
Utility of deep sea CO2 release experiments in understanding the

biology of a high-CO2 ocean: Effects of hypercapnia on deep sea

meiofauna

James P. Barry, Kurt R. Buck, Chris Lovera, Linda Kuhnz, and Patrick J. Whaling
Monterey Bay Aquarium Research Institute, Moss Landing, California, USA

Received 26 July 2004; revised 21 February 2005; accepted 29 April 2005; published 9 September 2005.

[1] Oceanic CO2 levels are expected to rise during the next 2 centuries to levels not seen
for 10–150 million years by the uptake of atmospheric CO2 in surface waters or
potentially through the disposal of waste CO2 in the deep sea. Changes in ocean chemistry
caused by CO2 influx may have broad impacts on ocean ecosystems. Physiological
processes animals use to cope with CO2-related stress are known, but the range of
sensitivities and effects of changes in ocean chemistry on most ocean life remain unclear.
We evaluate the effectiveness of various designs for in situ CO2 release experiments
in producing stable perturbations in seawater chemistry over experimental seafloor plots,
as is desirable for evaluating the CO2 sensitivities of deep sea animals. We also discuss
results from a subset of these experiments on the impacts of hypercapnia on deep sea
meiofauna, in the context of experimental designs. Five experiments off central California
show that pH perturbations were greatest for experiments using ‘‘point source’’ CO2 pools
surrounded by experimental plots. CO2 enclosure experiments with experimental plots
positioned within a circular arrangement of CO2 pools had more moderate pH variation.
The concentration of dissolution plumes from CO2 pools were related to the speed and
turbulence of near-bottom currents, which influence CO2 dissolution and advection.
Survival of meiofauna (nematodes, amoebae, euglenoid flagellates) was low after episodic
severe hypercapnia but lower and variable where pH changes ranged from 0 to 0.2 pH
units below normal.
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1. Introduction

[2] The chemistry of the world ocean is changing rapidly
due to the influx of anthropogenic carbon dioxide from the
atmosphere. This process will almost certainly intensify in
the near future as CO2 emissions increase, with potentially
profound impacts on the structure and function of ocean
ecosystems. Since the onset of the industrial revolution, the
oceans have absorbed �118 Pg of anthropogenic carbon, or
roughly 48% of the total carbon emissions [Sabine et al.,
2004]. Present carbon emissions near 7 PgC yr�1 are
expected to increase to 15 PgC yr�1 by 2050 [Marland et
al., 2001] (available at http://cdiac.esd.ornl.gov/trends/
trends.htm) and potentially to over 20 PgC yr�1 by the
end of this century [Joos et al., 1999; Legget et al., 1992].
Equilibration of ocean waters with the atmosphere has
already acidified ocean surface waters by 0.1 pH units
[Haugan and Drange, 1992] and ocean mixing, though
slow, has allowed anthropogenic carbon to penetrate to
1000+ m over much of the ocean [Sabine et al., 2004].

Continued acidification will reduce ocean pH by an addi-
tional 0.2 units by the end of this century [Haugan and
Drange, 1992], and the accumulating atmospheric burden
of carbon dioxide is expected to reach 1900 ppm during the
next 200–300 years, leading to pH reduction of 0.7 units in
ocean surface waters, levels nonexistent on Earth for over
300 million years [Caldeira and Wickett, 2003].
[3] The ecosystem consequences of elevated atmospheric

CO2 are large. The increase of 0.75�C in global temperature
over the last century is considered by many scientists to
have been driven by CO2-related greenhouse warming, and
is associated with broad changes in marine and terrestrial
ecosystems [Parmesan and Yohe, 2003; Root et al., 2003].
In addition to warming effects, acidification and the reduced
carbonate saturation state of the oceans has now been
implicated in reduced rates of calcification of many carbon-
ate secreting marine taxa, ranging from microscopic plank-
ton to coral reefs [Feely et al., 2004].
[4] Efforts to stabilize atmospheric greenhouse gas levels

or at least mitigate the effects of accelerating carbon dioxide
emissions have led to several carbon management options
including carbon sequestration in the terrestrial biosphere,
the world ocean, and acceptable geological strata. Options
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for ocean carbon storage have focused on direct deep sea
CO2 injection or indirect deep sea storage by enhancing the
natural carbon flux to the deep sea via fertilization of ocean
surface waters with micronutrients [Martin, 1990]. Al-
though direct ocean sequestration of CO2 was suggested
25 years ago [Marchetti, 1977], it has recently received
more interest, due to greater awareness of climate trends and
political attention to national energy policies [Kerr, 2001].
[5] Our understanding of the biological and ecological

consequences of large changes in the carbonate chemistry of
the oceans is poor, for both shallow and deep ocean
ecosystems, and has received considerably less attention
than terrestrial systems, where large-scale studies to mea-
sure the response of ecosystems to elevated CO2 levels are
ongoing [e.g., McLeod and Long, 1999] (available at http://
cdiac.esd.ornl.gov). Recent sophisticated mesocosm studies
of marine plankton communities [Riebesell et al., 2000] and
coral reef systems [Langdon et al., 2003] have advanced our
understanding of increased carbon dioxide levels on some
surface ocean systems. However, a considerable increase in
research is required to generate a comprehensive under-
standing of the response of marine organisms to changes in
ocean chemistry caused by either the continuing invasion of
carbon dioxide into surface waters or CO2 sequestration in
the deep sea. Experiments to examine the effects of hyper-
capnia on deep sea biota are an important step in advancing
our understanding of the high-CO2 ocean that is almost
certain in Earth’s future.
[6] We performed a series of deep sea CO2 release

experiments to investigate the effects of hypercapnia on
deep sea biota, as might be expected to result from a direct
ocean carbon sequestration program, by potential leakage
into deep ocean water of CO2 injected into geologic
formations under the seabed, or eventually by the chronic
elevation of seawater chemistry due to air-sea exchange and
deep ocean mixing. Although seawater chemistry near CO2

release sites of any large-scale CO2 sequestration program
will vary greatly depending on the rates and methods of
release and the stirring and mixing rates of the near-bottom
physical processes [Shirayama, 1998], long-term (i.e., cen-
turies), large-scale (ocean basin) changes in total CO2 and

pH of the deep ocean will probably be less variable in space
and time, with changes in ocean pH dependent upon CO2

injection volumes and retention efficiency [Harvey, 2003].
Our CO2 release experiments were intended to produce
quasi-stable, month-long perturbations of the CO2 content
of waters overlying experimental plots on the seafloor
through their exposure to the hypercapnic dissolution plume
advected from adjacent seafloor pools of liquid CO2. The
severity of hypercapnia and pH disturbance was intended to
approach values expected from either the regional effects of
a direct deep sea CO2 sequestration program or from the
chronic acidification of the ocean by atmospheric CO2

influx. In this paper we examine the efficacy of various
experimental designs for CO2 release experiments in pro-
viding stable perturbations to the CO2 and pH content of
seawater bathing experimental plots. In additional to our
focus on the efficiency of these methods, we discuss a
subset of the results from these experiments concerning the
effects of hypercapnia on deep sea meiofauna.

2. Methods

2.1. Study Area

[7] CO2 release experiments were conducted at three
locations on the continental rise in 3250–3600 m depth
off the coast of central California (Figure 1). The abyssal
seafloor at sites A and B is flat and relatively featureless,
covered with fine-grained clay-rich sediment with a high
content of organic carbon (�3% dry wt). Bottom water at
these sites is cold (1.5�–1.6�C), with oxygen levels of
120 mM, alkalinity of 2440 mm kg�1, in situ pH of �7.78
(SWS) and total CO2 of 2350 mm kg�1. Site C is located
in the axis of lower Monterey Canyon, a large submarine
canyon extending from the shore to >4000 m depth. This
section of Monterey Canyon is wide (�2 km), and
relatively flat, with fine-grained surficial sediments. Stud-
ies at all sites were at depths well below the intense
oxygen minimum typical of eastern Pacific waters, where
oxygen stress could compound the effects of hypercapnia
alone on deep sea organisms [Pörtner et al., 2005].
[8] Benthic and benthopelagic megafauna are common,

but distributed sparsely at the study sites. The sediment-
dwelling infauna at most sites was dominated by crusta-
ceans, especially tube-dwelling ampeliscid amphipods, and
polychaeta worms. Benthic meiofauna, the focus of this
paper, were dominated by nematode worms, euglenoid
flagellates, amoebae, ciliates, and allogromiid foraminifera.

