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Abstract

The growth and physiological condition of the methanotrophic hydrocarbon seep mussel Bathymodiolus childressi
reflects the habitat quality of the sites it occupies on the seafloor of the upper Louisiana slope of the Gulf of Mexico.
Here, tissue stable isotope compositions, growth, and physiological health of B. childressi mussels transplanted
between different seep sites changed within a year to reflect conditions at the new environment. Tissue stable carbon
and nitrogen isotope turnovers, although substantial, were not complete at the end of the 1-yr transplant period;
they were strongly correlated with each other, and the extent of turnover of both varied by site and was related to
the growth of the mussels. Carbon and nitrogen isotopic turnovers caused by metabolic tissue turnover were about
35% per year. This slow isotopic turnover in B. childressi is presumably due to its relatively slow growth and low
metabolic rate. On the other hand, tissue stable sulfur isotope turnover was not correlated with either stable carbon
or nitrogen isotope turnover or growth and was higher in the site with higher levels of sulfide in the environment.
This indicated that tissue stable sulfur isotope turnover in these mussels is influenced by sulfide detoxification
activities.

The study of tissue stable isotope turnover is a powerful
approach to analyzing dietary and environmental factors that
can affect an organism’s metabolic processes, such as tissue
growth and replacement. In general, tissue stable isotope ra-
tios of an animal reflect its nutritional resources, although
small changes can occur without changes in diet as a result
of seasonal variation in metabolism (Lorrain et al. 2002).
Changes in diet resulting from migration (reviewed in Hobson
[1999]), availability of prey (MacAvoy et al. 2001), or on-
togenetic shifts (Herzka et al. 2001) can lead to concomitant
changes in tissue stable isotope composition, provided the dif-
ferent diets have distinct stable isotope signatures. When an
animal switches its diet, its tissue stable isotope composition
begins to reflect its new diet at a rate proportional to its
growth and metabolic turnover (Fry and Arnold 1982; Herzka
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et al. 2001; MacAvoy et al. 2001). Consequently, factors such
as food availability or habitat conditions, which affect rates
of tissue growth and replacement, are also likely to influence
rates of tissue stable isotope turnover.

Bathymodiolus childressi is a widely distributed and nu-
merically dominant mussel species at hydrocarbon seep sites
on the seafloor of the upper Louisiana slope (ULS) of the
Gulf of Mexico. The gills of this mussel contain methano-
trophic endosymbionts (Childress et al. 1986) that provide
it with the bulk of its nutrition (Fisher and Childress 1992;
Streams et al. 1997). In fact, it is capable of growing in the
presence of methane as a sole carbon and energy source
(Cary et al. 1988), and based on its tissue carbon isotope
value, most of its carbon is methane derived (Brooks et al.
1987). However, B. childressi is also able to filter feed,
which might be important for acquiring essential organic nu-
trients not supplied by its endosymbionts (Page et al. 1990)
and perhaps for obtaining bulk nitrogen (Pile and Young
1999). In addition to acquiring nitrogen through filter feed-
ing, B. childressi can utilize other nitrogen resources, such
as free amino acids, inorganic nitrates, or ammonia (Lee et
al. 1992; Lee and Childress 1995, 1996). So far, dietary sul-
fur sources of B. childressi have not been investigated in
detail. However, a study by Brooks et al. (1987) showed that
the tissue d34S values of some B. childressi mussels from the
ULS are more similar to the 120‰ d34S value of seawater
sulfate than to the 212 to 12‰ d34S values of sulfide-uti-
lizing tubeworms and clams living in the same area. This
indicated that seawater sulfate might be an important source
of sulfur for B. childressi.
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The hydrocarbon seep environment on the ULS is patchy
and variable, and B. childressi mussels at various sites ex-
perience a range of habitat conditions. Three sites inhabited
by B. childressi are Brine Pool NR-1 (BP), GC234, and Bush
Hill (BH). Whereas BH and GC234 are separated by less
than a kilometer and are habitat-wise rather similar, BP is
about 4 km away and is environmentally distinct from both
BH and GC234. The pool of brine at BP is saturated with
methane and lacks sulfide. Levels of sulfide and long-chain
hydrocarbons are generally higher at GC234 and BH than at
the most densely occupied part of the mussel bed at BP,
whereas methane levels are generally higher at BP (Nix et
al. 1995; Smith et al. 2000). These environmental parameters
likely contribute to the larger maximal size, better health,
and greater densities of B. childressi mussels at BP than at
GC234 and BH (Nix et al. 1995; Smith et al. 2000). More-
over, the d13C value of bubbles of methane gas at BP is about
264‰, whereas it is about 249‰ at GC234 and 244‰ to
246‰ at BH (MacDonald et al. 1990; Sassen et al. 1999).
Since the tissue d13C signatures of B. childressi mussels re-
flect their methane source (Brooks et al. 1987), the tissue
d13C values of mussels at BP and GC234 (or BH) are very
different (Kennicutt et al. 1992).

