 
195–203. 

Orenstein, E.C., Ratelle, D., Briseño-Avena, C., Carter, M.L., Franks, P.J.S., Jaffe, J.S., 
Roberts, P.L.D., 2020. The Scripps plankton camera system: a framework and 
platform for in situ microscopy. Limnol. Oceanogr. Methods 18, 681–695. 

Orenstein, E.C., Ayata, S.-D., Maps, F., Becker, É.C., Benedetti, F., Biard, T., de Garidel- 
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