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Advancing our understanding of ocean biogeochemistry, biology, and ecosystems
relies on the ability to make observations both in the ocean and at the critical
boundaries between the ocean and other earth systems at relevant spatial and
temporal scales. After decades of advancement in ocean observing technologies,
one of the key remaining challenges is how to cost-effectively make measurements
at the increased resolution necessary for illuminating complex system processes and
rapidly evolving changes. In recent years, biogeochemical in situ sensors have been
emerging that are threefold or more lower in cost than established technologies; the
cost reduction for many biological in situ sensors has also been significant, although
the absolute costs are still relatively high. Cost savings in these advancements has
been driven by miniaturization, new methods of packaging, and lower-cost mass-
produced components such as electronics and materials. Recently, field projects
have demonstrated the potential for science-quality data collection via large-scale
deployments using cost-effective sensors and deployment strategies. In the coming
decade, it is envisioned that ocean biogeochemistry and biology observations will be
revolutionized by continued innovation in sensors with increasingly low price points and
the scale-up of deployments of these in situ sensor technologies. The goal of this study
is therefore to: (1) provide a review of existing sensor technologies that are already
achieving cost-effectiveness compared with traditional instrumentation, (2) present case
studies of cost-effective in situ deployments that can provide insight into methods for
bridging observational gaps, (3) identify key challenge areas where progress in cost
reduction is lagging, and (4) present a number of potentially transformative directions for
future ocean biogeochemical and biological studies using cost-effective technologies
and deployment strategies.

Keywords: in situ, sensor, OceanObs, ocean technology, EOVs, biogeochemistry, biology, cost effective

Frontiers in Marine Science | www.frontiersin.org 1

September 2019 | Volume 6 | Article 519


https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2019.00519
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2019.00519
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2019.00519&domain=pdf&date_stamp=2019-09-12
https://www.frontiersin.org/articles/10.3389/fmars.2019.00519/full
http://loop.frontiersin.org/people/633929/overview
http://loop.frontiersin.org/people/241571/overview
http://loop.frontiersin.org/people/633911/overview
http://loop.frontiersin.org/people/637453/overview
http://loop.frontiersin.org/people/221934/overview
http://loop.frontiersin.org/people/30108/overview
http://loop.frontiersin.org/people/692256/overview
http://loop.frontiersin.org/people/484171/overview
http://loop.frontiersin.org/people/317467/overview
http://loop.frontiersin.org/people/774831/overview
http://loop.frontiersin.org/people/458593/overview
http://loop.frontiersin.org/people/680489/overview
http://loop.frontiersin.org/people/634758/overview
http://loop.frontiersin.org/people/634110/overview
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Wang et al.

Cost-Effective in situ Sensing Technologies

INTRODUCTION

The biogeochemistry and biology of the ocean play a central role
in regulating climate, providing resources for humankind, and
shaping the world’s economy. However, over the recent centuries,
profound changes, such as ocean acidification, deoxygenation,
pollution, habitat loss, and loss of biodiversity, have taken
place (Le Quere et al., 2010; IPCC, 2014; Yang et al., 2016;
FAO, 2018; Moustahfid et al., 2018). Understanding these
changes is critical for maintaining climate stabilization, marine
ecosystem health (Brehmer et al., 2011), sustainability of fisheries
(Pauly et al, 2002), and other societally relevant issues, thus
making ocean biogeochemistry and biology observation a high
research priority.

One fundamental challenge for monitoring and studying
ocean biogeochemistry and biology is that oceanic signals often
have high spatial (millimeters to thousands of kilometers) and
temporal (seconds to decades) variability, with long-term trends
that can be hidden under large short-term natural variability
(Lampitt et al., 2010). The vastness of the ocean makes it
economically and logistically challenging to deploy instruments
to simultaneously cover both short-term variability and long-
term trends in the right locations. In the coastal oceans, the
limitation of in situ biogeochemical and biological observational
nodes and assets may be even more pronounced due to larger
heterogeneity inherent in these dynamic systems. For example,
even for the relatively well observed coastal waters of North
America, there is still a significant challenge for interpreting
and upscaling relatively sparse measurements to a regional or
continental scale (Fennel et al., 2019).

In response, regional-to-global scale in situ oceanic observing
networks have been developed and deployed, revolutionizing
the way that ocean biogeochemistry and biology are studied
and providing a new level of understanding of complex global
systems. Examples of such networks abound, including the
Global Ocean Observing System (GOOS),' the U.S. Integrated
Ocean Observing System (or I0OS),? the Ocean Observatories
Initiative (OOI),> the African Blue Belt Initiative (BBI),*
the Australian Integrated Marine Observing System (IMOS),’
the Biogeochemical-Argo (BGC-Argo) program,® the Southern
Ocean Carbon and Climate Observations and Modeling
(SOCCOM), and the EXPort Processes in the Ocean from
Remote Sensing (EXPORTS)’. However, cost tradeoffs generally
dictate that these networks each are designed to answer a
limited set of questions, e.g., long-term vs. short-term variability,
spatial or temporal coverage, etc. One common strategy for
addressing the physical limitations for achieving high spatial
coverage with ocean observatories and the need to understand
significant variability of the oceans is to prioritize either (a)

'http://www.goosocean.org
Zhttps://ioos.noaa.gov
*https://www.oceanobservatories.org
*http://www.laceinturebleue.org
>http://www.imos.org.au/
Chttp://www.biogeochemical-argo.org
"http://oceanexports.org

a limited number of specific, project-targeted sites for high
temporal resolution studies (high temporal coverage with low
spatial coverage) or (b) greater spatial coverage that limits
shorter temporal resolution. For example, OOI and OceanSITES®
aim to characterize long-term changes (e.g., ocean temperature
warming, ocean acidification and deoxygenation) and key
processes (e.g., exchanges and interactions at the boundaries
between interfaces of the ocean) at unique or representative
locations, while the Biogeochemical-Argo program aims to
measure key biogeochemical parameters — for which robust
sensor technologies already exist — across the entire globe, but at
a lower temporal resolution.

This review postulates that achieving data collection at the
spatial and temporal scales demanded by the big scientific
questions currently being pursued in ocean sciences requires a
paradigm shift in the way we approach ocean observing. The
development of advanced in situ biogeochemical and biological
technologies has been a research priority in the oceanographic
community for the past decade (e.g., Johnson K.S. et al., 2009;
Moore et al, 2009; Byrne et al, 2010; Feely et al., 2010;
Moustahfid et al., 2012; Martz et al., 2015). We assert that
ocean science and engineering now must focus on dramatically
lowering the cost of in situ sensors in order to increase
spatiotemporal coverage relevant to high-heterogeneity of many
biogeochemical and biological processes. To some extent, the
evolution of sensors and deployments becoming cost-effective
is already underway, often accelerated by the reduction in cost
and size of the actual sensor components (e.g., Mills and Fones,
2012). Low cost electronics and computing solutions, hobby-
grade electronics, and fabrication technologies (e.g., 3D printers)
are being rapidly developed and advanced for other fields and
applications outside of ocean science and are being applied to
ocean sensor development. For example, though mostly still at
the research stage, while a traditional CTD instrument costs
~$10k, a new MEMS-based CTD sensor has ~10-fold lower cost
(<$1k). Similarly, a typical oxygen optode may cost upward of
$10k, repackaging it using low-cost materials and electronics can
decrease cost by 5- to 10-fold. As a field we need to learn from
such an initiative to transfer cost savings to other variables of
interest in ocean biogeochemistry and biology.

This review, therefore, aims to: (1) provide a review of existing
sensor technologies that have already demonstrated a decrease
in cost compared to previous sensors and methodologies
(section “Existing Cost-Effective Sensing Technologies for
Biogeochemical EOVs and Relevant Parameters”), (2) present
case studies of cost-effective in situ deployments that can provide
insight into methods for bridging observational gaps (section
“Cost-Effective Deployments”), (3) identify key challenge
areas where progress in cost reduction is lagging (section
“Challenging Areas: Technologies Where Innovation Is Needed
for Cost Reduction”), and (4) present a number of potentially
transformative directions for future ocean biogeochemical
and biological studies using cost-effective technologies
and deployment strategies (section “Common Themes and
Transformative Future Directions”). In this review we include

Shttp://www.oceansites.org
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cost-effective sensing technologies for ocean biogeochemistry
and biology to provide an interdisciplinary perspective on
available cost-effective in situ sensing technologies so the ocean
science community can plan and design integrated observing
networks using these technologies and because innovations in
hardware are likely to be transferable across disciplinary lines.

For the purposes of this analysis we define “low-cost” or “cost-
effective” as achieving a decrease in cost of at least threefold
or more relative to the cost of established technologies or
deployment methods. In other words, we target innovation
that theoretically could enable an increase of spatiotemporal
resolution by threefold or more, assuming that the lower cost
sensor still meets the standards (e.g., accuracy, range, drift)
required by specific scientific application. While there is also
a need to understand cost in an absolute sense, this relative
definition of “cost-effectiveness” provides a lens that is relevant
across a wide range of technologies and disciplines. Some
biogeochemical sensors may already be “low-cost” (<$1k) while
biological sensors are not yet comparable in terms of absolute
cost. Although some newly developed biological sensors can
be considered to be cost-effective in this context in terms of
“cost per data point generated,” it becomes clear through this
review that affordability of biological in situ sensors faces more
challenges and needs more improvement from developers and
the community to catch up. Furthermore, it must be noted that
many in situ biogeochemical and biological sensors are first
generation sensors, so providing a cost comparison to previous
sensors may not possible in all cases.

