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Measuring plankton and associated variables as part of ocean time-series stations has
the potential to revolutionize our understanding of ocean biology and ecology and their
ties to ocean biogeochemistry. It will open temporal scales (e.g., resolving diel cycles)
not typically sampled as a function of depth. In this review we motivate the addition of
biological measurements to time-series sites by detailing science questions they could help
address, reviewing existing technology that could be deployed, and providing examples
of time-series sites already deploying some of those technologies. We consider here the
opportunities that exist through global coordination within the OceanSITES network for
long-term (climate) time series station in the open ocean. Especially with respect to data
management, global solutions are needed as these are critical to maximize the utility of
such data. We conclude by providing recommendations for an implementation plan.

Keywords: plankton, ocean, measurements, sensors, OceanSITES, ocean biology

1 INTRODUCTION

Tracking how marine life responds to increased human use and climate change will empower the
global community to predict, mitigate, and manage the ocean. Here we demonstrate the existence
of mature technologies to measure a combination of biomass and diversity indicators across
most of the plankton size spectrum (from sub-micron bacteria to mm-size zooplankton). These

Frontiers in Marine Science | www.frontiersin.org 1

July 2022 | Volume 9 | Article 929436


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/journals/marine-science#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.929436&domain=pdf&date_stamp=2022-07-22
mailto:Emmanuel.boss@maine.edu
https://doi.org/10.3389/fmars.2022.929436
https://www.frontiersin.org/articles/10.3389/fmars.2022.929436/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.929436/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.929436/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.929436/full
https://doi.org/10.3389/fmars.2022.929436
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
http://creativecommons.org/licenses/by/4.0/

Boss et al.

Plankton Measurements at OceanSITES Sites

technologies are now ready to deploy on coastal to high seas
moorings, the focus of this review A natural partner for a global
implementation of such technology is OceanSITES!, the global
network for coordinating long-term open-ocean Eulerian (e.g.
fixed-point) time series stations. Other partner include national,
rgional and international ship-based stations and devices like
autonomous profiling and drifting floats.

1.1 Why Measure Plankton and

Associated Variables?

Oceanographic programs can transform our understanding of the
oceans when they are integrated as systematic multidisciplinary
observing initiatives, and enacted at global scales (Karsenti et al.,
2011). OceanSITES is an entry point for the implementation
of this vision through its coordination of sustained time series
observations at key locations across the globe to characterize the
temporal evolution of ocean physics, chemistry and biology in a
fixed-point framework (Figure 1).

Measurements of biological Essential Ocean Variables
[EOVs?, Lindstrom et al. (2012); Miloslavich et al. (2018)] that
characterize life in the ocean—including diversity, abundance,
and changes in distribution of organisms — are fundamental
to our understanding of marine ecosystems. For example,
the abundance of many species of fishes, seabirds, and marine
mammals is regulated by fluctuations in the abundance and
diversity of smaller planktonic organisms [e.g. Richardson
et al. (2000); Scott et al. (2010)]. Similarly, phytoplankton, the
foundation of most aquatic food webs, play a fundamental role
mediating the cycles of chemical elements in the ocean that are
critical for life, including iron, oxygen, nitrogen, phosphorus, and
carbon. At present, however, geographic coverage of biological
EOVs is poor [Satterthwaite et al. (2021)]. Many pressing societal
challenges related to sustainable fisheries and ocean health (e.g.
contaminants, harmful algal and jellyfish blooms) and scientific
questions at scales from local to global, and from coastal to the
open ocean, remain unaddressed and have been held back by lack
of observations of trophic levels beyond those that can be assessed
with satellite remote sensing. As such, biomass and diversity of
viruses, bacteria, archaea, phytoplankton and zooplankton are
all EOVs and all considered Essential Biodiversity Variables
[EBVs®, Muller-Karger et al. (2018)]. Phyto- and zooplankton
are, in addition, represented as a single Essential Climate
Variable (ECV*), but remain largely unobserved over most of the
global ocean. Today, most assessments of living resources and
management decisions are based on estimates of the possible
distribution of organisms based on observations of variables such
as temperature, salinity, chlorophyll and oxygen as proxies for the
missing direct observations of the biology and ecology EOVs.

Because ocean ecosystems (including the physical and
chemical environment) vary across multiple spatial and temporal

! http://www.oceansites.org.

2 https://www.goosocean.org/index.php?option=com_content&view=article&id=
14&Itemid=114.

3 https://geobon.org/ebvs/what-are-ebvs.

4 https://public.wmo.int/en/programmes/global-climate-observing-system/
essential-climate-variables.

scales, the diversity, biomass and productivity of oceanic plankton
should be measured at the same scales. This requires high
resolution long-term observations of plankton EOVs, which are
critical for developing scientific understanding and for ecosystem
and biogeochemical model initialization and validation [e.g.,
Everett et al. (2017) , Folllett et al. (2022)]. Improved ecosystem
understanding and model ability for predictive and monitoring
capacity will have considerable downstream practical applications
for the benefit of society.

A baseline of plankton distributions and phenology (seasonal
timing) will also help fill critical gaps in our understanding of
mechanisms controlling phytoplankton and zooplankton in
different regions of the ocean. For example, there are incompatible
arguments to explain the same phenomena (e.g., the North
Atlantic spring bloom) which could be resolved if appropriate
biological data were collected [e.g. Fischer et al. (2014);
Behrenfeld and Boss (2018)]. Some of the greatest uncertainties
in prediction of future climate are associated with the response
of the biosphere to present and future environmental changes,
and the subsequent biotic interactions, responses and feedback.
For a large number of questions (including the impact of climate
change on primary productivity and the biological pump and
thus on atmospheric CO, drawdown), we do not even know the
sign of the feedback [Behrenfeld et al. (2016)].

A major uncertainty in predicting future fish production
under climate change is the response of phytoplankton and
zooplankton composition and productivity to a changing
climate [Hoegh-Guldberg et al. (2014)]. A variety of models
are used to forecast the biomass and recruitment of organisms
such as fish, the efficiency of food webs in cycling elements, the
transfer of energy across trophic levels, and for understanding
and predicting rates and composition of biological stocks. These
models provide critical tools to evaluate multi-scale processes
such as the availability and quality of food for fish and other
organisms, potential expansion of hypoxic areas in the ocean, the
rate of ocean acidification, the modulation of air-sea exchange of
gases (e.g., oxygen, carbon dioxide), and the amount of organic
matter sinking to the deep ocean. However, the performance of
these models relies on substantial volumes of in-situ plankton
data to build, constrain, evaluate and ultimately improve their
predictive capacity.

1.2 OceanSITES and the Global Ocean
Observing System Framework

OceanSITES is a global coordination network for moored and
ship-based time series observations at fixed-locations in the
open ocean. While the network is global, the individual sites are
maintained out of the observational requirements prioritized
by nations, institutions and PIs. In other words, observations in
OceanSITES are per-se not based on a global design (such as e.g.,
the Argo profiling floats array) but the coordination of national
activities through OceanSITES creates a global framework to
ensure national observing address global needs. OceanSITES
identified from analysis of its underlying observational design
approaches five types of station characteristics: (1) global
transport arrays, (2) air/sea exchange, (3) global ocean watch, (4)
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Research Kiel, Kiel, Germany.

