PROJECT DESCRIPTION

I. Background, rationale, and questions
Long time-series studies are essential to understanding oceanic processes especially as climate change and anthropogenic impacts exert increasingly more influence on the deep ocean.  Monitoring of upper ocean processes associated with the production and cycling of organic matter is currently being conducted using technologies such as remote sensing by satellites (Behrenfeld et al., 2005), moored instruments with continuous sampling, and intense but discontinuous sampling from surface ships (e.g., Karl and Michaels, 1996; Siegel et al., 2001).  However, technological and logistical constraints have limited similar long-term studies of biogeochemical processes in the deep water column and sediments from shelf to abyssal depths (e.g. Biscaye and Anderson, 1994; Smith et al., 1994; Sayles et al., 1994; Smith et al., 2001; Karl et al., 2003).  With increasing depth and distance from the primary site of organic matter production in the euphotic zone, there is increased difficulty in resolving biogeochemical cycles (e.g. Druffel et al., 1996).  Spatial and temporal heterogeneity in processes connecting surface dynamics with deep ocean processes necessitates long time-series monitoring to detect and characterize their coupling with sufficient detail (e.g. Deuser, 1986; Smith et al., 1994; Smith et al., 2002; Karl et al., 2003).  We now have been able to relate changes in climatic indices to particulate organic carbon flux as an estimate of food supply to the deep ocean (Smith et al., 2006).  However, the coarse temporal resolution of the deep-sea measurements compared to the much finer resolution of surface ocean processes restricts interpretation and prediction.
The quantity of particulate organic matter (POM) reaching the seafloor is routinely estimated from time-series collections of sinking particles in sediment traps moored tens to hundreds of meters above the seafloor (e.g. Deuser et al., 1981; Honjo, 1982; Asper et al. 1992; Haake et al., 1993; Smith et al., 1994; Deuser et al., 1995; Lampitt et al., 2001; Honjo et al., 2007).  However, studies have shown that sediment traps undersample the large particles in the water column (e.g. Asper et al., 1992; Baldwin et al., 1998; Lampitt et al., 2001).  Arrival of organic matter as seasonal pulses of large detrital aggregates on the seafloor has been monitored with time-lapse cameras (e.g. Lampitt, 1985; Rice et al., 1986; Smith et al., 1993; Smith et al., 1994; Bett et al., 2001). 
One conspicuous component of the benthic community, the mobile epibenthic megafauna, can be observed directly with camera systems.  Megafauna are defined as organisms that are large enough to be recognized in photographs (typically > 1 cm; Grassle et al., 1975; Smith et al., 1993).  Megafauna are primary and upper trophic level consumers that impact the fate of POM at the seafloor directly or indirectly through their feeding activities (consumption and caching) and mixing (bioturbation) of the sediment. Epibenthic megafauna often are surveyed and monitored to evaluate the response and recovery of the benthic community to disturbance (e.g. Jones et al., 2006). In the abyssal NE Pacific, mobile megafauna have undergone changes in community structure over similar long time scales to shifts in the macrofauna community (Ruhl et al., in prep.). Pulsed food supply as a natural disturbance has been related to feeding in several mobile deep-sea megafauna in the NE Atlantic (Pearson and Gage, 1984; Thiel et al., 1988/89; Billett et al., 1988; Gooday and Turley, 1990; Pfannkuche and Lochte, 1993; Campos-Creasey et al., 1994; Iken et al., 2001; Ginger et al., 2001).  In the NE Pacific spatial distributions of some mobile megafauna were significantly correlated with locations of detrital aggregates on the deep seafloor (Lauerman and Kaufmann, 1998), and several megafaunal species were shown by radiotracer analysis to have ingested freshly deposited particulate matter (Lauerman et al., 1997).  We have successfully used time-lapse cameras to monitor the movements of mobile megafauna in relation to particulate matter fluxes in the deep sea (Smith et al., 1993; Kaufmann and Smith, 1997; Smith et al., 2005).  An activity index was developed for these conspicuous animals based on the area traversed per unit time (Smith et al., 1994).  Such an index can be used to examine the effects of a temporally varying food supply on benthic megafauna.  Increased activity of mobile megafauna, as observed in time-lapse camera photographs over a 17-month period, coincided with intervals when detrital aggregates (particulate matter) were evident on the abyssal seafloor in the NE Pacific (Smith et al., 1994; Kaufmann and Smith, 1997).  The echinoid, Echinocrepis rostrata, is a common megafaunal species at Sta. M that leaves distinctive trails allowing quantification of the amount of sediment covered in bioturbation. We are now using the time-lapse photographic record of this species to create an index of bioturbation potential (Vardaro and Smith, in prep), similar to that generated for shallow water species (Solan et al., 2004).  However, two major drawbacks of this time-lapse methodology have been: (1) the short duration of deployment periods (4 months) to gain hourly resolution with film-based cameras, and (2) the labor-intensive process of manually digitizing the data in large numbers of photographs.

