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[1] Numerous previous studies show disequilibrium between stable carbon isotope ratios of foraminiferal calcite
and pore water dissolved inorganic carbon in hydrocarbon seeps, calling into question the utility of this widely
used paleoceanographic tracer as a proxy. We use a recently developed method to compare stable carbon isotope
ratios of foraminiferal carbonate with cell ultrastructural observations from individual benthic foraminifera from
seep (under chemosynthetic bivalves) and nonseep habitats in Monterey Bay, California, to better understand
control(s) of benthic foraminiferal carbon isotope ratios. Two attributes previously proposed to cause the
isotopic offsets are diet and symbionts. Ultrastructural analysis shows that positive staining with Rose Bengal
indicates presence of foraminiferal cytoplasm, bacterial biomass, or a combination of both and, thus, is not
an unequivocal indicator of viability. We also show for the first time that some living seep foraminifera have
endobionts. Results from our unique, yet limited, data set are consistent with suggestions that, in our sites,
several foraminiferal species collected from seep clam beds may not survive there, diet and symbiont
presence do not appear to be major contributors to disequilibrium, little calcification of seep-tolerant
foraminiferal species occurs while seep conditions prevail, and microscale variability in habitats could
influence §'°C of benthic foraminiferal carbonate. Results further suggest that our knowledge of benthic
foraminiferal ecology and biomineralization, especially in extreme habitats such as seeps, must be bolstered
beforelz3we fully understand the fidelity of paleoenvironmental records derived from benthic foraminiferal
test 6 “C data.
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serious consequences for our understanding of past seep
activities, which can significantly affect climate [e.g.,
Kennett, 2003; Leifer et al., 2006; Solomon et al., 2009].
Elucidating the cause of this disequilibrium will produce a
more robust paleoenvironmental proxy. Until now, investiga-
tions involving foraminiferal biogenic carbonate isotopic
signatures have focused on calibration [e.g., McCorkle et al.,
2008; Rathburn et al., 2003] rather than on causation of this
apparent disequilibrium because techniques were unavail-
able for assessing the biological cause of foraminiferal
83C values.

3] Importantly, in nonseep environments, foraminiferal
8"3Ceqt values are not in equilibrium with DIC. The isotopic
composition of ambient water DIC seems to have an influ-
ence, but there are inconsistencies such as “vital effect”
disequilibrium and consistency of isotopic composition

1. Introduction

[2] The geochemistry of benthic foraminiferal tests (shells)
provides fundamental proxies for paleoceanographic stud-
ies. The assumption that the stable carbon isotope ratios of
benthic foraminiferal carbonate (6'°Ci) correlate predict-
ably with ambient §'*C values of dissolved inorganic carbon
(DIC) (6"*Cpic) [e.g., McCorkle et al., 1990] has recently
been drawn into question by observations that calcite of
foraminiferal tests in cold methane seep habitats differ sig-
nificantly from the ambient §'*Cpyc of bulk pore water [Hill
et al., 2003, 2004a, 2004b; Martin et al., 2004; Rathburn
et al., 2003]. Such disequilibrium between ambient pore
water and cooccurring foraminiferal calcite has important and
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within a species [McCorkle et al., 1990]. In addition to vital
effects that manifest as different isotopic signatures for
different species living in the same pore waters (presumably
with the same §"*Cp,c value), specimens of the same species
found living in different pore waters (i.e., with different
8"3Cpic values) of the same core have the same isotope
signal [McCorkle et al., 1997; Rathburn et al., 1996, 2003;
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among others]. This difference has led many authors [e.g.,
Gooday 2003; Hill et al., 2004a; Rathburn et al., 2003], to
suggest that food may influence isotopic signatures in benthic
foraminiferal carbonate. Similar conclusions were reached
by Mackensen et al. [2006], who noted that Cibicidoides
wuellerstorfi, living on methane seep worm tubes elevated
well above the sediment water interface, have very negative
carbon isotope signatures. They concluded that isotopically
light material from the seep and ingested by the foraminifera
had an influence on isotope ratios of their tests. Diet has also
been suggested to influence the 813C values of planktic
foraminiferal carbonate [Uhle et al., 1997].

[4] Foraminifers in general ingest bacteria, fungi, algae,
and small metazoans, plus take up dissolved organic carbon
[reviewed in Lee and Anderson, 1991]. Although species-
specific diets are unknown for nearly all deep-sea forami-
nifera, ultrastructural analyses indicate that some species
ingest primarily phytodetrital remains [Heeger, 1990], while
others are deposit feeders that likely rely primarily on bac-
teria [Goldstein and Corliss, 1994], and yet others are
known to ingest metazoan tissue [Linke et al., 1995]. Pre-
liminary observations suggest individuals of any given
foraminiferal species have similar food vacuole contents if
the specimens were collected in the same environment [e.g.,
Goldstein and Corliss, 1994], but preliminary examination
suggests that foraminiferal conspecifics collected from dif-
ferent environments have variation in their diets (J. M.
Bernhard, unpublished data, 1997; S. T. Goldstein, personal
communication, 2003). Although the mechanism is unknown
for foraminifera, differences in dietary composition is known
to affect carbon isotope values of bones and other metazoan
tissues [e.g., Lee-Thorp, 2008; Levin and Michener, 2002].
The dietary habits of foraminifera living in methane seeps
have never been described, and thus, it is unknown if diet
causes or contributes to the large disequilibrium observed in
these environments.

