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The ability to make measurements of phosphate (PO43–) concentrations at temporal and spatial scales beyond those offered by shipboard observations offers new opportunities for investigations of the marine phosphorus cycle. We here report the first in situ PO43– dataset from an underwater glider (Kongsberg Seaglider) equipped with a PO43– Lab-on-Chip (LoC) analyser. Over 44 days, a 120 km transect was conducted in the northern North Sea during late summer (August and September). Surface depletion of PO43– (<0.2 μM) was observed above a seasonal thermocline, with elevated, but variable concentrations within the bottom layer (0.30–0.65 μM). Part of the variability in the bottom layer is attributed to the regional circulation and across shelf exchange, with the highest PO43– concentrations being associated with elevated salinities in northernmost regions, consistent with nutrient rich North Atlantic water intruding onto the shelf. Our study represents a significant step forward in autonomous underwater vehicle sensor capabilities and presents new capability to extend research into the marine phosphorous cycle and, when combined with other recent LoC developments, nutrient stoichiometry.
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INTRODUCTION

The ocean phosphorus biogeochemical cycle is intrinsically linked with the cycles of carbon, oxygen, nitrogen, sulfur, silicon, and trace metals (Moore et al., 2013; Karl, 2014). The temporal scales of the processes acting upon the ocean phosphorus cycle range from hours to weeks (e.g., gene expression and microbial growth), months to decades (e.g., biological carbon pump and ocean circulation), and hundreds of years to millennia (e.g., tectonics and sedimentation) (Moore et al., 2013; Karl, 2014). Therefore, in order to understand and quantify the processes acting upon the ocean phosphorus cycle, oceanographers must make accurate and precise measurements over a range of temporal and spatial scales.

In oceanographic studies, the most commonly measured chemical form of phosphorus is phosphate (PO43–). PO43– concentrations are traditionally determined following manual sampling of seawater; water is collected at known times and depths, filtered (0.20 or 0.45 μm), and then preserved for laboratory analysis on board ships or on land (Jońca et al., 2013). There are numerous sample preservation approaches available for nutrient analysis; these include filtration, heating, pasteurisation, refrigeration, freezing and chemical poisoning, with diverse recommendations found in the literature (Clementson and Wayte, 1992; Dore et al., 1996; Aminot and Kérouel, 1997; Kattner, 1999; Gardolinski et al., 2001). Consequently, selecting an appropriate preservation method is non-trivial, and has been shown to be dependent upon the physico-chemical properties of the sample (e.g., salinity, calcium content, organic matter content) (Burton, 1973; Gardolinski et al., 2001). The most common method for measuring PO43– is coupling the phosphomolybdenum blue (PMB) spectrophotometric assay with a gas-segmented continuous-flow analyser (Murphy and Riley, 1962; Hydes et al., 2010; Worsfold et al., 2016).

In situ techniques enhance the spatial and temporal resolution and coverage, providing marine chemists with a more detailed insight into biogeochemical cycling, and enhance monitoring capabilities (Daniel et al., 2020). Additionally, in situ techniques remove the need for sample preservation (Nightingale et al., 2015), which is a considerable advantage. Several attempts have been made to develop in situ systems capable of measuring PO43– in natural waters using compact flow injection manifolds and microfluidic Lab-on-Chip (LoC) analysers (Lyddy-Meaney et al., 2002; Thouron et al., 2003; Adornato et al., 2007; Slater et al., 2010; Legiret et al., 2013; Clinton-Bailey et al., 2017; Grand et al., 2017) and electrochemical techniques (Jońca et al., 2011; Barus et al., 2016). Flow injection systems utilising miniaturised peristaltic pumps may suffer from drifting flow rates as tubing wears out and mechanical parts fail during prolonged usage. These systems require relatively large power sources, limiting them either to short deployments or deployments at locations with an external power supply (Nightingale et al., 2015). Electrochemical PO43– sensor prototypes under development have the potential to offer small, low power, and reagent free detection. However, current prototypes are not sufficiently developed for large scale use (Jońca et al., 2013; Daniel et al., 2020; Wei et al., 2021).

Microfluidic technology involves the miniaturisation of analytical methods, typically using channels with cross-sectional dimensions below 1 mm and low flow rates (μL/min to mL/min). Their characteristic low volumes reduce the consumption of reagents and generation of waste and require little power to actuate the movement of fluids. LoC nutrient analysers with power consumption below 2 W have been demonstrated (Cleary et al., 2010; Beaton et al., 2011, 2012; Clinton-Bailey et al., 2017; Grand et al., 2017). Currently the application of PO43– measuring microfluidic technology has been largely restricted to fluvial, waste water or estuarine environments (Cleary et al., 2010; Cohen et al., 2013; Gilbert et al., 2013; Clinton-Bailey et al., 2017). Marine deployments have been reported on fixed moorings, underway ship pumped systems, and a YOYO profiler (Thouron et al., 2003; Legiret et al., 2013; Grand et al., 2017).

In this study, we integrate a microfluidic LoC PO43– analyser into an underwater glider (Kongsberg Seaglider) to determine PO43– concentrations in the northern North Sea as part of the AlterEco programme (An alternative framework to assess marine ecosystem functioning in shelf seas, NERC reference NE/P013902/2). The LoC analyser used in this study was developed at the National Oceanography Centre (NOC), United Kingdom (Clinton-Bailey et al., 2017; Grand et al., 2017). A comparison of the specifications of the NOC analyser and the commercially available Sea-Bird Scientific HydroCycle-PO4 is presented in Table 1. A number of features make the NOC analyser ideal for integration with gliders or other autonomous underwater vehicles (AUVs); the relatively compact size and small waste generation require minimal payload space; its pressure compensating housing permits regular profiling over depth, down to 6,000 m; low power requirements provide maximum endurance; high sampling frequency (5 samples per hour in the Seaglider configuration described here) allows for resolution of changes in nutrient concentrations occurring over small spatial scales, such as across a thermocline. The analytical figures of merit (accuracy, precision, limit of detection, and quantification) allow for the determination of PO43– concentrations in all but the most oligotrophic regions of the ocean, and in situ results have been validated using water samplers and benchtop spectrophotometric reference methods (Grand et al., 2017). The combined (random and systematic uncertainty) measurement uncertainty associated with LoC PO43– measurements from multiple LoC analysers was estimated to be 6.1% (uc) (Birchill et al., 2019a).