Because tissue stable carbon isotope compositions of B.
childressi mussels from BP and GC234 (or BH) are distinct,
we predicted that transplanting mussels between the different
sites would enable us to measure site-specific, in situ tissue
stable isotope turnover of B. childressi. By measuring
growth rates in the same animals, we were able to separate
the component of change in tissue stable isotope values due
to tissue growth from that attributable to metabolic tissue
turnover. Since mussels at BP are generally in better phys-
iological condition than mussels at GC234 or BH, they are
likely to have greater rates of tissue growth and repair.
Therefore, we hypothesized that mussels transplanted from
GC234 (or BH) to BP would undergo greater tissue stable
isotope turnover than reciprocally transplanted mussels. In
addition to providing new insights on the biology of B. chil-
dressi, this study adds substantially to our understanding of
stable isotope turnover in general and to the limitations of
tissue stable isotope analyses in hydrothermal vent and cold
seep trophic studies (Tieszen et al. 1983; MacAvoy et al.
2001; Reilly and Hecky 2002).

Materials and methods

Study sites—BP is located at ;650 m depth on the ULS
of the Gulf of Mexico (27843.49N, 91816.59W). This hyper-
saline (salinity 5 121 g kg21) pool is ;22 m long and ;16
m wide and is surrounded by a large (3-7-m wide) contin-
uous bed of B. childressi mussels, the inner rim of which is
elevated a few centimeters above the surface of the brine
(MacDonald et al. 1990). For this transplant study, we used
mussels from the inner margin of this bed (inner BP), where
concentrations of methane are high (42–626 mmol L21) and
where sulfide is normally not detectable among the mussels
(Smith et al. 2000). The salinity at siphon level of these
mussels is rarely above 39 g kg21 (Smith et al. 2000). It is
important to note here that higher sulfide levels have been

reported at the outer margin of the BP mussel bed (Smith et
al. 2000), but we did not sample in that portion of the bed.
The mussel bed at inner BP is densely packed with relatively
fast-growing and healthy individuals (Smith et al. 2000).

The GC234 site is located at a depth of ;540 m on the
ULS (27844.79N, 91813.39W). This site covers an area of
several square kilometers and is dominated by large tube-
worm aggregations. Mussel beds, when present, are associ-
ated with one or more tubeworm aggregations. Methane lev-
els among mussels in these beds are variable (nondetectable
to 10.7 mmol L21; Nix et al. 1995) and can sometimes be
even higher than those found at the inner BP (Smith et al.
2000). Sulfide concentrations as high as 8 mmol L21 have
been detected among these mussels, and these values are
associated with the high methane concentrations mentioned
above (Nix et al. 1995). Moreover, oil globules are often
released when mussel beds are disturbed at GC234 (Fisher
pers. obs.). Previous studies found that the mussels at this
site had lower physiological condition indices than inner BP
mussels and did not grow as large as the BP mussels (Nix
et al. 1995; Smith et al. 2000).

BH is located at a depth of ;540–580 m on the ULS
(27846.969N, 91830.469W). Although much smaller in extent,
this site is geochemically very similar to GC234, with rel-
atively high sulfide levels (nondetectable to 56 mmol L21;
Nix et al. 1995) and presence of oil in the mussel beds (Fish-
er pers. obs.). Previous studies found that the mussels at this
site had very low physiological condition indices when com-
pared to both BP and GC234 mussels and did not grow as
large as the BP mussels (Nix et al. 1995; Smith et al. 2000).