With the advent of cabled seafloor observatories, resolving the spatial and temporal coupling of surface production to seafloor processes on shorter time scales is now a reality.  Major limitations to date of any underwater monitoring program have been: (1) battery life to power instrumentation, (2) data storage, (3) the inability to collect/analyze data and to alter sampling frequencies in real time, and (4) the inability to correct or compensate for malfunctions in real time.  The ability to monitor the same site on the seafloor for periods longer than one year with meaningful temporal frequency has become a reality in shallow coastal environments with cabling to shore (e.g. LEO-15 site; von Alt et al., 1997; Glenn et al., 1998; Schofield et al., 2003).  The installation and operation of the ALOHA Observatory at 4760m depth in the central N. Pacific will make such long-term monitoring possible in the deep sea (http://www.soest.hawaii.edu/GG/DeepoceanOBS/).  The first phase of the ALOHA Observatory is now installed with the final infrastructure installation scheduled in November 2007 (F. Duennebier, see Letter of Support).  The ALOHA Observatory will provide power from shore with real-time data acquisition and control through an underwater cable, permitting continuous, real-time monitoring of the abyssal seafloor over long time periods.  Under prior NSF support, we developed a benthic time-lapse camera system for long-term deployment at the H2O deep-sea cabled observatory in the central N. Pacific (Butler et al., 2000). However, the H2O observatory was prematurely terminated and our instrument was not deployed.  In this proposal, we are updating our H2O platform technology to conform to ALOHA specifications, adding “ports” for other science users to plug into the new Benthic Community Monitoring System (BCMS), and integrating image processing into our near real-time data display.
Our measurements at the seafloor will complement the established Hawaii Ocean Time-series (HOT) measurements at Station ALOHA.  Station ALOHA has been extensively studied over the past 18 years (Karl et al., 2001).  This study site is located at 22o 45'N, 158o 00'W, approximately 100 km north of Oahu (Karl and Lukas, 1996).  As part of this program some years ago, we conducted the only time-series study of benthic processes at this station (Smith et al., 2002), which now provides valuable background to support our further studies into real-time monitoring.  The time series at ALOHA has included moored sediment trap arrays, collecting sinking particulate matter to a depth of 4030m [i.e. 730 meters above bottom (mab)].  Particulate matter fluxes from the euphotic zone tend to exhibit two export periods per year, late winter and late summer (Karl et al., 1996; Prahl et al. 2005).  Particulate fluxes in this oligotrophic region also can exhibit episodically large export events (e.g. Oct and Dec 1999; Benitez-Nelson et al. 2001).  Episodically large pulses of phytoplankton-derived particulate matter to abyssal depths have been observed in summer months (500- to 1250-fold increases in fluxes of intact diatom cells; Scharek, et al., 1999).  Between 1997 and 1999 there was significant seasonal and interannual variation in particulate matter fluxes with peaks in September coinciding with increased concentrations of organic matter in surface sediments (Smith et al., 2002).  Correspondingly, the sediment bacteria, macrofauna and sediment community oxygen consumption increased in September (Smith et al., 2002).  Seasonal or episodic pulses of large detrital aggregates to the seafloor might be expected at ALOHA, based on observations of marine snow in the upper water column of the North Pacific Subtropical Gyre (Pilskaln et al. 2005).
Here, we propose to develop the long-term, real-time Benthic Community Monitoring System (BCMS) from the existing H2O benthic time-lapse camera system to monitor the abyssal seafloor at Sta. ALOHA.  We will utilize the unique transmission capabilities of the Electro-Optical-Mechanical (EOM) cabled seafloor observatory and complement our data with long time-series mooring and ship-generated data sets for water-column processes (see Letters of Support from F. Duennebier, B. Howe, and R. Lukas).  We will study the short- and long-term importance of a temporally-varying food supply on an abyssal benthic community, addressing the following questions: 
1) What is the quality (e.g. fluorescence) and quantity of sinking particulate matter reaching the seafloor at ALOHA, as representative of the oligotrophic North Pacific Subtropical Gyre?

2) What functional and numerical responses are elicited in the epibenthic megafauna, conspicuous primary and upper trophic level consumers of the benthic community, by the quality and quantity of particulate matter arriving at the seafloor on time scales ranging from hours to years?
3) What is the temporal relationship between near-surface primary production and the quality and quantity of particulate fluxes to the seafloor at ALOHA?

4) Is there a relationship between observed benthic community dynamics at 4760-m depth to temporal variation in near-surface primary production and climatic indices? 
The BCMS will include a sedimentation sensor to monitor the flux of particulate matter reaching the seafloor for comparison with concurrent, conventional sediment trap collections.  Two digital time-lapse cameras will monitor separate 20 m2 areas of the seafloor with all systems capable of data acquisition in real-time over a period longer than several years.  The proposed deployment will allow comparison of the temporal changes in particle flux to the seafloor with the activity and abundance of the mobile epibenthic megafauna in replicate photographic areas.  Additional comparisons can be made with sensors on the BCMS installed by other investigators.  Sedimentation sensor analyses at 2 m above bottom (mab) on the BCMS will be compared with particulate organic matter flux measurements estimated from a sequencing sediment trap mooring we will concurrently deploy at 2 mab as suggested by previous reviewers. These POM flux measurements will also be compared with those conducted by Dr. D. Karl at 730 mab on a separate time-series mooring at Sta. ALOHA combined with current flow and transmissivity measurements provided by Drs. B. Howe and R. Lukas from the deep-ocean sensor network (see Letters of Support). Once the BCMS technology is operational, we plan to request funds in a follow-up proposal to continue undisturbed monitoring for another 3 year period, followed by an enrichment experiment to test hypotheses of food limitation in the oligotrophic deep sea.
This proposal is a completely revised version of a proposal that we submitted in Feb. 2007.  Comments from the six reviewers and two panels for our previous proposal are addressed below. 1) The pelagic platform of the project has been eliminated, using as much as possible of the previously developed H2O platform. This reduction in effort has cut the cost of the proposed research, a critical concern of some reviewers. 2) A conventional sequencing sediment trap array has been included as in independent mooring for collection of sedimenting particulate organic matter for comparisons with the sedimentation sensor data on the BCMS. 3) We have recently published a paper (Vardaro et al., 2007) showing there is no significant “reef effect” of megafauna by a similar time-lapse camera structure at Sta. M (~ 4,100 m depth). 4) We previously deployed benthic lander instrumentation at ALOHA (Smith et al., 2002) and are very confident that the sediment will support our BCMS. 5) Epibenthic megafauna occupy primary consumer and upper trophic levels in abyssal communities and as such are responsive to variations in food supply either directly or indirectly through their infaunal prey (e.g. Lauerman et al., 1997). 6) Previous studies have detected autofluorescence of chl-a in phytodetritus collected at abyssal depths (reviewed in Beaulieu, 2002). We anticipate such events as well at ALOHA where cytoplasm-containing diatom cells have been collected in sediment traps at 4000-m depth (Scharek et al., 1999). 7) The BCMS is proposed within the context of the ALOHA observatory and the option for other researchers to add sensors either on the BCMS or the larger observatory network is one of the greatest features of such cabled systems. Adding additional sensors to the BCMS would raise the overall cost of this proposal and we feel that the sensing instrumentation on the other complementary systems associated with ALOHA (see letters from Howe and Lukas) combined with the proposed guest ports will suffice while minimizing the overall costs. 8) Major changes have been made to the scientific goals and to the technology development including ROV installation and real-time testing of the BCMS on the MARS (Monterey Accelerated Research System) observatory at ~ 900-m depth (www.mbari.org/mars/).   We stress the timeliness of this proposal, with the ALOHA observatory infrastructure being installed in November 2007 and on target for science users in 2008 (see Letter of Support from F. Duennebier). 
II. Instrument Development

We will develop the Benthic Community Monitoring System (BCMS) to include a benthic platform with a sedimentation sensor, current meter and two benthic surveillance time-lapse cameras, using real-time data acquisition/processing with the following capabilities:

1. Operates autonomously at depths to 6000 m for periods up to 5 years with cable connection to ALOHA for power, communications, and data transmission ashore via underwater EOM cable.

