Links between climate change and deep-ocean processes
Deep-sea communities are fueled by organic carbon (food) produced and packaged in the upper water column. Primary production, the originating source of organic carbon, is influenced by temperature and nutrient supply which are both intimately linked to climate. A percentage of the organic carbon produced by primary producers sinks from the euphotic zone.  This export flux of photosynthetically derived organic carbon settles through the water column, ultimately arriving in the deep ocean after depletion through consumption and repackaging by midwater organisms (Fig. 1 cartoon of water column and sea floor).


 A deep-sea time-series station was established in 1989 on the Monterey Deep Sea Fan at ~ 4100 m depth to monitor the temporal changes in particulate organic carbon (POC) flux reaching the deep ocean and its coupling to benthic community processes (Fig. 2 – chart showing Sta. M and MARS site on Smooth Ridge). Sediment traps, inverted cones with a ¼ m2 mouth opening and sequencing cups, collect sinking particles, a portion being particulate organic carbon (POC). These sediment traps, sampling with a temporal resolution of 10 days are moored at 600 and 50 m above a bottom time-lapse camera tripod which takes a panoramic picture of the sea floor every hour. This mooring has been serviced by a surface ship seasonally over the past 19 years. Such autonomous instrumentation allows continuous measurements of the benthic boundary layer, minimizing the cost of ship-time and the limited sampling period available on each seasonal cruise.
The sinking flux of particulate organic carbon (POC) reaching the deep ocean and ultimately the sea floor serves as the principal food supply for the community of organisms occupying the benthic realm. This food supply has seasonal pulses in the summer and fall following the high peaks of primary production in the spring.  

Over the long time-series study at Sta. M, there have been strong El Nino events, especially in 1998 followed by upwelling events in 1999 and 2002. These climatic events measured on ocean basin scales using the El Nino Southern Oscillation index (MEI) and northern oscillation index (NOI) are highly correlated with POC flux at 3500 and 4050 m depth after a lag period of six to 10 months. A more regional scale index for the central California coastline around Sta. M, the Bakun Upwelling index (BUI),  is also highly correlated with POC flux after a lag of 2 to 3 months (Fig 3 showing climatic indices, chlorophyll, primary production, export flux, POC flux and aggregate density).
The connection between climatic indices, indicating nutrient upwelling events, and abyssal food supply can be examined daily through satellite-derived ocean color. Although only available for our time series since late 1996, this satellite derived ocean color for a 100 km radius circle of sea surface above Sta. M provides a proxy for phytoplankton chlorophyll.  Chlorophyll concentration, combined with sea surface temperature and available light, were used in algorithms to estimate primary production and export flux from the euphotic zone.  There was a significant correlation between export flux and abyssal POC flux after a lag of 1 to 3 months. All of these indicators of atmospheric and surface ocean processes measured using a wide variety of techniques show a strong relationship between surface conditions and abyssal POC flux (Fig. 3).  
An additional food source is large organic aggregates that are not effectively collected with sediment traps, but are visually evident in time-lapse photographs of the sea floor. The seasonal density of aggregates is significantly correlated with the Bakun Upwelling index and export flux from the euphotic zone after a three month lag, the same correlation determined for POC flux (Fig. 3).
Is there a similar surface to bottom relationship with benthic community processes? Two important components of the benthic community at Sta. M are the epibenthic megafauna, those animals conspicuously occupying the sediment surface, and the macro-infauna, those less obvious animals living in the sediment. Abundance of two numerically dominant species of holothuroid, Elpidia minutissima and Peniagone vitrea, decreased by two and three orders of magnitude after 1998. In contrast, the abundance of four other species of holothuroids and an echinoid increased by one to two orders of magnitude. Not surprisingly, these changes were highly correlated with climatic fluctuations and with the POC food supply. 
The macro-infauna, were numerically dominated by nematodes, arthropods and annelids. Climate-related changes in the food supply to the sea floor were significantly correlated to macro-infauna abundance, phyla composition and rank-abundance distributions (Henry – need Fig 4 showing megafauna and macro-infauna changes with POC flux – please edit this section and add additional stuff if needed).
A strong indicator of benthic community response to food supply is the estimated rate at which organic carbon is re-mineralized by the sediment community. This measurement is termed sediment community oxygen consumption (SCOC) and has been measured during seasonal cruises to Sta. M using a free vehicle grab respirometer. Sediment community oxygen consumption (food demand) fluctuates seasonally in relative synchrony with the food supply with peaks in summer and fall and lows in the winter. Inter-annual peaks in summer of 1991 and 1993 corresponded with peaks in food supply (Fig.5  SCOC from FVGR, TCR and ROVER), however, the rate remains relatively consistent from year to year.  A surprising result was the decrease in the food supply to food demand ratio when calculated for the period from 1989 to 1996. The ratio showed a sharp decline below unity suggesting that the POC flux was inadequate to sustain the SCOC measured on seasonal cruises.  These findings prompted us to examine possible causes for this discrepancy between food supply and demand. One plausible explanation was the temporal discontinuity between measurements of POC flux and SCOC. 