2.2. Carbon Dioxide Release Experiments

[9] Several CO2 release experiments were performed
from 2001 to 2003 off central California at depths of
3100–3600 m (Table 1). The installation, sampling, and
recovery of CO2 experiments were performed using the
ROV Tiburon, launched from the R/V Western Flyer, and
operated by the Monterey Bay Aquarium Research Institute
(MBARI). Details concerning the R/V Tiburon are available
at http://www.mbari.org. A remotely operated vehicle
(ROV)-mounted CO2 release system developed by MBARI
was used to dispense up to 40 L of liquid CO2 per ROV
dive. This system was nearly identical to the CO2 release
system described by Brewer et al. [1999], but had a capacity
of 40 L. For each approximately month-long experiment,

Figure 1. Map of sites for CO2 release experiments off
central California.
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we released liquid CO2 into small ‘‘corrals’’ (sections of
PVC pipe �40–100 cm in diameter � 12–40 cm high)
placed on the seafloor, creating small, contained pools of
liquid CO2 (Figure 2). Upon its release into corrals, liquid
CO2 dissolved slowly, producing a CO2-rich, low-pH
dissolution plume that was advected and dispersed down-
stream by near-bottom currents. The CO2 dissolution plume
becomes negatively buoyant as CO2 hydration occurs
[Brewer et al., 2005], and thus, flows as a dense plume
relative to seawater, interacting with the surficial sediments.
Because of the difficulties of measuring seawater CO2 in
situ, we measured variation in pH caused by the CO2

dissolution plume as a proxy for its CO2 content. The
intensity and variability of CO2 dissolution plumes were
measured just above the seafloor using pH electrodes
installed on conductivity-temperature-depth (CTD) sensors.
[10] Depths greater than 3000 m were selected for CO2

injection experiments for several reasons. Large-scale
carbon sequestration by direct ocean injection will likely
target abyssal depths due to the greater storage efficiency
of CO2 injections at these depths, compared to shallow
injection scenarios [Herzog et al., 2001]. Therefore
research on the sensitivities of bathyal and abyssal deep
sea biota to changes in seawater chemistry caused by CO2

injection is required to assess the ecosystem consequences
of any ocean carbon sequestration scenario. In addition,
the phase stability characteristics of CO2 are such that
liquid CO2 is positively buoyant to a depth of �2600 m
off central California. CO2 released at 3200–3600 m has a
density of 1.064–1.074 kg L�1 (E. Peltzer, unpublished
data, 2004). Because CO2 is denser than seawater at
depths greater than 2600 m, we were able to release liquid
CO2 into PVC corrals placed on the seafloor. At shallower
depths, the liquid CO2 would float toward the surface and
dissolve or undergo a phase change to a gaseous state
(�340 m depth), making these experiments less tractable
or impossible.
[11] The effect of hypercapnia on benthic meiofauna

(flagellates, amoebae, nematodes) inhabiting the surficial
(i.e., top 1 cm) sediments was examined in these experi-
ments by assessing their survival (estimated from changes
in abundance) in experimental plots near and distant from
CO2 pools, related to the severity of hypercapnia. Because
meiofauna inhabit the sediment, the key measurements of
interest are the pH and CO2 content of pore fluids relative to
ambient values. While limited pH profiles of the sediments
were performed during one experiment [Thistle et al.,
2005], these measurements were only possible at the be-
ginning or end of the experiments, and thus, could not track
the temporal sequence of pore fluid perturbations by the
dissolution plume. In view of this limitation, we assumed
that pore fluids in top 1 cm of the sediment also became
hypercapnic due to the CO2 dissolution plume, as shown by

[Thistle et al., 2005]. It is expected that the temporal
variability of hypercapnia observed in bottom water (see
below) was smoothed somewhat in the upper sediment
layer, but was representative of changes in the pH field
measured �3 cm above the seafloor.
[12] Five CO2 release experiments with differing config-

urations of CO2 pools and seafloor study plots were
performed (Figure 3), among which the intensity and
stability of hypercapnia were expected to vary (Table 1).
These ranged from point source CO2 designs, where pools
of liquid CO2 were surrounded by experimental plots
containing organisms (Figures 3a and 3b), to layouts where
plots were encircled by multiple CO2 corrals (CO2 enclo-
sure designs (Figures 3c and 3d)). These latter designs,
similar in configuration to terrestrial Free-Air CO2 Enrich-
ment (FACE) experimental designs [Allen, 1992a, 1992b;
Allen and Beladi, 1990] were expected to produce the most
stable pH and CO2 perturbations.

2.3. Point Source CO2 Pool Experiments

2.3.1. CO2-1: Replicated Acute CO2 Exposure Design
[13] This initial experiment to examine in situ the re-

sponse of abyssal deep sea biota to hypercapnic conditions
was designed as an ANOVA comparison of the survival of
animals between replicated CO2 and control treatments.
Details of the experimental design and results concerning
the impacts on benthic meiofauna are presented by Barry et
al. [2004]. We provide a brief overview of that experiment
here. Six small (48 cm diameter � 15 cm high) PVC corrals
were placed on the seafloor (Figure 3a) at 3600 m depth at
site A (Figure 1). Three of the six corrals were each filled
with �20 L of reagent-grade liquid CO2 (Figures 2a and 2b)
using theMBARI CO2 delivery system, refilled after 14 days,
and the experiment was terminated after a total of 36 days
(Table 1).
[14] Seawater chemistry near these pools was measured

using three CTDs equipped with pH sensors, positioned
�3 cm above the seafloor and near (<0.5 m) two of the CO2-
filled corrals (e.g., Figure 2a, upper left) and one of the control
corrals. Current patterns at the site were measured with an
upward-looking acoustic Doppler current profiler (ADCP)
positioned 2 m above the seafloor on a small mooring located
�70 from the experimental pools.
[15] Tolerance to hypercapnia by sediment-dwelling

meiofauna was examined by comparing the abundances of
live meiofaunal taxa near CO2 and control corrals, at the
beginning of the study prior to dispensing liquid CO2 and at
the end of the experiment 36 days later (Table 1). Sediments
were sampled from replicate sediment cores (MBARI tube
cores: 7 cm diameters � 15–20 cm deep) collected adjacent
to, i.e., <0.5 m from, CO2 and control corrals.
[16] Meiofaunal abundance was quantified by extracting

the top 1 cm of sediment from a subsample of each core

Table 1. List of CO2 Release Experiments

Experiment Design Site Latitude, deg Longitude, deg Depth, m Start Date Duration, days

CO2-1 point source A 36.709 �123.523 3600 25 Jun 2001 36
CO2-2 point source B 36.200 �122.617 3310 25 Oct 2001 41
CO2-3 point source A 36.708 �123.531 3650 4 Apr 2002 27
CO2-4 CO2 enclosure C 36.378 �122.676 3262 11 Nov 2002 29
CO2-5 CO2 enclosure A 36.709 �123.523 3607 19 Aug 2003 31
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Figure 2. CO2 corrals during CO2 release experiments. (a) Initial filling of corral 2 during CO2-1. Note
pH sensor in upper left. (b) ‘‘Frost heave’’ of sediment in CO2-1 corral 2 (Figure 2a) after 1 day, caused
by interaction of CO2 hydrate with sediment. (c) Full central CO2 corrals (�100 L liquid CO2) at
beginning of CO2-2. Macrourid fish is swimming above CO2. (d) Central corrals after 49 days dissolution
during CO2-2. Note small amount of CO2 hydrate in bottom and live abyssal zoarcid fish (Pachycara sp.)
in cage at lower right. (e) Nearly 75% full CO2 corral with liquid CO2 and unknown amount of CO2

hydrate at the end of CO2-3. (f) Empty CO2 corrals after 1 month at end of CO2-4. (g) Full CO2 corral at
beginning of CO2-5. (h) Partially full corral at end of experiment CO2-5.
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using a 60 cc syringe with the Luer end removed. Sub-
samples were preserved immediately in a 2% glutaralde-
hyde solution in 0.1 M cacodylate buffered, filtered
seawater. A Percoll density-gradient centrifugation tech-
nique was used to extract meiofauna from aliquots of the
subsampled sediment. Counts and biovolume measurements
of meiofauna stained with the fluorochrome DAPI were
made using epifluorescence microscopy. Details of these
techniques are presented by Buck et al. [2000]. Tissue
condition (live/dead) was assessed for a subsample of
nematodes collected. Individual nematodes stained with
DAPI were inspected under epifluorescence microscopy
for the presence (recently live) or absence (dead) of intact
cell nuclei.
2.3.2. CO2-2, CO2-3: CO2 Exposure Gradient
Experiments
[17] We performed two CO2 release experiments (CO2-2,