TABLE 1. Comparison of Sea-Bird Scientific HydroCycle-PO4 commercially available analyser and the National Oceanographic Centre, Lab-on-Chip analyser (AUV integration set up specifications).

[image: Table 1]To our knowledge, this study is the first report of in situ ocean PO43– measurements conducted using an AUV. The potential for long term deployments make the LoC-glider approach appealing to both academic and marine management communities, enabling resolution of spatial and temporal scales that would be difficult and comparatively expensive to replicate using traditional shipboard studies (Liblik et al., 2016; Rudnick, 2016; Vincent et al., 2018). This manuscript provides a critical assessment of the first in situ PO43– LoC–AUV deployment, considers potential future applications, and highlights development priorities.



MATERIALS AND METHODS


Phosphomolybdenum Blue Spectrophotometric Assay

The PMB spectrophotometric assay is often coupled with gas-segmented continuous-flow analysers to make PO43– concentration measurements in oceanographic studies (Hydes et al., 2010; Worsfold et al., 2016). The PO43– LoC analyser used in this study also utilises the PMB assay. The PMB reaction follows two steps; (1) the formation of a Keggin ion around the analyte anion, and (2) the reduction of this heteropoly acid to form a blue coloured product (Nagul et al., 2015) (Eqs 1, 2).
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The key parameters to consider when utilising this colourimetric reaction are the molybdate and acid concentrations and choice of acid and reductant. Measurements made using this approach are commonly reported as orthophosphate (PO43–, which also includes HPO42–, H2PO4–, and H3PO4; the dominant form in seawater at pH = 8 is HPO42–) measurements. However, it is well established that the PMB complex may also be formed with acid labile, molybdate reactive organic P species, condensed polyphosphates and colloidal P (Burton, 1973; Nagul et al., 2015; Worsfold et al., 2016), thus the fraction accessed is more accurately defined as “soluble (molybdate) reactive phosphorus.” Magnesium coprecipitation allows for the isolation and concentration of inorganic P species prior to acidification. Detection following magnesium concentration therefore reduces the analytical interference caused by hydrolysis of organic P compounds. Application of the magnesium coprecipitation method to oligotrophic Pacific Ocean surface seawater consistently resulted in lower PO43– concentrations (up to 50%) than concurrent analysis by traditional gas-segmented-continuous-flow techniques (Thomson-Bulldis and Karl, 1998). Consequently, a significant fraction of the apparent PO43– signal observed in oligotrophic surface waters by result from P species other than PO43–. Here, we refer to this operationally defined fraction as PO43– to avoid confusion with the wider oceanographic literature.



Lab-on-Chip Analyser Description

The LoC PO43– analyser used in this study was designed and fabricated at the National Oceanography Centre, United Kingdom (Figure 1). It is a slightly modified version (see section “Lab-on-Chip Analytical Cycle”) of the sensor that is described by Grand et al. (2017) and Clinton-Bailey et al. (2017). A detailed technical description can be found in the supporting information. Briefly, the LoC analyser is composed of a three layer poly(methyl methacrylate) chip with precision milled microchannels, mixers, and optical components consisting of light emitting diodes and photodiodes, electronics, solenoid valves, and syringe pumps mounted on the chip. The chip forms the end cap of a dark watertight pressure compensating PVC housing, which is rated to 6,000 dbar. Previous studies using the same LoC analyser as in this study demonstrated good agreement between in situ values and traditional shipboard and laboratory measurement techniques, with a limit of detection (3σ of 10 blank measurements) of 0.04 μM and limit of quantification (10σ of 10 blank measurements) of 0.14 μM (Clinton-Bailey et al., 2017; Grand et al., 2017).
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FIGURE 1. Fluidic diagram of the phosphate Lab-on-Chip analyser, picture of integration into glider Ogive faring, schematic showing location of analyser and reagent bags with the Seaglider (not to scale) and a close-up picture of the Lab-on-Chip analyser in pressure compensating housing.


The system is automated using a 32 bit microcontroller-based electronics package with 18-bit analogue to digital inputs and can stream raw data (1 Hz) over USB, as well as store data on a 8 GB flash memory card. Provided with the values of the on-board standards, the LoC analyser is capable of outputting processed data (μM PO43–) over RS232 or RS485 interfaces. Transmitting only the processed data (i.e., not the raw data) reduces the size of near-real time data files, lessening the transmission duration and cost for satellite communications during an AUV deployment. Raw data is stored on an internal flash memory card, providing backup and access upon recovery.


Lab-on-Chip Reagent Preparation and Storage

Ultra-high purity water (UHP; 18.2 MΩ cm) was used for artificial seawater (ASW) standards and reagents. All plastic and glassware used to prepare reagents and standards was cleaned in 10% hydrochloric acid for 24 h, rinsed with UHP water and dried before use. All working solutions, including waste, were stored in flexible bags (FlexBoy, Sartorius-Stedim) inside the Ogive faring of the Seaglider during deployment.

The reagent preparation followed the procedure detailed by Grand et al. (2017). Briefly, the molybdate reagent (reagent 1) was made up of ammonium heptamolybdate tetrahydrate (0.45 mM), sulfuric acid (120 mM) and potassium antimonyl tartrate (0.06 mM). The reagent 1 storage bag was covered with opaque tape to prevent photodegradation of the chemicals before deployment inside the glider. The reducing reagent (reagent 2) was made up of L-ascorbic acid (0.057 M) and polyvinylpyrrolidone (0.1 g/L). The wash solution was made up of sodium hydroxide (NaOH; 0.01 M).

Blank and standard solutions were prepared in ASW to match the refractive index of seawater. ASW was prepared by dissolving sodium chloride (NaCl; 0.60 M; VWR, ACS reagent) and sodium bicarbonate (NaHCO3; 0.006 M; Fisher, analytical grade reagent) in UHP water. To maintain PO34– in solution whilst in the storage bags, blank, and standard solutions were acidified with sulfuric acid (H2SO4; 0.016 M; Fluka) (Clinton-Bailey et al., 2017). To prepare the standard solutions, a known amount of PO43– was added. First, a 1 mM PO43– stock was prepared by dissolving potassium phosphate monobasic salt (KH2PO4; 99+%, extra pure, Acros Organics) in UHP water. The salt had been dried at 105°C for >1 h and left to cool in a desiccator prior to use. The stock was stored in an opaque high-density polyethylene bottle. Standard solutions were made up volumetrically by addition of the PO43– stock to acidified ASW. Upon recovery, subsamples of the blanks and standards, as well as a certified reference material, were analysed by a standard gas-segmented-flow spectrophotometric technique (QuAAtro, Seal Analytical); the results are displayed in Table 2.