The POC flux, or food supply, is measured continuously using sequencing sediment traps moored above the bottom. However, the measurements of SCOC were made only during seasonal cruises. To increase the temporal resolution in SCOC measurements, we developed an autonomous bottom-transecting vehicle, Rover I, which could be deployed for periods up to six months and measure SCOC at up to 30 different sites along a transect. Over the past three years, scientists and engineers at MBARI have developed Rover II, building on the earlier rover work of Smith and associates at the Scripps Institution of Oceanography. 

Similar to Rover I, Rover II measures SCOC using two benthic respirometer chambers. Additionally, Rover II will be capable of conducting non-invasive time-series measurements of phytopigment fluorescence as an indicator of fresh phytodetritus on the sediment surface.  Both SCOC and flourometric maps will be collected at up to fifty sites along transects without vehicle docking, recharging, or data download. Rover II also is equipped with a current meter, a survey camera, two respirometer chamber cameras. The vehicle is also equipped with ports to support guest instruments, making it a general purpose platform for science users interested in carrying out long-term benthic studies.

The vehicle weighs 68 kg in water and crawls on two wide tracks with a combined surface contact area of about one square meter; this provides good traction while minimizing the disturbance to benthic sediments. A typical mission scenario is to take measurements for a few days at each site before picking up the instruments and moving forward ~10 m to a new site. 

Engineering field tests have been performed with Rover II in the Monterey Bay in California (1000 m depth), and at Station M, 220 km west of the central California coast (4100 m depth). Rover II operations have been observed with the ROVs Ventana and Tiburon, and with the manned submersible DSV Alvin. In April 2008, Rover II will be deployed autonomously for a month, during which it will take measurements at approximately 10 sites.

We are also developing new instrumentation to more accurately measure the near-continuous coupling between pelagic food supply and benthic processes. The principal goal is to obtain real-time data acquisition and control over long periods using deep-sea cabled observatories. An important step in this direction is the development of a sedimentation sensing and time-lapse camera system to continuously monitor the quality and quantity of sinking particulate matter reaching the sea floor and its effect on the conspicuous epibenthic megafauna as a proxy for the benthic community (Fig. 7- Alana/Brett). This benthic sensing system, combined with Rover II to measure SCOC, are being developed for deployment at the MARS cabled observatory this year for testing at ~900 m depth (Fig. 2). Such instrumentation will then be made available to the international oceanic community for deployment at other deep-sea cabled observatories worldwide.  In parallel, the Rover and sedimentation sensing system are also being developed for autonomous long-term deployment in critical deep sea areas with no cabling capabilities, such as Sta. M. 

Warming trends in atmospheric and upper ocean temperatures have been occurring over the past four decades. Increasing upper ocean temperature influences stratification and the availability of nutrients for phytoplankton production. Nutrient depletion in surface waters, due to increasing stratification, and decreasing pH, due to increasing CO2 concentrations, all will adversely affect the export flux of organic carbon to the deep ocean. Our pelagic-benthic coupling studies have shown that atmospheric and upper ocean processes are directly linked to deep ocean processes (Fig. 8 – flow diagram from surface conditions to sea floor components – Henry). This direct coupling in such a changing climate must be monitored with long-time series measurements to evaluate the impact of these global changes on the greatest expanse of the earth’s surface, the deep sea. 
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