Transplants—Two sets of reciprocal transplants of B. chil-
dressi mussels were conducted: one between mussel beds at
GC234 and inner BP and another between mussel beds at
BH and inner BP. Throughout this paper, the native site of
the mussels is referred to as origin and the site to which they
were transplanted as host. In September 1994, mussels were
collected from the inner edge of the BP mussel community,
a bed in GC234 (about 120 mussels each), and a bed in BH
(75 mussels) using the Johnson Sea Link I manned sub-
mersible (Harbor Branch Oceanographic Institution). The
mussels were transported to the surface in a temperature-
insulated box attached to the front of the submersible. They
were kept in chilled seawater (88C) and processed in a cold
room (88C) on board the ship. The length of each mussel
shell was measured to the nearest 0.1 mm using calipers and
a commercial, color-coded, numbered larval fish tag was
glued to its umbo for identification (Nix et al. 1995). Within
24 h after collection, the tagged mussels were transported in
temperature-insulated containers filled with chilled seawater
to the host site and deployed at the designated mussel bed.
The mussels were retrieved 336 d later (August 1995) using
the collection methods described above. The shell length of
each mussel was measured, and marked individuals of a rep-
resentative size range were subsampled from each collection.
Tissue from subsampled mussels was processed for deter-
mination of physiological condition. Three indices of con-
dition were determined: water content (as a percentage of
wet weight), condition index (CI; a ratio of ash-free dry
tissue mass–to-shell volume), and glycogen content (as a
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percentage of wet weight) following the procedures of Smith
et al. (2000). A subset of the tissue homogenates used for
physiological condition analyses was used to determine sta-
ble isotope composition.

Control manipulations were not conducted during the same
time period as the transplant experiments. Instead, control
mussels were collected from inner BP and the mussel bed
GC234 in June 1993 using the Johnson Sea Link I submers-
ible. They were measured and tagged as described above for
the transplant mussels and were deployed back to their orig-
inal mussel bed. They were collected 456 d later (September
1994), and their tissues were processed in the same manner
as the transplant mussels. The quality of these controls for
site-to-site comparisons of growth and physiological condition
is somewhat compromised, as small yearly differences in con-
dition index and growth of B. childressi mussels from a single
mussel bed have been observed (Smith et al. 2000). However,
these yearly differences are of a much smaller magnitude than
the differences between sites. To confirm that the tissue stable
isotope compositions of mussels at our study sites did not
change over the course of our study, we also determined the
tissue stable isotope compositions of unmanipulated mussels
collected from inner BP and GC234 in August 1995. We com-
pared the stable isotope compositions of these two sets of
control mussels (manipulated and unmanipulated) and found
no significant difference between their tissue d13C, d15N, or
d34S values. Therefore, we used the mean values of tissue
stable isotope compositions of the two sets of controls for
further analyses. No control manipulations were performed on
mussels from BH. Therefore, for BH controls, we analyzed
tissue stable isotope compositions and physiological condition
indices of unmanipulated mussels retrieved from BH in Au-
gust 1995. No growth data were available for the BH controls.

Stable isotope analyses—Gill and mantle tissues of indi-
vidual mussels were homogenized to a 103 dilution in dis-
tilled, deionized water using a Brinkman PT3000 Polytron
tissue homogenizer. Approximately 1-ml samples of these
homogenates were incubated in an oven (608C) until dry and
were then ground into a fine powder with a mortar and pes-
tle. The powder was transferred into tin capsules (1 mg of
powder for d13C and d15N analyses, 6 mg of powder for d34S
analyses) and the samples were converted to CO2, N2, and
SO2 for isotope analyses using a Carlo Erba Elemental An-
alyzer (EA) coupled to an OPTIMA stable isotope ratio mass
spectrometer (Micromass). Carbon and nitrogen isotopic
compositions were determined on a single combustion using
a dual furnace system composed of an oxidation furnace at
1,0208C and a reduction furnace at 6508C. Using the EA,
the samples for sulfur were separately pyrolyzed at 1,0508C
using a single furnace combination oxidation and reduction
system. The resulting gases were chemically dried and di-
rectly injected into the source of the mass spectrometer using
continuous flow. The stable isotopic ratio is reported as fol-
lows:

dME 5 [Rsample/Rstandard 2 1] 3 103 (‰) (1)

where M is the atomic mass of the heavy isotope of the
element E, and R is the abundance ratio of the heavy to light
isotopes (13C/12C, 15N/14N or 34S/32S) of that element.

The standards used for carbon, nitrogen, and sulfur are
PeeDee Belemnite limestone (PDB), atmospheric N2 (air),
and Canyon Diablo Triolite (CDT), respectively. For sulfur
and carbon, the values are corrected for the influence of ox-
ygen isotopes. The reproducibility of the measurement for
these elements is typically better than 60.2‰ using the con-
tinuous flow interface on the OPTIMA. In the laboratory,
the samples are commonly measured against tanks of carbon
dioxide, nitrogen, and sulfur dioxide gases that have been
calibrated against NBS 22, atmospheric N2, and NBS 127,
respectively.