[5] From a somewhat different perspective, the presence
of photosynthetic symbionts is known to influence the iso-
topic signatures of planktonic foraminiferal calcite [e.g.,
Spero, 1998], corals, and shallow water benthic foraminifera
[e.g., Erez, 1978]. Similarly, an endobiont-bearing sulfide-
tolerant foraminiferal species has a light carbonate §'*C value
(Virgulinella fragilis, —6.4%o [Bernhard, 2003]) compared
to most foraminifera, and thus, the presence or absence of
heterotrophic and/or chemoautotrophic symbionts in benthic
foraminiferal conspecifics may help explain isotopic vari-
ability within the carbonate of seep foraminiferal assem-
blages. Heterotrophic and/or chemoautotrophic bacterial
symbionts may affect carbon cycling within the microhabitat
of the foraminiferal test and cytoplasm by fractionating DIC
in microenvironments within and surrounding the foramin-
ifer to lighter values than in bulk pore water. Isotopically light
DIC in microenvironments should cause the foraminiferal
tests to be isotopically lighter than tests of conspecifics living
outside seeps: a trend not previously observed [e.g., Rathburn
et al., 2003]. Endosymbionts, however, have not yet been
found in foraminifera living in seep habitats, and ecto-
symbionts have only been described from one individual seep
foraminifer, on the basis of limited ultrastructural data
[Bernhard et al., 2001].
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[6] Other possible explanations for disequilibrium of iso-
tope composition of benthic foraminifera have been postu-
lated. Stott et al. [2002] proposed that foraminifera calcify at
the sediment water interface or a particular sediment hori-
zon, thereby incorporating only the DIC from bottom waters
or the horizon’s pore waters; subsequent migration into
anoxic zones characterized by extremely low ¢'°C values
hypothetically results in an apparent disequilibrium between
ambient conditions and tests. However, previous studies that
examined Rose Bengal-stained foraminifera within seep
sediments found distinct vertical distribution patterns and no
evidence that species-specific depth distributions change
over time [e.g., Rathburn et al., 2003]. Torres et al. [2003]
suggested that isotopic disequilibrium of foraminifera at
Hydrate Ridge seeps (Oregon USA margin) resulted from
calcification only during times of little methane venting or
when there was intermittent seawater flow into the sediments.
Variations in flow rate and direction have been documented at
the Hydrate Ridge seeps. These variations, which occur at
frequencies of a few days’ duration and perhaps as rapidly
as tidally [e.g., Tryon et al., 1999, 2002], were linked to gas
hydrate dissociation and gas-driven fluid flow. Downward
flow into sediments linked to gas hydrate dissociation has
also been measured in the Gulf of Mexico [Solomon et al.,
2008]. Variations in the isotopic composition of pore
water at frequencies matching flowmeter results of Tryon
et al. [1999, 2002] have not been published to our knowl-
edge. Further, daily or tidal periodicities in calcification have
not been documented in deep-sea benthic foraminifera.

[7] We hypothesize that the carbon isotopic composition of
foraminiferal carbonate is influenced by diet and/or micro-
scale pore water variability caused by nonphotosynthetic
(i.e., heterotrophic or chemoautotrophic) bacterial or archaeal
symbionts. Alternatively, we hypothesize the perceived
disequilibrium results from inaccurate viability assessments
where foraminifera thought to be living in seeps actually
represent dead sPecimens, for which tests more closely
reflect nonseep 6 ~Cpc values. To address these hypothe-
ses, we developed a method that coupled isotopic and
ultrastructural analyses [Martin et al., 2010] and use this
novel approach here to compare the carbonate stable isotope
value of individual foraminifers’ carbonate tests with their

cytology.

2. Methods

[8] Specimens were collected from the Clam Flats seep
and an adjacent nonseep area in Monterey Bay, California
(36°44.7'N 122°16.6'W; ~1003 m water depth). Neither gas
hydrates nor bottom-simulating reflectors that would indicate
their presence have been reported from the sampling region.
Although flow rates have not been measured at the Monterey
Bay seeps, repeated sample collection over approximately
6 months show that sulfate and alkalinity concentrations
changed little over that period and reflect relative stability of
flow from these seeps [Martin et al., 1997]. At the time of our
sampling, a reconnaissance of the area resulted in selection of
three large beds of live vesicomyid clams representing sites of
active methane and sulfide seepage [e.g., Barry et al., 1996].
A suite of samples was obtained from each designated site;
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this contribution describes analyses from a subset of our
collections.

[v] Sediments were obtained using pushcores (8.1 cm
inner diameter) with the remotely operated vehicle Jason.
When sampling clam beds, care was taken to target verti-
cally oriented bivalves so that the pushcore wall would not
jostle the clam significantly during coring, thus allowing
collection of undisturbed sediments. Cores were sent to the
sea surface via a flotation elevator to minimize the period
through the thermocline and recovery onto the surface
support vessel. After the elevator was secured on deck, the
pushcores were taken into an environmental room approx-
imating in situ temperature (~5°C). Within an hour, the
surface 1 cm of each core was sliced from the underlying
sediments. Some samples were used for pore water extrac-
tions, and some were preserved for foraminiferal analyses.
Pore water extracted for isotope samples were compromised
during transport, and we thus lack §'*Cpc values for these
pore waters. For this paper, we use previously measured
values from these seeps to infer the presence of disequilib-
rium between the foraminiferal carbonate and DIC [Martin
et al., 1997, 2004]. Samples for foraminifera for this study
were placed in a high-density polyethylene (HDPE) con-
tainer, fixed in 3% glutaraldehyde buffered with 0.1 M Na
cacodylate acid (pH 7.2 [e.g., Bernhard et al., 2000]), and
kept ~5°C during transport and until processing. To aid
in identifying cytoplasm-containing specimens, a saturated
solution of Rose Bengal was added to the fixative solution
approximately one week prior to specimen isolation from
sediments. The employed methodology is described in detail
by Martin et al. [2010]. In brief, because of requirements for
standard transmission electron microscope (TEM) prepara-
tion, and isotopic analyses, our standard methods required
modification.

