PROJECT DESCRIPTION

I. Introduction and rationale
Long time-series records of sinking particulate fluxes have revealed seasonal and interannual variability in organic matter, or food, supply to the deep ocean (e.g. Karl et al. 1996, Conte et al. 2001, Lampitt et al. 2001, Smith et al. 2001).  Although long time series of food supply have allowed scientists to speculate on the importance of such temporal variability to deep-sea communities, very few studies exist to show that deep-sea fauna respond to the seasonal and interannual changes.  Several studies indicate that the small organisms living within the sediment (i.e. bacteria, meio- and macro-fauna) respond to seasonal increases of particulate organic carbon (POC), for example by increasing oxygen consumption (e.g. Smith et al. 2001), biomass (e.g. Pfannkuche 1993), and/or abundance (e.g. Drazen et al. 1998).  In a recent review of biological responses to seasonally varying fluxes of POC to sea floor, Gooday (2002) reported that measurable responses by larger organisms, or megafauna, “are less common and confined largely to continental margins” (see Letter of Support from A. Gooday, Southampton Oceanography Centre).  Megafauna are large organisms (>1 cm) that can be sampled with trawls and/or observed in photographs of the sea floor.  Megafauna impact the fate of POC at the sea floor through their feeding activities (consumption and caching) and mixing (bioturbation) of the sediment.  Temporal variability in the abundance and activities (i.e. movements) of megafauna would impact biogeochemical processes at the sea floor, for example through increased bioturbation of the sediment.

Difficulties in observing and sampling these larger and longer-lived organisms have restricted our understanding of their responses to seasonal or interannual changes in POC flux.  Although some species of deep-sea megafauna exhibit seasonality in reproduction and recruitment (summarized in Gooday 2002), this seasonality is difficult to link directly to food flux (Eckelbarger and Watling 1995).  Limited evidence for direct coupling of epibenthic megafauna to food supply comes from growth-rate (Lampitt 1990) and behavioral responses (Smith et al. 1994, Kaufmann and Smith 1997) studied by time-lapse photography.  Analysis of time-lapse photographs during a 17-month period at Station M at 4100-m depth in the NE Pacific indicated that mobile epibenthic megafauna were more active during summer and fall when phytodetrital aggregates were visible on the sea floor (Smith et al. 1994, Kaufmann and Smith 1997).  Megafauna, in particular holothurians, increased their activity two-fold and changed their patterns of movement when phytodetrital aggregates were visible on the sea floor (Smith et al. 1994, Kaufmann and Smith 1997).  Echinoderms, in particular, may be selective for “fresh” phytodetritus as a food source; phytodetritus often is concentrated in the gut contents of deep-sea echinoderms as determined by microscopy and/or by phytopigment analyses (e.g. Billett et al. 1988, Campos-Creasey et al. 1994, Duineveld et al. 1997, Miller et al. 2000, Iken et al. 2001).  
Located about 200 km from the coast of California, Station M (Sta. M) was the focus of a 13-yr study of pelagic-benthic coupling at an abyssal site.  Time-lapse photographs of the sea floor were collected for an unprecedented 13 years from Jun 1989 to Sep 2002, in addition to a time-series record of sinking particulate fluxes (Fig. 1).  Although there are gaps in the sequence, this time series of photographs of ~20 m2, taken once per hour, is perhaps the best data set available in the world to assess the responses of deep-sea epibenthic megafauna to a temporally varying food supply.  Particulate mass fluxes to deep, moored sediment traps varied seasonally and interannually, and exhibited a long-term decline from 1989-1996 (Baldwin et al. 1998, Smith and Kaufmann 1999, Smith et al. 2001).  The seasonal cycle was well-correlated, with ~50-d lag, to the Bakun upwelling index, a proxy for productivity near the coast (Baldwin et al. 1998).  As

Figure 1.  Ten-year time series of POC flux at 600 m above bottom at Sta. M (some gaps were filled by flux at 50 m above bottom; Smith et al. 2001).  Line segments above the plot for POC flux indicate availability of time-lapse photographs, with circles representing deployment and recovery dates of the camera tripod.  Flux data for Jun 2001 - Sep 2002 have yet to be analyzed.
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explained in a recent paper by Barth et al. (2002), phytoplankton from coastal upwelling zones can be transported to deeper waters up to 300 km offshore through meanders in the California Current jet.  The interannual variability in fluxes may be correlated to El Nino-Southern Oscillation (ENSO) events (e.g. 1992, 1997; Baldwin et al. 1998) and the longer-term trend perhaps to the recently-proposed shift in the Pacific from the warm “sardine regime” to the cool “anchovy regime” in the mid-late 90’s (Chavez et al. 2003).  
The only data set comparable in its longevity is that of particle flux measurements, Bathysnap photographs, and trawl collections at the Porcupine Abyssal Plain (PAP) site in the NE Atlantic (Bett et al. 2001, Billett et al. 2001, Lampitt et al. 2001).  An analysis of time-lapse photographs from the PAP site revealed an increase in epibenthic megafaunal "tracking,” or traversing of the sediment surface, between two periods of study (1991-1994 and 1997-2000), coincident with a decrease in the amount of phytodetritus visible on the sediment surface (Bett et al. 2001).  In particular, the increases in abundance and tracking of two echinoderm species, a holothurian and an ophiuroid, were linked to the disappearance of the phytodetrital “fluff” layer that accumulated seasonally at the PAP site in the early 1990's (Bett et al. 2001).  These two species apparently were feeding selectively on phytodetritus (Iken et al. 2001).  Indeed, the analysis of photographs along with trawl data (from 1989-1999) at PAP provided clear evidence of a long-term (i.e. decadal-scale) change in megafaunal community composition in the deep sea (Billett et al 2001).  A similar change in megafaunal species composition may have occurred over the 13-yr study at Sta. M, as determined from preliminary examination of camera sled transects and trawls (H. Ruhl, unpub. data).