A complete discussion of all existing cost-effective
technologies is beyond the scope of a single review, thus,
we aim to present representative sensor technologies that cover
important development aspects with respect to cost reduction
approaches, including miniaturization, novel sensing modalities,
system integration, and unique deployment strategies. By
targeting technologies to highlight, we are able to focus primarily
on the observational needs and gaps in ocean biogeochemistry
and biology, guided by consensus lists of essential ocean variables
(EOVs)? (Table 1). Issues that are universal to all sensors,

http://www.goosocean.org/eov

TABLE 1 | List of essential ocean variables (EOVs) and relevant variables identified
by the Global Ocean Observing System (GOOS) Expert Panels, based on criteria
taking into account relevance, feasibility, and cost effectiveness (adapted from
http://www.goosocean.org).

Biogeochemistry Biology and ecosystems

Oxygen*
Nutrients*
Inorganic carbon*
Transient tracers

Phytoplankton biomass and diversity*
Zooplankton biomass and diversity*
Fish abundance and distribution*

Marine turtles, birds, mammals abundance and
distribution*

Particulate matter*
Nitrous oxide

Hard coral cover and composition
Seagrass cover and composition
Macroalgal canopy cover and composition
Mangrove cover and composition

Ocean Sound*

Stable carbon isotopes
Dissolved organic carbon
Ocean color

*Parameters included in this review.

such as packaging, deployment platforms, power supplies, and
communication, are discussed in section “Common Themes and
Transformative Future Directions.”

EXISTING COST-EFFECTIVE SENSING
TECHNOLOGIES FOR
BIOGEOCHEMICAL EOVS AND
RELEVANT PARAMETERS

In this section, we review a sample of available sensor
technologies capable of achieving cost-effective measurement of
biogeochemical and biological EOVs or related parameters; a
summary of included technologies and estimated technology
readiness level (TRL) is provided as Table 2 for comparison.
Technologies are presented roughly in order of degree of
readiness, from those which are already commercialized
or in wide use to those which are in the research and
development stage.

Dissolved Oxygen

Dissolved oxygen (DO) is a key biogeochemical parameter
measured for many oceanographic studies. The required DO
measurement uncertainty to detect meaningful changes in the
open ocean is about 1-2 pmol kg=! (Gruber et al., 2010;
Keeling et al., 2010). DO sensors are one of the most mature
biogeochemical sensors as a result of advances in detection
technology over the last few decades (Bittig et al, 2018).
Two commonly used methods for in situ DO sensing are the
Clark-type electrochemical detection (DO electrode) (Kanwisher,
1959) and luminescence quenching by oxygen (Kautsky, 1939;
Kortzinger et al., 2004, 2005; Lakowicz, 2006; Tengberg et al.,
2006). The former is simple to instrumentation, but is generally
considered to be less accurate and prone to drift during long-
term deployments; the latter is more accurate and has led to the
development of the oxygen optode, the technology of which has
been widely used on almost all observing platforms for more
than a decade (Riser et al., 2016). Furthermore, micro-sensors for
in situ DO detection have been available for many years (Sosna
et al,, 2007; Chipman et al., 2012).

Cost-effective Clark-type DO sensors are already available for
seawater measurements. One approach is to use a bare disk
electrode design (Sosna et al., 2007) which - with appropriate
in situ cleaning — can achieve adequate performance for profiling
applications (Sosna et al., 2008). The simplicity of this sensor
has also been combined with micro-fabrication techniques and
existing lithographic micro-manufactured conductivity (C) and
temperature (T) sensors (Huang et al., 2011) to create a combined
CT-dissolved oxygen (CT-DO) micro-sensor (Morgan et al.,
2014a,b,c,d). The CT-DO device is cost-effective and can be used
with pressure balanced, soft or hard potted electronics, obviating
the need for pressure cases. This DO sensor has a response time
of ~2 s and current accuracy of ~5 jLmol kg~ ! though additional
improvements are foreseen. Another example is the Oxyguard
DO profiling sensor,'’ which has a fast response time (~10 s) and

http://www.oxyguard.dk
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TABLE 2 | Characteristics of cost-effective in situ sensing technologies for biogeochemical and biological parameters.

Parameters Cost-effective sensing Traditional cost Cost-effective TRL for cost-effective Availability for
technology level level sensors’ cost-effective sensors?
DO Luminescence quenching $$$ $ 5 Individual researchers
(optode)
Clark-type electrode $$ $ 9 Individual researchers;
commercial
pH Spectrophotometric $8$ $ 7 Individual researchers;
commercial
Spectrophotometric N/A3 $$ (Lab-on-a-chip) 7 Individual researchers;
pre-commercial
Nitrate
Electrochemical $$$ $ 6 Individual researchers;
commercial
Fluorescence $8$ $$ (Lab-on-a-chip) 5 Individual researchers
Ammonia/Ammonium Lab-on-a-chip (colorimetric) N/A $$ 6 Individual researchers;
pre-commercial
Reagentless/electrochemical N/A $$ 5 Individual researchers
Phosphorous Lab-on-a-chip (colorimetric) N/A $$ 7 Individual researchers;
pre-commercial
Reagentless/electrochemical N/A $$ 6 Individual researchers;
pre-commercial
Particle and POC 0OBS $$ $ 8 Commercial
ABS $$ $ 8 Commercial
Phytoplankton biomass Fluorometric $3$ $$ 9 Commercial
Plankton* Optic (microplankton size $E55S $$$ 4 Individual researchers
fraction >10 pwm)
Optic (mesoplankton size $$58$ $$ 7 Individual researchers
fraction >100 pwm) Commercial
Zooplankton and fish Acoustic $EE8S $EES 9 Commercial
abundance and distribution
Microbes, phytoplankton Genetic S5 $$$$ 5-6 Individual researchers

and zooplankton

Commercial

$-$$$$$ signs: relative sensor cost level. ' Technology readiness level (TRL). These are estimated TRLs based on literature review. °See text for more details. 3Not

applicable. *Phytoplankton and zooplankton biomass and functional diversity.

is insensitive to hydrogen sulfide interference. Its measurement
uncertainty is 1-2%, allowing it to be useful in dynamic systems,
such as coastal sites, where a large variability of DO occurs over
different time-scales.

Oxygen optode technology has also matured over the
last decade, resulting in robust and sensitive sensors capable
of collecting climatology-quality data (Bittig et al,, 2018) at
moderate a investment (~$3k per unit). However, further
reducing the cost of DO optodes is an active research area. For
example, an NSF-funded in situ mini-DO optode sensor has
been under development for the last several years, designed for
deployment on small marine organisms, such as jellyfish and
squid, to 300 m (Figure 1). The sensing element is already
commercially available (PreSens, Germany). The use of low-
cost components (e.g., synthetic foams and silicone-based epoxy)
and improved engineering design allows the cost and power
consumption of this mini-O, optode to be low (~$1k, ~0.2 W).
The sensor has a nominal overall uncertainty of ~+0.5% O,
a detection limit of 0.1%, and a response time of about 1 min.
In situ testing of the sensor is currently underway along with
efforts to improve the sensor’s deployment duration and depth.

Currently, such a mini-DO optode may be suitable for short-
term deployment (days — weeks) on various platforms, such as
free-swimming animals, stationary platforms (e.g., buoys), and
vehicles (i.e., Autonomous Underwater Vehicles - AUVs).

These examples of cost-effective in situ DO sensors share two
key features: the use of low-cost components and new packaging
approaches for submersible deployments. It is expected that
the main components and materials of DO sensors will
continue to decrease, and such sensors may be among the
first biogeochemical parameters that can achieve massively cost-
effective deployments with a large number of sensors.

The Carbon Dioxide System

The carbon dioxide (CO;) system is described by four measurable
primary parameters: total dissolved inorganic carbon (DIC),
partial pressure of CO, (pCO,) or CO; fugacity (fCO;), pH,
and total alkalinity (TA), each of which has its own unique
applications in marine biogeochemistry. Measurements of any
two of the four parameters are required to fully resolve the
carbonate system using seawater acid-base equilibria, including
calculation of CaCOj3 saturation states that are highly relevant
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(PreSens, Germany) (courtesy by Dr. Z. A. Wang, WHOI, United States).
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Mg 20 3 5 6

FIGURE 1 | Left: Miniature dissolved oxygen optode assembly (left) in a bio-logging tag platform. The ruler scale is in centimeters. Right: O, sensing cube

to OA studies. With continuous efforts invested in developing
sensors and instruments for CO, parameters in recent decades,
significant advancements have been made in this field (Byrne,
2014; Martz et al, 2015). The recent Wendy Schmidt Ocean
Health XPRIZE" has acted as a global catalyst for developing
new pH sensor technologies to improve in situ seawater
pH measurements. Currently, pCO, and pH in situ sensing
technologies are relatively more mature, with commercial pCO;
and pH sensors available for seawater applications, though
the need to achieve faster-response and deeper deployment
is acknowledged.