2. Photographs two replicate 20-m2 areas of the seafloor with digital images taken at programmable frequencies and transmitted ashore in real time.

3. Measures fluorescent quality and photographs at programmable frequencies the sinking particulate matter approaching the seafloor at 2 mab with data transmission ashore in real time.

4.  Measures current flow near the seafloor with data transmission ashore in real time.

5. Automatically processes images from the sedimentation sensor and time-lapse cameras for initial interpretation of particle fluxes and movements of animals on the seafloor.

6. Allows user to change frequency of images/measurements in real time through communication via underwater EOM cable.
7. Capacity for incorporation of additional plug-in sensors from other investigators on the Benthic Platform.

A. Description of instrumentation

The principal component of the BCMS is the Benthic Platform, an updated design to that we developed and tested for the H2O observatory, consisting of a structural frame supporting a sedimentation sensor, 2 time-lapse cameras and a current meter (existing and updated components are listed in Table 1).  The BCMS will provide comprehensive time-series measurements of particulate matter reaching the seafloor combined with the visual monitoring of processes at the sediment surface in the context of the local flow regime.  In addition, we will develop change detection algorithms for images transmitted in real time to our shore-based laboratories.  Sampling frequencies appropriate for seafloor events that may occur during the long-term deployment may be altered remotely in real time.  Each of the components is described below.
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Table 1.  Description of ALOHA benthic community monitoring system
Component                                      Description



Existing










Component

	1. Benthic Platform
	
	

	   a. Structural framework
	Tetrapod frame of titanium angle and tubing, 2m x 2m at base with cantilevered strobe arms extending 75 cm out on each side.  Height 3m.
	Yes

	   b. Sedimentation sensor
	Customized McLane Parflux sediment trap, with sequencer modified for collection plate, fluorometer and digital cameras. Sediment trap sequencer consists of a stationary upper disk, and motorized rotating collection disk with hinged glass plate.
	Yes


	       Collection (station 1)
	Sedimenting material collected on glass plate of rotating disk w/ programmable collection time.
	Yes

	       Fluorometer (station 2)
	Wet Labs ECO FL(RT)D fluorometer for chl-a and phycoerythrin detection.
	No

	      Sedimentation photography (station 3) 
	Prosilica GE4000C 11MPixel digital camera  and a one-to-one macro lens, housed in windowed titanium housing. Sample is backlit by white light source.
	No

	      Glass plate cleaning (station 4)
	Cam-actuated lever rotates hinged glass plate into vertical position where it is "swept clean" by a stationary brush.
	Yes

	  c. Time-lapse camera (seafloor monitoring)
	Two Prosilica GE4000C 11MPixel digital cameras with 12-bit dynamic range housed in windowed titanium housings.
	No

	       Strobes
	Benthos 13" glass instrument spheres with electronics and strobes (400 watt-sec and 200 watt-sec) (8 strobes plus 2 spares)
	Yes

	  d. Current meter
	Aanderaa RCM 11-Mk II Doppler Current Sensor DCS 3820.
	Yes

	  e. Monitoring system controller w/
2 guest ports
	Titanium pressure housing with PC-104 microcontroller to control peripheral instrumentation. Multi 500GBhard drives will store data and images. System controller contains power conditioning electronics using bank of ultra-capacitors to store energy for strobe lights. Ethernet communication links provided to the ALOHA J-box.
	Yes - but
w/electronic

upgrades

required

	  f.  Acoustic navigation transponder
	Sonardyne HF, Homer transponder
	No

	2. Communication cable to J-box
	
	

	   a.  Cable and dispenser 
	Titanium cable dispenser w/ 580-m EM cable on removable reel.
	Yes

	   b.  Connector
	Connector and science interface (SIIM) compatible for MARS and ALOHA.   
	No


1.  Benthic Platform
a. Structural framework 
The existing frame (built for the H2O observatory) is constructed of titanium angle and tubing (2m x 2m x 3m high) with a single lift ring (bale) at the apex (Fig. 1a; Table 1).  This frame has sufficient strength to withstand free-vehicle deployment and resist corrosion for periods up to 5 years but with reduced structural complexity in the bottom 1 meter to minimize effects on the near-bottom flow in the study sites.  Supports on either side of the main frame secure the strobe lights at sufficient distances to maximize illumination of the two photographic sites while minimizing common volume scattering from suspended particulates.   An acoustic transponder will be mounted in the framework for ranging within the Remote Operated Vehicle (ROV) navigational network on the seafloor.

