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Abstract 

We have developed and successfully collected data with a unique, bottom-transecting vehicle (ROVER) that 
permits the first long time-series measurements of sediment community oxygen consumption (SCOC). This instru- 
ment has the, following capabilities: (1) it operates as an autonomous, free vehicle on the sea floor to 6,000-m depth 
for periods up to 6 months; (2) it transits across the sea floor, minimizing the impact that a long-term, free-vehicle 
structure would have on measurement sites; (3) it measures SCOC by using duplicate benthic chambers at up to 
30 different sites over a single dcploymcnt period; (4) it measures sediment porewater oxygen concentration as an 
independent measure of SCOC by using a microprofiler at up to 30 different sites over a single deployment period; 
(5) it has an incubation period of programmable duration for each SCOC measurement; (6) it monitors operation 
of instruments and the surrounding area with time-lapse still and video cameras; (7) it has the flexibility to be used 
as an autonomous programmable platform for a wide variety of benthic boundary-layer measurements; and (8) it 
collects a water sample for oxygen and other analyses at the end of the deployment. The ROVER resembles a small 
forklift with a forward-mounted instrument assembly, a current meter, double-tread propulsion system, central 
battery and controller electronics, flotation, acoustic releases, and disposable ballast. The ROVER was deployed for 
a 4-month period (January-May 1996) to measure SCOC at 4,100-m depth in the eastern North Pacific. During 
this deployment the ROVER occupied 17 sites with each benthic chamber incubation lasting 152.3 h and a 17-h 
interval between incubations for repositioning and transit. SCOC ranged from 0.50 to 0.91 mmol 0, m-2 d-l, 
generally declining from January until the end of February and then increasing irregularly to the end of the de- 
ployment in late May. These measurements show good agreement with those made at the same site with another 
autonomous instrument, the free-vehicle grab respirometer, at the beginning and end of the ROVER deployment. 

One of the most challenging problems in deep-sea bio- 
geochemistry is defining the temporal relationship (coupling) 
between the input of a pelagically derived food supply and 
its utilization by benthic communities. Measuring such dy- 
namic processes in the ocean requires instrumentation with 
sampling resolution to match the temporal variability of the 
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processes being measured. Sediment traps have been devel- 
oped with fine temporal resolution to collect particulate mat- 
ter settling through the water column over time scales of 
months to years (e.g. Deuser et al. 198 1; Honjo 1982; Deuser 
1986; Haake et al. 1993), and time-lapse cameras have been 
deployed to monitor photographically temporal variability in 
the abundance and activity of benthic animals, accumulation 
of detritus on the sea floor, and the dynamics of benthic 
features such as mounds and tracks (e.g. Lampitt 1985; Rice 
et al. 1986; Smith et al, 1993; Kaufmann and Smith 1997). 

Until now there has been no device available for providing 
long-term contiguous measurements of benthic community 
activity. Sediment community oxygen consumption (SCOC) 
is one critical measurement of benthic community activity 
that has only been measured over short periods of 1 month 
or less, the duration of a typical cruise (e.g. Graf 1989; Smith 
1989; Sayles and Dickinson 1991). We have now developed 
and successfully collected data with a unique, autonomous, 
bottom-transecting vehicle (ROVER) that permits the first 
long time-series measurements of SCOC. This instrument 
was developed with the following capabilities: (1) it operates 
as an autonomous, free vehicle on the sea floor to 6,000-m 
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Fig. 1. Drawings of the ROVER in (a) deployment configuration, (b) incubation position with 
benthic chambers and microprofiler in sediment, and (c) expanded visw of the instrument assembly 
with components. The video camera, floodlight, and still camera are depicted relative to the benthic 
chambers during the incubation mode but are actually attached to thz Rover frame. 

depth for periods up to 6 months; (2) it transits across the 
sea floor, minimizing the impact that a long-term, free ve- 
hicle structure would have on measurement sites; (3) it mea- 
sures SCOC by using duplicate benthic chambers at up to 
30 different sites over a single deployment period; (4) it 
measures sediment porewater oxygen concentration as an in- 
dependent measure of SCOC by using a microprofiler at up 
to 30 different sites over a single deployment period; (5) it 
has an incubation period of programmable duration for each 
SCOC measurement; (6) it monitors operation of instruments 
and the surrounding area with time-lapse still and video cam- 
eras; (7) it has the flexibility to be used as an autonomous 
programmable platform for a wide variety of benthic bound- 
ary layer measurements; and (8) it collects a water sample 
for oxygen or other analyses at the end of deployment. 

These capabilities have been incorporated into a function- 
al autonomous vehicle. Here we describe the various systems 
comprising the ROVER and report results from a 4-month 

deployment of this vehicle at a depth of 4,100 m in the 
eastern North Pacific. 

ROVER description 

The ROVEF: resembles a small forklift with a forward- 
mounted instrument assembly, a rotor and vane for measur- 
ing currents, double-tread propulsion system, central battery 
and controller electronics, flotation, acoustic releases, and 
disposable ball,sst (Fig. 1). The open structural frame is con- 
structed of titanium and fiberglass angle and tubing on which 
all the operaticnal components are mounted. A polypropyl- 
ene bumper extends -30 cm beyond the vehicle to provide 
protection while handling the instrument during deployment 
and recovery. All materials and fabrication procedures used 
in the construction of each component of the ROVER were 
selected to minimize galvanic corrosion, while maintaining 
structural integrity for long-term deployments to abyssal 
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Fig. 2. Flow diagram of the signal pathways in the control of ROVER functions during opcr- 
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ation. 

ocean depths. The overall dimensions of this vehicle are 2.74 
m long, 2.03 m wide, and 2.19 m high from the base of the 
propulsion treads to the apex of the lifting bracket. 