CO2-3) using a regression design, by creating relatively

large CO2 pools in a single, central location, then charac-
terizing the dissolution plume and assessing meiofaunal
abundance at distances of 0.5–50 m in two directions
(Figure 3b). Considering the acute CO2 perturbations
observed in close proximity to CO2 pools (see results for
CO2-1 below), we expected more moderate pH changes
(0.1–0.3 units) at distances of �5–10 m from central CO2

pools, due to diffusion and mixing of the dissolution
plume.
[18] For CO2-2 at site B (Figure 1, Table 1), we placed

three PVC corrals (48 cm diameter � 40 cm high) in a tight
group on the seafloor, filling them with �100 L of liquid
CO2 (Figures 2c and 2d). Together, they formed a central
point source for the hypercapnic dissolution plume. Seabird
pH electrodes attached to Applied Microsystems Ltd
(AML) CTDs were positioned distances of �0.5, 5, and
50 m from the CO2 pools to measure the magnitude of pH
(thus CO2) perturbations (Figure 3b). An acoustic Doppler
current profiler (ADCP) meter mooring was deployed at the
site as described for CO2-1. The corrals were not refilled
during the experiment, which was terminated after 41 days
(Table 1). Sediment samples for meiofaunal analyses in
each experiment were collected from 0.5, 2, 5, 10, and 50 m
to the north and east of the central CO2 pools at the end of
the experiment.
[19] Release experiment CO2-3 (site A (Figure 1)) had a

similar design (Figure 3b), but used a 91 cm diameter �
30 cm high plastic corral, which was filled with �75 L
of liquid CO2 at the beginning of the experiment (Figures 2e
and 4b), leaving the corral approximately 35% full.
Sensors were positioned from 0.5 to 50 m from the
CO2 source as in CO2-2. Additional liquid CO2 (80 L)
was added to the corral after 13 days to bring it to �75%
full, and the experiment was terminated after 27 days
(Table 1). Sediment samples were collected for meiofau-
nal analyses as in CO2-2.
[20] We estimated the rate of survival for major meiofau-

nal taxa at the end of each experiment from changes in their
biovolume along the exposure gradient, i.e., from 50 to

Figure 3. Experimental design of CO2 release experi-
ments. (top) Point source CO2 release experiments. (bottom)
CO2-enclosure designs. (a) CO2-1, with three randomly
distributed CO2 corrals with �20 L of liquid CO2 (large
shaded circles) and three unfilled control corrals (open
circles). Small circles indicate locations of sediment cores
for collection of benthic meiofauna (black, samples prior to
CO2 release; white, samples at end of experiment). Star
symbols indicate positions of pH sensors. (b) CO2 pool
layout used for release experiments CO2-2 and CO2-3. A
single central CO2 corral (�160 L), as used in CO2-3, is
shown. Triplicate smaller corrals (�100 L total) used in
CO2-2 not shown. Sediment samples were collected from
distances of 1–50 m (indicated by dashed ellipses) from the
CO2 pool in two orthogonal directions. (c) Triangular CO2

enclosure experiment CO2-4 with three �20 L CO2 corrals.
Dashed circles indicate general area of treatment (CO2) and
control samples. Control location was �75 m from CO2

pool area. (d) Circular CO2 enclosure experiment CO2-5.
Symbols as above. Note the seven �20 L CO2 corrals.

Figure 4. Adjustment of raw pH data. Raw data (black
dots) were adjusted (white dots) to remove sensor drift,
and the baseline pH was offset to match the ambient pH
(7.78 SWS).
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0.5 m from the CO2. Mean meiofaunal biovolume 50 m
from CO2 pools was assumed to represent background
(i.e., 100% survival) values, with lower biovolume nearer
CO2 pools reflecting reduced survival. A power function
(biovolume = a(distance)b) was fit to the biovolume and
distance data set for each meiofaunal taxon to character-
ize its ‘‘survival’’ versus distance relationship. Several
interacting factors affect the dispersion of the dissolution
plume and the taxon-specific responses of meiofaunal
populations. Complex physical processes such as CO2

hydration kinetics, dissolution plume density, diffusion,
advection, and eddy turbulence will affect the intensity of
hypercapnia and acidosis with distance from CO2 pools.
Changes in the biovolume of specific taxa during these
experiments represent the integrated effects of individual
and numerical population responses to hypercapnic stress.
The power function is expected to represent a first-order
approximation of the combined effects of physical and
biological processes on the dispersal of the dissolution plume
and the sensitivity and response of meiofaunal taxa.

2.4. CO2 Enclosure Designs

2.4.1. CO2-4: Triangular CO2 Enclosure Design
[21] Release experiment CO2-4 was performed using a

CO2 enclosure design inMonterey Canyon at site C (Figure 1,
Table 1). Rather than a single-point CO2 source surrounded
by sensors and experimental plots, we designed a triangular
CO2 enclosure in which three CO2-filled corrals (48 cm
diameter � 15 cm high; �20 L each) were positioned �4 m
apart at the apices of a roughly equilateral triangle (Figure 3c).
Sensors were positioned near the center of the triangular CO2

corral layout, and sediment samples for meiofaunal analyses
were collected from the center of the triangle, and�75m from
the CO2 enclosure. An ADCPwas moored nearby to measure
the flow field, positioned �16 m above the seafloor and in a
downward looking configuration. Meiofauna were enu-
merated from the upper 1–5 cm of sediments sieved
through a 63 mm filter [Carman et al., 2004]. CO2 was
dispensed into all three CO2 corrals, and the experiment
was terminated after 29 days (Table 1).
2.4.2. CO2-5: Circular CO2 Enclosure
[22] A CO2 release experiment performed during 2003 at

site A (Figure 1) employed a circular layout of CO2 corrals
(Table 1, Figure 3d) that mimics the concept of terrestrial
FACE experiments [McLeod and Long, 1999]. Perturba-
tions to pH and CO2 within the enclosure design were
expected to be more stable than produced using point source
designs. Seven CO2 corrals (48 cm diameter � 15 cm high;
�20 L liquid CO2 each (Figures 2g and 2h)) were posi-
tioned in a circle �12–15 m in diameter. This size of the
enclosure was selected using results of earlier experiments
and targeting a �0.2–0.3 unit pH reduction inside the
circle.
[23] CTDs equipped with pH sensors were positioned

near the margin of the circle adjacent to a CO2 corral,
�1.5 m from the margin, and in the center of the circle,
as well as in a control area �75 m distant. Sensors were
positioned from 3 to 50 cm above the seafloor.
[24] Sediment cores for meiofaunal studies were collected

both before CO2 injection and at the termination of the
month-long experiment, from the center of the CO2 enclo-
sure, as well as from three nearby (�75 m distance) control

areas. Meiofaunal abundances from this experiment are not
yet available and will not be discussed further.
2.4.3. Current Measurements
[25] Near-bottom currents were measured during each

CO2 release experiment using an ADCP. The ADCP (RDI
sentinel, 300 or 600 kHz) was generally mounted on a small
mooring 2 m (CO2-1, -2, -3), or 3 m (CO2-5) above the
seafloor, oriented upward. For CO2-4, the ADCP was
mounted 16 m above the seafloor, oriented downward.
Time series data from a single measurement bin 8 m above
the seafloor were used to characterize the flow patterns
(mean speeds, progressive vector plots) and for spectral
analyses (FFT; Matlab release 14, 2004). Vertical profiles of
mean flow speed and eddy turbulence were calculated using
all available ADCP data.
2.4.4. pH Measurements
[26] Seawater pH was measured using Seabird SBE 18

pH sensors attached to Seabird Model 19 plus or Applied
Microsystems Ltd. CTDs. Sensors were mounted from 3 to
50 cm above the bottom, at varying distances from CO2

pools, depending upon experimental layout. Data intervals
varied among experiments from 1 to 6 min.
[27] Frequent failure or drift of deep-rated pH sensors

complicated the interpretation of the pH field near CO2

release experiments. Raw pH data were adjusted to remove
sensor drift. Because we were interested primarily in excur-
sions of pH from the average in situ values (assumed
constant during each experiment), data from each pH sensor
was adjusted such that its maximum values equaled the in
situ bottom water pH for that location (normally near
7.78 SWS). Adjusted pH data were calculated as the in
situ bottom water pH (7.78) minus the deviation for each
measured pH datum from the local (within 12 hours)
median or maximum pH (Figure 4).
[28] Spectral analyses of pH records were performed on

adjusted data series following Fourier transformation (FFT;
Matlab Release 14, 2004).

