
Advantages and challenges of autonomous sampling in situ with mobile robots
Long duration untethered autonomous vehicles complement other platforms (research vessels, moorings); they can sample broad areas and volumes and have already revolutionized ocean science [Bellingham, 2011]; used with cytometers they would greatly advance marine microbiology. Unmanned Surface Vehicles (USVs) or autonomous surface vehicles (ASV) 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 propeller driven, or buoyancy driven in the case of gliders. These vehicles provide number of benefits compare to manned vessels:
[bookmark: _GoBack]Automated surveys: autonomous vehicles can be dispatched to a specific location, and with underwater vehicles, to specific depths, enabling 2D and 3D surveys. Search can be commanded by operator, another vehicle or mooring, to regions of interest identified by other methods; or vehicle itself may alter search patterns in response to in situ sensor data.  
Cost/scalability: as a point of comparison, USV “Wave Glider” (Liquid Robotics of Sunnyvale, CA) costs MBARI about $900/day to run; while 41 meter RV Rachel Carson costs about $8,000/day. Due to lower cost of equipment and operation, they are relatively easy scalable assets: multiple autonomous vehicles can be used easier than multiple research vessels. 
Endurance: AUVs/ USVs/Gliders are capable of long deployments lasting weeks even months, spanning thousands of kilometers, they enable continuous presence in region of interest, provide opportunities to observe microbial community changes over time, and enable quick response to events such as blooms. 
Persistent presence: combination of lower cost, scalability, and endurance can greatly enhance data gathering in special and temporal domains.  
Access to extreme environments. Rapid environmental and microbial change is occurring underneath polar ice, yet direct access by manned vehicles or divers is difficult. Recent discovery of major 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 microbial populations across a bloom front in the North Atlantic in 2001. AutoSub was equipped with basic science package as well as water sampler, and deployed into area of interest defined by SeaWIFS ocean color imaging; and resulting cytometer data were largely consistent with onboard instruments as well as lab analysis of water samples. 

While AutoSub demonstrated the potential for AUV cytometry, we know of no other examples of AUV-cytometer integration since 2003 paper. There are known integrations with stationary buoys or cable-to-shore systems (IFCB references), but we must consider the technical challenges of integration and operation of cytometers autonomous vehicles. 
Power: 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: 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: while cytometer data can be stored onboard for later recovery, in many cases transmission of at least decimated data in (near) real time would allow other assets respond to an event such  phytoplankton bloom, or a manned vessel can sample an area of interest in more detail; which can be challenging low-bandwidth satellite channels.  
Environment: the instrument should be operable within depth and temperature range of the target organisms; for a phytoplankton, from 0 to about 200 meters, and from -1.8C in the photic zone to about 38C in the tropics. The instrument should be rugged enough to withstand mechanical shock and vibration during typical deployment and recovery cycle, as well as being operable to varying tilt/pitch during 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 conditions are daunting, we note that increasingly challenging instruments are being integrated with autonomous vehicles. MBARI's Environmental Sample Processor (ESP) is an eco-genomic “laboratory in a can”, processing samples with heat and reagents to extract and analyze microbial genetic material (Scholin, 2013), made possible by low-power electronics, microfluidic technologies, and stringent power-management strategies. The 3rd generation 3G-ESP is under development for low power mobile platforms, Long Range AUV (LRAUV) in particular. 3G-ESP is contained in a nose section 28 cm diameter by 61 cm long, draws between 4 and 20 watts, and rated to 50m depth. The prototype underwent successful initial sea trials in Monterey Bay in early 2015. Based on the ESP and other examples we believe that development of small low-power cytometers for autonomous vehicles is possible in the near future.

Consulting with scientists we have identified potential applications for mobile cytometers: 
CANON project (MBARI):  aims to monitor microbial populations and their effects on ecosystems in and around Monterey Bay, emphasizing long-term measurements with autonomous platforms, vehicles and instruments. Potential studies include phytoplankton (prochlorococcus, synechococcus, and eukaryotes) in offshore mesoscale gyres. Other studies emphasize the development lifecycle of algal blooms of larger cells in the inner bay, including potentially toxic pseudo nitzschia species. A mobile cytometer would complement physical, chemical sensors, samplers, and ecogenomic instruments such as ESP. 
Changes in microbial distributions in ice-covered Arctic waters. Li et al (2009) documented microbial population changes in the Arctic Ocean in concert with climate-driven changes, with picoplankton (< 2 microns) replacing nanoplankton such as diatoms (2 - 20 microns) over a period of several years. These changes may be associated with thinning ice thickness and areal extent as well as freshening and stratification of surface water. Potential shifts in phytoplankton and bacteria community structure will have major repercussions on carbon sequestration at depth in the ocean (Forest et al. 2011, Kellogg et al. 2011). Thus far most sampling has been performed in open water, and more would be learned from under-ice sampling with a mobile cytometer.
 
Note that not all of these applications could be accomplished with a single instrument. As discussed earlier, small cells could best measured using traditional flow cytometry, while larger cells (e.g. diatoms, chains like pseudo nitzshia) could best be identified using imaging techniques.
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