Instrument assembly-The instrument assembly consists 
of two cylindrical benthic chambers and an oxygen micro- 
profiler mounted to a vertically oriented titanium assembly 
on the front of the ROVER frame (Fig. lc). This assembly 
can be slowly lowered and raised (-3.7 cm min-l, with a 
maximum travel distance of 66 cm) with two titanium lead 
screws mounted vertically on both sides (see Fig. 2). These 
lead screws are capped with pulleys powered by a common 
DC-drive motor (MicroMo, model GNM 5440) via interdig- 
itating drive belts. This drive motor is immersed in low vis- 
cosity liquid (Fluorinert, 3M, part FC77) and is housed in a 
polyvinylchloride (PVC) housing with an expandable Bel- 
lophram seal. The same oil-compensated packaging also has 
been used for the other six drive motors on the ROVER (see 
below). The motor housing, drive belts, and pulleys are 
shielded for impact protection by a polyethylene sheet (not 
shown in Fig. lb). A “foot pad” (limit switch with a PVC 
plate) is mounted on the bottom of the instrument assembly 
to stop the lowering of the rack at the desired sediment pen- 
etration depth via a feedback loop between a Hall-effect sen- 
sor and the drive motor (see Table I for power requirements 
of the ROVER). 

Two transparent benthic chambers are mounted 95 cm 
apart (center to center) on either end of the instrument as- 
sembly (Fig. lc). These chambers are constructed of acrylic 
tubing (30.5 cm outer diam, 29.2 cm inner diam; 26.7 cm 
height) with negligible permeability to 0, (56 cc m-2 d-l at 
STP 4 mil thickness; as calculated from Koros et al. [1988]). 
A bottom leading edge of thin-gauge (1.2 mm thick), teflon- 
coated titanium reduces the force required to push the cham- 

bers into the sediment and eliminates adhesion of sediment 
to the chamber wall after each incubation. A stirring assem- 
bly, centrally mounted in each chamber, is powered by an 
oil-compensated motor magnetically coupled to a PVC stir- 
ring paddle that consists of four rods (10.2 cm long, 1.3 cm 
in diam) radiating horizontally at 90” angles. This stirring 
assembly moves vertically on three titanium guide rods pow- 
ered by a drive motor and a fine-scale lead screw with a 
vertical stroke of 5 cm. In the upward position, the stirring 
assembly leaves a large central hole (7.6 cm in diam) in the 
chamber top, allowing the chamber to purge during insertion 
into the sediment. In the down position, the stirring assembly 
seals against a facial O-ring on the top plate of the benthic 
chamber, with the stirring paddle 10 cm below the top of 
benthic chamber and - 10 cm above the sediment-water in- 
terface (see description of stirrer calibration below). 

The oxygen-sensing system for each benthic chamber con- 
sists of a polarographic oxygen sensor and a flow cell. The 
oxygen sensor consists of a Clark-type electrode with an 
internal Ag/AgCl reference wire and platinum cathode 
(glass-coated Pt wire; Precision Measurement Engineering 
cathode, part 3902). These sensors were chosen because of 
their consistent long-term stability over periods up to 4 
months in aerated seawater held at 2°C in the laboratory (K. 
Smith unpubl. data). During these laboratory tests in a con- 
stant temperature bath, the output from three test sensors all 
declined linearly with time with changes (23.0 pA d-l or 
10.17% d-l (mean change = 2.05 +. 0.39 nA over the 4- 
month period). 

The oxygen sensor for each chamber on the ROVER is 
mounted in an external flow cell and is alternately exposed 
to chamber and ambient water by using a unique pump and 
valve system developed by Sayles and Dickinson (1991) for 
calibration of oxygen sensors against ambient bottom water. 



1604 Smith et al. 

Table 1. Estimated power requirements of the ROVER and components for a 6-month deployment with 30 sites (5 d incubation per 
site and 1 d transit period between sites). Calculations are based on three measurement periods in the benthic chambers per day of incubation. 
Each measurement period consists of three 5-min sampling intervals (op-operation, dc:ploy-deployment). 

Component 
Benthic chamber 

Stir motor 
Flow-cell pump 
Purge valve 

Slider valve 
Controller 

Microprofiler 
Drive motor 
Controller 

Central controller 
Current meter 

Arm motor 
Vane and rotor 

Video system 
Videorecorder 
Camera 
Floodlights 

Propulsion motor 
Rack motor 
Time-lapse camera 

Camera 
Strobe 

Water sampler 
Acoustic release 
ARGOS transmitter 
Total power requirement 

Operating 
conditions 

Continuous 
9 op/day 
1 op/site 
6 op/day 
Continuous 

1 op/site 
1 op/site 
Continuous 

2 op/deploy 
Continuous 

1 op/site 
1 op/site 
1 op/site 
1 op/site 
2 op/site 

12 frame/site 
12 Bashes/site 
1 op/deploy 
Self-powered 
Self-powered 

Units 

2 
2 
2 
2 
2 

1 
1 
1 

1 
1 

2 
2 
2 
2 
1 

1 
1 
1 
2 
1 

Current/ Time of Sites 
unit at operation unit is 
12 v per site opera- 

(amps) (min) tional 

0.025 7,200 30 
0.3 2:!5 30 
0.5 1 30 
0.5 30 30 
0.002 7,200 30 

0.5 15 30 
0.002 60 30 
0.001 8,640 30 

0.5 5 2 
0.0005 8,640 30 

1 4 30 
0.3 4 30 
4 4 30 
7 2 30 
7 10 30 

0.5 0.5 30 
3 2 30 
0.5 5 1 

Total time 
of operation 

(h) 

3,600 
112.5 

0.50 
15 

3,600 

7.50 
30 

4,320 

0.17 
4,320 

0.0 
2.0 
2.0 
2.0 
1.0 
5.0 

0.25 
1.0 
0.08 

Total 
power 
(A-h) 

180.0 
67.5 

0.50 
15.0 
14.4 

3.75 
0.06 
4.32 

0.08 
2.16 
0.0 
4.0 
1.2 

16.0 
14.0 
35.0 

0.13 
3.0 
0.04 

361.14 

This ambient reference measurement is necessary to correct 
for long-term drift in the oxygen sensors and provides a 
direct comparison between chamber-water oxygen concen- 
tration during the incubation and stable oxygen concentra- 
tion in the ambient bottom water. The flow-cell system is 
driven by a pump (Micropump, model 184) and small DC 
motor that delivers 20 ml min-l to the flow cell through 
plastic (PEEK) capillary tubing (Small Parts, part A-PKT- 
020,0.020-inch inner diam, 0.062-inch outer diam) with low 
oxygen permeability (55 cc rnp2 d-* at STP, 4 mil thickness). 
A 3-position, low-dead-volume slider valve is used to switch 
the water supply to the flow cell from chamber to ambient, 
and this valve is under the control of the central microproc- 
essor. In contrast to the design used by Sayles and Dickinson 
(1991), we chose to use an independent flow cell for each 
chamber in order to increase redundancy and reduce the 
probability of failure. A l-liter Niskin bottle is mounted ver- 
tically on the instrument assembly in close proximity to the 
benthic chambers to take a water sample for dissolved ox- 
ygen analysis at the end of the last incubation. Closure of 
this bottle is triggered by a burn-wire release (Smith and 
Baldwin 1983) via the central controller (Table 1). 