3. Results

3.1. Benthic Boundary Layer Currents

[29] The speed and direction of deep sea currents during
all CO2 release experiments varied in time and among
experiments, affecting both the rate of dissolution and
advection of the dissolution plume from experimental CO2

pools. Currents 8 m above the seabed were generally
sluggish (mean speed �3–6 cm/s) and oscillatory in speed
and direction during all release experiments (Figure 5), and
were dominated by tidal and, to a lesser degree, inertial
motions. A summary of current data from 8 m above the
seafloor, the depth nearest the seafloor where data are
available from each experiment (no data are available from
CO2-3), is presented in Table 2.
[30] Although flow during all experiments was rotary to

some degree, the key differences in flow among experi-
ments related to the average speed and turbulence of flow
near the bottom (Figure 6), which influence both the
dissolution of liquid CO2 and the dispersal and mixing of
the plume. Highest mean absolute and net flow speeds were
measured during CO2-4 at site C where flow is constrained
bathymetrically by the walls of Monterey Canyon (Table 2).
Mean current speed was higher (5.7 cm s�1) than measured
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Figure 5. Progressive vectors plots for near-bottom currents measured during CO2 release experiments.
Small open box in each plot indicates starting location at beginning of experiment. A progressive vector
indicating the directional flow sequence during each experiment is indicated by the black oscillating line.
Start of each day marked by shaded circles. Principal axes of flow are indicated by an ellipse in each
panel, in which major and minor axes represent one standard deviation of the mean current magnitude.
Mean flow indicated by shaded arrow (same scale as principal axes ellipse). Height of the current
measurements above the seafloor for each plot are indicated as meters above bottom (mab). (a) CO2-1.
(b) CO2-2. (c) CO2-4. (d) CO2-5.

Table 2. Summary of Current Measurements and Estimates of Dissolution Rates for CO2 Release Experimentsa

Experiment Interval, s Data, hours
Magnitude Mean,

cm s�1
Net Flow,
cm s�1 Net Direction

Keddy,
cm2 s�2 CO2 Dissolution

CO2-1 598 1198 4.3 1.22 119.4 11.06 rapid
CO2-2 360 1166 4.4 0.81 29.3 11.81 rapid
CO2-3 n.d. n.d. n.d. n.d. n.d. n.d. slow
CO2-4 300 667 5.7 2.29 36.7 17.17 rapid
CO2-5 299 1016 2.9 0.77 312.2 5.36 slow
aFlow data calculated from a single acoustic Doppler current profiler 8 m above the seafloor for each experiment listed. No flow

data were recovered for CO2-3. Interval indicates the sampling interval (s) during each experiment. Magnitude represents the mean
nondirectional current speed. Net flow is average net transport toward net direction. Eddy kinetic energy is calculated from u0, v0,
and w0. Estimates of CO2 dissolution rates are based on remotely operated vehicle observations of liquid CO2 remaining in corrals
at the end of each experiment.
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at sites A or B, and net drift was aligned tightly with the
major principal axis of flow (Table 2, Figure 5c) in the
along-canyon axis. Flow was consistently in the up-canyon
direction, a pattern which has been observed elsewhere
along the axis of Monterey Canyon (J. P. Barry et al.,
unpublished data, 2004). Mean current speed, net transport
and eddy kinetic energy were each roughly 2–3 times
greater than measured at the noncanyon sites. The apparent
rate of CO2 dissolution during this experiment was rapid,
based on the observation of completely empty corrals at the
end of the 31 day experiment.
[31] In contrast to the relatively energetic currents during

CO2-4, flow at site A during CO2-5 was the most sluggish
observed in any experiment, and was associated with very
slow rates of CO2 dissolution (Figure 6). The mean speed
(2.9 cm s�1) and net drift (0.8 cm s�1) measured during
CO2-5 were roughly half the speeds measured in Monterey
Canyon during CO2-4. Eddy kinetic energy (5.4 cm2 s�2),
which probably plays the largest role in CO2 dissolution
from seafloor corrals, was only 31% of that observed during
CO2-4.
[32] Flow patterns during CO2-1 and CO2-2 were inter-

mediate in energy between the high energy flow during
CO2-4 and very sluggish flow observed during CO2-5.
Mean absolute current speeds and eddy kinetic energy for
CO2-1 and CO2-2 were both near 4.4 m s�1 and 2.3 cm2 s�2,
respectively, though these were performed at two different
sites. Even though net transport during CO2-1 (1.2 cm s�1)
was much higher than during CO2-1 (0.8 cm s�1) the major
andminor axes of flowwere similar (ellipses in Figures 5a and
5d), leading to comparable levels of eddy turbulence near the
seafloor. Site B is located along the base of the continental rise
off central California, where flow during CO2-2 (Figure 5b)
may have followed the general path of bottom contours

(Figure 1). No current data were recovered during CO2-3
due to instrument failure.
[33] Spectral analyses of current time series showed that

periodic flow at all sites was dominated by the semidiurnal
lunar constituent M2 (period �12.4 h). The lunisolar diurnal
(K1 = 23.9 hours) and principal lunar diurnal (O1 =
25.8 hours) constituents contained the greatest energy
density for some components of flow. Spectra calculated
from eastward flow for each experiment were nearly uni-
formly dominated by M2 (Figure 7, right column). Spectra
generated using northward, absolute magnitude, or flow
heading yielded generally similar results, with some varia-
tion in the importance of M2, K1, O1, and other constituents.
Spectra based on current magnitude (Figure 7, left column),
matched most closely the spectral patterns of pH records
(see below).

3.2. CO2 Dissolution and pH Variability

[34] Rates of CO2 dissolution varied among experiments,
based on qualitative observations of differences in the
amount of liquid CO2 remaining in CO2 corrals at the end
of each experiment (Figure 2), and appear to be related to
the magnitude of eddy kinetic energy measured during each
experiment (Table 2). High rates of dissolution were ob-
served during CO2-1, CO2-2, and CO2-4 (Figures 2c, 2d,
and 2f). During CO2-1, �20 L of liquid CO2 dissolved from
each corral in only 2–3 weeks. In CO2-2 (�100 L) and
CO2-4 (�20 L per corral), near-complete dissolution of
injected CO2 was observed after 41 and 29 days, respec-
tively. Because only a small amount of hydrate (CO2-2
(Figure 2d)) or no liquid CO2 or hydrate (CO2-4) was
remaining at the end of these experiments, the majority of
dissolution may have occurred prior to the end of the
experiments.
[35] Eddy kinetic energy was high during all three of

these experiments (Table 2). Dissolution rates during CO2-3
were difficult to estimate, due to the refilling of the corral
midway through the experiment, and the apparent formation
of entrainment of water during CO2 hydrate that appeared to
have formed within the CO2 pool. The corral was approx-
imately 70% full at the end of the experiment (Figure 2e),
reflecting either sluggish dissolution or significant hydrate
formation (and seawater entrainment [Brewer et al., 1999]),
or both. Unfortunately, no flow data were recovered during
CO2-3. Dissolution during CO2-5 was slow. Several CO2

corrals used in CO2-5 remained partially (1/8 to 1/2 full) of
liquid CO2 after 30 days, very likely related to the low mean
current speeds and low turbulence measured at the site
during this experiment.
[36] The magnitude and variability of pH perturbations

varied among experiments, related to experimental design,
distance from CO2 pools (Figure 8), and current variability
at each site. Shifts in pH caused by the CO2 dissolution
plume were highly variable and periodic during point source
CO2 experiments with centrally positioned CO2 pools
surrounded by study organisms and sensors (experiments
CO2-1, -2, -3).
[37] The greatest pH changes were measured during

experiment CO2-1, as reported by Barry et al. [2004].
Excursions of up to �1.7 pH units were measured within
1 m of the CO2 pools during this experiment, related to the
very near proximity of pH sensors to experimental CO2