FIGURE 1| Global map of OceanSITES sites (black dots) as registered in the OCG metadatabase OceanOPS (www.ocean-ops.org). Sites that are registered with
the variable “Plankton” (red circles) and sites that have acoustic Doppler current profiler installations (yellow squares) are GEOMAR Helmholtz Centre for Ocean

deep ocean and (5) coastal/open ocean exchange. For the global
ocean many regions can be identified for which models would
benefit from better coverage of moored time series site (see e.g.
Cronin et al., 2019 for an example for air/sea flux sites).

Information on whether pooling national observational
activities into a global network is sufficient for delivering data to
address global requirements can be assessed by Observing System
Design (OSD) studies or even Ocean Observing Simulations
Experiments (OSSE). Ocean physics examples exist for successful
OSSE [e.g., Fujii et al. (2019)]. The use of models to assess optimal
sampling for biogeochemical or even ecosystems may still be
premature as in some regions basic process understanding is still
missing (Gehlen et al., 2015).

Besides these scientifically motivated characteristics, the
coordination comprises the data and metadata standardization
towards Findability, Accessibility, Interoperability, and Reuse
principles (FAIR; Wilkinson et al., 2016), training and capacity
development efforts and globally accepted Best Practices
documentation for all aspects related to site operations.

OceanSITES is a partner in the Observation Coordination
Group (OCG) of the Global Ocean Observing System (GOOS)
which in turn also links to the Global Climate Observing System
(GCOS) of the World Meteorological Organization (WMO) and
International Oceanographic Commission (IOC). OCG aims at
advancing the dialogue and enabling joint activities of the various
observation coordination groups, including Argo, GO-SHIP,
Ship Observation Team (SOT), Data Buoy Cooperation Panel
(DBCP), and OceanGliders. Global integration, best practices,
and reproducible data quality are a pre-requisite for interlinking

multiplatform observations and work across disciplines
(physics, chemistry, biology) to address scientific or practical
problems relevant to life in the ocean including societal needs
(e.g., productivity, fisheries, recreation, water quality and other
environmental impacts or planning). Only a global and cross-
network dialogue will produce the environment that is needed to
advance the observations part of the GOOS and GCOS.

GOOS has identified global observing requirements from
national and local activities that fall under the three themes
of climate, operational services and ocean health and that can
also be described as globally “sustainable”. To be able to reliably
provide the information to address the requirements, sustainable
observations are needed and which in turn create the link to
the EOVs/EBVs. However, in a distributed network such as
OceanSITES, the GOOS sustainable requirements and the linked
globally prioritized that EOVs do not necessarily match the
regional and local requirements that are the base for national
funding of sites. From the perspective of the national funding
organisations, EOVs may not be the primary observation focus
and observations that are guided by what is defined at a local,
regional or multinational as being “essential” (e.g. European
Marine Strategy Framework Directive).

Developments in technologies to measure physical and
chemical parameters (e.g., salinity, temperature, oxygen, pH,
nutrients, currents) to estimate EOVs have resulted in these
parameters constituting the vast majority of the observations
collected from current sampling platforms; biological
observations are, in contrast, typically missing despite being
critically needed. To better understand biology in the ocean, we
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need to move toward a more holistic description of planktonic
communities. This includes resolving their biomass and diversity
across their eight orders of magnitude in size, from viruses to
zooplankton. With new instruments and sensors we now have
the capacity to include measurements of many biological EOVs,
to enable assessment of EBVs and ECVs. Broadening global
programs to include biological information will fill critical
gaps in our knowledge of ecosystem function and dynamics,
and improve our ability to forecast the system response for
evidence-based policy making and management of coastal and
marine systems. Increasing biological observations is a key
recommendation for many scientific and applied programs that
wish to produce a comprehensive in-situ multidisciplinary suit
of measurements [e.g., biogeochemical (BGC)-Argo: Roemmich
etal. (2019), Continuous Plankton Recorder surveys: Batten et al.
(2019), and satellite remote sensing: Groom et al. (2019)]. Such
observations, the value of which were recently summarized and
reviewed in Chavez et al. (2021a) and Estes et al. (2021), will assist
in better characterizing and explaining synoptic changes of life in
the ocean as well as contribute to the design and implementation
of an ocean health index [Duarte et al. (2018)].

In this review we outline a selection of measurements of
biological variables necessary to study the links with ocean
physics and chemistry, and allow the assessment of ecosystem
function and health. This review proposes the implementation
of technologies and methods that can be deployed today at a
modest cost and significant benefit, to complement programs
and projects operated on national and institutional fixed location
time series stations. The recommendations given here relate
to the worlds largest time series coordination network, the
OceanSITES program, yet many aspects are transferable to other
observing programs. This is especially true for data management
aspects.

Extracting the OceanSITES station locations that record
“plankton” by making use of the GOOS metadata base
OceanOPS (www.ocean-ops.org) reveals that from the more
than 300 sites (Figure 1) only 4 sites claim in the metadata that
they recorded plankton: the Southern ocean Time Series (SOTS),
the Porcupine Abyssal Plain (PAP), the Cape Verde Ocean
Observatory mooring (CVOO), and a site in the Weddell Sea
(WEDDELAWTI). However, making use of the same metadata
base the great potential for making use of existing data for
plankton observations can also be investigated, for example, at
almost all sites an Acoustic Doppler Current Profiler (ADCP)
is/has been operated and these data can be used for estimates
of zooplankton biomass relevant for studying diurnal migration
and carbon pathways [e.g., Behrenfeld et al. (2019); Dwinovantyo
etal. (2019)].

The review here focuses on moorings and leaves out the ship-
based component of OceanSITES for which recommendations for
data collections have been outlined by the SCOR working group
154 in a recent report on GO-SHIP research vessel operations
[SCOR-WG-154 (2020)]. Moorings are unattended tethered
autonomous structures used as platforms for data collection in a
fixed-location reference system. While our recommendations are
useful for other time-series efforts, a wider set of measurements
may be possible for other platforms [e.g., Lombard et al. (2019)].

OceanSITES have autonomous operation of instrumentation
that is uninterrupted over long time periods, often more than a
year. Stitching together of these deployment periods generates
data series that span several decades at some locations.

Salient differences relative to the ship data coordination
network GO-SHIP include the frequency of measurements at a
given location (e.g. hourly to decades for OceanSITES, vs years
to decades for GO-SHIP), availability of technical expertise on
site to troubleshoot problems during measurement (not available
on OceanSITES), power and data transmission (limited at
OceanSITES), and quality assurance methodology (calibration
procedures available on OceanSITES are typically limited to pre-
and post-deployment only).

1.2.1 Key Science Questions That Augmented
Plankton Data Will Answer

To motivate this review we provide some key questions upcoming
measurements of plankton on fixed platforms would help answer:

e  How do biological diversity, composition and biomass
vary among environments and in relation to environ-
mental parameters?

e In turn, how do changes in biological communities
modify environmental biogeochemical parameters?

e  How much biological variability as a function of time
and space is there in the meso- and bathy-pelagic
regions and how coupled is it to the surface ecology?

e To what degree can community composition be pre-
dicted from environmental variables?

e  To what degree do predator-prey interactions, parasit-
ism, mutualism and other ecological processes deter-
mine community composition?

e  How do ocean deoxygenation, acidification and
warming affect the abundance, composition, diversity,
succession and function of organisms in the ocean
and what are the biological feedbacks that affect these
biogeochemical processes?