At each new measurement site, the instrument assembly 
is lowered to place the oxygen microprofiler sensors -5 cm 
above the sediment-water interface and the benthic cham- 
bers -6 cm into the sediment. The oxygen microprofiler is 

mounted on the instrument assembly between the two ben- 
thic chambers (Fig. lc). This profiler is a modified version 
of that originally described by Reimers (1987) and consists 
of 12 Clark-type oxygen microsensors (similar in design to 
those of Revsbech [1989]) and four resistivity sensors (sim- 
ilar to those of Cai et al. [ 19951) that are arranged in a 
circular pattern on a plate that is mounted beneath the con- 
troller electronics cylinder. The titanium controller housing 
and electrodes are lowered stepwise toward the sediment sur- 
face by a fine-scale lead screw (1 mm pitch). The resistivity 
sensors, potted Directly to electrical penetrators to prevent 
seawater leakage, detect the sediment-water interface as a 
change in resistivity and provide feedback to the micropro- 
filer electronics for determination of penetration depth into 
the sediment. Feedback from the resistivity sensors sets the 
system to profile an additional distance into the sediment. 
This profiling distance is programmable but has been ini- 
tially set at 3 cm. Readings from each oxygen sensor are 
recorded at 0.5mm increments. When the microprofiler 
completes the interfacial oxygen measurements to the pro- 
grammed depth, the unit is retracted from the sediment. The 
stirring assembly of the benthic chambers then moves down 
to seal the chambers and incubation is initiated. Oxygen sen- 
sor outputs from the benthic chambers and microprofiler are 
amplified and then transferred to the central controller and 
data-storage devij=e (see below) in a pressure cylinder mount- 
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ed on the main frame of the ROVER (Fig. lb). Sensor out- 
puts from the microprofiler in the sediment (minus 
background) are always referenced to bottom water (minus 
background) recorded immediately before each profile to 
correct for change in sensitivity over the course of a long 
deployment. 

Video and time-lapse still cameras-Two video cameras 
(Micro-SeaCam 2000, Deep-Sea Power & Light) with wide- 
angle (95”) ports and 50-W floodlights are mounted oblique- 
ly (40”) on the ROVER frame (Fig. lc). These cameras are 
programmed through the central controller (Fig. 2) to mon- 
itor the operation of the two benthic chambers and the mi- 
croprofiler, providing important information on the penetra- 
tion of the benthic chambers and microprofiler into the 
sediment and the operation of the stirrer and oxygen-sensor 
systems. The penetration depth of the chambers at each in- 
cubation site is estimated from video monitoring of a grad- 
uated scale etched into the wall of each benthic chamber 
with acknowledged error due to the uneven sediment surface 
within each chamber and the oblique angle of the cameras. 
The microtopography of the sediment surface and fauna1 ac- 
tivity within the transparent chambers and around the mi- 
croprofiler are also monitored by the video system. A time- 
lapse still camera (Benthos, model 372, 800 exposures), 
mounted obliquely on the ROVER frame, and a remote 
strobe (100 W-s located in a glass instrument housing with 
transparent plastic hardhat), positioned on the instrument as- 
sembly (Fig. lc), are used to photograph obliquely the area 
in front of the ROVER during transits between SCOC mea- 
surement sites. 

Current rotor and vane-Near-bottom current speed and 
direction are monitored with a Savonius rotor with revolu- 
tions detected by an optical sensor. Current direction is de- 
termined by a balanced PVC vane that is magnetically cou- 
pled to a servopotentiometer. Outputs from the current rotor 
and vane are monitored by the central controller (Fig. 2) 
during the entire deployment. The current rotor and vane are 
mounted on a small rack that is raised and lowered by a lead 
screw similar to that used on the instrument assembly com- 
ponents (shown in retracted and elevated positions in Fig. 
la and b, respectively). 

Propulsion system-The ROVER is propelled across the 
sea floor by two flexible, fiber-reinforced PVC tractor treads 
(50 cm wide, 3.6 m long) (Fig. l), each independently driven 
to provide slow, directional movement that is regulated by 
the central controller. Treads have molded external cleats 
spaced 45.7 cm apart (to ensure traction in any sediment 
type) and internal cleats that interdigitate with slots on the 
fore and aft rollers. Each rear roller is linked by cog belts 
to a Ys-hp dc motor and a reduction gear train that are housed 
in oil-compensated PVC housings. The large-diameter roll- 
ers Facilitate movement of the ROVER over irregular sedi- 
ment features (e.g. mounds) while traversing to a new site. 
A stiff brush, mounted over each tread on the back of the 
ROVER, removes sediment that adheres to the treads during 
transit. A load-bearing, low-friction, polyethylene pressure 

plate supports each tread between the rollers while -0.5 m2 
of the tread is in contact with the sediment. 