[10] Because of resource limitations, not all specimens
that produced reliable §'>C values [Martin et al., 2010] were
analyzed for cell structure. Specimens were prioritized within
each common calcareous species (Bulimina mexicana, Buli-
minella tenuata, Chilostomella oolina, Cibicidoides wuel-
lerstorfi, Globobulimina pacifica, Uvigerina peregrina);
highest priority was given to those species where data were
recovered from both seep and nonseep Rose Bengal-stained
specimens as well as to conspecifics exhibiting maximum
differences in isotopic signature for either habitat. After stable
isotope analysis, selected specimens (n = 34) were prepared
for TEM as described by Martin et al. [2010]. Specimens
were sectioned into 250 nm “thick” and 90 nm “thin”
sections. Thick sections were air-dried on microscope slides,
stained with 1% toluidine blue O, examined, and photo-
graphed with a Zeiss Axiovert 40C tissue culture micro-
scope to visualize gross cell structure. Per standard practice
to enhance membrane visualization, thin sections were
poststained with a saturated uranyl acetate solution in 50%
ethanol and a modified version of Sato’s lead citrate
[Hanaichi et al., 1986] and examined with either a Zeiss
902A or a Zeiss 10CA TEM. All 34 specimens were exam-
ined for (1) food vacuole contents such as inorganic detritus
and bacterial, algal, and/or metazoan remains [ Goldstein and
Corliss, 1994; Heeger, 1990]; (2) symbiont presence/absence
[e.g., Bernhard, 2003; Bernhard et al., 2006]; and (3) intact
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organelles (i.e., nuclei, Golgi bodies, peroxisomes, mito-
chondria, endoplasmic reticulum, vacuoles). For this study,
a specimen was considered dead if intact organelles were
absent or deemed living if at least three types of intact
organelles were found. If only one or two organelle types
were identifiable, the specimen was deemed to be recently
dead or dying. Pore plugs (thickened membranes occurring
in test pores) and bacteria entrained in externally associated
inorganic debris were potentially present in both live and
dead specimens, so their presence had no bearing on via-
bility assessments.

3. Results

3.1. Rose Bengal Staining and Gross Cell Structure

[11] All analyzed specimens stained with Rose Bengal,
although the staining intensity and pattern varied (Figures 1a—
1d and insets), often being restricted to the final (youngest)
one or two chambers. The opacity of tests in conspecifics of
some species (e.g., C. wuellerstorfi, U. peregrina) varied;
when the tests of some individuals that appeared to have less
intense staining were fractured, bright cytoplasmic staining
was observed (Figure 1d).

[12] Gross morphological attributes apparent in thick sec-
tions of epoxy-embedded specimens also differed substan-
tially among individuals. Some foraminifera had abundant
obvious vacuoles (Figure le) while others lacked well-
developed vacuolization (Figure 1f). In a few cases, masses
of inorganic material exceeded organic material (Figure 1g).

3.2. Ultrastructural Observations

[13] Although the direct transfer from phosphate buffered
saline (PBS) to 70% ethanol in our procedure [Martin et al.,
2010] produces more darkly stained material than our
standard procedure [Bernhard et al., 2000], identifiable
organelles were apparent in many specimens (Figures 1h—1n
and Table 1). Cristac (membrane invaginations) of mito-
chondria were often difficult to discern both in nonseep and
seep specimens, although the double membrane of mito-
chondria could be discerned if viewed at the appropriate
angle (Figure 1k). Lipid was also prevalent; sometimes the
proloculus appeared to be almost completely full of lipid
(Figure 11). Changes in cytoplasmic composition from
chamber to chamber were common. As noted in thick sec-
tion light micrographs (e.g., Figure le), the cytoplasm of
terminal (i.e., youngest) and, often, penultimate chambers was
typically diffuse, imparting a “frothy” or “ropey” appearance
(Figure S1a) that generally included foreign material as well
as mitochondria and peroxisomes (Figure S1b)."! These
changes in cytoplasmic texture across chambers likely rep-
resent known differences between pseudopodial and cell
body cytoplasm [Alexander and Banner, 1984].

[14] Degraded organelles were common. The most fre-
quent and obviously compromised organelles were vacuoles
where membranes were ruptured. Such ruptured vacuoles
occurred in specimens both with and without other well-
preserved organelles (i.e., living, dead, and dying specimens).