Data analyses—To ensure normality, all measurements
for condition were transformed using an arcsine function (y9
5 2 arcsine[y1/2]) before statistical analysis (Neter et al.
1996). Significant differences between transplanted and con-
trol mussels from either the origin or the host site were tested
using analysis of covariance, with length as a covariate (SAS
Version 6.07, Proc GLM). If the model was significant (P
, 0.05), pairwise comparisons were made using Tukey’s
correction for multiple comparisons (SAS Version 6.07, Proc
GLM).

Differences in growth parameters between transplant and
control populations were tested using a linear regression with
the indicator variables in a Ford Walford plot (Walford
1946). Two methods were used in order to adjust for the
different recapture intervals between control and experimen-
tal animals prior to applying the Ford Walford plots. In the
first method, which assumes equal recapture intervals, no
adjustment was made to the length data. This method over-
estimates the difference between the control and transplant
regression lines because it assumes that the group with the
shorter recapture interval would have achieved no additional
growth if its recapture interval had been lengthened to match
the other group. Growth calculated by this method is referred
to as unadjusted growth. In the second method, the final shell
length of all mussels was standardized to 365 d by assuming
equal growth per day for each individual. This method may
underestimate the difference between the control and trans-
plant regression lines if periods of slow growth coincide with
the time period missed by the group with the shorter recap-
ture interval. Growth calculated by this method is referred
to as adjusted growth. Agreement between the results of the
two correction methods increases our confidence in the con-
clusions.

Significant differences between stable isotope composi-
tions of the two sets of control mussels and the transplant
and control mussels were tested using two-tailed Student’s
t-tests at a significance level of 0.05 (Minitab Release 12.21,
Minitab). Where multiple comparisons were made, the sig-
nificance level was adjusted using the sequential Bonferroni
method (Rice 1989). For each transplant mussel, amount of
change in tissue stable isotope value of element E (DdME)
was calculated as

M MDd E 5 |(d E of transplant mussel)
M2 (mean d E of origin control mussels)| (2)

The relationship between DdME and growth was tested by
a linear regression between DdME values and values of per-
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Table 1. Mean (standard deviation) of final shell length, condition index (CI), glycogen content, and water content of transplant and
control mussels. n 5 sample size. Values with different letters indicate a significant difference (P , 0.05) between them (statistical tests
were performed on the arcsine-transformed values).

Mussel type n Length (mm) CI (g ml23) % glycogen % water

BP controls
BP to GC234
GC234 to BP
GC234 controls
BP to BH
BH to BP
BH controls

24
6

17
6
6
5
6

63 (24)
60 (19)
62 (11)
51 (20)
70 (28)
60 (10)
58 (16)

0.10 (0.03)a

0.06 (0.02)b

0.07 (0.02)a

0.06 (0.02)b

0.04 (0.01)b

0.08 (0.01)a

0.04 (0.01)b

1.7 (0.6)a

0.2 (0.2)b

0.3 (0.3)c

0.1 (0.2)b

0.1 (0.2)b

0.3 (0.1)c

0.04 (0.01)b

84.3 (3.2)a

88.8 (1.5)b

83.5 (3.6)a

87.5 (2.7)b

90.9 (1.7)b

84.6 (1.8)a

92.2 (1.6)b

Fig. 1. Change in shell length standardized to one year (adjusted
shell growth) versus initial shell length of transplant and control
mussels from the reciprocal transplant between BP and GC234.

cent change in shell length (%CL). %CL values were used
as indicators of size-specific growth, and were calculated as

change in shell length
%CL 5 3 100 (3)1 2initial shell length

Here, values of shell growth were standardized to 365 d,
assuming a constant daily growth rate. In order to correct
for any potential size-related effects, relationships between
tissue d13C, d15N, or d34S and final shell lengths of transplant
and control mussels were investigated. No such relationship
was found.