Two types of in situ pH sensors are most widely deployed
to measure seawater pH: spectrophotometric (Liu et al., 2006;
Gray et al, 2011) and ISFET based pH sensors (Martz
et al., 2010; Bresnahan et al., 2014; Takeshita et al., 2014).
The electrochemistry-based in situ pH electrode is generally
considered to be less stable and precise than the other
two for seawater applications. SAMI pH (Sunburst Sensors,
LLC, United States) and SeaFET (Sea-Bird Scientific, Inc.,
United States) sensors are, respectively, representative of
spectrophotometric and ISFET based in situ pH sensors, which
can achieve high-quality measurements if properly calibrated
and deployed. However, these commercial sensors still cost more
than $10k per unit.

In recent years, there has been progress in the development
of low-cost pH sensors to improve marine carbon and
OA research. A low-cost (~75% cost decrease) commercial
spectrophotometric pH sensor, iSAMI, is being developed
for surface measurements with good measurement quality'
(Figure 2). In addition, Sunburst Sensors has developed a
commercially available handheld pH sensor, pHyter (Figure 3)
(<$0.5k). Meanwhile, the pH photometer developed by the
University of South Florida (Figure 4) has a “Do-it-yourself”
(DIY) design, is low-maintenance, and achieves good quality
measurements (£0.01). This sensor is an order of magnitude
cheaper than commercial pH sensors that use similar operational

http://oceanhealth.xprize.org
2http://sunburstsensors.com/products/isami- ph.html

principles (Yang et al., 2014, <$0.3k in material and fabrication).
Such handheld sensors are particularly attractive tools for
engaging citizen scientists and students in OA monitoring,
education and research, and the technology has the potential to
be further developed for in situ platforms.

In situ pCO; sensors in general use either CO, equilibration
between the sample seawater and a medium (air/gas or reagent
such as a pH sensitive dye), followed by infrared or colorimetric
spectroscopy of the CO,-equilibrated medium (e.g., CONTROS
HydroC CO,, Norway; Pro-Oceanus CO,, Canada; SAMI-
pCO,, Sunburst Sensors, United States). However, these are not
typically cost-effective. Miniaturization and cost reduction of
these techniques are therefore areas of active research. Over the
last decade, the cost of non-dispersive infrared (NDIR) detectors
used in pCO; sensors has decreased (e.g., a low cost NDIR CO,
detector is on the order of $100), paving the way for lower cost
in situ pCO, sensors.

Alternately, a number of groups are now developing pCO,
optodes (Atamanchuk et al., 2014; Clarke et al., 2017; Staudinger
et al, 2018). The method is based on CO; equilibration
between seawater and a pH sensitive fluorescent dye, followed
by fluorescent detection, such as the frequency domain-Dual
Lifetime Referencing (f-DLR) method (Atamanchuk et al., 2014)
or the time domain-Dual Lifetime Referencing (t-DLR) method
(Clarke et al., 2015). The fluorescent dye is reusable, eliminating
the need for pumping and replacing reagents, which can reduce
the complexity for in situ sensors. These systems in principle
operate similarly as DO optodes, thus having the potential to
be low cost as DO optodes. However, long-term stability and
measurement quality at marine pCO, levels remains an area of
active assessment.

While measurement of any two of the four parameters
allows full resolution of the carbonate system using seawater
acid-base equilibria, large calculation errors result when pCO,
and pH are used due to their strong co-variation (Millero,
2007). The errors are often minimized when the DIC-pH or
DIC-pCO; pair is used (Byrne et al, 2010). Even when TA
contains a significant amount of undefined alkalinity (e.g.,
organic alkalinity), the DIC-pH or DIC-pCO; pair can still
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Montana, United States).

FIGURE 2 | Left: iISAMI pH sensor by Sunburst Sensors, LLC. Right: The in situ testing of iISAMI pH over 6 days (courtesy by Dr. M. DeGrandpre, University of

Days

FIGURE 3 | Sunburst pHyter, a hand-held pH meter, with controlling mobile app (courtesy by Dr. M. DeGrandpre, University of Montana, United States).

accurately calculate carbonate alkalinity and CaCOj saturation
states. Therefore, development of in situ DIC or TA sensors is
of high interest.

In situ sensor technologies for DIC are much less mature
(Byrne, 2014; Martz et al.,, 2015), and currently no commercial
in situ DIC sensors are available. Various “research type” in situ
sensors and underway instruments for DIC measurements have
been emerging in recent years (Sayles and Eck, 2009; Liu
et al, 2013; Wang et al, 2013a,b; Fassbender et al., 2015).
These proto-type systems have already achieved significant
cost-reductions relative to discrete measurements of bottle
samples by several folds. In situ DIC detection is based on
CO; equilibration between an acidified sample and a standard
solution through a gas permeable membrane, followed by either
spectrophotometric, conductometric, or infrared detection. As
lower cost components are developed for other applications, we
would expect the costs of these sensors to decrease. For example,
built on the technology developed for the Channelized Optical

System (CHANOS; Wang et al., 2015), a new miniaturized, lower
cost version (CHANOS II) is under field testing, aiming for
deployment on profilers, AUVs and remotely operated vehicles
(ROVs) with high measurement frequency (1 Hz). In addition,
it is designed to make simultaneous measurements of the DIC-
pH pair or the DIC-pCO; pair based on spectrophotometric
principles, thus fully resolving the seawater CO, system with
less calculation errors in many cases. The target price for the
CHANOS II shallow-water version (<500 m) is <$15k per unit
with two CO, parameters.

Prototype in  situ  alkalinity =~ sensors, such as
spectrophotometric SAMI-Alk  (Sunburst Sensors, LLC)
(Spaulding et al., 2014) and ISFET-based solid state alkalinity
sensors (Briggs et al., 2017), are also emerging, and have the
potential to achieve low cost, similar to other pH, pCO,
and DIC sensors due to the similarity of detection principles
(i.e., spectrophotometric and ISFET). These new TA and DIC
sensors have all been developed with the goal of climate-quality
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FIGURE 4 | Left: A USF-USGS hand-held pH photometer. Right: Photometer (Unit 115) calibration curve of absorbance ratio Rg against spectrophotometrically
determined absorbance ratio Ry (courtesy by Dr. R. H. Byrne, University of South Florida, United States). Absorbance ratio Rg is a function of water pH. The dotted
line represents the polynomial best fit, ¥ = 00679x2 + 0.8783x + 0.0021; A2 = 0.9971.

measurements as defined by the Global Ocean Acidification
Observing Network".

While originally applied for nutrient sensing, Lab-on-a-chip
(LOC) technology has also been applied to the in situ detection
of pH (Rerolle et al., 2018), DIC, and TA. LOC sensors have
been developed with a target of being cost-effective, yet high
performance in situ sensors suitable for mass deployment on
various ocean observing platforms. In the LOC platform designed
at the National Oceanography Centre, UK (NOC), the principal
engineering choices that enable lower costs are the use of a
pressure balanced design which obviates expensive pressure
cases, optical windows, and electrical connections. Pressure is
equalized inside a low-cost polymer electronics housing using an
insulating oil. The sensors use microfluidic technologies to mix
the seawater sample with pH indicators to produce a color (for
pH and TA) or conductivity (for DIC) change to measure the
parameter of interest. The TA sensor is based on the single-point
spectrophotometric titration method (Breland and Byrne, 1993).
The prototype LOC DIC sensor is based on a conductometric
method (Sayles and Eck, 2009). Both the LOC TA and DIC
sensors take advantage of a development by Li et al. (2013)
who used a gas-permeable Teflon AF 2400 membrane (Wang
et al., 2002, 2007) to remove the CO;, from the sample-titrant
mixture. The LOC TA and DIC sensors have been deployed
on a benthic lander in the North Sea, through a shipboard
underway system, and in an estuary. By 2020, the LOC TA and
DIC sensors will be integrated into a single device and, together
with the LOC pH sensor, will form a package capable of over
determining the carbonate system, to allow the measurements to
be validated. Cost is currently dominated by the valve, pump,
and electronics components. The goal is to reduce the total
component costs to $2.5k in the short term (<1 year) with a target
of <$1k beyond that.

Bhttp://goa-on.org/

In summary, the examples described above highlighted
several innovations of lowering the costs for CO, parameter
sensors, including reagentless detection, simultaneous detections
of multiple parameters, low-cost materials and packaging,
and microfluidic designs. The encouraging trend in recent
developments was to embed system designs with both good
measurement quality and cost reduction of the systems starting
from the early stage of development.