These questions will not be answered based on measurements
at a single site or over a single deployment. The accumulation
of biological data over years and at many (contrasting) sites will
provide the data and insights needed to address them.

1.3 Objectives

The purpose of this review is to provide the information
necessary to incorporate routine biological and biologically-
relevant measurements on OceanSITES and similar moorings
programs. We provide an inventory of validated plankton-
related measurements and commercial sensors that are ready to
be implemented/installed on moorings, describe the associated
effort involved (costs of sensor, bandwidth of data, power
requirements), and present the existing data-dissemination
infrastructure for such data. Specifically, we provide:

e Justification for the need for biologically relevant EOV
measurements.
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e A description of existing technology and associated
protocols.

e A detailed cost analysis.
e  Animplementation strategy.

e  An example of two mooring-based programs, one in
the Southern Ocean and the other in the Arctic Ocean.

We deliberately limit consideration to technologies that
are commercially available and which are documented in
publications and protocols from groups other than their
inventors or manufacturers. This is an important indicator for
technology readiness level (TRL®). There are many technologies
not documented here that are working toward a higher TRL,
but have not yet achieved it. We recommend that there is a
process in place to update the recommended measurements as
novel sensing techniques and specific sensors mature. We also
recommended that before adopting any technology, including
the ones described here, users comb the literature of papers by
groups not associated with the developer of technology, as success
by them is a testimony of a high TRL. Of particular utility would
be the documentation and use of standard operating practices
and best practices as part of the Ocean Best Practices System of
the IOC®.

1.4 Organization of this Review
We recognize and assess six categories of measurements: bio-
acoustics, bio-optics, imaging systems, flow cytometry, genetics,
and elemental analysis.

We consider the pros and cons of two modes of sample and
information collection:

e 1. collection of data with automated sensors and,

e 2. collection and analysis of water samples.

We have built on and extended a recent review by Lombard
et al. (2019), which advocated a holistic approach to plankton
sampling and detailed a comprehensive strategy to achieve
it. Another review of note is that of Wang et al. (2019), which
focused on cost-effective in-situ sensing technologies.

Many of the sensors we present measure proxies of biological
properties (e.g., using acoustic backscattering to estimate
zooplankton biomass, fluorescence for chlorophyll a) as opposed
to a biological property (e.g., a gene or a photo of an organism
allowing its identification). It is critical that these proxies be
‘calibrated” with in-situ collected samples to establish that the
proxy relationships applied are reasonable and with known
uncertainties. These observations (e.g., net tows to calibrate bio-
acoustics, High Performance Liquid Chromatography (HPLC)
samples to calibrate chlorophyll fluorometers) can be taken when
moorings are deployed, serviced and/or retrieved.

There are a variety of relatively mature biogeochemical sensors
(e.g., for nitrate, oxygen and pH) that are useful to constrain

5 https://www.nasa.gov/pdf/458490main_TRL_Definitions.pdf.
¢ https://www.oceanbestpractices.org.

rates of biological productivity (whether by phytoplankton or
at the community level). While we do not review them here,
we strongly recommend their deployment along with biological
sensors, as their synergy provides more than the contribution
from each individual technology [e.g. Briggs et al. (2018)].

At the end of the review we present two mooring-based
programs that have had success measuring a variety of physical,
biogeochemical and biological parameters. We encourage readers
to consider their successes and the groundbreaking nature of the
range of questions they answer.

2 SAMPLING MODES AND
CONFIGURATIONS: AN OVERVIEW

2.1 Sensor Systems

2.1.1 Sensor Depth Consideration

Sensors are typically integrated into a suite of instruments
mounted either on the mooring wire or in a cage mounted on
the mooring wire. Devices also exist to mount sensors onto
moored profiling platforms [e.g. McLane profiler, Seacycler,
Send et al. (2013)]. The advantage of a profiling instrumented
platform is that the same suite of sensors makes measurements
at all depths, such that observed vertical gradients in a
property are independent of sensor drift. However, increased
spatial resolution comes at the cost of temporal resolution.
Furthermore, it is important to consider that the long
response time of some sensors (several minutes) requires
a sufficiently slow profiling time over the water column.
Sensors at a fixed nominal depth, on the other hand, can
sample at sufficient frequency to capture temporal gradients
created by the advection of anomalies. However, to ensure
that signals from different depth horizons are comparable,
intercalibration between fixed-depth sensors is required. An
additional advantage of multiple sensors at fixed depths is
greater redundancy than is achievable with profiling systems
(e.g., in case of sensor failure).

Notably, even fixed-depth sensors can undergo changes in
depth as all moorings are affected by mooring knock-down
due to the impact of ocean currents on the infrastructure.
Mooring knock-down can be small (a couple of meters) in
cases where large surface buoys are used to tether the mooring
at the surface; for example, the tropical moored arrays and air/
sea reference sites are equipped with such buoys. However,
for subsurface moorings, the knock-down can be substantial
and several hundreds of meters; for example, when energetic
mesoscale eddies cross the mooring. Instruments mounted
closer to the surface will thus experience higher depth
amplitude fluctuations, which need to be considered not only
when interpreting the data but also for design and in the
context of the depth rating of the instrument being deployed.
A mooring simulation (e.g. Gobat and Grosenbaugh 2000)
that is as realistic as possible is recommended for the design
of the mooring itself and for all individual instruments.
That being said, moderate mooring knock-down (e.g. from
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tidal currents) can eventually even provide additional spatial
context, introducing “profiler” capabilities.

Specific depth choice for sensors should be based on
variability expected and hence the information gained. A
sensor at a depth with larger variance in time provides more
information than one at a depth with little variance. Similarly,
the depth horizon represented by a sensor located at a fixed
depth varies based on its position in the water column; e.g.
vertical variance in phytoplankton properties is weak within
the surface mixed-layer increases below the base of the mixed
layer and decreases again below the euphotic depth. Given
that these depth horizons are not fixed in time, simulating
seasonal variability is likely to help optimally position sensors.

2.1.2 Biofouling Considerations

The ocean is a challenging chemical and biological
environment for sensor deployment. A variety of strategies
have been devised to cope with this environment [see
Manov et al. (2004); Delauney et al. (2010)], which we do
not review here. It is critical, particularly for measurements
in the sunlit and warmer ocean, that significant efforts are
made to minimize biofouling, as the effect on measurements
and measurement systems can be significant and rapid and
can ultimately render the data unusable. Understanding
bio-fouling is critical to schedule appropriately for mooring
servicing, as well as to diagnose when it affects measurements.

2.1.3 Artificial Reef Effect

Structures moored in the ocean attract fish (and fishers) and
hence affect, to some degree, the environment they sample. In
addition, some optical sensors attract organisms to them via
the light they emit [e.g. Tanaka et al. (2019); Haéntjens et al.
(2020)]. It is therefore important to sample such sensors in
bursts rather than continuously so as to reduce the potential
to induce behaviors in surrounding organisms that will
introduce spurious signals to the data.