To estimate extents of isotopic turnover in populations of
transplant mussels, the amount of change in mean dME
(DdMEmean) of the transplant population was calculated as a
percent of the total difference (DdMEtotal ) between the mean
dME of the origin and the host site controls. Here,

M MDd E 5 |(mean d E of transplant mussels)mean

M2 (mean d E of origin control mussels)| (4)

and
M MDd E 5 |(mean d E of host control mussels)total

M2 (mean d E of origin control mussels)| (5)

Percent change in mean dME (%DdME) of each transplant
population was calculated as

%DdME 5 (DdMEmean/DdMEtotal ) 3 100 (6)

The above values of %DdME estimate isotopic turnover of
transplant animals caused by both shell (and tissue) growth
and metabolic tissue turnover. To estimate the amount of
isotopic turnover due to metabolic tissue turnover alone (i.e.,
in the absence of growth), the mean value of DdME in the
absence of shell growth (DdMEO) was calculated for trans-
plant populations as

M MDd E 5 ‘y’-intercept of line relating Dd E and %CL (7)O

To allow direct comparisons between different transplant
populations, the ‘y’-intercept was determined from the re-
gression lines made in the %CL range of 0% to 25%, the
%CL range common to all transplant populations for which
there was a correlation between DdME and %CL. Percent
change in dME in the absence of shell growth (%DdMEO) was
then calculated as:

%DdMEO 5 (DdMEO/DdMEtotal ) 3 100 (8)

Results

Growth and condition indices—BP control mussels had
significantly higher condition index (CI) and glycogen con-
tent and significantly lower water content than either BH or
GC234 control mussels (Table 1), which is consistent with
previously reported results (Nix et al. 1995; Smith et al.
2000). They also grew significantly more than GC234 con-
trol mussels (Fig. 1; P , 0.001 for adjusted and unadjusted
growth).

Growth and physiological condition of transplanted mus-
sels tended to resemble those of their host populations. All
three physiological condition indices of mussels transplanted
from BP to either GC234 or BH were not significantly dif-
ferent from those of their host populations but were signif-
icantly different from those of their origin populations (Table
1). Growth of BP to GC234 transplant mussels was not sig-
nificantly different from that of their host population (P 5
0.117 and 0.349 for adjusted and unadjusted growth, re-
spectively), but was significantly different from that of their
origin population (P , 0.001 for both adjusted and unad-
justed growth; Fig. 1). Similarly, all three physiological con-
dition indices of mussels transplanted from either GC234 or
BH to BP were significantly different from those of their
origin populations, and all variables except glycogen content
of these mussels were not significantly different from those
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Fig. 2. Mean values of tissue d13C, d15N, and d34S of transplant
and control mussels from the reciprocal transplant between (a–c)
BP and GC234 and (d–f) BP and BH. Notations for transplants and
controls have the name of the origin site first, followed by the name
of the host site. For example, BP-BP represents BP controls, and
GC-BP represents GC234 to BP transplants. Controls were of two
types: manipulated and unmanipulated (see text for details). n 5
sample size. Error bars represent standard error. Different letters
indicate a significant (P , 0.05) difference between data points.

Fig. 3. Relationships between tissue Dd13C and Dd15N values of
individual mussels belonging to the transplants between BP and
GC234 or BH.

of their host populations (Table 1). Growth of GC234 to BP
transplant mussels was intermediate between and signifi-
cantly different from that of both their host and origin pop-
ulations (Fig. 1). Growth of mussels transplanted from BP
to BH and from BH to BP was significantly lower than that
of BP control mussels (P , 0.001 for both adjusted and
unadjusted growth; data not shown), and very little growth
was observed for BP to BH transplant mussels. No growth
data were available for BH control mussels, so comparisons
could not be made.

Stable isotope analyses—The respective tissue d13C, d15N,
and d34S values of BH and GC234 control mussels were not
significantly different. However, tissue d13C, d15N, and d34S
values of BP control mussels were all significantly different
from those of BH and GC234 mussels. The mean tissue d13C
values of BP, BH, and GC234 control mussels (262‰,
239‰, and 241‰, respectively; Fig. 2a,d) reflected the
d13C values of methane sources at the three sites (Brooks et
al. 1987; Kennicutt et al. 1992), with tissue d13C values of
BP control mussels being significantly more depleted than
those of either BH or GC234 control mussels (t 5 32.58; df
5 14; P , 0.00001; and t 5 36.3; df 5 36; P , 0.00001,
respectively). Whereas mean tissue d15N values of BH and
GC234 control mussels were 12.6‰ and 12.9‰, respec-
tively, BP control mussels had a mean tissue d15N value of
215.5‰, which was significantly more depleted than both

(t 5 26.26; df 5 6; P , 0.00001; and t 5 52.7; df 5 32;
P , 0.00001, respectively; Fig. 2b,e). Conversely, BH and
GC234 control mussels had significantly (t 5 27.56; df 5
29; P , 0.0001; and t 5 6.87; df 5 35; P , 0.0001, re-
spectively) more depleted mean tissue d34S values (18.9‰
and 18.4‰, respectively) than that of BP control mussels
(113.1‰; Fig. 2c,f).