Nutrients

In the context of marine systems, key nutrients of interest
are nitrate, nitrite, ammonium, phosphate, silicate, and a
number of trace metals (e.g., iron). Nutrients have historically
been more difficult to measure in situ than physical or bulk
chemical parameters, due both to cross-sensitivities with
other constituents and to challenges with miniaturization of
lab instrumentation for field deployment. While there are a
number of commercially available multi-parameter instruments
for nutrient measurements in the marine environment
(comprehensive list in the ACT Technologies Database'),
many of these are now mature technologies that are still relatively
costly, unlikely to see further decreases in cost and likely to
see only incremental improvements in accuracy. A number of
emerging technologies, however, build on insights gained from
these instruments and may have the potential to meet decreased
size, cost, and/or power demands.

The most common strategy for in situ nutrient measurement
is through the use of wet chemical sensors based on standard
laboratory and shipboard principles (spectrophotometry
or fluorescence), which can achieve detection limits in the
micromolar range for most analytes but require reagents
(necessitating volume increases and constraining deployment
times) and are still moderately large and expensive (>$10k).

Y“http://www.act-us.info/database.php
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The logical pathway forward is to take advantage of the
specificity and accuracy of spectroscopic methods and
minijaturize using methods such as LOC which have lower
reagent consumption, power consumption, and cost (3-10x
decrease). LOC approaches have already been developed and
proven in the lab for colorimetric measurements of nitrate
[detection limit of 0.025 pwmol kg=! (Beaton et al., 2012)]
(Figure 5), phosphate [detection limit of 40 nM (Clinton-Bailey
et al., 2017)], and silicate [in coastal waters (Cao et al., 2017)].
These sensors have very low power consumption [e.g., 1.8 W
for one measurement per 15 min (Clinton-Bailey et al., 2017)],
and with LOC systems multiple detection cells can be integrated
with little increase of cost. Versions for the measurement of
ammonium and iron (Geifiler et al., 2017) are in development.
Related efforts (e.g., a reflectance sensor using optical fibers
and miniaturized flow systems) exist for the measurement of
dissolved iron using chelating disks and reagents that complex
capture iron (Pons et al., 2005).

Reagentless sensors (e.g., based on direct optical UV
absorption measurement) have already been commercialized
for the measurement of nitrate in waters with relatively low
turbidity and colored dissolved organic carbon (DOC) (Finch
et al., 1998; Johnson and Coletti, 2002; Zielinski et al., 2007;
Sakamoto et al., 2017; Meyer et al., 2018). While these sensors
are at a low enough cost that they are now standard on some
profiling floats [e.g., the BGC-Argo and SOCCOM programs
(Johnson et al., 2017)], the absolute cost per sensor remains
high (order of $10k) and therefore alternate approaches (e.g.,
reagentless electrochemistry) are also emerging. An indium tin
oxide (ITO) sensor was demonstrated in 2017 for detecting
ammonia in seawater (Lee et al, 2017) while reagentless
measurement of silicate and phosphate in situ has recently

photodiode

channel absorption channel

mixer

valve via

pump seat LED

FIGURE 5 | Labeled photograph of a LOC nitrate sensor microfluidic and
optofluidic manifold (aka the chip). This 12 cm diameter chip is shown in clear
Polymethylmethacrylate (PMMA) to aid visualization. Operational devices are
made in tinted PMMA to suppress stray, scattered and ambient light (Ogilvie
et al., 2010; Floquet et al., 2011).

been validated for seawater use (Barus et al., 2018). This latter
instrument utilizes a two-cell configuration (complexation with
molybdenum, detection using gold working and silver reference
electrodes) and achieves a micromolar detection limit, has a
sampling period of approximately 1 h, is small in size (100 mm
diameter, 186 mm height packaged), and has a low power
consumption (25 mAh for 1 sample per hour). Finally, while
interferences due to the high salt content of marine waters remain
high, the consideration of using potentiometric sensors (i.e.,
ion selective electrodes) for nutrient measurement in marine
environments is ongoing, with several already commercially
available (e.g., NISE by Hach Lange, EXO by YSI). Successes
in pressure compensating semiconductor (ISFET) pH electrodes
(Johnson et al., 2016) and progress in membrane specificity [e.g.,
for CI™ (Takeshita et al., 2014)] will continue to propel this type
of technology forward. Costs for typical ISEs (individual probes,
before instrument integration) is on the order of $0.2-$0.9k.

Innovation in both classes of sensors show similar strategies
for decreasing costs and improving deployability, particularly
miniaturization, which frequently comes with decreasing
power consumption. Reagentless sensing strategies, however,
rely on continued innovation in material science, including
identifying membranes, chelators, and electrodes that have fewer
interferences or multi-step processes that can separate target
nutrients from potentially interfering signals.

Suspended Particles and Particulate

Organic Carbon

Instruments employing backscattering techniques (acoustic and
optical backscatter sensors, ABS and OBS) provide a means of
sampling suspended particle concentration at a relatively low
cost (on the order of $1.3-5k per unit) with a small overall
package size. Both ABS and OBS technology may be characterized
as mature. The measurement techniques and the cost per unit
of the commercial sensors have been essentially static over the
last two decades, partially because of their already low cost
compared to other oceanic sensors. Because of their wide range
of application and low cost, they are relevant for this review,
especially when integrating with other sensors to provide more
cost-effective deployments.

As ABS instruments do not rely on an optical signal, they
are less prone to degradation due to biofouling of the sensor
head than an OBS. However, a number of manufacturers offer an
OBS with an optical sensor wiper or shutter to cover the sensor
head when not taking measurements (e.g., Seabird Sci. ECO
Scattering sensor and Campbell Scientific OBS501). A principal
distinction between ABS and OBS devices is the range of particle
sizes to which they are sensitive. An OBS is most sensitive
to fine-grain particles to roughly 40 pm grain size, with the
backscatter signal dominated by particles in the 1-10 pm size
range (Organelli et al., 2018). By contrast, an ABS is most
sensitive to coarser particles, in the 30-400 pm grain-size range.
This distinction has prompted some investigators to pair an OBS
and ABS to maximize the overall grain size range measured
(Hawley, 2004). Seapoint Sensors Inc. has recently developed
technology that extends the OBS measurement range to much
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higher concentrations (well in excess of twice the maximum
concentration sensed by the company’s earlier OBS models).
The OBS employing this technology (the STM-S) is offered at
roughly the same price (~$1.3k) as the company’s earlier models,
equivalent to a cost-reduction with updated capability.

The signal of an OBS can be used to determine the
concentration of particulate organic carbon (POC) using a
derived POC-concentration vs. OBS-intensity relationship for
a given marine area (Briggs et al, 2011; Cetinic et al., 2012;
Johnson et al., 2017). This makes an OBS valuable for studying
oceanic biogeochemistry, particularly when the OBS is combined
with sensors that measure other relevant properties, such as
chlorophyll-a and colored dissolved organic matter (CDOM).
Instrument packages combining an OBS with CDOM and
chlorophyll-a fluorometers are commercially available (at unit
cost of order $13k) in sizes suitable for use on moorings and/or
mobile platforms (e.g., Seabird Sci. ECO Triplet; Alkire et al.,
2014; Roesler et al., 2017).

For observations directed at sediment dynamics in the
bottom boundary layer, a profiling ABS offers a useful means
of monitoring SPM concentrations at selected distances above
the bottom. A number of studies have shown that profiles
of SPM concentrations may be obtained with high accuracy
using the returns from multi-frequency ABS as well as from
a conventional acoustic Doppler current profiler (ADCP)
provided that the acoustic return signals are calibrated with
coincident measurements of SPM concentration using the
sediment characteristic of the measurement site (e.g., Thorne and
Hardcastle, 1997; Gartner, 2004; Sahin et al., 2017). Profiling ABS
systems employing transducers with a range of frequencies (to
provide sensitivity over a range of particle sizes) and suitable
for long-term deployment are available at a cost of ~$15k (e.g.,
AquaScan 1000 by Aquatec Group Ltd.).

Overall, the commercial sensors in this category are relatively
robust. Improvement of cost-effectiveness of their use in
comprehensive oceanographic studies, targeting a host of
variables, may be expected in the near future, given the trend of
sensor integration (i.e., combining particle sensors with sensors
for other variables) currently underway. Furthermore, advances
in relating the instrument signal to SPC may be expected in the
near future. As recently demonstrated by Organelli et al. (2018),
the backscattering signal to SPC relationship is sensitive to the
structural complexity of the particles measured, revealing the
need for further research to optimize in situ detection of marine
particles using backscattering techniques. Further cost-reduction
of these sensors may be needed to enable large-scale deployment
described in this paper.

Fluorescence and Chlorophyll

Quantifying phytoplankton biomass in situ using in vivo
chlorophyll fluorescence has been widely employed for more
than half a century. It becomes a routine observation because
it is fast and adaptable to various deployment platforms
(Boss et al., 2018; Lombard et al, 2019). The method is
based on the assumption that the fluorescence intensity of
chlorophyll-a and its concentration are directly proportional to
one another. However, chlorophyll fluorescence measurements

in the applicable spectrum range (680-685 nm) have many
sources of uncertainty, arising from device hardware (e.g,
excitation light and detector) as well as interferences or
variability in aquatic environments, such as changes in
phytoplankton physiology, photo-acclimation, growth phase,
non-photochemical quenching, nutrient limitation, and high
CDOM concentration interference (Kiefer, 1973; Cullen, 1982;
Xing et al., 2017). To date, the most robust and rigorous
procedure to correct the raw data is to compare high pressure
liquid chromatography (HPLC) measurements of discrete water
samples with sensor observations (Lombard et al., 2019). Existing
data must go through vigorous quality checks before use (Boss
et al., 2018). For example, Roesler et al. (2017) recommended
that the chlorophyll-a values obtained with WET Labs ECO FLBB
sensors in the past be corrected by a factor of two in order to
produce a global set of data with a relatively small bias compared
to global average HPLC measured values.

