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Phytoplankton produce at least 50% of breathable oxygen, regulate atmospheric CO2, and form the base of the marine food web. Fisheries are dependent on phytoplankton, and toxic algal blooms have major effects on coastal ecosystems as well as human health.  Knowledge of phytoplankton distribution, diversity and abundance in the ocean is very important, and is largely due to instruments called cytometers, which reveal cell size, pigments, taxonomy, abundance, metabolic state and other characteristics. Most cytometric measurements are made from ships, buoys, and cable-to-shore observatories.  These data are invaluable, but ship cruises are expensive and generally of short duration, and stationary buoys and cabled instrument obviously make only point measurements. Need to improve spatial and temporal coverage. Autonomous vehicles are already revolutionizing the study of dynamic ocean processes, and could supplement ship and stationary measurements. Need to integrate cytometer technology with mobile robots.

Flow cytometry is a robust ,widely used technology that  produces quantitative multiparametric  measurements of individual particles with throughput rates of 50,000 particles per second or more. These measurements are typically related to fluorescence ( intrinsic or extrinsic) and light scatter (related to size and internal particle complexity) as particles are passed individually through a focused light source such as a  laser.   Commercial flow cytometer design has been dominated by applications in human health sciences, with instrument design focused on  immunofluorescence approaches, and as a consequence of these predominant applications these instruments offer best utility when analyzing cells of within an order of magnitude of the size of a lymphocyte (approx 8 microns). The use of cytomters for applications with impact on planetary health, such as those in botany, marince sciences, and microbiology have always[ ] . While what is considered to be the first described flow cytometer was designed for monitoring microbe sized particles--  the potential agents of biowarefare (ref), use of todays commercially available flow cytometers in non-human health applications occasionally required modificication or reconfiguration of these instruments, due to the diverse size ranges of particles of interest. The first commercially available flow cytometer, the Coulter Counter, when utilized  in the study of phtyoplankton size distribution [in the 1960s], required reconfiguration with 3 differently sized orifices in order to accurately sample the broad distribution of particle sizes present (ref). More recently, a BectonDickinson FACScan analyser required modification by Frankel et al (ref) to extend its ability to detect smaller particles, leading to the characterization of Prochlorococcus by Chisholm et al in 1988.
The predominant commercial  flow cytometer systems until recently have been complex, power hungry systems with extensive capabilities,  requiring trained operators in order to generate reliable results. Current trends in flow cytometric instrumentation design have leveraged advances in laser design ( solid state lasers ), detector technology (avalanche photodioides and smaller PMTs), and computer design (smaller, more powerful, less power-hungry) to generate smaller flow cytometers. In addition, issues related to deployment of flow cytometric point-of-care systems for diagnostic testing in resource -poor areas hardest hit by infectious diseases has helped minimize instrument size, power, and complexity, which iwhile beneficial for human-inhabited resource-poor areas, sets the stage for innovation for studies in areas relatively uninhabited by humans, such as the ocean.

Show cytogram, e.g. for discriminating synecococcus, prochlorococcus and eukaryotes?

Marine cytometer applications include studies of cell characteristics and metabolic processes, geochemical cycles and rates, harmful alga and other toxins, and metagenomic applications (Sosik, Olson and Armbrust, 2010). Some of these applications involve adding fluorescent dyes or radiolabels prior to measurement, and many utilize cell sorting to isolate populations of interest. Other applications pass "raw" seawater through the cytometer, relying on phytoplankton's auto-fluorescence due to chlorophyll-a (red) or phycoerythrin (orange) pigments, allowing the instrument to discriminate phytoplankton from other particles. These raw seawater auto-fluorescence measurements are simplest from the standpoint of automation, don't require continual human attention, and can now be performed autonomously on moorings and cabled-to-shore instruments; these are probably good first candidates for integration with an autonomous vehicle. 


Autonomous marine cytometers
Early marine studies were carried out with commercial instruments developed for biomedical applications, sometimes modified to detect dim cell auto-fluorescence. Over the past decade several cytometers have been developed specifically for marine applications and autonomous operation either aboard ship or on un-crewed platforms. "Traditional" flow cytometry is best suited to cells smaller than roughly 10 m with simple semi-spherical shape (as is the case with most biomedical cytometry applications). However interest in larger marine cells with more complex morphologies has led to instruments that combine aspects of flow cytometry with imaging capability.  Some of these instruments are described below.