For the time-lapse photographs from Sta. M, the labor-intensive nature of manually analyzing the film has precluded the study of megafaunal activity in the majority of the deployments of the time-lapse camera system.  A major objective in this project is to develop computer-assisted methods for classification and tracking of organisms in successive photographs, to facilitate the processing of the large image archive.  We are interested in the responses of epibenthic megafauna to natural fluctuations in food supply.  We would like to analyze the 13-yr time series of photographs at Sta. M for seasonal and interannual variability, as well as long-term trends in the benthic community, testing the following null hypotheses:
Hypotheses:

(1) There is no seasonal variability, interannual variability, or long-term trend in the abundance or activities of epibenthic megafauna at Sta. M as representative of the deep NE Pacific.
(2) There is no correlation (coupling) between the abundance or activities of epibenthic megafauna and the supply of food as measured by sinking POC flux at Sta. M.
With these hypotheses, we intend to determine whether deep-sea megafauna exhibit numerical and/or functional responses to their varying food supply.  A numerical response typically is measured as a change in abundance and/or biomass for a population of organisms.  For megafauna (i.e. large and long-lived organisms), we would anticipate a numerical response only over time scales on the order of years, decades, or longer.  Although a seasonal increase in abundance has been demonstrated for some deep-sea protozoa (e.g. Drazen et al. 1998, Kitazato et al. 2000), metazoa usually do not respond numerically within a short time period following the deposition of phytodetritus (e.g. Gooday et al. 1996).  However, over longer time periods, even deep-sea megafauna now have been shown to change markedly in abundance (e.g. the holothurian Amperima rosea in the NE Atlantic), perhaps in response to environmental forcing (Billett et al. 2001).  We will check the abundance and biomass of megafauna at Sta. M for correlation to interannual variability such as ENSO events and to longer period cycles including the Pacific Decadal Oscillation (PDO) and the “anchovy”/”sardine” regime shift (Chavez et al. 2003).

In contrast, we would anticipate functional responses, such as increases in foraging activity or changes in foraging patterns, on much shorter time scales.  Food often arrives to the deep sea in pulses, lasting on the order of days to weeks.  On the sea floor at Sta. M, detrital aggregates are visible in photographs for an average of only two days, before decomposing and becoming indistinguishable from background sediment (Smith et al. 1994).  Some researchers have suggested that deep-sea, benthic organisms may be adapted to processing the pulsed downpours of phytodetritus (e.g. Linke et al. 1995, Levin et al. 1999).  Manual analysis of time-lapse photographs from Sta. M during Jun - Oct 1994 revealed some evidence that echinoderms respond to increases in food supply by increasing their activity (Deployment 2022; S. Beaulieu, unpub. data).  The areal coverage (a proxy for epibenthic feeding activity) of ophiuroids peaked twice, during the two pulses of maximum chlorophyll a flux.  In addition, the average speeds of the urchin Echinocrepis sp. and the holothurian Peniagone sp. during this high food supply period were 9.7 and 16.7 cm hr-1, respectively, in contrast to 6.2 and 8.1 cm hr-1 during a low food supply period (an increase of 56% and 106%; data for Mar - Jun 1991 in Smith et al. 1993).  As implied above for the PAP site, increased tracking of the sea floor would affect biogeochemical cycling in the sediment.  Some foraging activities might also be consistent with age-dependent mixing of sediment, suggested for several sites in the deep sea (reviewed by C. Smith et al. 1993).  
In addition to addressing the above hypotheses, the research described in this proposal has broader impacts for science and society.  We will gain valuable information about the behavior of little-studied deep-sea animals.  For example, the field of view in Deployment 2022 included an echiuran burrow and fecal mound.  A previous time-series study of deep-sea echiuran feeding behavior was limited to only a few days of observations (Bett and Rice 1993). Our procedures for image processing and analysis will prove valuable as researchers gain increased access to photographs of the deep sea from sea-floor observatories.  Our web-based data browser (described in Section II D) will be an important resource for illustrating and understanding the soft-sediment, deep-sea ecosystem.  Ultimately, we need to understand the responses of deep-sea fauna to natural fluctuations in their food supply in order to distinguish anthropogenic impacts and predict effects of climate change on this-- perhaps not so-- remote ecosystem.  