All three stable isotope ratios of transplanted mussels re-
sembled those of their host populations more than those of
their origin populations (Fig. 2), indicating that tissue stable
isotope turnover occurred in all transplants between BH or
GC234 and BP. The mean tissue d13C and d15N values of
transplanted mussels were intermediate between and signif-
icantly different (P , 0.05) from those of both their host
and origin populations, except tissue d15N values of the BP
to BH transplant mussels, which were not significantly dif-
ferent from those of their origin population. While the mean
tissue d34S values of GC234 or BH to BP transplant mussels
followed a similar pattern, the mean d34S values of BP to
GC234 or BH transplant mussels were not significantly dif-
ferent from those of their host populations (BP to GC234: t
5 2.35; df 5 3; P 5 0.10; BP to BH: t 5 1.35; df 5 3; P
5 0.27).

Changes in stable carbon isotope ratios (Dd13C; Eq. 2) of
individual mussels transplanted between BP and GC234
were significantly (P , 0.05) correlated with changes in sta-
ble nitrogen ratios (Dd15N) (Fig. 3). However, changes in
sulfur stable isotope ratios (Dd34S) of these mussels were not
significantly correlated with either Dd13C or Dd15N values
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Fig. 4. Relationships between changes in carbon or nitrogen
stable isotope values and shell growth represented by percent
change in shell length (%CL) for BP to GC234 transplant mussels
and GC234 to BP transplant mussels. a, c) Tissue Dd13C versus
%CL; and (b, d) tissue Dd15N versus %CL.

Table 2. Percent change in the tissue stable isotope ratios of transplant mussels in the presence and absence of shell growth during the
study period of about 1 yr. Values were calculated using Eqs. 6 and 8.

Transplant

Average values

%Dd13C %Dd15N %Dd34S

At zero shell growth

%Dd13Co %Dd15No

BP to GC234
GC234 to BP
BP to BH
BH to BP

54.2
77.8
40.5
57.3

55.0
71.1
17.9
63.6

156.7
51.3
76.3
36.8

35.9**
53.3
—*
—†

33.6
52.6
—*
56.3

* These values could not be calculated as above, as growth of all BP to BH transplant mussels was negligible (,0.1 %CL).
† This value was not calculated, as the line relating Dd13C and %CL of BH to BP transplant mussels was not significant (P 5 0.8; r2 5 0.01).
** The P-value for the line relating Dd13C and %CL of BP to GC234 transplant mussels was 0.058.

(BP to GC234: P 5 0.108 and 0.290; GC234 to BP: P 5
0.525 and 0.900 for relationships with Dd13C and Dd15N, re-
spectively). Further, a strong correlation was found between
Dd13C and Dd15N values of transplant mussels and size-spe-
cific shell growth (%CL; Fig. 4), and this relationship was
significant (P ,0.05), except in the case of Dd13C of BP to
GC234 transplant mussels (P 5 0.058). Dd34S and %CL
were not significantly correlated for either transplant (BP to
GC234: P 5 0.346; GC234 to BP: P 5 0.601).

Similar results were obtained for mussels transplanted be-
tween BP and BH. Dd13C values of transplant mussels were
correlated with Dd15N values (BP to BH: P 5 0.005; BH to
BP: P 5 0.064; Fig. 3). Again, no correlation was found
between Dd34S values and either Dd13C or Dd15N values of
these mussels (BP to BH: P 5 0.367 and 0.503; BH to BP:
P 5 0.481 and 0.407 for relationships with Dd13C and Dd15N,
respectively). Dd13C and Dd34S values of BH to BP transplant
mussels were not significantly correlated with %CL values
(P 5 0.837 and 0.329 for C and S, respectively), but the
correlation between Dd15N of these mussels and %CL was
significant (P 5 0.045). Growth of BP to BH transplant mus-
sels was almost always negligible, and changes in tissue sta-

ble isotope compositions and %CL values were not signifi-
cantly correlated for these mussels.