TABLE 2. The concentration of blank and standard solutions determined by gas-segmented flow techniques upon recovery.
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Lab-on-Chip Analytical Cycle

The LoC analyser is a stop flow system whereby reagents and sample/blank/standard are delivered into the absorbance flow cell and then left to react and form colour. All solutions are mixed in a 1:1:1 volume ratio (reagent 1: reagent 2: blank/standard/sample). In this version of the LoC analyser, reagent 1 is added to the sample and these two fluids are mixed, prior to the addition of reagent 2. The flow of the mixed solution is stopped to react for 145 s, and the average reading of the long channel photodiodes during the next 5 s (145–150 s) was used to calculate absorbance (Clinton-Bailey et al., 2017; Grand et al., 2017). The LoC analyser was configured to begin an analytical cycle whenever powered on by the Seaglider. The LoC analyser ran through the following cycle each time it was powered on: (a) Blank, (b) Blank, (c) Standard 1, (d) Standard 2, (e) NaOH wash, (f) Sample, (g) NaOH wash, (h) Sample, (i) NaOH wash, and (j) Sample… until powered off. The first blank was treated as a conditioning sample and was not used in any subsequent computations. This analytical cycle meant that the analyser was calibrated during the downcast of each dive, allowing the upcast to be used for continuous measurements. It took 23 min from the LoC analyser being powered on to the beginning of first sample measurement. Each sample measurement took 8 min. Calibration on each dive allowed compensation for any drift occurring during the deployment.

Raw voltages were converted to absorbance (A) using a modified Beer-Lambert-Bouguer law (Eq. 3; Grand et al., 2017):
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The second blank (BLK) from each dive was used to calculate the absorbance of standards and samples (S). VS and VBLK are the mean voltages from the measurement photodiode of the standard or sample and blank during the 5 s measurement. IBLK and IS are the mean voltages of the monitoring photodiodes during this period, which measures LED output during the measurement state of blanks, standards, and samples. Thus IBLK/IS is a scaling factor used to correct for drift in LED intensity that may occur from the start of an analytical cycle (blank measurement) to the end (sample measurements).



Seaglider Salinity and Temperature Measurements, Lab-on-Chip Integration and Deployment Details

The LoC PO43– analyser was integrated within the science bay of a Kongsberg Seaglider using an ogive fairing to provide required space. The Seaglider is an autonomous buoyancy driven underwater vehicle capable of deployments down to 1,000 m depth and range and endurance of 4,000 km and several months. Positive Buoyancy is managed by transferring oil from inside the pressure hull to an external bladder, increasing the displacement and causing it to rise though the water column. Removing oil from the bladder has the opposite effect and alternating this pumping cycle produces yo-yo profiling of the glider. Horizontal motion is generated through a combination of body drag and shifting ballast and small wings provide added stability of the platform (Eriksen and Perry, 2009; Meyer, 2016; Rudnick, 2016).

The range of LoC analysers available at NOC use common hardware and software, therefore the physical and electrical integration of the PO43– LoC analyser into the Seaglider followed the procedure described by Vincent et al. (2018), which presents the first LoC glider deployment using a nitrate + nitrite LoC analyser. The sample inlet tube, located on the surface of the payload bay, was fitted with a 0.45 μm poly(ether-sulfone) luer lock syringe filter (MERCK, Millipore, United States). The LoC analyser received power from the Seaglider, and linked via a RS232 serial communication. The Seaglider software uses a CNF file that contains the configuration for each on-board instrument and a CMD file that provides mission parameters. The CNF file enables communication between the Seaglider and the LoC PO43– analyser. The LoC PO43– analyser is set to “logger” mode in the CNF file, which enables the glider to send a number of commands. These commands allow the Seaglider to send and receive data to and from the analyser. Commands include: “clock-set,” used only at the start of each dive, but which enables the analyser to store any time offset between glider and analyser, “status,” which sends the analyser depth every 5 s, and “download,” sent at the end of each dive requesting the sensor to send both ascent and descent data files of processed PO43– values. The sensor transmits only processed data, raw data are accessed upon recovery.

The mission was supported by the MRV Scotia, a Marine Scotland research vessel that managed glider deployment, while conducting a fisheries survey in the northern North Sea, approximately 170 km from the east coast of Scotland (Figure 2A). The Seaglider followed a prescribed south-east to north-west transect approximately 120 km in length, before being piloted to the south-west for recovery. The Seaglider conducted 1,555 dives from 15/08/2018 to 28/09/2018, with 71 dives including PO43– measurements providing 353 individual PO43– measurements. Bidirectional communication between the Seaglider and base station, through an Iridium satellite connection, allowed dive configurations to be modified once deployed and near-real time processed data to be viewed at the base station. The glider operated in two flight modes, “standard” and “loiter” following methods described by Vincent et al. (2018; Figures 2B,C). Standard flight mode adjusts pitch and buoyancy to maintain a uniform glide slope and speed during descent and ascent and was used to transit efficiently between deployment, waypoint and recovery locations. The short duration of profiles in standard flight mode allowed for a maximum of 2 PO43– measurements per dive, and sometimes zero. A loiter flight mode was adopted to lengthen the duration of a dive by reducing the angle of ascent for 30 min following the Seaglider reaching its maximum dive depth. Loiter flight mode was used during high resolution PO43– transects and increased sampling to 6 or 7 PO43– measurements per ascending profile.
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FIGURE 2. Deployment location and dive profiles. (A) Map of the study area with complete Seaglider track shown on inset map. The colour bar represents the dive number. Dives <379 and >1,034, which included minimal PO43– sampling as the glider was piloted toward deployment and recovery locations, respectively, and are not shown on main figure. Transect 1 included dives numbered 390–690. Transect 2 included dives numbered 691–1,034. The dashed rectangle encompasses the area of the North Sea Biogeochemical Climatology used for comparison (see text for details). Black triangles are the location of 4 RV Heincke sampling stations used for comparison (see text for details). Dashed blue line is the 100 m isobath. Black arrows are approximate paths of the Fair Isle Current (FIC), East Shetland Atlantic Inflow (ESAI), Scottish Coastal Current (SCC), European Slope Current (ESC), Norwegian Trench Inflow (NTI), and Norwegian Coastal Current (NCC). (B) An example of a “loiter” dive profile. (C) An example of a “standard” dive profile.