2.2 Discrete Water Sampling

Specialized systems for collecting physical samples (filters
or water) on moorings exist (e.g., McLane and technicap
samplers”). These systems can collect sinking particles (e.g.,
sediment traps) or filter particles from a known amount of
pumped water. For applications such as sediment traps,
fixatives are necessary to avoid sample degradation. But note
that care must be taken in choice of fixative [e.g. Knauer et al.
(1984); Lee et al. (1992); Pohl et al. (2004); Antia (2005)].
The major limitation of these systems is the small number
of physical samples one can obtain (typically up to 36 per
deployment) thus limiting temporal resolution. They can be
very useful, for example, when evaluating or creating a local
proxy relationship between what is being sensed (e.g., optical
backscattering) and the parameter of interest (e.g., particulate

“https://mclanelabs.com/, http://www.technicap.com.

organic matter). Positioning of such collectors depends on
specific questions of interest.

3 AUTONOMOUS SENSORS FOR
MOORED APPLICATIONS

3.1 Bio-Acoustics

Acoustic methods can reveal information about the spatial
distribution and temporal dynamics of zooplankton and even
larger organisms (micronecton). For example, echo sounders led
to the discoveries of the diel vertical migration of plankton and
micronekton [Johnson (1948)] and their ubiquitous and dense
but previously hidden aggregations [Cheriton et al. (2007)]. The
ability of acoustic tools to simultaneously assess animals ranging
from sub-millimeter to a meter in size allows ecological processes
in the plankton to be examined when appropriate acoustic
frequencies are chosen. However, this ability also highlights
a key challenge — separating animal types and accurately
assessing their biomass. While these approaches have long been
used for fish stock assessment and management of a number of
species [Maclennan and Simmonds (1992)], they are typically
more challenging for zooplankton assessment. This is because
of the dramatic differences in body size, species composition,
elastic properties and orientation, which markedly influence the
acoustic reflectivity or target strength of zooplankton [Holliday
et al. (1989)]. Coupled with the diversity of typical zooplankton
communities, separation of taxa and assessment of biomass have
significant uncertainties.

Nonetheless, many important insights into zooplankton
behavior and distribution have come from creative integration of
acoustics with multiple, complementary sampling devices including
nets, optics, imaging and animal tagging that take advantage of
the different strengths of each approach and fill in the gaps where
necessary [see reviews by Benoit-Bird and Lawson (2016), and
Wiebe and Benfield (2003)]. Multi-sensor fusion efforts such as
these have the potential for wider application through the use of
autonomous or profiling platforms, which can resolve the issue of
limited range for high frequency acoustics, as sound propagation
in the ocean decreases with frequency. For detection of organisms
emitting sound such as whales and dolphins, passive acoustic
devices can and are deployed on moorings [e.g. Baumgartner et al.
(2019)] but are not further discussed here.

Mooring-mounted bio-acoustic sensors typically come in two
flavors, quantitative echo sounders and Acoustic Doppler Current
Profilers, as summarized below.

3.1.1 Quantitative Echo Sounders

Multi-frequency quantitative echo sounders are calibrated
sensors designed to insonify a volume of the water column
to obtain quantitative information about organisms through
acoustic backscatter. The use of different frequencies makes it
possible to obtain more information on the underlying plankton
beyond concentration [e.g. Lavery et al. (2007)]. Additionally, the
more independent information is measured about the organisms
in the water (e.g., from moored imaging systems and nets when
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servicing), the better the inversion can be carried out to estimate
biomass [Berger et al. (2018)].

3.1.2 Acoustic Doppler Current Profilers — ADCPs

Single frequency ADCPs are primarily designed to obtain
water velocity by combining Doppler shifts along 3 or more
discrete beams. Considering the theoretical energy loss along
the acoustic beam, and characteristics of the individual ADCP
devices, the volume backscatter (Sv) in dB can be estimated from
the backscatter intensity records. Although Sv signals are not
exclusively linked to zooplankton biomass, further analysis (e.g.,
the diurnal variations in vertical maxima in Sv) has been useful
in investigating zooplankton migration [Maclennan et al. (2002);
Gostiaux and van Haren (2010); Mullison (2019); Behrenfeld
et al. (2019); Dwinovantyo et al. (2019); Tanaka et al. (2021)].
Through calibration of Sv with in-situ plankton observations (e.g.,
imaging), ADCPs produce quantitative estimates of biomass that
can be related across vessels and over time. Data can be recorded
with temporal resolution of seconds and can cover a depth range
from a few meters with high vertical resolution (centimeters)
with the highest frequency ADCPs, to more than 1500 m depth
with low-frequency systems and coarser resolution (>25m).
ADCPs are typically deployed either down- or upward looking to
maximize their depth coverage. The specific orientation depends
on the depth horizon of interest, avoiding measuring the ocean
surface or bottom and mooring-specific structure (e.g. proximity
to external batteries).

3.2 Bio-Optics

Optical devices can provide high-resolution descriptions of
particle abundance, size, and type and have become increasingly
attractive as they become more affordable and technically more
feasible [Giering et al. (2020)]. Similar to acoustic sensors, optical
measurements are best used with complementary sampling
approaches for biological EOVs. Measurements of the optical
characteristics of water in-situ have been used for decades [e.g.,
Gardner et al. (2018)] to characterize bulk properties associated
with micrometer-size particles in general and phytoplankton
in particular (near-forward scattering and analysis of signal
fluctuations extends this range to a few 100s pm). Optical sensors
are sensitive to bio-fouling and special care needs to be applied to
keep them clean [Manov et al. (2004)]. Typically, copper shutters,
copper tape and copper tubing are used. Fouling is often worst
in sunlit and/or warm waters. All sensor types introduced in
this section have versions that can be deployed to 6000 m depth.
Manuals for quality control of near-real time optical data have
been published [e.g. Bushnell et al. (2017)].

3.2.1 Fluorometers

In vivo fluorescence as a proxy for chlorophyll concentration
has been widely used since its introduction [Lorenzen (1966)]
as a rapid, cost effective, and reliable technique for studying
phytoplankton distribution. However, fluorescence is sensitive
to quenching (a physiological down regulation under high
incident irradiance), which can result in underestimation of

daytime derived chlorophyll if uncorrected. Multiple excitation-
emission fluorometers, can provide information on pigments
beyond chlorophyll a and to provide estimates of phytoplankton
functional groups [Beutler et al. (2002); Proctor and Roesler
(2010)]. These measurements are, however, best combined
with biological EOVs that provide biomass and diversity
observations, as fluorescence observations are difficult to
interpret quantitatively due to a number of factors, including
the physiology and diversity of the phytoplankton community
[Roesler et al. (2017)]. Fluorometers having a variable excitation
protocol (named fast repetition rate fluorometers, or FRRF),
have been deployed on moorings [e.g. Fujiki et al. (2008)] to
provide, in addition to pigment concentration, an assessment of
phytoplantkon photo-physiology and productivity parameters.
Their ability to constrain primary production is, however, still
limited [e.g. Robinson et al. (2014)].