Because of recent technological advances, miniaturized and/or
cost-effective in situ fluorometers are emerging. Leeuw et al.
(2013) developed a fluorometer (about $0.15k) which can be
deployed in large quantities (e.g., in an array) to detect and
monitor the development of phytoplankton blooms over a large
spatial scale, such as harmful algal blooms. Blockstein and
Yadid-Pecht (2014) also reported proof-of-concept miniature
fluorometers (<$0.5k) which can measure chlorophyll and
CDOM simultaneously. Another innovation is the T-FLaP
technology (Marcelli et al., 2014), which is capable of obtaining
vertical profiles of fluorescence of chlorophyll-a or to be used as
a stand-alone system for surface mapping. Friedrichs et al. (2017)
presented a prototype DIY device, SmartFluo, which consists
of a smartphone operation interface, a cuvette adapter, and an
illumination source. It is designed for applications in inland and
coastal waters, and is useful for citizen science.

In general, these innovations and massive cost decreases have
been achieved by capitalizing on mass-produced electronics and
miniaturization. Although these new technologies still require
regular calibration, and may require additional improvement on
detection limit and accuracy before they can be used at scale for
oceanographic research, they are a promising proof-of-concept
step in the direction of massively increased sensing resolution.

Underwater Bio-Acoustics

Passive and active acoustic sensing are capable of delivering
datasets of relevance to several EOVs, including fish abundance
and distribution (Simmonds and MacLennan, 2005), marine
mammal distributions (Brehmer et al., 2012), diving seabird
behaviors (Benoit-Bird et al., 2011; Williamson et al., 2017),
habitat type and fine-scale topography (Roberts et al., 2005; Smith
and McConnaughey, 2016) and ocean sound (Hildebrand, 2009).
Although the absolute price tag may not be comparable with
available low-cost biogeochemical sensors, the multi-purposes
and high data output per unit cost of bio-acoustic sensors allow
them become a cost-effective way of studying a wide range
of biological processes and marine organisms, along with their
living habitats in the last decade. Technology development and
material advancement in recent years also helped to reduce the
costs of acoustic systems, allowing more accessibility for ocean
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research. Here, we focus on active acoustic technologies that have
achieved major advances in the last decade for marine biological
purposes. Today, fisheries acoustics (Simmonds and MacLennan,
2005) is a central discipline for in situ observations of aquatic
organisms extending from plankton to whales (Brehmer, 2006).
Acoustics transducer accuracy and reliability are paramount
when making biological measurements with acoustic transducers.
There exists a wide range of transducers that deliver results
of interest for marine scientists, fisheries, and conservation
managers, including echosounder and sonar systems. During the
last few decades, the main advance is the advent of multibeam
(e.g., Guillard et al,, 2011) and wideband (Demer et al., 2017;
Jech et al., 2017) acoustic systems, although calibration and data
treatment are still challenging with existing protocols (e.g., Perrot
et al., 2014, 2018; Demer et al., 2015; Korneliussen et al., 2016;
Eleftherakis et al., 2018).

Rapid advances in the miniaturization of acoustic sensors
(transducers) and the improvement of batteries and computers
allow them to be mounted on various mobile platforms, such
as gliders and AUVs (Hine et al,, 2009; Moline et al., 2015)
and buoys (Godo and Totland, 1999; Brehmer et al., 2018),
thus rendering this sensing technology cost-effective both in
hardware and in deployment compared to traditional shipboard
transducers. In the last decade, a new cost-effective multi-
purpose scientific echosounder, the Simrad EK15, was designed
and validated (Betanzos et al., 2016; Linlokken et al., 2019).
Another major development in cost-effective acoustic sensing
is the scientific wide band echosounders (Demer et al., 2017)
which use a wide band transceiver (WBT) to replace the general
purpose transceiver (GPT) that is used for narrow-bandwidth
echosounders, e.g., the WBT Miniature wideband transceiver
(WBT Mini) (Benoit-Bird et al., 2018), wide-band autonomous
transceiver (WBAT), and WBT Tube Subsea transceiver (WBT
Tube) (Lavery et al., 2017). Such systems are compact in size and
energy efficient, making them useful as a portable echosounder
or for installation on a wide range of platforms (e.g., Saildrone
by Mordy et al., 2017). This allows long-term deployments
in challenging environments (Demer et al,, 2017), such as in
the arctic, using the Acoustic Zooplankton and Fish Profiler
(Ludvigsen et al., 2018).

Multibeam systems such as long-range omnidirectional sonar
(Brehmer et al., 2006), multibeam sonar (Korneliussen et al.,
2009), and multibeam echosounder (Trenkel et al., 2008) have
become more reliable and cost-efficient per unit of data output
(e.g., Trygonis et al., 2016; Dunlop et al., 2018). Acoustic cameras
have been emerging for fine scale studies of marine organisms
in the last decade (Tuser et al., 2014; Martignac et al., 2015),
which have provided new detailed knowledge on their living
behaviors and physiology. The next step in lowering the overall
cost in this field is to capture habitat characteristics at the
fine scale (Bertrand et al, 2014) simultaneously with marine
organism detections, and applying data processing and analytics
from several acoustic sensors (Brehmer et al., 2002). Future
concepts for fine scale studies (>20 m) have been presented by
Gerlotto et al. (2011) by building and operating a high-frequency,
three-dimensional sonar that will allow observation and analysis
of fine scale dynamics within marine organism aggregations.

Such an approach requires non-conventional concepts as
traditional sonars are limited by physical constraints, making
observational improvements difficult. Remaining issues of active
acoustics systems include relatively high power consumption for
autonomous deployment and delivery of large-size data streams
generated in a wide range of modulation frequencies.

For systems discussed here, it is a combination of newly
available electronics and improvements in battery technologies
that have enabled miniaturization of the technologies and
particularly, therefore, deployment aboard more cost-effective
deployment platforms.

COST-EFFECTIVE DEPLOYMENTS

Deployment strategies for cost-effective sensing technologies are
a key factor for determining the overall cost of any field effort,
and thus the long-term sustainability of ocean observing. For
example, small boats and ships of opportunity can provide
platforms for deployment and access to flow-through water
systems. Lower-cost autonomous surface platforms, such as the
JetYak (Kimball et al., 2014) with a <$20k price tag, can become
platforms devoted to chemical sensing, as demonstrated by the
recent development of the ChemYak (Nicholson et al., 2018)
which includes laser-based sensors for dissolved methane and
pCO;, measurements in addition to an oxygen optode and a
nitrate sensor. In this section, we describe a few case studies of
cost-effective sensor deployments. Although the in situ sensors
used in these cases may not all be low cost, the platforms and
methodologies are presented as valuable examples for achieving
cost-effective deployments.

Democratizing Access to Ocean
Observing Technology

Working with a network of traditional Hawaiian Fishpond
restoration groups, the group of Dr. B. Glazer at the University
of Hawaii (UH) is reducing costs of deploying real-time
observing networks of sensors for water level, temperature
(accuracy ~0.1°C), and other environmental variables at high
spatiotemporal resolution that are sufficient to characterize
streams, tides, and episodic flooding". The traditional Hawaiian
Fishponds, Loko i‘, represent a long-lasting example of one of
the ancient world’s more significant and successful aquaculture
achievements (Keala, 2007); as they are comprised of inputs
and outputs over manageable and semi-controlled spatial scales
(Figure 6), these fishponds provide ideal natural laboratories for
testing new technologies that can improve spatial and temporal
resolution of predictive coastal physical, chemical, and ecosystem
models (e.g., Briggs et al., 2013).

For the prototype network deployed at He‘eia Fishpond,
three styles of low-cost mini-Nodes have been developed: (1)
Arduino-controlled telemetry dongles that parse and relay any
serial data from industry-standard instruments such as Seabird
SBE19+ (node-025), (2) BeagleBone Black-controlled multi-
parameter packages that log data from Aanderaa oxygen optodes,

Dhttp://www.smartcoastlines.org
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FIGURE 6 | He'eia Fishpond, Oahu, is an 800-year old, 88-acre coastal walled estuary. Sluice gates (makahas) allow for tidal exchange with adjacent Kaneohe Bay.
Paepae o He'eia (PoH) is a local non-profit organization dedicated to the cultural and environmental restoration of the pond (photo courtesy by Paepae o He'eia).
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FIGURE 7 | Low-cost temperature compensated ultrasonic sensor mounted above the water level in a He‘eia Fishpond makaha (upper right inset) provides
near-real-time tidal observations (red, solid line) that compare well with nearby US NOAA tide gauge observations (yellow dashed) and show promise for generating
site-specific tide predictions using open-source Python software package, uTide (black, dashed line).
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Aanderaa conductivity sensors, low-cost MEMS barometric
pressure-temperature-humidity =~ sensors, and submersible
MEMS piezo-resistive pressure sensors (node-003), and (3)
Arduino controlled temperature-compensated ultrasonic sensors
mounted on bridges over sluice gates (méakahas) in the Fishpond
wall to monitor water level (tidal exchange with Kaneohe Bay).
For each configuration, data are telemetered back to a shore-side
base station where data are logged into an SQL database, stored,
and transferred to a server at UH Manoa (UHM). At UHM, an
x86 Linux server (NUC5i7RYH) performs automatic, first-pass
QA/QC data filtering and flags data that is out of expected
range or mini-Nodes that have not reported as scheduled. Data
are then served on the web via an open-architecture RESTful
API (Figure 7).