Central controller with data storage and central battery- 
The propulsion system, instrument assembly, cameras, cur- 
rent rotor, and vane are all controlled by a central controller 
and data storage unit. This microcontroller (Onset, model 7) 
with real-time clock, a 64-MB hard drive, and a 12-bit A/D 
converter to digitize sensor outputs (Fig. 2) is located in a 
titanium pressure cylinder that is mounted on the main frame 
of the ROVER (Fig. 1). A digital magnetic compass (KVH 
Industries, model ClOO) with RS-232 output to the controller 
allows the ROVER to maintain course during transits. A 
dual-axis clinometer (Lucas, model Accustar II) provides tilt 
information to the controller on the orientation of the ROV- 
ER along two perpendicular axes. Distance traveled by the 
ROVER over the bottom is estimated by a Hall-effect sensor 
that detects the revolution of magnets embedded in the for- 
ward-drive roller. Independent confirmation of distance trav- 
eled is provided by calculations of overlap in the still pho- 
tographs taken during each transit between sites. The 
heading of the ROVER is recorded from a compass that is 
also mounted in the central controller housing. Power for the 
ROVER and its instrumentation is provided by two alkaline 
battery packs (D-cells) that are located in independent tita- 
nium pressure housings mounted on the ROVER frame be- 
neath the central controller. These batteries yield a total ca- 
pacity of 440 A-h (see Table I for estimated power 
requirements). 

The operational status of the ROVER can be obtained by 
interrogating an acoustic transponder from a surface ship. 
This transponder (Benthos, model XT-6000), located in a 
glass instrument housing, is interfaced to the central con- 
troller and is mounted on the top of the ROVER to minimize 
acoustic interference from adjacent structures. 

Acoustic release and disposable ballast-Two acoustic re- 
leases (modified Benthos model 865B in titanium pressure 
housings), configured in tandem and independent of all other 
components on the ROVER, are mounted on the aft end of 
the structural frame with the transducers situated above the 
flotation. Each release activates a remote burn-wire trigger 
mechanism that is mounted on the bumper platform imme- 
diately above the center of the two treads. The disposable 
ballast consists of a rod of cold-rolled steel (15 cm diam, 86 
cm long; weight in seawater of 107 kg) with grooves around 
the perimeter; this rod is held into an inverted, u-shaped 
restraining cradle by a transverse stainless-steel cable fas- 
tened on either end to a single burn-wire mechanism. With 
the release of either burn-wire mechanism, the cable releases 
the ballast that falls between the treads, causing the instru- 
ment to become positively buoyant and rise off the sea floor. 
A submersible VHF transmitter (Novatech, model RF- 
700Al), submersible flasher (Novatech, model ST-400A), 
and flag mounted on the aft end of the ROVER and a second 
set on the mast assembly (Fig. 1) facilitate location by a 
surface ship in the immediate vicinity. In the event of a 
premature release of the ballast and arrival of the ROVER 
at the sea surface, there is also a satellite transmitter 
(NACLS model SMM-6000) mounted on the top of the 
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Fig. 3. Photographs taken with the ROVER still camera dung mtrrsite transits at Sta. M, 4,100-m depth. The bar at lower edge of 
each photograph is pan 01 the ROVER instrument assembly. [a.] Photograph of the impressions made by the ROVER tracks on silty clay 
sediments; also present are tubes of the polychaete Paradioparra sp. [b.] Photograph showing Puradiopatra sp. tubes, the holothuroid 
Peniagonr sp., and the anemone Bothyphelliu sp. [c.] Photograph of the sponge Hyalonema sp. and various animal tracks. [d.] Photograph 
of a mound (at lower left) and Pamdiopatra sp. tubes. 

ROVER (Fig. lb) for detection and tracking via the Argos 
satellite facility. 

Flotation-Flotation. consisting of 18 glass spheres (var- 
ious sizes ranging from 25 to 43 cm diam housed in protec- 
tive hardhats), is secured to the structural frame above the 
bumper platform (Fig. la,b), providing a positive buoyancy 
of 385 kg. An additional 41 kg of buoyancy is provided by 
the recovery flotation (two 43.cm Bathos spheres with mast 
assembly). 

Weight and balance-In designing the ROVER it was 
critical that the instrument not sink too deeply into soft sed- 
iment, yet have sufficient weight, distributed equally over 
the instrument frame (and hence the treads), to maneuver 
efficiently within acceptable power constraints over a wide 
range of sediment types. To meet these objectives the ballast 
and flotation were designed so that the entire instrument 
weighs 40 kg on the sea floor, with the horizontal center of 
gravity located at the middle of the pressure plates between 

the treads. This distribution of weight permits optimum mom 
bility with the double-track propulsion system. The minimal 
impact of the ROVER on the sea floor is illustrated by the 
shallow tracks made on soft, silty-clay sediments at 4,100. 
m depth in the eastern North Pacific (Fig. 3a). 

Another important aspect of balance with respect to buoy- 
ancy is the attitude of the vehicle at the sea surface. Location 
transmitters are mounted on the aft upper end of the ROVER 
and must extend a sufficient distance out of the water to 
allow the ROVER to be tracked via ship or satellite. With 
the ballast weight released, the ROVER has a positive buoy- 
ancy of 67 kg and is inclined at -15” forward, leaving the 
aft end protruding and the satellite tracking transmitter, VHF 
transmitter, flasher, and location flag well above the sea sur- 
face (Fig. 1). 

Benthic chamber laboratory studies 

Experiments with oxygen microsensors suggest that a dif- 
fusive boundary layer (generally <l mm thick) covers fine- 
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grain marine sediments (Gundersen and Jorgensen 1990). 
The configuration of the stirring paddles in the ROVER ben- 
thic chambers was chosen after conducting a series of lab- 
oratory measurements to evaluate the stirring paddle design, 
placement, and speed of rotation that best approximated ho- 
mogeneous mixing while maintaining a diffusive boundary 
layer 11 mm thick over the sediment surface enclosed by 
the benthic chamber. These experiments were conducted in 
an acrylic chamber with the same dimensions as those on 
the ROVER. Various stirring paddle shapes, sizes, and 
heights above bottom were tested using a top and centrally 
positioned stirring motor with interchangeable shafts. The 
overall mixing/flow patterns produced by the various stirrer 
configurations were evaluated by injecting fluorescein dye 
with a Pasteur pipette at depths of 0.0-5 cm above the bot- 
tom of the test chamber. To evaluate the effects of stirring 
on the diffusive sublayer, an acrylic floor, with 25 0.64-cm- 
diam holes spaced 4 cm apart in eight radially arranged 
rows, was cemented inside the chamber. The chamber bot- 
tom was covered with a solution of 2% agar and 0.05% Na,S 
that filled the holes and solidified to simulate an anoxic sed- 
iment layer (Glud et al. 1995). The chamber was then filled 
with aerated seawater, and a cathode-style 0, microelectrode 
(Revsbech 1983) was mounted on a micromanipulator under 
the chamber with its sensing tip pointing up, while a refer- 
ence electrode was inserted through the top of the chamber 
into the seawater. After waiting at least 1 h for the oxygen 
profiles within the agar to reach steady state with respect to 
diffusion and reaction with sulfide, the microelectrode was 
carefully raised to just below the surface of the agar. The 
microelectrode was then raised repeatedly in 0.1~mm incre- 
ments into the chamber water to -3 mm above the agar- 
water interface. The exact moment when the microelectrode 
tip crossed the agar interface was determined by visual in- 
spection. Agar was prepared daily and approximately seven 
tests were conducted per gel. The height the 0, gradient 
extended above the agar-water interface was equated to the 
diffusive sublayer thickness. This upside-down profiling ap- 
proach was chosen because flow around the microelectrode 
has been shown to disturb the diffusive sublayer when pro- 
filing from above (Glud et al. 1994). 