3.2.2 Optical Scattering Sensors

Backscattering sensors have been used since the 1990s as
proxies of particulate material concentrations. These techniques
are useful as proxies of POC in general [Cetini¢; et al. (2012)]
and phytoplankton carbon in particular [Graft et al. (2015)].
If measured at multiple wavelengths that are not strongly
affected by particulate absorption, they can provide a size
proxy for micron-sized particles. Combined with chlorophyll
fluorescence, the backscattering signal provides physiological
information on phytoplankton chlorophyll-to-carbon ratio,
and at relatively constant light regime, information about
phytoplankton community composition [Cetini¢; et al. (2015)].
High frequency fluctuations in the signal (spikes) can be used
to estimate the size of rare large particles passing through the
instrument’s beam [Briggs et al. (2013)].

The Light In-situ Scattering and Transmission instrument
(LISST, Sequoia Scientific), measures near-forward scattering and
transmission and has been used since the 1990s to size particles
between ~ 1-250 um particularly in sedimentology applications
[Traykovski et al. (1999)]. Such information in the upper ocean is
useful for studying species succession and harmful algal blooms
[HABs, Ahn and Grant (2007)]. Short path length and sensitivity
to ambient light makes this instrument not ideal to near-surface,
clear-water (i.e., low particle concentration) deployments
[Reynolds et al. (2010)] though consistent measurements have
been collected in such conditions [Barone et al. (2015)]. To date,
the LISST has not been deployed at fixed-point locations for
periods longer than a few months.

3.2.3 Absorption and Attenuation Sensors
Measurements of beam transmission at one wavelength near
660 nm have been conducted with commercial sensors since
the 1980s to provide a rapid assessment of water quality and
the amount of particles in the water column [Gardner et al.
(2018)]. The measurements are simple to perform, but may
require significant calibration and quality control effort in
oceanic waters where the concentration of particles is very low.
Transmissometer measurements provide a proxy for particulate
organic matter and phytoplankton [Behrenfeld and Boss
(2006)].
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Spectral absorption and attenuation sensors (Sea-Bird
AC-9 and AC-s) have been deployed successfully on moorings
[Roesler and Boss (2008)], although significant efforts need
to be applied to remove inherent sensor drift. Data provide
information on the dominant phytoplankton groups [Roesler
and Boss (2008)] and can be used to derive some pigment
groups [Chase et al. (2013)]. Such sensors have been regularly
deployed on OOI® moorings, however, no evaluation of these
data has been published.

3.2.4 Spectral Radiometers and PAR Sensors

Sensors, measuring the downwelling photosynthetically active
radiation (PAR), have been used regularly as part of a weather
station on top of moorings and just below the surface. This
measurement is a critical input to phytoplankton productivity
and photo-physiological models. Spectral radiometers, if
deployed on a profiling system or at several depths, can
provide an estimate of the spectral diffuse attenuation in
the water, which can be inverted to obtain phytoplankton
absorption [Huot et al. (2007)], and in the process delineating
the phytoplankton pigment and colored dissolved organic
material distribution, as well as obtaining the depth of the
productive layer.

3.3 Imaging

Imaging is challenging to do on moorings due to potential
for biofouling, power requirements, and data rate typically
associated with such sensors. As such, they are optimally
deployed on a cabled observatory. However, a recent successful
long-term deployment on a mooring has been achieved [Picheral
etal. (2022)] opening an avenue for wider utilization. A practical
overview of the challenges and potential of using imaging
instruments to measure particles in the ocean is provided in
Giering et al. (2020).

3.3.1 In Situ Cameras

The Underwater Vision Profiler 6s [UVP, Picheral et al. (2022)]
operates a 5 Mpixels CMOS monochrome image sensor (Sony
IMX264) imaging a field of view of ~ 0.7 liter of water. The UVP
sizes marine snow aggregates > 70 um and images plankton >
500 pm. To date it has been deployed successfully on a mooring
(including under ice) for a period of 10 months [Picheral et al.
(2022)].

3.3.2 Holographic Cameras

Several new commercial holographic cameras systems have been
developed and deployed successfully [Nayak et al. (2021)]. Two
commercial sensors are the HoloSea (4Deep) and LISST-holo2
(Sequoia Scientific Inc.), both of which can be used to reconstruct
images of objects sized from a few micrometers to millimeters.

3.3.3 Imaging-in-Flow Cytometry

The Imaging FlowCytobot (IFCB, McLane Labs) is an
integrated flow cell and camera system that acquires in-focus
images of nano- and microplankton, as well as other similar

8 https://oceanobservatories.org/.

sized particles, as they are pumped past the sensor [Sosik
and Olson (2007); Peakock et al. (2014); Hunter-Cevera et al.
(2014)]. IFCB images can be used to derive concentration and
biodiversity information, as well as organism-specific size,
shape, fluorescence and scattering. This instrument has been
routinely deployed for periods of 6 months or longer [Peakock
et al. (2014)°]. IFCB is currently rated to 30m depth and takes
about 25 min to image one 5-ml sample. While most deployments
to date have been at sites with high bandwidth communication,
onboard storage of images is possible for a year or more given
typical open ocean data rates. IFCB has been successfully and
repeatedly deployed for months on a solar-powered mooring off
Southern California [Kahru et al. (2021)].

3.4 In-Situ Flow Cytometry

The Cytosub (CytoBuoy b.v.) is an automated submersible flow
cytometer specially designed to analyze aquatic microbes from
0.1 pm to 4 mm in length and up to 1.3 mm in width. It can
record forward- and side-scattered light intensities, and several
wavelengths of fluorescence, as well as detect curvature and
polarized light. Cytosub records the entire optical profiles as
the particles flow through the laser beam, generating an optical
fingerprint of each particle (from cells to colonies). An in-flow
imaging device also captures pictures of some targeted cells.
Cytosub is rated to 200m and designed to perform sampling
and analysis up to several times per hour (typically every 20 to
30 min). An example application on a coastal mooring can be
found in Pereira et al. (2016).

3.5 Automatic Genetic Sampler

The Environmental Sample Processor (ESP, McLane Labs)
provides in situ collection and analysis of water samples from the
subsurface ocean. The instrument is an electromechanical/fluidic
system designed to collect discrete water samples, concentrate
microorganisms or particles, and automate application of
molecular probes that identify microorganisms and their gene
products [Scholin et al. (2009)]. It has been deployed on a
mooring with bi-monthly turnarounds of the sampler for over
three years, to detect, in near real time, HABs [Moore et al.
(2021)].

4 DISCRETE SAMPLE ANALYSIS

Quantitative estimates of plankton biomass and community
composition, including micro- and mesozooplankton,
photosynthetic ~ pico-, nano- and micro-phytoplankton,
heterotrophic bacteria and eukaryotes, and viruses, as well
as their genetic composition and metabolic function, are all
fundamental to characterizing life in the ocean and how it is
changing. Discrete sampling as described below requires a system
that collects the sample and preserves it on a mooring and is
limited by the volume sampled to relatively small organisms (e.g.,
phytoplankton, bacteria). Most studies in this area have focused

° https://ifcb-data.whoi.edu/timeline?dataset=mvco&bin=D20170428 T160804_IFCB010.
10 https://ifcb-data.whoi.edu/SIO_Delmar_mooring.
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on HABs (given their large economic impact) and, by using
sediment traps, on particle fluxes to study the biological carbon
pump. Because samples are kept for a long time, a fixative must be
used for preservation to avoid degradation and respiration of the
sampled materials, further affecting the types of analyses that are
possible (in addition, the fixative may affect differently preserved
organisms). Furthermore, such samples can be collected during
deployment and recovery of the moored systems to obtain proxy
relations to measurements done on the mooring for the purpose
of calibration and qualification of these measurements.