Figure 6. Mean current speed and eddy kinetic energy for
CO2 release experiments. (a) Vertical profiles of mean
current nondirectional current speed (error bars represent
95% confidence limits) based on all available acoustic
Doppler current profiler (ADCP) data from each experiment.
(b) Vertical profiles of eddy kinetic energy, based on u0, v0,
and w0. Note the large difference in mean speed between
CO2-5 and CO2-4 for both mean speed and eddy kinetic
energy. Note also the decreased energy nearer the seafloor.
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Figure 7. Spectral analyses of near-bottom currents during CO2 release experiments. Left column
includes spectra generated from time series of absolute current speed (Mag.). Right column displays
spectra generated from time series of eastward current velocity (East). (a, b) CO2-1, site A. (c, d) CO2-2,
site B. (e, f) CO2-4, site C. (g, h) CO2-5, site A. Note the strong periodicity at �12.4 hours, representing
the M2 tide. Height above bottom for current measurements in each experiment is indicated in Figure 5.
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pools (Figure 8a). Perturbations in pH were highly periodic,
however, indicating that the variable speed and direction of
near-bottom currents controlled the advection of the disso-
lution plume and bathed the seafloor (i.e., pH sensor)
alternately with the CO2 dissolution plume and ambient
seawater (pH = 7.78 SWS). Owing to the rotary character of
near-bottom currents dominated by the M2 tides, large
reductions in pH occurred nearly every 12.4 hours, fol-
lowed by periods of normocapnia (pH = 7.78). Extreme
excursions in pH (>0.5 units) were rare, and the average pH
during the experiment was 7.64 (DpH = �0.14 units), with
near-background values (7.78) through most of the exper-
iment (Figure 9a). Unfortunately, only one of three pH
sensors functioned reliably during the experiment, and this
sensor also failed after �10 days. In addition, though no pH
data were collected near control corrals without CO2,
subsequent experiments indicated that pH perturbations

near control corrals �50 m away were nearly undetectable
(i.e., DpH < 0.01 units).
[38] The central position of liquid CO2 pools during

experiments CO2-2 and CO2-3 produced a pattern of
periodic pH variability similar to CO2-1. Unfortunately,
pH sensors very near (�0.5 m) CO2 pools failed in both
experiments, preventing comparison of pH changes for that
distance with those measured during CO2-1. Maximum pH
excursions during CO2-2 and -3 (approximately �0.3 units)
were much smaller than measured during CO2-1 (Figures 8b
and 8c, Table 3), due to the greater distance (5 m) between
sensors and CO2 corrals and perhaps also to slightly lower
rates of CO2 dissolution. As in CO2-1, the exposure of
organisms and sensors to the dissolution plume around CO2

corrals was brief and episodic, with hypercapnic events
approximately every 12 hours in association with the
clockwise rotation of the M2 tide. Seawater with near

Figure 8. Time series of adjusted pH measurements during part of each CO2 release experiment.
(a) Release experiment CO2-1 (distance between pH sensor and CO2 pool = 0.5 m), (b) CO2-2 (5 m),
(c) CO2-3 (5 m), (d) CO2-4 (2.5 m), and (e) CO2-5 (5 m). Height of sensors above seafloor was �3 cm.
Note the strong diurnal periodicity in Figures 8a–8c and higher-frequency variation in Figures 8d and 8e.
pH adjustments were applied to all data (see text). The magnitude of pH perturbations during CO2-4 are
suspected to be erroneous. The length of all data records is near the total duration of each experiment,
except for a (CO2-1), in which this pH sensor failed after 9 days during the 36 day experiment.
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normal pH (DpH < 0.05 units) persisted more than 95% of
the time, with excursions in pH > 0.1 units accounting for
only �2% of the pH measurements during these experi-
ments (Figures 9b and 9c). The magnitude and temporal
variability of pH reductions measured 5 m from CO2 pools
for CO2-2 and CO2-3 was quite similar for �25 days, just
prior to the end of CO2-3. Because the corrals were not
refilled during CO2-2, it appears that dissolution dimin-
ished, as indicated by the reduced pH variability (and
lessened hypercapnic stress) during the latter half of this
experiment (Figure 8b).
[39] Spectral analyses of pH time series (Figures 10a–

10c) and current measurements (Figures 7a–7c) made
during point source CO2 release experiments CO2-1 to
CO2-3 confirmed the importance of oscillatory, near-bottom
currents in the advection and dispersal of the CO2 dissolu-
tion plume, and the very similar pattern of pH variability
among these experiments. In addition to the M2 tide, diurnal
periodicity associated with the K1 tide was evident in both
the flow and pH variation at site B during CO2-2. The M4

tide (6.2 hours) was secondary in importance at site A for
pH and bottom currents.
[40] CO2 enclosure experiments CO2-4 and CO2-5, in

which organisms and sensors were encircled by three or
seven CO2 corrals, respectively, were expected to produce
somewhat more stable shifts in pH, as desired for inves-
tigations of the sensitivities of deep sea organisms to
hypercapnia. Performance of pH sensors was poor during
CO2-4, and the adjustment required to remove drift was
large, reducing our confidence in the magnitude, but per-
haps not the periodicity, of pH changes in this experiment
(Figure 8d). Exposure to the CO2 dissolution plume from
surrounding pools of liquid CO2 was more frequent during
these experiments due to the multiple CO2 sources, but pH

shifts were generally mild (DpH < 0.1 units) and short lived
(Figures 8d and 8e). Maximum pH reductions were near
0.2 units, and the average shift in pH during each experiment
was only�0.008 units (Table 3). This low average pH shift is
due to the high percentage of mild pH perturbations; more
than 99 and 97% of all observations during experiments
CO2-4 and CO2-5, respectively, showed pH changes of
�0.05 units or less (Figures 8d and 8e).
[41] Even though the shifts in pH were small, experimen-

tal plots (i.e., animals, sensors) were exposed more fre-
quently to the CO2 plume during each of the CO2 enclosure
experiments than during point source CO2 release experi-
ments. The variance:mean ratio for pH measurement during
CO2 enclosure experiments (Table 3) was low, indicating a
more stable pH field than was found for point source
experiments. The greater frequency of hypercapnic events
during CO2 enclosure experiments is evident in Figures 8d
and 8e, showing the time series of pH perturbations, and
Figures 11d and 11e, characterizing pH variability in the
lower 1 m of the water column during 10 days of each
experiment. The less frequent and staccato character of pH
events during earlier point source experiments is driven by
the dominance of the M2 barotropic tide on bottom currents.
During CO2 enclosure experiments, the frequent, though
milder, perturbations indicate a partial decoupling of the pH
field from the periodicity of bottom currents.
[42] Spectral analyses also indicated the higher frequency

of hypercapnic events. Although the M2 tide exerted strong
dominance over pH variability within the triangular enclo-
sure of CO2 corrals during CO2-4, variability was also
observed on shorter frequencies not observed in near-
bottom currents at the site (Figures 7e, 7f, 9d, and 10d).
The persistent up-canyon flow within Monterey Canyon at
site C may also have reduced both the residence time and
recirculation of the dissolution plume within the experimen-
tal site. High-frequency variation in pH due to multiple CO2

sources was most evident during CO2-5. Spectral density is
mixed among several nontidal frequencies in the center of
the enclosure (Figure 9e), with the greatest energy at a
period of 4.6 hours.