Three specific advances in low-cost electrical components
and software tools are making these new deployments possible
and timely: (1) the availability of low-cost powerful single-board
microcomputers and microcontrollers (e.g., BeagleBone Black,
Texas Instruments, $55; ATMEGA32U4, Arduino-compatible,
$5), (2) robust low-power radio frequency (RF) wireless mesh
network transceivers (XBee Pro 900HP, Digi., $39), and (3)
growing popularity and capability of crowd-sourced open-
source software tools (i.e., Linux-operating system, Python
embedded systems control and visualization libraries, and
GitHub coordinated version control development). What once

required a team of computer scientists and engineers to
implement can now be prototyped, tested, and deployed with
a much smaller team and largely open-source hardware and
software tools. Such a deployment is representative of combining
user-derived low-cost communication and control, sensing
packages, data processing, and engagement of citizen science to
establish a socially relevant ocean observing network.

Designing Cost-Effective Deployments

With Miniaturized Sensors

Miniaturized low-power sensors can enable long deployments
with minimal human intervention, particularly in difficult-
to-access environments. As was highlighted in several cases
in section “Existing Cost-Effective Sensing Technologies for
Biogeochemical EOVs and Relevant Parameters,” LOC sensing
technology is a new way to miniaturize complex sensing
systems and reduce overall device cost. However, their modest
size and power consumption also permit cost-effective design
of deployments. Low reagent consumption allows for regular
recalibration in situ, providing high-quality data over long
periods. As examples, the trace metal (Milani et al., 2015; Geif3ler
et al., 2017), nitrate/nitrite (Beaton et al., 2012) and phosphate
(Clinton-Bailey et al., 2017) versions of the LOC sensors have
been deployed at a coastal observatory in an estuary/fluvial
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setting providing continuous measurements for up to 18 months
with reagent replacement only required every 3 months. This
has revealed excellent field metrology and matching to standard
water sample data (e.g., nitrate detection limit <25 nM), as well
as surprising resilience to fouling.

In the cases of the LOC sensors described above, the
rugged pressure balanced design permits their use in extreme
environments which are expensive to access regularly. For
example, the nitrate/nitrite LOC sensors have been deployed in
a proglacial melt stream (Beaton et al., 2017), in the Mauritanian
oxygen minimum zone, and offshore of Western Africa (Yucel
et al, 2015) where high quality data was successfully collected
via profiling (up to 60 m depth) and onboard a lander (to
170 m depth). The deepest deployment of this technology
to date has been to 4800 m in trials in the region of the
Porcupine Abyssal Plain observatory on a CTD frame where data
matched bottle samples.

Another route to cost-effective deployments is through the
use of multiple miniature sensors on a single platform. As
an example, nitrate, phosphate and pH (Rerolle et al., 2018)
LOCs were deployed simultaneously on the NERC Autosub Long
Range (ALR) and on a lander (Sonardyne, United Kingdom)
to develop monitoring systems for offshore carbon capture
and storage reservoir integrity verification systems. Herein the
systems on the lander were able to detect the stoichiometric
signature of a simulated (deliberate gas release) leak. Other recent
examples of deployment on low-power autonomous vehicles
include use on a profiling float (PROVOR, NKE, France) as
part of the EU SenseOCEAN project'® and onboard a Kongsberg
Seaglider in coastal and shelf systems, measuring nitrate/nitrite
(Vincent et al., 2018) and phosphate. These deployments show
the ability of the sensor and AUV to capture simultaneous, high
spatiotemporal variability of physical parameters and nutrients,
revealing previously obscured processes and features.

While often cited as a likely problem for LOC, fouling has
not been a significant issue that degraded LOC’s performance.
The so-far longest data set obtained without reagent resupply or
intervention was >1 year from a nitrate/nitrite sensor deployed
on the FixO3 mooring in the Fram Strait. Although the cold
and dark conditions in this annually ice covered region (less
biofouling) assisted long-term preservation of reagents, other
fouling and challenges in low-temperature environments did not
degrade sensors” performance during the deployment period.

Animal Oceanographers

Animal-Borne Sensors (AnBS) have been used for decades
to deliver physical oceanographic data and animal behavior
observations at a relatively low cost (Roquet et al., 2017). AnBSs
are increasingly vital as we seek to observe changing oceans
in greater temporal and spatial resolution as they offer a cost-
effective strategy for autonomous sampling, with the sensor
packages often on the scale of several hundred to a few thousand
dollars per tag-package. The ability to affix tags to many animals
means there are many tag concurrently making observations.
While early AnBSs tended to record relatively basic information

1%https://cordis.europa.eu/project/rcn/110898/factsheet/en

such as dive depth, duration, and temperature, innovative use
of simple sensors, such as pressure to address ascent or descent
rates and particular tracks, provides insight beyond behaviors
such as foraging strategies, biological hotspots, occurrence rates
(abundances), and relative densities of poorly understood (prey)
layers (Johnson M. et al., 2009; Arranz et al., 2011).

AnBSs have typically been applied to large vertebrates that
can easily carry the tags. Sharks, tunas, salmon, sturgeon,
marine mammals, reptiles, and seabirds have been routinely
tagged with sophisticated instruments that sample biological
behaviors (diving) and/or oceanographic variables (e.g., pressure,
light, temperature, salinity, DO, chlorophyll fluorescence). The
horizontal range of measurement is highly variable, depending
on the organism outfitted with the AnBS, and can be as small as
bays and estuaries but as large as ocean basins when leveraging
some large vertebrates. High resolution movement sensors (e.g.,
gyroscopes, magnetometers, accelerometers) enable observation
of the animal’s biological activity and physiology within those
conditions) (Wilson et al., 2006). These data on habitat and
habitat use are particularly relevant for endangered species (e.g.,
bluefin tunas), protected taxa (cetaceans), and regions of concern
(Block et al., 2011; Fedak, 2013; Roquet et al., 2013).

A major challenge to AnBSs is data storage and transmission.
Two general modes of data collection exist to address these
challenges. First, data storage tags may record observations in
higher resolution but the tag has to be recovered to acquire the
data. These sensors may “pop-oft” the animal and be recovered
at sea, or in the case of elephant seals and other pinnipeds,
the AnBSs record high resolution data (often temperature,
salinity, oxygen, but also echo sounder data) and the sensor
tag is recovered when the animal returns to the rookery or
shore (e.g., Lawson et al, 2015). Sometimes the sensors also
require recovery for recalibration (as in the case of some oxygen
sensors), otherwise assumptions of sensor drift and expected
conditions have to be applied, limiting some data resolution or
applications. The second general data conveyance method is to
relay information through a network (Dragon et al., 2010; Blain
et al,, 2013). This has long been through the aging ARGOS
satellite network. These can be relatively small transmitter-tags
but the data is limited by the network thus measurements are
often lower-resolution. Iridium hardware is still usually too
big for most animals to handle. Cell networks are increasingly
being used in areas where service is available (near shore).
These methods can be combined, relaying low-resolution data
through ARGOS and acquiring high resolution data if/when the
AnBS is recovered.

With a cost of a few hundred to a few thousand dollars, AnBSs
tend to be relatively cost-effective oceanographic sensor packages.
New tag developments are striving to miniaturize sensors which
would allow expanded use beyond the large vertebrates. These
efforts include AnBSs carried by soft-bodied invertebrates such
as jellyfish and squid (Mooney et al., 2015; Fossette et al., 2016)
(Figure 8). Many inertial motion sensors are widely available,
thus driving down costs. Leveraging these and other “off-the-
shelf” sensors would help in further cost-reduction. 3D housing
printing would reduce manufacturing costs. Additionally,
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improving data transfer, perhaps through microsatellites, would
help cost-efficiency of gaining the observational data.

CHALLENGING AREAS: TECHNOLOGIES
WHERE INNOVATION IS NEEDED FOR
COST REDUCTION

In this section, we review recent developments of two areas
of active research on biological sensors. Although continuous
innovations are required to lower the cost of these sensor
systems for large-scale deployment, there have been significant
advancement in these areas in terms of both technology
and cost reduction. Discussion on a more extensive list of
biological in situ sensor technologies can be found in the review
by Lombard et al. (2019).