'Auxiliary materials are available in the HTML. doi:10.1029/
2010PA001930.
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Table 1. Characteristics of Foraminifera Analyzed for Stable Carbon Isotopes and Cell Ultrastructure®

Species Specimen Core 8"3C(Error) Food Type Bacteria? Organelles
B.mexicana 85 8 1.4 (0.85) diatoms, detritus none ER, M, G
B.mexicana 83 8 3.2(0.85) detritus none NA
B.mexicana 36 21 —1.6(0.85) detritus Parasites M
B.mexicana 51 21 —0.7(0.85) NA Parasites NA
B.mexicana 52 21 0.9(0.85) algae, detritus Parasites M* V*
B.tenuata 128 8 0.6(0.85) plastids Endobionts N,P, ER, M, V
B.tenuata 130 8 0.9(0.85) unidentifiable Endobionts V,P,ER, M, G
B.tenuata 127 8 —1.0(0.85) detritus, unidentifiable none M, P, ER, V, G
B.tenuata 129 8 0.9(0.85) detritus Endobionts V,P, ER, M
B.tenuata 102 41 -3.2(0.85) plastids Endobionts V, P, ER, M
B.tenuata 103 41 —2.1(0.85) plastids Endobionts V,P, N, G
B.tenuata 104 41 =2.0(0.85) NA none v, M*
B.tenuata 105 41 —1.3(0.85) NA none NA
C. ovoidea 71 8 —0.4(0.85) algae, detritus none V,P,M
C. ovoidea 109 41 —3.2(0.85) unidentifiable none NA
C.wuellerstorfi 125 8 —0.2(0.06) unidentifiable Parasites L)
C.wuellerstorfi 33 21 0.6(0.31) algae, diatoms, detritus Parasites M?, V*
C.wuellerstorfi 40 21 —=3.0(0.06) diatoms, detritus Parasites )
C.wuellerstorfi 58 21 0.0(0.06) diatoms, muscle none N* M?*
C.wuellerstorfi 60 21 —0.4(0.06) diatoms, detritus none N* M?* P*
C.wuellerstorfi 62 21 2.1(0.85) diatoms, detritus, bacteria Parasites P, M?*
G. pacifica 75 8 1.1(0.85) diatoms, detritus none V,P, ER, M
G. pacifica 48 21 =2.0(0.31) NA none NA
G. pacifica 49 21 1.1(0.85) NA none NA
G. pacifica 97 41 —7.9(0.31) diatoms, detritus none VE P* M*
G. pacifica 98 41 —8.5(0.05) diatoms, detritus none P, ER
G. pacifica 99 41 —6.0(0.85) algae, detritus, muscle none V, P, ER M
G. pacifica 113 41 —5.7(0.06) detritus, bacteria Endobionts, Parasites? V, P, ER, M?
G. pacifica 114 41 =5.5(0.31) algae none P, ER, M*
U. peregrina 76 8 —0.6(0.85) algae, detritus none V,P, ER, M, G
U. peregrina 77 8 0.9(0.85) detritus none P, V¥
U. peregrina 44 21 —2.2(0.85) unidentifiable none NA
U. peregrina 100 41 —0.5(0.31) algae, detritus none M, G
U. peregrina 112 41 —=0.7(0.085) diatoms none NA

“talics equates to seep specimen, regular font equates to nonseep specimen, bold equates to live (>3 organelle types). Specimen refers to specimen
number. ER, endoplasmic reticulum; M, mitochondria; G, Golgi; V, vacuoles; P, peroxisomes; N, nucleus; L, lipid (not considered an organelle, only
listed if present in absence of other organelles); NA, not applicable. Asterisk equates to ruptured or degraded; ? equates to indeterminate.

In some specimens, however, cell membranes and vacuole
membranes were consistently disrupted (Figures 1m and 1n),
as were mitochondria (Figure 1m). Nearly two thirds (22 of
34) of the foraminifera exhibited multiple organelle types in a
state of degradation and were thus considered dead or dying.

[15] All species had copious ingested material except for
B. tenuata, which typically lacked identifiable food vacuoles.
Ingested material in species other than B. fenuata included

inorganic detritus, diatom frustules, chloroplasts, bacteria, and
unidentifiable material (Figures 2 and Slc). In some cases,
plastids appeared sequestered rather than being digested
(Figure 1h), as has been observed in other deep-sea benthic
foraminifera [Bernhard and Bowser, 1999]. Half of the live
B. tenuata and one of the live G. pacifica had plentiful
intracellular bacteria unassociated with food vacuoles. Occa-
sionally, a bacterium was transitioning across a vacuole

Figure 1. Photomicrographs of analyzed foraminifera. Rose Bengal-stained specimens viewed with reflected light:
(a) Globobulimina pacifica (seep, specimen 97, —=7.9%o; dying), (b) Uvigerina peregrina (nonseep, specimen 76, —0.6%o,
live), (¢) Uvigerina peregrina (nonseep, specimen 77, 0.9%o, dead), (d) Cibicidoides wuellerstorfi (nonseep, specimen
125, —0.2%o, dead). Toluidine blue-stained thick sections viewed with transmitted light: (¢) Uvigerina peregrina (specimen
76), (f) Cibicidoides wuellerstorfi (specimen 125), (g) Uvigerina peregrina (specimen 77). Transmission electron micro-
graphs: (h) Buliminella tenuata (nonseep, specimen 128, 0.6%o, live) and (i) Buliminella tenuata (seep, specimen 103,
—2.1%o, live). Note the similarity between Figures 1h and 1i showing nuclei (n), vacuoles (v), peroxisomes-endoplasmic
reticulum complexes (p-er), and sequestered chloroplast (cs). (j) Paired Golgi bodies and mitochondria (m) in seep B. fenuata
(specimen 103). (k) Mitochondria (m) showing double membrane (arrow) in live nonseep U. peregrina (specimen 76).
(1) Proloculus with copious lipid (1) in dead seep C. wuellerstorfi (specimen 58; 0%o). (m, n) Seep B. tenuata (specimen
105, —1.3%o, dead). Ruptured mitochondria (mr) and location of test (t) (prior to decalcification) (Figure 1m). Ruptured
vacuoles (vr), also note nucleus (n) (Figure 1n). Reflected light image of Rose Bengal-stained specimen shown in
corresponding TEM image panel are shown in insets. Scale bars are 100 pum for Figures la—1g, 2 pum for Figures 1h—1i