The relative amounts of tissue stable isotope turnover of
transplant mussels were compared using values of percent
changes in mean stable isotope ratios (%Dd13C, %Dd15N,
%Dd34S; Eq. 6). Mussel populations transplanted from either
GC234 or BH to BP had higher total %Dd13C and %Dd15N
and lower total%Dd34S than the respective BP to GC234 or
BH transplant populations (Table 2). Mussel populations
transplanted between BP and GC234 had greater tissue sta-
ble isotope turnovers than those transplanted between BP
and BH.

Tissue stable carbon and nitrogen isotope turnover result-
ing from metabolic tissue turnover (Table 2) was calculated
using the ‘y’-intercepts of lines relating Dd13C or Dd15N to
%CL (Eq. 8). The 0% to 25% range of %CL values was
common to all transplant populations. Thus, the ‘y’-inter-
cepts of regression lines corresponding to the GC234 to BP
and BH to BP transplants were calculated using a subset of
data points in this %CL range (GC234 to BP: Dd13C vs.
%CL: y 5 34x 1 11.3; P 5 0.03; r2 5 0.46; Dd15N vs.
%CL: y 5 21x 1 9.5; P 5 0.02; r2 5 0.50; BH to BP:
Dd15N vs. %CL: y 5 0.25x 1 9.74; P 5 0.045; r2 5 67.4%).
These calculations indicate that about 34–56% of carbon and
nitrogen isotopic turnover of these mussels was due to met-
abolic tissue replacement. Tissue stable sulfur turnover due
to metabolic tissue replacement was not estimated, as the
relation between Dd34S and %CL was not significant for any
of the transplants (P . 0.3).

Discussion

Transplanted mussels underwent significant changes in
physiological health and isotopic composition within a year
(Table 1; Fig. 2). Growth and condition data for BP, GC234,
and BH control mussels were consistent with that of earlier
studies and confirm that the inner edge of BP is more fa-
vorable for B. childressi mussels than either GC234 or BH
(Nix et al. 1995; Smith et al. 2000). When transplanted to
BP, the physiological condition of both GC234 and BH mus-
sels improved significantly (Table 1) to mirror their host site.
GC234 to BP transplant mussels also grew significantly
more compared to their origin population (Fig. 1). On the
other hand, BP mussels significantly deteriorated in physi-
ological condition (Table 1) when transplanted to either
GC234 or BH, and BP to GC234 transplant mussels grew
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significantly less than their origin population (Fig. 1). The
change in physiological condition indices upon transplanta-
tion to a less favorable habitat is reminiscent of the deteri-
oration in condition of hydrothermal vent mussels when
transplanted away from hydrothermal flow (Smith 1985). In
addition to improving physiological condition, GC234 to BP
and BH to BP transplant mussels experienced greater tissue
carbon and nitrogen stable isotope turnover than BP to
GC234 and BP to BH transplant mussels, respectively (Table
2). Thus, the amount of tissue carbon and nitrogen stable
isotope turnover in B. childressi mussels is likely to be
linked to conditions at the host site through changes in
growth and physiological condition.

In this study, a correlation between tissue Dd13C and
Dd15N of individual transplant mussels was observed (Fig.
3), indicating similar and perhaps coupled dynamics for car-
bon and nitrogen turnover in B. childressi tissue. The extent
of an organism’s tissue isotopic turnover is a function of both
tissue growth and metabolic tissue replacement (Fry and Ar-
nold 1982; Herzka et al. 2001; MacAvoy et al. 2001). The
significant correlation between Dd13C or Dd15N and shell
growth of mussels transplanted between BP and GC234 il-
lustrates the relation between growth and tissue carbon and
nitrogen stable isotope turnover in B. childressi. The slopes
of the lines (Dd13C or Dd15N vs. %CL) corresponding to the
BP to GC234 and GC234 to BP transplants were somewhat
similar, indicating that growth-induced carbon and nitrogen
stable isotope turnovers were similar at the two sites.