II. Methods
A. Study area and sample collection

Station M (Sta. M), located at 34 50 N, 123 00 W in the NE Pacific, lies beneath eutrophic waters of the California Current at 4100-m depth.  The sea floor at Sta. M, consisting of silty-clay sediment, has extremely little topographic relief (< 100 m over 1600 km2).  A free-fall, time-lapse camera system was deployed for contiguous 4-month periods at Sta. M from Jun 1989 - Sep 2002 (Table 1).  This “camera tripod,” described by Smith et al. (1993), consists of a Benthos 377 camera, two strobes, batteries and electronics, ballast weight, and a timed release (Fig. 2).  The camera held a 400-ft roll of 35-mm color negative film (Fuji F500) and was programmed to take one photograph per hour with the strobes illuminating ~20 m2 of the sea floor.  All 32 deployments of the camera tripod lie within an area ~2 km across and can be considered to have observed the same study site although not exactly the same 20 m2 area.  Repeated deployments are preferable to a single long-term deployment in which the camera lens might get fouled and the tripod potentially would act as a refuge (effectively an artificial reef).


Out of the 115800 images expected for a complete time series of one photograph per hour for 13 years and 77 days, we have 58521, or 50.5%, due to periods in which the tripod was not deployed, was lost, or had technical difficulties with the camera (Table 1).  Among the total of 6 years and 248 days of collected photographs, we do have five complete years with consecutive photographs to examine seasonal variability in animal abundance and activity (as detailed below).  The total of 26 rolls of film containing the time-lapse photographs will be loaned to us by Dr. K. Smith at Scripps Institution of Oceanography, Chief Scientist for the long-term monitoring at Sta. M (Smith and Druffel 1998; see Letter of Support).  In addition to the archive of photographs already collected at Sta. M, we have the opportunity to re-deploy the camera tripod from Feb 2004 - Feb 2005 (extending the time series) on cruises already funded for Dr. K. Smith (see Letter of Support).


Also during Jun 1989 - Sep 2002, an array of sediment traps was deployed nearby (or directly above the camera tripod) to collect particulate matter sinking into the benthic boundary layer at Sta. M (Smith et al. 2001).  Sediment traps were moored at 600 and 50 m above bottom

Table 1.  List of time-lapse camera tripod deployments at Sta. M from 1989 - 2002.  The longest period with consecutive images, obtained from eight contiguous deployments, was Jun 1994 - Oct 1996.  During two periods (Oct 1996 - Nov 1997 and Dec 1998 - Jun 2001), the tripod was not deployed at Sta. M.  For the six periods listed below in which no images were collected, four involved technical difficulties with the camera and two involved complete loss of the tripod.

	Deployment I.D.
	No. Frames
	Deploy Date
	Recover Date

	121
	48
	6/24/1989
	6/26/1989

	211
	120
	10/24/1989
	10/29/1989

	223
	2739
	10/29/1989
	2/22/1990

	323*
	2999
	2/23/1990
	6/28/1990

	448*
	2801
	6/29/1990
	10/24/1990

	510*
	713
	10/25/1990
	2/21/1991

	612*
	2927
	2/22/1991
	6/22/1991

	715*
	718
	6/23/1991
	7/23/1991

	805
	0
	7/24/1991
	10/22/1991

	1010
	0
	10/23/1991
	2/22/1992

	1125
	0
	2/27/1992
	Not recovered

	1236
	540
	6/28/1992
	7/21/1992

	1404
	0
	7/21/1992
	10/18/1992

	1610
	0
	2/20/1993
	2/22/1993

	1616
	3422
	2/22/1993
	7/15/1993

	1707
	2660
	7/17/1993
	11/5/1993

	1813
	0
	11/5/1993
	Not recovered

	2010
	54
	6/16/1994
	6/18/1994

	2022*
	3085
	6/18/1994
	10/25/1994

	2311
	2760
	10/26/1994
	2/18/1995

	2411
	2533
	2/18/1995
	6/4/1995

	2612
	2533
	6/4/1995
	11/18/1995

	2718
	1789
	11/18/1995
	2/1/1996

	2918
	2922
	2/1/1996
	6/3/1996

	3027
	3086
	6/3/1996
	10/10/1996

	3301
	3934
	11/11/1997
	4/24/1998

	3408
	2972
	4/25/1998
	8/31/1998

	3510
	2629
	8/31/1998
	12/19/1998

	3708
	3143
	6/16/2001
	10/25/2001

	3822
	2850
	10/26/2001
	2/23/2002

	3909
	2532
	2/24/2002
	6/10/2002

	4010
	2012
	6/11/2002
	9/9/2002

	Total No. Frames
	58521
	
	


* Manual analysis complete (can compare results with processing of digital images).