In addition to PO43–, the Seaglider measured conductivity, temperature (non-pumped Sea-Bird CT Sail, Seabird Electronics) and pressure (Paine Electronics). The CT sail consists of separate (non-ducted) thermistor and conductivity sensor, the latter inside a protective metal housing. Temperature and conductivity data were extracted and processed using the University of East Anglia Glider Toolbox (Queste, 2013) and arithmetic means calculated for 1 m depth bins. Conductivity is dependent on water temperature as well as ionic strength. The conductivity sensor on the CT sail has a thermal lag response issue when passing through strong temperature gradients due to heat stored in sensor materials. Heat dissipation is affected by the water flow rate through the sensor. While loiter flight mode increases LoC sampling, it also produces slow and variable Seaglider ascent speeds (Figure 2B), and subsequently variable flow rates through the conductivity sensor, which makes thermal inertia corrections difficult and, in this instance unresolvable. Consequently, temperature and salinity data were used from descending profiles for analysis.



Lab-on-Chip Data Screening and Comparison With Nearby Ship-Based Measurements and Climatological Data

It is important to understand the quality of any analytical data. For laboratory analyses, this can be achieved routinely by analysing a series of blanks, standards, and certified reference materials. In addition, the analyst is regularly performing quality control by observing the output of the instrument (e.g., peak shapes and baseline shifts). Clearly, the same degree of constant attention cannot be applied to field deployable autonomous measurement technology; therefore, raw data (353 measurements) retrieved from the analyser upon recovery was subject to the following screening procedure.

(1) Identifying and removing data generated from poor LoC analyser calibrations.

(2) Identifying and removing data that are considered extreme (>1 μM) for this study region.

(3) Identifying and removing extreme negative concentrations (<–0.2 μM).

(4) Identifying data that are below the limit of detection (0.04 μM) and replacing them with a value of half the limit of detection (0.02 μM).

Validation here is defined as the assurance that the generated data meets the need of the end user, in this case oceanographers studying marine biogeochemistry. Two approaches are adopted to assess the validity of the dataset: (1) a comparison with 4 depth profiles, that were collected by partners Hereon from RV Heincke on 30th August 2018 nearby our survey area and (2) comparison with the North Sea Biogeochemical Climatology dataset.

Seawater samples were collected on board the RV Heincke using a sampling rosette (Figure 2). Seawater samples were analysed using a gas segmented flow manifold, Seal AA3 (Norderstedt, Germany), combined with a standard spectrophotometric technique (molybdenum blue) (Hydes et al., 2010). The chemistry is almost identical to that used in the LoC analyser, and previous studies have demonstrated that data generated via gas segmented flow analysis is directly comparable to that generated via LoC analysers (Clinton-Bailey et al., 2017; Grand et al., 2017; Birchill et al., 2019a). The limit of detection for gas segmented flow analysis is 0.01 μM in seawater (SEAL-Analytical, 2019). Every year between 2017 and 2019 the SEAL AA3 HR performance was verified through analysis of QUASIMEME reference samples for estuarine and seawater (Aminot et al., 1997). For PO43–, the Seal AA3 consistently reproduced the expected reference values (z-scores < 1).

The results of the LoC analyser were also compared with version 1.1 of the “North Sea Biogeochemical Climatology” (Laane et al., 1996a; Hinrichs et al., 2017a). This is a 0.25° × 0.25° gridded monthly climatologies of biogeochemical parameters, which covers the region from 47 to 65°N and from 15°W to 15°E. It includes observations from 1960 to 2014. Level 2 data was used in this study. Level 2 data is quality-controlled bin-averaged gridded fields and gaps left where data were missing (i.e., level 2 data is not interpolated between grids). For more details see University of Hamburg technical report (Hinrichs et al., 2017b). We selected the region covering 57 to 59°N and 1°W to 2°E (Figure 2), and calculated a mean profile for this region using the depth bins at 0, 5, 10, 15, 20, 25, 30, 35, 42, 50, 62, 78, and 98 m, defined in the climatology for the months of August and September. Mean values were calculated from a minimum and maximum of 16 and 52 data points, respectively.



RESULTS AND DISCUSSION


Lab-on-Chip Long Term Performance and Data Screening

The mean voltage output of the photodiode during 5-s measurement periods of the blank, 0.46 and 1.00 μM standard solutions throughout the deployment is displayed in Figure 3. Over the duration of the deployment, a decrease in voltage output was observed, with noticeable step changes. Importantly, these changes occur proportionally across the blank and standard solutions. By converting raw voltages to absorbance values, it is evident that the shifts in photodiode voltage are not associated with shifts in the sensitivity (ΔA/Δc) of the analyser during deployment (Figures 4A–C). Anecdotally, we report that after passing weak cleaning agent (diluted Deacon 90) through the analyser upon recovery, the raw photodiode voltages returned to initial values. Therefore, the decrease in voltage is likely due to staining of the measurement cell. In this instance the decreasing output of the photodiode did not prevent the analyser from making measurements (i.e., there was always sufficient signal from which to measure absorbance). For longer duration deployments this could become an issue. Therefore, the first recommendation we make for future deployments is to include additional NaOH flushes in the analytical procedure to clean the optical cells.
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FIGURE 3. Raw voltage output of the measurement photodiode throughout the deployment during the measurement of the blank (A), 0.46 μM standard (B), and 1.00 μM standard (C) solutions. The differences in raw voltage for respective blank and standard measurements are too small to see, Figure 4 contains absorbance values.
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FIGURE 4. Calibration performance of LoC analyser throughout the deployment. Red markers indicate poor calibrations and data from these dives was removed before further analyses. (A) The absorbance of the 0.46 μM standard. (B) The absorbance of the 1.00 μM standard. (C) Sensitivity of analyser. (D) Residual values for 0.46 μM standard. (E) Residual values for 1.00 μM standard. (F) Correlation co-efficient of regression slope. (G) Average calibration slope for all deployment dives, except those with poor calibrations, with linear fit forced through the zero intercept. The linear fit was based on a mean 0.46 μM PO43– standard absorbance of 0.0143 ± 0.0017, and a mean 1.00 μM PO43– standard absorbance of 0.0324 ± 0.0026. The mean regression slope was 0.0322 ± 0.0027.