Optical Sensors for in situ Plankton

Monitoring

Optical monitoring of plankton EOVs (phytoplankton and
zooplankton abundances and functional diversity) is challenging
and often requires high resolution imaging systems together with
dedicated data analysis systems (Picheral et al., 2010), driving up
costs (into to $100k range). Various systems have been developed
for plankton or particles greater than 10-20 pwm, replacing
the high-cost laser optical plankton counter (LOPC) (Herman
et al., 2004). Rapid advances in electro-optical technology have
resulted in new and better ways of illuminating, detecting, and
imaging plankton in situ, which has the potential to lower the
costs of the systems. Prototypes or commercially available high
resolution imaging systems now allow plankton and particles to
be detected across a wide range of sizes, up to the centimeter
scale. The hardware part of these systems is now mature and
additional miniaturization efforts has allowed these sensors to

become fully adaptable on autonomous platforms (e.g., floats
and gliders) (Boss et al., 2018; Ohman et al,, 2019). These
technological progresses can be integrated with existing data
protocols to allow cross comparison from quantitative data set
(Lombard et al., 2019).

For organisms larger than 100 pwm, the number of available
sensors has increased drastically over the last decade and several
are available at reasonable costs (<$100k) with a high capacity
of data production. The examples include the FlowCam macro
(Sieracki et al., 1998), Video Plankton Recorder I and II (Batten
et al,, 2003), ZooSCAN (Gorsky et al., 2010), Underwater Vision
Profiler (Picheral et al, 2010), and in situ Ichthyoplankton
Imaging System (ISIIS) (Cowen and Guigand, 2008) and an
onboard system (Colas et al., 2018). However, two identified main
limits have high cost associated with operating the instruments,
if not in the capital cost itself. The first one is that these
organisms are often mixed with non-living particles in this
size range. As such, the imaging process for coastal waters is
extremely complex. The second limit is the quantity of data
production, storage capacities, and analysis tools (Boss et al.,
2018; Lombard et al., 2019). The development of shared statistical
tools using computing science and artificial intelligence is the
current direction to avoid an exponential increase of human
resource requirement for data validation.

Organisms smaller than ~20 pm (pico- to nano-meter
range), which includes prokaryotes and protists, are too small
for simple and cheaper optical imaging systems. Despite its
higher cost, the use of flow cytometry (FC) with fluorescence
triggers appears to be the simplest way to automatically
access quantitative information of auto- and mixo-trophic cells
(<20 pm) whereas measurements of heterotrophic cells are
relatively less mature. Assessment of phytoplankton community
structure using scanning flow cytometry (SFC) thus showed
promising correlations between automated, high-frequency
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FIGURE 8 | (A) Squid with iTag, a novel biologging ecosensor (midground). A companion squid without an AnBS is seen in the foreground. (B) Jellyfish with a
different iTag version. (C-D) iTag data showing general light evaluation from the light sensor, and movement patterns form the 3D accelerometer. Gray is
instantaneous peak values and bars are 1 h RMS values. (D) A Fourier transform of accelerometer data showing the occurrence rates of the various accelerometer
events with the star shown in the inset [adapted with permission from Mooney et al. (2015)].
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in situ SFC measurements and proxies of community structure
from remote sensing (e.g., Thyssen et al, 20155 Mouw
et al., 2017). However, currently available commercial systems
of SFC are generally bulky, power-hungry, and expensive.
Similar to image analyses, the data processing still requires
development of automatic clustering to avoid the high demand
of human resources.

Despite the associated costs, some novel methods for
automated in situ observations are in development by mixing
FC and imaging capacities for microphytoplankton. As an
example, the Imaging FlowCytobot (IFCB; Olson et al., 2003;
Sosik and Olson, 2007; McLane Labs Inc., United States) is
one of the most suitable and operational imaging systems
for micro-plankton and phytoplankton observations. It is
submersible and autonomous and has demonstrated applications
as a sentinel for harmful algal taxa (Harred and Campbell,
2014). Underwater holographic systems, such as Holoflow@Sea
“DHL” (Sun et al, 2008; Hermand et al, 2013, 2014),
are also suitable for in situ imaging of organisms in the
size range 2-200 pwm and allow species identification and
capture of dynamic underwater scenes at very fine scales.
Several novel and lower cost methods for automated in situ
observations at larger scale are currently in development
(Karlson et al, 2017; Lombard et al, 2019). For example,
the deployment of the FluoroProbe (Catherine et al., 2012)
allows studying phytoplankton community composition at
high spatial and temporal resolution, using a phytoplankton
quantification method based on fluorescence excitation spectra.
These developments of flow cytometers with imaging systems in
the last decade represent an order of magnitude of cost reduction
compared to traditional shipboard sampling and analysis.

Genetic Sensors for Microbes and eDNA
Many microorganisms perform crucial functions in
biogeochemical cycling (e.g.,, methane or dimethylsulfide
production, nitrogen transformations) and toxin production
but are not optically distinct. Key groups of bacteria and
archaea can only be monitored using analytical DNA and RNA
techniques, resulting in the development of “microbe biomass
and diversity” as an emerging EOV. Genetic sensors, also
referred to as “Ecogenomic” Sensors, bring a wealth of analytical
power to existing ocean monitoring instruments through
in situ, autonomous detection and enumeration of specific
DNA or RNA sequences, providing information on strain and
species presence/absence, numbers and activities (Scholin, 2013;
McQuillan and Robidart, 2017; Scholin et al., 2018). In cases
where direct capture is not possible, the detection and population
genetics of microbes, phytoplankton, zooplankton, and larger
organisms can be acquired through their environmental DNA
or “eDNA” (nucleic acids recovered from lysed or sloughed
cells, feces, urine, gametes, mucus, etc.), offering a cost-effective,
sensitive, and less invasive opportunity for monitoring organisms
across the tree of life (Buxton et al., 2018).

The most advanced and only commercially available
ecogenomic sensor is the Environmental Sample Processor
(2nd Generation ESP; available through McLane Labs, Woods
Hole, MA). The ESP has been demonstrated for monitoring

fish (using eDNA signatures), fecal indicator bacteria, other
prokaryotes, invertebrates and harmful algae from the water
column in real time (Scholin et al, 2018). It is capable of
measuring toxins and performing rRNA fingerprinting using
ELISA and sandwich hybridization arrays, as well as qPCR
using microfluidics (Doucette et al, 2009; Preston et al,
2009, 2011; Robidart et al., 2014). In situ preserved samples
have been validated for DNA and RNA analyses, including
metatranscriptomics (Ottesen et al, 2011). The ESP was
recently deployed in Ocean Observing Buoys (Harmful Algal
Bloom “HAB” buoy) in the Gulf of Maine Northeastern
Regional Association of Coastal Ocean Observing Systems
(NERACOOS) to validate the system for HAB monitoring.
However, the up-front cost of such instrumentation is still
prohibitively high for it to be widely deployed, despite the
fact that ecogenomic sensors can potentially reduce the cost
per sample by obviating the need for a specialist operator and
decreasing the incidence of human error.

Critically, since they require small (L] scale) reagent volumes,
molecular biological techniques are well-suited for miniaturized
instrumentation. As an example of the path to a miniaturized
system, the third generation ESP is smaller and less complex
than the second, now fitting in the nose of a long-range AUV
capable of Lagrangian drift (Pargett et al, 2015; Figure 9).
Further reducing the size and complexity and improving
the robustness of these instruments can significantly reduce
operational costs associated with deployment and recovery.
A rich innovation pipeline exists within academia and industry,
including some key technological advances emerging from
the medical “point of care” device sector to merge with
miniaturized auto-samplers to advance environmental genetic
sensor miniaturization, reducing instrumentation costs (Petralia
and Conoci, 2017). Conformance to standards is required, and
thus inter-calibration is required for each target organism, which
will determine the extent to which these sensors are adopted by
diverse sectors.

COMMON THEMES AND
TRANSFORMATIVE FUTURE
DIRECTIONS

The vision of this review is to identify strategies for breaking
the high-cost barrier of ocean observing over the coming decade
by developing cost-effective sensors and deployment strategies.
While clear progress is already visible (e.g., as described in
sections “Existing Cost-Effective Sensing Technologies for
Biogeochemical EOVs and Relevant Parameters” and “Cost-
Effective Deployments”), new approaches and technologies
are still needed to achieve the order of magnitude increase
in spatial and temporal resolution demanded to match
the scales of ocean processes. In this final section, we
summarize common strategies identified in the case studies
presented above and consider how these lessons may
recommend promising directions for moving forward toward
increasingly cost-effective high resolution sensing of critical
oceanographic variables.
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FIGURE 9 | The third Generation ESP fits into the nose of a Glider i.e., Long-Range Autonomous Underwater Vehicle (left photo courtesy of Bill Ussler; right,

courtesy of Ben Raanan).