The most homogeneous mixing within the chamber was 
achieved with four horizontal stirring rods (10.2 cm long, 
1.3 cm in diam) at 90” angles to each other, spinning 10.5 
cm above the bottom boundary. By using these rods, a stir- 
ring speed of 9 rpm provided the most homogeneous dif- 
fusive boundary layer (< 1 mm thick) across the chamber 
floor. This result was confirmed after varying the stirring 
speed from 3 to 12 rpm and measuring 50 microprofiles at 
three distances from the center of the chamber. 

ROVER operation 

The best strategy for the ROVER’s operation is to deploy 
it during periods of peak bottom-current flow as projected 
from both long-term current records and measurements with 
a short-term current meter over a 48-h period prior to the 
ROVER deployment. This strategy allows sediments resus- 

pended into the water column at landing to be swept away 
by the current. Ballasting and flotation are balanced to pro- 
vide the ROVER with sufficient negative buoyancy to sink 
and remain stable on the sea floor, while creating minimal 
impact/burial at the sea floor (see above). After landing, the 
current rotor and vane assembly are elevated above the pro- 
tective superstructure by a lead screw in order to provide 
measurements of near-bottom current speed and direction 
while the ROVER is on the sea floor (Fig. 1 b). Current in- 
formation, combined with directional steering by two inde- 
pendently driven treads, is used to select the ROVER’s 
movements, preprogrammed for either up- or across-current 
to minimize the effects of sediment disturbance ahead of the 
vehicle. Intensive site surveys prior to deployment minimize 
encounters with disruptive terrain (e.g. rock outcrops). 

Orientation of the ROVER is controlled electronically by 
monitoring the heading of the current vane through the cen- 
tral controller (Fig. 2). Transits occur on selected days but 
are restricted to blocks of time when current speeds exceed 
a programmable threshold (e.g. 2 cm s-l). The distance of 
movement, the time spent at each measurement site, and the 
number of sites along the transect are programmed within 
the power constraints of the instrument. The estimated power 
requirement for a 6-month deployment of the ROVER with 
30 measurement sites is -361 A-h (see Table I). 

At each site, the instrument assembly with benthic cham- 
bers and oxygen microprofiler is slowly lowered into the 
sediment while being monitored with the two video cameras 
(Fig. lc). SCOC is measured in the benthic chambers over 
the course of the incubation (l-7 d) and also can be calcu- 
lated from oxygen microsensor profiles in the sediment. 
Each chamber encloses 670 cm2 of the sediment surface and 
has an overlying water volume of -14 liters when the cham- 
ber is inserted 6 cm into the sediment. The vertical distance 
between the sediment surface and the top of each chamber 
assures .clearance between enclosed biological structures 
such as polychaete tubes that can project 510 cm into the 
overlying water. After completion of an incubation, the in- 
strument assembly is drawn up into the protective confines 
of the surrounding bumper. Video records from several de- 
ployments in silty-clay and clay sediments revealed no ad- 
herence of sediment to the chamber walls. 

The ROVER is currently programmed to move -5 m be- 
tween consecutive sites to minimize possible effects on the 
local benthic boundary layer community due to vehicle ac- 
tivity during the previous incubation and to dislodge any 
sediment adhering to the benthic chamber or oxygen profiler. 
This intersite distance can be increased if the distance of 
influence, based on our measurements or observations from 
the camera systems, appears to be >5 m. If the ROVER is 
not level with respect to the bottom (as indicated by the 
clinometer) at any measurement site along the transect, then 
the distance of movement is increased at meter increments 
until a level attitude is attained for proper placement of the 
benthic chambers and oxygen microprofiler. 

An initial verification of the functional status of the ROV- 
ER while the support ship is on station is imperative for 
long-term deployments. Acoustic interrogation of the ROV- 
ER, through the acoustic transponder during the first week 
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Table 2. Sediment community oxygen consumption measured with the ROVER at 17 sites over a period from 28 January to 27 May 
1996 (each incubation period = 6 d with a 17-h intersite period). Ambient bottom-water oxygen concentration of 142.8 pmol liter I (mean 
value taken from a 7-yr data set of Niskin water samples taken at all times of the year at this station) was used to estimate SCOC from 
oxygen sensor outputs. The videotape in both cameras ran out early at site 15 and hence there is no visual description. Penetration depth 
and overlying water volume for the last 3 sites were estimated from the mean value for the previous 14 sites (mean penetration depth = 
6.2 + 1.1 cm) (na-not available [oxygen trace spurious], Lilevel sediment surface, U -unlevel sediment surface, bo-burrow opening, 
P-Paradiopatra tube, oi-ophiuroid imprint, af-arborescent foraminifera, Ob-Qphiura bathybia, sc-stalk community (glass sponge), 
Ba-Bathyphellia australis, Em-Elpidia minutissima, a-amphipod, nv-no video). 

Oxygen consumption 

Site 
No. 