	Figure 2.

Sketch of the camera tripod on the bottom at Sta. M.  The camera is mounted at 2 m above bottom.  The photograph shows three urchins in the foreground (indicated by arrow).

Note: this sketch is for illustration only; the actual size of the tripod is much larger relative to the photograph.
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in contiguous deployments, with two gaps in the time series (Oct 1996 - Nov 1997 and Dec 1998 - Jun 2001).  As shown in Fig. 1, results from these deployments indicated both seasonal and interannual variability in sinking POC flux (Smith et al. 1994, Baldwin et al. 1998, Smith et al. 2001), as well as a long-term decline from 1989-1996 (Smith and Kaufmann 1999).  Our collaboration with Dr. K. Smith will give us access to these data, including unpublished results for Jun 2001 - Sep 2002 (see Letter of Support).
B. Image processing
Previously published data for megafaunal activity at Sta. M involved manual analysis of the 400-ft rolls of film, as described by Smith et al. (1993), Smith et al. (1994), and Kaufmann and Smith (1997).  This time-consuming work (e.g. 1-2 months of labor to process a single roll) entailed projecting each individual frame onto a flat surface and using an acoustically-linked “pen” to digitize the position and/or dimensions of each organism in each photograph.  Digitized coordinates for each organism were transformed to sea-floor coordinates through a perspective grid calibrated for oblique photographs (Wakefield and Genin 1987).  The six rolls of film from Sta. M that were examined by this process are indicated in Table 1.

Manually digitizing organisms in projected photographs, followed by a tedious compilation of the data with comments entered on separate spreadsheets, was state-of-the-art technology a decade ago.  Now, however, the technology for digital image processing has evolved, becoming less expensive and with software widely available for image analysis.  If we are able to convert our film archive to digital images, we will be able to complete the analysis of the entire time series at Sta. M through the procedures described below.  The work described in this proposal is possible, today, because of (1) the reduced costs for scanning 35-mm film at comparable resolution and color depth to the original film, and (2) widely-available and low-cost software with extensive image processing capabilities (e.g. Matlab, which is widely used by the oceanographic community).

The methods described below will enable rapid analysis of the large number of photographs.  We envision the image analysis as an interactive, computer-assisted process, with both automated and manual components.  With funding for a project that we are conducting at a deep sea-floor observatory (see Results of Prior NSF Support), we developed some automated image processing routines in Matlab (Release 13 Mathworks).  With funding remaining on that project, we anticipate completing the automated procedures described in Section 2 below for segmentation (i.e. detection) of organisms in the sea-floor photographs.  Here we propose to refine the methods described in Section 1 below, tailor the routines in Section 2 for organisms common at Sta. M, and develop the additional tools described in Section 3.  Our tools for analyzing oblique images of the sea floor will be portable to images obtained by time-lapse cameras in other areas of the ocean, including images from sea-floor observatories.

1. Scanning and image registration

The first challenge for this project is to scan the 400-ft rolls of film to digital images.  We are looking for several features in a scanner:

(1) wide dynamic range, preferably with 16-bit per color channel,

(2) resolution of 2000 x 1308 pixels, yielding on average 2 mm in X and 4 mm in Y sea-floor coordinates,

(3) speed, preferably < 20 sec per scan (note: 20 sec for 60000 scans is about 14 days of continuous scanning), and

(4) ability to scroll through an entire 400-ft roll without cutting the film.

For our first attempt at scanning a 400-ft roll from Sta. M, we used “seed money” from a project supported by CenSSIS (see Results of Prior NSF Support).  We scanned the film from Deployment 2022 with a high-speed Kodak Professional HR Universal Film Scanner with a long-roll adapter and Digital ICE( hardware (Applied Science Fiction, Inc.) to reduce surface defects (i.e. dust and scratches).  Because Kodak’s edge detection software for automated scanning yielded only 85% of the frames (R. Murawski, pers. comm.), the film had to be advanced manually frame-by-frame through the scanner.  We scanned at 8-bit per color to file sizes of ~6 MB (1826 x 1184 pixels) which resulted in a total of ~18 GB for the single 400-ft roll (note: 60000 such images would result to ~400 GB).  Each image was given a filename that corresponded to the time that the photograph was taken (e.g. 1994062918.TIF for the photograph taken at 6 PM on 29 June 1994). 

Our second challenge, and our first in Matlab, is to register (i.e. align by rotation and translation) all the scanned images to the same coordinate system.  This would not be an issue if the camera tripod used a digital camera in the first place.  However, it is an issue with scanned 35-mm film because the actual frame of each photograph must be "cropped" from the scanned film segment (see Fig. 3).  For the images from Deployment 2022, we accomplished image registration by the following procedure: (1) edge detection to detect lines around each frame and determine their intersection points (i.e. corners), (2) aligning the "best" corner (i.e. the corner created by the edges with the best statistical fit) with the center of a reference frame, and (3) cross-correlating the time code in the aligned image with the average time code of 20 images selected from throughout the time series.  With a regular laptop PC running Matlab, the registration of ~100 images at a time can be completed in less than 5 minutes.  The registration of the digital images allows-- for the first time-- the time-lapse photographs from Sta. M to be played as a movie file (see: http://www.whoi.edu/science/AOPE/cofdl/stace/time-lapse.html).