Dubelar et al  (2000) developed one of the first autonomous marine cytometers. Several versions of their CytoSense imaging flow cytometers are commercially available for deployment on the bench in a lab or aboard ship, on a moored housing with solar panels to provide power, and a submersible version that can be deployed to 200 meters depth on a cable. A prototype of CytoSense was deployed on the AutoSub AUV by Cunningham et al in 2003 (see below). 

SeaFlow is designed to automatically acquire data over long periods with minimal human interaction; its primary deployment mode is aboard ships of opportunity where the instrument continually samples water from the ship's intake for weeks at a time (Swalwell et al, 2011). SeaFlow simplifies instrument design by eliminating the need for sheath fluid; instead it adds two additional detectors to determine when a cell is optimally positioned for measurement. The instrument software continuously monitors the blue laser beam position and automatically adjusts the optical alignment to compensate for drift. The instrument analyzes cells in the size range of 0.5 - 20 m (pico- and nanoplankton), including prochlorococcus and synechococcus. SeaFlow enables extended two dimensional surveys of near surface water, e.g. Ribalet et al (2010) describe mapping of cell populations across the boundary between iron-poor/nitrate-rich offshore water and iron-rich/nitrate-poor coastal water in the northeast Pacific.

Imaging Flow Cytobot (IFCB) is designed to automatically image, quantify and identify cells larger than 5 microns. IFCB typically draws in a 5 ml water sample every twenty minutes, and captures detailed images when scatter or fluorescence PMT signal exceeds a preset threshold, thereby triggering a flash lamp and camera. Image resolution is typically about 0.3 microns per pixel, allowing many cells to be analyzed to the genus or even species level. IFCB has been deployed for up to six months on piers and cabled observatories; duration is currently limited by wear on pump seals. Campbell et al (2010) describe detection of toxic algal blooms (Dinophysis) with IFCB in a Texas estuary; public health officials quickly responded to the detection by suspending shellfish harvesting until the bloom subsided. IFCB draws considerable electrical power (35 W continuously) and generates several image gigabytes per day; the instrument has usually been deployed at locations with wired connections to shore power and data. IFCB was recently deployed on a moored raft in Salt Pond (Nauset, MA), with no wired shore connection. The raft was equipped with solar panels, a bank of batteries and a gasoline generator that automatically recharged the batteries as required. Communication to shore was via an ethernet radio link to a shore-based internet connection (Olson, personal communication).


Advantages of autonomous sampling in situ with mobile robots
Long duration untethered autonomous vehicles overcome many limitations of ship-based operations, can sample broad areas and volumes (unlike stationary platforms), and have already revolutionized ocean science.  For the purposes of this discussion we define a "vehicle" to have some means of propulsion and steering, and don't include drifters and floats.  Uncrewed surface vehicles (USVs) are robot boats that move along the sea surface, and may be equipped with profilers for acquiring data at depth. Autonomous underwater vehicles (AUVs) move in three dimensions and may be be propeller driven, or buoyancy driven in the case of winged gliders. Cytometer integration with these vehicles has many potential benefits.
 
· The vehicle can be dispatched to a specific latitude and longitude, and in case of AUVs to specific depths, enabling 2D and 3D surveys. Either a human or another machine can direct the vehicle to regions of interest as identified by remote sensing techniques, and the vehicle itself may modify its survey plans based on in situ sensor data.
· Cost: Operational costs vary, but as a point of comparison, MBARI has leased a Wave Glider USV for approximately $900 per day. In contrast, MBARI’s 41 meter Rachel Carson research vessel costs roughly $8,000 per day to operate. The crewed vessel is obviously more capable for some tasks, but the Wave Glider can acquire some kinds of data at much lower cost. Likewise use of AUVs can minimize ship cost, particularly if the vehicle can be launched near-shore from a small boat. 
· Endurance: Some AUVs and USVs are capable of several-week deployments spanning thousands of kilometers. Investigators and vehicle operators can conveniently control the vehicle and its payload from shore via satellite or cell modem. Long deployments enable continual presence in regions of interest, provide opportunities to observe microbial community changes over periods of many days and weeks, and enable quick response to events such as blooms. 
· Access to extreme environments: Rapid environmental and microbial change is occurring underneath polar ice, yet direct access by crewed vehicles or divers can be difficult, expensive and dangerous. The recent discovery of phytoplankton blooms beneath Arctic ice in the Chukchi Sea [REF] points to our current limited knowledge of these important ecosystems.  AUVs have already performed CTD and ice-thickness surveys underneath Arctic and Antarctic sea ice, and a cytometer payload could enable under-ice microbial surveys [REF].