and Figure 11, 500 nm for Figures 1j—1k and Figure 1m—1n, and 100 ym for insets.
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Figure 2. Transmission electron micrographs of foraminiferal cytoplasm at cell peripheries. (a) Example
of food vacuoles in U. peregrina (specimen 76, —0.6%o0) showing u, unidentified material; cd, chloroplast
undergoing digestion; d, inorganic debris; f, portion of diatom frustule. (b) Bacterial (labeled b) endo-
bionts in live seep G. pacifica (specimen 113, —5.7%o). Asterisk is bacterium transitioning from vacuole
into foraminiferal cytoplasm. (c) Bacteria in decaying seep foraminiferal cytoplasm (B. mexicana,
specimen 36, —1.6%o, dead). Note area of bacteria approaches that of foraminiferal cytoplasm. (d) Intact
bacteria and highly degraded cytoplasm in seep C. wuellerstorfi (specimen 33, 0.6%o, dead). Arrowheads
are remnant organelles (perhaps peroxisomes). Reflected light image of Rose Bengal-stained specimen
shown in corresponding TEM image panel are shown in insets. Key same as Figure 1. Scale bars are
2 pm for Figures 2a, 2c, and 2d; 1 pum for Figure 2b; and 100 um for insets.

membrane, suggesting active ingestion but not digestion by
the foraminifer. In one TEM micrograph, bacteria of a single
morphotype occurred in a large vacuole, in the transition
across the vacuole membrane, and also intimately incorpo-
rated in the cytoplasm (Figure 2b). Some regions of certain
foraminifera had approximately equal surface areas of bac-
teria and foraminiferal cytoplasm (Figure 2c).

[16] The cytology of the observed C. wuellerstorfi (n = 10)
differs from that of the five other species examined ultra-

structurally (e.g., Figures 11 and 2d). Sections of
C. wuellerstorfi were electron dense, making it challenging
to identify most organelles. The nucleus in each of two
C. wuellerstorfi was obviously degraded (Figure S1d). The
structures most similar to mitochondria in C. wuellerstorfi
were much smaller than in other species (not shown). In all
cases, the proloculus and initial few chambers of C. wueller-
storfi were composed almost exclusively of lipids (Figure 11).
Bacteria were often observed in C. wuellerstorfi (Figure 2d).
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Figure 3. (a—f) Plots of foraminiferal test 6'>C presented by species and habitat (nonseep and seep). Data
are presented for the specimens analyzed for both stable carbon isotopes and cell ultrastructure (live (solid
circles), dying/recently dead (plus), dead (crosses)) as well as those that produced reliable §'C . but
were not analyzed with TEM (open squares). Note differences in x axes scales. The numerals under or
over a symbol, when present, represent the number of individuals with that isotope value.

No C. wuellerstorfi from either habitat were living at the time
of collection. Bacteria were abundant on the external surface
of pore plugs of three seep C. wuellerstorfi (Figures S1e—S1f).

3.3. Isotope Signatures Regardless of Viability

[17] In four of the six species, more seep specimens than
nonseep specimens were isotopically analyzed. The excep-
tions were B. tenuata, where five specimens were analyzed
from each habitat, and C. oolina, where more nonseep spe-
cimens (n = 3) were analyzed than seep specimens (n = 1).
The reasons for such analytical unevenness is that species’

densities vary between habitats (e.g., deep infaunal G.
pacifica versus epifaunal C. wuellerstorfi [Corliss, 1991])
and because some isotopically analyzed S?ecimens lacked
sufficient test mass to produce reliable 6'°C data.

[18] Regardless of a specimen’s viability, in general, the
8'3C values of nonseep conspecifics were less depleted than
those of conspecifics collected under seep clams (Table 1
and Figure 3). When considering all species together, seep
specimens were significantly lighter isotopically than non-
seep specimens (n = 54; Mann-Whitney U test, o <0.01). In
general, the most negative carbon isotope ratios of any given
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conspecific collected from under seep clams came from
dead specimens, as was the case in five of our six most
common species (Figure 3). When considering all specimens,
both live and dead, the range in §'*C in nonseep specimens
was 4.7%o (—1.5%0—3.2%o0), while the range in §'°C of seep
specimens was more than twice as large (10.6%o; —8.5%0—
2.1%o [Martin et al., 2010]). Additionally, the range in 6'°C
within a given species from a single sample was often con-
siderable (Figures 3a, 3b, 3d). For example, C. wuellerstorfi
from a seep core ranged from —3.0%o to 2.1%0 (n = 12), and
B. tenuata from a seep core ranged from —3.2%o to 0.6%o
(n =5). While seep G. pacifica exhibited the largest isotopic
range of all species (9.6%o, n = 7), specimens were analyzed
from two cores, each obtained from a different clam bed.
The isotopic range in G. pacifica within each core was ~3%o
(—8.5%0 to —5.5%o in core 41 and —2.0%o—1.1%o in core 21).

3.4. Ultrastructural 6"*C Comparison

[19] When viability and isotope data are considered
together, the 6'°Cy values are lighter in live seep speci-
mens compared to their live nonseep conspecifics in the two
species that had live specimens from each habitat (B. tenuata
and G. pacifica). These differences are not statistically sig-
nificant (Mann-Whitney U test). Indeed, there are no sig-
nificant differences in the isotope signatures of live versus
dead conspecifics (regardless of habitat), nor of conspecifics
with bacterial associates (endobionts, ectobionts, and/or
parasites; see section 4) versus those without bacterial associ-
ates. No statistical difference existed in 8°Cy values
between detritivores and those with other diets (e.g., algae).
Lack of significance likely could be due to small sample
sizes and points to the need for additional linked ultra-
structural isotope analyses to measure §'°C values of fora-
miniferal tests that were unequivocally live at the time of
collection.