3.3. Biological Responses of Benthic Meiofauna to
Hypercapnia

[43] The effects of exposure to the acute hypercapnia very
near CO2 corrals during the first CO2 release experiment

Figure 9. Frequencies of pH perturbations during CO2

release experiments. Bars represent the number of observa-
tions during each experiment with shifts in pH of increasing
magnitude (from a baseline of pH = 7.78 SWS). (a) CO2-1.
(b) CO2-2. (c) CO2-3. (d) CO2-4. (e) CO2-5. Note the log
scale of frequencies and the overwhelming dominance of
very mild or no pH reduction for all experiments.

Table 3. Summary of pH Perturbations During CO2 Release

Experimentsa

CO2-1 CO2-2 CO2-3 CO2-4 CO2-5

Max 7.78 7.78 7.78 7.78 7.78
Min 6.12 7.44 7.45 7.61 7.54
Mean 7.64 7.77 7.77 7.78 7.77
SD 0.28 0.02 0.03 0.01 0.02
N 13,363 10,018 5921 7977 8790

Deviations
Max �1.660 �0.342 �0.326 �0.166 �0.239
Mean �0.142 �0.008 �0.008 �0.003 �0.008
SD 0.275 0.023 0.025 0.011 0.017
S2: mean 0.533 0.066 0.078 0.040 0.036

aDeviations for pH measurements are shown in lower rows. The pattern
of maximum perturbations is related principally to distance from CO2

pools, rather than its design.
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(CO2-1) were severe, as reported by Barry et al. [2004]. All
major meiofaunal taxa (nematodes, flagellates, amoebae)
experienced high (>90%) mortality within 0.5 m of CO2

pools after 30 days of exposure to episodic reductions in pH
of up to �1.6 pH units. In contrast, mortality near control
corrals was minor or undetectable.
[44] The effects of hypercapnia and acidosis on benthic

meiofauna varied among regression design CO2 release
experiments (CO2-2 and CO2-3) that we examine in this
paper. Although the pattern and intensity of pH variability
was similar for these two experiments (Table 3), changes in
meiofaunal abundance (i.e., survival rates) differed. Unlike
the severe hypercapnia and high meiofaunal mortality
observed during experiment CO2-1, the abundance of nem-
atodes, flagellates, and amoebae did not change with

distance from the central CO2 pools during experiment
CO2-2 after 41 days of episodic, moderate hypercapnia.
During CO2-3, nematodes did not vary in abundance with
distance from the CO2 pool, but flagellates and amoebae
each decreased significantly (p < 0.005) closer to CO2 pools
by the end of the experiment. Survival nearest the CO2 pool
was only �30%, but increased to 75% survival 10 m from
the pool (Figures 12d and 12e).

4. Discussion

4.1. Efficacy of pH Perturbations During CO2 Release
Experiments

[45] A highly stable shift in seawater chemistry desirable
for studies of tolerance to hypercapnia was not observed

Figure 10. Power spectra for pH variability during CO2 release experiments. (a) CO2-1. (b) CO2-2.
(c) CO2-3. (d) CO2-4. (e) CO2-5. Note differences in y axis scale among figures and the strong
periodicity near 12.4 hours (M2 tidal flow) for point source CO2 experiments (Figures 10a–10c) and
weaker, higher-frequency periodicity for CO2 enclosure experiments (Figures 10d and 10e).
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during any of the CO2 release experiments. Instead, CO2

concentrations (measured as pH) varied throughout all
experiments, with the vast majority of observations near
normal seawater pH. This high variability in CO2 and pH
stress impairs our ability to interpret the dose tolerance
responses of animals to hypercapnia. It is not possible to
partition the importance of episodic moderate hypercapnia
or chronic mild hypercapnia during these experiments on
animal survival. More useful experiments would provide
relatively stable CO2 perturbations within the range of
variation expected in the future for surface or deep ocean
[Hoffert et al., 1979]. Enclosure designs used in this study,
though not ideal, damped the high pH variation observed in
point source experiments. Further studies to compare the
impacts of episodic, severe hypercapnia with those arising
from stable, but mild hypercapnia would improve our
understanding of the dose tolerance patterns of deep sea
animals. Information generated from such studies will serve
as important inputs for models of ecosystem dynamics
under various scenarios of future ocean chemistry.

[46] The interpretation of faunal responses to hypercapnia
and acidosis was also complicated by the frequent failure,
poor reliability, and considerable drift of pH sensors during
these long-term, deep sea studies. The adjustment of raw pH
data to fit both the expected background pH (7.78 SWS)
and to remove the sometimes significant drift of each sensor
may have eliminated some significant, though relatively
small, pH perturbations. This pH adjustment method retains
the larger spikes in pH variation very effectively, but
sometimes removed small-scale variation in pH which
might have represented real hypercapnic events. Develop-
ment of more sophisticated sensors, including pH and CO2

sensors for deep sea studies [Someya et al., 2004], would
catalyze progress in this area.
[47] Because we could not measure pore fluid pH

throughout these experiments, we assumed that pH pertur-
bations measured in the benthic boundary layer immediately
above the seafloor would be correlated, or at least coupled,
with pore fluid pH. Shipboard measurements of pore fluid
pH reported by Thistle et al. [2005] for the upper sediment

Figure 11. Time series of seawater pH to 1 m above the seafloor during CO2 release experiments. (left)
Layout of CO2 pools (blue circles) and pH sensors (red triangles) during each experiment. (right) pH
changes during 10 days of each CO2 release experiment. Note scale difference between Figure 11a and
Figures 11b–11e. Positions of pH sensors (red squares on left y axis) were �3 cm above bottom for CO2

release experiments 1–4 (Figures 11a–11d), for which pH at 50 cm above bottom was not measured
(assumed to equal the pH at 5 cm). For CO2 enclosure experiment CO2-5 (Figure 11e), four pH sensors
were located at 5 cm height, one at 35 cm, and one at 50 cm. Background pH (100 cm above seafloor) for
all panels was assumed to be 7.78 (SWS). Note the roughly semidiurnal periodicity of pH perturbations
for point source CO2 release experiments with a central CO2 pool (Figures 11a–11c) and high-frequency
or more constant pH variability for CO2 enclosure experiments (Figures 11d and 11e).
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layer (top 8 mm) near the center of the triangular CO2

enclosure during CO2-4 showed pH reductions of �0.6 pH
units compared to control areas. Measurements with in situ
sensors we deployed just above the seafloor indicated much
milder pH perturbations, however the accuracy of these
sensors were suspect during this experiment. Therefore
although the scaling of interstitial pH with the pH of the
overlying water remains unclear, it is certain that the two
are coupled. Additional study is required to resolve this
relationship.
[48] Rates of dissolution for liquid CO2 and CO2 hydrate

are poorly constrained, and are affected by the presence of
CO2 hydrate and the flow speed or strength of turbulence
eddies near the CO2-seawater interface [Fer and Haugan,
2003; Rehder et al., 2004; Teng and Yamasaki, 2000]. Slow
rates of CO2 dissolution estimated for experiments CO2-3
and CO2-5 were likely related to low turbulence during
these experiments, but may have been influenced by several
other factors, including mean currents, sedimentation on the
liquid CO2, formation of CO2 hydrate, and the hydrody-
namics of the CO2 corral. The high aspect ratios (48 cm
diameter � 40 cm high) and multiple corrals used during
CO2-2 (Figures 2c and 2d) may have enhanced turbulence
over the corrals, thereby accelerating dissolution. In con-

trast, the larger (91 cm diameter � 30 cm high) CO2 pool
used in CO2-3 may have impeded dissolution, particularly
when partially full. Although the CO2 surface in this large
corral was near the top of the corral at the end of the
experiment, seawater entrainment during hydrate formation
[Brewer et al., 1999] may have increased the volume of the
liquid-hydrate pool. Nevertheless, CO2 dissolution appears
to have been slow for such a large volume to remain
after 1 month, perhaps due to sluggish currents, and the
insulating effects of a veneer of sediment that was
deposited on the hydrate surface of the pool during the
experiment (likely caused by the ROV).
[49] The effects of CO2 dissolution and hydration on