4.1 Elemental Analysis

Total suspended matter in the upper open ocean, as well as the
flux of material to depth, is dominated by plankton-derived
particles, such as marine aggregates. The analysis of particulate
inorganic carbon, organic carbon, phosphorus, nitrogen, and
silicate (including their isotopic composition) associated with
bulk particulate samples retained on a filter provides essential
descriptors of the dynamics of such particles. The associated
methods have been tested and refined for decades [e.g., Honda
et al. (2006)].

4.2 Genetics

Analysing the genetic sequences contained within filtered samples
has revolutionized our understanding of planktonic diversity and
function [see reviews by Pedrds-Alié et al. (2018) and Chavez
et al. (2021b)]. High throughput sequencing provides relatively
cost-effective and fast sequencing of DNA and RNA and more
genetic information is being extracted as techniques evolve and
mature. Sequencing of DNA (the genes of marine organisms) gives
information on which organisms are present in a sample [Rusch
et al. (2007)]. RNA (the transcripts of genes, produced when a
specific gene is active) can give information on the activity of key
processes [e.g., nutrient uptake, Carradec et al. (2018)]. Because
sequencing techniques are evolving quickly, extra samples are
often stored on filters at -80°C for future analysis. Preservation of
samples is thus critical to enable application of future techniques
on archived samples [Pesant et al. (2015)].

Finally, genetic sequences only yield their valuable information
through statistical comparison with known sequences, a process
known as bioinformatics. The development of bioinformatics
techniques is complex and ongoing, but bioinformatics skills
should be integrated with existing knowledge and approaches
(e.g., isolation, taxonomy and image identification) in research
labs, otherwise analyses may become biased if the natural world
is explored only through sequences and in silico approaches
[Pedrds-Alié et al. (2018)].

4.3. Imaging and Enumeration of Individual
Organisms and Other Particles in Discrete
Water Samples

4.3.1 Flow Cytometry
Flow cytometry enumerates particles in suspension and
characterizes their fluorescence and light scattering properties.

Individual particles are measured “in flow” as they pass
through a focused light source (usually one or several
laser beams). Combinations of fluorescence and scattering
signals can be analyzed to distinguish photosynthetic cells
such as Prochlorococcus, Synechococcus, Cryptophytes, or
functional groups such as eukaryotic picophytoplankton, and
nanophytoplankton. With the addition of a nucleic acid stain
to samples at the time of analysis, it is also possible to routinely
enumerate heterotrophic prokaryotes. More specialized analyses
with stains can also be used for viruses and microzooplankton, or
to assess cell viability.

4.3.2 Microscopy

Traditional microscopic analysis of preserved samples (often
with low-acidity glutaraldehyde) allows for the enumeration
and characterization of moderate to large size phytoplankton in
samples preserved from automated samplers [e.g. McGillicuddy
et al. (2014); Eriksen et al. (2018); Blain et al. (2021)]. It is still
considered a gold standard for information about community
structure but manual microscopy is time consuming and hence
expensive to obtain statistically meaningful assessments.

5 COSTS AND BENEFITS OF PROPOSED
MEASUREMENTS

We summarize the salient logistic considerations and resource
requirements associated with the measurements we advocate for
OceanSITES moorings in Table 1. All measurements proposed
here have a history of being made on moorings, though not all
have been deployed for a full year. A holistic sampling effort
would ideally include all measurements in the list. However,
each mooring will have different logistical details, so we include
a consideration of the key constraints below. Note that costs
associated with mooring deployment, recovery and maintenance
are not included.

The assignment of “information content” is intended to
reflect the breadth of biological information provided by a single
measurement. For example, POC or 1-channel optics gives
information on concentration alone, while genetics and images
yield information about diversity and community composition.

6 DATA MANAGEMENT AND
DATA ACCESS

OceanSITES has a strong data management component as
part of its global coordination and that aims to harmonize
the underlying national and institutional data archiving
techniques - a process that is key to arrive at FAIR data.
Closely linked to the data archiving are efforts to harmonize
the metadata vocabularies used by the various site operators
the respective data managers. To enable the integration of
biological data into the OceanSITES network, it is important to
first present the elements and conventions of the OceanSITES
data system.
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TABLE 1 | Information content generated under OceanSITES sampling, price (approximate, not including accessories), sampling mode (and hence density of sampling),
spatial scale (vertical or horizontal depending on sampling mode) and approximate volume inquired per sample.

Sensor Information content

Approximate Sensor price (JUS) Spatial scale (sample volume)

Data processing effort
per deployment

Single channel optics low 4K per channel m 2 days

ADCP low 40K 1500m (tens of m?) 2 days

Hyperspectral optics medium 40K 1m (tens of ml) 2 days

Quantitative echo sounder medium 400K 0.3-100m (m?3) 1 week

Angular forward scattering (LISST) medium 35K 1m (few ml) 2 days

Flow cytometry (cytosense) medium 130K 1m (few ml) PSD-2 days.

Imaging (UVP6) high 50K 1m (0.71) PSD-2 days. Images-2 months.

Imaging (IFCB) high 130K 1m (few ml) PSD-2 days. Images-2 months.

Sample Information content approximate price per sample Spatial scale (sample volume) QA/QC + submission to
database

POC low $20 1m (few I) 1 day

PIC low $20 1m (few |) 1 day

Flow cytometry medium $20 1m (few ml) 1 day

Genetics high $100 1m (10s of ) 1 day

Average time for sample collection effort and post-cruise data processing (not analysis, e.g. bioinformatics) and curation effort. Instrumentation was selected based on

minimal need for intervention. K=$1000.

OceanSITES focus in on high quality climate data and therefore
requires comprehensive data quality control on the recordings after
the instruments are recovered from sea. Access to real-time data
at many OceanSITES stations (e.g. tropical moored arrays such as
PIRATA or RAMA) falls under the category met/ocean data and
is coordinated by a sister network, the Data Buoy Cooperation
Panel (DBCP). However, DBCP has a clear focus on ocean/lower
atmosphere physics and here a gap may exists on real-time access
to non-physics data. This is particularly evident considering the
new technology outlined in this review. Real-time access to data
from moored time series stations may serve different needs such as
data safety (e.g. loss of instruments before recovery), data use (e.g.
enable analysis or operational system use right away and without the
latency of more than a year typical moorings are in the water for),
and adaptive sampling (e.g. increase sampling frequency during an
event such as a storm). Enabling access to real-time data requires
advanced mooring technology. A surface element is required for data
transmission (this could also be an autonomous surface vehicle).
The transmission of data from different depths to the surface is often
done by means of inductive data transmission via the mooring wire
or also by underwater acoustics. Proven technologies exist [e.g., Frye
etal. (2001); Farr et al. (2010); Alford et al. (2015)], but the costs and
risks of implementation must be carefully weighed for individual
applications (Bailey et al., 2019).