Figure 3.  Extracting and registering a frame from the scanned long-roll film.
In this oblique photograph, the field of view is approximately 2 m across at the bottom edge, 5 m across at the top edge, and about 5 m from bottom to top.  A holothurian, Oneirophanta mutabilis, is visible at left (indicated by arrow), and an echiuran mound is visible at the top center of the photograph.
	Original, scanned image
	Registered frame
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2. Detecting megafauna using image segmentation

Analysis of the registered images basically involves feature extraction, segmentation, and classification techniques (Jain 1989).  Feature extraction and segmentation are processes, described in this section, by which objects (in our case, organisms) can be detected in the images.  We are currently funded to develop the general procedures described in this section (see Results of Prior NSF Support); however, these procedures must be integrated with the procedures described in Sections 1 (above) and 3 (below) to streamline the acquisition of data for this proposed project.  In this section, we briefly describe image-processing methods that allow the computer to automatically detect a region in the image in which a change has occurred (i.e. an animal has moved) and then outline that region for the user.  Object classification, the process of assigning a label to a segmented object, is detailed in Section 3 below.
The key concepts in feature detection and segmentation are image differencing (i.e. image subtraction), thresholding, and morphological operators (Jain 1989).  To understand these processes, an image must be thought of as a matrix, with the size given by the dimensions in pixels, and the values in the matrix given by the intensity recorded in each pixel (i.e. for 8-bit per color, the intensity ranges from 0 to 255 in a single color channel).  Image differencing is the process by which the pixel intensities in one image are subtracted from another image.  We used images from Sta. M to develop routines for image differencing, as shown in Fig. 4.  To buffer the effect of slight changes in successive images, we computed a moving-average image (i.e. an average of the previous day's = 24 images) and subtracted this from the next image in the time-lapse sequence.
A threshold is applied to the differenced image, and morphological operators then are applied to filter the thresholded image to detect a putative organism.  This process can segment

Figure 4.  Example of image differencing for a photograph from Sta. M.

The left (“raw”) image shows an urchin, Echinocrepis sp., at lower left (indicated by arrow) and an echiuran mound at top center.  The right image is the difference between the left image and the average of the previous 24 images.  The difference was calculated in the blue color channel with intensities adjusted by +128; thus regions in which no change occurred appear gray.

	Registered image
	Differenced image
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conspicuous megafauna (i.e. organisms that contrast greatly with the background sediment), such as the dark-red urchin Echinocrepis sp. in Fig. 4.  Even organisms with low contrast (e.g. the sediment-colored holothurian Synallactes profundi) can be detected if they cast a shadow and have a regular shape.  Morphological operators are tailored to prior knowledge of the shape and size of objects.  Thus, the structuring elements for morphological operators must be tuned for organisms commonly observed at Sta. M.  Eight echinoderm taxa will be targeted in our study: the holothurians Abyssocucumis abyssorum, Oneirophanta mutabilis, Peniagone sp., Psychropotes longicauda, and Synallactes profundi, the urchin Echinocrepis sp., and ophiuroids as a group (the holothurian Elpidia minutissima is very abundant yet difficult to distinguish in photographs because it is small and translucent).  There is considerable evidence for selective feeding of echinoderms on recently-deposited, chlorophyll-rich organic matter (e.g. Duineveld et al. 1997, de Wilde et al. 1998, Miller et al. 2000).  Specifically for holothurians at Sta. M, Lauerman et al. (1997), using excess 210Pb/ 234Th ratios, demonstrated the rapid ingestion of phytodetritus by Abyssocucumis abyssorum and Oneirophanta mutabilis.  Other common mobile megafauna at Sta. M include a scaphopod and pycnogonids; less common mobile megafauna include an anemone, a snail, a crab, and a sea star (Lauerman et al. 1996).  
Our morphological operators will account for perspective of the oblique photographs (i.e. animals in the back appear to be much smaller than in the front of the photograph).  Basically this requires mapping the pixel locations in the digital images to coordinates determined by the geometry of the camera system.  Equations for the calibrated perspective grid, described by Wakefield and Genin (1987), were coded in Visual Basic for the analysis of oblique photographs (Burrows et al. 2000).  Dr. Burrows at Dunstaffnage Marine Laboratory has kindly given us his code, which we will modify for Matlab.  The above image-processing routines will be refined to account for unequal lighting across the field and particulate matter (i.e. turbidity) in the water column.  The outline of segmented regions will be superimposed on the original image to aid the user who is verifying each segmented “morphotype” (as detailed in Section 3 below).  Thus, the result of the above image processing is computer-assisted detection of organisms.  The length, width, and midpoint location in pixels and sea-floor coordinates of each segmented region in each image will be recorded in a data matrix.  
3. Computer-assisted classification and tracking of megafauna


After feature extraction and segmentation, the next challenge in image processing is to classify each segmented region into one of several categories.  Basically, each segmented region must be recognized by its color, shape, and size and labeled as a particular “morphotype.”    Morphotypes likely will be related to actual taxon groups; for example, white ovals 15 cm long and 5 cm wide are more likely to be the holothurian Oneirophanta mutabilis in Fig. 3 than the urchin Echinocrepis sp. in Fig. 4.  Human eyes will be required to assign each segmented morphotype to an actual species or taxon group (as detailed below).