b. Sedimentation sensor

The sedimentation sensor will consist of a collection funnel, with a 0.5-m2 mouth opening, mounted vertically within the structural frame (Fig.1a, b, c; Table 1).  The tapered base of the collection funnel will be secured to an upper, stationary, delrin disk that supports the fluorometer and camera above and an offset, rotating, collection disk below with geared circumference.  The drive motor that rotates the lower gear will be attached to the underside of the stationary disk.  The rotating collection mechanism is a modification of a proven design used worldwide on long-term, sequencing sediment traps (Honjo and Doherty, 1988).  The rotating collection disk will have a polished glass plate forming the bottom of a cylindrical opening at the periphery of the lower disk (Fig. 1c) to retain the sample during examination.  Another cylindrical opening in the collection disk without a glass plate will be placed on the same radius to follow in each alignment position.  As the rotating disk is driven counterclockwise by a stepper motor, the glass sample plate becomes aligned with four different positions (stations).  In the collection position, station 1, the sample plate is aligned with the base of the collection funnel and sinking particles settle on the glass surface.  Sampling frequency will be programmable at desired intervals to minimize the occurrence of overlapping particles and optimize individual particle examination on the glass plate.  After the collection/sampling period, the collection disk with glass sample plate is rotated to the next station, station 2, aligning with an optical window in the upper stationary disk through which a fluorometer (Fig. 1b; Table 1) measures the fluorescence of the particles on the sample plate.  The collection disk then rotates to the next position, station 3, where a downward-looking digital camera (Fig. 1b; Table 1) photographs the collected particles using backlighting through the bottom of the glass plate which is etched with a scale-marker.  At this same time, the fluorometer aligns with fluorescent solid standards embedded in the rotating disk to provide calibration of the previous measurement.  The collection disk then rotates to the last position for cleaning, station 4, where a cam engages a lever arm on the hinged sample plate releasing the collected particles as the plate falls to a vertical attitude (Fig. 1c).  As the rotation continues back to the collection position, station 1, this sample plate passes by a stationary brush that cleans the glass surface before it springs back to a horizontal position beneath the collection funnel to continue the sampling and examination process.  The elapsed time from the collection station, through the examination stations and back to the collection station will require < 2 minutes.

An in situ fluorometer [Wet Labs, ECO FL(RT)D] at station 2 with a titanium pressure housing is positioned vertically above the rotating glass collection plate (Fig. 1b, Table 1).  The fluorometer system will be programmable and will excite the phytopigments on the collection plate at wavelengths characteristic of chlorophyll (chl-a, 470 nm) and phycoerythrin (PE, 540 nm), as indicators of fresh phytodetritus (Hewes et al., 1998;  Kolber et al., 1998; Rottgers, 2007).  Simultaneously with the excitation of phytopigments, emitted fluorescence will be monitored at 695 and 570 nm (Table 1), the in vivo wavelengths of PE and chl-a fluorescence (Hewes et al., 1998; Z. Kolber, et al., 1998; Rottgers, 2007). The fluorescence imaging system will be calibrated with a range of chl-a and PE concentrations before the first deployment and with solid standards (Turner Designs) after each sampling (during station 3). 
On completion of the fluorometric examination, the glass sampling plate will be rotated to the photographic station (station 3).  At this station, a downward-looking digital camera (11 MPixel) in a windowed pressure housing will photograph the collection on the sample plate with back-lighting from below by a white light source mounted on the lower stationary disk (Fig. 1b, c; Table 1).  The resulting digital image will be transmitted ashore for image processing and analyses of particle number and size.  On each rotation of the collection disk, facial O-rings on the rotating plate will pass across the optical surfaces of the fluorometer and digital camera stations, removing any adhering material (fouling) to preserve optical clarity.

c.  Time-lapse camera system for seafloor monitoring

Two digital cameras will be mounted obliquely in the apex of the benthic structural frame, with the lens of each aimed in opposite directions to image two separate areas of the seafloor (Fig. 1a, Table 1).  Each camera will have 11 MPixel resolution with 12-bit dynamic range (Table 1) and four strobes, two 400 watt-sec below and two 800 watt-sec above housed in glass spheres (Smith et al., 1993) for redundancy.  The strobes, mounted on extension arms to the sides of each camera, will illuminate two 20-m2 areas of the seafloor. The focal length and lens distortion of each camera will be calibrated before deployment.   Video monitoring of the deployment site by the Jason II ROV will provide an estimate of the depth the tetrapod sinks into the sediment for calibration corrections. Additional calibration corrections during deployment are described below (II.B.3).  Each seafloor camera system will include onboard data storage of 1 TB, sufficient to hold >5 yrs of 11 MPixel images acquired hourly, in the event of a communication failure.
d. Acoustic current meter

We will incorporate an Aanderaa Doppler current meter on the benthic platform to provide current velocity measurements at the level of the sedimentation sensor (Fig. 1a, Table 1).  Such flow measurements are critical in interpreting sinking particulate matter fluxes and ultimately interactions observed at the sediment-water interface.  We will compare our flow measurements with on-going studies conducted by R. Lukas (Lukas et al., 2001; see Letter of Support). 
e. Monitoring system controller

The system controller for the BCMS will consist of a PC-104 microprocessor and Ethernet interface for communication with the ALOHA junction box (Table 1). This unit is contained in a titanium pressure housing mounted on the benthic framework (Fig. 1a). The controller will supervise operations of the BCMS including the power allocation, the frequency of data sampling, and compression of data prior to its transmission to shore across the ALOHA observatory cable. The system controller also contains power conditioning electronics using a bank of ultra-capacitors to store energy and to limit the peak power demands from the ALOHA cable. The controller will contain 16GB  of in situ non-volatile data storage (compact flash) to provide uninterrupted data collection during communication outages. The controller software will be accessible to shore-based commands to change the sampling frequency of any component of the BCMS in real time.  This software also will have the flexibility to accept new programs for data manipulation to be loaded from ashore.  Two additional ports on the controller, supporting RS-232, RS-422 and 10/100 Ethernet, will accommodate guest sensors. 
2. Communication Cable assembly to ALOHA junction box