4. Discussion

[20] A range of health was observed across specimens
from both habitats, as evidenced by foraminiferal cytoplas-
mic preservation. Importantly, some seep specimens were
living at the time of fixation and some nonseep specimens
were dead at the time of fixation. Rose Bengal-stained
specimens were not necessarily live foraminifera, confirm-
ing previous assertions of Bernhard [1988] and Sen Gupta et
al. [1997]. In our study, TEM revealed that Rose Bengal-
stained foraminiferans (n = 34) were either live (35%),
obviously dead (44%), or recently dead/dying (21%). Of the
six species analyzed, only one (C. wuellerstorfi) lacked living
specimens in both habitats.

[21] Cibicidoides wuellerstorfi is an epibenthic species
that typically attaches to substrates above the sediment water
interface in nonseep habitats [Lutze and Thiel, 1989] as well
as in seep habitats [e.g., Lobegeier and Sen Gupta, 2008;
Mackensen et al., 2006; Sen Gupta et al., 2007]. Remnant
clam shells and elevated carbonate rocks likely provide
substrate for C. wuellerstorfi in the Clam Flats area, perhaps
resulting in higher densities compared to surrounding non-
seep habitats (A. E. Rathburn et al., unpublished data,
2007). Although Rose Bengal-stained C. wuellerstorfi were
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present in sediments under seep clams in our study, ultra-
structural analysis shows all specimens were dead. Thus,
data including Rose Bengal-stained C. wuellerstorfi from
seep sediments [e.g., Lobegeier and Sen Gupta, 2008]
should be cautiously interpreted. Possibly, Rose Bengal-
staining represents remnant cytoplasm in a specimen that
died because of seep exposure or a foreign organism living
in a foraminiferal test (e.g., “squatters”) [Grimm et al., 2007;
Moodley, 1990]. Regardless, TEM results indicate lack of
identifiable living eukaryotic cytoplasm in any of the exam-
ined C. wuellerstorfi.

[22] With one exception (Buliminella tenuata), all the
observed common foraminiferal species from both habitats
appeared to be deposit feeders, as previously observed for
some deep-sea foraminifera [Goldstein and Corliss, 1994].
Most species also had remains of diatom frustules, but of
course, with our data it is not possible to know if empty
frustules were ingested during deposit feeding or if diatom
cytoplasm was contained in frustules at the time of inges-
tion. Buliminella tenuata from both habitats rarely had full
food vacuoles but sometimes had ingested and/or seques-
tered chloroplasts. Chloroplast sequestration is a specialized
type of putative symbiosis observed in certain marine fauna,
including foraminifera [e.g., Cedhagen, 1991; Leutenegger
and Hansen, 1979; Leutenegger, 1984]. Often such plastid-
harboring foraminifera inhabit sulfidic environments [e.g.,
Bernhard and Alve, 1996; Bernhard and Bowser, 1999;
Bernhard, 2003], implying that the sequestered chloroplasts
may play a critical role for survival in these habitats
[Grzymski et al., 2002]. In sum, because the diets of spe-
cimens we examined were similar for conspecifics of both
seep and nonseep specimens while the §'°C values differed
somewhat (Figure 3), our limited data do not show an
obvious relationship between diet and carbonate isotopic
value in seeps. However, our data are not conclusive at this
time; food cannot be excluded as an influence on forami-
niferal carbonate isotopic composition. Additional data are
needed from conspecifics with a more varied diet.

[23] Further, a clear trend between isotope composition
and bacterial presence/absence was not noted, primarily due
to the fact that endobionts were found in some of our nonseep
specimens. Thus, our data do not suplport the hypothesis that
symbionts significantly affect the 6'°Cieq. Single-chamber
analysis, manipulative experiments, and/or finer resolution
measurements of the §'>Cpyc are required before this pos-
sibility is fully resolved (also see below). While the association
of benthic foraminifera with heterotrophic or chemoautotro-
phic bacteria as symbionts is not uncommon in other sulfidic
habitats, they are rare in foraminifera from nonsulfidic habi-
tats [Bernhard et al., 2010; Goldstein and Corliss, 1994;
Richardson and Rutzler, 1999]. Interestingly, bacterial asso-
ciations across the examined population exhibited a contin-
uum, from prey in food vacuoles, to endobionts, to what could
be considered parasites, to predators or scavengers. The
presence of ectobionts on C. wuellerstorfi pores in combi-
nation with bacterial predators or parasites could be con-
sidered a unique type of microbial consortia, where different
bacteria and/or archaea live in close association. A dead
foraminiferal cell can alter organic carbon content from
ambient sediment values of ~1%—-4% [Bernhard, 1992] to
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nearly 100% within its test. The tests of dead and recently
dead foraminifera provide organics and well-defined spaces
within which geochemical gradients will form, to be avail-
able to various microbiota. Such microbial activity could
affect isotope composition on a fine scale.

[24] Because the range in 6'°C,. values for this study’s
Rose Bengal-stained specimens was generally comparable
to those of similarly stained foraminifera from other seep
studies [e.g., Martin et al., 2004; Rathburn et al., 2003], our
study also suggests that the carbon isotope ratio in seep
foraminiferal carbonate is in disequilibrium from that in
seep pore waters. Our results en foto suggest, however, that
there may be another mechanism to account for disequilib-
rium in addition to the possibilities that foraminifera calcify
at a certain depth horizon and then migrate [Stott et al.,
2002] or that foraminifera calcify in seeps only when flow
stagnates or reverses direction [Zorres et al., 2003].