seawater salinity [Brewer et al., 2005] suggest that salinity
could be a useful proxy for pCO2 or pH. Brewer et al.
[2005] have shown that salinity initially drops during CO2

dissolution, as liquid dilutes seawater, but finally rises to
values greater than ambient values as CO2 hydration reac-
tions proceed to completion. Salinity varied considerably in
each experiment, but its relationship to CO2 chemistry could
not be determined. CO2 hydration proceeds considerably
faster at depth than in surface waters, but there is insuffi-
cient time for hydration to equilibrate during the transit of
the dissolution plume through our experimental plots.
Because the system is in disequilibrium, the salinity data
provide a complex view of CO2 changes in the experiments.
For this reason, we relied only on pH perturbations to
estimate changes in CO2 chemistry. Temperature variation
was low (<0.2�) throughout each experiment and was not
useful in estimating pH or CO2 levels.
[50] Dominance of semidiurnal periodicity in pH during

the point source CO2 release experiments was not surpris-
ing, especially considering the magnitude of M2 tides along
central California (Figure 7) [Beaulieu and Baldwin, 1998;
Breaker and Broenkow, 1994; Filloux, 1971]. Baroclinic
M2 tides, generated along the continental shelf break in
Monterey Bay [Rosenfeld, 1990], may reflect seaward,
increasing turbulence in offshore waters [Lien and Gregg,
2001], and could have contributed to the flow field
measured in these experiments. Variation in the direction
and speed of currents between experiments are likely
caused by changes in the relative importance of factors
contributing to abyssal current, including seasonal and
interannual variability. Beaulieu and Baldwin [1998] noted
large shifts in abyssal currents at station M in 4100 m
depth off central California, attributing them to the ‘‘spring
transition’’ characteristic of the west coast of North
America. This seasonal shift caused by changes in the
wind field at the surface has also been documented in the
eastern North Atlantic [Dickson et al., 1982], and may have
affected flow at site A.
[51] The tight coupling between current variability in the

benthic boundary layer and the periodicity in pH perturba-
tions during each experiment suggests that boundary layer
flows measured 5 or more m above the seafloor extend to
very near the seabed. Our flow measurements were no
closer than 5–6 m above the seabed, which is above the
log-layer (the range of depths where current speeds
decreases scales according to the log of distance above
the seabed, due to the frictional effects of the bottom). The
log-layer for the flows observed in this study is expected to
be �2–3 m at deep sea depths [Gross et al., 1986].

Figure 12. Variation in meiofaunal abundance at the end
of CO2 release experiments CO2-2 and CO2-3. (a, b, c)
Results from CO2-2, sampled 48 days after CO2 release.
(d, e, f) Results from CO2-3, sampled 27 days after CO2

release. Meiofaunal taxa are indicated in each panel.
Abundance is measured as biovolume. Distance indicates
distance from central CO2 pools. Shaded dots indicate
biovolume values for individual cores collected at the end of
each experiment. Dashed black curves indicate statistically
significant power functions (y = axb) for flagellates (r2 =
0.56, p < 0.0004) and amoebae (r2 = 0.47, p < 0.0017) in
CO2-3. Right axis indicates estimated survival, assuming
that background biovolume values (i.e., 50 m from pool)
represent zero CO2-related mortality.
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Beaulieu and Baldwin [1998] estimated the boundary layer
flow to the seabed from measurements of currents 2.5–
600 m above the bottom at station M. Estimates of z0
(flow at the seabed) for station M ranged from 0.11 to
0.91 cm s�1, based on mean currents 2.5 m above the
bottom of �2–4 cm s�1. Considering the similar mean
flow speeds and bottom characteristics of station M to
our study sites, flow at the seabed is likely to fall within
the range estimated by Beaulieu and Baldwin [1998], and
should vary roughly in proportion to the mean speed
measured further above the bottom. Extrapolating the pattern
of flow measured in the benthic boundary layer to the seabed
during our experiments could explain the observed variation
in apparent rates of CO2 dissolution among experiments.
[52] The extent of pH variation in the triangular and

circular CO2 enclosure experiments was unexpected, how-
ever, even though the observed pH periodicity was gener-
ally higher in frequency than for point source CO2 designs.
The enclosure designs were expected to produce a more
stable and more persistent pH perturbation within the
enclosure, due to both the multiple CO2 dissolution sources
and some anticipated overlap in the dissolution plumes
emanating from each pool. Although episodes of reasonably
large pH perturbations (approximately �0.2 pH units) were
observed in all experiments, they were generally short lived
in all but CO2-1, in which pH sensors were positioned very
near the CO2 pools. Terrestrial FACE CO2 perturbation
systems can also suffer from high pCO2 variation (data
available from http://cdiac.esd.ornl.gov/programs/FACE/
face.html), but the active control of CO2 injection for these
systems provides much tighter control on mean and max-
imum changes in pCO2 within enclosures.

4.2. Biological Sensitivity of Benthic Meiofauna

[53] Mortality associated with hypercapnia was detected
in most CO2 release experiments, even though perturbations
in pH were generally short lived, and in some cases, mild.
High rates of mortality observed after even short-term
exposure to pH reductions >1 pH unit, as occurred during
CO2-1 [Barry et al., 2004] are not surprising, since such
large changes in pH exceed greatly the range of natural
environmental variability. Variation in the pH of the aerobic
surficial layer of deep sea sediments is generally much less
than one unit, and most meiofaunal taxa studied here may
not experience this entire range [Giere, 1993]. During CO2-
1, the close proximity of sediment samples to the CO2 pools
probably led to very high CO2 perturbations in the upper
sediment layer. Although we did not measure pH in sedi-
ments during CO2-1, cores collected from within CO2

corrals which had been covered with liquid CO2 effervesced
to a depth of nearly 10 cm down-core upon recovery to the
surface. This indicates a deep penetration of liquid CO2

within the sediment (e.g., Figure 2b). Even though we did
not observe similar CO2 outgassing in sediment cores
analyzed for meiofauna, the surface sediments surrounding
the CO2 corrals were likely quite hypercapnic.
[54] Perturbations of pH measured in CO2-2 and CO2-3

were relatively mild, (�0.1 to �0.2 pH units) and infre-
quent (<2% of observations), but still led to upward of 30%
mortality 5 m from CO2 pools for flagellates and amoebae
during CO2-3 (Figures 12d and 12e). This mortality rate
suggests that pH perturbations were either more severe in

the sediment column than measured in the overlying water,
or that these meiofaunal taxa are quite sensitive to relatively
small and brief changes in pH. The contrasting results for
the survival of flagellates and amoebae between CO2-2 and
CO2-3 may be related to the longer duration of CO2-2, its
smaller CO2 dose, and apparently diminished dissolution
toward the end of the experiment. Approximately 100 L of
liquid CO2 were released in the central pools used for CO2-
2, for an experiment lasting 41 days. In contrast, �150 L
were injected into the CO2 corral used for CO2-3, (80 L
after 17 days) during this much shorter experiment. Al-
though much CO2 remained at the end of CO2-3, its pH
record (Figure 8c) suggests that hypercapnic stress was as
high as or higher than during CO2-2. It is possible that
meiofaunal survival was high during CO2-2, as suggested
by the abundance patterns detected at the end of the
experiment, or that the local population had recovered to
some extent, by either immigration and/or population turn-
over as hypercapnic stressed lessened after the first month.
Deep sea ciliate and flagellate generation times are not well
known, but probably range near days to weeks, considering
the growth rates of several hours for shallow planktonic
ciliates [Hansen and Bjornsen, 1997]. The sensitivities of
benthic meiofauna to CO2 elevation during the triangular
CO2 enclosure experiment (CO2-4) were measured by
Carman et al. [2004] and Thistle et al. [2005], who detected
mortalities among meiofaunal harpacticoid copepods near
50% at the center of the triangular CO2 enclosure. Although
the abundances of harpacticoids and other meiofauna (nem-
atodes, nauplii, kinorhynchs, polychaetes) were similar
among control and hypercapnic samples, closer inspection
of individuals from each indicated that �50% of animals in
hypercapnic samples were partially degraded, indicated death
prior to collection by the ROV. Profiles of pH within the
sediment column within the enclosure compared to those
from a control site �50 away indicated a pH reduction of
nearly 0.6 pH units in the upper sediment column.
[55] Patterns of mortality for benthic meiofauna detected