A critical consideration in deploying the BCMS is positioning the connection cable to the ALOHA junction box to prevent interference with the field of view of either seafloor camera. To minimize this interference, we will use an existing cable reel dispenser (Fig 2a).  This dispenser will be mounted 20 m above the structural frame and will consist of a reinforced polypropylene box with syntactic flotation enclosing a reel with a 580 m length of EM communication cable linking the BCMS controller to the ALOHA junction box (Fig. 2; Table 1).  The proximal end of this cable will be connected to the system controller while the distal end in the dispenser will be available for ROV attachment to the junction box.  In the deployed configuration the tethered reel dispenser will have 580 m of communication cable wound on a removable reel with 20 m of the proximal end leading down in tandem with the vertical mooring cable to the system controller below. The distal end of the communication cable will have a wet-mateable underwater connector compatible with the junction box fittings (Ocean Design) and a grip designed for ROV (Jason II) manipulation.  To overcome the problem of cable twisting, the cable reel is portable with a carrying framework for ROV manipulation while paying out the cable to reach the junction box (see deployment scenario below).
The BCMS will communicate with the ALOHA junction box over Ethernet, providing a multi-megabit-per-second connection for the transmission of large digital images. Standard Ethernet can’t propagate over the 580 m length of the communication cable assembly, so we will use a Science Instrument Interface Module (SIIM) at the distal (ALOHA) end of the cable. The SIIM utilizes commercial Digital Subscriber Line (DSL) technology to extend the Ethernet over the required distance. The SIIM will be contained in a small titanium cylinder with handles suitable for ROV manipulation.
3. Power requirements, digital image transmission, processing, and access

a. Power requirements and data transfer rate
The controller is the largest energy consumer on the BCMS as it will be running continuously, but will draw only a few watts. The strobes draw considerable power when charging but the power draw is minimized by the ultra-capacitors in the controller.  The peak power requirement of the entire system will be well below the 200W provided by the ALOHA cable (see Duennebier Support Letter). 
Our data rates, assuming 16 MB per image and a maximum of six images/hr for each benthic survey camera, would be 192 Mbytes/hr (426 kbits/sec) which is well below the nominal rate for the ALOHA cable (see Duennebier Support Letter). The sedimentation sensor camera and fluorometer on the Benthic Platform will draw less power and generate less data as they are triggered at intervals > one day. The current meter, reporting data every 30 minutes, will generate only about 5 KB per day. 
b. Data transmission/communication link
We will communicate with our instruments via IP (internet protocol).  We will “mirror” the subsea data storage from the monitoring system controller and the seafloor time-lapse camera systems to computers at Makaha, WHOI, and MBARI.  Data will be transferred directly from the subsea systems over the internet, through the ALOHA junction box to storage at the Makaha shore station, where it is forwarded to our computers at MBARI and WHOI.  We have accounted for data storage on the BCMS for buffering, in the event of a communications failure to shore. 
c. Image processing
Digital images taken on frequencies of minutes to days will be received at our laboratories (MBARI and WHOI) in near-real time.  To provide an initial measure of particle fluxes and megafauna movements, we will develop software to analyze images as they are received.  Automated analysis of the sedimentation sensor images basically involves feature extraction and segmentation (Jain 1989).  Our software will include feature detection routines based on edge detectors and morphological operators, allowing us to segment the back-lit particles. Additional algorithms will be required for the seafloor time-lapse images, in particular for change detection and tracking of conspicuous megafauna (e.g. Radke et al., 2005).  With funding for other projects [e.g. HabCam (http://habcam.whoi.edu/), Howland et al., 2006; also see H. Singh, Results of Prior NSF Support], we developed automated image processing routines in Matlab for enhancing detection of megafauna in images of the seafloor.  The length, width, and midpoint location in pixels and seafloor coordinates of each segmented region in each seafloor image will be recorded in a data matrix.  Segmented regions will be tracked from one image to the next to determine movements in successive frames.  We intend for the change detection algorithms developed in this project to be portable to images from other seafloor observatories.  
d. Data management and public access
The original and processed images, as well as results for abundance, size, and activity index for megafauna, will be formatted for display online via the 4DGeoBrowser.  Establishing this web-based browser will be an integral means by which we can manage the large number of images, data, and metadata during our analyses. As an analogy, the value of online data exploration and analyses for satellite images and data was recently reported by Acker and Leptoukh (2007).  Our website is intended for use by the PIs and other researchers as the main interface to the images and data, and also includes features that appeal to the general public and educators.  The goals for our website are several-fold: 1) Enable easy access to the images from the BCMS, which can be searched by date, event (i.e. peak in sinking flux), or keyword (e.g. species name). 2) Display processed images, and allow the user to download programs for image processing. 3) Enable the user to specify a date/time sequence and play the images (original or processed) as a time-lapse movie. 4) Plot results from image analyses (i.e. activities and abundance of taxon groups) along with sinking flux data. 5) Include links to complementary research activities conducted at the ALOHA site, such as the HALE ALOHA mooring and HOT cruises as well as satellite data including sea surface temperature and color (a proxy for chl- a concentration). 6) Provide pages that describe each taxon group, highlighting the characteristic seafloor fauna at ALOHA.

All of these goals can be accomplished with 4DGeoBrowser software, a web-based data browser and server developed at WHOI by co-PI S. Lerner (http://4dgeo.whoi.edu; Lerner and Maffei 2001).  Currently, 4DGeoBrowser applications are used by the National Deep Submergence Facility (i.e. Jason II and Alvin) and implemented in real-time for several observatories (i.e. Palmer Station TSG Observatory and Panama Liquid Jungle Underwater Tropical Observatory).
B. Deployment scenario for in situ monitoring system

1. Site survey

We will survey a 1-km square area around the proposed ALOHA deployment site with ROV Jason II to select an appropriate deployment area with low relief, minimal manganese nodule presence and free of prior disturbance.  A camera sled combined with otter trawl (Wakefield and Smithey, 1989; Lauerman et al., 1996) will be towed at a representative site several kilometers down current from the monitoring system to evaluate abundance, size, and spatial distribution and to provide positive species identification of the epibenthic megafauna (see Lauerman et al., 1996, for description of methods).  In addition, the ROV Jason II will take tube cores for sediment analyses (infaunal densities and chemical composition including carbon, nitrogen, and pigments; see Smith et al., 2002, for description of methods).  A representative size range of the dominant species of epibenthic megafauna will be collected with the ROV and placed in an insulated container for transport back to the surface.  These animals will be measured, weighed, and preserved for identification by appropriate experts and for interpretation of megafaunal biomass observed in the time-lapse and camera sled photographs of the seafloor.