The next challenge in image processing is to track a classified individual from one image to the next, in order to follow its movements in successive frames.  This process requires that each new individual of each morphotype is assigned a number (very important when tracking multiple individuals of that type in successive frames).  This will enable individuals to be counted for a running tally of abundance of each morphotype.  An individual will arbitrarily be considered new if none of that type was observed in the previous 24 hours (if < 24 hrs must consider exit and entrance locations).  In order to track an individual, a 1-m radius is searched in the next frame, centered on the last known position (organisms tend to move about a body length per hour).  The segmented region of the same morphotype that is closest to the prior location will be tentatively assigned as the next position of the same individual.  This automatic decision will be accepted or rejected by the user, as described below.  Fig. 5 shows an example of a plot that we created from the manual tracking of individuals during Deployment 2022.  


Our last tool to develop in Matlab is a user interface that allows the user to accept or reject each result of the automated processing as well as add new measurements to the data matrix.  The user will be able to "click" (with the computer mouse) on organisms in the images and record their type and location.  We will develop an image window template with "buttons" to be clicked to indicate the following: organism type (i.e. species name or taxon group), a number to identify each individual, and whether the organism is swimming in the water column (i.e. its pixel location can not be transformed to sea-floor coordinates).  We also will allow the user to add comments to the data record.


Overall, the "computer-assisted" image processing will be conducted as follows.  First, images will be processed as in Sections 1 and 2 above.  Then, the segmented regions in each image will be automatically assigned a tentative “morphotype” classification and tracked in successive frames.  Tentative estimations of abundance of “morphotypes” and sizes and tracking of individuals will be constructed based on these classifications.  To verify or correct the automated processing and label the “morphotypes” to taxon groups, each image will then be opened by the user in a Matlab window template.  The template will be “flagged” (i.e. with a bright color border) for each image in which a change was detected.  For each outlined region in the image, the user will accept the automated analysis and click a button for a specific taxon group, or reject the segmented region.  For every image, the user also can add new measurements by clicking on the length and width of organisms not detected by the image processing.  The final data matrix for the computer-assisted image processing includes the sizes and locations of organisms in the photographs, quantified to sea-floor coordinates.  The data matrix will be constructed with the following labels for each identified organism: (1) image filename, (2) organism type (i.e. taxon group), (3) individual number, (4) data type (i.e. "in water column" or
Figure 5.  Plot for manual digitizing of three taxon groups during Deployment 2022 (Jun - Oct 1994).  The arrow points to the urchin in Fig. 4.  Locations of organisms in the original photographs were transformed via a geometric projection to sea-floor coordinates.  Cumulative coverage of these three taxon groups in 4 months was 70% of the sea floor.  This plot tracks the movements of 5 urchins (Echinocrepis sp.), 75 holothurians (Peniagone sp.), and the appearance of 6971 ophiuroids.  Due to vertical motions of ophiuroids (up and down into the sediment), individuals can not be followed from one frame to the next.
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"on sea floor"), (5) width and length (in pixels and sea-floor coordinates), and (6) midpoint location (in pixels and sea-floor coordinates).  Results from the computer-assisted processing of digital images can be checked with results for manual analysis of six rolls of film (Table 1).

C. Data analysis

The data collected from image processing can be reduced to abundance, size, and location of organisms in each image.  These data will be used first to test Hypothesis (1): There is no seasonal variability, interannual variability, or long-term trend in the abundance or activities of epibenthic megafauna at Sta. M.  Determining the abundance of megafauna is complicated by the fact that the effective area surveyed differs among taxon groups.  Basically, organisms that are small and/or translucent will be identifiable in a smaller area, closer to the camera, than larger and conspicuous organisms.  A probability density function, commonly used in line-transect analysis, must be calculated for each taxon group.  For example in Deployment 2022, 18.7 m2 was the effective area in which the urchin Echinocrepis sp. was observed vs. 8.9 m2 for ophiuroids.  In addition to tallying abundance data in terms of no. individuals (per effective area surveyed), we can use the size of individuals as a relative measure of biomass and combine the abundance and size data to look for changes in biomass over time.