In order to deduce the amount of isotopic turnover due to
metabolic tissue replacement alone, we estimated stable iso-
tope turnover in mussels with no growth. It is important to
note that this estimate is based on shell growth, which is not
necessarily a good predictor of tissue growth, as mussels
may improve their physiological condition and increase tis-
sue mass without any change in shell length. The physio-
logical conditions of BP to GC234 transplant mussels dete-
riorated significantly on transplantation (Table 1), and so
they are unlikely to have added tissue mass in the absence
of shell growth. Therefore, the tissue stable isotope turnovers
in BP to GC234 transplant mussels with no shell growth
(%DdMEO; Eq. 8), which were 36% and 34% per year for
carbon and nitrogen, respectively (Table 2), are estimates of
tissue stable isotope turnover due to metabolic turnover
alone, albeit in mussels of compromised condition. On the
other hand, GC234 to BP transplant mussels increased their
condition index on transplantation (Table 1), and so they
may have increased their tissue mass without increasing their
shell length. Thus, the %DdMEO values for these mussels
(53% to 54%, Table 2) are likely to be overestimates of
tissue stable isotope turnover due to metabolic turnover
alone. The close agreement between the independently de-
rived estimates of %Dd13CO and %Dd15NO for a particular
transplant argues for the validity of these parameters.

The pattern of sulfur stable isotope turnover in B. chil-
dressi mussels was distinctly different from that of carbon
and nitrogen; Dd34S of individual transplant mussels was not
correlated with either Dd13C or Dd15N, and there was no ap-
parent relationship between Dd15S and growth. The relative
degree of sulfur stable isotope turnover in the transplant pop-
ulations was also opposite to what was observed for carbon

and nitrogen (Table 2). Although it was complete at the end
of the transplant period in the BP to GC234 transplant pop-
ulation, it was only 50% complete for the GC234 to BP
transplant population. Similarly, sulfur isotopic turnover was
about 77% for the BP to BH transplant population and only
about 37% for the BH to BP transplant population. These
findings indicate that B. childressi mussels may incorporate
sulfur through a process other than tissue growth and re-
placement. As mentioned earlier, mussels at both GC234 and
BH are likely to be exposed to higher levels of sulfide com-
pared to mussels on the inner margin of BP (Nix et al. 1995;
Smith et al. 2000). Thus, mussels transplanted from BP to
GC234 (or BH) may encounter high levels of sulfide in their
new environment. B. childressi mussels are not known to
utilize sulfide as an energy source; on the contrary, they
produce sulfur-containing compounds such as hypotaurine in
order to detoxify environmental sulfide (Pruski et al. 2000).
Therefore, BP to GC234 (or BH) transplant mussels may
start accumulating sulfide-detoxification compounds (Pruski
et al. 2000), which may explain the relatively rapid sulfur
isotope turnover observed in these mussels. The low rates
of sulfur isotopic turnover in the reciprocal transplants may
also be explained by remobilization of the sulfur from these
detoxification compounds to meet metabolic sulfur demands.

As a result of the difficulty of collecting direct observa-
tional data, stable isotope analyses have been used exten-
sively to obtain nutritional information on deep-sea hydro-
thermal vent and hydrocarbon seep organisms (Kennicutt et
al. 1992; Conway et al. 1994; Fisher 1995). However, the
study of trophic relationships using stable isotopes may be
obscured by slow rates of stable isotope turnover (Tieszen
et al. 1983). Reports of tissue stable isotope turnover rates
are rare. Studies of red drum larvae (Herzka and Holt 2000),
krill (Frazer et al. 1997), brine shrimp (Fry and Arnold
1982), and gerbils (Tieszen et al. 1983) have shown high
rates of tissue stable isotope turnover associated with high
growth and metabolic rates in these organisms. In contrast,
studies of broad whitefish (Hesslein et al. 1993) and catfish
(MacAvoy et al. 2001) found relatively slow tissue stable
isotope turnover, which was attributed to slow metabolism
and growth in these animals.

To the best of our knowledge, this article is the first to
report tissue stable isotope turnover in a deep-sea organism.
We found that the period of a year was not sufficient for the
tissues of B. childressi to completely express the stable iso-
tope signature of a new, isotopically distinct dietary source.
This reflects a much slower isotopic turnover rate in tissues
of B. childressi mussels than in tissues of some fast-growing
organisms studied so far. For example, shrimp have shown
carbon isotopic half-lives ranging between 4 and 19 d (Fry
and Arnold 1982), larval krill have shown replacement of
22–29% of their carbon and 13–22% of their nitrogen at the
end of 8–10 weeks (Frazer et al. 1997), and red drum larvae
have shown almost complete carbon and nitrogen isotopic
turnover at the end of 15 d (Herzka and Holt 2000). The
slow isotopic turnover rate of B. childressi likely reflects its
relatively slow growth and low metabolic rate, characteris-
tics that are typical of a benthic bivalve living in a low-
temperature (6–88C) environment.
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