2. Deployment of in situ Benthic Community Monitoring System (BCMS):

The BCMS will be deployed as a free vehicle array, with a releasable flotation package (see below) attached on a tether approximately 20 m above the Benthic Platform.  The flotation package will be compatible for seafloor manipulation with Jason II.  Positioning of this deployment will be accomplished within the long-term navigational transponder network to be established at ALOHA to assure a landing site within 50 m of the chosen site.  At the seafloor, Jason II will manipulate the BCMS by the flotation package, placing the Benthic Platform at the desired location approximately 500 m from the junction box (Fig. 2c).

3. Connection with ALOHA junction box:

After final positioning of the BCMS, Jason II will descend, grasp and pull the communication cable and reel from the cable reel dispenser located 20 m above the Benthic Platform using an attached grip/handle while the cable is held taut by the deployment flotation, above.  Jason II will then attach the distal end of the cable to the junction box via the underwater mateable connector (Fig. 2).  After connection, the fully deployed BCMS will immediately begin operation and we will contact the shore-based station via satellite internet to verify functional status from initial data transfer.  The BCMS will be configured with a lifting bale so that as a precaution, recovery is possible with Jason II using a tether from Medea.  Prior calibration of the camera system at the MARS test site will provide insight into the necessity of conducting additional calibrations at ALOHA. If needed, additional site-specific calibrations can be conducted by lowering a tethered scale-marker to the seafloor from Jason II in the field of view of each camera for calibration on the seafloor with minimal disturbance to the site (ROV altitude > 5 m). Angle from the tilt sensor in the acoustic current meter will be used to adjust our calibration of the field of view for image analysis (if it deviates from horizontal). Once the digital images with the scale markers have been received ashore at MARS and ALOHA, the marker will be pulled up by the tether and removed from the camera site.
4. Deployment of conventional sediment-trap mooring: We will deploy a mooring with one sediment trap at 2 mab in close proximity (~ 25 m away) to the BCMS.
5. Survey of site after one-year of operation
We propose to resurvey the ALOHA deployment site using Jason II after one year of successful operation to evaluate any impact of the instrument on a larger spatial range than observed through the time-lapse cameras on the instrument. Sediment cores for chemical and infaunal analysis and megafaunal collections will be conducted using Jason II (see above). In addition, a camera sled and otter trawl will be towed across the seafloor several km away from the monitoring site for comparison with the sampling conducted the previous year. The conventional sediment trap mooring will be recovered and the samples analyzed (see below).
III. Data analyses to address the four research questions:
1. What is the quality and quantity of sinking particulate matter entering the reaching the seafloor at ALOHA, as representative of the oligotrophic N. Pacific Subtropical Gyre? A temporal sequence of fluorescence of the sinking particulate matter detected by the sedimentation fluorometer at 2 mab will provide spectral quality on the fresh input of phytoplankton (chl-a) and cyanobacteria (PE) to the deep seafloor. A similar temporal sequence of the number and size of the same particles digitally imaged will provide quantitative estimates for comparison with time-series sediment trap collections from our moored sediment trap at 2 mab as well as similar collections as part of the continuing HOT program through the water column to 730 m above bottom. Our 14-day sequenced sediment trap samples (sequence timing to match that of the HOT sediment trap collection period) will be described microscopically (e.g. diatoms, forams, fecal pellets; see Beaulieu and Smith, 1998) and analyzed for organic and inorganic carbon, and nitrogen following the procedures described by Baldwin et al. (1998).
2. What functional and numerical responses are elicited in the epibenthic megafauna, conspicuous primary and upper trophic level consumers in the benthic community, by the quality and quantity of particulate matter arriving at the seafloor on time scales ranging from hours to years?  The number, size and activity of mobile epibenthic megafauna imaged by the seafloor time-lapse cameras will be analyzed on temporal scales comparable to the input of particulate matter to evaluate short-term changes related to food supply (e.g. Smith et al., 1994) and long-term population fluctuations (e.g. Ruhl and Smith, 2004). 
3. What is the temporal relationship between near-surface primary production and the quality and quantity of particulate fluxes to the sea floor at ALOHA? The structure of the plankton community and primary production will be measured monthly by the HOT program and their results will be compared to the quality and quantity of sinking particulate matter measured by the sedimentation sensor mounted on the BCMS as well as by the traditional sediment trap proposed at 2 mab and those maintained by the HOT program. We expect to find time-lagged correlations between surface events (e.g. Letelier et al., 2004; Keeling et al., 2004; Brix et al., 2004) and those at the deep-sea floor.
4.  Is there a relationship between observed benthic community dynamics at 4760m depth to temporal variation in near-surface primary production, zooplankton abundance, surface conditions and climatic indices? Particulate matter fluxes to the seafloor and the observed number, size and activity of the mobile epibenthic megafauna will be compared on a variety of temporal scales to the measured phyto- and zoo-plankton dynamics in the euphotic zone, sea-surface conditions such as mixed layer depth and SST, satellite estimated SST, chl-a, NPP, and EF, and local to global scale climatic conditions.  These comparisons importantly will include data available through the HOT program, satellite oceanography data provided by imagers such as the Moderate Resolution Imaging Spectroradiometer (MODIS) and Sea-viewing Wide Field-of-view Sensor (SeaWiFS), and spatio-temporal climate data and analytical tools available through the National Oceanographic and Atmospheric Administrations Climatic Data Center (http://www.cdc.noaa.gov/).  