Cunningham et al (2003) describe a flow cytometer integrated with the AutoSub AUV, which measured changes in microbial populations across a water mass front in the North Atlantic in 2001. AutoSub was equipped with a CTD (Seabird), spectrophotometer (WETLabs) and water sampler (WS Ocean Systems) in addition to the cytometer. The sampling area was determined before AUV deployment by SeaWIFS satellite ocean color images that indicated a coccolithophore bloom south of the Isles of Scilly. The AUV was programmed to run a 10 km transect from south to north at 9 meters depth across the bloom front. Particle size and fluorescent particle number data from the cytometer were largely consistent with other onboard instruments as well as post-cruise microscopy of the triggered water samples and analysis of ship-collected data at the north and south ends of the transect. While these results illustrate the potential for AUV cytometry, we know of no other examples of a cytometer integrated with an AUV in the 12 years since the AutoSub experiment. Cytometers have been integrated with stationary buoys or cable-to-shore systems (IFCB references), but we must must consider the technical challenges of cytometer integration and operation on an autonomous vehicle, bearing in mind that most cytometers have been designed for laboratory or shipboard use:

· Power constraints. Autonomous vehicles are often designed to minimize non-propulsive power ("hotel load") in order to maximize endurance. Many of today’s cytometers use on order of 50 watts when sampling, and some (e.g. CytoBuoy, IFCB) must sample for several minutes at least. These power levels are higher than what is provided by most small, long-duration AUVs (Table 1).
· Size constraints. Even “small” marine cytometers such as SeaFlow are roughly the size of a large microwave oven, and exceed the payload capacity of many AUVs (Table 1)
· Telemetry constraints. While cytometer data can be stored onboard for later recovery, in many cases it’s beneficial to telemeter the data in real time, e.g. so that other assets may respond to a phytoplankton bloom, or a crewed vessel can sample an area of interest in more detail. AUVs often use 3G/4G cellular modem (0.44 Mbps) for telemetry in coastal areas, but must resort to Iridium satellite (2400 bps) in remote or offshore areas.  
· Environmental conditions, ruggedization. The instrument should be operable within the depth and temperature range of the target organisms. Living phytoplankton may be found as deep as 200 meters in the open ocean, and temperatures in the photic zone may range from -1.8 degrees C under ice to 38 degrees in the tropical ocean. The instrument should be rugged enough to tolerate being bumped or dropped short distances, and vehicle attitude may vary drastically during launch, operation, and deployment 
· Risk of vehicle loss. Today’s cytometers generally cost on order of $100K and more; if the vehicle is lost, then so is an expensive instrument. High cytometer cost also discourages procurement of multiple instruments, e.g. for deployment on a fleet of vehicles. 

While these constraints are daunting, we note that increasingly capable instruments are being integrated with autonomous vehicles. The Nortek AD2CP acoustic current profiler is a sophisticated instrument that is designed for integration into small low-power buoyancy-driven gliders (Siegel and Rusello, 2013). The instrument fits within a cylinder 13.5 cm in diameter and 12.2 cm height, uses between 0.2 and 0.9 Watts and has been integrated with Seaglider and Spray gliders. A much more sophisticated example is MBARI’s Environmental Sample Processor (ESP) (Scholin, 2013). The ESP is an autonomous ecogenomic “laboratory in a can”, which processes water samples in situ with heat and reagents to extract and analyze microbial genetic material, and telemeters the results to shore. The latest generation instrument - ESP3 - was designed for compatibility with low power mobile platforms in general, and MBARI’s Long Range Autonomous Underwater Vehicle (LRAUV) in particular. The device is contained in a cylinder 28 cm in diameter by 61 cm length, draws between 4 and 20 watts while operating, and is rated to fifty meters depth. The instrument was recently integrated with an LRAUV and underwent initial sea trials in Monterey Bay, and is being refined to further reduce its volume and power usage. The ESP and AD2CP instruments rely on small low-power electronics, MEMS technology, and stringent power-management strategies.  Based on these examples, we believe that development of small low-power cytometers for autonomous vehicles is likely in the near future. The ESP's microfluidic technology and sophisticated chemical and physical sample handling procedures could point the way to onboard cell staining and sorting required for many cytometry applications. 

Following are some strategies utilized for autonomous vehicle instruments in general.