Data for locations of individuals in successive photographs will be used for both a quantitative and qualitative measure of animal activity.  Tracking, defined here as area traversed over the sea floor, will be examined as a quantitative measure of epibenthic faunal activity (e.g. Bett et al. 2001, Duchene and Rosenberg 2001).  Tracking will be quantified as the product of the distance traveled and the body width of each individual, assuming linear motion between consecutive observations.  We will use the same units, normalized to effective area surveyed (cm2 d-1 m-2), as recently published by Bett et al. (2001) to enable comparison to tracking of megafauna in the NE Atlantic.  These units are proportional to the megafaunal activity index described for previous analyses of images from Sta. M (Smith et al. 1994).  As additional characterization of activity, movement patterns for each individual will be categorized as described by Kaufmann and Smith (1997): (1) run, (2) run-and-mill, (3) loop, or (4) record too short to categorize.  Movement patterns might be taxon-specific and therefore should not be summed cumulatively for all taxon groups; for example Oneirophanta mutabilis is known for relatively high speeds and straight paths (Kaufmann and Smith 1997).  The results for abundance, size, tracking, and movement patterns will be formatted for display via the 4DGeoBrowser described in Section D below.  Establishing this web-based browser for the images and data will be an integral means by which we can manage the massive number of images (~60,000) and amount of information during our data analysis.
For the three measurable factors (abundance, size, and tracking), we will assemble time series of daily, weekly, and longer-period averages.  We will check for seasonal and interannual variability qualitatively through inspection and quantitatively via autocorrelation/spectral (i.e. periodogram) analysis in Matlab.  We will check for long-term trends by plotting annual (i.e. 365-day, centered) running means to smooth any seasonal variability.  Changes in abundance and size over time can be compared to analyses of camera sled transects at Sta. M currently being completed by graduate student H. Ruhl at Scripps Institution of Oceanography.  For the categorized movement patterns, we will pool observations for each type of organism for one-week to several-month periods and determine the percentage of records in each category.

Finally, the data collected from image processing, along with time series data of particle fluxes, will be used to test Hypothesis (2): There is no correlation (coupling) between the abundance or activities of epibenthic megafauna and the supply of food as measured by sinking POC flux at Sta. M.  Time series for abundance, size, and tracking will be assembled in 10-day intervals to match the flux data set.  For each pair of time series we will conduct a cross-correlation analysis with Matlab to determine the maximum correlation coefficient and time lag.  We will consider optimal foraging theory when examining the correlation of both tracking and movement patterns to POC flux.  A basic assumption of optimal foraging theory is that animals search for and obtain food in a manner that maximizes their energy intake per unit time spent foraging.  We might predict that animals would “hibernate” (i.e. exhibit reduced activity levels) during the time of year with low food supply and become more active in response to an increased food supply (i.e. increasing tracking to encounter patches of phytodetritus).  Significance of correlations may be explored by considering models such as the marginal value theorem, which is an energy balance equation for individuals foraging among patches of food (Charnov 1976).
D. Public access to images and data

In addition to publishing the results of our data analyses in peer-reviewed journals, we intend to establish a database that can be accessed by other researchers, educators, and the public over the Internet (Fig. 6).  Our collection of digital, time-lapse images of the deep-sea floor represents an unprecedented opportunity to educate and excite people about life in the deep sea.

Figure 6. Example of 4DGeoBrowser interface with raw and processed image and flux data from Sta. M.  This prototype is based on the HTML template for the “Jason II ROV Virtual Control Van” (see http://4dgeo.whoi.edu/virtualvan/).
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The goals for our website are several-fold:

(1) to enable easy access to a library of images from Sta. M that can be searched by date, event (i.e. peak in POC flux), or keyword (e.g. species name),
(2) to enable the user to specify a date/time sequence and play the images as a time-lapse movie,

(3) to show the images that result from automated image processing, and allow the user to download Matlab code used in image processing,
(4) to plot results from image analyses (i.e. abundance and activities of taxon groups) along with sinking flux data for Sta. M, and discuss correlation of the data sets, and
(5) to provide pages that describe each taxon group, highlighting the characteristic megafauna at Sta. M as representative of the deep NE Pacific.

All of these goals can be accomplished with 4DGeoBrowser software, a web-based data browser and server developed at WHOI (http://4dgeo.whoi.edu; Lerner and Maffei 2001).  The 4DGeoBrowser is a very flexible platform for accessing and displaying multi-media and multi-sensor data sets.  Fig. 6 shows an example of a potential “front-end” for our database (i.e. what the user will see on his/her computer linked to the Internet).  To access images and data with the 4DGeoBrowser, we will create an “electronic index card” for each hour in the time series.  These “index cards” actually will be ASCII files that point to the directories that contain images, flux data, and plots from image analysis.  Currently, 4DGeoBrowser applications have been designed for the National Deep Submergence Facility (i.e. Jason II and Alvin) and implemented for other underwater imaging systems (i.e. the SeaBED AUV).