For data storage OceanSITES recommends the use of the NetCDF
(Network Common Data Form) file format and using the Climate
and Forecast Metadata Convention (CF) [OceanSITES (2020)]. One
driver for this recommendation is that such files are self-describing
and can (and should) include all the relevant metadata. The NetCDF
files should follow filename conventions [OceanSITES (2020)]
to ease access and discovery via the OceanSITES Global Data
Assembly Centre (GDAC) that can be entered via Ifremer, France!

' http://tds0.ifremer.fr/thredds/CORIOLIS-OCEANSITES-GDAC-OBS/
CORIOLIS-OCEANSITES-GDAC-OBS.html.

or the National Data Bouy Centre (NDBC), US2. The GDAC
provides access to raw data, quality controlled time series data
(structured by deployment period and site), and gridded time series
data products (structured by site, variable, and eventually period).
Recently OceanSITES began implementing an Environmental
Research Divisions Data Access Program [ERDDAP; Simons and
Mendelssohn (2012)] server for distributed data access.

OceanSITES encourages use of standardized instrument names
in the netCDF files following the SeaVOX vocabulary'* The
vocabulary combines machine readable code with standard human
readable instrument names. SeaVOX follows an open architecture. It
allows adding of new instruments and sensors'%. Mapping examples
for instruments discussed in this document are provided below in
Table 2.

However, it is evident by visiting the OceanSITES GDAC that
only part of the data and data products from the sites are provided
to the GDAC. For example no plankton data could be found
on the GDAC as for now. One reason could have to do with the
requirements OceanSITES places on data providers, in particular
the metadata vocabularies to be used and the NetCDF file format.
The Marine Biodiversity Observation Network (MBON), the
Global Ocean Observing System Bio-Eco Panel, and the Ocean
Biodiversity Information System (OBIS) have recommended the
use of standardized data processing protocols and data workflows
for biological EOVs. Specifically, this SCOR WG recommends that
OceanSITES adopt and implement the Darwin Core data standard
[Wieczorek et al. (2012); De Pooter et al. (2017)] for recording
biological information, and as needed ancillary environmental
data.

The challenge of providing FAIR data is especially faced
by networks that are not based on a global design but on
national/institutional monitoring activities linked only by

12 https://dods.ndbc.noaa.gov/oceansites/.
13 https://www.bodc.ac.uk/resources/vocabularies/seavox/.
14 https://github.com/nvs-vocabs/L22.
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TABLE 2 | Examples of vocabulary standards for OceanSITES instrumentation curated by the SeaVOX Vocab Library

Instrument category Information content

SeaVOX L22 short name SeaVOX L22 code

Single channel optics
ADCP

Multi channel optics
Quantitative echo sounder
LISST

Flow Cytometry

Sequoia LISST-100X particle sizer

Turner Designs Cyclops-7F fluorometer

Nortek Signature 250 acoustic doppler current profiler

WETLabs ECO Puck Triplet BB2FL-VMT scattering fluorescence sensor
ASL AZFP Acoustic Zooplankton Fish Profiler

CytoBuoy CytoSense flow cytometer

SDN:L22::TOOL1447
SDN:L22::TOOL1474
SDN:L22::TOOL1310
SDN:L22::TOOL1151
SDN:L22::TOOL1146
SDN:L.22::TOOL1209

https://vocab.seadatanet.org/v_bodc_vocab_v2/search.asp?lib=L22.

global coordination (e.g. OceanGldiers, GO-SHIP, DBPC
moorings). Here we see a task for the OCG of GOOS that
could facilitate the dialogue, for example, with OBIS to
implement the Darwin code into the data schemes of the
observation networks (including OceanSITES) and make data
conform to the FAIR Guiding Principles and accessible to
OBIS upon publication.

7 CASE STUDIES IN INTEGRATION
OF PLANKTON MEASUREMENTS ON
MOORING PROGRAMS

Here we highlight two mooring-based observation systems from
high-latitude oceans. The success of these time-series in remote
regions that are particularly inhospitable demonstrates that
success is achievable in most of the world’s ocean.

7.1 The Southern Ocean Time

Series (SOTS)

SOTS! currently consists of a set of two moorings in the
Subantarctic Southern Ocean, 500km southwest of Tasmania
near 141° E and 47° S. The moorings are serviced annually.
Deployments began in 1997 with the installation of a deep
ocean sediment trap mooring. In 2006, the program was
expanded to include surface measurements. The Subantarctic
Zone (SAZ) mooring collects sinking particles into rotating-
carousel conical sediment traps at nominal depths of 1000m,
2000m, and 3800m, and also has sensors for deep ocean
currents, temperature and salinity. The Southern Ocean
air-sea flux mooring (SOFS) has a large surface float with a
meteorological tower, as well as oceanic instruments arrayed
along the mooring line in the upper ocean. It supports a wide
range of sensors in the atmosphere, including insolation
(shortwave, longwave, PAR, and specific frequencies matched
to satellite ocean color remote sensing), winds, air temperature
and humidity, and rainfall. In the ocean, measurements are
made for surface waves, currents, temperature, salinity,
oxygen, total gas tension, pCO, (in air and water), nitrate,
chlorophyll fluorescence, optical backscattering, spectral
downwellingand PAR attenuation, and multi-frequency time-
resolved profiling of acoustic backscatter to several hundred
meters depth. In addition, a modified Mclane RAS-500

15 https://imos.org.au/facilities/deepwatermoorings/sots.

sampler and a custom-built trace metal clean sampler provide
time-series collections of surface seawater for additional
measurements of nutrients and microscopic identification
of phytoplankton. These observations allow a multi-trophic
assessment of the interaction between physical, chemical, and
ecological processes. These sensors are used to characterize
biological activity in multiple ways. The incoming light
available for photosynthesis (PAR) is measured with an upward
facing sensor on the meteorological tower. The presence of the
shortwave insolation sensor, installed to quantify heat fluxes,
provides a useful cross-check on any PAR sensor drift. Another
upward-facing PAR sensor at 30m depth determines the PAR
attenuation. This attenuation offers one means to estimate the
abundance of phytoplankton (via correlations of attenuation
with ship-collected phytoplankton samples). Phytoplankton
biomass is also estimated more directly from chlorophyll-
fluorescence sensors (stimulation/emission: 470/695 nm) at 1
and 30m depth. Both approaches have some complexity: the
PAR attenuation is influenced by phytoplankton properties
and the presence of any non-algal particles, while chlorophyll
fluorescence depends on phytoplankton community structure
and physiology. Including both PAR and fluorescence sensors
allows some assessment of these effects, and this is further
improved by a second optical backscattering channel in the
fluorescence sensor from which particulate backscattering can
be estimated [bbp(700nm)], which can also be used to estimate
particulate organic carbon (POC) through -correlations
with ship-collected POC samples. A 9-wavelengths visible
irradiance upward facing sensor is also in the instrument
package at 30m depth. It provides attenuation estimates
at multiple wavelengths by comparison with an identical
sensor on the meteorological tower, including the attenuation
coefficient at 490nm [K,(490)] which allows for comparison
with ocean color satellite products, as well as information on
phytoplankton community composition via the absorption
spectra of their pigments. Comparison with satellite products
is furthered via a downward facing (L,) sensor with the same
wavelengths, to determine the water-leaving radiance just
below the ocean surface.