The sensitivity of the analyser (ΔA/Δc) showed some variability but no systematic increase or decrease during the course of the deployment (Figures 4A–C), indicating that reagent, blank and standard solutions remained stable under the storage conditions of the deployment, in the dark and at the temperature of the summer North Sea (6–16°C, see Figure 7). A plot of the residual values associated with the linear regression calibration slope exhibited no systematic trend, indicating that a linear regression was appropriate (Figures 4D–G). This is consistent with previous laboratory testing, which demonstrated that the limit of linearity ranged from the limit of quantification to 10 μM (Clinton-Bailey et al., 2017). The calibration procedure required forcing the calibration curve through the origin, because the absorption of both standard points is defined against the “zero” point of the blank. This manipulation resulted in a <1% change in the gradient of the calibration slope. Out of the 71 dives where PO43– was measured, there were three calibrations that were clearly of poor quality (Figures 4D–F). Since only three of 71 calibrations were considered unreliable, containing nine data points, no attempt was made to apply any correction factor (e.g., applying a deployment average calibration slope). Instead, the nine sample data associated with these dives was omitted from the final analyses (Figures 5A,B). A further nine extreme values (>1.0 μM) were removed as likely analytical artefacts (Figure 5C). Although PO43– concentrations in excess of 1 μM are found in North Sea coastal waters (Radach and Pätsch, 1997; Frank et al., 2006), our study location was in the central northern North Sea, where concentrations are typically <1 μM (see validation section below). Moreover, concentrations in excess of 1 μM were distributed randomly suggesting that they resulted from an unidentified source of random error. Similarly, profiles with extreme negative concentrations (<–0.2 μM) were removed from the dataset (six measurements; Figure 5D). In total 24 out 353 measurements, or 7%, were removed from the final dataset before further analysis (Figure 5E).
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FIGURE 5. The results of data screening steps carried out, panels (A–D) are in sequence. Note changing horizontal axis scales. (A) The complete dataset. (B) Dataset after the removal of data generated from poor calibrations (see Figure 4). (C) Dataset after the removal of concentrations >1 μM PO43–. (D) Dataset after the removal concentrations <–0.20 μM. (E) All outliers and data resulting from poor calibrations, which were removed from final dataset. (F) The quality controlled data product.


Surface PO43– concentrations were depleted and consequently 68 PO43– measurements were below the limit of quantification (0.14 μM), with 19 of these below the limit of detection (0.04 μM), representing 6% of the dataset. Whilst non-detects do not provide a point measure of PO43– concentration, they do inform us that their PO43– concentration was between 0 and 0.04 μM. The methods available to deal with non-detects include substitution and distribution-based imputation methods, which are recommended when a large proportion of the total observations are non-detects (Baccarelli et al., 2005). Although based on judgment and without statistical basis, substitution methods are simpler and represent a pragmatic approach that is suitable when the proportion of non-detects in the overall dataset is low [e.g., less than 15% (EPA, 2000)]. Consequently, replacing values below the limit of detection with a value equal to half the limit of detection is an approach commonly adopted in studies of environmental chemistry (Vitaliano and Zdanowicz, 1992; Tajimi et al., 2005; García-Fernández et al., 2009). If the scientific outcomes of a study are affected by the treatment of non-detects, the choice of treatment takes on greater importance. Here we simply characterise surface waters as oligotrophic low nutrient environments, therefore the scientific findings are not impacted by the choice of non-detect treatment. Hence, we adopted a simple substitution method. While the oceanographic community is working toward harmonising the use of in situ nutrient sensors, including providing recommendations for defining the limit of detection (Daniel et al., 2020), it is not yet providing recommendations for non-detect treatment. We suggest that treatment of non-detects be clearly defined, particularly when working in oligotrophic waters.

Prior to substitution with LoD/2, some surface values had apparent negative concentrations, as a result of a negative sample absorbance. A negative sample absorbance has no physical meaning and results from a larger voltage generated at the photodiode during the sample measurement than during the blank measurement. A typical cause would be PO43– contamination of the blank solution. However, the blank solution was subsampled upon recovery and found to contain <0.01 μM PO43– (Table 2). Alternatively, it might be caused by sample fluorescence or phosphorescence, or simply be analytical noise resulting from measuring the absorbance of two solutions (blank, low concentration sample) with a small signal.



Comparison With Ship-Based in situ Phosphate Data

To illustrate general trends present in the final data product, the LoC–AUV data was binned into 5 m depth intervals and the arithmetic mean of each depth bin was calculated (Figures 6A,B). The imprint of seasonal stratification is clear within the dataset; low nutrient concentrations characterised surface waters, with a mean PO43– concentration of 0.06 ± 0.04 μM at 0–5 m depth. Between 40 and 60 m depth, there was an increase in the mean concentration of PO43– from 0.17 ± 0.09 to 0.45 ± 0.10 μM, consistent with a seasonal thermocline and remineralisation of sinking organic matter. Below 60 m, the mean PO43– concentration ranged from 0.42 to 0.54 μM. Whilst the imprint of seasonal stratification is clear, the high standard deviation of each depth bin indicate that other processes in addition to seasonal cycling must drive variability.
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FIGURE 6. Validation of phosphate LoC–AUV results. (A) LoC–AUV are binned into 5 depth bins and presented as arithmetic mean ± 1 SD. The data from RV Heincke were collected at four locations at the northern end of our transect (see Figure 2 for locations). (B) The number of LoC–AUV measurements within each depth bin. (C) Arithmetic mean ± 1 SD of phosphate concentrations for August and September from the North Sea Biogeochemical Climatology.


The vertical distribution and range of PO43– concentrations determined by LoC–AUV are consistent with traditional shipboard observations made at several depths in the study area on 30th August 30th 2018 (Figure 6A). It is noteworthy that the shipboard observations at 40 m depth were collected at four locations in relatively close proximity (Figure 2), but produced a PO43– concentration range of 0.06–0.44 μM, suggesting large nutrient variability in a relatively small region of the North Sea. Similarly, the mean PO43– concentrations from climatology data for months August and September show surface PO43– depletion in surface waters: 0.11 ± 0.08 μM for August and 0.19 ± 0.12 μM for September, with increasing PO43– concentrations at depth (0.36–0.74 μM, for depth range 42–98 m) (Figure 6C). In agreement with both the LoC–AUV and shipboard observations, the climatology shows considerable variability in PO43– distribution with depth.