We plan to link our website and database to the SIO Explorer Digital Library Project (http://nsdl.sdsc.edu/), a National Science Digital Library funded by NSF.  The theme of SIO Explorer is to provide a comprehensive view of the oceans, intelligible to non-scientists and researchers alike, with direct access to state-of-the-art databases and selected websites.  We will be in contact with the developers of SIO Explorer (e.g. J. Helly at San Diego Supercomputer Center) as we develop the front-end to our database.  In addition to promoting our website through SIO Explorer and our home institution (WHOI), we intend to contact nonprofit educational clearinghouses such as Education Planet (www.educationplanet.com).  Our images are so unique that we will promote our time-lapse movies to publishers of multimedia products for K-12 education (e.g. Videodiscovery) and vendors of time-lapse stock footage.
III. Schedule:

Year 1: 1 Sep 2003 - 31 Aug 2004

Scan film and archive all raw images, finalize image registration and movie-making procedures, adapt image segmentation routines for megafauna at Sta. M, start to assemble 4DGeoBrowser database.
Year 2: 1 Sep 2004 - 31 Aug 2005

Refine code for computer-assisted classification and tracking of megafauna, finalize comparison of manual vs. computer-assisted analysis for Deployment 2022 and submit manuscript, conduct image analysis of entire time series, revise 4DGeoBrowser database with processed images.

Year 3: 1 Sep 2005 - 31 Aug 2006

Complete data analysis for correlation of faunal group abundance and activities to POC flux, finalize 4D GeoBrowser database and enable public access through website, submit manuscripts for completed project.

IV. Significance

Today, it is unknown whether the decadal-scale climatic variability that influences marine primary production and its export from the euphotic zone also influences the ecology of deep-sea benthic communities.  In order to understand and 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 13-yr time series of photographs, combined with particle flux data over the same period, will allow-- for the first time-- a thorough analysis of the responses of epibenthic megafauna to a temporally-varying food supply.  We will be able to check for seasonal and interannual variability and look for long-term trends in the abundance and activities of deep-sea megafauna at a site representative of the eutrophic NE Pacific, with surface waters influenced by seasonal, interannual (ENSO), and decadal (PDO) cycles in production.  In addition, the methods that we will refine for image processing will be portable to images from other soft-bottom habitats, including images transmitted from sea-floor observatories.
V. Results of Prior NSF Support

PI’s: John Trowbridge and Stace Beaulieu

Title: 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
Award Number: OCE-80222300, Amount: $183,487, Period of Award: 01/01/01 - 12/31/03

Summary: This project is in collaboration with Dr. K. Smith at Scripps Institution of Oceanography.  Trowbridge served as supervisor for Beaulieu who submitted the proposal as a Postdoctoral Scholar at WHOI.  In September 2003 we will deploy an ecological monitoring system at the Hawaii-2 Observatory, a cabled seafloor observatory at 5000-m depth in the central North Pacific.  The goal of our study is to examine --in real-time-- the responses of benthic fauna to a temporally-variable food supply in a very food-limited environment.  The instrument platform will include cameras to photograph the activities of larger animals on and near the seafloor as well as a sedimentation sensor to monitor the flux of particulate matter and phytoplankton pigments to the sea floor.

Results: Due to ship scheduling, our instrument deployment cruise was postponed an entire year from the original proposal timeline.  Results to date are from the analysis of Jason ROV surveys conducted during the previous two cruises to H2O.  From these surveys in 1998 and 1999, we identified a total of 40 types of megafauna (i.e. 40 putative species) among 279 individuals observed.  This indicates a diverse biological community (species rich, given the total number of individuals), as often reported for the deep sea.  55% of the individuals were benthic, with holothurians the most abundant group (9 types).  The other 45% of the surveyed individuals at H2O were pelagic or planktonic, with fish the most abundant group (8 types).  These results will be included in our first manuscript about the deployment of our monitoring system (expected next year).  In addition, part of our funding for the H2O project was devoted to the development of image analysis protocols for detection of organisms in the digital images.  The protocols, described in Section II B 2 of this proposal, will be completed this year.

Presentations, publications, website, and outreach:
Jan 2001: Poster at the OHP/ION Joint Symposium on Long-Term Observations in the Oceans.

Mar 2002: Presentation to all scientists and engineers involved with H2O.

Aug 2002: SCOTS (= Scientific Cabled Observatories for Time Series) Workshop.

Nov 2002: Presentation at the NOAA/USGS Fisheries and Benthic Habitats Symposium.

Review paper: Beaulieu, S.E. 2002. Accumulation and fate of phytodetritus on the sea floor. Oceanography and Marine Biology: an Annual Review 40: 171-232.

H2O website: http://www.whoi.edu/science/AOPE/cofdl/stace/H2O

For the H2O project, Beaulieu was interviewed by New Scientist, Science News, and Science Online.  A citation to our website was in Science News Vol. 162, p. 262, 26 Oct. 2002.

ADD HANU Results of Prior Support

     Urchin


     Holothurian


 +  Ophiuroid





Y coordinate (mm)





X coordinate (mm)



