Adaptive sampling: Strategies to optimize use of available vehicle power typically balance between vehicle speed, range, and power delegated to payload instruments, e.g. by adjusting the instrument duty cycle, using instrument power only when there is likely something interesting to sample. In some cases, cytometer power consumption could be reduced by sampling only when other sensors indicate that the vehicle is an “interesting” patch of water. AUVs already use this strategy. Zhang et al describe water sampling of thin phytoplankton and suspended sediment layers by MBARI’s Dorado AUV. The AUV flies a vertical sawtooth or “yo-yo” profile through regions that may contain layers, and their algorithm triggers a water sampling bottle when fluorescence and backscatter signals from onboard sensors indicate that the vehicle is moving through the center of a layer. Godin et al describe an algorithm used by MBARI’s Long Range AUV to track moving patches of phytoplankton. The algorithm adjusts vehicle speed, heading and depth based on the chlorophyll signal from an onboard fluorometer, enabling the vehicle to track phytoplankton patches as they drift with the current. These algorithms could be adapted such that the cytometer’s pumps and lasers are powered only when the fluorometer and backscatter sensors indicate the presence of phytoplankton. Likewise cytometer sampling might be triggered only when onboard CTD readings indicate the vehicle is in a target water mass, as indicated by salinity and temperature. The patch-following algorithm could enable in situ monitoring of cell populations as a phytoplankton bloom evolves. Cytometer data itself might be used onboard to guide adaptive sampling, e.g. the vehicle could automatically trigger water sampling bottles when cytometer data indicate the presence of interesting cell populations. This capability requires that the cytometer data can be processed quickly enough so that the vehicle can capture the phenomenon of interest. 

Onboard data processing and telemetry:. If operating continuously, a cytometer will typically generate several gigabytes of individual cell data (pulse metrics, images, etc) per day. All the data can be logged to onboard file storage for later analysis after vehicle retrieval. However many applications require real-time access to cytometer data, e.g. to focus other assets on an area of interest or to issue health warnings in case of a harmful algal bloom. AUVs generally use RF modems as the vehicle-to-shore communication link when the AUV is on the surface. In coastal regions 3G/4G cell modems may be used, but beyond 100 km from shore, satellite communication is the only option. Today Iridium is the most commonly used satellite link, and these supports limited data transfer speeds (2400 bps). These relatively low satellite links are problematic when transferring large amounts of data, since long vehicle surface times and high modem energy consumption may result. Instead of telemetering the full cytometer data set, onboard processing could summarize the data, e.g. by selecting “typical” images or by processing images onboard. Li et al describe a “cytometric diversity index" that consists of several floating point numbers, can be calculated based on light scatter and chlorophyll fluorescence, and can be used to estimate the structure of phytoplankton communities in real-time, e.g. to track blooms (high cell concentration, low cytometric diversity index) or biological fronts (high cell concentrations, high diversity index).  [Image processing for taxonomic identification - in Peter’s section?][Flow cytometry cluster analysis - in Peter’s section?]

In some cases the full cytometer data set could be quickly transferred to a nearby crewed or autonomous surface vehicle (such as a Wave Glider) if fast line-of-sight RF such as Freewave or 802.11 is supported by both vehicles. After transferring the data, the AUV could dive to resume its mission, while the surface vehicle “leisurely” telemeters the data to shore or processes it further. An at-sea AUV dock could provide a similar data transfer function, as demonstrated by McEwen, Hobson, et al 2008. 

Available and emerging cytometers; lower power, size, complexity and cost
Innovation in the field of flow cytometric instrument design for the mass market has been a continuously ongoing process, with the goals of overall system simplification for ease  of use production of scaled-down systems for specific tasks , lowering parts count, and related features that would make flow cytometers easier to use in resource poor areas. 
Examples of current minimalist systems and  novel engineering solutions are epitomized by the cell phone cytometer, [ Zhou ref] which utilizes a standard smart phone as both the detection and data acquisition platform, and ow-cost battery-driven LEDs for illumination. 
Flow cytometers since their inception have most often required a particle-focusing apparatus in order to deliver particles to the best position for both the illumination as well as the detection optics. Towards this goal the vast majority of commercial flow cytometers use a technique known as hydrodynamic focusing [ref] for particle transport and positioning for optimal sensitivity. Particle-free “sheath” fluid is required in  these systems to accomplish hydrodynamic focusing, and this requirement adds bulk and complexity to instrumentation destined  for settings other than the clinical or research laboratory. 
As a result , this need for particle-free fluid to drive the hydrodynamically focused single-cell transport has been a widely embraced target for innovation.
One approach , seen in instruments destined for human diagnostic applications, has been to simply dispense with hydrodynamic focusing and to flow the fluid suspended particulate sample through a narrow glass capillary allowing measurements to be made with some precision. The Millipore “Guava” flow cytometer uses this approach, and the instrument offers a number of applications albeit with limited parametric acquisition capabilities.
instrumentation destined for oceanographic utilization have also been designed to operate without hydrodynamic focusing , and the SeaFlow cytometer designed by Jarred  Swalwell in the   Armbrust lab  presents a novel optical approach.  SeaFlow allows data collection from particles passing through [the best focal point] of a much larger core of continuously flowing seawater.
The vast majority of flow cytometric instruments acquire quantitative particle measurements derived from photomultipliers or other low-light-level quantitatiion devices. In these systems the localization of fluorescence within the particle is often not obtainable, although innovative solutions exist for  both human health and oceanographic applications. Pulse shape analysis from systems where the illumination focal point is essentially a sheet or plane of light with a transverse dimension  smaller than the particles of interest has been utilized in the “slit-scan” systems  developed by Wheeless in the 70's for gynecologic cancer screening [Ref}, and a similar approach was used in the CytoBouy systems for characterizoin of phtyoplankton in the multi micron range. 
The ability to capture and analyse an image can add another dimension to the data obtained, and  can supplant the reliance upon photomultiplier-derived fluorescence quantitation. Systems utilizing image analysis can readily classify [plankton], although require more complex computational capabilities than non-imaging systems