In addition to producing accurate and precise PO43– concentrations, LoC–AUV needs to provide oceanographers with spatial and temporal coverage to resolve biogeochemical processes. To provide sufficient resolution to produce a PO43– depth profile, the glider must operate in loiter flight mode (Figure 2). During loiter mode, the reduction in vertical speed of the Seaglider allows for high-resolution measurements through the phosphocline (Figure 6). However, biogeochemical parameters are nearly always interpreted alongside hydrographic data; therefore, it is essential that LoC–AUV provide reliable temperature and salinity measurements. During the upcast of a loiter dive the shallow angle of climb causes slow and variable seawater flow rates through the conductivity cell on the CT sail, thus loiter flight mode is a sub-optimal mode of operation for producing high quality salinity data. Pumped and ducted Conductivity-Temperature-Depth payloads would help mitigate this problem, which have been used on the Seaglider (Janzen and Creed, 2011), and are available on other ocean glider platforms, although the payload requirements for the LoC analyser made the Ogive fairing fitted Seaglider the only viable choice at the time of this study. Increasing the sampling rate of the LoC PO43– analyser would also reduce the need to operate in loiter flight mode. However, the sampling rate is limited by the calibration procedure at the start of each dive, and the reaction rate of the molybdenum blue assay meaning there is a requirement for a 150 s period of colour formation for each blank, standard, and sample measurement.



In situ Measurements of Phosphate in the Northern North Sea

Plots of in situ PO43– concentration, temperature, salinity and density for each transect are presented in Figure 7. There are three primary features evident in the dataset, which are presented and discussed in turn. These are (1) Nutrient depletion in surface waters with enrichment below the seasonal thermocline; (2) The presence of relatively cold, salty bottom layer waters with elevated PO43– concentrations at the northern end of our transect; (3) Horizontally heterogeneous, or “patchy” PO43– distribution.
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FIGURE 7.The physical and biogeochemical in situ glider dataset; 0 km is the start transect 1 and the end of transect 2 (i.e., time runs left to right along the horizontal axis). Red and black lines on phosphate plots (A,B) are the GEBCO bathymetry and thermocline, respectively. The location of the thermocline is defined as a 0.03 kg m−3 density increase relative to that at 10 m depth (de Boyer Montégut et al., 2004). (C,D) Temperature, (E,F) salinity, and (G,H) density.


The concentration of PO43– was depleted (typically < 0.20 μM) in waters above the seasonal thermocline. PO43– concentrations increased to ≈0.30–0.65 μM in bottom layer waters (Figures 7A,B). The stratification of nutrient concentration corresponds with the location and structure of the thermocline (Figures 7C,D), with low PO43– concentration within warmer surface waters ≈14–16°C and high concentration in bottom layer waters, where temperatures were cold ≈6–9°C. Summer surface nutrient depletion is typical for seasonally stratifying shelf seas, such as the northern North Sea (Painter et al., 2018). This nutrient depletion is a result of uptake by primary producers and export via sinking organic matter during the spring bloom and summer months, coupled with inefficient resupply from nutrient enriched bottom waters due to low levels of vertical mixing across the seasonal thermocline. When estimating the magnitude of seasonal productivity in stratified shelf seas it is important to estimate the diapycnal diffusive flux of nutrients through the thermocline:
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Where Kz is the eddy diffusivity, Δc is the nutrient concentration gradient through the thermocline, and Δz is the thickness of the thermocline. Shipbased research conducted in the Celtic Sea demonstrated significant variation of the diapycnal nutrient flux (daily mean values of 0.04–2.6 mmol PO43– m–2 day–1 with 95% confidence intervals for these mean estimates ranging from 0.00 to 9.0 mmol m–2 day–1) (Tweddle et al., 2013). Variability of the diapycnal nutrient flux is driven by the gradient of PO43– through the thermocline, which varied by over an order of magnitude within a 25-h period at a single location, and the variability of Kz, which for example is affected by tidal forces and bathymetry (Sharples et al., 2007; Tweddle et al., 2013). Research ships are ideal for targeted studies, but provide only limited spatial and temporal coverage. Gliders can now be equipped with microstructure turbulence profilers (Palmer et al., 2015) and nutrient analysers (this study; Vincent et al., 2018). Here we demonstrate that LoC–AUV can be used to observe the distribution of PO43– concentrations through the thermocline (Figure 8). Consequently, it is now possible to autonomously collect all the information required to calculate the terms in the vertical diffusive flux equation (Eq. 4) at a greater resolution than shipboard observations. Therefore, autonomous techniques could be used to provide a better constraint of this important rate limiting flux.
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FIGURE 8. (A) The relationship between phosphate and temperature for the entire dataset. (B) An example depth profile of phosphate and temperature (dive number 883 conducted on 23/08/2018).


Relatively cool, salty bottom layer water found to the northern end of the transect, coincided with the largest observed PO43– concentrations (Figure 7). This suggests that the phosphate-rich deep waters most likely came from the Atlantic Ocean. Inflow from the Atlantic Ocean into the northern North Sea occurs primarily through the Norwegian Trench Inflow (1.2 Sv, 1 Sv = 106 m3 s–1), Fair Isle Current (FIC; 0.5 Sv) and the East Shetland Atlantic Inflow (ESAF; 0.5 Sv) (Winther and Johannessen, 2006). The Norwegian Trench Inflow largely retroflects with the Norwegian Trench leaving the FIC and ESAF to have the greatest influence on the hydrographic conditions of the northern North Sea (Figure 2). The inflow of Atlantic water via the FIC and ESAF has been shown to be a source of nutrients to the shelf (Laane et al., 1996b; Große et al., 2017), and so natural variability of such transport will lead to an associated variability of inflowing nutrients. Consequently, discrete sampling may not provide a comprehensive representation of seasonal or interannual conditions. Assessment of the current state of shelf sea nutrients is therefore challenging and requires consideration of a range of temporal and spatial scales to suitably capture the temporally and spatially varying drivers that modify observed nutrient data. Observations from AUVs, moorings, shipboard studies and drifters have allowed variability of the physical characteristics of the North Atlantic inflow to the North Sea to be quantified over weekly, seasonal, yearly and decadal timescales (Marsh et al., 2017; Sheehan et al., 2017, 2020; Porter et al., 2018). In contrast, nutrient data are collected at a much coarser resolution via discrete sampling during ship based surveys. Sustained LoC–AUV observations therefore offer the potential to increase the spatial and temporal frequency over which nutrient observations are made and to help extend this physical understanding of shelf seas to include biogeochemical pathways and ecosystem function.