Common Strategies and Shared
Challenges

To date, common characteristics of successful strategies for cost
reduction and increasing data resolution are: (1) miniaturization,
(2) use of lower priced materials, (3) innovative approaches for
sensing, simultaneous detections, and multi-sensor integration,
and (4) engagement of citizen scientists, stakeholders, and the
public in deployments. Going beyond the aspects of sensing
elements discussed above, there is also a range of other
supplementary challenges that are common to all oceanographic
sensors in which innovation has the potential to leapfrog
progress. For instance, in contrast to typical surface-deployable
sensors, packaging considerations for underwater sensors are
critical for surviving the high pressure, corrosive environment,
both for sensing elements and for the batteries, controllers,
and associated peripherals. In recent years, some progress has
been made in this area, in part driven by low-cost, hobby-
grade robotics initiatives (e.g., low-cost pressure housings,
such as those marketed by Blue Robotics'”). However, there
remains ample room for standardization in pressure housings
and underwater connectors to promote further cost savings.
Fouling, both physical and biological, must be considered
in oceanographic deployments, and while a wide range of
copper-based strategies and physical removal of fouling are in
common use, there remains a critical need for innovative non-
toxic approaches.

A further common challenge with oceanographic
deployments is that the deployment platform places restrictions
on the size and weight of the sensor. This can be mitigated
by miniaturization of the sensors themselves or by further
innovating the platform design itself. Advances to platform
design may also allow for longer deployments and there is
therefore a critical need for innovation in battery technologies
and/or energy efficiency of sensors, as batteries typically represent
the majority of the volume and weight of oceanographic
deployments. Data collection and transmission by sensors
may also be significantly limited by power consumption (see

7http://www.bluerobotics.com

more discussion in section “Remaining Challenges: Power and
Data Management”).

Deployment Strategies

As the deployment of sensors can represent a large fraction
of the cost of research, innovation in both platform design
and deployment strategies play a critical role in enabling
higher resolution data collection in ocean observing. Although
professional deployments are critical to obtain high-quality data
to study ocean biogeochemistry and biology, engagement of
citizen scientists, stakeholders, and the public to deploy and use
cost-efficient sensors is one emerging way to observe coastal
environments on a much larger scale, and it is likely to accelerate
as costs of sensors continue to drop. This includes the use of
ships of opportunity, sail boats, fishing vessels (fisheries survey),
and other private seagoing vessels as well as public/private coastal
infrastructure (e.g., piers) as observing platforms for research and
ecosystem monitoring (e.g., Doray et al., 2018). Citizen science
may also bridge issues of data collection and dissemination to the
public through integration with the growing “internet of things”
connected by mobile apps and social media. Such strategies
have the potential to simultaneously build public engagement
in marine science research, resources management, and working
toward long-term sustainability. Furthermore, as the number
of deployed sensors grows, it may be possible to leverage co-
located or proximate sensors to further improve data accuracy
(i.e., reduce and better quantify uncertainty) relative to single-
sensor deployments. Ultimately this may allow use of low-cost
sensor “swarms” to collect data at a quality approaching that of
high-cost scientific equipment. To maximize the output of citizen
science, however, structured engagements, best practice guides,
and practices for data quality control should be developed before
the start of a deployment project.

Another novel and potentially cost-effective way of ocean
observing is to use marine organisms as observing platforms. In
addition to traditional tags deployed on large marine animals
and fish species, small tags used on numerically dominant
marine species, such as squid and jellyfish, are emerging as a
result of sensor miniaturization and advancing of technologies;

Frontiers in Marine Science | www.frontiersin.org

September 2019 | Volume 6 | Article 519


http://www.bluerobotics.com
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Wang et al.

Cost-Effective in situ Sensing Technologies

this has the potential to tap into “unlimited” “bio-observing
platforms” that can be deployed with in situ sensors in the
ocean. As miniaturization of technologies continues, these
tags can be used not only to study fine-scale behaviors of
marine organisms but also to record key parameters of their
surrounding physical and chemical environment. Because the
environment sampled will be limited by the animals’ behaviors,
the community may need to explore methods for outfitting
multiple species with different behaviors to observe a range of
environments of interest.

Remaining Challenges: Power and Data

Management

An overarching issue for deploying an increasing number
of sensors and platforms is long-term power consumption
(Brehmer et al., 2018) and data transmission. This issue may
become exponentially more important as more sensors are
deployed. In remote deployments where telemetry to shore via
Wi-Fi is not an option, non-sensor costs may offset entirely the
cost savings in sensor hardware. It is therefore essential that as
cost-effective sensors continue to evolve the community consider
strategic development of sensing nodes along with (i) networking
and (ii) computational demands of the computational models
the sensor data will be fed into. For example, sensors of the
future could potentially locally process information, e.g., locally
aggregate data via a mesh network to feed to an onboard
instantiation of the target model, resulting in savings of energy
and cost for data transmission by relaying only critical model
outputs rather than raw data streams.

Onboard data fusion or feature extraction has already been
carried out in many cases for detection of local threats (e.g.,
onset of harmful algal blooms). As power demand of processors
continues to decrease faster relative to power demand for data
transmission, local data processing will become increasingly
advantageous. As artificial intelligence and data fusion techniques
continue to be refined, the types of assessments that can be
achieved in situ without losing accuracy or trustworthiness
in data products will likely also expand. Such local sensing
networks in remote deployments may have the capability to
optimize observational assets and sampling strategies, as well as
conduct calibrations without human input. If the community
can forecast the types of such capabilities that will be most
advantageous, we can identify promising pathways forward
in underwater communication and networking (e.g., Leonard
et al, 2007; Taya et al, 2018; Song et al, 2019) and data
fusion (already used for above-water radar applications like
(Guerriero et al., 2010).

Roadmapping: Accelerating Transfer of

New Technologies to Users

Roadmapping, which has been successfully applied in other
fields such as energy systems planning, enables prediction and
planning of future characteristics and technologies of complex
systems. Recent attempts have jump-started this activity for
biogeochemical sensing in ocean observing systems (AtlantOS

EU H2020 project, task 6.1'*), contacting biogeochemical sensor
and instrumentation technology developers across the globe and
requesting their inputs to chart the (projected) availability of
instruments over the next decade. Contributors are encouraged
to provide links to technical characteristics of the technology
and to give a timetable for development of the technology
using the TRL framework, with the intention to give ocean
technology developers and ocean observers the ability to predict
and to plan for the timely use and uptake of state of the
art technologies.

To achieve this vision, however, the road mapping needs
to be integrated with ocean observing governance entities
such as GOOS, JCOMM, and GEO. In addition, it requires
frank engagement from the technology development community,
which must be promoted by a sense of buy-in from the
ocean observing community; this will also incentivize developer
involvement through commercial success of products that are
a response to the roadmap. The authors hope that this review
will drive individuals in the field to consider potential uses
for lower-cost sensors in the coming decades and contribute
to this roadmap.

Challenges related to road mapping include concerns around
disclosure of intellectual property or strategic development plans
in what is an increasingly competitive landscape, particularly
from the side of industry. However, evidence to date is that
developers are keen to reveal their development plans to aid
uptake and that the international observing governance bodies
are ready and willing to support and sustain this activity beyond
the life of short term individual projects (see footnote 18). There
is also evidence that inclusion in the roadmap is aiding developers
of instrumentation through promoting links to platform and
observing systems (see footnote 18). Once new instruments
are made available, information databases, such as the one
maintained by the Alliance for Coastal Technologies,” will be
critical in linking global customers to an increasing array of
options for studying marine systems.

CONCLUSION

Further development of cost-effective sensing technologies
and deployment strategies can offer innovative solutions and
strengthen the observing capabilities to respond to the growing
needs for marine biogeochemistry, biology, and ecosystem
observation, to inform marine resource management, to ensure
the durability of ecosystem services, and to monitor and
study global change impacts. A shift toward ocean observing
technologies that are significantly lower in cost means new
high-resolution applications can be targeted. It is clear that
many useful cost-effective biogeochemical sensors are available
or will soon become available, and that biological in situ sensors
require more attention from the ocean science community
and funding agencies in the coming decade to reduce the
gap. It is also evident that cost benefits scale when integrated

$https://www.atlantos-h2020.eu/download/deliverables/6.1%20Sensors%
20and%20Instrumentation%20Roadmap.pdf

Yhttp://www.act-us.info
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with other traditional and non-traditional deployment strategies.
As more sensors can be deployed, we will move from a
single point sensor to having arrays of sensors for broader
spatial and temporal scale measurements. This will also lead
to market scale availability, opening up the possibility for a
more diverse group of global scientists and citizen scientists
having access to sensors and aiding in the democratization
of ocean science.

In closing, we challenge the ocean observing community to
consider exploring new ways to fund the ever-growing ocean
observing enterprise, particularly those that tie in with new
avenues for deployment and inclusion of stakeholders and the
community in the scientific endeavor. Traditional routes of
research funding may be important but insufficient to support
the growing needs of ocean observing, and commercialization
of new technologies may have limitations, largely depending on
commercial demand and profits. Alternatively, crowd-funding
may have the potential to grow significantly if engagement
of citizen science using cost-effective sensors grows. In turn,
increasing demand for more sensors from non-traditional
or non-academic communities, such as citizen scientists,
resource management entities, and environmental monitoring
groups, may help to reduce the cost of commercialization
of a technology.
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