Chamber descriptic n % change 

Chamber incubation start-end Overlying Sediment 0, sensor 
Visual water penetra- output pm01 0, 

Interval Chamber description volume tion incuba- chamber- I mmol 0, 
(at h [local]) (video) (liter:1 (cm) tion- l h-’ m-2 d-l 

1 28 Jan at 2020-4 Feb at 0438 

2 4 Feb at 2140-11 Feb at 0558 

3 11 Feb at 2255-18 Feb at 0713 

4 19 Feb at 0021-25 Feb at 0839 

5 26 Feb at 0138-3 Mar at 0956 

6 4 Mar at 0255-10 Mar at 1113 

7 11 Mar at 0414-17 Mar at 1232 

8 18 Mar at 0542-24 Mar at 1400 

9 25 Mar at 0710-31 Mar at 1528 

10 1 Apr at 0829-7 Apr at 1647 

11 8 Apr at 0946-14 Apr at 1804 

12 15 Apr at 1108-21 Apr at 1926 

13 22 Apr at 1227-28 Apr at 2045 

14 29 Apr at 1346-5 May at 2204 

15 6 May at 1504-12 May at 2322 

16 13 May at 1623-20 May at 0041 

17 20 May at 1743-27 May at 0201 

A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 

L, 3-bo, 1-P 14.3 5.3 
L, 1-P 14.3 5.3 
L, 2-bo, 1-oi 14.3 5.3 
L, 1-bo, I-af 14.2 5.5 
L, 2-bo, I-oi 14.5 5.1 
L, 4-bo 13.7 6.3 
U, Ob 12.3 8.3 
U, 2-bo, 1-P 15.7 3.0 
L, 4-bo, I-oi 12.7 7.8 
L, 4-bo, 1-P 14.0 5.8 
U, 3-bo, 1-P 13.3 6.8 
L, I-bo 13.0 7.3 
L, 2-bo, 1-P 12.7 7.8 
L, 2-bo, 1-SC 13.0 7.3 
L, 3-bo, 1-Ba 14.3 5.3 
L, l-Em 13.0 7.3 
L, 1-bo 13.3 6.8 
L, I-bo, 1-oi 13.7 6.3 
L, 3-bo, I-P 13.7 6.3 
U, 2-bo, 1-P 13.7 6.3 
L 13.7 6.3 
U, 3-bo, 1-P 14.3 5.3 
L 14.3 5.3 
L, 1-P 14.3 5.3 
L, 1-bo, 1-P 13.3 6.8 
L, 2-bo, l-P, l-Em 12.9 7.3 
U, l-a 14.3 5.3 
L, 1-P 13.0 7.3 
nv 13.7 6.2 
nv 13.7 6.2 
nv 13.7 6.2 
nv 13.7 6.2 
nv 13.7 6.2 
nv 13.7 6.2 

16.4 2.21 0.79 
15.6 2.10 0.75 
14.1 1.89 0.68 
14.5 1.94 0.70 

172 2Yo 0:“s 

ln3Y4 1?8 OYl 
12.1 1.44 0.52 
12.2 1.61 0.58 
13.6 1.70 0.61 
11.4 1.39 0.50 
14.3 1.75 0.63 
12.1 1.48 0.53 
15.2 2.04 0.73 
16.2 1.98 0.71 
11.5 1.44 0.52 
14.6 1.87 0.67 
16.6 2.12 0.76 
15.8 2.03 0.73 
13.6 1.75 0.63 
14.6 1.96 0.70 
14.9 2.00 0.72 

172 2?5 0:7a7 
18.1 2.20 0.79 
16.7 2.12 0.76 
18.8 2.29 0.82 
16.3 2.10 0.75 
17.0 2.20 0.79 
18.4 2.37 0.85 
19.2 2.48 0.89 
19.6 2.53 0.91 
na na na 

of operation, provides a brief status report from the central 
controller. Any indication of malfunction results in the recall 
of ROVER for repair. 

After sequential sampling for periods up to 6 months 
(-30 sites), the instrument and current rotor and vane as- 
semblies are retracted into their protected positions, and the 
ROVER is recalled from the recovery ship via acoustic sig- 
nal. Recall causes the ballast weight to drop and the ROVER 
to ascend to the surface. At the surface, the ROVER is lo- 
cated using the directional VHF transmitter and strobe on 
the instrument. 

Four-month deployment 

The ROVER was deployed for a 4-month period to mea- 
sure SCOC at Sta. M (34”50’N, 123”OO’W, 4,100-m depth) 
in the eastern North Pacific, 220 km west of the central Cal- 
ifornia coast (Smith et al. 1992, 1994). The microprofiler 
was not used duj-ing this deployment, but SCOC was mea- 
sured within the two benthic chambers. Over the past 7 yr 
(1989-1996), we have been studying the benthic boundary- 
layer community at this station by monitoring the flux of 
sinking particulate matter and employing time-lapse photog- 
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Fig. 4. Ratio of dissolved oxygen concentration in benthic chamber to dissolved oxygen concentration in ambient bottom water measured 

at 8-h intervals for 6 d at each of four representative sites (1, 5, 10, 14) in the two benthic chambers (chamber A, solid line; chamber B, 
dotted line). See Table 2 for deployment information for each site. Traces represent mean values with vertical bars + 1 SD. 

raphy to record dynamic benthic processes. During this same 
period we have made seasonal measurements of SCOC using 
a free-vehicle grab respirometer (FVGR; Smith and Baldwin 
1983; Smith et al. 1994). The sea floor at this station is 
characterized by silty-clay sediments and little topographic 
relief (< 100 m over 770 km2). The porewater oxygen gra- 
dient at Sta. M typically extends ~0.5 mm above the sedi- 
ment surface (Reimers et al. 1992; Sta. N = our Sta. M), a 
distance corresponding to the thickness of the diffusive sub- 
layer. Oxygen is detectable to a depth of -3 cm into the 
sediment (Reimers et al. 1992), indicating that the flux of 
oxygen into the sediment is not limited by transport across 
the sublayer (Archer et al. 1989). Continuous current meter 
records (1993-1996) at 2.5 m above bottom show a semi- 
diurnal tidal pattern and a mean hourly averaged flow speed 
of 2.3 cm s-l with a maximum rate of 14.0 cm s-l (Beaulieu 
and Baldwin 1998). 