In addition to the general vertical and horizontal trends discussed above, there was noticeable heterogeneity within the PO43– concentrations (Figures 7A,B). This patchiness may be a result of natural variability but may also indicate low levels of precision from the LoC analyser. To evaluate LoC analyser precision, PO43– concentrations were determined during three sequential dives, thereby minimising the effects of natural spatial and temporal variability. Broadly, PO43– concentrations measured at similar depths on sequential dives were within the combined analytical uncertainty determined by laboratory testing (Figure 9A). It is most informative to make direct comparisons at deeper depths where the vertical gradient of PO43– concentration was less steep. Measurements were made at around 75 and 60 m on each of the three dives. The mean PO43– concentrations at the two depths were 0.60 ± 0.01 and 0.53 ± 0.03 μM (1 SD), respectively. Moreover, a significant inverse correlation between temperature and PO43– concentration was observed (Figure 9B), characteristic of seasonally stratified shelf seas (Tweddle et al., 2013). We conclude therefore that the LoC analyser field performance was in line with laboratory testing (uc = 6.1%), and thus the variation of PO43– concentrations observed in bottom waters (0.30–0.65 μM) was driven by natural variability. Similar variability within macronutrient distributions has been seen in the Hebridean Sea (PO43– concentrations ranging from 0.2 to 0.5 μM within a degree of latitude), and such variability has been identified as an environmental driver of macrophytoplankton distributions (Siemering et al., 2016; Birchill et al., 2019b). In the central northern North Sea, localised patches of elevated summer surface PO43– (>0.5 μM) have been reported by ship based observations (Painter et al., 2018). Repeated observations at two locations in the Celtic Sea showed that the concentration of PO43– in bottom waters ranged from 0.4 to 0.8 μM within a 25-days period (Tweddle et al., 2013). In summary, the patchiness observed in northern North Sea (Figures 7A,B) is characteristic of nutrient distributions in waters overlying the north west European shelf. Shelf seas are dynamic environments impacted by hydrographic and biogeochemical processes occurring over a range of temporal and spatial scales (e.g., phytoplankton blooms, semi diurnal tides and tidal interaction with uneven topography, spring-neap cycles, internal tides, storms, seasonal stratification, and complex regional circulation), which impact phosphorus distributions (Davis et al., 2014; Poulton et al., 2019). When viewed in this context, the observed variability of PO43– concentrations is expected. It is important that future shelf sea deployments of LoC–AUVs are designed with this variability in mind.
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FIGURE 9. Examining LoC analyser field precision by conducting PO43– analysis during three sequential Seaglider dives (691, 692, and 693), first and last sample separated by 1.98 km and 4.00 h. (A) Depth profiles of temperature and PO43– concentration. Vertical dashed lines are laboratory estimates of the limit of detection (LoD) and limit of quantification (LoQ) (Clinton-Bailey et al., 2017; Grand et al., 2017). Error bars are laboratory estimates of combined (random + systematic) relative uncertainty (Birchill et al., 2019a). (B) Statistically significant inverse linear correlation between temperature and PO43– concentration from dives 691, 692, and 693 for samples collected below 40 m.




Assessing the Extent to Which This Research Has Expanded Glider Sensor Capabilities for Oceanographic Research

The oceanographic research community is experiencing a dramatic increase in capability as autonomous technologies become more accessible (Johnson et al., 2009; Roemmich et al., 2010; Beaton et al., 2012; Heslop et al., 2012; Liblik et al., 2016; Hendry et al., 2019). This study represents the first ever in situ PO43– dataset obtained using an underwater glider and, for that matter, actually any AUV. Therefore, this represents a significant advance in marine biogeochemical capabilities (Jońca et al., 2013). Glider observations are already making an a major contribution to Global Ocean Observing Systems (Testor et al., 2019) and provide a valuable tool to investigate the range of sub-mesoscale phenomena that typify shelf seas and shelf break regions (Roemmich et al., 2010; Liblik et al., 2016). The data presented here provides evidence in support of this assertion, demonstrating the potential of coupling physical and chemical sensors to investigate marine biogeochemical processes. Importantly, an opportunity now exists to combine existing capability to measure NO3– and NO2– on AUVs (Vincent et al., 2018) with the PO43– LoC–AUV capability demonstrated here. Understanding the controls on nutrient stoichiometry in the ocean has been a central topic of marine research for almost as long as oceanography has existed as a modern scientific discipline, and it remains so to the present day (Redfield, 1934; Moore et al., 2013). It is now a realistic goal to attempt to capture the inorganic N:P stoichiometry of marine systems via simultaneous glider deployments. With current LoC payload requirements this could not happen on a single Seaglider.

In order to put our PO43– LoC–AUV research into the context of wider glider-sensor developments we adopt the Gliders for Research, Ocean Observation and Management (GROOM) approach to sensor development classification (Supplementary Table 1). The GROOM approach utilises two measures of sensor development, Ocean Sciences Technology Readiness Levels (OS-TRL) defined by Waldmann et al. (2010) and Development Status defined by Johnson et al. (2000). To fulfil OS-TRL 3, the sensor must be a commercial product and “Actual systems completed and mission qualified through test and demonstration”. The corresponding Development Status is “III Early stage of development with successful short-term deployments in the marine environment.” We assert that results of the deployment detailed in this manuscript, in combination with recent commercial availability1, satisfy these requirements and thus PO43– LoC–AUV has fulfilled the requirements of OS-TRL 3 and Development Status II.



LoC–AUV as a Tool for Environmental Management of Regional Seas?