[25] Current data are congruent with a new hypothesis for
isotopic disequilibrium: some benthic foraminiferal species
inhabit seeps, but most benthic foraminiferal species do not
inhabit seeps, thus their tests more closely reflect nonseep
8"3Cpyc. In this explanation, which requires rigorous testing,
foraminiferans are introduced to seeps via resuspension
(reviewed by Alve [1999]), even at >1400 m water depth
[Kitazato, 1995]. Such transportation is supported because
foraminiferal diversity in seep samples is roughly compa-
rable to that of nonseep samples, at least for some sites
[Robinson et al., 2004] and because seeps lack endemic
foraminiferal species. Further, specifically regarding seeps
with bivalves, foraminifera could be living adjacent to the
clam but be in a nonseep habitat and then be transported into
inhospitable seep conditions by the activity of the clam foot.
Finally, although less likely, seeps have been proposed to
migrate, although the migration rate appears to be on the
scale of decades to centuries [e.g., Hornbach et al., 2007;
Naehr et al., 2000]. The migration and formation of seeps
would trap live foraminifera in the chemically different and
potentially toxic pore water. The edges of seeps may migrate
more rapidly than the whole scale movement of seeps, also
causing a nonseep habitat to become a seep habitat within a
foraminiferan’s life span.

[26] In this scenario and regardless of the mechanism for
foraminiferal exposure to seeps, most foraminifera would
die during exposure to seep conditions, probably due to
either bacterial invasion (Figures 2b—2d) or environmental
toxicity. Subsequent bacterial growth within decaying cyto-
plasm would result in a positive reaction with Rose Bengal
until all organics are consumed, whence the empty test would
not stain with Rose Bengal. Other work indicates that a
positive reaction with Rose Bengal can occur in foraminifera
for months to years after death in nonseep habitats [ Bernhard,
1988; Corliss and Emerson, 1990]. If any authigenic car-
bonate overgrowths precipitate (on live or dead slgecimens)
during seepage, their isotopic ratios would cause §">C to tend
toward seep values because of the pore water & BCpc and
bacterial consortium activities. Regardless of the potential
for authigenic overgrowths with isotopically light isotope
ratios, the bulk isotopic compositions of most tests of Rose
Bengal-stained seep foraminifera do not equal isotopic
compositions of seep pore waters because the vast majority
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of calcite was formed in nonseep conditions when the for-
aminifer was alive. Thus, for these specimens, there would
be minimal and somewhat predictable isotopic disequilib-
rium [McCorkle et al., 2008] or an offset related to the
magnitude of overgrowths because the specimens never
lived in seeps. This explanation, however, does not account
for the consistent and distinct vertical distribution patterns of
Rose Bengal-stained foraminifera within sediments of these
clam beds and other seeps [e.g., Rathburn et al., 2003],
implying that at least some foraminiferal species survive in
seeps. Our ultrastructural observations support the assertion
that at least some foraminifera inhabit seeps, as does a
previous ultrastructural study [Bernhard et al., 2001].

[27] Foraminifera that are able to survive seep conditions
likely have bacterial associates (endobionts and/or ectobionts)
and/or have anaerobic metabolic pathways. Two seep-tolerant
species noted in this study are Buliminella tenuata, which
can also harbor endobionts when inhabiting sulfidic sedi-
ments [Bernhard et al., 2000], and Globobulimina pacifica,
which probably performs complete denitrification given
results of congeners [Risgaard-Petersen et al., 2006]. As
noted, no endemic seep foraminifera have been identified to
date, an observation commensurate with the idea that seep-
tolerant specimens were born and initially calcify while
exposed to nonseep conditions.

[28] Itisunclear, however, how much, if any, of survivors’
carbonate is precipitated during exposure to seep conditions.
The isotopic composition of new chambers, formed during
exposure to seep activity, may be in equilibrium with seep
pore waters, yet the isotopic composition measured for the
entire foraminiferal test would be in disequilibrium to seep
pore waters because the mass of nonseep calcite exceeds that
of seep calcite. For example, if one final chamber com-
posing 10%—-20% of a test’s mass (e.g., as roughly occurs in
Buliminella tenuata, B. mexicana, C. wuellerstorfi, U. per-
egrina) was precipitated during exposure to seep conditions
where pore water 6'°C was measured at —30%o, then iso-
topic analysis of the whole test would indicate a 813C et
value of ~—2%o to —5%o (Figure 4), which roughly coincides
with our isotopic results (e.g., the lowest values for bonafide
live seep specimens of B. tenuata ranged from ~—2.1%o to
—3.2%o). For species with significantly larger final chambers
(i.e., G. pacifica, Chilostomella ovoidea in our study), up to
30%—40% of the carbonate mass could be precipitated in the
final chamber. Again, with the addition of a chamber in pore
water with 6"°Cpjc of =30%o, a §"*Ceq value of ~—9%o to
—11%o is estimated (Figure 4), which is similar to our
lightest value of —8.5%0 for G. pacifica. Further, if activity
of clam feet causes mixing of pore water and bottom water
across the sediment water interface, then small volumes of
the pore water would have isotopic compositions heavier
than have been measured for the bulk seep 6"3Cpic com-
positions. Such heterogeneity in pore water composition
could also result in heavier test signatures compared to
measured seep pore waters.