By combining the phytoplankton abundance estimates
with PAR availability (using mixed layer depth as estimated
by temperature loggers along the mooring line) productivity
can be estimated. Nitrate limitation is evaluated using an
ultraviolet spectrometer installed on the base of the surface
float. More complete assessment of nutrient limitation,
including from iron and silicate, is enabled by the autonomous
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collection of seawater samples. Combining results from oxygen
and total gas tension (the sum of the partial pressures of N,
and O,) sensors, the biological and physical contributions
to surface mixed layer oxygen budgets can be separated to
quantify net community production, which represents the
balance between the processes that produce biomass (mainly
photosynthesis) and those that remove it (bacterial respiration
and zooplankton grazing).

Perhaps the most ambitious and exciting biological
sensor is the acoustic profiler, which provides a path to
estimate zooplankton and higher trophic level abundances
and behaviors (e.g. migration). The time-resolved intensity
of acoustic backscatter from pulsed kHz frequency-band
emissions allows the presence of organisms to be estimated
over the top several hundred meters of the water column.
Multiple frequency-bands (e.g., 38, 75, 210, 440 kHz) provide
some information on organism sizes. The lower frequencies
attenuate more slowly and thus can image more of the water
column. The higher frequencies are more useful for small
organisms such as zooplankton. Several different models,
mounting configurations, and pulse regimes have been
tested. Each has its challenges. All are limited by battery
power. Placing the device in the surface float allows for larger
batteries than mounting it deeper in the water column, but
air bubbles below the float limit sound penetration. Frequent
pulsing (e.g., 15-second intervals) allows zooplankton and
fish behavior to be imaged (e.g., their diel cycles of downward
migration and its dependence on size (via frequency) including
the tracking of individual organisms), but it is difficult to
maintain power over an entire year in comparison to less
frequent pulsing sufficient to determine seasonal abundance
variations. Conversion of the acoustic signatures to biomass
estimates is challenging and, as with all variables, is improved
by collecting samples (e.g., nets) during ship service visits.

Examples of scientific results from the SAZ mooring
deep sediment traps include quantification of bulk fluxes of
organic and inorganic carbon, nitrogen, and silicon and their
contribution to the global carbon cycle [Trull et al. (2001);
Wynn-Edwards et al. (2020)], and examination of seasonal
and interannual variations in the abundance of specific
taxa [e.g., Roberts et al. (2014); Kloster et al. (2019); Rigual
Hernandez et al. (2020)]. The SOFS mooring has supported a
broad range of sensor-based studies, including quantification
of air-sea fluxes of heat, moisture, and CO, [Schulz et al.
(2012); Shadwick et al. (2015)], estimates of net community
production obtained by separating physical and biological
contributions to oxygen budgets [Weeding and Trull
(2014)], and seasonal variations in bio-optical properties,
phytoplankton, and the abundance and diel migration of
zooplankton and fish [Schallenberg et al. (2019); Trull
et al. (2019)]. The surface seawater sample collections have
provided information on the seasonal succession of nutrients
and phytoplankton Eriksen et al. (2018)] and the levels of
dissolved iron that limits phytoplankton production in this
region [van der Merwe et al. (2019)]. All of these sensors and
samplers have functioned successfully for entire years at sea.

7.2 FRontiers in Arctic Marine

Monitoring (FRAM)

Located between Svalbard and Greenland, the primary aim of
the open-ocean infrastructure FRAM!® developed by the Alfred
Wegener Institute in Bremerhaven, Germany, is permanent fixed-
location observation of key variables at sea, from surface to depth,
in near-realtime. The FRAM constellation includes moorings, ice-
tethered platforms, autonomous underwater vehicles, stationary
and mobile benthic platforms with autonomous sensors,
samplers, analytical instruments and cameras. Early results from
the FRAM observatory have yielded simultaneous assessment of
the physical water column structure (stratification, temperature,
light), nutrient concentrations, phytoplankton abundance,
particulate organic carbon (POC), and mesozooplankton, and
have allowed the inference of a number of key fluxes and rates
(net community production (O,), zooplankton migration, and
fluxes of particles to depth [sediment traps)]. Perhaps most
importantly, the FRAM observatory has allowed the continuous
observation of fluxes of the biological/biogeochemical pump,
and an assessment of the impact of sea ice melt on the physical
structure of the water column, with its associated impact on
vertical carbon export [von Appen et al. (2021)] and, more
locally, the impact of ice melt on the export of carbon released
directly from sea-ice [Fadeev et al. (2021)]. The Observatory is
supplemented with annual cruises to calibrate mooring sensors
data to ship-board measurements [see comparison of ship-
board and mooring data in von Appen et al. (2021)]. Recently,
a successful ten months long deployment of an in-situ plankton
imaging system has been achieved on FRAM [Picheral et al.
(2022)]. Data are available through the Alfred Wegener Institute
portal”. Details about the technologies being used are available
at their web site!s.

8 DEVELOPMENT OF AN
IMPLEMENTATION PLAN

We provide a list of recommendations for the implementation
of plankton measurements in the OceanSITES network at scales
varying from local to the whole network:

8.1 At the Network Scale

e  Perform a OceanSITES network-wide assessment of
existing expertise, applications, and experience in
plankton observations and taxonomy.

e  Further deploy biological expertise to the OceanS-
ITES science committees, in particular in the
“Global Ocean Watch” science theme group to
achieve a global harmonization of plankton obser-
vations from moorings, including the creation of
standardized protocols, operation and calibration

16 https://www.awi.de/en/expedition/observatories/ocean-fram. html.

17 https://www.awi.de/en/expedition/observatories/ocean-fram/fram-data-integration.
html.

18 https://www.awi.de/en/expedition/observatories/ocean-fram/fram-geraete-en.html.
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procedures.

e  Curation and taxonomic expertise should be assem-
bled and consulted to ensure data are fully utilized.

e Data management infrastructure is critically
important. Data archives exist for all proposed
measurements, but in several different repositories.
It is important to make sure all are linked, there is
appropriate meta-data including terms and units,
and that procedures have been reviewed by data
specialists.

e OceanSITES should adopt and implement the
Darwin Core data standard for recording biological
information and relevant ancillary environmental
data. Data should conform to the FAIR Guiding
Principles and be accessible to OBIS upon publica-
tion.

8.2 At the Local Scale

e  Step-wise implementation is pragmatic. Start with
a limited number of instruments, and increase as
skill improves. This will ensure data collected data
are high quality, relevant, and follow best-practice
protocols, and that data users are invested.

e  Sensors not part of routine sampling could be housed
at a local expert’s lab when not on moorings so they are
used, serviced, and ready to be deployed as needed.

e Communicate with biological user groups engaged
in operations at areas near sites that form the net-
work to obtain knowledge on how to further attract
local user’s buy-in, interest, and build capacity.
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