Flow Cytobot
Imaging Flow Cytobot

Wu and Chan (2013a, 2013b) describe new instruments that disperse a 450 nm laser beam into a "light sheet" to acquire cross-sectional fluorescent images as phytoplankton cells flow through the sheet. The camera points into the flow, thereby suppressing motion-blur as the cells pass through the sheet. One of their instruments acquires successive image slices of each cell with a high-speed camera, allowing construction of a three dimensional image. The 3D imaging comes at the expense of flow rate which is only 0.5 m/minute, requiring sampling duration of many minutes to detect diatoms and dinoflagellates at their natural abundance. The second instrument utilizes a slower speed camera to capture "average" cross sectional images, without 3D reconstruction and is capable of flow rates of at least 1 ml/minute (compare to other cytometers' flow rate). The image quality is such that cells larger than about 5 microns can often be taxonomically identified; identification depends somewhat on the cell's orientation as it passes through the sheet. The instrument can detect but not identify picoplankton (0.2-2 m).


Autonomous mobile cytometers; today and in the future

Table 2 shows some characteristics of a few long-duration autonomous vehicles. Long-duration un-crewed surface vehicles (USVs) such as Liquid Robotics’ Wave Glider are now commerically available. The Wave Glider provides payload space, power and telemetry for user instruments (table 1). Wave Glider is propelled by ocean waves, and harvests solar energy use by onboard electronics, sensors, and communications gear. Wave Glider deployment duration is limited by the need to periodically clean barnacles and other biofouling from sensors and other components, as wll as available sunlight (e.g. wintertime polar deployments are limited by onboard battery storage capacity). 

MBARI's Long Range AUV (LRAUV) combines aspects of conventional propeller-driven vehicles and buoyancy-driven ocean gliders. LRAUV  can make traverses at 1 meter/sec(?) speeds with its propeller, or switch into low-power "drift" mode through use of an oil-filled bladder for buoyancy control. LRAUV's batteries can be commanded to move on rails in order to maintain pitch control. 

	
	Wave Glider USV
	Long Range AUV

	Max payload volume (liters)
	93 
	Fill in

	Max payload weight (kg)
	45
	Fill in

	Hotel load (watts)
	5 - 20
	5 - 8

	Peak load (watts)
	360 
	20

	Payload energy source
	Solar panels, storage batteries
	Lithium batteries

	Endurance
	Months
	Depends on speed (put examples here)



Table 1: Some characteristics of the Liquid Robotics Wave Glider (SV3 model) and MBARI's Long Range AUV

Sosik and Olson are currently integrating their Imaging Flow Cytobot with a Wave Glider USV (Sosik and Olson, personal communication). The instrument will be towed behind the Wave Glider at a depth of several meters. The Wave Glider provides sufficient power for IFCB to run continuously, processing a sample once every 20 minutes. All raw data and images will be stored onboard for post-recovery analysis. Selected images and perhaps some processed data will be returned to shore over the available Wave Glider telemetry channel in near real-time; 3G/4G celluluar modem (0.5-4 Mbps) in coastal areas, Iridium satellite (7800 bps) in more remote regions (Sosik, personal communication).


The future

Instrument and vehicle costs!
What else goes here?
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