The processes leading to the settling of particles on the abyssal seafloor extend from the atmosphere to the seafloor.  Of particular interest has been the timing and intensity of links between climatic variations related to the El Nino Southern Oscillation, surface conditions and production, POM fluxes to the abyssal sea floor (see Smith et al., 2006), and the potential importance of the collection area seen by various types of sediment traps (Siegel and Deuser, 1997).  Because particles have substantially more horizontal motion than vertical motion as they sink and those horizontal motions are the product of multiple overlapping flow forcing such as semi-diurnal tides, wind driven currents, and eddies, the physical water mass from which the sunken particles may have come resembles a large funnel.  Particles reaching a trap on the abyssal seafloor may have originated from surface waters 10’s to hundreds of km around the trap location, referred to as the statistical funnel (Siegel and Deuser, 1997).  This statistical funnel functionally acts to increase the amount of spatio-temporal averaging in the sampling of material originating in surface waters.  Recent efforts by Siegel et al., (in review; see: http://www.whoi.edu/science/MCG/cafethorium/website/publications/Siegel_etal_TrapCollection070506.pdf) have illustrated how in the case of deep-moored traps such as the ones used here the spatio-temporal location of the collection funnel can be estimated based on a combination of satellite estimated geostrophic flow and seafloor ADCP measurements.  Estimations of the size and orientation of the collection funnel should aid substantially in discerning where particles might be originating from and ultimately to the factors leading to the changes on the seafloor.  Although the trap is essentially a point sensor, analyzing the flux data within a spatio-temporal context enables for better mechanistic and process-oriented forcing to be discerned.  Such mechanistic understanding will allow for the best possible portability of the findings to other areas.  
IV. Project Schedule
Phase 1 (March  2008 - October 2008): In the first 8 months, the MBARI group will develop the BCMS including upgrading and assembly of the sedimentation sensor system, digital cameras (with assistance from the WHOI group), acoustic current meter interface, system controller, and cable reel dispenser.  The WHOI group will assemble and test the seafloor time-lapse cameras, develop image processing protocols, and develop the web browser for the BCMS images and data. A meeting of co-PIs will be held at MBARI early in Phase I.  We will conclude Phase I with tank testing of the BCMS using a real-time cable hookup to MARS. 
Phase 2 (November 2008 - May 2009): During this 7-mo period, we will install the BCMS at the MARS observatory for a two-month test with real-time monitoring. We will request a total of four days of Point Lobos with ROV Ventana (MBARI), two days in November for installation/observation and two days in January for final observation and unplugging of the BCMS. Underwater calibration of the digital cameras will be conducted by the WHOI group.  The WHOI group will use images from the MARS test deployment to refine software interfaces and image processing protocols. A meeting will be held in Phase 2 with the Jason II group at Woods Hole to discuss positioning and connecting our system to the ALOHA junction box.
Phase 3 (June 2009 - August 2009): A 14-day cruise on R/V Melville (UNOLS) is requested in Phase 3 to conduct a site survey and deploy and connect the BCMS to the ALOHA junction box using Jason II. The conventional sediment trap mooring will also be deployed. 
Phase 4 (August 2009 – February 2011): The one-year, time-series collection and analysis of sedimentation and seafloor images will commence with the BCMS at ALOHA.  Algorithms to process the digital images in real time will be generated for particles collected and for megafauna observed at ALOHA. The real-time website will be operational, providing public access to original and processed images of the sinking particles and of the abyssal seafloor.  Resurvey of the deployment site using Jason II from R/V Melville will be scheduled in September 2010 to evaluate noticeable physical or biological impacts on the surrounding area. The conventional sediment trap mooring will be recovered and the samples analyzed for comparison with BCMS imaging results. When the BCMS is operational, we will submit a new proposal to continue the long-term monitoring program beyond Phase 4.  During the last several months of this proposed project, we will prepare manuscripts describing the BCMS including an analysis of the data from the first year of deployment.

V. Broader Impacts
A. Promoting teaching, training, and learning
Our deployment cruise at the ALOHA observatory has been selected for the Dive and Discover Program (http://divediscover.whoi.edu/), an online learning experience that enables middle-school students to experience a research cruise in action.  We will host a science writer who will post a daily log during the cruise and conduct interviews of the scientists and crew.  We will answer student questions directly through a daily “Mail Buoy”.  This will introduce students and teachers to ocean observatories and multi-disciplinary research.  Dive and Discover has received several awards, including being selected by Scientific American as one of the web's 50 greatest hits.  Over 10,000 students in the United States, Canada, UK, Guam, and the Seychelles Islands have used the associated Educator Companion Manual.  For our ALOHA observatory cruise, we will create two new modules (InfoMods) for the website and Educator Manual: 1) for deep-sea benthic fauna, and 2) for deep-sea photography.  Through Dive and Discover’s existing mailing list, we will establish a relationship with several teachers prior to the cruise, to ensure direct participation during the cruise as well as to follow-up after the cruise.
Postdoctoral, graduate and undergraduate students, teachers, and volunteers will be an integral part of developing, testing, installing, and analyzing images from the BCMS. We will work with Dr. G. Matsumoto, education specialist at MBARI, to integrate data from the ALOHA observatory into part of a teacher workshop in Year 3 of the project. Data from the MARS test deployment of our system will be featured on the MBARI expedition webpage (www.mbari.org/expeditions). Over the last 10 years, K. Smith supported 26 undergraduates through Research Experience for Undergraduates (REU) awards from NSF to participate on cruises in the Antarctic and in the N Pacific.  Graduate students from the University of California San Diego, University of San Diego and San Diego State University have been integral to K. Smith's NSF funded studies over the past 30 years.  Five PhDs and one MS degree have been awarded for research related to the NSF funded studies in K. Smith's laboratory over the past 10 years along with support for 8 post-graduate students.  Undergraduate, graduate and post-graduate students also have been integral to H. Singh's group at WHOI, which currently includes 3 graduate students in the MIT/WHOI Joint Program.  For this proposed research, we will support one postdoctoral investigator, one graduate student, and an undergraduate intern at MBARI and a graduate student and summer undergraduate fellow at WHOI.  In addition, Beaulieu incorporates real-time data from observatories into the curriculum for the graduate Biological Oceanography course at WHOI.
B. Enhancing infrastructure

The technology and software generated in developing the BCMS will contribute to the NSF Ocean Observatories Initiative and can be readily applied to other cabled deep-sea observatories and to the global buoy observatory network.  Development of image change detection algorithms will prove valuable for event response as researchers gain increased access to digital images from seafloor observatories.  Our proposed monitoring system will also serve as a platform for sensing/sampling systems provided by other investigators to make complementary time-series measurements in an effort to better resolve complexities of pelagic/benthic coupling on temporal scales of minutes to years.