The ROVER was deployed during a break in heavy 
weather conditions on 28 January 1996 at a time when the 
bottom currents were less than optimal (C2 cm s-l). The 
ROVER was programmed to occupy 17 sites during the de- 
ployment, beginning with a transit to the first site on the day 
of landing and ending with the occupation of the final site 

from 20 to 27 May (Table 2). Incubation periods of the ben- 
thic chambers at each site were set for 152.3 h with a 17-h 
interval between incubations (Table 2); this interval allowed 
time for instrument assembly repositioning and a transit of 
5 m between sites. Intersite transits were programmed to 
occur when current speeds exceeded a threshold of 2 cm s-l, 
requiring <2 min of transit time between sites. The time- 
lapse camera photographed -6 m2 of the sea floor in front 
of the ROVER once every 5 s during each intersite transit; 
representative bottom photographs are shown in Fig. 3b, c, 
and d. 

At each incubation site, the instrument assembly with the 
attached benthic chambers was lowered into the sediment 
with a mean (LSD) penetration depth of 6.2 L 1.1 cm 
(range, 3.0-8.3 cm; n = 28), as monitored by the video 
cameras for the first 14 sites. For this initial long-term de- 
ployment, it was important to record complete chamber 
movements in order to monitor the speed of the stirring pad- 
dles and of the instrument assembly descent. These extended 
video monitoring sequences resulted in a shortage of vid- 
eotape for the final sites, leaving no visual record of the 
sediment surface in the chambers or the penetration depth 
for the last three sites (sites 15-17; Table 2). The overlying 
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Fig. 5. SCOC measured with the ROVER at 17 sites from 28 
January to 27 May 1996 at Sta. M in the eastern North Pacific 
(4,100-m water depth). [a.] Plot of ROVER SCOC. Means with 
ranges where appropriate are presented as tilled circles connected 
with a bold line. Six measurements of SCOC made with the FVGR 
between 30 January and 5 February and three measurements made 
between 31 May and 2 June 1996 are plotted as open diamonds. 
[b.] ROVER SCOC measurements (means with ranges where ap- 
propriate) and FVGR SCOC measurements. The SCOC measure- 
ments made with the FVGR from 1989 through 1991 are published 
elsewhere (Smith et al. 1994; values from 1992 through 1995-K. 
Smith unpubl. data). Each FVGR measurement is plotted as the 
midpoint of the incubation period. 

water volume in the chambers, estimated from the penetra- 
tion depth on the chamber scale, ranged from 12.3 to 15.6 
liters and always appeared clear without visible sediment 
disturbance or resuspension. The enclosed surface of the sed- 
iment in each chamber was generally level and included fea- 
tures such as circular burrow openings, tubes of the poly- 
chaete Paradiopatra, and occasionally individual epibenthic 
megafauna, such as the ophiuroid Ophiura bathybia, the 

anemone Bathyphellia australis, and the holothuroid Elpidia 
minutissima (Tab1 e 2). 

The oxygen sensors in each chamber were calibrated be- 
fore the ROVER deployment using nitrogen-purged and air- 
saturated seawater at -2OC as limits. During each chamber 
incubation on the sea floor, oxygen sensor outputs were re- 
corded by the central controller every 8 h for three 5.7-min 
sampling intervals. The oxygen sensors were stable through- 
out the 4-month deployment, exhibiting little drift as reflect- 
ed in ambient bottom-water readings (mean output + SD: 
chamber A sensor, 430.0 + 50.6 mV; chamber B sensor, 
431.6 2 48.5 mV). Bottom-water oxygen concentrations, 
based on water samples collected and analyzed by Winkler 
titration at the bl:ginning and end of the 4-month deploy- 
ment, did not deviate significantly from values calculated for 
samples taken over the course of our 7-yr study at this sta- 
tion (mean ? SD = 142.8 L 3.9 pmol 0, liter-l; n = 63). 
The ratio between oxygen sensor output for chamber and 
bottom water decreased linearly with time of incubation for 
each measurement site. Typical curves for chambers A and 
B over the 152.3-h duration of each incubation at four dif- 
ferent sites (1, 5. 10, 14) during the deployment are plotted 
in Fig. 4. The relative change in oxygen content within the 
chambers ranged from 11.4 to 19.6% in 30 chamber incu- 
bations (data not included for four incubations due to sensor 
output problems of unknown origin) (Table 2). Using an am- 
bient oxygen concentration of 142.8 pmol liter-l and the 
estimated overlying water volumes, SCOC was calculated 
for each chamber incubation during the deployment, with 
values ranging from 0.50 to 0.91 mmol 0, mm2 d-l (Table 
2). A Wilcoxon matched-pairs test showed no significant dif- 
ference between SCOC measured in chambers A and B at 
each site (P = 0.46, n = 13). Over the 4-month deployment, 
SCOC generally declined until the end of February and then 
increased irregularly to the end of the deployment in late 
May (Fig. 5a). 

We have assumed that the changes in dissolved oxygen 
content during each benthic chamber incubation were a re- 
sult of metabolism by the sediment community and not by 
processes in the overlying water, because initial and final 
water samples were not taken for each incubation. In support 
of this assumption, seasonal measurements with Niskin wa- 
ter samples take? by a free-vehicle grab respirometer at Sta. 
M over the past 7 yr have shown that the oxygen consump- 
tion in enclosed overlying water is negligible for incubations 
of 57 d (e.g. Smith et al. 1994). We found no evidence of 
biofouling in the benthic chambers on recovery after 4 
months and observed no change in the transparency of either 
chamber wall on videotapes taken during the deployment to 
suggest progressive biofilm growth at this station. 

Comparison 01’ SCOC measurements 

A critical aspect in analyzing the SCOC measurements 
obtained with the ROVER is establishing their comparability 
to other SCOC neasurements. For this comparison we mea- 
sured SCOC at the beginning and end of the ROVER de- 
ployment with another free vehicle instrument, the FVGR. 
This instrument consists of flotation mounted on an alumi- 
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Table 3. SCOC measured with the free-vehicle grab respirometer (FVGR) during three deployments at Sta. M; two in late January/early 
February correspond with initial measurements of SCOC with the ROVER, and one in late May/early June corresponds with final mea- 
surements of SCOC with the ROVER. 