At present, the LoC–AUV technology presented here is used exclusively as a research tool. However, given that now both PO43– and NO3– + NO2– can be measured by LoC–AUV, and both sensors and platforms are commercially available, it is worth considering the potential applications beyond oceanographic research. Nutrient cycles in coastal waters have been greatly modified by anthropogenic activity. For example riverine phosphorus fluxes have increased 50–300% upon pre-industrial levels (Cordell et al., 2009). Eutrophication of coastal waters can result from anthropogenic nutrient inputs, which can have adverse effects on coastal sea ecosystems such as deoxygenation and increased frequency of harmful algal blooms (Jickells, 1998; Moore et al., 2013; Karl, 2014; Breitburg et al., 2018). Policy at national and international levels has been implemented, which is related, either directly or indirectly, to the issue of eutrophication in the marine environment. The ability to assess the effectiveness of these policies is to a large extent dependent upon sustained observations of inorganic nutrients over timescales of years to decades. As an example, both phosphate and nitrate + nitrite + ammonia are core set indicators (core set indicator 21) used by the European Environment Agency to address policy questions. Current data coverage is geographically biased toward particular regions such as the Baltic Sea, with data coverage in regions such as offshore parts of the Bay of Biscay, Black Sea, and Mediterranean Sea deemed “unsatisfactory” (European-Environment-Agency, 2019). Future ocean observing systems will likely include the capability to autonomously measure macronutrients in the marine environment, and thus will potentially provide data to environmental management agencies with the expanded temporal and spatial resolution they require. The North Sea is an example of an economically important regional sea that is heavily influenced by anthropogenic activity (Emeis et al., 2015), and where various national and international regulation measures are in place (EU, 2008). The nature of this deployment, from a routine fisheries survey, highlights the plausibility that LoC–AUV technology could be readily integrated into existing observing system infrastructure for coastal ocean monitoring.



RECOMMENDATIONS AND CONCLUSION


Recommendations for Further Development

The potential development pathways for new technology are almost infinite, whereas the resources available for this technology development are limited. We therefore take the opportunity to analyse the lessons learned from this and other recent LoC–AUV developments (Vincent et al., 2018) to highlight what we consider important development priorities, besides the ever-present incentive to reduce costs, size, power demand, reagent consumption, and increase sampling frequency.


PO43– LoC–AUV Specific Development Priorities

We consider what criteria remain outstanding in order to fulfil the requirement of OS-TRL 4 (Supplementary Table 1; Actual system proven through successful mission operations and currently operational and available commercially available). A critical step in assessing sensor (or microfluidic analyser) performance is independent validation of in situ results (Waldmann et al., 2010). In this study, we achieve a semi-quantitative validation using data generated from traditional measurement approaches, collected nearby in space and time, and by using a North Sea climatological dataset. Whilst this is sufficient to conclude that we have generated an oceanographically consistent dataset, it does not allow for a robust quantitative validation of the in situ dataset, such as that achieved by Vincent et al. (2018) when deploying a NO3– + NO2– LoC analyser on a Seaglider in the Celtic Sea. Throughout the field campaign reported by Vincent et al. (2018), water samples were collected using traditional water sampler techniques, followed by traditional benchtop spectrophotometric analysis, allowing for a direct comparison with LoC–AUV data. In order to progress to OS-TRL 4, long-term PO43– LoC–AUV deployments with robust validation are a development priority. Given typical glider speeds (≈25 cm s–1) and deployment lengths (months) and spatial scales (100–1,000 s km), simultaneous or sequential LoC–AUV deployments may be required to obtain the resolution suitable to study oceanographic processes. To be considered “mission proved,” multiple long-term (>1 month; Supplementary Table 1) deployments that produce valid datasets are required. Glider missions are typically used in conjunction with other measurement platforms (e.g., satellites, research vessels, moored platforms) (Roemmich et al., 2010; Liblik et al., 2016). For unequivocal proof of mission readiness, future PO43– LoC–AUV deployments should be placed within the context of a novel oceanographic observing network (i.e., coordinated to target an oceanographic process) (Hendry et al., 2019).



Expansion of LoC–AUV Parameter Capability

Currently, LoC analysers are available to measure NO3– + NO2– (Vincent et al., 2018) and PO43– using a LoC–AUV approach. A strength of the LoC technology is that standard hardware and software is used across the range of analysers in development. At NOC these include silicic acid, pH, dissolved inorganic carbon, total alkalinity, ammonia and iron. As the future LoC analyser technology matures, physical and electrical integration with autonomous platforms, such as the Seaglider used in this study, can follow already established procedures (this study; Vincent et al., 2018). Being able to collect concurrent measurements of multiple important chemical parameters will expand research horizons. Ideally, size and power requirements would permit this to occur on a single platform, presently larger AUV platforms should be considered or objectives may be met using multiple simultaneous AUV deployments.



Expansion of Platform Integration

There are multiple autonomous platforms available, which each offer different advantages and disadvantages. There are different types of glider (e.g., Seaglider, Slocum, and Spray) available, whose merits have been reviewed in detail elsewhere (Meyer, 2016; Rudnick, 2016). Some differences pertinent to LoC integration are highlighted here. The Slocum Electric’s buoyancy engine and tail fin rudder give it a tight turning circle (7 m), making it well suited to shallow water (30–200 m) operations, such as the deployments presented here and by Vincent et al. (2018). Additionally, an optional propulsion system means it can generate horizontal as well as vertical motion, allowing it to pass through strong pycnoclines and currents, common in shelf seas. However, the payload requirements of the LoC analyser restricts internal housing of the sensor to the Ogive modified Seaglider for ocean glider deployments at the time of writing. Further NOC developments are currently being trialled with a Slocum glider that will enable external housing of the LoC analyser, which would expand the range of platforms suitable for integration.

Deep ocean exploration typically uses a range of larger AUVs (e.g., WHOI’s Sentry and the NOC Autosub). Integration of LoC analysers onto such platforms offers the opportunity to extend biogeochemical capability to deep ocean environments enabling, for instance, monitoring impacts of deep-sea mining or investigating the influence of hydrothermal exchange on deep ocean biogeochemistry. Autosub offers the possibility to house up to 9 LoC analysers simultaneously and research is ongoing to integrate LoC analysers into Autosub (A. Schaap, personal communication, August 2020). For the PO43– LoC analyser specifically, the current minimum operating temperature of 5°C (Table 1) would limit deep ocean observations. Integration into an ever-expanding fleet of autonomous surface vehicles would offer an opportunity to study the surface ocean in detail, where primary production and air-sea gas exchange occurs.



Conclusion

We report the integration of a PO43– LoC analyser into a Seaglider, successfully deployed in the northern North Sea for a period of 44 days to measure PO43– concentrations along a 120 km transect (surveyed twice). Validation of in situ data was achieved through comparison with nearby ship board measurements and climatology data, demonstrating our ability to produce high quality, oceanographically consistent, in situ measurements. As the first demonstration of in situ PO43– measurements using an AUV, this study represents a step forward in glider-sensor capabilities opening up new research horizons. More broadly, LoC–AUV offers the exciting possibility to autonomously observe a range of important chemical parameters in situ and can make important contributions to the global effort to leave the era of ocean data scarcity behind. Thus, LoC–AUV should be considered in the design of future ocean observing systems.
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