C. Disseminating results broadly
By introducing teachers and students to our project during the Dive and Discover cruise and MBARI teacher workshop, we will stimulate interest in the real-time data that will be streaming from the observatory.  Once installed, our BCMS will serve as a deep-sea “weather station” and “web cam” to the seafloor (see R. Lukas, Letter of Support).  The “rain” will be the sinking particulate matter fluxes, the “wind” will be the currents, and the “web cams” are surveillance cameras for the activities of deep-sea animals.  Real-time data and images from the system, and highlights for charismatic benthic fauna, will be posted on our project website, accessed directly, or through MBARI’s Ocean Observatories webpage, WHOI’s Center for Ocean, Seafloor and Marine Observing Systems, and the HOT online database.  We are designing our project website as described above (II.A.3.d) with components for interest levels ranging from grade school students to scientific researchers.
VI. Intellectual Merit
The deep sea (depths >1000 m) represents the largest portion of the earth's surface.  However, our knowledge of biogeochemical cycling in the ocean generally decreases with increasing depth.  There have been many attempts to compare the sinking flux of particulate organic matter (POM) in the water column with processes in the sediments on a variety of time scales.  However, given the temporal resolution of measurements of biogeochemical processes in the deep sea, it has been difficult to interpret the coupling between a pelagically-derived food source and its utilization by the benthic community.  Long time-series studies with high temporal resolution are essential in examining the coupling of pelagic and benthic processes.  The commitment of energy, resources and time to such long-term measurements is great and continuity in sampling is essential to avoid missing crucial events required to interpret the deep-sea time-series data in conjunction with upper ocean processes and climatic changes.  The existence of an 18-yr time series of water-column processes combined with the installation of a cabled observatory at ALOHA provide unparalleled opportunities to study the short- and long-term importance of a temporally-varying food supply on the abyssal benthic community.  The BCMS that we will develop and deploy at ALOHA will provide real-time, interactive capability to assess pelagic/benthic coupling in the context of water-column processes being measured at comparable temporal scales, completing an examination of an ecosystem from surface waters to abyssal sediments.  In order to predict the impact of human activities or future climate change on deep-sea communities, we must understand how deep-sea fauna respond to natural fluctuations in their environment.  Our time series of photographs, combined with particle flux data, have the potential to transform our understanding of the responses of deep-sea benthic fauna to a temporally-varying food supply. 
VII. Results of Prior NSF Support
K.L. Smith: OCE-0002385, $1,137,300, 01/01/01 - 12/31/06.  Collaborative Research: Food Limitation in the Deep Sea: A Test of a Paradigm Using a Long Time-Series Photographic Monitoring System with Real-Time Data Acquisition.  In collaboration with S. Beaulieu at WHOI, we developed a benthic monitoring system for the Hawaii-2 Observatory (H2O) with real-time data acquisition via an Electro-Mechanical cable (EM).  The sedimentation sensor and digital time-lapse cameras were intended to monitor the flux of particulate matter as well as the activity of epibenthic megafauna in two 20 m2 areas of the seafloor at the H2O site over a period > several years.  The H2O observatory became non-functional before our scheduled deployment of a benthic monitoring system in fall 2003 and has now been discontinued as of 2006. Publications supported by this grant: 1) Smith, K.L., Jr., R.J. Baldwin, D.M. Karl and A. Boetius (2002) Benthic community responses to pulses in pelagic food supply: North Pacific Subtropical Gyre. Deep-Sea Res.I. 49: 971-990. 2) Smith, K.L., Jr., R.J. Baldwin, H.A. Ruhl, M. Kahru, B.G. Mitchell and R.S. Kaufmann (2006) Climate effect on food supply to depths greater than 4,000 meters in the northeast Pacific. Limnol. Oceanogr. 51: 166-176.

S. Beaulieu: OCE-0002223, $227,015, 01/01/01 - 12/31/05.  Collaborative Research: Food Limitation in the Deep Sea: A Test of a Paradigm Using a Long Time-Series Photographic Monitoring System with Real-Time Data Acquisition.  (Collaborative research with K. Smith described above).  Beaulieu analyzed megafauna species composition and density from ROV and camera sled surveys at the H2O study site.  Results were presented at the 11th International Deep-Sea Biology Symposium in July 2006 (manuscript in prep.).  Additional presentations included: 1) OHP/ION Symposium on Long-Term Observations in the Oceans; 2) Scientific Cabled Observatories for Time Series Workshop; 3) NOAA/ USGS Fisheries and Benthic Habitats Symposium.  Review paper: Beaulieu, S.E. (2002) Accumulation and fate of phytodetritus on the seafloor.  Oceanogr. Mar. Biol .Ann. Rev. 40: 171-232.  H2O biology website cited in 2002 by Science News Vol. 162, p. 262 and Copeia Vol. 4, p. 1144: http://www.whoi.edu/science/B/people/sbeaulieu/H2O.

H. Singh: EEC-9986821, $550,000, 09/01/00 - 08/31/05 (extended to 08/31/2010).  An Engineering Research Center for Subsurface Sensing and Imaging Systems - CenSSIS.  This grant was instrumental in the development, building, and testing of the SeaBED AUV, an autonomous underwater vehicle used in photographic and bathymetric surveys of the seafloor.  Journal articles resulting from this grant: 1) Singh, H., Armstrong, R., Gilbes, F., et al. (2004) Imaging Coral I: Imaging coral habitats with the SeaBED AUV. Subsurface Sensing Technology and Applications 5(1): 25-42.  2) Armstrong, R., Singh, H., Torres, J. et al. (2006) Characterizing the deep insular shelf coral reef habitat of the Hind Bank marine conservation district (US Virgin Islands) using the Seabed autonomous underwater vehicle. Continental Shelf Research 26(2): 194-205.  3) Singh, H., Can, A., Eustice, R., Lerner, S., et al. (2004) Seabed AUV Offers New Platform for High-Resolution Imaging. EOS Transactions, AGU 85(31): 289-294.  
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Fig. 2. BCMS deployed on seafloor.  a) Cable dispenser intact. b) Cable reel being removed by ROV (ROV omitted for clarity). c) Communication cable connected to junction box. 
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Fig. 1. BCMS.  a) Benthic Platform with components. b) Side view of sedimentation sensor. c) Bottom oblique view of sedimentation sensor with glass collection plate in closed position and open (cleaning) position (stationary brush omitted for clarity).
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