Chamber incubation 
Oxygen consumption 

% change 

Sta. 
No. Grab 

Interval 
(at h [local]) 

2909 1 30 Jan at 1522-1 Feb at 1127 
2 30 Jan at 1527-1 Feb at 1132 
3 30 Jan at 1532-1 Feb at 1132 
4 30 Jan at 1537-1 Feb at 1127 

2921 2 3 Feb at 1600-5 Feb at 1205 
3 3 Feb at 1605-5 Feb at 1205 

3002 1 3 1 May at 1455-2 Jun at 1100 
2 31 May at 1500-2 Jun at 1105 
3 31 May at 1505-2 Jun at 1105 

Incubation 
period (h) 

44.1 
44.1 
44.0 
43.8 
44.1 
44.0 
44.1 
44.1 
44.0 

Overlying 0, sensor 
water Sediment output 

volume penetration incuba- 
(liters) (cm) tion-’ 

pm01 0, 
chamber-’ 

h-’ 
mmol 0, 

m-2 d-1 

5.1 17.7 4.4 1.03 0.60 
5.9 15.6 4.9 0.96 0.56 
5.8 15.9 5.5 1.07 0.62 
5.0 17.8 7.5 1.26 0.73 
5.5 16.8 6.3 1.14 0.66 
5.2 17.3 6.9 1.19 0.69 
5.2 17.5 8.4 1.45 0.84 
4.9 18.1 10.3 1.69 0.98 
5.2 17.5 9.6 1.65 0.96 

num tripod frame that supports a central instrument package, 
including four stainless-steel grabs (see Smith and Baldwin 
1983; Smith et al. 1994). These grabs are mounted on a tray 
that is slowly pushed into the sediment after the vehicle 
lands on the sea floor. Each grab is equipped with a stirring 
motor to slowly circulate the enclosed water over a polaro-- 
graphic oxygen sensor, simulating natural diffusive bound- 
ary layer conditions. The output from each oxygen sensor, 
similar in design to those used in the ROVER chambers, is 
calibrated prior to deployment. Outputs from these sensors 
are stored every 15 min, and the signal is digitally recorded 
on a magnetic tape. At the end of each 2-d deployment the 
grab jaws are closed and the sediment and overlying water 
are returned to the surface where the grab penetration depth 
and overlying water volume are measured. 

The FVGR was deployed twice in late January and early 
February and once again in late May (Table 3) to correspond 
to the beginning and end of the ROVER deployment at Sta. 
M. SCOC measured with the FVGR in late January/early 
February ranged from 0.56 to 0.73 mmol 0, m-* d-l and 
fell within or below the lower limits of measurements taken 
at the same time with the ROVER (Fig. 5a). SCOC measured 
near the end of May (Table 3) was more consistent with that 
measured with the ROVER at a similar time. There was no 
significant difference (P > 0.05) between the four values of 
SCOC measured with the ROVER at the first two sites and 
the six determinations made with the FVGR over the same 
time period (Mann-Whitney U-test, P = 0.055). Similarly, 
there was no significant difference between the three mea- 
surements of SCOC made with the ROVER at the last two 
sites and the three measurements made with the FVGR in 
late May/early June (P = 0.51). The general agreement be- 
tween SCOC measurements made at similar times with the 
ROVER and FVGR suggests that these two different meth- 
ods provide comparable results. We would expect ROVER 
measurements to be more reliable because mobility removes 
it from disturbance created by the landing of the vehicle. 
The FVGR and other benthic landers do not have this ca- 
pability. 

The advantage of conducting this ROVER deployment at 

Sta. M was the extensive record of seasonal SCOC mea- 
surements at this site made over the past 7 yr. Previous short- 
term measurements of SCOC made with the FVGR during 
cruises to Sta. M in February and June between 1989 and 
1996 show good agreement with rates measured by the 
ROVER (Fig. 5b). The higher temporal resolution for SCOC 
provided by the ROVER indicates changes in rates that go 
undetected with the coarse time-scale sampling employed 
previously. 

Concluding remarks 

Our long time-series measurements over the past 7 yr at 
an abyssal station in the eastern North Pacific have shown 
a strong temporal relationship between the arrival and mag- 
nitude of a pelagically derived food supply and benthic 
boundary layer processes, albeit with considerable seasonal 
and interannual variation (Baldwin et al. 1998). From these 
studies, it has become evident that short-term and seasonal 
measurements are difficult to interpret in the absence of a 
long time-series perspective. The ROVER now provides the 
high temporal resolution measurements of SCOC (a measure 
of benthic community activity) necessary to match the res- 
olution with which we have been sampling the incoming 
food supply, measured as the downward flux of particulate 
organic matter. With this instrument, the capability exists to 
make long-term measurements of oxygen consumption and 
other processes in sediment-covered areas, ranging from 
continental shelf to abyssal depths (16,000 m). The use of 
this unique instrument is particularly applicable in remote 
areas, such as polar regions or midbasin portions of the Pa- 
cific and Indian Oceans, that are difficult to occupy routinely 
due to logistical or weather constraints. It also can be op- 
erated at a fraction of the cost of using manned submersibles 
or tethered ROVs, especially in these remote or weather- 
limited areas. 

The ROVER has the potential to be used as a program- 
mable platform from which to conduct a wide variety of 
studies, including photographic transects to examine spatial 
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and temporal variation in fauna and biogenic structures, fine- 
scale bottom-water profiling for nutrients, fine-scale map- 
ping of sea floor relief, and fine-scale mapping of sediment 
properties using sequential sediment cores and shear vanes. 
Fine-scale sampling, either spatially or temporally, is im- 
portant in resolving variability in benthic processes and is 
now quite feasible with the ROVER. The marked increase 
in sampling resolution provided by the ROVER over con- 
ventional techniques should provide valuable insights into 
the dynamics of carbon cycling in the deep-sea benthic 
boundary layer. 
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