during these experiments are somewhat mixed, but in most
experiments (all but CO2-2) suggests that chronic acidosis
and hypercapnia that may be typical in the future ocean
could have large effects on benthic meiofaunal populations.
Maximum perturbations in pH at a distance of �5 m was
generally in the range of �0.2 pH units in the overlying
water, or perhaps greater in the pore fluid [Thistle et al.,
2005], but these hypercapnic events were short lived, and
rare (pH was most often very near normocapnic). Even after
exposure to infrequent, relatively mild hypercapnia in the
overlying bottom water, meiofaunal mortality in two of
three experiments (CO2-3, -4) was near 30% or more. The
impacts of chronic hypercapnia are expected to be more
severe.
[56] The large variation in pH observed in the CO2

release experiments limits our ability to determine key
thresholds of hypercapnia that could trigger physiological
stress or death for any of the animals studied. An under-
standing of the biological and ecological consequences of
increased hypercapnia over shallow and deep waters of the
world ocean will require knowledge of the physiological
responses of organisms as a function of the severity and
duration of hypercapnia. Thus thresholds (e.g., dose toler-
ance data) for individual survival, as well as information on
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the effects of sublethal, but potentially energetically costly
hypercapnic exposure, are most easily considered in terms
of chronic, stable changes in pH by known intervals
[Auerbach et al., 1996]. A broad base of information
concerning the dose tolerance responses of a phylogeneti-
cally and environmentally diverse set of animals, as well as
the development of effective ecosystem models [deYoung et
al., 2004] may be important precursors to predicting eco-
system changes that may result from ‘‘business as usual’’
[Legget et al., 1992] changes in ocean chemistry.
[57] Exposure to hypercapnic, acidic seawater, from

either direct CO2 injection or the long-term increase in
deep sea CO2 levels drawn from atmospheric CO2 emis-
sions pose physiological challenges for marine animals that
have a scope of tolerance to such stresses defined by their
evolutionary history of adaptation to environmental vari-
ability. Optimal metabolic performance for most animals
requires tight control (or narrow uncontrolled variability)
of internal pH, which influences a variety of cellular
physiological functions [Hochachka and Somero, 2002].
Owing to the reduced environmental variability typical of
deep sea environments [Kennett and Ingram, 1995], cou-
pled with apparently strong selection for adaptations to
minimize energy requirements in deep, typically food-poor
ocean environments, deep sea animals often exhibit higher
sensitivities to environmental variation than their shallow-
water counterparts (or hydrothermal vent taxa), including
variation in pH and CO2 [Seibel and Walsh, 2003]. Thus
while animals that typically experience large pH variation
may have the physiological capacity to maintain internal
acid/base balance even during severe hypercapnic events
(e.g., hydrothermal vents animals [Goffredi et al., 1998]),
most deep sea animals may not survive even milder
hypercapnia.
[58] Meiofauna, including those studied here, are

expected to be equipped poorly to tolerate acidosis. Flag-
ellates, amoebae, and nematodes are primitive groups that
rely on diffusion through cell membranes for respiration.
The absence of respiratory proteins in these groups may
limit the potential impacts of hypercapnia on oxygen
binding that can be acute in some more complex taxa
[Seibel and Walsh, 2003], and tolerance to hypercapnia
may be restricted by the inability of most taxa to maintain
acid-base balance within normal levels. Diffusion of CO2

through cell membranes will quickly equilibrate the CO2

tensions and pH of intra and extracellular fluids with
ambient seawater concentrations. Nematodes, with their
thicker cuticle, may be buffered somewhat more effectively
than flagellates and amoebae from brief pH events, but
persistent changes in seawater chemistry will swamp the
internal fluids of all of these taxa rather quickly. At present,
the key cellular processes impacted by hypercapnia or
acidosis for these taxa remain unknown.

4.3. Future Studies of the Impacts of Hypercapnia
on Deep Sea Ecosystems

[59] In view of the nearly inevitable continuing rise in
atmospheric CO2, the world ocean is faced with a hyper-
capnic future that may rival levels unseen for upward of
100 million years, with potentially large changes in the
ecosystem patterns and function of the oceans. Progress
in understanding the consequences of elevated CO2 levels

on marine populations and communities depends on our
ability to measure the response of organisms to changes
in CO2, pH and perhaps other factors. Although labora-
tory studies of physiological performance are possible for
shallow water species, in situ studies are required for most
deep sea species [Shirayama, 1998], at least for water depths
exceeding �1500 m, owing to their general intolerance of
surface pressures. Capture of animals at depth, and return to
the laboratory under in situ pressure and temperature is
possible, and should supplement field studies. In many cases,
however, field experiments that provide tight control over
seawater chemistry can be used to measure at least the short-
term response of various species to perturbations in CO2 and
pH. Our experimental approach provides some inference
concerning the sensitivity of some deep sea species to
hypercapnia, but do not determine the range of pH and CO2

perturbations tolerable for survival (e.g., LD50). Nor have
deep sea experiments to date measured the sublethal con-
sequences of hypercapnia that may have important negative
consequences for populations. For example, Kurihara et al.
[2004] used laboratory experiments to demonstrate that
littoral sea urchins and copepods exposed to moderate hyper-
capnia experienced reduced rates of growth, developmental
delays, and anomalies (sea urchins) and reduced reproductive
success (fertilization: urchins, egg production and hatch-
ing: copepods). Likewise, Auerbach et al. [1996] and
Caulfield et al. [1997] compiled data on the dose toler-
ance (survival rates) of a variety of shallow water marine
organisms, providing the first overview of the general
pattern of pH (and hypercapnia) stress tolerance of marine
organisms. Shirayama [1998, p. 381] noted that deep sea
species have ‘‘1) Low biological activities, 2) Long life
span, 3) High sensitivity to the environmental distur-
bance, 4) High species diversity, and 5) Low density,’’
suggesting that they are hypersensitive to environmental
disturbance. Seibel and Walsh [2001] examined metabolic
performance data for a variety of species inhabiting
depths from 0 to �1500 m, suggesting that deep water
species are potentially orders of magnitude more sensitive
to CO2-related stresses than their shallow water counter-
parts. The role of the intense eastern Pacific oxygen
minimum, which is confounded with depth in their data
set, remains to be examined.
[60] Future in situ studies will require more sophisticated

designs and perhaps significantly more complex subsea
instrumentation to provide stable perturbations in CO2 and
pH levels that will allow researchers to examine the dose
tolerance responses of deep sea taxa to changes in seawater
chemistry caused by ocean carbon sequestration or long-
term increases in CO2. Several alternatives are possible,
from in situ collections of deep sea organisms returned to
surface laboratories under pressure for controlled physio-
logical study, to deep sea mesocosms akin to those devel-
oped for CO2 studies in terrestrial systems, or automated in
situ chamber systems capable of small-scale metabolic
studies. FACE experiments [McLeod and Long, 1999] are
underway at dozens of sites across the globe to measure the
response of terrestrial communities to elevated CO2 levels.
FACE studies regulate pCO2 over replicated terrestrial plots,
based on rapid air flow sensors and sophisticated upstream
CO2 injectors. Similar efforts, representing an advanced
form of our CO2 enclosure designs may be required for
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ocean studies before either the determination of dose
responses, or the effects of chronic, long-term hypercapnia
on most marine species can be examined.
[61] While the application of FACE technology may be

productive in understanding the impacts of increasing CO2

levels in the oceans, the spatial and temporal scales, and
focus on specific habitats relevant for ocean studies must be
considered. Deep sea bathypelagic and sediment habitats,
which dominate ocean ecosystems, may require vastly
different applications of mesocosm-like technology. Unlike
terrestrial systems, marine microbial processes often dom-
inate carbon cycling in deep sea ecosystems. Thus the
appropriate spatial scale of experimental enclosures may
be quite small. Pelagic habitats also present complex
technical challenges for controlled volume experiments.
Automated small-scale in situ chamber systems capable of
measuring metabolic responses of individual animals or
sediment samples to hypercapnia may represent the most
productive technological developments for studies of the
biology of a high-CO2 ocean.
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