[20] Although data on the §'°C of pore waters bathing
the foraminifera analyzed in this study are unavailable, the
isotopically light 6'°Cpic values of pore water in the
Monterey Bay seeps did not change markedly between
collections in 1994 and 2000 [Martin et al., 1997, 2004].
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Figure 4. Mixing lines of hypothetical foraminiferal tests
that were partially precipitated in seep pore waters. Speci-
mens were assumed to precipitate carbonate in equilibrium
with (1) seawater with a 8"Cp;c value of 0% (i.e., while
living in a nonseep habitat) and (2) a proportion (x axis)
in equilibrium with seep 6'>Cpic of varied values (—10%o
(solid line), —20%o (dotted line), —30%o0 (dashed line),
—40%o (dotted-dashed line)). This range is included to rep-
resent the possibility of heterogeneity due to upper sediment
column mixing due to, e.g., seep clam activities. The light
gray area shows expected 6'°Cpyc value foraminifera (e.g.,
B. tenuata or C. wuellerstorfi) that precipitated 10%—20%
of its test mass in 6'>Cpyc of —20%o to —30%o. Dark gray
area and arrows show expected § B3C st value of foraminif-
era (e.g., G. pacifica) that precipitated 30%—40% of its test
mass in 6"Cpc of —30%o.

Our data from past collections in Clam Flats indicate that the
upper few centimeters of seep pore water 6'>C (from under
clams) has a mean of —16.2%o (range of —3.2 to —36.5 %eo,
n =4, 0-3 cm [Martin et al., 1997, 2004]), so the above cal-
culations are generally valid. The standard technique for col-
lection of pore water for 6 BChic analysis involves sectioning
cores (typically of 8—10 cm diameter) at 1-3 cm thick intervals
and separating the water from the sediments by centrifugation
or compression through a filter. This process thus extracts
water from about 100 to 150 cm® of sediment and would
obliterate any microscale habitat variability relevant to fora-
minifera, which are typically <1 mm in length. The standard
extraction for pore water analyses is based on the assumption
that horizontal variability of pore water composition is orders
of magnitude smaller than vertical variability [Berner, 1980].
There is no a priori reason to think that seeps are laterally
homogeneous. Certainly, steep horizontal gradients exist both
across the seep-nonseep transition and within seeps on smaller
scales [Martin et al., 1997]. Novel methods will be required
to sample pore waters at scales appropriate to foraminifera;
such assessments will be critical in determining in situ pore
water conditions that bathe foraminifera. Analysis of addi-
tional seep habitats, such as microbial mats, would also
provide a valuable comparison where, presumably, less het-
erogeneity exists on the microscale. Unfortunately, no micro-
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bial mats were found at Clam Flats at the time of our
collections.

[30] If certain foraminifera are only surviving and not
growing or reproducing in seep habitats, questions are raised
about foraminiferal longevity without growth or reproduc-
tion, postmortem longevity of stainable foraminiferal cyto-
plasm, and the maintenance of vertical distribution patterns,
as well as about the heterogeneity of §'>C distributions in
pore water on a microscale. The answers to these questions
will have an impact on fossil record interpretations. If
foraminifera calcify small portions of their tests in seeps, an
explanation has been found for the disequilibrium observed
in previous seep studies [Hill et al., 2003, 2004a; Martin
et al., 2004; Rathburn et al., 2003], although our next step
is to determine in situ calcification rates. Also, our data
could be used, perhaps, to infer ecology and physiological
capabilities of species in fossil deposits. More specifically,
live foraminiferal conspecifics with larger offsets in § BC st
between seep and nonseep populations suggests more calci-
fication occurs at seeps (e.g., G. pacifica) than those species
with smaller offsets (e.g., U. peregrina, C. wuellerstorfi).
Observations on the range of 6'>Cyeq values of fossil fora-
miniferal conspecifics might thus be a better proxy for pa-
leoenvironments than absolute values of the 6'°C of
individuals from any given species [e.g., Rathburn et al.,
2003].

5. Conclusions

[31] We show for the first time that some foraminiferal
seep inhabitants have endobionts and that a positive staining
reaction with Rose Bengal could indicate presence of bac-
terial, not foraminiferal, cytoplasm. Further, our paired
cellular ultrastructure and test carbon isotope data are
commensurate with the idea that most Rose Bengal-stained
foraminifera collected from seeps calcify little, if any, in
seep habitats and that many are dead. Our data do not fully
explain the cause of isotopic disequilibrium in benthic
foraminiferal carbonate; the role of diet and symbionts
remain equivocal. Although multiple possible explanations
exist for the cause of disequilibrium between foraminiferal
carbonate and seep 83Cpyc, our multidisciplinary results
from individual foraminifers reconfirm that observable dif-
ferences occur between seep and nonseep foraminiferal
813C s values: isotopically lighter carbonate and a wider
range in carbon isotope values generally occur in seep
foraminifera compared to nonseep foraminifera. We show
here that these isotopic signals occur in foraminifera that
were unequivocally live at the time of collection. Previous
isotopic results relying on Rose Bengal staining could have
been an artifact of misidentifying dead foraminifera, with a
greater potential for authigenic overgrowths, as being live at
the time of collection. We now know unequivocally that
seep environments influence the isotopic signatures of at
least some foraminifera living in seeps but, to date, none of
the foraminifera living in seeps have carbon isotopic values
that are in equilibrium with typical pore water DIC values
from these seeps. These results support the idea that isotopic
variability could be used in the assessment of seep
paleoenvironments using fossil foraminifera.
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